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Abstract

Equipped with the L?-distortion distance A, the space X of all metric measure spaces (X,d, m) is
proven to have nonnegative curvature in the sense of Alexandrov. Geodesics and tangent spaces are
characterized in detail. Moreover, classes of semiconvex functionals and their gradient flows on X are
presented.

Introduction and Main Results at a Glance

I. The basic object of this paper is the space X of isomorphism classes of metric measure spaces. A metric
measure space is a triple (X,d, m) consisting of a space X, a complete separable metric d on X and a
Borel probability measure on it (more precisely, a probability measure on the Borel o-field induced by

the metric d on X). We will always require that its L2-size ([, [y d*(z, y)dt‘n(:c)dt‘n(y))1/2 is finite. Two
metric measure spaces with full supports are isomorphic if there exists a measure preserving isometry
between them.

We will consider X as a metric space equipped with the so-called L2-distortion distance A = A, to be
presented below. One of our main results is that

» the metric space (X, A) has nonnegative curvature in the sense of Alexandrov.

Both the triangle comparison and the quadruple comparison will be verified.

II. The LP-distortion distance between two metric measure spaces (X, dg, mo) and (X1, dy, my) is defined
for p € [1,00) as

AP ((X07d05m0)7 (ledlaml))

1/p
P
= inf (/ / ‘do(iﬂo,yo)—d1(w1,y1) dm($0;$1)dm(y0ayl))
) Xox X1 JXox X1

meCpl(mp,my

where the infimum is taken over all couplings of mg and my, i.e. over all probability measures m on X x X3
with prescribed marginals (mp).m = mg and (m1).m = m;. There always exists an optimal coupling for
which the infimum is attained. Convergence w.r.t. the LP-distortion distance can be characterized as
convergence w.r.t. the L°-distortion distance together with convergence of the LP-size. The L°-distortion
distance induces the same topology as the LC-transportation distance (also known as Prohorov-Gromov
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metric) which in turn is equivalent to Gromov’s box metric O, .
One of our fundamental results — with far reaching applications — is a complete, explicit characterization
of Ap-geodesics in X:

» For each optimal coupling m, the family of metric measure spaces
(XO x X1, (1—t)do +td1,m) for t € (0,1)

defines a geodesic in X connecting (Xo, dg, mg) and (X7,dq, mq).
» If p € (1,00), then each geodesic in X is of this form.

For each metric measure space (X,d, m), a geodesic ray through it is given by (X,t-d, m) for ¢t > 0. Its
initial point is the one-point space § (= the equivalence class of metric measure spaces whose supports
consist of one point). In the particular case p = 2, (X, A) is a cone with apex § over its unit sphere.

ITI. X is quite a huge space: it contains all Riemannian manifolds, GH-limits of Riemannian manifolds

(cf. JCC97, [CCO0al [CCO0D]), Finsler spaces (cf. [She01], [OS09]), finite dimensional Alexandrov spaces
(cf. [BGP92], [OS94]) , groups (cf. [Woel0]), graphs (cf. [Del99]), fractals (cf. [KigO1]) as well as many

infinite dimensional spaces (cf. [BSC05]) — provided the respective spaces, manifolds, graphs etc. have
finite volume (which then is assumed to be normalized). In particular, it contains all metric measure
spaces with generalized lower bounds for the Ricci curvature in the sense of Lott-Sturm-Villani [Stu06],
[LY09). )

However, X is not complete w.r.t. A. Fortunately, each element in its completion X again can be
represented as a triple (X, d, m) — more precisely, as an equivalence class (‘homomorphism class’) of such
triples — where X is a Polish space, m a Borel probability measure on X and d a symmetric, square
integrable Borel function on X x X which satisfies the triangle inequality almost everywhere. That is,

» the completion of X is the space X of pseudo metric measure spaces.

The ‘space of spaces’ (X, A) is a complete, geodesic space of nonnegative curvature (infinite dimensional
Alexandrov space) and as such allows for a variety of geometric concepts including space of geodesic
directions, tangent cones, exponential maps, gradients of semiconvex functions, and (downward) gradient
flows.

IV. A deeper insight into the tangent structure of X is obtained by regarding X as a closed convex subset
of an ambient space Y which counsists of equivalence classes of triples (X,d, m) — called gauged measure
spaces — with X being Polish, d a symmetric L?-function on X2 (no longer required to satisfy the triangle
inequality) and m a Borel probability measure on X. It turns out that

» the metric space (Y, A) is isometric to the quotient space L2(12, £2)/Inv(I, £)

where L2(I?, £?) denotes the space of symmetric L?-functions on the unit square and Inv(7, £) denotes
the space of measure preserving transformations of the unit interval I = [0, 1]. Being isometric to the
quotient of a Hilbert space under the action of a semigroup (acting isometrically via pull back), it comes
as no surprise that (Y, A) is again a complete, geodesic metric space of nonnegative curvature.

A more detailed analysis of the tangent structure allows to regard Y as an infinite dimensional
Riemannian orbifold. In fact, one always may choose a homomorphic representative (X, d, m) without
atoms. Then

» the tangent space of the triple (X,d, m) is given by
TixamY = L3(X? m?)/Sym(X,d, m)

where Sym(X,d, m) denotes the symmetry group (or isotropy group) of (X, d, m).



In particular, if the given space (X, d, m) has no non-trivial symmetries then its tangent space is Hilbertian
and for f € L2(X? m?)
]EXP(X,d,m) (f) = ()(7 d + f, m)

These results are very much in the spirit of Otto’s Riemannian calculus [Ott0I] on the L?-Wasserstein
space P2(R™) which also leads to lower bounds on the sectional curvature (cf. [Lot08]) and quite detailed
structural assertions on the tangent space (cf. [AGS05]). The latter, however, is essentially limited
to ‘regular’ points (i.e. absolutely continuous measures) whereas the above results also provide precise
assertions on the tangent structure for ‘non-regular’ points (i.e. spaces with non-trivial symmetries).

V. For major classes of functionals on X one can explicitly calculate directional derivatives (of any order)
and thus obtains sharp bounds for gradients and Hessians. For each Lipschitz continuous, semiconvex
U : X — R there exists a unique downward gradient flow in X. Any lower bound & for the Hessian of U
yields an

» Lipschitz estimate for the downward gradient flow

A (X0, drymy), (X, mp) ) < e - A (Xo, do, mo), (X5, dm) ). (0.1)

Among these functionals are ‘polynomials’ of order n € N. They are of the form

u((X,d,m)) :/nu((d(mi,xj))lgkjgn)dm"(xl,...,:z:")

n(n—1)
2

where u is some smooth function on R . Of particular interest will be polynomials of order n = 4
which allow to determine whether a given curvature bound (either from above or from below) in the sense
of Alexandrov is satisfied. For each K € R, there

» exist Lipschitz continuous, semiconvex functionals Gx and Hg : X — [0, 00) with the property that
for each geodesic metric measure space (X,d, m)

QK((X,d,m)) =0 = (X,d,m) has curvature > K

HO((X,d,m)) =0 — (X,d,m) has curvature < 0.

VI. Given any ‘model space’ (X*,d*, m*) within X, we define a functional 7 : X — R, whose downward
gradient flow will push each pseudo metric measure space (X,d, m) towards the given model space. We

put
]-'((X,d,m)) - %/OOO/X [/O (ve(z) — v}) dt} dm(z)p,dr.

Here v, () = m(B,(z)) denotes the volume growth of balls in the space (X,d, m) whereas r — v} is the
volume growth in (X*, d*,m*) and r — p, is some positive ("weight’) function on R.

» The functional F is A-Lipschitz and x-convex

with A = fooo rprdr and kK = —sup,-¢[rp.]. In particular, the downward gradient flow for F satisfies a
Lipschitz bound (I)) with constant el*l?.



» The functional F will vanish if and only if

vp(x) = v) for every r > 0 and m-a.e. z € X.

If X is a Riemannian manifold and v* denotes the volume growth of the Riemannian model space M™"*
for n < 3 and k > 0 then the previous property implies that X is the model space M"™".

» The gradient of —F at the point (X, d, m) is explicitly given as the function f € L?(X? m?) with

Ao = [ (G ) v atwar

where p(a) = [ prdr.

The infinitesimal evolution of (X, d, m) under the downward gradient flow for F on X is given by (X, d;, m)
with

dt(xv y) = d(SC, y) + tf(:L', y) + O(t2)
and f as above. That is, d(z,y) will be enlarged if — in average w.r.t. the radius r — the volume of balls
B, (z) and B,(y) in X is too large (compared with the volume v} of balls in the model space), and d(z, y)
will be reduced if the volume of balls is too small.

VII. In a broader sense, the downward gradient flow for F is related to Ricci flow. Indeed, on the space
of Riemannian manifolds, the functionals F(©) for a suitable sequence of weight functions p() (converging

to dp) will converge to

1

5 [ (@)~ 5Pdm(a),
2 Jx

a modification of the Einstein-Hilbert functional which plays a key role in Perelman’s program [Per(2],
cf. [MT0T], [KLOS|.

Note that Ricci flow does mot depend continuously on the initial data, in particular, no Lipschitz
estimate of the form (I.I]) will hold. Also note that no “regularizing” gradient flow is known which respects
lower curvature bounds in the sense of Alexandrov (Petrunin [PetO7b]: “Please deform an Alexandrov’s
space”). Similarly, no “regularizing” gradient flow is known which respects lower Ricci bounds in the sense

of Lott-Sturm-Villani [Stu06], [LV09).

This paper provides a comprehensive and detailed picture of the geometry in the space X of all pseudo
metric measure spaces. Nevertheless, many challenging questions remain open, e.g.

e For which pairs of Riemannian manifolds does the connecting A-geodesic stay within the space of
Riemannian manifolds?

e For which functionals ¢ : X — R does the gradient flow stay within the space of Riemannian
manifolds (if started there)?
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1 The Metric Space (X,, A))
1.1 Metric Measure Spaces and Couplings

Throughout this paper, a metric measure space (briefly: mm-space) will always be a triple (X, d, m)
where

e (X,d) is a complete separable metric space,
e m is a Borel probability measure on X.

The latter means that m is a measure on B(X) — the Borel o-field associated with the Polish topology
on X induced by the metric d — with normalized total mass m(X) = 1. In the literature, metric measure
spaces are also called metric triples.

The support supp(X,d, m) of such a metric measure space — or simply the support supp(m) of the
measure m — is the smallest closed set Xy C X such that m(X \ Xy) = 0. Occasionally, it will also be
denoted by X”. We say that (X,d, m) has full support if supp(X,d,m) = X. This, however, will not
be required in general. The diameter or L*-size of a metric measure space (X,d, m) is defined as the
diameter of its support:

diam(X,d, m) = sup {d(ac,y) I NTRS supp(X,d,m)}.

For any p € [1,00), the LP-size of (X,d, m) is defined as

size, (X, d,m) 1= ( /X /X dp(x,y)dm(z)dm(y))l/p.

Obviously, size,(X,d, m) < sizeg(X,d, m) < diam(X,d,m) forall 1 <p < ¢ < 0.
Given two mm-spaces (Xo,do, mp) and (X7,d;,my) and a map ¢ : Xo — X1, we define

e the pull back of the metric d; through v as the pseudo metric ¥)*d; on Xg given by
(¢*d1)(z0,y0) = d1(¥(20), ¥ (y0)) (Vzo,y0 € Xo);

e the push forward of the probability measure my through ¢ — provided 1 is Borel measurable — as
the probability measure ¢, mg on (X1, B(X1)) given by

($emo) (A1) = mo (7 (A1) = mo({o0 € Xo: wlwo) € Ar}) (VAL € B(X)).

Definition 1.1. Given two mm-spaces (Xo,do, mg) and (X7, d;, my), any probability measure m on the
product space Xy x X7 (equipped with the product topology and product o-field) satisfying

(mo)sm =mo, (m)um=my (1.1)

is called coupling of the measures my and m;. The measures my and m; in turn will be called marginals
of m.

Here my and m denote the projections from Xy x X7 to Xy and X7, resp. Condition (I can be

restated as:
Iﬁ(AO X X1> = mo(A()), ﬁ'l(Xo X Al) = ml(Al)

for all Ag € B(Xy), A1 € B(X1). The set of all couplings of my and my will be denoted by Cpl(mg, my).

The set Cpl(mg, my) is non-empty: it always contains the product coupling m = mp ® my (being
uniquely defined by the requirement m(Ag x A1) = mo(Ap) - my(4;) for all Ay € B(Xp), 41 € B(X1)).
If one of the measures my and m; is a Dirac then the product coupling is indeed the only coupling:
Cpl(ézo,ml) = {510 X ml}.

Lemma 1.2. Given mg and my, the set of couplings Cpl(mg,m1) is a non-empty compact subset of
P(Xo x X1), the set of probability measures on Xo x X1 equipped with the weak topology.



Proof. Obviously, Cpl(mg, my) is a closed subset within P(Xyx X1). (The projection maps are continuous
functions.) The relative compactness (‘tightness’) follows from a simple application of Prohorov’s theorem,

see [Vil09], Lemma 4.4. O
For each measurable map ¢ : Xy — X7 with ¥,my = mq, a coupling of my and m; is given by
m = (Id, ¢)..my.
In the particular case Xy = X7, mg = my, the choice ¢y = Id leads to the diagonal coupling
dm(z,y) = do.(y) dmo(z).

More generally, for each mm-space (X,d, m) and measurable maps ¢y : X — Xp, ¢1 : X — X; with
(0).m = mg, (¢1)«m =my, a coupling of my and my is given by

m= (1/107 wl)*m

Indeed, any coupling is of this form — and without restriction one may choose (X,d, m) to be the unit
interval X = [0, 1] equipped with the standard distance d(x,y) = |« — y| and the 1-dimensional Lebesgue
measure m = £! on [0, 1], cf. Lemma [[.T5]

Remark 1.3. The concept of coupling of mm-spaces extends and improves (in an ’optimal’ quantitative
manner) the concepts of correspondence and e-isometries between mm-spaces.

e Every coupling m of measures mg and m; induces a correspondence between the supports of
(Xo,do, mp) and (X1,dy, my) by means of

R =supp(m) C Xo x Xj.

But of course, the measure m itself bears much more information than its support.

X1 X,
2 9 3 m R = supp(m
1 24 ®3] .. pp(m)
mo 1 4 1 1
1 ®31 21 ® ® 271 supp(mo) b b L

Xo

o=

1
6

o=

supp(m; )

(a) Coupling (b) Correspondence

Figure 1: Coupling vs. Correspondence
e Every coupling dm(z, 1) of measures dmg(xo) and dm (z1) admits a disintegration dmg, (z1) w.r.t.
dmg(xp). That is there exist probability measures dm,,(.) on X7 s.t.
dﬁ’l($0, $1) = dﬁ'lxo (1‘1) dm0($0)

as measures on Xg x X;. This Markov kernel (‘disintegration kernel’) dm,(21) may be regarded
as a replacement of e-isometries ¢ : Xo — X;. Instead of mapping points xo in Xy to points ¢(xq)
in X7 — or to e-neighborhoods in X; — we now map points xo in X to probability measures m,, (.)
on Xl.



Lemma 1.4 (Gluing lemma). Let Xo, X1,..., Xy be Polish spaces and mg,my, ..., my probability mea-
sures, defined on the respective o-fields. Then for every choice of couplings p; € Cpl(m;_1,m;), i =
1,...,k, there exists a unique probability measure p € P(Xo X X1 X ... x Xi) s.t.

(Wifl,ﬂi)*,u:y@ (VZ: 1,,]{3) (12)
w is called gluing of the couplings py, ..., ui and denoted by
w=p X X pug.

In particular, p has marginals mo,my,...,mg. That is, (m;)ep = my; for all i = 0,1,...,k. Note,
however, that the latter (in contrast to (1.2)) does not determine p uniquely.

Proof. The proof in the case k = 2 is well-known, see e.g. [Dud02], proof of Lemma 11.8.3, [Vil03], Lemma
7.6. For convenience of the reader, let us briefly recall the construction: disintegration of du; (2o, 1) w.r.t.
dmy(x1) yields a Markov kernel dp,, (xo) such that

dpi (o, 1) = dpa, (wo)dmy (21).

Similarly, disintegration of dus (1, 22) w.r.t. dmy(x;) leads to a kernel dg., (z2). In terms of these kernels
the probability measure u = p1 X ps on Xp x X; x Xy is defined as

dp(zo, 1, v2) = dps, (20)dqe, (x2)dmy (z1).

The solution for general k is constructed iteratively. Assume that pu® := py X ... K p; is already
constructed. By definition/construction it is a coupling of £~ and m; whereas ;41 is a coupling of
m; and m;41. The previous step thus allows to construct the gluing of u(i) and p;41 which is the desired
M(H—l) _ u(i) X i1 m

Lemma 1.5. Let Xy and Xy, k € N, be Polish spaces and my and my, k € N, probability measures,
defined on the respective o-fields. Then for every choice of couplings ui € Cpl(mg,mg), k € N, there
ezists a probability measure p € P(HZO:O Xk) s.t.

(70, Tk ) st = ik (Vk € N). (1.3)

Proof. Let uj, € Cpl(mg,my) for k € N be given and define for each n € N a probability measure (™ on
X:X0><X1 XXn by

d,u(”)(xo, 1,2,y Tn) = A g (T1) A2, 2o (T2) - - - Aty g () dmg(z0)

where dp 4, (25) denotes the disintegration of duy(xo, zx) w.r.t. dmg(zg). The projective limit of these
probability measures p(™) as n — co is the requested . O

1.2 The LP-Distortion Distance

Definition 1.6. For any p € [1,00), the LP-distortion distance between two metric measure spaces
(Xo,do, mp) and (X1,dy, mq) is defined as

A, ((Xo,do, mp), (X1,d1,my))

1/p
= inf { (/ / |d0($0,y0) — d1($1,y1)|p dm(mo,xl)dm(yo,y1)> tme Cpl(mo,ml)}.
XoXXl XUXX1

Similarly, the L°°-distortion distance is defined as

Ao ((Xo,do, mp), (X1,d1, my))

= inf { sup{ |do (20, y0) — di(z1,91)| : (0, 21), (Yo, y1) € supp(m)} me Cpl(mo,ml)}.



Lemma 1.7. For each p € [1,00] and each pair of metric measure spaces (Xo,do, mg) and (X1,d1,my),
the infimum in the definition of A,((Xo,do, mp), (X1,d1,m1)) will be attained. That is, there exists a
measure m € Cpl(mg, my) such that

1/p
A, ((Xo,do, mp), (X1,d1,my)) </ / |do (0, y0) — di(z1, 1)l dm($07$1)dm(yo,y1))
XUXX1 XUXX1 (1 4)

in the case p < oo and

A ((Xo,do, mp), (X1,d1,my)) = SHP{ |do (w0, y0) — di(z1,91)| : (w0, 21), (yo,¥1) € Supp(ﬁ“)}-

Proof. According to Lemma [[2] Cpl(mg, my) is a non-empty compact subset of P(Xy x X1). Moreover,
for any p € [1,00) the function

1/p
disp(.) : m— (/ / |do (20, y0) — d1(z1,y1)[" dm(SCval)dm(yanl))
XoxX1 v XoxXq

is lower semicontinuous on P (X x X7) due to the continuity of dy and d;. Passing to the limit p * oo, this
also yields the lower semicontinuity for the analogously defined function dise(.). Thus for any p € [1, o0],
the function dis,(.) attains its minimum on Cpl(mg, my). O

Definition 1.8. A coupling m € Cpl(mg, m;) is called optimal (for A,) if (L4) is satisfied. The set of
optimal couplings of the mm-spaces (Xo,dg, mp) and (X1,d;, m;) will be denoted by Opt(mg, mq).

Note that — despite this short hand notation — the set Opt(mg, m;) strongly depends on the choice of
the metrics dg,d; and on the choice of p.

Lemma 1.9. For each p € [1,00] and each triple of metric measure spaces (Xo,do, mp), (X1,d1,my1) and
(X23 d2; m2);

A, ((Xo,do, mo), (Xa,da,mz)) < Ay ((Xo,do, mo), (X1,d1,m1)) + A, ((X1,d1,my), (Xo,da, mz)).

Proof. Choose optimal couplings p € Opt(mg, my) and v € Opt(m; mz) and glue them together to obtain
a probability measure r = pXv on Xy x X1 X Xo with (mp, m2).r € Cpl(mg, ma). Thus in the case p < co

A, ((Xo,do, mo), (X2,d2, m2))

1/p
//‘do x0,Yo) — da(z2,y2) dT($0,961,3€2)d7“(yoaylay2))

IN

<

1/p

< /|d0(z0,y0) —di(z1,y1) +di(z1,91) — da(za, y2)[” dT(JCo,SChxz)dr(yo,y17y2)>
1/p

<//|do iEo,yO)*d ($17y1)| dT(»’Co,$1,$2)d7"(y0,y17y2)>

1/p
+ (//|d1(x1,y1) —d2($2,y2)|pdT($0,961,962)657“(90,ylay2)>
= Ap((XO, dO) mo)) (Xla dl) ml)) + Ap((Xla dla ml)a (XQ) d23 m2))
This is the claim. Here, the last inequality is a consequence of the triangle inequality for the LP-norm.

Exactly the same arguments also prove the claim in the case p = . O

1.3 Isomorphism Classes of MM-Spaces

Lemma 1.10. For each p € [1,00] and each pair of metric measure spaces (Xo,do, mp) and (X1,d1, my),
the following assertions are equivalent:



(i) Ap((Xo,do, mg), (X1,d1,m1)) =0.
(ii) Im € Cpl(mg, my) such that do(zo,yo) = d1(x1,y1) for m?-a.e. (xo,71,v0,v1) € (Xo x X1)2.

(iii) There exist a metric measure space (X,d,m) — complete and separable, as usual — with full support
and Borel maps vy : X — Xo, ¥ : X — Xy which push forward the measures and pull back the
metrics:

® (wo)*m = my, (wl)*m =my,
e d=(1Pg)"dp = (¢1)*d1 on X x X.

(iv) There exists a Borel measurable bijection 1 : X — X2 with Borel measurable inverse ¢~ between
the supports X = supp(Xo, do, mo) and X° = supp(X1,d;, my) such that

o my =my,
e dy =Y*d; on Xg X Xg.

Proof. Taking into account the existence of optimal couplings (Lemma [[7)), the equivalence of (i) and
(ii) is obvious. For the implication (i7) = (iii), one may choose m = m, restricted to its support X which
is some closed subset of Xy x X;. On X, a complete separable metric is given by

1 1
d((zo, 1), (Yo, 41)) = §d0($0,y0) + idl(zlayl)'

Finally, one may choose 1y and 1, to be the projection maps X — Xy and X — Xy, resp. They are
Borel measurable and push forward m to its marginals my and my. Moreover, d; (¢;(x), ¥;(y)) = di (x4, y;)
for i = 0,1 and thus, according to assumption (ii), for m?-a.e. (z,y) = ((wo, 1), (Yo, v1)) € X?

do(Yo(z),%0(y)) = do(wo, yo) = di(z1,y1) = di (1 (), P1(y)).

However, dy and d; (more precisely, their pull backs via the projection maps) are continuous functions
on X2, and m has full support. Thus the previous identity holds without exceptional set on X?2. This in
turn implies — according to our choice of d — that

d(z,y) = do(Yo(x),Yo(y)) = di(Y1(x),¥1(y))

for all z,y € X.

