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1 Introduction

Operator semigroups are ubiquitous objects in pure and applied mathematics. Itis well-
known that many function spaces, such as the Besov spaces on R”, can be characterized
using, for example, the heat kernel [3,31]. Recent work has generalized these results
to function spaces on more general domains; for instance, see [2, 17]. More abstractly,
a substantial amount of classical harmonic analysis in R” can be pushed through to the
setting of a measure space equipped with a diffusion semigroup, as found in Stein’s
book [29]. A limiting aspect of the theory developed in this book is the absence of
an explicit geometry; though the statements of maximal theorems, Littlewood—Paley
theorems and interpolation theorems make sense in this general setting, basic notions
such as Lipschitz functions cannot be defined, since these require a metric on the
underlying measure space.

A natural way of introducing a geometry in such an abstract setting is to use the
semigroup itself to define a distance. This is the approach taken in the theory of
diffusion maps [6] and related work [15,16]. If the kernel of the semigroup at time ¢
is denoted by a; (x, y), then the diffusion distance at time ¢ is defined as ||a;(x, -) —
at (¥, ) z2(ap)- for an appropriate measure . This conceptually meaningful distance
has found wide application in machine learning, where the kernel a, (x, y) is a power
of an affinity matrix measuring the relationship between two points in a data set.

The idea of defining distances using semigroups is the starting point for the present
work. However, the ground distances Dy, (x, y) we introduce in Sect. 2 are not defined
at a fixed scale, but incorporate all scales at once. Though the parameter « > 0 controls
the weight placed at each scale, all scales are present. In a variety of examples, and for
appropriate ranges of «, we will show that this distance is equivalent to a “snowflake”
of the intrinsic distance p(x, y) on the underlying space; that is, the distance p(x, y)
raised to a power less than 1 [18]. In the examples we consider, this power is a constant
times «, and it follows that we must restrict « to be less than 1.

Next, we consider the space A, of functions that are Lipschitz with respect to
the distance Dy (x, y). In the examples where Dy (x, y) is a snowflake of an intrinsic
distance p(x, y), Lipschitz functions are Holder with respect to p(x, y). We will
therefore call A, the Holder—Lipschitz space. This space arises in many areas of
applications. For instance, in nonparametric statistics Holder—Lipschitz functions arise
naturally as a model for unknown functions corrupted by noise. Simple equivalent
formulas for the Holder-Lipschitz norm in the Euclidean setting, such as those derived
from wavelet theory [23], have been used for signal recovery [11].

In Sect. 4, we give simple characterizations of the Holder—Lipschitz norm using the
semigroup itself. As in the Euclidean setting, where similar results are well-known
[3,29,31], the fundamental observation is that the size of a function’s variation across
scales is equivalent to the size of its variation in space.

In Sect. 5, we study the space A} of measures that can be integrated against
Holder—Lipschitz functions—that is, the space dual to A,. In particular, we give sim-
ple characterizations of the norm on this space. This is of interest in many applications,
as the dual norm of the difference between two probability measures is equal to their
Earth Mover’s Distance (EMD). We will recall the definition of EMD and prove a
basic property of it in Sect. 6. EMD is a popular tool in machine learning that suffers
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from high computational cost. The equivalent metrics we develop provide, in many
situations, a fast approximation to it.

We impose certain regularity conditions on the semigroup. The conditions are highly
non-restrictive, and in Sect. 3 we show that they hold for a broad class of semigroups,
such as those considered in [17]. Examples include heat kernels on closed Riemannian
manifolds, heat kernels on certain fractals, and subordinated heat kernels in R” (includ-
ing the Poisson kernel), as well as the non-symmetric example of shifted heat kernels
on R". In addition, we will show that if the theory holds for some finite collection of
semigroups on different spaces, then it holds for their product on the cross-product of
these spaces. In all the examples we consider, the parameter « defining the distance
Dy (x, y) must lie between 0 and 1, and sometimes must be bounded away from 1.

In Sects. 7 and 8, we generalize our results to the product of measure spaces, each
equipped with its own semigroup. We will focus on the example of two spaces for
concreteness, though all results hold for arbitrarily many. In this setting, the natural
measure of a function’s regularity is not the supremum of its difference quotients, but
rather of its mixed difference quotients. We derive equivalent formulas for the norms
on the space Ay g of mixed Holder—Lipschitz functions and its dual Aj;, g where o
and S are the parameters used to define the distances on the two spaces.

Product spaces arise naturally in applications. In signal processing, for example, the
spectrogram of a signal is a function on the product of the time and Fourier domains.
By assuming that the spectrogram lies in a Sobolev space with dominating mixed
derivatives—akin to the mixed Holder-Lipschitz space Ay, g—one can develop effec-
tive estimators for recovering a spectrogram corrupted by noise [24]. Furthermore, the
norm dual to Holder-Lipschitz is a robust distance between two spectrograms. The
equivalent dual norms we derive in this paper provide distances for comparing mea-
sures on any database with a product structure where each axis has its own semigroup,
and hence its own geometry.