(i4i) = (iv): The maps ¢; : X — X! for i = 0,1 are isometric bijections with Borel measurable
inverse. Indeed, since the maps 1; pull back the metrics, they are injective and isometries. For showing
surjectivity, note that any y € XZ-b is the limit of a sequence {yk = (xk)}keN in the image of v; since
1) pushes forward the measures. Then {z*},en is a Cauchy sequence in X and due to the completeness
of X it has a limit 2 € X whose image 1;(2) coincides with y. Now ¢ = ¢y o1bg " : X5 — X} is the
requested bijective Borel map with Borel measurable inverse.

(#41) or (iv) = (¢) and (#i): Choose m = (1), 11 )sm or m = (Id, 1)), mg. O

Definition 1.11. Two metric measure spaces (Xo,do, mg) and (X7,dq, my) will be called isomorphic if
any (hence every) of the preceding assertions holds true. This obviously defines an equivalence relation.
The corresponding equivalence class will be denoted by [Xo,do, mg] and called isomorphism class of
(Xo,do,mp). The family of all isomorphism classes of metric measure spaces (with complete separable
metric and normalized volume, as usual) will be denoted by X.

In the sequel, elements of Xy will be denoted by X, X/, Xy, X} etc. Each of them is an equivalence
class of isomorphic mm-spaces, say

X = [devm]v X/ = [X/vd/aml]v XO = [XodeamO]v Xl = [ledlaml]'

Representatives within these classes will be denoted as before by (X,d,m), (X’,d’,m’), (Xo,do, mg) or
(X1,d1,mq), resp. Note that in each equivalence class there is a space with full support. Indeed, any
(X,d,m) is isomorphic to (supp(X,d, m),d, m).
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All relevant properties of mm-spaces considered in the sequel will be properties of the corresponding
isomorphism classes. (This also holds true for the quantities diam(.), size,(.), A,(.,.) defined so far.)
Thus, mostly, there is no need to distinguish between equivalence classes and representatives of these
classes and we simply call Xo the space of metric measure spaces. For any p € [1, 00], the subspace of
mm-spaces with finite LP-size will be denoted by

X, ={X € Xy : sizep(X) < oo}

Proposition 1.12. For each p € [1,00], A, is a metric on X,.

Proof. Symmetry, finiteness and nonnegativity are obvious. By construction (see Lemma [[I0), A,
vanishes only on the diagonal of X, x X,,. The triangle inequality was derived in Lemma [[9] O

Remark 1.13. For each p € [1,00), the metric space (Xp, Ap) will be separable but not complete.

The separability will follow from an analogous statement for (X,,D,), see Proposition [Z4] combined
with the estimate A, < 2D, from Proposition below. Incompleteness will be proven in Corollary
0, 1]

Remark 1.14. The LP-distortion distance can also be interpreted in terms of classical optimal transporta-
tion with some additional constraint. Given p € [1, 00) and metric measure spaces (Xo, do, mo), (X1,d1, m1),
put Y; == X; x X;, u; = m; @m,; for i = 0,1 and

c(yo,y1) = la(yo) — b(y)["

with a(yo) = do(zo, x(), b(y1) = di(z1,2)) for yo = (w0, () € Yo, y1 = (x1,2)) € Y1. Then

Ap(Xy, X1)P = inf {/ (Yo, y1)dp(yo, y1) : p € Cplm(uo,m)} ;
YoxYy
where
Cpll:l(/j/oa/j/l) = {/j/ € P(Yb X Yl) s.t. d/L(.To,.I'IO,.I‘l,.Z'/l) = dm(‘rOaxl)dm(‘T/O"rll)
for some m € Cpl(my, ml)}

C  Cpl(po, ).

An alternative approach to (optimal) couplings and to the LP-distortion distance is based on the fact
that every mm-space is a standard Borel space or Lebesgue-Rohklin space since by definition all (mm-)
spaces under consideration are Polish spaces. Thus all of them can be represented as images of the unit
interval I = [0,1] equipped with £!, the 1-dimensional Lebesgue measure restricted to I. This leads to
a variety of quite impressive representation results. A drawback of these formulas, however, is that quite
often any geometric interpretation gets lost.

Lemma 1.15. (i) For every mm-space (X,d,m) there exists a Borel map ¢ : I — X such that
m =, L.

Any such map v will be called parametrization of the mm-space (X,d, m). The set of all parametriza-
tions will be denoted by Par(X,d,m) or occasionally briefly by Par(m).

(i) Given mm-spaces (Xo,do, mg) and (X1,d1,m1), a probability measure m on Xo x X1 is a coupling
of mg and my if and only if there exist 1y € Par(Xo,dg, mg) and ¢; € Par(X;,dq, my) with

m = (1o, Y1) L.

11



(iii) For any p € [1,00) and any Xy = [Xo,do, mo] and X1 = [X1,d1, my]

1,1 1/p
B (X, %) = inf{( I/ |do<wo<s>,wo<t>>—d1<w1<s>,w1<t>>|pdsdt) :
’lﬂo S Par(Xo,do,mo), 1/11 S Par(Xl,dl,ml) }

Proof. (i) is well-known, see e.g. [Sri98|, Theorem 3.4.23.

(i) Let parametrizations 19, 11 of mg, my, resp. be given. If m = (g, 11),L" then (m;).m = ()L =
m; for each ¢ = 0,1. Thus m € Cpl(mg, my). Conversely, according to part (i) for every m € Cpl(mg, my)
there exists a Borel map v : I — Xy x X7 such that m = ¢, £!. Put ¢; = 7; 0 ¢ such that 1 = (g, 11).
Then (¢;).£! = (m;),m = m; for each i =0, 1.

(iii) is an obvious consequence of (ii). O

Remarks 1.16. (i) Given an mm-space (X, d, m) without atoms (i.e. with m({z}) = 0 for each z € X),
a Borel measurable map 1 : I — X with m = 1, £! can be chosen in such a way that it is bijective
with Borel measurable inverse ¢y~ ! : X — I.

(ii) For a general mm-space (X,d, m), the measure m can be decomposed into a countable (infinite or
finite) weighted sum of atoms and a measure without atoms. That is,

S
m= E aiémi +m’
=1

for suitable z; € X, a; € [0,1]. Put &; = Z;Zl ayj for i € NU{oo}, I’ = [, 1) and X’ = supp(m’).
Then there exists a Borel measurable map 1 : I — X such that m = 1, £!,

(U [di—l,di) — {x;}

for each i € N, and |- : I’ — X’ is bijective with Borel measurable inverse (see Figure).

(4

Figure 2: Borel isomorphism

(iii) Typically, the triple (I,%*d, £') will not be a mm-space in the sense of the previous section but
just a pseudo metric measure space in the sense of chapter below. For every ¢ € Par(X,d, m),
it will be homomorphic to the mm-space (X,d, m) (see Definition 51l below).

For another canonical representation of elements X € X in terms of matrix distributions, see Propo-
sition [5.29
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2 The Topology of (X,, A,)

2.1 LP-Distortion Distance vs. L°-Distortion Distance

In order to characterize the topology on X, induced by A, observe that it is essentially an LP-distance
and recall that LP-convergence for functions is equivalent to convergence in probability and convergence
of the p-th moments (or uniform p-integrability). Following [Dud(02], convergence in probability is the
appropriate concept of ‘L%-convergence’. It is metrized among others by the Ky Fan-metric. Adopting
this concept to our setting leads to the following definition of the LO-distortion distance Ag:

Ao (Xp, X1) = inf {6 >0: 51@@({(50075017310,%) t |do(z0, yo)—di(z1,y1)| > 6}) <eme Cpl(mo,ml)}-
Proposition 2.1. For each p € [1,00), every point Xoo and every sequence (X )nen in X, the following
statements are equivalent:

(1) Ap(X,, Xso) = 0 as n — oo;

(ii) No(Xy, Xs) — 0 as n — oo and

size,(X,) — sizep(Xs)  as m— o0

(iii) No(X,, X)) = 0 as n — oo and

sup// dn(z,y)Pdm, (z) dmy,(y) - 0 as L — oo. (2.1)
{dn(z,y)>L}

neN

Note that condition 2] is void for each sequence (X, )nen with uniformly bounded diameter. Such
a sequence converges w.r.t. A, (for some, hence all p € [1,00)) if and only if it converges w.r.t. Ay.

Proof. Given the sequence (X, )nen in X, the point X, as well as optimal couplings m,, of them, we can
model all the distances d,,, d as (suitably coupled) random variables on one probability space. That is,
there exists a probability space (£2,2,P) and random variables &, : 2 — R for n € NU {oo} s.t.

(€ns€) P = (dn,deo), (M @ Wy,) (V1 € N),

see Lemma Then indeed A, (X, Xs) is the LP-distance of the random variables &,,&~, and
ANy (X,, Xso) is the Ky Fan-distance of them:

1/p
Ap()(n; Xoo) = (/Q |§n - foo|pd]P)) )

Ao(X,, Xoo) = inf {e >0: P({|€n — €| > €}) < e}.

Moreover, the LP-size of X, is just the p-th moment of &,. Hence, the claim of the Theorem is an
immediate consequence of the well-known and fundamental result from Lebesgue’s integration theory:
The following statements are equivalent:

o & — & in LP;
o &, — oo in probability and [ |&,[PdP — [ |&xo|PdP;
o &, — &xo in probability and (§,)nen is uniformly p-integrable.

See e.g. [BB01], Theorem 21.7. O
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Ezample 2.2. For each n € N, let X, = [X,,, d;,, m,,] be the complete graph with 2™ vertices, unit distances
and uniform distribution, a representative of X, is e.g. given by X,, = {1,...,2"}, d,,(¢,7) = 1 for all
i #jand m, = 5 12;1 0;. Then (X,)nen is a Cauchy sequence w.r.t. A, for each p € {0} U [1, 00).
More precisely, for any p € [1,00),

A (X, X )P = No(X, Xy) < 27" =277 for all k,n € N.
However, the sequence will not converge in X, see Lemma B.17

Proof. Since the distortion function dis(i,, jn, ik, jr) = |dn(in, jn) — dg(ik, jx )| can attain only the values
0 and 1, for each coupling m € Cpl(m,,, my), independent of p and e,

//

dn fdk‘pdtﬁdtﬁ - tﬁQ(dis > e) :ﬁ12(dis;é0)

= Y Wiy ie)| D W)+ D Wnsin)].

insik JeFin JnFin
Assume now that & > n. Then the choice
(AN
LR DI =D DNy
in=1 ig=1
leads to the upper estimate AD = Ay < 2% 21@17” (2’“*" — 1). O

2.2 [P-Distortion Distance vs. [P-Transportation Distance

The LP-distortion distance is closely related to the LP-transportation distance D, introduced earlier by
the author [Stu06]. The definition of the latter requires to introduce some further concepts.

Given metric spaces (Xo,dg) and (X7,d1), a symmetric
R_-valued function d on X x X — where X = XyLUX; denotes

the disjoint union of these spaces (with induced topology) — Xo X
will be called coupling of the metrics dy and d; if P
e it satisfies the triangle inequality on X x X Xo do t”:ﬂjﬂ‘gﬁ;‘?“‘y
e it coincides with dg on Xg x Xo
e it coincides with d; on X7 x Xj. X, i;;:;;e &
Note that this implies that d is continuous on X x X since

|a(3607301) - a(yo7y1)| < do(zo,%0) +di(z1,y1)

but it might vanish outside the diagonal. Thus, d is a pseudo
metric on X.

Given metric measure spaces (Xo,dg, mg) and (X7,dq, my), the set Cpl(dg,d;) will denote the set of
all couplings of the metrics restricted to the supports, that is, couplings of the metric spaces (Xg7 dp) and
(XE7 dy) where Xg and X{ denote the support of the measures mg and my, resp.
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The LP-transportation distance between Xy and X is defined as

1/p
Dp(X07X1) = inf { </ dp(l'o,l'l)dlﬁ(l'o,l'l)) cme Cpl(mo,ml), de Cpl(do,dl)}
XoxXq

The usual limiting argument leads to consistent definitions for p = oo:
Do (X, X1) = inf { sup {a(xo,acl) i (x0,21) € supp(ﬁl)} : m € Cpl(mg, my), d € Cpl(do,dl)}.

One easily verifies that the distances D, (Xp, A1) only depend on the isomorphism classes of Xy and A7,
resp. (and not on the choice of the representatives within these equivalence classes). Obviously, all of
them can be estimated in terms of the Gromov-Hausdorff distance between the supports of the measures

Dy (Xo, X1) < dg (supp(Xo), supp(X1)).
Remark 2.3. Taking into account that each isometric embedding leads to a coupling of the metrics do, dy
and vice versa, each coupling d defines an isometric embedding into (X§| | X2, d), one easily verifies that
D, (Xo, X1) = inf {Wp (rﬁo,rﬁl) : (X,&) cpl. sep. metric space,

10 : Xg — X, 11 X{ — X isometric embeddings, mg = 19, Mg, My = zl*ml}

where W, (.,.) denotes the LP-Wasserstein distance on the space of probability measures on (X ,d). More-
over, in view of Lemma [[L.TH] we conclude

1/p
D (Xo, Xl = inf { (/ / dp 20 ’L/Jo ) 11 (’L/Jl(ﬁ)))ds dt) : ’L/Jo S Par(mo),wl c Par(ml),
(X, a) cpl. sep. metric space, 1 : Xg — X, 2 XE — X isometric embeddings}.

The infimum in the above definition is always attained.

Proposition 2.4. Assume p € [1,0).

(i) For each pair (XO, Xl) of metric measure spaces there exists an ‘optimal’ pair (tﬁ,d) of couplings
such that

1/p
D, (Xo, X1) = (/ dp($07$1)d‘ﬁ($o,$1>> .
XoxXq

(i1) D, is a complete separable geodesic metric on X,,.

Proof. In the case p = 2, all the assertions are proven in [Stu06], Lemma 3.3 and Theorem 3.6. Their
proofs, however, apply without any change to general p € [1, c0). O

The corresponding L°-transportation distance Dy is defined — in the spirit of the Ky Fan metric — by
Do(Xo, Xl) = inf {6 >0: ﬁ‘t({(:co,:cl) : a(l'o,l'l) > €}> <€ me Cpl(mo,ml), a € Cpl(do,dl)}

Remark 2.5. Albeit the LP-transportation distance and the LP-distortion distance are closely related,
they measure quite different quantities. Both definitions rely on the choice of an optimal coupling m
which produces pairs (zg, 1), (Y0, 41), - - . of matched points.

e Each such pair produces certain transportation cost, say d(zg,z1). The LP mean of it yields the
LP-transportation distance. It is the LP-Wasserstein distance of the measures in an — optimally
chosen — ambient metric space. The relevant question here is how far the two spaces (or the two
measures) are from each other after they are brought into optimal position (i.e. after choosing the
best isometric embedding of the two spaces into some common spaces.)
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e For the LP-distortion distance the relevant question is how much the distance between any pair of
points in one of the two spaces, say (zo,y0) € X§, is changed if one passes to the pair of matched
points in the other space, say (z1,y1) € X7. This is the distortion of the distance. This quantity is
independent of any embedding. Its LP-mean defines the LP-distortion distance.

Figure 3: D, = LP-mean of d, A, = LP-mean of |dy — d]|

Let us summarize some of the elementary estimates for the metrics A, and D,, for varying p’s.
Proposition 2.6. (i) Vp e [l,00]: A, <2D,, A;<2D; and A, =2D.
(i) V1<p<qg<oo: AP <nAn, <A, DFP<D, <D,

(iii) V1 < p < g < oo, restricted to the space {X € X : diam(X) < L} for a given L € R;.:
DA< AL < (14 10) A, (5270 D8 < D5 < (14 (L/2)7) - Do,

Proof. [l) Let mm-spaces Xy and X; be given. Without restriction, assume that the respective measures
have full support and put X = Xy x X;. If d is a coupling of dy and d; then the function dis :
(70,21, Y0,%1) + |do(z0,y0) — d1(z1,v1)| defined on X x X satisfies dis(x,y) < d(z) + d(y) and thus for
each € > 0

{(z,y): dis>e€} C ({z: d(z) >¢/2} x X) U (X x {y: d(y) >¢€/2}).

This, in particular, implies for any m € P(X x X)
m?(dis > €) < 2m(d > ¢/2).

If we now assume in the case p = 0 that Dg(Xp, X1) < €/2 then the right hand side of the previous
inequality will be less than e which in turn proves that Ag(Xp, A1) < e. This proves the claim for p = 0.
For p € [1,0), choosing the pair (ﬁ‘l, d) of couplings optimal for D, , the claim follows from

o= (/X /X [do (0, yo) — di (w1, y1)[" dm(m,m)dm(yoam))l/p
- (/X /X |d(0, 1) + d(yo, y1)[” dm(m,m)dm(yoam))l/p

1/p
S 2</ a(l'o,l'l)pdlﬁ(l'o,l'l)> = 2DP(X0,X1).
X

Passing to the limit p oo yields the upper estimate in the case p = oc.

For the lower estimate, assume that A, (Xp, X;) = L and that m is an optimal coupling w.r.t. A.
Then dis(z,y) < L for m-a.e. 2,y € X. Continuity of dis implies that this holds for all 2,y € supp(m).
Therefore, a coupling d of dg and d; can be defined by putting

d(zo,z1) = inf {do(fcovyo) + L/24+di(y1,21) : (yo,y1) € Supp(ﬁ")}
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for arbitrary zo € Xo and x; € X;. For this coupling, obviously d(z¢,z1) < L/2 for all (zg, 1) € supp(m).
Thus Dy, < L/2.

@) Simple applications of Jensen’s inequality yield for each coupling as above and for all 1 < p <
q <00

(/X /X [do (o, y0) — di (21, y1)|" dm (o, x1)dm(y0ay1)) "
- (/X /x |do(20,y0) — di(x1, y1)|* dm(zo, z1)dm(yo, yl)) "

(La(zo’“)pd‘ﬁ(zo’zl)) i < /X a($0,$1)qdﬁ1(xo,x1))l/q.

For the L-LP-estimates, recall that Markov’s inequality states that e” - P(|¢| > €) < [ [£[PdP for each
random variable £ and each € > 0. Thus,

as well as

et < [ferap

for all € > 0 satisfying P(|{] > €) > €. Moreover, note that inf {e >0:P(¢ >e¢) < e} = sup {e > 0:

P(¢| > €) > e}, where we define sup () := 0. Applying this to ¢ = dis(.) and to & = d, resp., yields the

stated LO-LP-estimates.
() To prove the L9-LP-estimate, let m be an optimal coupling for A,. Then,

Aq(Xo,XﬂqS/ / |do (@0, y0) — di(z1,y1)|* dm(zo, z1)dm(yo, 1)
xJx

< LaP. /X /X |do(z0, yo) — d1(z1,y1)[" dm(zo, z1)dm(yo, y1) = LIP - A, (X, X1)P,

since |do(xo,y0) — d1(z1,41)] < L for all zg,yo,21,y1 under consideration. Moreover, it also follows
immediately that A, (Xp, X1) < L and thus (according to (i)) that

L
Do (%o, 1) < 5.
This finally proves
- B L\a—p - B L\a—p
Dq(Xo,Xl)q S / dq(xo,xl)dm(xo,xl) S (5) / dp(xo,xl)dm(xo,xl) = (5) 'Dp(Xo,Xl)p,
X X

where m is now an optimal coupling w.r.t. D,. For the LP-L°-estimate, recall the obvious estimate
/fpd]P’:/ §de+/ EPAP < eL? + €? < ¢e(LP + 1)
{&>€} {€<e}

provided 0 < ¢ < L and P(¢€ > €) < ¢ < 1. Applying this to & = dis(.) and to £ = d, resp., — in the latter
case with L/2 in the place of L — yields the asserted LP-L°-estimates. O

2.3 L%-Distortion Distance vs. L°-Transportation Distance and Gromov’s
Box Distance

Our next goal is to analyze the topologies induced by A and Dy, resp. For this purpose, define the
modulus of mass distribution as a function on X x R, by

HX,r) = inf {e >0: m({x € X :m(B(x)) < r}) < e}

and put O(X,r) = 249(X, r'/*) + 1271/4,
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Lemma 2.7 (JGPWO09], Prop. 10.1, Lemma 10.3). (i) For each Xy € X,
lim ©(Xp,r) = 0.
r—0
(ZZ) For all X(), Xl € Xo,
Do (X, 1) < @(Xo, 2o (%, Xl)).
Recall the corresponding lower bound Dy (XO, Xl) > %AO (XO, Xl) from Proposition 2.6
Corollary 2.8. For every sequence (X, )nen in Xo and every Xy € Xo,

Do (X, Xo) = 0 asn — oo = Ao (X, Xp) = 0 asn — .

In other words, Dy and A induce the same topology on Xg, called Gromov-weak topology.

Note that the metric Dy is complete ([Gro99|) whereas Ag is non-complete (Example 2:2). Thus, in
particular, the two metrics are neither Lipschitz nor Hélder equivalent.
These metrics are closely related to Gromov’s box metric O, defined by

0, (X, X1) = inf {6 > 0: Fpg € Par(my), ¢1 € Par(my) :
Vst € 0,1 ) |do(Wo(s), wo(t)) — du(thr(s), ¥ (8))] < e}
for any A > 0. Obviously, Aj admits a quite similar representation in terms of parametrizations:

ANo(Xp, X1) = inf {e > 0: JYg € Par(myg), 91 € Par(my) :

2({(s.t € 0,117 |do(abus), vio(t)) — da(wir(5), v (1)) < €} ) 21— }

the main difference between both formulas being that the ‘exceptional set’ in the first case is the com-
plement of a square (of side length close to 1) within the unit square whereas in the second case it is any
subset of the unit square of small £2-measure.

Lemma 2.9 ([LSL1I]). A¢ =0, .

Together with the trivial estimate

D=
0
IN
D
=
[N~}
IN
[
—+
=
»n
£
=)
=

Corollary 2.10. For every sequence (X, )nen in Xo with uniformly bounded diameters, for every Xoo € Xo
and for all A > 0 and p € [1,00), the following are equivalent:

(i) X = Xoo wort. Oy
(ii) Xp — Xoo w.rt. No;
(iii) X, — Xoo w.r.t. Dy;
() Xy — Xoo wort. Ny;
(v) X, = Xoo w.r.t. Dp.
If X, = [ Xy, dn, my,] with compact spaces X,,,n € NU {00}, each of these properties will follow from

(vi) (Xn,dn,mp) = (Xoo,doo, Moo) in the measured Gromov Hausdorft sense (‘mGH’).
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Conversely, any of the properties (i)-(v) will imply (vi) provided the spaces (X, dn, my,) have full support
and satisfy uniform bounds for doubling constants and diameters.

Proof. For the relation between D,- and mGH-convergence we refer to [Stu06], Lemma 3.18. The rest is
obvious by the previous discussions. [l

Remarks 2.11. e The history of mm-spaces essentially starts with Gromov’s monograph [Gro99|, more
precisely, the famous Chapter 3% therein. He promoted very much the idea of focussing on properties
which are invariant under isomorphisms. He also introduced several distances on X, among others,
the box distance O,. (Even before that, the topology of mGH-convergence on the space of mm-
spaces was introduced by Fukaya [Fuk87]. The concept of mGH-convergence, however, is not
compatible with the equivalence relation of isomorphism classes.)

e The LP-transportation distance D, was introduced and discussed in detail (mainly restricted to the
case p = 2) by the author in [Stu06].

e Both the L-transportation distance and the L°-distortion distance Ay were introduced by Greven,
Pfaffelhuber and Winter [GPW09]. They called them Gromov-Prohorov metric and Eurandom
metric, resp. Indeed, they derived an equivalent formulation for Ay in the spirit of the usual
definition of the Prohorov distance. They also introduced the L!-distortion distance A; (at least for
truncated d’s) and gave Example (with non-optimal constants). The Gromov-Prohorov metric
and its relation to the so-called Gromov-Hausdorff-Prohorov metric were discussed in [Vil09].

e The space X serves as an important model in image analysis and shape matching. In a series of
papers, Memoli introduced and analyzed various distances (partly for finite, partly for compact
mm-spaces) with emphasis on computational aspects and in view of applications to shape matching
and object recognition. In [Méml1l], he presented an exhaustive survey on the distances A, and
D, (which he denoted by 2D, and S, resp.), their mutual relations and applications in image
analysis. Among others, he deduced a slightly restricted version of Proposition [[T2 (i.e. restricted
to compact mm-spaces) as well as several estimates of Proposition (partly with non-optimal
constants).

e Inrecent years, the concept of mm-spaces and related topological /metric issues on the space X found
surprising new applications in the study of random graphs and their limits, e.g. the continuum

random tree or the Brownian map, see e.g. [GPW09], [ADH12|, [LG10] and [Mie07].

In none of the previous works, any geometric properties of the space X itself have been derived. (The
only exception might be [Stu06] where geodesics had been characterized.) From our point of view, the
emphasis of this paper is not on the ‘metric results’ from the previous chapters but on the ‘geometric
results’ (concerning geodesics, curvature, quasi-Riemannian tangent structure etc.) of the subsequent
chapters.

3 Geodesics in (X,,A))

Recall that (as usual in metric geometry) a curve (X;)ics — where J denotes some interval in R — is called
geodesic if V.S, s,t, T € J with S <s<t<T:

t—s
Ap()(sv Xt) = T——SAP(XS, XT)
Thus, by definition, geodesics are always distance minimizing and have constant speed.

Theorem 3.1. For each p € [1,00], (XP,AP) is a geodesic space. More specifically, the following
assertions hold:

1) For each pair of mm-spaces Xy, X1 € X, and each optimal coupling m of them (cf. Definition[1.8),
P
the family of metric measure spaces

Xt:[X()XXl,dt,ﬁl], te(O,l),
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with
di ((z0, 1), (Y0, 1)) :== (1 — t)do (w0, o) + td1(z1,91)

defines a geodesic (Xy)o<i<1 in X, connecting Xy and X;.

(it) If p € (1,00), then each geodesic (X;)o<i<1 in X, is of the form as stated in ([@). That is, for each
geodesic (Xy)o<i<1 there exists an optimal coupling m of the measures mg, my, defined on the product
space of (Xo,do, mg) and (X7,d1, mq), representatives of the endpoints, such that for each t € (0,1)
a representative of the isomorphism class Xy is given by (Xo x X1,d¢, m) with d¢ := (1 —t)dg +td;.

Note that in the case p € (1, 00) a conclusion from (ii) is that geodesics (X})o<i<1 in X, do not branch
at times ¢t # 0, 1. And they do not collapse to atoms at interior points. More precisely,

Corollary 3.2. If (X;)icjo,1) and (X'¢)ie(0,1) are two non-identical geodesics in X, (for 1 < p < oo) with
identical initial and terminal points (i.e. Xo = X[, X1 = X{ and Xy # X] for some t € (0,1)) then none
of these geodesics can be extended to a geodesic beyondt =0 ort = 1.

Corollary 3.3. If the initial point Xy of a geodesic (Xy)ieo,1) i X, (for 1 < p < oc) has no atoms then
each inner point Xy, t € (0,1), of the geodesic has no atoms.

Proof of the theorem. () In order to prove that (X;)o<¢<1 is a geodesic in X, it suffices to verify that
AP(XS, Xt) S |S — f|Ap(X0, Xl)

for all s,t € [0,1]. We will restrict the discussion to the case p < oco. For a given pair s,¢ € (0, 1), note

that the ‘diagonal coupling’
dm(z,y) := do,(y)dm(z)

is one of the possible couplings of the measures of Xy and X; (both being m). Thus, with X := Xy x X3
A< [ o) -l ) diea)di. )
XxX JXxX
= [ [ ) = i)l dinardiny)
X Jx

—ls =1t [ [ Idotan, ) — dr(or, )] disCoo, ), 1)
=|s —t|PA,(Xp, X1)P.
In the case s =0 and ¢t € (0,1), a slight modification of the argument is requested. Now we choose
dm(zo,y) := ddy,(xo)dm(y)

(where y = (y0,%1)) as one of the possible couplings of the measures mg of Xy and m of X;. Then the
argument works as before. Similarly, for the case s € (0,1) and t = 1.

(@) Let a geodesic (X;)o<i<1 in X, be given. Fix a number k € N and let y; (for i = 1,...,2%) be
optimal couplings of the measures m;_1)-» and m;-». Glue together all these couplings to obtain a
probability measure

=1 R ps X ... X g

on Xo X Xog-x X ... X Xjo-r X ... x X1. Put m = (7o, 7). as well as my = (7o, 7, 71 )« for all ¢ € (0,1)
of the form ¢ = i27% (for i = 1,...,2¥ —1). Thus m is a coupling of mg and m; (a priori not optimal).
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Let us now first restrict to the case p > 2. Then for each ¢ = i27* (for some i = 1,...,2F — 1),

A (X, X1)P

() p
< [ ]doto0,0) ~ daaron)“ . it )

B //’[do(zo,yo) — di(e,y)] + [de(ze, y2) — di(@1, )] ’

dmy(zo, ¢, 1)dme (Yo, ye, Y1)

(%) 1 1 B B
< // [—tP* |do (20, 0) — dt(xtayt)’p + A=t |de (4, ye) — d1($1ayl)’p} dmy (zo, 24, 21)dm (Yo, e, Y1)

1 P
g [ 10 018t ] — o) — o)
dﬁ‘lt(zo, T, SCl)dﬁ'lt(yOa Yt yl)

- - .

The last inequality (x*) is based on the estimate (ii) of Lemma B4 below, applied pointwise to the
integrand taking a = @ and b = %. In the case p = 2, it is even an equality with C' = 1.

Let us have a closer look on the first integral (I). Using estimate (i) of the Lemma below, it can be
bounded from above as follows

_ 1 1
I = 2h(p=1) // [Z.p_l ‘do(fcovyo) 7di2*k(zi2*k7yi2*k)|p + W|di2*k(zi2*k7yi2*k) *d1($17y1)|p

dp(xo, .y Tig—ry e 21)AR(Y0ys - -+ s Yso—ky v Y1)
2k
p
2k(e=1) Z// ‘d(j—l)Q*’“(z(j—l)2*k7y(j—1)2*’“) - dj2*’“(zj2*kayj2*k)
j=1
d,U/(ZE(), sy L(j—1)2- ks Tjo—ky . ;xl)du(?JOa e YG-1)2-ks Yjoky e 791)

2kp- DZA (G—1)2-*> Xjo—k )"

= AP(XO,Xl) .

IN

This allows two conclusions: i) The coupling m of my and m; is optimal since the very first inequality (x)
must be an equality. ii) The second integral (II) in the above derivation must vanish. That is,

/X0><X,, X X1 /X0><X,, X X1

Since m; is a coupling of m and my, this implies that the mm-spaces (X, d;, m;) and (X x X7, ( )do +
tdy, m) are isomorphic. This holds true for any ¢ € (0,1) of the form ¢ = i27% for some i = 1,...,2F — 1.

p
(1 —t)do(zo,y0) + tdi(x1,y1) — de(@e, ye)| dmy(wo, xe, 21)dmy (Yo, ye,y1) = 0.

Now let us consider the case p < 2 which requires a slightly modified argumentation. Here we consider
the LP-distortion distance to the power 2. It yields

Ay (X, X1)?
(//’ [do (0, y0) = de(xe, yn)] + [de(wr, ye) — di (w1, 91)] P
(*g) g(//“do(xmyo)dt($t,yt)‘p:|dﬁ1t($0,ZEt,SCl)dﬁ'lt(yant;yl))Q/p

2/p
dwy(zo, ¢, 1)dmy (Yo, ye, yl))

2/p
+—1t(// ’dt -Ttayt)_dl(‘rlayl)‘ }dmt(fﬂo,$t,$1)dmt(y0,yt,y1))

(1—t (//‘ (1 —t)[do(xo, yo) — de (s, ye)] — [ds (wt,yt)—dl(wlaylﬂ‘ dmt(woaxtaxl)dmt(yo,yt,yl))%
= (I) - (Ir).
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Now the last inequality (#*x) is based on the estimate (iii) of Lemma B4 below, applied to the LP-norms
(w.r.t. the measure m?) of the involved functions.

The quantity (I') can be estimated similarly as before, using the triangle inequality for the LP-norm
and estimate (i) of Lemma B4 with p = 2:

) = ii(//’do(xoayo)—dizk(xizkayizk)’p

2/p
d/,L(SC(), sy Lok e 7$1)dﬂ(y05 sy Yio—ky e 7y1)>

2k
+2k . (// ‘di2*k($i2*kayi2*k‘) - d1($1,y1)]p

2/p
dp(xo, ooy Tig—ty ooy 21)AR(Y0y -« -+ s Yio—y - - - ,yl))

2k
p
2" Z (// ‘d(j—1)2*’€(x(j—1)2*kay(j—1)2*k‘) - dj2*k(-rj2*kayj2*k)
j=1

IN

2/p
d/j/(an sy L(j—1)2- ks Tjo—ky .. 7$1)dﬂ(y0a e YG-1)2-k Yok yl))

2k
= QkZAp(X(jfl)Q—k,XjQ—k)Q
j=1

= A, (X, )%

This allows the very same conclusions as before: i) the coupling is optimal and ii) the mm-spaces
(Xt,de,my) and (X x X1, (1 —t)dg + tdy, m) are isomorphic.

To indicate the dependence on k, let us now denote the optimal coupling m (obtained via the above
construction) by m*) . According to Lemma [ the family (ﬁl(k))keN has an accumulation point m(>°)
in Cpl(mg,m;). With this m(>) in the place of the previous m(®) it follows that for all dyadic numbers
t € (0,1), the mm-spaces (X;,d;, m;) and (Xo x X1, (1 —t)dg + tdy, m(°>)) are isomorphic. Continuity of
both as elements in X in ¢ finally allows to conclude this identification for all ¢ € (0, 1). O

In the previous proof we used the following basic estimates between real numbers, partly known as
Clarkson’s inequalities.

Lemma 3.4. (i) Vp € (1,00), Vtg < t1...<tn, Yai,...,a, € Ry

n

ﬁ(zai)p SZﬁa’f-

i=1 i=1

(i) Vp € [2,00),Vt € (0,1): 3C =C(p,t) >0: Va,beR

[ta + (1 —t)b|P < tla|’ + (1 —1)[b]P —

t(lT*t)|a7b|p.

(#i) For all p € (1,2], all t € (0,1), all probability spaces (2, A, P) and all f,g9 € LP(Q,P),
[tf+ (1 =t)glly <tIFIZ+ 1 =0llgls — =Dt = )If = gll5-

Proof. (i) Consequence of Jensen’s inequality applied to numbers ti_"é_ — and weights \; = % with
D=1

For (ii) and (iii), see e.g. Prop. 3 of [BCL94]. (ii) is the quantitative version of the uniform convezity
of r — 7P for p > 2. (iii) is the 2-convezity of the LP-norm for p < 2. Actually, both inequalities are
stated only for t = % However, a simple iteration argument allows to deduce them for arbitrary dyadic
t (with the optimal constant in case of (iii) and with some constant C'(p,¢) > 0 in case of (ii)). O
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Remark 3.5. Given a mm-space Xy we say that another mm-space X; is a reqular target for Xy if there
exists a measurable map ¢ : Xg — X; such that

m = (Ida ¢)*m0

is a coupling of my and m; which is optimal for A,. In other words, &} is a regular target for Ap if there
exists a measurable map ¢ with ¢.,my = m; such that

Ay (X, 2)7 = /X /X do(2, ) — 1 ($(z), 6(y))? dimo(z)dmo(y). (3.1)

A geodesic (X;)o<i<1 emanating from Xj is called regular (for Xp) if it connects Ay with some regular
target X;. Such a geodesic can be represented on the state space of Ay as

X, = [Xo, (1 —t)do +t¢"d1, mo)

where ¢*d; denotes the pull back of di from X7 to X through ¢, that is, ¢*di(xo, yo) = d1(d(x0), d(y0))-

This is in analogy to the ‘classical’ theory of optimal transportation where in ‘nice situations’ the
(unique) solution to the Kantorovich problem coincides with the solution to the Monge problem. Note,
however, that there is a significant difference to the ‘classical’ theory of optimal transportation on Eu-
clidean or Riemannian spaces.

e ‘Nice’ points p of the Wasserstein space Pp(X) on a Riemannian manifold X have the property
that each target pu; € P,(X) is regular for po. For instance, all probability measures o which are
absolutely continuous with respect to the volume measure on X are ‘nice’.

e In contrast to that, even for ‘nice’ points in X, like smooth compact Riemannian manifolds, e.g.
n-dimensional spheres S™, we expect that there are plenty of non-regular targets, e.g. products
S™ x S*.

Challenge 3.6. (i) Prove the existence (and uniqueness) of such a transport map ¢ between ‘nice’
spaces (e.g. smooth compact Riemannian manifolds of the same dimension) — i.e. X,-version of

Brenier [Bre91] and McCann [McCOT];

(ii) Derive regularity and smoothness results for this map — i.e. X,-version of Ma, Trudinger, Wang
TS ’

(iii) Let Xp = (Xo,do, mp) and X3 = (X1,d1, m1) be smooth Riemannian manifolds equipped with their
Riemannian distances and with some weighted volume measures mg and my, resp. Assume that
there exists a diffeomorphism ¢ : Xo — X3 with m; = ¢,m( and satisfying (3.1]). Prove or disprove:
each of the points

X = [Xo, (1 —t)do + t(b*dl,mo}

on the geodesic (Xy)o<i<1 connecting Xy and Xy is a smooth Riemannian manifold (with Rieman-
nian distance and weighted volume measure).

Why should this be true (and why is it not obvious)? Let g; denote the metric tensor on the manifold
X; (1 =0,1). Then the pull back metric tensor

"0
defines another metric tensor on Xy, compatible with the pull back distance ¢*d;. Unfortunately, however,
the convex combination of the metric tensors gg and ¢*g; does not lead to a convex combination of the

Riemannian distances dg and ¢*d;. It is unclear whether these latter convex combination is a Riemannian
distance (i.e. whether it is associated with some metric tensor).

Definition 3.7. A metric measure space (X,d, m) is called geodesic mm-space if for all x,y € supp(m)
there exists a curve 7 : [0,1] — X with 9 = 2,71 = y and length(y) = d(z, y).
(X,d,m) is called length mm-space if for all z,y € supp(m)

d(z,y) = inf{length(v) D =2, = y}
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It is easy to see that being a geodesic (or length) mm-space is a property of the isomorphism class
[X,d, m]. The space of all isomorphism classes of geodesic mm-spaces will be denoted by X9¢° and the
space of all length mm-spaces by X!¢79th,

Proposition 3.8. X9°° and X'"9t" gre convex subsets of X.

Proof. Obviously, a mm-space (X,d, m) is a geodesic (or length) mm-space if and only if the metric space
(supp(m), d) is a geodesic (or length, resp.) space in the usual sense of metric geometry, see e.g. [BBIOT].
To simplify the presentation, let us assume without restriction that m has full support. It is well-known
that (X,d) is a geodesic (or length, resp.) space if and only if for each pair (z,y) € X? there exists a
midpoint M (x,y) (or a sequence of 1/n-midpoints M, (z,y), resp.) characterized by

d(l‘,M(l‘,y)) = d(va(xvy)) = %d(xay)

(or d(z, My (z,y)) < (5 + 2)d(z,y) and d(y, My (z,y)) < (3 + 1)d(z,y), resp.).
Now let two geodesic mm-spaces [Xo,do, mg] and [X7,d;, my] be given. Assume without restriction
that the chosen representatives have full support. Let

My : X3 — Xo, M;:X{— X,
be the midpoint maps and define
(Xo x X1)? — Xo x X3
((xo,21), (Yo, 1)) (Mo(xo,yo),M1($1,y1))-

Then for each ¢t € (0,1) and each m € Cpl(mg, my), M is a midpoint map for (X x X7,ds, m) with
di = (1 — #)do + tds. Indeed,

M :

di(z, M(2,y)) = (1 —1t)do(xo, Mo(x0,y0)) + tdi(z1, Mi(x1,y1))
1 1
- (1 _t)§d0(-r03y0) +t§d1($lay1)
1
= §dt(x7 Y)
and also d¢(y, M (z,y)) = 3di(z,y).
Essentially the same argumentation applies to 1/n-midpoint maps in the case of length spaces. (I

Remarks 3.9. (i) Since the set of all possible midpoints is closed the measurable selection theorem
provides a Borel measurable map M : X2 — X such that for each x,y € X? the point M (x,y) is a
midpoint of z and y, provided of course X is a geodesic space. Similarly, for each n € N it provides
a Borel measurable 1/n-midpoint map on a given length space.

(i) Neither X9¢° nor X!*"9t" is closed. An easy counterexample is provided by the sequence of geodesic
mim-spaces

1 1 1 1 1
LI, =g+ =(1—2)5 —1——5]]
[[ ||n +2( n)0+2( n)1
which A-converges to

[[1,|.|,%50+ %54].

4 Cone Structure and Curvature Bounds for (X, A)

4.1 Cone Structure

From now on, for the rest of the paper we will restrict ourselves to the case p = 2. We simply write X
instead of X3, A instead of Ay, and size(.) instead of sizea(.).

We begin with a reformulation of the L2-distortion distance which is analogous to the reformulations
of the classical transport problem for the cost functions |z — y|? in terms of the transport problem for
the cost function —2zy. Indeed, such a result only holds for p = 2.
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Proposition 4.1. VA, X € X:
A (X, X1)? =size(Xp)? + size(A])?

— 2sup { / / do(x0, y0)d1(z1, y1)dm(zo, z1)dm(yo, y1) : M € Cpl(mo,ﬂh)}-
Xox X1 v XoxXq

Proof. Decompose the integrand |do(zo,v0) — d1(x1,y1)|? in the integrals used in the definition of AZ?

into two squares of distances and a midterm. Then observe that each of the integrals of a distance square
only depends on one of the marginals of m, e.g.

/ / do(z0, yo)2dm(zo, z1)dm(yo, y1) =/ / do (o, yo)>dm(zo)dm(yo) = size(Xy)?.
Xox X1 J Xox X1 Xo 7/ Xo
O

The space X has a distinguished element: the isomorphism class of metric measure spaces (X, d, m)
whose support counsist of one point, say z € X (and thus m = §,.). This isomorphism class will be called
1-point space and denoted by &. Note that for each X' € X,

size(X) = A(d, X)

and thus
X' = {X € X: size(X) =1}

is the unit sphere in (X, A) around 4. Given any &X; = [X7,dq1,m1] € X the unique unit speed geodesic
through X} and emanating from ¢ is given by

Xy = [X1,td1, my].
It is called ray through X;. Each element X # d in X can uniquely be characterized as a pair (r, X;) €
(0,00) x X1, The number 7 is the size of X, the element &X; € X! is the ‘standardization’ of X = [X,d, m]:

d m].

X=X, ——
= " size(X)’

A remarkable, quite surprising fact is that the L2-distortion distance between two spaces X = (r, X7)
and X' = (r/, X]) is completely determined by the sizes r = size(X), 1’ = size(X’) and the distance
A(Xy, X]) of the standardized spaces.

Lemma 4.2. Let X1, X] € X! and let (Xs)s>0, (X])i>0 be the corresponding rays. Then the quantity
1

o [A®(X,, X)) — s> — 7]

is independent of s,t € (0,00).

Proof. Let the rays be given as Xs; = (X, sd,m) and X] = (X’,td’,m’). Then for each m € Cpl(m, m’)
and all s,t € (0,00):

1
L [ [ st )P e iy~ 5 - tﬂ
2st | Jxxxr Jxxx

S

:ﬁ [52 /X /X d(z, y)2dm(z)dm(y) —
v [ [ ay P @) -
_Qst/XXX//XXX/d(x,y)d’(m',y')dm(%xl)dm(yayl)}

- / / d(e,y)d (@, o )di (o, 2’ )din(y, o),
XxX'JXxX'

which obviously is independent of s and ¢. The last equality is due to the fact that size(X) = 1 as well
as size(X’) = 1. O

25



For X, X’ € X! put
1
A(l)(X,X’) = 2arcsin(§A(X,X’)).

Of course, this is equivalent to saying that

AX,X')? =2—2cos AV (X, X).

Xl

vl

A
)

sin( Law of cosines: A? = s> +1* — 2st4

Figure 4: Cone structure

Thus we have proved the following:
Theorem 4.3. The space X is the cone over X. For each X1, X] € X' and for all s,t € (0,00):
A(X,, X)) = 5% + 12 — 2st cos AV (xy, &),
where Xy denotes the point with size s on the ray through Xy and, similarly, X] the point with size t on
the ray through XJ.
4.2 Curvature Bounds

Theorem 4.4. (X, A) is a geodesic space of nonnegative curvature in the sense of Alexandrov: both the
triangle comparison and the quadruple comparison property are satisfied. That is,

(1) for each geodesic (X;)o<i<1 in X and each point X in X,

A%( X, X)) > (1 = ) A ( Xy, X') + tA2 (X, X') — (1 — ) A% (X, AY); (4.1)

(i) for each quadruple of points Xo, X1, Xa, X3 in X,

wl

SN (X)) > DY AY(XL ).

i=1,2,3 1<i<j<3

Note that for complete length spaces, properties (i) and (i) are known to be equivalent [LP10].
However, due to lack of completeness this does not apply directly.

Proof. (i) According to Theorem Bl we may assume that the geodesic is given as X; = [X,d;, m] with
X = XO X Xl, dt = (1 — t)do + tdl, and some m € Opt(mo,ml).
Let X' = [X',d’,m’] and for fixed ¢ € [0, 1], let m € Cpl(m, m’) be a coupling which minimizes

/ / du () — &' (2! o) 2 din(a, 'Y (g, o).
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az

by
Quadruple comparison: > ai > > b7

Triangle comparison

Figure 5: Nonnegative curvature

In other words, m is a probability measure on X = X x X’ which couples m and m’ in an optimal way
w.r.t. A. Then

A (X, X)) + (1 — ) A* (A, &)
:/A / |dt(z,y)—d’(x’,y/)|2dﬁ‘t(:c,:c’)dﬁ*t(y,y’) + t(l—t)/ |d0(z,y)—dl(z,y)|2dﬁ1(z)dﬁ1(y)
X JX X
= [ [ (10— )+ ) = & )+ 0= ) (o.9) = ) ] (o)

=[] 0= 0 ldoCoo,0) — ¢ o) + el 1) & 0] diG 0, i, )
X JX
> (1— ) A% (X, X') + tA* (X, X),

where the last inequality follows from the fact that (mp,m2).m is a coupling of my and m’ - but not
necessarily an optimal one for A. Similarly, for (m1,72).m and mq, m’.
(ii) Given points Xp,...,Xs € X, choose m; € Opt(mp, m;) and define (according to Lemma [[3]) a
measure g on X = Xy x X7 x X9 X X3 by
dp(o, 21, T2, 23) = dWy 4 (1) dMg, 2, (22) dM3 4, (23) dmo (o)
where dm; 4, (z;) denotes the disintegration of dm;(zg,z;) w.r.t. dmg(xzg). Then

3

3 2
ZAQ(A’O,XZ‘) = /}(/}(Z}do(zo,yo)*di(zi,yi)| dp(z) dp(y)

/x/xé S (dilw i) — dj(5,95)| () dp(y)

1<i<j<3

Y

1 2

1<i<j<3
The last inequality here comes from the fact that for all 4,5 € {1,2,3}
(i, mj)wp € Cpl(my, my)

but is not necessarily optimal. The first inequality follows from the quadruple inequality in the metric
space (R, |.|) applied to the 4 points & = d;(z4,¥;), i = 0,1,2,3, for each fixed pair (z,y) € X2 O

Corollary 4.5. The metric completion (X, A) of (X, A) is a complete length space of nonnegative cur-
vature in the sense of Alezandrov. -
Obviously, also X is a cone over its unit sphere X (which is the completion of X!).

Proof. The quadruple inequality immediately carries over to the completion. According to [LPI0], for
complete length spaces this characterizes nonnegative curvature in the sense of Alexandrov. O

Corollary 4.6. (i) (X', AW) is a complete length space with curvature > 1 in the sense of Alexandrov.
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(i) (X', AM) is a geodesic space with curvature > 1: both the triangle and the quadruple comparison
property are satisfied.

Proof. (i) It is a well-known fact from geometry of Alexandrov spaces, see e.g. [BBIOI], Thm. 10.2.3.,
that cone structure together with nonnegative curvature implies that the unit sphere has curvature > 1.
This result immediately applies to the completion X and its unit sphere X!.

(ii) The fact that (X', A(M) is a geodesic space follows from Theorem E3] (‘cone structure’) together
with the fact that (X, A) itself is a geodesic space. The triangle and the quadruple inequality now both
follow from (i) by applying it to points in X*. O

4.3 Space of Directions, Tangent Cone, and Gradients on X

According to the previous Corollary [1.6] (X, A) is a complete length space of nonnegative curvature.
Indeed, we will see in Theorem F.2T] that (X, A) is even a geodesic space (not just a length space). As
consequences of general results on Alexandrov spaces this implies a variety of existence and structural
results on tangent cones, exponential maps and gradients. We present some of the basic concepts and
results, following mainly [Pla02]. We formulate these definitions and assertions for the particular space
(X, A). Actually, however, they will be true for arbitrary complete geodesic spaces of lower bounded
curvature. The crucial point is that no (local) compactness is required.

The space of geodesic directions at Xy — denoted by j}oX — consists of equivalence classes of unit
speed geodesics emanating from X where two such geodesics (X;)o<i<r and (X/)o<i<, are regarded as
equivalent if one of them is an extension of the other one, say e.g. 7/ > 7 and

X=X fort<r.

The space of geodesic directions is a metric space with a metric £ given by

1
£(X, X)) = lim arccos | — (5% +t2 — A%(X,, X)) | .
( ®) o) 511151{‘10 r 28t (S + ( S t))
The limit always exists. Indeed, as a consequence of the curvature bound, the quantity arcc0§[.] in the
above formula is non-increasing in s and in t. The space of directions at Xy — denoted by T}YOX —is the
completion of the space of geodesic directions at Xy w.r.t. the metric £. The tangent cone TXOX at Ay is
the cone over the space of directions at Aj.

Definition 4.7. (i) Given a number X € R, a function & : X — R will be called \-Lipschitz continuous
if
U(Xo) —U(X1)| < A- A(Xo, &)

for all Xy, X; € X. In this case, we briefly write Lip(/) < A. The function U is called Lipschitz
continuous if it is N'-Lipschitz continuous for some \'.

(ii) Given a number x € R, the function U : X — R is called r-convez if for all geodesics (X;)o<i<1 in
X and for all ¢ € [0, 1],

UK < (1 — OUX) + tUX) — gt(l — )A(Xy, Xy).

(Note that if U is continuous, then the latter is equivalent to %U(Xt) > k- A%(Xp, Ay) in distri-
butional sense on the interval (0, 1) for each given geodesic.) The function U is called semiconvex
if it is k’-convex for some «'.

(iii) The function U is called k-concave (or semiconcave) if —U is (—r)-convex (or semiconvex, resp.),
that is, if U(X;) > (1 — OU(Xp) + tU(X1) — £t(1 — t)A?(Xy, A1) for all geodesics (X;)o<i<1 in X
and all ¢ € [0, 1].
Note that functions which we call k-concave are called by some other authors (—#)-concave. The sign
convention is not consistent in the literature.
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Ezample 4.8. The function X — —A?(X, Xp) is —2-convex for each Xy. The same is true for the function
X»—)max{—AQ(X,Xi): i = 1k}

for any given set of points X, ..., X, € X.

For every Lipschitz continuous, semiconcave function U : X — R the ‘ascending slope’ of U at X € X
is
o, UX) U]
DTU(X)| :=limsu |
| DTUX)] = limsup AX,X).
A point X € X is called critical for U if [DTU(X)| = 0. The set Xy of critical points for ¢ is a closed
subset of X. Each local maximizer (as well as each local minimizer) is critical for U.

For each geodesic direction ® € TXOX, say ® = (X})o<i<r, the directional derivative of U in direction
P

o1
D@U = }I\I?‘% g[u(Xt) - U(XO)]

exists and depends continuously on ® € Ty, X (and thus extends to all of T, X).
Lemma 4.9. For every Lipschitz continuous, semiconcave function U on X and each point X € X:
(i) |DTUX)| = sup {Dold : ® € TxX, ||®| 1,5 =1}
(i) If |IDTU(X)| # 0 then there exists a unique unit vector ® € TyX such that
|DTU(X)| = Dold. (4.2)
The gradient of U at X € X, denoted by VU(X) or more precisely by ViU (X), is now defined as an
element in T X as follows:
e if X is critical for U, put VU(X) =0,

e otherwise, put VU(X) := t® where ® € Ty X is the unique unit tangent vector satisfying ([@2)) and
t:=|DVUX)|.

Note that by construction,
IVUX) | 1,5z = [DTUX)|.

4.4 Gradient Flows on X

Definition 4.10. A curve &, : [0,L) — X (with L € (0,c]) is called ascending gradient curve of U or
solution of the (‘upward gradient flow’) differential equation

Xt = VU(Xt)
if for all ¢ € [0, L):
!
21{% EA(XHS, X)) = |DTUX)| (4.3)
and
1
lim (i) = U] = [ DU (4.4)

Theorem 4.11. Let U : X — R be Lipschitz continuous and k-concave.

(i) Then for each Xy € X there exists a unique ascending gradient curve (X;)o<i<oo Of U.
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(i) For all Xy, X} € X and every t > 0

A(Xt,Xt’) < e“t-m(xo,xg).

The uniqueness in particular implies that X; = &, for all ¢t > 7 where 7 = inf{s > 0: &, € Xy}

Proof. If Xy € Xy, then one possible solution to the gradient flow equation (as defined above) is always
given by
Xe=Xy (Vt>0).

For Xy ¢ Xy, Plaut [Pla02] as well as Lytchak [Lyt05], based on (unpublished) previous work of Perelman
and Petrunin [PP], proved the existence of gradient flow curves. (The concept of gradient-like curves
used in [Pla02] leads to re-parametrizations of gradient flow curves — at least as long as they do not hit
the closed set Xu.) The crucial point is that this existence result does not require any compactness of the
underlying space X. The uniqueness result and exponential Lipschitz bound is taken from [Lyt05]. O

Remark 4.12. In analysis (PDEs, mathematical physics), instead of the upward gradient flow mostly the
downward gradient flow for a given function U on X is considered.

X, = V(-U)(X).

It is just the upward gradient flow for —/. (Note that in metric geometry we have to distinguish between
V(-U) and —VU.)

This requires the function &/ now to be semiconvex. The relevant quantity then is the descending
slope

— / +
ID7U(X)| = | D (~U)(X)| = lim sup [U(X(X/Zj{ 9(:)( )]

5 The Space Y of Gauged Measure Spaces

5.1 Gauged Measure Spaces

In order to analyze and characterize elements X in the completion X of the space of mm-spaces, and to
obtain a more explicit representation of tangent spaces Ty and exponential maps Exp,, we embed the
space of mm-spaces into a bigger space Y which in the sense of Alexandrov geometry is more regular. (In
particular, it has less boundary.)

Definition 5.1. A gauged measure space is a triple (X,f, m) consisting of a Polish space X, a Borel
probability measure m on X, and a function f € L2(X? m?). The latter denotes the space of symmetric
functions f on X x X which are square integrable w.r.t. the product measure m ® m. Any such function
f is called gauge.

This extends the concept of metric measure spaces in two respects: i) the function f replacing the
distance d is no longer requested to satisfy the triangle inequality; ii) even if it did so, it is no longer
requested to induce the (Polish) topology on X. Metric (or gauge) and topology are decoupled to the
greatest possible extent. The only remaining constraint is that f should be measurable w.r.t. the o-field
induced by the topology. To abandon the triangle inequality will make the space of all gauged measure
spaces ‘more linear’.

The size of a gauged measure is simply defined as the L?-norm of its gauge function, i.e.

size (X.f,m) = ( /X /X f2(:c,y)dm(x)dm(y))1/ g
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Definition 5.2. (i) The L2-distortion distance between two gauged measure spaces (Xo,fo,mg) and
(X1,f1,my) is defined by

A((X07f05m0)5 (Xlaflvml))
1/2
= inf { (/ / |f0($0,y0) — fl (1‘1, y1)|2 dIﬁ(:CO’:Cl)dﬁl(yO, yl)) tme Cpl(mo,ml)}
X0><X1 X0><X1

(ii) Every minimizer m of the above RHS will be called optimal coupling of the given gauged measure
spaces. In other words, a coupling m € Cpl(mg, my) is optimal if

1/2
A((Xo,fo,mo),(Xl,fl,ml)) = <//|f0 —f1|2 dmdm> .

(iii) Two gauged measure spaces (Xo, fo, mg) and (X1, f1, my) are called homomorphic if

A((Xo,fmmo),(Xhﬂ,mﬂ) = 0.
Obviously, this defines an equivalence relation.

Lemma 5.3. (i) Every gauged measure space (X,f,m) is homomorphic to the space (I,f', L) for a
suitable f' € L2(I?,£?). Indeed, one may choose f' = *f for any 1 € Par(m).

(ii) An optimal coupling of (X,f,m) and (I,y*f, £') is given by (1,1d). L.
Proof. Define m = (¢,1d),£! for ¢ € Par(m). Then obviously m is a coupling of m = ,£! and £!.

Moreover,
/ / |f7f’|2dﬁ1dﬁ1://|1/)*f7f’|2d£1 gl =0
XxIJXxI IJI

according to our choice f' = )*f. O
Proposition 5.4. For every pair of gauged measure spaces (Xo,fo,mg) and (X1,f1,my) there exists an
optimal coupling, i.e. a measure m € Cpl(mg, my) which realizes the L*-distortion distance.

Proof. (i) Let us first prove the claim in the particular case Xo = X; = I and mg = m; = £L As
before in the proof of Lemma [[7] the claim will follow from compactness of the set Cpl(mg, m;) and lower

semicontinuity of the functional m (f Ik ’fo — f1‘2dm dm)l/2 on Cpl(mg, my). The former remains true
in this more degenerate setting, i.e. Lemma applies without any change. The latter requires more
care and will be the content of the next lemma.

(ii) The case of general Xy, X7 and mg, m; can be reduced to the previous case as follows. Choose
¢; € Par(m;) for ¢ = 0,1 and put f/ = ¢;"f;. Apply the previous part (i) to deduce the existence of a
coupling m € Cpl(£', £') which minimizes

1/2
(/ |6 (0, yo) — f{(ﬂﬂl,yl)‘QdIﬁ(ﬂﬂo,zl)dﬁ’l(yo,%)) .
rJre

Put m = (¢, ¢1).«m. This defines a coupling of my and m; and satisfies

) 1/2
(/ [ -l dtﬁdlﬁ)
XUXX1 X0><X1
) 1/2
(/ / |5 fo — w1t dﬁldﬁl)
12 JI?

A((I,f{),):l), (I, 21))

< A((L 5 £, (Xosfomo) ) + A (Xo, o, mo), (X1, froma) ) + A (X, frma), (1,6, £1))
= A ((Xo, o, mo), (X1, f1,my))
according to the previous lemma. This proves the optimality of m. (I
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Lemma 5.5. Given two functions fo,f1 € L2(I?,£?), the functional

1/2
m i E(m) 1= (/2 . |fo(zo, yo) — f1($1,y1)‘2dm($0,$1) dm(yanl))
2 Jr

is continuous on Cpl(£l, £1), the latter being regarded as a subset of P(I?) equipped with the topology of
weak convergence.

Proof. Every f € L2(I%, £?) can be approximated in L?norm by continuous symmetric functions on 2.
(Just apply the heat kernel or any mollifier to f, see e.g. the construction in the proof of Theorem [(ET9l)
Thus there exist f; ,, € L2(I%,£2) N C(I?) for i = 0,1 and n € N such that

(/1/1 [fis,8) - fivn(svt)Ist dt)

1/2
m— =, (m) := (/2 /2 |fo,n (20, y0) — fl,n(xlayl)‘Qdm(wOawl)dm(Qanl))
r2J1

/2
< —.
n

For each n € N the functional

is continuous on Cpl(mg, my) due to the fact that the integrand |fo,, — fl,n|2 is continuous and bounded
on I? x I?. Moreover, by a simple application of the triangle inequality in L?(I? x I?),

1/2
E = 2
:(m) - :n(m)‘ < (/2 /2 ‘fO(ZCanO) - fO,n(-TO,yo)’ dm(.’Ilo,,’Ijl)dm(yo,yl))
12Jr
1/2
+(/ ‘fl n -Tlayl) - f1($1;y1 ’ dm ZCQ,QEl)dm(yO,yl))
) 1/2
— <//|fo s,t) = fon(s,t)] dsdt> + <//|f1,n(s,t)f1(s,t)} dsdt>
1Jr
< Z
n
for each n € N. This proves the continuity of m — Z(m) on Cpl(mg, my). O

Proposition 5.6. For any pair of gauged measure spaces (Xo,fo, mp) and (X1, f1, my),
A((Xo’f()’mo)v (Xl’flamﬁ) =0 <« 3J(X,f,m), I, : X = X; measurable s.t.
(i)em = m;, (i)*f; =f (Vi=0,1).
In particular,
A((Xovfo,mo), (X17f1,m1)) =0 <= :Xg— Xi measurable s.t. Y,mg =my, P f; =f.

Here and in the sequel, identities like (¢;)*f; = f or ¥*f; = fy have to be understood as equalities
m2-a.e. on X2 or m3-a.e. on Xg, resp.

Proof. Assume the existence of the space (X,f,m) and the maps 1y,%; with given properties. Put
m = (o, ¥1)sm. Obviously, this is an element of Cpl(mg, m;) satisfying

/XoxXl /XO><X1

Now, conversely, assume that A(.,.) = 0. Then according to Proposition [5.4] there exist m € Cpl(mg, my)
with f f Ifo — f1]?dm dm = 0. Then

O—flldmdm //]wofo wlflldmdm—o

folwo,y0) = Fulwr, ) for @ae. (w0, 21), (o, 11)) € X2

for X := X, x X;. Thus (X,f,m) with f := 3fo + 3f; will do the job together with ¢; = m; : X — X;
being the projections (i = 0, 1). O
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Remarks 5.7. (i) If mp has atoms and m; has no atoms then there exists no map ¢ : Xo — X3 with
Pemy = my.

(ii) For each gauged measure space (Xo, fo, mg) there exist gauged measure spaces (X1, fi, my) without
atoms and with A((XO, fo, mo), (X1, f1, ml)) = 0. This follows from Lemma [5.3

Equivalence classes of homomorphic gauged measure spaces will be denoted by
XQ = [[Xo,fo,mo]], Xl = [[Xl,fl,ml]], X/ = [[X’,f’,m’]] etc.

and their respective representatives as before by (Xo,fo,mg), (X1,f1,my), (X', f’,m’) etc. The space of
equivalence classes of homomorphic gauged measure spaces will be denoted by Y.

Theorem 5.8. (Y, A) is a complete geodesic space of nonnegative curvature in the sense of Alexandrov.
More specifically, the following assertions hold:

(i) For each pair of gauged measure spaces (Xo,fo, mg) and (X1, f1, my), there exists an optimal coupling
me Cpl(mo,ml).

(ii) For each choice of optimal coupling m € Cpl(mo, m1), a geodesic in Y connecting [Xo, fo, mo] and
[X1,f1, m1] is given by

X, = [Xo x X1, (1—t)fg +tf, @],  te(0,1). (5.1)
(iii) Every geodesic (Xi)icjo,1) in Y is of this form. That is, given representatives (Xo,fo,mo) and

(X1,f1,my) of the endpoints of the geodesic, there exists an optimal coupling m € Cpl(mg, my)
defined on Xo x X1 such that {Z1) holds.

(iv) (Y, A) satisfies the triangle comparison and the quadruple comparison properties.

(v) (Y,A) is a cone over its unit sphere
Y!={X €Y: size(X) = 1}.
(vi) Y' with the induced distance AW is q complete geodesic space with curvature > 1 in the sense of
Alexandrov.
Proof. e Obviously, (Y, A) is a metric space. (Same proof as for Lemma [[L9])

e The existence of optimal couplings was already stated as Proposition .4l The assertions on exis-
tence and uniqueness of geodesics thus follow exactly as in Theorem [3.J1 None of the arguments
used in the proof required that d is continuous or satisfies the triangle inequality.

e The proof of the cone property from Theorem applies without any change.

e All assertions on curvature bounds for Y and Y' follow with exactly the same arguments as for X
and X!, see Theorem 4] and Corollary E6l

e It remains to prove the completeness of (Y, A):

Let a sequence of gauged measure spaces (X,,,f,,m,), n € N, be given with
A((Xn,fn,mn), (Xk,fk,mk)) —0 ask,n— oo.
Passing to a subsequence if necessary, we may assume that

A((Xnafnamn)a (Xn-i-la fn+1amn+1)) S 2=
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for all n € N which (according to Proposition B4l implies the existence of a coupling pu, €
Cpl(m,,, m,, 1) satisfying

</Xn XXn41 /Xn XXn41

Gluing together all these measures for n = 1,..., N — 1 yields a measure

) 1/2
f — fnﬂ’ dyu dun> <27, (5.2)

N
[LN:,LL1|E...|EMN71 on XN:HXn-

n=1
For N — o0, the projective limit

o= lim fiy
P

of these measures is a probability measure on X = [1,2, X,, with the property

(77-71; 7Tn+1)*/l = Hn

for each n € N. Define functions f, € L2(X2, i2) by

fn(:c,y) = fn(xnvyn)

for & = (z4)ien, ¥y = (Vi)ien € X. Then
||fn - 1A:nJr1||L§(j(2”az) = A((Xn, fnvmn)v (Xn+17fn+1;mn+1)) S 27n

for all n € N. Therefore, (f,), is a Cauchy sequence in the Hilbert space L2(X?2, i?) and thus there
exists f € L2(X2, i%) with
I = fll L2 (%2 52) = O

The triple (X , f , 1) is the gauged measure space we are looking for. Indeed,
A(()(n; fna mn)a (Xa fa ﬂ)) S an - fHLg(XZ,,l?) — 0.

This proves the claim.

5.2 Equivalence Classes in L?(I% £?)

The space Y admits a remarkable and very instructive representation in terms of parametrizations. For
this purpose, let us consider the semigroup Inv(I, £!) of all Borel measurable maps ¢ : I — I which leave
£! invariant, i.e. which satisfy ¢,£' = £!. This semigroup, call it G for the moment, acts on the linear
space H = L%(I?, £?) via pull back

GxH — H
(6, f) = o¢°f

with (¢*f)(s,t) = f(¢(s), ¢(1)).
Lemma 5.9. G acts isometrically on H.

Proof.

|¢*f||?qZ/Ol/ol‘f(aﬁ(s),qﬁ(t))fdsdt ) /01 /Ol‘f(s,t)rdsdt: i

where () holds due to the £!-invariance of ¢. O
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The semigroup G induces an equivalence relation ~ in H:
feg=3o0veG: ¢"f=1"g
The set of equivalence classes for this relation ~ will be called quotient space and denoted by
L=H/G=L*I%£%)/Inv.

It is a pseudo metric space with pseudo metric d. = dy/q = dr2/ 1y given by

a1 1) = wt{If = glu: 1 €1fL.9 € o]}
= nf{l¢"f ~ Vgl : 6.0 €G}.
Here [[f]] and [[g] denote the equivalence classes of f,g € H.

Theorem 5.10. (i) (IL,dy) is a metric space.

(i) The metric spaces
(L,dy) and (Y,A)

are isometric. An isometry is given by

L2(12,2%)/Inv — Y

©: 71 - 11,21

The inverse map ©~1 assigns to each representative (X,f, m) of a gauged measure space [ X,f, m] €
Y the function f' = ¢*f € L2(I1?,m?) where 1 is any element in Par(m).

(iii) L2(1%,£%)/Inv is a complete geodesic space of nonnegative curvature in the sense of Alexandrov.

Proof. (i), (ii) Let [f], [g] € L?(1?, £%)/ Inv with representatives f, g in L2(I?, £2). Then

dr2)my ([f]; l9])

inf {[l¢°f = v"gllze : 6. € Inv |
/A((I, feh, (Lg,m) - /A(HI, £ 000, 21]])

Y

since each pair (¢, 1) € Inv x Inv defines a coupling of £ with itself via (¢, ). L.
Conversely, given any coupling m of £ with itself, there exists ¢ € Par(m), i.e. ¢ = (¢o,p1) : [ — I?
such that ¢,£' = m. Thus

/12 . |f (20, y0) — g(a1,31)|"di(zo, 1) div(yo, 1) /I/I\f(%(s)aﬂﬁo(t)) — g(d1(s), 1 (1) ds dt

= loof — ¢19lze

with ¢Oa ¢1 € IDV(I, El) Hencea A((Ia f7 El)a (Iv g, El)) Z dLZ/Inv([[f]]a [[g]])
Nondegeneracy of drz/ 1,y follows from Proposition 5.4l Indeed,

dr2 /v ([£1, [9]) = 0

implies A((Z, f, £'),(I,g,£")) = 0 which in turn implies the existence of an optimal coupling m with
J [1f—g]*dmdm = 0. Any such coupling m can be represented as (¢, ), £ for suitable ¢, ¢ € Inv(Z, £").
Thus
o f =g
It remains to prove that © is surjective. This simply follows from the fact that for each gauged
measure space (X, f, m) there exists a parametrization ¢» € Par(m) of its measure and that the function
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f' = 9*f defined in terms of this parametrization lies in L2(I%, m?). Moreover, the gauged measure space
(I,f,£") will be homomorphic to the originally given (X, f, m):

A((I, f/, Y, (X,f,m)) =0,

see Lemma
(iii) All assertions follow immediately from (ii) together with the analogous statements of Theorem
U

Remark 5.11. If Inv(I, £') was a group (instead just a semigroup) then assertion (iii) of the previous
Theorem (together with all the assertions from Theorem [5.8) would be an immediate consequence of
standard results in Alexandrov geometry. Indeed, if H is a complete length space of nonnegative curvature
and if G is a group which acts isometrically on H then the quotient space H/G again is a length space
of nonnegative curvature, [BBIO1], Prop. 10.2.4.

5.3 Pseudo Metric Measure Spaces

Definition 5.12. Given a gauged measure space (X, d, m), we say that the gauge d satisfies the triangle
inequality m?-almost everywhere if there exists a Borel set N C X? with m?(N) = 0 such that

d(l‘l,.fCQ) + d(:Cg,SCg) Z d(:Cl,SCg)

for every (x1,x2,23) € X3 with (z;,7;) ¢ N for all {i,j} C {1,2,3}.

Any such function d € L#(X?,m?) will be called pseudo metric on X. In particular, a pseudo metric
is not required to be continuous but merely measurable on X x X. And of course it may vanish also
outside of the diagonal.

Remarks 5.13. (i) Any pseudo metric d is nonnegative m?-a.e. on X2. Indeed, combining the esti-
mates d(x1,x3) < d(z1,22) + d(z2, 23) and d(z2, x3) < d(x2,x1) + d(x1,23) — both valid for every
(w1, 22,73) € X3 with (2;,2;) & N for all {i,j} C {1,2,3} — yields d(x1, z3) < 2d(z1,22)+d(z1, x3)
which proves the claim.

(ii) The triangle inequality m?-almost everywhere (as defined above) obviously implies that the gauge
function d satisfies the triangle inequality m3-almost everywhere in the sense that

d(.%'l,l'g) + d($2,$3) > d($1,l‘3)

for m3-a.e. triple (z1,22,23) € X3. For the converse, see Corollary (.20 below where it is shown
that the latter implies that the given gauged measure space is homomorphic to a pseudo metric
measure space (i.e. a gauged measure space which satisfies the m?-a.e.-triangle inequality).

See also recent work of Petrov, Vershik and Zatitskiy [ZP11], [VPZ12] where it is shown that the
validity of the m3-a.e.-triangle inequality for a separable gauged measure space (X,d, m) implies
that there exists a correction of d which satisfies the triangle inequality everywhere and coincides
m2-a.e. on X2 with d (and thus in particular d is a pseudo metric in our sense).

Lemma 5.14. (i) Let (X,d,m) be a gauged measure space and iy € Par(m) a parametrization. Then

d is a pseudo metric on X < *d is a pseudo metric on I.

(ii) Let (Xj,dg,mg), k € N, be a sequence of gauged measure spaces with
A((Xk,dk,mk), (Xoo,doo,moo)) — 0 ask — oo

for some gauged measure space (Xoo,doo, Moo). If for each k € N, di, is a pseudo metric on Xy, then
do is a pseudo metric on X .
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Proof. (i) Assume that d satisfies the triangle inequality m2-a.e. with ‘exceptional set” N C X?2. Put
d’ =*d and N’ = (¢,%)"1(N) C I%2. Then £2(N') = m?(N) = 0 and d’ satisfies the triangle inequality
for every (t1,t2,t3) € I® with (¢;,t;) € N’ for all {7, j} C {1,2,3}.
Conversely, assume that d’ satisfies the triangle inequality £2-a.e. with ‘exceptional set’” N’ C I%. Put
M’ =I1?\ N’ and
M= (¢, 9)(M'), N=X>\M=(¢)N).

Then £2(M’) = 1 and thus m?(M) = 1. Moreover, d satisfies the triangle inequality for every (21, xo,73) €
X3 with (w;,2;) € M for all {i,j} C {1,2,3}.

(ii) Following the argumentation in the proof of Theorem 1.8 (completeness assertion), we may assume
without restriction that X = X, mp = my, for all £ € N and, moreover,

ldi — doollL2(x2 ;m2.) = 0
as k — oo. Passing to a subsequence, the latter implies
dr, — do mZ-ae. on X2,
Thus the m? -a.e. triangle inequality carries over from dj to dee. O

Applied to two gauged measure spaces (Xo,do,mg) and (Xi,d1,my) which are homomorphic, i.e.
A((Xo, do, mp), (X1,d1, ml)) = 0, the previous Lemma in particular implies that dy satisfies the triangle
inequality m3-almost everywhere if and only if d; satisfies the triangle inequality m3-almost everywhere.
Thus the ‘almost everywhere triangle inequality’ is a property of homomorphism classes.

Definition 5.15. A (homomorphism class of) gauged measure space(s) X = [X,d, m] is called pseudo
metric measure space if the gauge d satisfies the triangle inequality m2-almost everywhere.
The space of homomorphism classes of pseudo metric measure spaces is denoted by X.

Corollary 5.16. The space X of pseudo metric measure spaces is a closed, conver subset of Y. It contains
the space X of metric measure spaces and its closure X.

Proof. Closedness of Xﬁfollows from part (ii) of the previous Lemma. Since it obviously contains X it
therefore also contains X.
To see the convexity, let a geodesic (X;)o<i<1 in Y be given. It is always of the form

X; = [Xo x X1, (1 — t)do + tdy, m].

Thus if the endpoints lie in X, the gauges dg and d; satisfy the triangle inequality on Xy x X; with
suitable exceptional sets Ny, N7 of vanishing m?-measure. But then also the convex combinations of dg
and d; satisfy the triangle inequality with exceptional set Ny U Ny. O

Lemma 5.17. (i) Let (X,m) and (X',w’) be arbitrary standard Borel spaces without atoms (i.e. X
is a Polish space and m a probability measure on B(X) with m({z}) = 0 for all x € X; similarly
X' and w'). Equip X as well as X' with the discrete metric

d(z,y) =d’(w,y)={ (1)’ ey

, else

Then (X,d,m) and (X', d',m’) are homomorphic. The equivalence class [ X,d, m] will be called the
discrete continuum.

(i) The pseudo metric measure space X = [X,d,m] from (i) is the limit of the sequence of metric
measure spaces Xp = [ Xy, dpn,my], n € N, considered in Example [ZZ2. More precisely,

A(X,,X)<27™%  foralln € N.
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(i1i) For each n € N, the geodesic (X, 1)o<i<1 connecting X, = X, and X = X, 1 instantancously
leaves the set X. That is, for each t > 0,

Xt & X

Proof. (i) For every coupling m € Cpl(m,m’)

[foet

amdn = [ [a@): @ =g £ )+ w0 s 7 £ g’ = o)) dy)

IN

/X  [mtn ] i) <o

(i) Decompose X into 2" disjoint subsets of equal volume
X = U X;, m(X;)=2""

Indeed, by Remark @), we can find a Borel measurable bijection ¢ : I — X with m = 1, £! and
Borel measurable inverse. Now perform the decomposition on 1.
Define a coupling m of m,, and m by

le ) dé; (7).

Then

2
A%(X,, X) < dnfd‘ din din

(4,7) — d(z,y) 1Xj (y) 1x, (z) dm(x) dm(y)

1,j=1
= Zm 2=9o™m,

This yields the asserted upper estimate.
(iii) The geodesic (X, +)o<t<1 connecting &, = X, 0 and X = &), 1 is given by

Xn,t = [[Xn X Xadtaﬁl]]

with d; = (1 —¢)d,, + td. For each ¢ > 0, the pseudo metric d; is not a metric which generates the Polish
topology of X, x X. O

Corollary 5.18. X is not closed. Even more, it is not open in X.

To obtain at least a vague geometric interpretation of the convergence X,, — X in the previous Lemma
[BEI7(ii), think of X, being the tree consisting of 2" edges e; = (0, v;) of length 1/2, glued together at the
origin. The vertices v; may be regarded as points on the circle with radius 1/2, connected to each other
only via the origin. The limit space X then may be regarded as the circle with radius 1/2 equipped with
the uniform distribution (= Haar measure) and the discrete metric (which amounts to say that each pair
of points is connected only via the origin).

Theorem 5.19. X = X.
Proof. Given any pseudo metric measure space (X, d, m), we have to find metric measure spaces (X,,, d,,, m;,)

with
A((Xn,dn,mn), (X,d,m)) 0.
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We will modify the given pseudo metric step by step to transform it into a complete separable metric.

(i) According to Lemma and Lemma [B.T4l(i), we may assume without restriction that X = I,
m = £!. We then also will choose X,, = I, m,, = £! for all n. Let d be the given pseudo metric on I.
That is, d is a symmetric L2-function on I x I which satisfies the triangle inequality £2-a.e. in the sense
of Definition

(ii) Without restriction d is bounded, say bounded by L. Indeed, d is square integrable on I? and
thus can be approximated in L?-norm by dy, = min{d,k} for k¥ € N. Obviously, dj is again a pseudo
metric and now in addition bounded. The convergence d, — d in L? implies (I,dg, £') — (I,d, £') in
A-distance.

(iii) We extend d to a pseudo metric d’ on R by

d(z,y), ifz,yel
d'(z,y) = L/2, ifeel,ygdloryel,x &1
0, ifx,y 1.

(iv) Let 7, for n € N be a smooth mollifier kernel on R, i.e. 7, > 0 on R, 7,, = 0 outside of [f%, +%]
and [ n,(t)dt = 1, say 1, (t) = n - n(nt) with

n(t){ C - exp (t2 1) te(=1,1)

0, else.

d;(x,y):/R/Rd'(:c+s,y+t)nn(s)nn(t)dsdt. (5.3)

For each n € N, this defines a pseudo metric on R. The triangle inequality holds for each triple of points
z,y,z € R. Indeed,

dy,(2,y) + dy, (y, 2) — dj (2, 2)
/// (x+s,y+t)+dy+t,z+u)— d’(ers,eru)}nn(s)nn(t)nn(u)dsdtdu

which is nonnegative since the integrand [...] is nonnegative for £3-a.e. triple (s,t,u).
Hence, d/, is continuous and satisfies the triangle inequality. Moreover,

||d;l — d”LQ(IZ) —0
as n — 0o.
(v) Finally, we put
1
dn(w,y) = dy (@, y) + ~[z — y] (5.4)

for x,y € I. Then d, is a complete separable metric which induces the standard Euclidean topology on
I. In particular, (I,d,, £') is a metric measure space. Moreover, ||d, —d||12(y2) < ||}, —d|[12(s2) + L — 0
as n — oo. This proves the claim.

The proof of the previous theorem in particular leads to the following
Corollary 5.20. For a gauged measure space (X,d,m), the following assertions are equivalent:
(i) d satisfies the triangle inequality m?-a.e.
(ii) d satisfies the triangle inequality m3-a.e.
Note that in contrast to [ZP11], our result does not require the pseudo metric to be separable.

Proof. Let us briefly sketch the arguments for "(i7) = (i)". (The converse implication is obvious.) Given
(X,d, m), we choose a parametrization 1) € Par(m) to transfer everything from X to I. In particular, the
pull back d’ = 1*d will satisfy the triangle inequality £3-a.e. on I. We approximate d’ by convolution
with the mollifier kernels 7, (as in the previous proof) and obtain pseudo metrics d/, on I which satisfy
the triangle inequality everywhere. For n — oo we obtain, at least along subsequences, that d/, — d’
£2-a.e. on I?. Thus d’ satisfies the triangle inequality £2-a.e. Back to the space X, this amounts to say
that the original d satisfies the triangle inequality m2-a.e. O
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Corollary 5.21. X is a complete geodesic space of nonnegative curvature in the sense of Alexandrov.
It is a convex (‘totally geodesic’) subset of Y and it contains X as a convex subset.

5.4 The n-Point Spaces

For each n € N, let M(" be the linear space of real-valued symmetric (n x n)-matrices vanishing on the
diagonal. Equipped with the re-normalized [s-norm

1/2
2
| £l = (ﬁ > %) for f = (fij)1<i<j<n € M™
1<i<j<n

it is a Hilbert space (and as such of course a very particular example of an Alexandrov space of nonnegative

.. . n(n—1) . . . . .
curvature). It is isometric to R™ 2 - equipped with a constant multiple of the Euclidean metric.
The permutation group S, acts isometrically on M via

(o,f)—o"f with (0" f)ij = foio;
It defines an equivalence relation ~ in M(") by
frf e 30€Su: fii = fhg, (Yij € {1,...,n}).
Theorem 5.22. (i) The quotient space M("") := M) / ~ equipped with the metric
dyieo (f, f') = inf{[lf — 7 lmen : 0 € Su}

n(n—1) )

is a complete geodesic space of nonnegative curvature. Its Hausdorff dimension is —=

n(n—1)

(i) (M) dyycny) is isometric to a cone in R (with the induced inner metric in the cone). This
cone can be regarded as fundamental domain for the group action of S,,.

(iii) MM is a Riemannian orbifold. The tangent space at f € M) is given by

n(n—1)

T/M® =R /Sym(f)
where
Sym(f) = {0 €S, 0" f= f}
is the symmetry group (or stabilizer subgroup or isotropy group) of f.

Proof. (i) According to general results on geometry of Alexandrov spaces, lower curvature bounds are
preserved under passing to quotient spaces w.r.t. any isometric group action, cf. [BBIOI], Proposition
10.2.4. The remaining claims in (i) and (ii) are straightforward. For (iii), we refer to [Thu80], chapter
13. [l

T3
rg —= —
1
Figure 6: Triangles r(t) = exp,(tg) for r = (3,4,5) e M®), g = (0,3, -1) € T,M® and t =0, 1,2.
(

Note that for the equilateral triangle (1) € M(®): exp,(1)(tg) = exp,(1)(—tg) (Vt € R).
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T1 T2

T3

. 3
Figure 7: For 7 = (1,1,2) and g = (0,0,1): g€ T,M® but g¢ T,M(S).

Now let us consider the subset M(<") in M(™ consisting of those symmetric (n xn)-matrices (fi;)1<i<j<n
which ‘satisfy the triangle inequality’ in the following sense:

fij + fix = fir (Vi, g,k € {1,...,n}). (5.5)

Note that this constraint is compatible with the equivalence relation ~ induced by the action of the
permutation group S,:

Vi eMM with f~ f0 feM = fem?.

Hence, the space M(<n) := MZ/ ~ coincides with the subset of M) of equivalence classes of f which
satisfy (G.H). - B

Example 5.23. The simplest non-trivial case is n = 3. Here

0 rm m
M®) = rn 0 7 | :r=(r,re,r3) €R?
To T3 0

and
Mf’):{reR?’: TS Te T3, o <34 T, T3§r1+r2}-

A fundamental domain of the quotient space M(3) /S3 is for instance given by

M®) = {TERB: r1 <7y Srg}.

) 3
(a) The domain bounded by the blue lines is (b) The red colored area is
M s, M® ns?.
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Figure 8: The green vectors illustrate elements in T fl\/I(Sg) which are mutually identified, whereas the

black vector is in TyM®, but not in in T;M.

Corollary 5.24. (i) M(Sn) is a closed convex subset of M. It is itself an Alexandrov space of non-
negative curvature with dimension @
(ii) For f € M(g) the tangent space TfM(<") consists of those g € T;M™ for which exps(tg) = f +tg
< <
<

stays within ML at least for some t > 0.

Now let us consider the injection

M®) - Y

Y fm (Fuhcicien = X =[{L..nh AT 6]

Elements in the image Y(") := @(M(")) are called n-point spaces. They are characterized as gauged

measure spaces for which the mass is uniformly distributed on n (not necessarily distinct) points. For
convenience, we also require that the gauge functions vanish on the diagonal. The image

Xt = o (ML)

of M(g) consist of those mm-spaces with mass uniformly distributed on n points.

Proposition 5.25. For each n € N, ® is a 1-Lipschitz map:

A((I)(f)a (I)(g)) S dM(n) (fag) (vf,g (S M(n))

Moreover,

size (2(f)) = [[f -
Proof. Obviously, size® (®(f)) = 7z 7',y 3 = |}y, Moreover, (cf. Proposition ET))

N2 (D(f), B(g)) +size? (B(f)) +size? ((g)) = sup = S S fij-gw ik oo

M
peEP) I k=1

where P(") denotes the set of doubly stochastic (n x n)-matrices, i.e. set of all p = (Pij)i<ij<n € R*™
satisfying ;" pu = > ;_, pkj = 1 for all k,1 = 1,...,n. Particular examples of such doubly stochastic
matrices are given for each o € S, by

Pij = dio; -
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The claim thus follows from the fact that

dm(n)( )+ HfHM(n) + Hg|||\/|<n) = SUP w2 Z fij * 9oi0,-

1,j=1

Remark 5.26. The injection
o: MY - X

1s an embedding. Indeed, assume that
A((I)(dk), <I>(d°°)) 50 ask - oo

for some d*>® € M(S") and some sequence (d*)gen in M(Sn). Assume for simplicity that d*° and all the d*

are metrics on {1,...,n}. (All d~,d* € M(g) can be approximated by metrics.) The d* are uniformly
bounded. Thus according to Corollary 2.10

D, ((I)(dk), <I>(d°°)) S0 ask - oo

According to the union lemma ([Gro99), [Stu06]) this implies that there exists a metric space (X,d) and
isometric embeddings n* : ({1,...,n},d*) — (X,d) for all k € NU {oo} such that

1 = 1
=1 =1
where dy now denotes the L?-Wasserstein distance for probability measures on (X, d), i.e

do ((Uk)*(% > 6, (1) 25 ) mf{ > E@E @GP Y pa =Y pij=1forall iaj}1/2
i=1 ! !

4,J=1

For this ‘classical’ transport problem, however, it is known that the infimum is attained (among others)
on the set of extremal points within the set of doubly stochastic matrices. Hence,

dQ((nk)*(% iéi), (nm)*(% iéj)) = inf{ Zd2 Z)) o€ S"}1/2.

Moreover, the triangle inequality for d implies

Qinf{ Zd2 l)): o€ Sn}1/2

2 1/2
> mf{ Z’d )) —d(n (j),UOO(O—i))‘ :aeSn}
4,J=1
) 1 <& o |2 1/2
= 1Df{ﬁi7j_1 ij _dajai L0 E Sn}
= dyon (d,d>).

This finally implies dyn) (dk, d°°) — 0 as k — oo which is the claim.
Challenge 5.27. Prove or disprove that the injections
®: MM Y

and -
o: MY - X

are isometric embeddings.

43



Proposition 5.28. |, .y X" is dense in X and |,y Y™ is dense in Y.

Proof. The density assertion (w.r.t. A) concerning X or X is an immediate consequence of the analogous
density statement for X w.r.t. D in [Stu06], Lemma 3.5, and the estimate A < 2D of Lemma 2.6

To see the density assertion concerning Y, let a gauged measure space X be given. We always
can choose a representative (X,f, m) without atoms. The gauge function f € L?(X? m?) then can be
approximated in L?-norm by piecewise constant functions f(*) € L2(X2 m?), n € N. Even more, these

functions f(™ on X x X can be chosen to be constant on Xi(") X XJ(»n) for 1 < i < j < n for a suitable
(n)

; of volume % (Vi =1,...,n). That is, for each n € N the gauged measure

partition of X into sets X

space (X,f(™ m) is homomorphic to the n-point space ({1, coon), f L v 51-) for

n

fff) — £(n) (V1 <i<j<n).

XM xx(m
O

The spaces M(™) also play a key role in the ‘reconstruction theorem’ of Gromov [Gro99] and Vershik
[Ver98| based on ‘random matrix distributions’. For each n € N and each gauged measure space (X, f, m),

let Vr(lx’f’m) denote the distribution of the matrix
(F(as, 1']'))1Si<j§n e M

under the measure dm™(z1,...,z,). Here m” = m®" denotes the n-fold product measure of m. Let
m> = m®" denote the infinite product of m defined on X = {(z;)ien : z; € X}, put

M() = {(fij)1§z'<j<oo t i € R}
and let V&)f fm) denote the distribution of

(f(zi,:cj))lgkj@ e M)
under the measure dm® (1,22, .. .).

Proposition 5.29. For the following assertions, the implications (i) = (i) < (éii) hold true for all
gauged measure spaces (X,f,m) and (X', f',m’):

(i) (X,f,m) and (X', f';m") are homomorphic (as elements in Y)

(i) For each n € N: U0 and ™) coincide (as probability measures on M™) )

) v and ™) coincide (as probability measures on M(>) ),
For metric measure spaces (X,f,m) and (X', f',w'), the assertions (i), (ii) and (i) are equivalent.

Proof. (i) = (i4) Assuming the spaces to be homomorphic amounts to assume that there exists a measure
m € Cpl(m,m’) on X x X’ such that f(z,y) = f'(2/,y’) for m*-a.e. ((z,2'),(y,y’)). Thus

distr. of (f(:z:i, x])) Leiesen under dm” (z1,...,zy)
= distr. of (f(:z:i, x])) i jen under dm” ((z1,2}),..., (¥, 2,))
= distr. of (f/(z;, z;)) Lcieien under dm" ((z1,27), ..., (@n,2,))
= distr. of (f/(z;, z;)) Lcieien under dm"(z,...,27,).

(ii) < (iii): Straightforward consequence of the fact that the Borel field in M(°®) is generated by pre-
images under projections into M), n € N.

(iii) = (i): Reconstruction theorem [Gro99], 35.5.
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6 The Space Y as a Riemannian Orbifold

6.1 The Symmetry Group

Let Polish spaces X1, X9, X3 with Borel probability measures my, ms, m3 be given as well as couplings
1 € Cpl(my, my) and p” € Cpl(mg, m3). Recall the gluing construction from Lemma [[4] which yields a
measure g = g’ X p” on Xy x Xo X X3 with (71, m2).0 = ¢’ and (wa, w3). 0 = p”.

Definition 6.1. The melting of ' and 1" is the probability measure p € Cpl(my, m3) defined as

p= (1, ms ) (' B ).

It will be denoted by p' [ .

Lemma 6.2. Let a gauged measure space (X,f,m) be given.

(i) Cpl(m,m), the space of all self-couplings of m, is a group with composition [J. The neutral element
is the diagonal coupling
dv(z,y) = do,(y) dm(x).

The element inverse to p s given by
dp (x,y) = du(y, x).

(i) A norm is given on this group by

it = ([ [ fras.) e dutan. ) antuon))

Proof. (i) is obvious: the gluing of p and p~! for instance is given by (1, 72, 71 )« pt. Projecting this onto
the first and third factor yields

(71'1,771)*/1 = (71'1,771)*111
which is the diagonal coupling.

(ii) The inequality to be verified

" Tl < Al + el s
follows exactly in the same way as the triangle inequality for A. O

Definition 6.3. The symmetry group of (X, f, m) is the subgroup of Cpl(m, m) of elements with vanishing
norm:

Sym(X,f,m) = {jx € Cpl(m,m) : s = 0.

In other words, Sym(X,f, m) is the set of all optimal couplings of (X, f, m) with itself.
We say, that (X, f, m) has no symmetries if Sym(X,f, m) only contains the neutral element (diagonal
coupling).

The symmetry group Sym(X, f,m) will depend on the choice of the representative within the equiva-
lence class [X, f, m]]. For different choices of representatives, the groups will be obtained from each other
via conjugation and thus in particular will be isomorphic to each other.

Lemma 6.4. Let two homomorphic gauged measure spaces (X,f,m) and (X', f',m’) be given with v €
Opt(m, m’) being a coupling which realizes the vanishing A-distance. Then

Sym(X’,f',m) = v' O Sym(X,f,m) & v
= {,u’:y_llﬂulﬂy:uGSym(X,f,m)}.
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Proof. The fact that y is in Sym(X, f, m) implies that f(zo, yo) = f(21,y1) for p?-a.e. ((zo,21), (yo,y1)) €
X?% x X2, The fact that v realizes the (vanishing) distance of (X,f,m) and (X', f’,m’) implies that
f(xo,yo0) = f'(z),y}) for v?-a.e. ((zo,z(), (Yo,yh)) € (X x X’)2. Thus

(20, 50) = f(wo,y0) = f(z1,31) = f'(21, 1)
for (v X puXv)?ae. ((zf,x0,21,71), (Y, yo,y1,91)) € (X' x X x X x X")2. Projecting the measure
v 1R Ry from X' x X x X x X’ onto X’ x X’ yields the claim:
f(x, y0) = (2, 91)
for (v B p D v)2-ae. ((h,24), (o)) € (X' x X')2. 0

If the underlying space is not just a gauged measure space but a metric measure space, then the
symmetry group admits an equivalent representation in more familiar terms.

Definition 6.5. Given a metric measure space (X,d, m), let
sym(X,d, m) = {qﬁ X' 5 X m=¢.m, d= qﬁ*d}

where X" denotes the support of m.

Note that any ¢ which preserves the metric is Lipschitz continuous and thus in particular Borel
measurable. If moreover it is measure preserving, then according to the proof of (iii) = (iv) in Lemma
[1.101it is necessarily bijective with Borel measurable inverse.

Lemma 6.6. Let (X,d, m) be a metric measure space.
(i) sym(X,d,m) is a group (with composition of maps as group operation)

(i) The groups sym(X,d,m) and Sym(X,d, m) are isomorphic. For any ¢ € sym(X,d, m) the corre-
sponding measure in p € Sym(X,d, m) is given by

(iii) Let (X',d’,m’) be another metric measure space, isomorphic to the first one with 1 : X° — X’
being a Borel measurable bijection which pushes forward the measure and pulls back the metric.
Then

sym(X’,d’,m') = ¢ osym(X,d, m) oept.

Proof. Most properties are obvious. Let us briefly comment on the inverse of the isomorphism in (ii).
Let a measure p € Sym(X,d, m) be given. It is an optimal coupling of (X, d, m) with itself with vanishing
J [1d = d|*dudp. According to Lemma this implies that there exists a bijective Borel map (with
Borel inverse) ¢ : X* — X" satisfying m = ¢,m and d = ¢*d. O

6.2 Geodesic Hinges

A geodesic hinge is a pair of geodesics (X})o<i<r and (X/)o<t<r emanating from a common point Xy = ]
in Y. To simplify the presentation, we assume 7 = 7/ = 1. (Since the geodesics are not required to have
unit speed, this is no restriction.)

We fix representatives (Xo, fo, mp), (X1,f1,my) and (X7, f;,m}) of the endpoints as well as optimal
couplings m € Cpl(mg, m;) and m’ € Cpl(mgp, m}). We are now looking for couplings of m and m’, that
is, for p € Cpl(m, m') being measures on X = Xy x X3 x X x X|. The projections onto the respective
factors will be denoted by mo, w1, 7)), 7} . Note that the factor X, shows up twice in the definition of p.

For t € (0,1], we define the functional

1
) = 5 [ [ |-t - foh )]
v Jx Jx
2
dp(zo, x1, x4, 27) di(yo, Y1, o, v1)

+t [fl(xhyl) - f{(xluyi)}
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on Cpl(m,m’). Moreover, we put

Co(n) = supCy(p).
£>0

Lemma 6.7. (i) For each t € (0,1], there exists a measure us € Cpl(m, m’) which minimizes Ci(.), an
‘optimal’ coupling of @ and W' w.r.t. the cost function |fy — f]|2.

(i) The quantity

1
—2A2(Xt,)(t’)

Ct* = Ct(ﬂt) = ¢

18 mon-increasing in t.
(iii) For each p with (ﬂo,ﬂé)*u € Sym(Xy, fo, mo),
t— Cy(p) s independent of t € (0,1]

and thus Co(p) = Ce(pn) = C1(p). In particular,

2
Co(u)=/X/X{fl(xl,yl)—f{(x'l,y’l)} dp(zo, x1, (), ) di(yo, Y1, yo, ¥y) < oo.

(iv) For each p with (ﬂo,ﬂé)*u ¢ Sym(Xy, fo, mo),
Co(p) = oo.

(v) The functional Cy is lower semicontinuous on Cpl(m,m’).
(vi) Every accumulation point pg of (pt)e>o satisfies (ﬂo,ﬂg)*uo € Sym(Xy, fp, mg).

Proof. (i) follows from the existence result in Proposition 5.4 and the fact that
. _ - o 1
Cy = mf{Ct(,u) TS Cpl(m,m')} = t—QAQ(Xt,Xt’).

(ii) is a general consequence of nonnegative curvature in Alexandrov geometry.

(iii), (iv) are obvious: If the condition (7o, 7)) p € Sym(Xo,fo, mg) was not satisfied then obviously
Co(p) = co. On the other hand, the previously mentioned condition (7r0, 7T6)*/L € Sym(Xy, fo, mp) implies
Cyi(p) = C1(p) < oo independent of ¢ and thus Co(p) = Cy(p) < 0.

(v) According to Lemma B3] we may assume without restriction that Xo = X; = X = I and
mp = m; = m) = £1. With the same argument as in the proof of Lemma [5.5 (approximating fo, f1, f; € L?
by bounded continuous fo ;,f1i,f; ;), Ct(.) is proven to be continuous on Cpl(m,m’). As a supremum of
continuous functionals Cy, the functional Cj is lower semicontinuous.

(vi) Assume that (7T0,7T6)*‘LL0 ¢ Sym(Xo, fg, mg) for an accumulation point pg of the family (u¢)iso-
Then

2
/ / [fo(xo,yo)—fo(xé,yé)} dpo(zo, z1, g, 1) dpo (Yo, Y1, Yo, ¥1) = 2¢ > 0
XJX

and thus for a converging (sub)sequence (p¢, )n,

2
/ / |:f0($0,y0) - fo(:rgvyé)} dﬂtn(;’ﬁo,:ﬁl,l'{),l'/l) d,u'tn (y07y15y(/)7y/1) Z €
X JX

uniformly in n. This implies

Ct, (pt,) /00

which contradicts the minimality of z, . O

Proposition 6.8. Let a geodesic hinge (X;)o<i<1 and (X])o<i<1 be given as above with speeds R =
A(Xy, Xy), R = A(Xy, X]) and representatives (Xo x X1, fo +t(fi —fo), m), (Xo x X7, fo +(f] —fp), m'),
resp. Then there exists a probability measure i on X := X x X7 x X x X with
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e i € Cpl(m,m’), more precisely, (mo,m )«fi = W and (1), 7))fi = W

e (7o, mp)«ft € Sym(Xo, fo, mp)

and
Co(f1) = inf {Co(u) : € Cpl(m,m'), (mo,m))wp € Sym(Xo,fo,mo)}-
Equivalently,
(fy — o, f] — f0>L2(X21ﬂ2) - Sup{<f1 o, — f0>L2(X27#2) . e Cpl(m, @),
(70, TH) st € Sym(XO,fO,mO)}.
Moreover,

/ 1 !
COSK(X.,X.) > RR/<f1_fo’fl_fO>L2(X2,ﬁ2)'

Proof. The existence of i follows from the lower semicontinuity of Cy proven in the previous Lemma.
Moreover,

Co() = lim Cy() > limn C7.

On the other hand, nonnegative curvature of Y implies that the angle between the geodesics always exists.
Indeed, it is a monotone limit

cosi(X.,X,’) = }%QRR’[RQjLR/Qi S A(X, X )}
- 2RR/[R2+R/2_}%C:]

Finally, since fo(zo,y0) = fo(zf, yo) for p-a.e. ((zo, 1,20, 21), (Yo, y1. ¥, ¥1)) € X? we may rewrite the
previous expressions for each coupling p (with the required properties of its pairwise marginals) as follows

R*+ R” — Co(p)
= / / ( f1 (1,91 _fO(‘TanO)i| [fi(miayi) —fo(xf),yé)r

2
o)~ fiGat )] ) o, s at) it o0

2 [ [ [fern) ~ foCoo, )] - [fi(at. 1) — ol 06)] (oo or, b ) dituo . 1)
X JX

This is the claim. O

Conjecture 6.9. For each geodesic hinge as above,

1
/ — S — " —
cos £(XXL) = T (fi—fo.f] fo>L2(X2yﬂ2).

6.3 Tangent Spaces and Tangent Cones
Definition 6.10. The tangent space at X € Y is defined as

Ty = U Li(XQam2)/ ~

[X.,fm]=Xx

with union taken over all gauged measure spaces (X,f,m) in the homomorphism class [X,f, m]]. Here
g € L2(X% m?) and ¢’ € L?(X'?,m'?) are regarded as equivalent, briefly g ~ ¢, if they are defined on
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two representatives (X,f,m) and (X’,f’,m’) of X for which there exists a coupling u € Cpl(m, m’) such
that f = f’ and g = ¢’ p?-a.e. on (X x X’)%. More precisely, the latter means that

fz,y) =f(a'.y) and g(z,y) =g (2",y')
for p?-ae. ((z,2'), (y,y)) € (X x X')2.
Remarks 6.11. (i) This, indeed, is an equivalence relation: g ~ ¢’ and ¢’ ~ ¢” implies g ~ ¢".
(i) For g,h defined as symmetric L2-functions on the same representative (X,f,m) of X, the above
equivalence means that g = h p2-a.e. for some p € Sym(X,f, m).
(iii) Given a gauged measure space (X, f, m), a probability space (X', m’) (for consistence, with X’ being

a Polish space) is called “enlargement” of (X, m) if there exists a measurable map ¢ : X’ — X with
m = ¢,m’. In this case, the map
: gy
defines an isometric embedding of the Hilbert space L2(X?, m?) into the Hilbert space L2(X'?, m'?).
Put f' = ¢*f. Then
g~ o'y
for each g € L?(X?2, m?). Indeed, p1 := (¢,Id).m’ defines a coupling of m and m’ with the property
f=1,g=0¢*g u*ae.
Therefore, for all g,h € L2(X?,m?),
g~h = ¢ g~ P h.
(iv) For each gauged measure space (X, f, m), the “standard” space (I, £') together with some parametriza-
tion ¢ € Par(m) can be regarded as an enlargement. Hence, each tangent vector admits a represen-

tative in L2(I2, £2). In other words, the tangent space can be considered as subspace of L2(I?, £2),
see section 6.4 below.

Definition 6.12. A metric d5 will be defined on the tangent space Ty as follows: for g,h € Ty, say
g € LA X2, m?), h € L2(X?,m?) with [X,f,m] = [X',f,m] = X, we put
d% (g, h) = inf {Hg — hllL2((xxxn2,2) © o€ Cpl(m,m’), f=f p?-a.e. on (X x X/)Q}.
Remarks 6.13. (i) d% is symmetric and satisfies the triangle inequality.
(ii) d%(g,h) = 0 if and only if g ~ h.
(ili) Given g,h € Ty, say g € L2(X?,m?), h € L2(X"? m"?) with [X,f,m] = [X',f, m'] = X, choose
a common enlargement (X,m) of (X, m) and (X', m’) with embeddings ¢ : X — X, ¢' : X — X.

Since the spaces (X, f, m) and (X', f’, m’) are homomorphic we may assume without restriction that
Q*f = ¢/*f' =:f. Put g = ¢*g,h = ¢*h. Then g ~ g, h ~ h and

a%(9.h) = d(3,h) = inf {[1g = Pl 2o oy = 40 € Sym(X,Fm) }.

Lemma 6.14. d;@rv is a cone metric on Tx.

Proof. The claim will follow from the fact that for each g € L?(X?,m?), h € L%(X'?,m'?) with ||g||z2 =
|[h||z2 = 1, the quantity

L1 2 _ 2 2}
5t [d;((sg, th)* — s —t
is independent of s and t € (0,00). The latter can be seen as follows

1
2st

— 1 2 2 _ 2] . N g2
= 1nf{g{Hsg—thHLZ((XXx,)zyuz) -5 —t } : p € Cpl(m,m’), f=1f"p -a.e.}

[dg((sg, th)? — 5% — tQ}
= — sup{(g, h>L2((X><X,)2”U.2) VS Cpl(m, m'), f=f /f—a.e.}.
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Definition 6.15. The exponential map Exp, : Ty — Y is defined by
g [X,f+g,m]
for g € L2(X?,m?).

Remark 6.16. This definition is consistent since g ~ ¢’ implies [X,f + g,m]] = [X',f’ + ¢/, m]. Indeed,
given g € L2(X? m?), ¢’ € L?(X"?,m"?) with [X,f,m]] = [X’,f’,m']], we know that g ~ ¢’ if and only if
there exists a measure p € Cpl(m, m’) such that f = f' and g = ¢’ p?-a.e. This implies f +tg = f' + tg’
u?-a.e. for every t € R which in turn implies

[X,f+tg,m] =[X',f +tg,w]
for every t € R. In other words,
Expy(tg) = Expx(tg’)
for every t. Thus Exp is well-defined.
Definition 6.17. For X € Y we define the map 75 : Tx — [0, <] by

7Y (g) = sup {t >0: (Epr(sg))se[Oﬂ is geodesic in Y}.
Analogously, for X € X, we define

T;%(g) = sup {t >0: (EXPX(SQ))se[O,t] is geodesic in X}.

Recall that TxY, the tangent cone at X in the sense of Alexandrov geometry (cf. section 4.3.), is
defined as the cone over its unit sphere 74Y which in turn is the completion of the space of geodesic
directions T}(Y Equivalently, TxY can be considered as the completion of T+Y which in turn is the cone
over T}(Y Denote the metric on TxY by d.

Theorem 6.18. (i) The set {g € Tx : 73(g) > 0} can be identified with the cone TxY via g —
(EXpX(Sg))SE[O,T};(g))'

(i) For each g € Tx, say g € L3(X2%,m?), with 7% (g) > 0,

d%(9,0) = llgllTey = llgllr2(x2,m2) = dx (g, 0).

(iii) For all g,h € TxY,
d(g.h) < dx(g.h).

Proof. (i),(ii) By definition, for each g € Tx with 73(g) > 0, (Expx(sg)) is a geodesic in

s€[0,7%(9))
Y. Hence, g is an element of the cone TvY. Conversely, each geodesic (X)scp, in Y emanating from
X = X, can be represented as X, = Expy(sg) for suitable g € L%(X?,m?) and suitable representative
(X,f,m) of X.

(iii) To prove the inequality between the distances on TxY and Ty it suffices to verify the analogous
inequality between the induced distances on the respective unit spheres T4 Y and T} (since both spaces
are cones over their respective unit spheres). Let representatives (X,f,m) and (X’,f',m’) of X’ be given
as well as unit tangent vectors g € L2(X?,m?) and ¢’ € L2(X"?,m'?). Then

41 (9.9) = <((Bxpa(59)) oo (Bxp(t9)) 120)

whereas -
cosdy'(g,9') = sup {(g,g/>L2((XXX/)2”u2) : p € Cpl(mm'), f=+F /ﬂ-a.e.}

According to Proposition B8 (with f, f’ in the place of fy, fy and g, ¢’ in the place of f; — fo,f] — fg)
cosdy'(g,9') < cosdy'(g.9").

This proves the claim. O
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Corollary 6.19. (i) The set {g € Tx : 5(g) > 0} can be identified with the cone TxX.

(i) For all g,h € TeX C T Y, )
dx (g, h) = dx(g,h) < d%(g,h).

6.4 Tangent Spaces — A Comprehensive Alternative Approach

Recall the fact (sect. 5.2) that the space Y of gauged measure space is isometric to a quotient space I of
L2(I?,£%). The tangent spaces Ty for X = [X,f, m] € Y, therefore, will be in one-to-one correspondence
with the tangent spaces Tf (to be defined below) for f € L.

Given a function f € L2(I?, £2), we put

Sym(f) = {(%,m) € Inv(I, €)% : f = w;‘f}.

Note that this will be a group, isomorphic to the previously introduced Sym(I,f, £!), provided we identify
all (vp0,11) € Sym(f) which satisfy 99 = 1. (The latter should be understood as identity £2-a.e. as
usual.) We say that f has no symmetries if

Voo, 1 € Inv(1, £Y) : if =if = 4o =91
Definition 6.20. The tangent space
Ty = L3(I*, £%)/ Sym(f)
is the quotient space of L2(I?%, £2) with respect to the equivalence relation
g~h < 3(o,v1) € Sym(f) : ¥Gg = UTh.

It is a metric space with metric
di(g,h) = inf {59 — ihllpaqrz,e2) + (o,01) € Sym(f) }.

If f has no symmetries then Tf = L2(I%, £2). In particular, then Tt is a Hilbert space.

This definition justifies to regard the tangent spaces Tf (and thus also the previously defined tangent
spaces Tx) as infinite dimensional Riemannian orbifolds.

Definition 6.21. The exponential map Exps : T — L is defined by
9= [f +4]-
Equivalently, it may be considered as map Exp; : Tr — Y with
g1 f+9,2".

Indeed, however, the measure space (I, £') does not play any particular role. It is just one of many
possible enlargements of a given space. It can be replaced by any other standard Borel space without
atoms. Thus for any gauged measure space (X, f, m) without atoms we may define

Tixfm) = Lg(XQ,mQ)/Sym(X, f,m)

where two elements g and h in L2(X? m?) are identified if there exists a measure p € Sym(X,f,m) — a
self-coupling of m which leaves f invariant — such that

g(z,y) = h(z',y") for p*-a.e.((z,2'), (y,y)) € X4

For g € T(x f,m) We put
IEXp(X,f,m) (g) = [[Xa f+ 9, m]]

Corollary 6.22. For each gauged measure space (X, f, m) without atoms, the space T (x,f,m) may be iden-
tified with the tangent space Ty where X denotes the homomorphism class of (X,f,m). The exponential
maps Exp(xjﬂm) and Exp, are defined consistently.
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6.5 Ambient Gradients
Definition 6.23. A function U/ : Y — R is called strongly differentiable at X € Y

e if the directional derivative

DyU(X) := lim % [U(Bxp (th)) — U(X)]

exists for every h € Ty and

e if there exists a tangent vector g € Ty such that
DpU(X) = (g, k) L2((x x x7)2,02)

for every h € Ty and every pu € Cpl(m,m’) with f = f' p?-a.e. on (X x X')2.

Here we assumed g € L2(X? m?) and h € L%(X'?,m?) with (X,f,m) and (X',f’,m’) being two
representatives of X.

The tangent vector g € Ty is then called ambient gradient of U at X. It is denoted by
g=VUX).

Lemma 6.24. For any function U : Y — R which is strongly differentiable at X € Y, the ambient
gradient is unique and satisfies

IWU(X)|| = sup { Dyl (X) : [|A]] = 1}.

Here Hh” = ||h||L2(X’2,m’2) = dq‘/ry(h,O) fOI‘ h e LE(XQ,IH/Q) and ||gH = Hg||L2(X2,m2) = dlry(g,()) fOI‘
g=VU(X) € L2(X? m?) with representatives (X, f,m) and (X', f',m’) of X.

Proof. Uniqueness. In order to be the ambient gradient WI/(X), a function g € L2(X?,m?) in particular
has to satisfy
DhU(X) = (g,h)r2(x2,2)  for every h € L2(X? m?).

(Indeed, choose X’ = X and p to be diagonal coupling.) The latter property determines g (if it exists)
uniquely within L2(X?2 m?). Two ambient gradients g and ¢’ defined on two representatives of X may
always be extended (via pull back) to functions on a common enlargement. Thus the ambient gradient
is unique (if it exists).

Norm identity. For each h and each coupling p (which leaves f invariant) as above

Dhu(X) <gvh’>L2((X><X’)2,p2)

A

< gllezeexxnzuzy - 10l excxyz,u2)
= Hg||L2(X2,m2) : ||h||L2(X’2,m’2)-

Thus DU (X) < ||g| for each h € Tx with ||h|| = 1. On the other hand, assume without restriction that
llg]] > 0 and choose h = mg and p = diagonal coupling of m to obtain

1
DU(X) = m(!J,g)m((xXx)Z,;ﬂ) = gll-

O

Theorem 6.25. Let U : Y — R be Lipschitz continuous, semiconcave and strongly differentiable in
X €Y. Assume that the ambient gradient WU(X) lies in TxY or, in other words, assume that 75.(g) > 0
for g =YU(X). Then

VU(x) =viuwx).

Here VY denotes the gradient in the sense of Alexandrov geometry as introduced e.g. in section 4.3, see

[Pla02].
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Proof. Put g = VU(X). According to the argumentation in the proof of the previous Lemma, g; = ﬁ g

is the maximizer of

h+— DpU(X)
in T). Therefore, assuming that g € fXY, the normalized ¢g; in particular is the maximizer of h —
DpU(X) in T}VY Up to a multiplicative constant, this already characterizes the gradient of &/ at A" in
the sense of Alexandrov geometry. The previous Lemma finally yields the equivalence of the norms (=
lengths of tangent vectors) in both spaces. [l

Corollary 6.26. LetU : Y — R be defined on all of Y and assume that its restriction to _X is Lipschitz
continuous and semiconcave. Assym_e furthermore that U is strongly differentiable in X € X and that the
ambient gradient WU(X) lies in TxX. Then

VUX) = VUX).

7 Semiconvex Functions on Y and their Gradients

7.1 Polynomials on Y and their Derivatives

A striking consequence of the detailed knowledge of the geometry of Y is that for major classes of functions
on Y one can explicitly calculate sharp bounds for derivatives of any order. Of particular interest will be
bounds for first and second derivatives.

An important class of ‘smooth’ functions on Y is given by polynomials of order n € N. These are
functions U : Y — R of the form

UX) = / ) u((d(g;i,xj))lgiqgn)dm"(x) (7.1)

n(n—1)
2

for X = [X,d,m] where u : R — R is any Borel function which grows at most quadratically.
Mostly, u will be differentiable with bounded derivatives of any order. For our purpose, derivatives of
order 1 and 2 are sufficient. Here and in the sequel, m” = m ® ... ® m denotes the n-fold product of m
and x = (z!,...,2") € X" whereas £ = (§;j)1<i<j<n € R*5. Deviating from the convention of the
previous Chapter, the gauge function will be denoted by d. In most cases of application, indeed, it will
be a pseudo metric.

Note that all these functions U are functions of homomorphism classes, i.e. the definition of U (X)
does not depend on the choice of the representative (X,d, m) of X, see Proposition Moreover, it
might be worthwhile to mention that the set of polynomials of any order separates points in X (J[Gro99],

cf. also [GPW09], Prop. 2.6)

Recall that each geodesic (X})o<i<1 in Y can be represented as

Xt = [[XO X ledO + t(dl — do),'(ﬁ]] (72)
for given representatives of Xy and X; and a suitable choice of m € Opt(mg, my). Thus U is represented
along the geodesic (X})o<i<1 as

L{(Xt) = /(X e u((do(xé,xg) + t(dl(xi,x{) - do(xé,:rg))) >dﬁ1"(:r0,:r1) (7.3)

1<i<j<n
where (29, 1) now stands for the n-tuple ((z}), z%))1<i<n of points (zf,zt) € Xo x X7.

n(n—1)

Lemma 7.1. Assume that U : Y — R is given by formula [TJ) with u € C?*(R™ 2 ,R,) with bounded
derivatives. Then for each geodesic (Xi)o<i<1 in Y (represented as in ([T2)):

i _ 9 P 4 poay P 4
dtu(Xt) - Z /(XoxXl)n 3§iju((d0($0’%)+t(d1($1’x1) do(%’%)))lgmqgn

1<i<j<n

-<d1<xi,x{>do(za,w)dﬁw"(zo,zl)
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1<p<q<n>

d? o 0
e = 2 D / W@@“«do@g’zg)“(dl(z’fvf‘f)do(wﬁvx@))

1<k<i<n 1<i<j<n
-(dl(x’i,x{) - do(xf),x%)) ’ (dl(mlfaxé) - do(x’é,wo)>dm (w0, 21)

for allt € (0,1) and as a right limit for t = 0.

Proof. These formulae are straightforward consequences of the representation of (Z3): interchanging
order of differentiation (w.r.t. ¢t) and integration (w.r.t. zf, %) and application of chain rule. O

Note that at ¢t = 0 the previous formulas simplify, e.g.
d o o
. X, — (d P’ Q) - (d z, J —d z, J dm™ : .
dtu( o Z /XoxXl)" 8&] ( o(zh, zd) peaen 1(2h, 7)) — do(z, ) |dm™ (zo, 1)

1<i<j<n

n('n. 1)

Theorem 7.2. Let n € N as well as numbers \,x € R be given and let u : R — R be continuous

and bounded (or with at most quadratic growth).

(i) If u is A-Lipschitz continuous on R*5 thenU is N -Lipschitz continuous on Y for X' = - @

(ii)
Proof. (i) Approximating u by uy € C? (with bounded derivatives), we may apply the estimates of the
previous Lemma. Thus for any geodesic (X;); in Y

. n(n—1)
—s -

|Zu@)| < A / di(w}, 2]) — dofah, af) | dm” (w0,21)
dt 1<;<n (Xox X1)"
o 2 o AN
xS ([ faad) - dotabad| i, atam(ad o)
1<i<j<n Xox X1 J XoxX1
n(n—1
- >\~¥~A(XO,X1).

Since A(Xp, A7) is the speed of the geodesic (X:)¢, this implies

Lipld < \- M

(i) A more direct proof, avoiding any approximation argument, is based on the explicit representation
formula ([Z3)). It immediately yields

TR IR T (CIE ) IO Rt (CHEE ) IO | LS
, ‘ 2 1/2
< M- / di(2h, 27) — do(zf, 2 dm"x,ac))
( (XoxX1)n ( 1( 1541 0( 0 0))1§i<j§n ( 0,21

2

1/2
dy(ah,22) — do(ab, a2) dtﬁ%zo,zl))

-1
pRiNg
2 (XoxX1)?

_ 7”(”2_ 1))\-A(X1,XO).

(ii) Recall that for smooth u, k-convexity is equivalent to

DRI ACRCELP VL

1<k<i<n 1<i<j<n 1<i<j<n

1)).
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Thus, similarly to the previous argumentation, Lemma [Z.0] in the case of k-convex u now yields

& i .0 i, 2 —n
GHE) = e [ fela]) - doeb )| (oo, )
1<i<j<n ’ (XoxXi)m
-1
n=1) A2(Xy, X1).

2

This proves the claim.
(ii’) Again, a more direct proof (without approximation) is possible, based on (Z3). It implies

U(X;) —tU (X)) — (1 = U (Xo)
= /(X . [u((tdl(xi,x{) +(1—1%) do(xé,xé))lgiqgn)

—tu ((dl(xg, x{)) 1Si<j§n) —(1-tu ((do(xg, xg)) 19@9)} din" (o, 1)

K o .
< ——=t(1—1)- (d x},2)) —d xz,:cj) dm" (xg,
ERCETEY N (U R EE ) BN RS
K n(n—1) 1.2 1.2 ? )
= —5-t(l=1)- / di (21, 27) — do(zg, 25)| dm*(z0,71)
2 2 (Xox X1)2
k n(n—1) )
= 2B - A0, ).
2 2
This proves the x’-convexity of U for k' = & - @ 0

Remark 7.3. The formulas in Lemma[Z.8]for derivatives of ¢ +— U/ (X}) not only hold for geodesics (X}):e[0,1]
but for all curves (X;);>0 in Y induced by exponential maps:

Xy = Expy(tg) for some g € Ty.
For instance, the directional derivative of & at X = [X,d, m] in direction g € L?(X?, m?) is given by
9 i j n
DuUx) = Y /X a&ju((d(zp,ﬂ))lgpqgn) (e, 27) dm™(z) (7.4)

1<i<j<n

This leads to an explicit representation formula for the ambient gradient of I/ at X.

To this end, given u and (X, d, m) as above, put

ugj(:c) = 6Zju((d(xp’zq))1gp<qgn)’ (7.5)

for z = (x,...,2") € X"
Theorem 7.4. The ambient gradient WU(X) of the function U at the point X = [X,d,m]] € Y is the
function f € L2(X?,w?) given by f(y, =) = 3 (9,2) + 4 (zy) with

7 _ d (.1 i—1 it+1 j—1 J+1 n
fly,z) = g / uij(z,...,z Ju, L) T s
. Xn—2
1<i<j<n

j =1 j+1 n
A L Y O /LR Ao B

Moreover, V(—U)(X) = —VU(X).
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Proof. For a given representative (X,d, m) of X put f as above. Now in addition, let g € Tx be given.
Let us first consider the particular case that g is given on the same representative, i.e. g € L2(X?2, m?).
Then

0 o
DU(X) = | e an) e, ) ota' ) do )
1<i<j<n /X" U5 -
= / ufj(xl,...,:c")-g(xi,acj)dm”(x)
1<i<j<n /X"
- Z / / ’U,gj(xl’,__,;L'i717y,1'i+1,___,Z'jil,z,l'jJrl’___,l'n)~g(y,z)
1<i<j<n /X2 J/Xn72
dm™ 2 (zt, . 2 pt T I 2™ dm (y, 2)

= [ 002 ) it (02) = (F)reem.

Now let us consider the general case: ¢ € L%(X'?,m'?) for some representative (X’,d’,m’) of X. Put
X = X x X’ and let m be any coupling of m and m’ such that d = d’ m?>-a.e. on X2. Choose d
on X2 which coincides a.e. with d (and d’) and define f,g € L?(X2 m?) by §(7,2) = g(y/,2") for
y=Wy)z2=(22)e X x X,

_ 11 5 . _ . _
f(g,2) = Z / i[ufj(fl,...,:z“l,g,:zz“,...,:Eﬂfl,z,ff“,...,f”)
1<i<j<n/X"7?
+u§j(f1,...,:Eifl,z,fi“,...,fjfl,g,fj“,...,:z”)}
dm™ (g, . et i Bt E),
Then f(7,2) = f(y,2) for g = (y,9'),z = (2,2') € X x X' since d = d m?>a.e. on X2 Repeating the
previous calculation with X, f, g and m in the place of X f, g and m yields
Du(x) = (f, 9)L2(x2,m2)- (7.6)

O

Remark 7.5. e Polynomials of degree 2 are of the form [y [, u(d(z,y))dm(z)dm(y). They had been
used e.g. to define the LP-size of X = [X,d, m].

e Polynomials of degree 3 can be used to determine whether a space X € Y satisfies the triangle
inequality, at least in a certain weak sense. For instance,

Ux) = /X/X/X [d(x,z) —d(z,y) — d(y, 2) _dm(:c) dm(y) dm(z)

vanishes if and only if X € Y satisfies the triangle inequality m3-a.e., cf. Remark [.13]

e Polynomials of degree 4 allow to determine whether a given curvature bound (either from above or
from below) in the sense of Alexandrov is satisfied. This will be achieved through the functionals
Gk and Hg to be considered below.

7.2 Nested Polynomials

Besides polynomials, there are many other functions on Y for which derivatives (of any order) can be
calculated explicitly. Among them are functions

U:Y >Ry
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of the form
u) = [ v ([ atawnying) dn) &

for given functions U : Ry — R4 and n : Ry — Ry. Any functional of this type will be called nested
polynomial of order 2. The F-functional to be considered in the next chapter will be of this type.

Note, however, that analogous Lipschitz continuity and semiconvexity results can be easily obtained
along the same lines of reasoning for more general classes of nested polynomials including for instance

ue) = [ v ([ aawmani, [ o)) ) an)

Z/l(X)/X/XU</X/X G(d(x,y),d(x,z),d(z,w),d(y,z),d(y,w),d(z,w)) dm(w)dm(z)> dm(y)dm(z).

Lemma 7.6. Assume that U : Y — Ry is given by formula (1) with U € C*(R4,Ry) and n €
CH(Ry,R.), both with bounded derivatives.

(i) Then for each geodesic (Xy)o<i<1 in Y and represented as in (L2):

%U(Xt) :/Xoxxl [U/(/XOXX1 U(do(x,z) +t(di(z, 2) — do(:v,z)))dm(z)>
' /Xoxxl o (do(e9) + 1 (09) — ol ) - (d1(o.) = o y))dm(y)] dm(z)

forallt € (0,1) and as a right limit for t = 0.
(i) Moreover,

d2

G = [ ([ (bt + o) — dolo. )i
dt Xox X1 Xox X1

| </x 1 (o) + s (o) = o) - (da(any) - do<x,y>)drﬁ<y>)21 di(z)

+ /XOXX1 [U’ (/Xoxxl U(do(m,z) + t(dy(z, 2) — do(x,z)))dm(z))
./XOXX1 7" (do(ﬂc,y) +t(di(z,y) — do(x,y)) . (dl(x,y) - do(x,y))Qdm(y)} dm(z),

again for all t € (0,1) and as a right limit at t = 0.

Proof. As in the case of polynomials, these formulae are straightforward consequences of the representa-
tions (T7) and (T2)) which provide an explicit formula for the dependence of U (X}) on ¢:

w) = [ v [ n(doten) o) - dofe ) )ty ) ().

Now again, interchanging the order of differentiation and integration and applying the chain rule leads
to the asserted formulas for the directional derivatives. [l

Remarks 7.7. (i) In the case t = 0, using the abbreviation wg(z) = on n(do(z, z))dmg(2), the previous
formulas yield

G| = [ v ) o) - () dofe))am()dnGa). - (8)

d2
dt?

e e M B CYE IR O do<x,y>)dm<y>]2dm<w>

t=0
2

’ /X0><X1 /Xo><X1 U'(wo(@)) - n"(do(,y)) - (dl(% y) — do(z, y)) dm(y)dm(z),
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(i) More generally, for each Xy = [[Xo,do,mo]] = [X1,d1,mi]] € Y, each g € L?(X?, m?) and each
me Cpl(mo,ml) with dg = dy m2-a.e.

DU(X) = / / U (wo(20)) - 1 (do (0, 90)) - (1, 1) dit(yo, 10 )it (o, 1 ).
XoxX1 J XoxX1

Corollary 7.8. The ambient gradient of U at the point X = [X,d,m] is given by the function f =
VU(X) € L?(X?%,m?) defined as

Flav) = 5 (V' (w@) + U(ww) - (A, 9) (7.9)

where w(.) := [y n(d(.,z))dm(z). In particular,

1
2

Ivuel =5 | [ [ [0+ vtw)] o @) Panin)

Theorem 7.9. (i) If U and n are Lipschitz functions on Ry, then U is a Lipschitz function on (Y, A)
with
Lip(U) < Lip(U) - Lip(n).

(ii) Assume that U,n € C*(Ry) with
U'>-L, U >-)\ and | <Ci, 0" <Cy
for some numbers L, \,C1,Cs € Ry.. Then U is k-convex on (Y, A) with
K> -XN-C;—L-Cy.
Proof. () For Lipschitz continuous U and 7, the formula in Lemma [T.6] (), yields

d
]Eum)

< Lip(U7) - Lip(n) - /X i /X (o) — do(o.p)d(y)dm)
< Lip(U) - Lip(n) - A(Xp, &)

and thus
Lip(U) < Lip(U) - Lip(n).

(Indeed, a more direct estimation is possible without any ¢-differentiation.)
([@) The given bounds on derivatives of U and 7 allow to estimate the right hand side in Lemma [7.6] ()
as follows:

d? 9
SSUX) = =\ CF /X
o X X1

< [ e - z>|dﬁ1<y>) ()
XoxXq

L.C’Q./XU /X Idv (, 2) — do(x, 2)[2dm(y)dm(z)
>—(AN-C2+L-Co)  A(Xy, X1)°.

That is, g—;Z/l(Xt) > k- A(Xy, X1)? for each geodesic (X;)o<i<1 in Y. This is the s-convexity of U on the
geodesic space (Y, A). O

A straightforward generalization yields analogous assertions for functionals ¢/ : Y — R, of the form

UX) = /000 U (X)prdr

for some probability density p on R and a one-parameter family of functionals U,., r € Ry, of the form
([T1) with appropriate U, and 7, (depending in a measurable way on r € R ):

@) = [ 0. ([ st n ) dn),
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Corollary 7.10. (i) If U, and n, are Lipschitz (Yr > 0) then so is U with
Liv@h) < [ Lip(U0) Lin(ar o
(i) If U, and n,. are C* (¥r > 0) then U is k-convex for
HAWWWWmWW§+HWWmWWMMMT

7.3 The G-Functionals

Throughout this section, let
—2r—1, r<-1
¢(r) =4 r% -1<7<0
0, 0<r.

Given a number K > 0 and a gauged measure space (X,d, m), we say that m3-a.e. triangle in (X, d) has
perimeter < 277/\/? if
d(z1,x2) + d(20, 3) + d(23, 1) < 27/VK

for m3-a.e. (w1, 22,23) € X3. Put

Y = {X =[X,d,m] € Y: m*a.e. triangle in (X,d) has perimeter < 2#/@}.
For K <0 we put Y™ =Y.
Lemma 7.11. For each K € R, Y}" is a closed convex subset of Y.

Proof. Convezxity: the inequalities do(x1, x2)+do(z2, 23)+do (23, 21) < 277/\/? and dy (z1, x2)+d1 (22, 23)+
dy(x3,21) < 27/VK carry over from given spaces (Xo, do, mg) and (X1, d;, my), resp., to the product space
(equipped with any coupling measure) and they are preserved under convex combinations.

Closedness: the inequalities d,, (21, z2) + dp (22, z3) + dp (23, 21) < 2#/\/? on a sequence of spaces
carry over to the limit space. In detail, this stability result is based on the same arguments as the stability
of the triangle inequality, see proof of Corollary [E.16l O

Definition 7.12. (i) The Go-functional is defined on Y by

Go(X) :/}(4g(3 S g a) - Y d2(xi,xj)) dm (o, 21, 02, 73).

1<i<3 1<i<j<3

(ii) For any K € (0,00) we define the Gx-functional by
1 23 2
Ok (X) = /)(4@“(—?[ Z cos (\/?d(xo,xi))} +E+? Z coS (\/?d(xi,xj))) dm*(zg, 21, T2, 13)
1<i<3 1<i<;j<3
provided X € Y™ and G (X) = oo otherwise.

(ili) For any K € (—o0,0) we define the Gx-functional by

gr(X) = /)(4((—;{—810g [% Z cosh(\/jd(xo,xi))}

1<i<3

+310 F—i—g Z cosh(\/—Kd(ac-x»))} dm*(zg, 21, 2, 13)

K13 )i o R
<i<j<

Note that Gi (X) = Go(X) for K 70 as well as for K 0.
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Theorem 7.13. (i) For each K € R the function G is semiconvex and locally Lipschitz continuous
on YR If K # 0 it is globally Lipschitz continuous; if K = 0 it satisfies | VG (X)]| < 36-size(X).

(i) Moreover, WG is given explicitly, e.g. for K =0 at the point X € Y as the symmetrization of the
function f € L*(X?,m?) defined by
P = 0 [ ]3¢ (3(60e ) 4 o) + P a) - (€600 + ) + P
XZ

o ((a?(y, 2+ a2y, ) + y)) - (R0 2) + P, + Z’Dﬂ A", y).

(iii) For each K € R and X € X9°:
Or(X)=0 <= X has curvature > K in the sense of Alexzandrov.

Here an isomorphism class X of mm-spaces is said to have curvature > K (or < K) in the sense
of Alexandrov if for some (hence any) of its representatives (X,d, m) the metric space (supp(m),d) has
curvature > K (or < K, resp.) in the sense of Alexandrov.

Proof. (i), (ii) Differentiability (weakly up to order two) and semiconvexity follow from the previous
Theorem [Z2 applied to suitable functions « on R®. In the case K = 0, the appropriate choice is

u(§01,...,§23) C<3 Z & — Z ffj)
1<i<3 1<i<;j<3

Approximating ¢ by

Ce=D(¢) == %6\/5

and analogously u by u. = ®.(u) we obtain Lipschitz continuous, semiconvex functions u. on R® which
approximate u (which itself is locally Lipschitz and semiconvex). According to Theorem [(4] this also
yields the formula for the gradient WG.

The formula for WG(X) together with the estimate —2 < ¢’ < 0 implies

IVG(X)(2,2')] < 36 - [d(2,2)]

and thus ||[WG(X)| < 36 - size(X).

The general case of K € R is treated analogously. For instance, in the case K = —1 one has to choose
(5 ¢ )—g 1810 (1 Y coshé -)7910 (1+2 3 coshg--)
U\Go1y---,623 ) = g3 . 0i gg 9 - ij .
1<i<3 1<i,5<3

Again it is easily verified that this function is Lipschitz continuous and semiconvex on RS.
(iii) We first discuss the case K = 0. Obviously, Go(X) = 0 is equivalent to

3 Z d2($0,$i) Z Z d2($i,l‘j) (710)

1<i<3 1<i<j<3

for m*-a.e. quadruple (zg, 1,22, 23) € X*. Since d is continuous the latter is equivalent to (ZIZ) for
all quadruples (xg, 1,22, 23) € X*. According to a recent characterization by Lebedeva and Petrunin
[LP10], for a geodesic mm-space this in turn is equivalent to nonnegative curvature in the sense of
Alexandrov.

Analogously, in the case K < 0 the condition Gx (X) = 0 is obviously equivalent to the condition

< Z cosh (\/—Kd(zo,zi))>223+2 Z cosh (ﬁd(zi,zj)) (7.11)

1<i<3 1<i<j<3
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for all quadruples (zo, 21,72, 73) € X*. In the case K > 0 it is equivalent to the facts that all triangles
in X have perimeter < 27/v/ K and that

( Z cos (\/Ed(zo,zi))>2 <3+2 Z cos (\/Ed(xi,zj)) (7.12)

1<i<3 1<i<j<3

for all quadruples (xg, z1, 22, 23) € X*.
Again in both cases, within geodesic mm-spaces, the latter characterizes the spaces of curvature > K
in the sense of Alexandrov [LP10]. O

7.4 The H-Functionals
Definition 7.14. (i) The Ho-functional is defined on Y by

Ho(X) = /)(4C(d2($1,$2)+d2($2,$3)+d2(l‘3,$4)+d2(l‘4,l‘1)

—d*(w1, 23) — d?(z2, w4)) dm* (21, w2, 23, 24)

with ¢ as before in Definition [[.T2

(ii) For K € (0,00) we define the H gx-functional by

Hr(X) = /X4(<%icos* (\/Ed(zi7xi+1))
+% cos (%\/Kd(zg,m)) - cos (%\/?d(xl,xg))> dm*(z1, z2, 3, 4)

with x5 := 21 and cos*(r) := cos(r) for r € [—-7/2,7/2] and cos*(r) = —oo else.

(iii) For any K € (—o0,0) we define the H x-functional by
8 1l —
HK(X) = /X4§(—E10g {Z;COS}I( —Kd(xi,xi+1))}

+% log [cosh (%\/jd(xg,m)) cosh (%Md(zl, 1'3)):|) dm*(x1, 29, 13, 74).

Note that Hg (X) — Ho(X) for K 70 as well as for K 0.

Theorem 7.15. (i) For each K € R the function Hy is semiconver and locally Lipschitz continuous
on Y. It is globally Lipschitz if K # 0.

(i) Moreover, W Hy is given explicitly, e.g. for K = 0 at the point X € Y as the symmetrization of
the function f € L*(X?% m?) defined by

fend) = ades) [ [2<’ (22 + &= 9) + (0,9 + (Y, 2) = d(=,) — &2, y))
¢ (@ (p) + (. 2) + P Y) + a2 2) - d(z,2) - a2, y'>)] dm?(y, /).

(iii) For each X € X9°° and each K € R:
X has curvature < K in the sense of Alezandrov = Hi(X)=0.
In particular, in the case K =0

X has curvature < 0 in the sense of Alexandrov <=  Ho(X) = 0.
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Proof. (i), (ii) The proof of (local/global) Lipschitz continuity and semiconvexity is almost identical to
the previous one for Gx. Also the formula for W#H is derived in completely the same way.
(iii) Obviously, Ho(X) = 0 is equivalent to

d? (w1, 20) + d* (2o, x3) + d* (w3, 24) + d* (24, 21) — d* (21, 23) — d* (22, 24) > 0 (7.13)

for all quadruples (z1, 72, 73,74) € X*. According to a recent characterization by Berg and Nikolaev
IBNOS]|, for a geodesic mm-space this in turn is equivalent to nonpositive curvature in the sense of
Alexandrov. The claim for general K € R follows from the next lemma. O

Lemma 7.16. Let (X,d) be a geodesic metric space of curvature < K and in the sense of Alexandrov
for some K € R\ {0}. Then if K <0

4 cosh (%\/jd(xg,m)) - cosh (%ﬁd(m,m))
< cosh (\/jd(xl, xg)) + cosh (ﬁd(m, x3)) + cosh (ﬁd(m, x4)) + cosh (ﬁd(m, xl))
for every quadruple (z1, 22,23, 74) € X*. Analogously, if K > 0
4 cos (%\/?d(xg,m)) - cos (%\/ﬁd(m,m))
> cos (ﬁd(xl, xg)) + cos (\/?d(m,m)) + cos (ﬁd(m, ac4)) + cos (\/?d(m,xl))

s

or every quadruple (x1, 2, x3,x4) € X* with d(z;, zip1) < =2= for each i =1,...,4.
+ WK

Proof. To simplify notation, we first assume K = 1. Let a quadruple (z1,...,74) € X* be given with
d(zi, zj) < # for all 7,7 and let 2z be a midpoint of z7 and x3. Then by triangle comparison, applied
to the triangle (x1,x2,x3)

cos (d(z,xg)) - coS (%d(ml,m)) > %cos (d(l‘l,l'g)) + %cos (d(SCg,ZEQ)).

Considering the triangle (z1, x4, x3) we obtain similarly

cos (d(z,m)) - coS (%d(ml,m)) > %cos (d(ml,m)) + %cos (d(acg, ,7:4)).

Since 1+ cos(r) is decreasing and concave on the interval [0, /2],

1 1 1 1 1

- > — — > — — .

cos (2d(x2,x4)) > cos (2d(x2, z) + 2d(z, ,7:4)) 2 5 cos (d(xg, z)) + 5 €O (d(z,m))
Altogether this implies
1 1
cos (§d(x2,x4)) - CoS (§d($1, ,7:3))
1 1 1 1
> 1 cos (d(l‘l,l'g)) + 1 cos (d(acg, ,7:2)) + 1 cos (d(ml, ,7:4)) + 1 cos (d(x3,x4)).

In the case K = —1, the same formulas hold true with all cos replaced by cosh and all > replaced by <.
The general case follows by re-scaling. O

8 The F-Functional

8.1 Balanced spaces

Given a gauged measure space (X,d, m), we define its volume growth function v: Ry x X — Ry by
vp(z) = m(B(z))
where B, (z) ={y € X : |d(z,y)| <r}.
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Definition 8.1. A gauged measure space (X, d, m) is called balanced if there exists a function v* : Ry —
R such that for every r > 0

vp(x) =v)  for mrae. x € X.

Remarks 8.2. (i) Being balanced is invariant under homomorphisms of gauged measure spaces (see
Proposition 5.6).

(ii) A metric measure space (X, d, m) is balanced if and only if for all r € R
x> v.(z) does not depend on = € supp(m) C X.

Proof. (i) as well as the “if”-implication in (ii) are obvious. For the converse, note that v* has at most
countably many discontinuities. Choose 7 > 0 in which v* is continuous. By the triangle inequality, for
all z and all y € B.(z)

'Ur—e(x) S 'Ur(y) S 'Ur-l—e(x)-

Hence,
y — v.(y) is continuous on supp(m).

Thus

vr(y) = vr  for all y € supp(m). (8.1)
Recall that this holds for all » > 0 in which v* is continuous. Since r +— v,.(y) is left continuous for each
y € X, BI) extends to all r > 0. O

Proposition 8.3. Assume that a gauged measure space (X,d, m) is homogeneous in the sense that for
each pair (x,y) € X2 there exists a map 1 : X — X which sends x to y and which preserves measure
and gauge. Then (X,d, m) is balanced.

Proof. The fact that ¢ preserves measure and gauge implies v,.(x) = v, (¢¥(z)). O

Ezxample 8.4. Discrete Clircles. For n € N, let X = {ekQ’”'/" cC: k=1,... ,n}, let m be the uniform
distribution on the n points of X and let d be the graph distance on X (which — up to a multiplicative
constant — coincides with the induced distance within the unit circle of C). Then (X,d,m) is
balanced.

The volume growth v* is a step function with values in % fork=1,..., L"THJ and (in addition
if n is even) 1.

Platonic Solids. Each platonic solid (regarded as a metric measure space with uniform distribution on
the vertices and induced graph distance or, alternatively, with distance of ambient Euclidean space)
is a balanced space.

Discrete Continuum. The discrete continuum (see [B17) is balanced with volume growth

«_J 0 r<l1
T, >

Proposition 8.5. For X € X'"9th the following are equivalent:
(i) X is balanced with v =1 A1
(ii) X is the circle of length 2 (with uniform distribution).

Proof. Without restriction, assume that m has full support. A first consequence of the volume growth is
the doubling property for m and thus the compactness of X (cf. [Gro99|, [BBIOT]). Since X was assumed
to be a length space, we conclude that it is a geodesic space.

Let v :[0,1] = X be a geodesic of length L = d(vp,71) < 1. Then for each n € N

w(520) > (Uss (1)) = o (s (1)) =00 =
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Thus m(y) > £.
According to the volume growth, the diameter is 1. Thus there exists a pair (x,y) € X? such that

d(z,y) = 1. Let v be a connecting geodesic. Then
m(y) =

N |

(Hence, there exist at most two such geodesics which are ‘disjoint’ in the sense that the restrictions to
the open interval (0,1) are disjoint. If there exist two ‘disjoint’ geodesics then we are done: they will
support all the mass.)

Let 2 = 712 be the midpoint of . Then

%Sm(v) Sm(B%(Z)) = %

Thus within B% (z) all the mass is supported by 7. There is no branching. But at  and y, the boundary
points of By (z), other geodesics a, 3 (of length 1) must start. Otherwise, v.(z) = r/2 and v,(y) = r/2
for all » € (0,1). The diameter bound requires that v composed with these geodesics a and  emanating
from z and y, resp., constitute a closed curve. This yields the claim. O

Ezample 8.6. Let X = Z°° be the infinite dimensional torus, i.e. the infinite product of Z = R/Z, the
circle of length 1. The 1-dimensional Lebesgue measure £' on Z induces a Borel probability measure
m = £ on the Polish space X. Given a sequence of positive real numbers (a,,),ecn, we define a metric
d on X by

d(:C, y) — 25up dl(xnv yn)
neN 429

where d; denotes the standard metric on Z, i.e. di(s,t) = infrez |s — ¢ + k|

(i) Then (X, d, m) is balanced with
vy = H(Tan A1),

neN

(ii) If a,, = 1 for all n then m(B,(z)) =0 for all x € X and all r € [0,1). That is, (X,d, m) is balanced
with v =0 for < 1 (and of course v} =1 for r > 1).

(iii) If a, = €™ then (X,d, m) is balanced with

_1
v = p2losT+OW) as r — 0.

Indeed, for each z € X and r > 0

m(By(z)) = H (r-an) =exp Z (logr+n) | =exp (—(1ogr)2 + %(log r)? + O(logr)) .

an<l/r n<—logr

Now let us have a closer look on Riemannian spaces which are balanced. We will consider the volume
growth (r,z) — wv.(x) for triples (X,d,m) where X = M is a Riemannian manifold (which always
is assumed to be smooth, complete and connected) equipped with its Riemannian distance d and its
Riemannian volume measure m. To avoid confusing normalization constants, for the rest of this section
we will not require that the measure m is normalized. Even more, we will not require that it is finite (i.e.
we will also allow spaces of infinite volume). The manifold M will be called balanced if its volume growth
function m(B,(x)) is independent of .

The favorite examples here are the simply connected n-dimensional Riemannian manifolds M™% of
constant sectional curvature K € R. The model spaces M™% for K > 0 are rescaled versions of the
standard n-sphere S = M™! whereas for K < 0 they are rescaled versions of the hyperbolic space
H” = M™~!. The space form for K = 0 is the Euclidean space R™ = M"™°,
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Example 8.7. For each n € N and K € R, the space M ¥ is balanced with volume growth

“ﬁzzngS»AT(smiyﬁégﬂ)nlﬁ (82)

if K <0;if K >0, % ‘;(Kt) must be replaced by W%Aw) and if K =0 by t.

Besides model spaces, there exist many other Riemannian examples of balanced spaces.
Ezxample 8.8. e Product of spheres, e.g. M = S? x S
Here v,.(z) = v} = (2m)% - (1 — cos(r A 7r))2 for all z € M and r > 0.

e Torus M =R"/7Z"™ =I™ with Z = R/Z circle of length 1:
Here v, (z) = vy for all (r,x) € Ry x M for some function v* : Ry — R satisfying

N cpr™ forOSrgé
vF =
1 for r > 1.

Lemma 8.9 (Gray, Vanhecke [GVT9]). For any n-dimensional Riemannian manifold (M, g) — equipped
with its Riemannian distance d and its (non-normalized) Riemannian volume measure m — the volume
growth function admits the following asymptotic expansion

ve(x) = cpr™ - (1 + bo(x)r? + by(z)rt + be(2)r° + (9(7“8)) (8.3)
as v N\ 0 locally uniformly in x € X with ¢, = % and explicitly given coefficients ba, by, bg. In
particular,

o by(x) = 76(575_?2) where s(x) denotes the scalar curvature at x € M

with R denoting the Riemannian curvature tensor and Ric the Ricci tensor.

In dimension n = 2, the coefficient b4 is explicitly given as

ba(x) = F140(52(55) ~3As()).

In n = 3, it is given as

1
ba(z) = m(élsQ(x) — 2||Ric||2(z) — 9As(x)).
In dimensions n > 3, the coefficient b4 can also be expressed as
1 .
by(z) = —3||w|? C! |IRic|| C’s?(x) — 18A 8.4
10) = S~ 3IWIP0) + IR0 + 6 209 — 18As(x)) (8.4)

with C] =8 — ﬁ and C)/ =5 — m + & in terms of the traceless Ricci tensor
Ric = Ric — ~g (8.5)
n

and the Weyl tensor

1 . s
W =R - ——=Ri - . 8.6
n_2 c°8 2n(n71)gOg (8.6)

Indeed (see [Pet07a]),
. ° 1
IRic][* = [IRic||* + —s?

and
1 2

2n(n— D)7

1 -
IRI? = IWIP + =55 IRl +
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e If M is conformally flat then the Weyl tensor vanishes [Pet(7al.

e Conversely, if the Weyl tensor vanishes and n > 4 then M is conformally flat.

e If the traceless Ricci tensor vanishes and n > 3 then M is Einstein (i.e. Ric = Ag for some A\ € R).
Corollary 8.10. FEvery balanced Riemannian manifold has constant scalar curvature.

Proof. Tf v.(x) is independent of x then so are the coefficients by(x) in the above asymptotic expansion.
For k = 2 this is the claim. O

The converse implication is not true. Even worse: constant sectional curvature does not imply that
M is balanced.

Ezxample 8.11. Consider the Riemannian manifold
M =H/G

obtained as the quotient space of H under the action of a discrete subgroup G of isometries of H, acting
freely on it. Then M has constant curvature —1.
Hence, for each z € M there exists R > 0 such that

vp(x) = v) for all r € [0, R].
On the other hand, if M is non-compact for each r > 0
vp(x) =0 asz — oo,

Note that there also exist such examples M = H/G which are non-compact but have finite volume, see
e.g. Example 5.7.4 in [Dav90].

Conjecture 8.12. Let v* be the volume growth of a given model space M™X and let v denote the volume
growth of another, arbitrary Riemannian manifold M.

(I) Gray, Vanhecke (1979):

Vo asr—0: vp(z) = vf +o(r"t?) = M has sectional curvature K and dimension n

(IT) Moreover:

Va,Vr > 0: v.(x) = vy = M =M™E,

Theorem 8.13. The Conjectures (I) and (II) are true in each of the following cases
(i) n <3
(i) M is conformally flat
(iii) M is an FEinstein manifold
(iv) M satisfies the uniform lower bound Ric, > (n — 1)K
(v) M satisfies the uniform upper bound Ric, < (n — 1)K.

Proof. Conjecture (I) has been proven by Gray and Vanhecke in [GV79|. Being unaware of this result,
an independent proof of it as well as a proof of Conjecture (II) has been proposed to the author by
Andrea Mondino (personal communication, May 2012). For the convenience of the reader, we sketch the
arguments for both conjectures.

According to the asymptotic formula for the volume growth (up to order 2), the assumption on the
local coincidence of the volume growth of M and M*™ implies

[ dlmM =N
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o s(z) =s"=n(n—1) K for all z.
Taking into account the 4*"-order term of the volume growth, it yields
=3|IR||*(z) + 8||Ric||* () = —3[|R*||* + 8||Ric*||*
or equivalently
3

—— ) IIRic|[*(x) = =3[ W*|]? 2 )RR :
) IR0 = 3w 2+ (8 25 ) IR’ (5.7)

Now assume (iii), (iv) or (v). Since s(z) = n(n — 1) K, each of these assumptions implies that Ric = 0.
Anyway, W* =0 and Ric" = 0. Hence, according to (87), W = 0 and thus R = R* = Wll)g 0g.

Next assume (ii), i.e. M is conformally flat. Then W = 0. Since W* = 0 and Ric" = 0, it implies
Ric = 0 and thus R = R* = Wll)gog.

3IWIRG0 + (8 -

The case (i) follows from the explicit formulas for the coefficient by in dimensions 2 and 3.

To prove the validity of Conjecture (IT) in all these cases, finally, assume that M has constant sectional
curvature K and dimension n. Then by the Bishop-Gromov volume comparison theorem

vp(z) <w

S o

for all » and x. Moreover, equality (for all » and x) holds true if and only if M is the model space
MK (I

Remark 8.14. Within the larger frame of Finsler manifolds M, Conjectures (I) and (II) are wrong. In
fact, every n-dimensional normed space equipped with a multiple of the n-dimensional Lebesgue measure
is balanced — and after appropriate choice of the normalizing constant — has the same volume growth as
the Euclidean space R".

8.2 The F-Functional and its Gradient Flow

Now let us fix a balanced space X* € X (with volume growth v*) as well as a Borel function p: Ry — R
with p,. > 0 for all » and fooo (r? + 1Y) prdr < co. We regard X* as a “model space” within the category
of pseudo metric measure spaces. The downward gradient flow for the F-functional to be defined below
— either on X or on Y — will push any other space X towards X*.

Define F: Y — R by

F(X) = % /O h /X [ /O ' (e() — o7 dtrdm(x)mdr

where v,.(z) = m(B,.(z)) for X = [ X,d, m]. Recall that B,.(z) ={y € X : [d(z,9)| < r}.
Theorem 8.15. (i) Each global minimizer X of F is balanced with

m(B,(z)) = vr for all r € [0,00) and m-a.e. z € X.

(ii) The function F : Y — Ry is Lipschitz continuous and semiconvex. More precisely, it is k-convex
with kK = —sup,.g [r pT] and Lipschitz continuous with Lip(F) < fooo 7 prdr.

(iii) The ambient gradient of —F at a point X = [X,d,m]] € X is given by V(—F)(X) =f € L2(X2,m?)

with flo.q) = /O°° (M _ v;) p(rvd(z,y))dr

where p(a) = [ prdr.
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Proof. () Since we assumed that v} is the volume growth of X*, the function F will attain its global
minimum 0 at least at the point X*. For any other minimizer X, it immediately follows that

wy () = wy

for m-a.e. x € X and a.e. r > 0 where

wy ::/ vy dt, wT(x):/ ve(x)dt.
0 0

Indeed, this actually holds for each r > 0 since for every x € X the function r — w,(z) is continuous.
(It is obtained as the anti-derivative of a function r + wv,.(x) which itself is non-decreasing and left con-

tinuous.) With the same argument, r »—) wy is seen to be continuous
() Note that F can be written as F (X fo X)ppdr with F.(X) = [ Ur ([ ne(d(2,y))dm(y)) dm(z)
as in (7)) if one chooses

U (a) = §<a —ug)?, np(a) = (r —Ja])*

For each geodesic (X})o<i<1 emanating from X

= (=) (oo )= () s 9) )] it i) -

VEWX) < /X /X [ /dz,y) juwr (2) w:|prdrrdm<y>dm(z>
< /OoorpTdr.

For the last inequality, note that |w,(z) —w}| < r (since 0 < v,(x) <1 and 0 < v} < 1) for all gauged
measure spaces.
A similar calculation yields

5: / / [/ L—r] d(z,y))*l[o,r)(d(z,y))) ' (dl(z,y)d(x,y))dm(y)rdm(z)prdr
+/ / / (wr () — wf) - (du (2, ) — d(z,))” dm(y)dm(@)pr d(Saey) + O-a(e.y) — 200) (1)

> —suprp,] // (di (2, ) — d(z.y)) dm(y)dm(x)
= K- A(Xl,

and thus

2

provided k is chosen as in the claim.
(iii) According to Corollary 7.8

V(=F)(X) (@) = fé (U (@) + U (w, ()] w1, ))-

Since X € X we may assume that d(z,y) > 0. Integrating w.r.t. p, dr yields

V(=F)(X)(z,y) = -

= [T (O ) v @) e
:/OOO /OOO (M —vt) Liery  Lidgen) <rydt pr dr
_ /OOO (M _ v;) AtV d(x, y))dt
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Corollary 8.16. (i) For each Xy € X the gradient flow equation

X, = V(=F)(X) (8.8)
has a unique solution X, : [0,00) — X starting in Xy. For all Xy, X} € X and all t > 0
A(Xy, X)) < eIt A (X, A7) (8.9)

with k from assertion (ii) of the above Theorem.

(i) Similarly, for each Xy € Y, there exists a unique solution to the gradient flow equation (88) in Y.

It also satisfies the Lipschitz estimate (8.9).

Remark 8.17. (i) The concept of ambient gradients (see Section 6.5) allows a quite intuitive inter-

(i)

(iii)

pretation of the evolution driven by (88). According to this calculus, W(—F)(X) is the function
f € L?(X?% m?) given by

F(z,y) = /OOO (M - U:) A(r v d(z, y))dr. (8.10)

This fact should be interpreted as follows:

the function f is positive for those pairs of points (z,y) € X? for which - in average w.r.t. the
distribution p(r V d(z,y)) dr of the radius - the volume of the balls B, (x) and B,(y) is too large
compared with the volume v} of balls in the model space; and vice versa, if the volume of B, (x)
and B, (y) is too small (in average w.r.t. ) then f(x,y) < 0.

The infinitesimal evolution of X under the gradient flow is given by

dt(‘ray) = d(m,y) + tf(xay) + O(tQ)

with f as above. That is, d(z,y) will be enlarged if the volume of balls centered at x and y is too
large, and d(z,y) will be reduced if the volume of balls is too small.

The gradient flow for —F gets stuck if it enters the set of critical points. Obviously, A" is critical
for —F if and only if
V(-F)(X) = 0.

In view of (8I0) this yields: X is critical if and only if for m?-a.e. (z,y) € X?

’UT(ZE) UT(y) *
f =0
mn average w.r.t. the measure ﬁ(? \Y d(SC, y))d? .

The above identification of the ambient gradient leads to an even more intuitive formula if we
dispense with smoothing the volume growth, i.e. if in the definition of & we replace the functions

w, and w; by the original v, and v}, resp. Let

FO =3 [ [ o)~ ot pam(a)pear

for a Borel function p > 0 on R as above. Then a direct calculation as above yields

~ Vg z, (SC)+’Ud z, (y) *
V(=F)()(a,y) = | O ] P

Remark 8.18. For each n € N, the F-functional induces a functional

FM = Fod: M(n)—>R+

on the space M(™ of symmetric (n x n)-matrices (dij)i<i<j<n with vanishing diagonal entries via the
injection ® : M(™ — Y, see section 5.4. This functional F(™ again is Lipschitz continuous and x-convex
(with the same bounds as F). It admits a unique downward gradient flow in M), This flow (d(t))¢>0
can be characterized in a very explicit way as follows:
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e As long as d; does not reach points d € M(") with non-trivial symmetries, the flow is simply given
n(n—1)

by the first order ODE in R™ =

d n
—d() = ~VF™(d(t))

with

Vi F™ (d) :/ (M —U:) prvdg)dr for1<i<j<1
0

and v, (i) = %ﬂ{kz =1,....,n: di < r}.

o If d admits symmetries, say ofd =d, ..., o/d =d for 01,...,0; € S, then smoothness of F™) on
n(n—1)

R~z , invariance under actions of S,,, and uniqueness of VF () imply that the evolution remains

01,...,0;. Within this linear subspace, the downward gradient flow for F(™ again solves a first
order ODE until it reaches a point with additional symmetries.

The functional F is closely related to the famous Einstein-Hilbert functional of Riemannian geometry.
To explore this link, for given n € N let us consider a one-parameter family (), & > 0, of such functionals

FOX) =5 [ [ (o) - wp Pam)pldar

©

defined in terms of weight functions pe’ : Ry — R satisfying as before

sup[r p©] < oo, / rp&dr < oo (Ve > 0)
r>0 0

2 n/2
and now in addition with ¢, = [m] (where ¢,, = #;Jrl)’ see Lemma 8.9)

n

- / P2t )& dr — 1 ase — 0
0
and

/ P2 tE L pEdr — 0 as € — 0.
0

Theorem 8.19. Let n € N be given and let r — v} be the volume growth of some balanced Riemannian
manifold of dimension n and volume 1. Let s* be its scalar curvature. Then for each compact Riemannian
manifold of dimension n and volume 1, regarded as a metric measure space (X,d, m)

lim FO (%) = /X (s(z) — s*)2dm(z)

eN,0 2
where s(z) denotes the scalar curvature at x € X.

Proof. The asymptotic expansion

of the volume growth implies

o _s@)tD)
wrl@) ==t (1 6(n+ 2)(n + 3)

r?+ O(r4)>
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and thus

Fr(X) = %/X(wr(:c) —w})?dm(x)

= %c;l . p2nt6 /X (s(z) —s* + 0(7"2))2 dm(z)

%4_@MﬁLé@@ywﬂ%mww+OO%]

Integrating w.r.t. pgfg)dr therefore yields

ﬂ%m:/ Fr(X)p S dr
0
1

=3 / (s(z) — s*)%dm(z) - ¢, - /OO P20 G dr 4 ! /Oo O(r2)r2m+6 p(©) .
b'e 0 0

This proves the claim. O

Remark 8.20. In Riemannian geometry, the canonical interpretation (and construction) of gradient flows

for
1

FX) = [ (sla) = 5" am(a)

is to regard it as a functional on the space Met(X) of metric tensors on a given Riemannian manifold
X, cf. [CK04]. The downward gradient flow then is characterized as the evolution of metric tensors
determined by

d ,

779(@) = (s(z) = s7) - Ricy(2).
This evolution is different from the evolution governed by the downward gradient flow induced by the
L2-distortion distance on the space of pseudo metric measure spaces and also different from the induced
flow within the space of Riemannian manifolds.

Finally, we will study combinations of the F- and the G-functionals. Let n € N be given and choose

K > 0 such that the model space M™* has volume 1. This amounts to K = [(n + 1)c,1]*/™. Put

X* = Mn,K,
\/?r/\ﬂ' ™
@:/ SMH@ﬁ//gﬂ*m@
0 0

choose any strictly positive weight function p : Ry — R and define the F-functional on Y as before in
terms of these quantities by

.Hﬂ%AmLJA%MMWM%ZMMMW

Moreover, let G as introduced in Definition 7.12 and put
U=F+Gk:Y =Ry

Theorem 8.21. (i) The functional U is Lipschitz continuous and semiconvex. It admits a unique
downward gradient flow in Y as well as in X.

(i) For all X € X9¢°
UX)=0 = & =M"E

Proof. (i) follows from Theorems and

(ii) Let X be a representative of X with full support. According to Theorem [[.T3, U(X') = 0 implies
that X has curvature > K in the sense of Alexandrov, and according to Theorem it implies that
the volume growth of X is given by v*. Thus in particular, X has Hausdorff dimension n. The lower
curvature bound implies a Bishop-Gromov volume comparison estimate with equality if and only if X
coincides with the model space M™¥ | [BBI0OI], Thm. 10.6.8 and Exercise 10.6.12. O

71



Index

X*. 6 pseudo metric, 36
L1, 45 pull back, 6
X, 8, 45 push forward, 6
£, 28
wt, 45 Sym(.), 45
o, 6 sym(.), 46
Py, 6 size,
space of gauged measure spaces, 33
ambient gradient, 52 space of mm-spaces, 11

space of pseudo metric measure spaces, 37
balanced, 63

Ty, 48
Cpl(.,.), 6 T¢, T(x.fm)» 51
coupling, 6 T}(, TL, Ty, 28
tangent cone, 28
g‘b’ 2;9 transportation distance D,,, 14
h 5 ¥, 7%, 50
6, 25 XA

diagonal coupling, 7
directions, 28
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matrix distribution, 44
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