1.1 Notation

By “A < B” or “B 2 A” we mean inequalities up to positive constants; that is, there
is a constant C > 0 such that A < C - B. Similarly, by “A >~ B” we mean there
are constants ¢, C > O suchthatc- A < B < C - A. What is meant by C being a
“constant” will be clear in each instance.

We will encounter a variety of norms and seminorms throughout the paper. We
will use ||-||, augmented with appropriate subscripts and superscripts, to denote norms,
while we will use capital letters and parentheses, e.g. V (-), augmented with appropriate
subscripts and superscripts, to denote seminorms.

2 Multiscale Diffusion Distance

Our setting throughout the paper will be a sigma-finite measure space X'. We will not
need to explicitly refer to the o -algebra or the measure. We suppose that X’ is equipped
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with a family of kernels a; (x, y), t > 0, in L. Defining the operators

Af(x) = /X ar (e, y) f O)dy

we assume the following conditions:

(S) (The semigroup property) For all t, s > 0, A;A; = A;4. This property can be
expressed in terms of the kernels a;(x, y) as

at+x(x,y)Z/Xaz(x,W)as(w,y)dw-

(C) (The conservation property) If 1 is the constant function 1 on X, then for all
t > 0, A;1 = 1. This property can be expressed in terms of the kernels a,(x, y)
as

/ a;(x,y)dy = 1.
X

(I) (The integrability property) There is a constant C > 0 such that for all # > 0 and
x e X,

/ la; (x, y)ldy < C.
X

(R) (The regularity property) There are constants C > 0 and o > 0 such that for
every l > s>t > 0andeveryx € X,

/ lar (x, I - llas(x, ) — as(y, )llidy < C(E) .
X N

We will actually only require a slightly weaker version of condition (R), namely
the same condition restricted to dyadic times r = 27% and s = 27/, with k and [
non-negative integers. Later in this section we will give an alternate characterization
of (R), namely condition (G) below, that reveals its geometric content with respect to
the distance Dy (x, y) defined by formula (1). In Sect. 3, we will show that condition
(R) holds for a wide variety of spaces X and kernels a,(x, y). In Sect. 4 we will show
that this condition also implies convergence to the identity for the class of Holder—
Lipschitz functions that we will define there. Note too that in every example we discuss
o will be strictly less than 1, and sometimes will be bounded away from 1.

In contrast to [2,17], we do not assume the existence of a metric on the space X.
Rather, we will use the kernels a; (x, y) to define a metric from scratch. This approach
is inspired by the papers [6,16] and related work. In the theory of diffusion maps
[6], for example, each time ¢ defines a diffusion distance, namely the L? distance
between a; (x, -) and a;(y, -). Each such distance captures the geometry of the space at
a particular scale. These distances also have the feature that they can be approximately
embedded into a low-dimensional Euclidean space.
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As in [16], our starting point is the L! distance between kernels at each scale, and
not the L? distance. We also consider a single distance that incorporates all scales at
once, rather than a family of distances. Though there are no Euclidean embeddings of
the distance we define (as with an L? diffusion distance), for the application areas we
have in mind there will usually be no need to explicitly compute our distance for all
pairs of points; see Sect. 6.

We will be concerned with dyadic scales ¢ € (0, 1]; that is, scales t = 27k k> 0.
To this end, define

Pk = A2—k
and

pk(-xv )’) = aZ*k(-xv Y)

Also, we define

Di(x,y) = llpr(x,-) — pe(y, 1.

Define the multiscale distance

Do (x,y) = > 27" Dy(x, y). ()
k>0

Note that condition (/) guarantees not only that Dy (x, y) is finite, but that it is
uniformly bounded for all x and y.

In Sect. 3 we will compute the distance Dy (x, y) for many examples of semigroups.
Before doing so, however, it will be convenient to turn our attention to the regularity
condition (R) we impose on the kernels a;(x, y). We reformulate condition (R) in
geometric terms, where the geometry is defined by the distance Dy (x, y). To that end,
define the geometric condition (G) by

(G) (The geometric property) There are constants C > 0 and @ > 0 such that for all
k>0andx € X,

/X |pr(x, Y)| - Do (x, y)dy < €27+,

We show that conditions (R) and (G) are essentially equivalent. The following
lemma will be convenient.

Lemma 1 Suppose there are constants C > 0anda > 0 suchthat for all non-negative
integers k,1 > 0andall x € X,

k
/ka(x, DI 27 pix, ) = pily, ) lidy < €275,
=0
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Then (G) holds, for the same choice of a and a possibly different constant C.

Proof By the integrability condition (/) the integrals | x |pi(x, y)|dy are uniformly
bounded. Therefore

D 2 ) = piys )l S 27
[>k+1

and so
/ kG 1 D0 27N pix, ) = pily,s ->||1dy52"‘“/ (e, »ldy S 274
4 I>k+1 X

Recalling that D;(x, y) = || pi(x, ) — pi(y, -)|l1, we can therefore write

k
/lek(x,y)l-Da(x,y)dy=/lek(x,y)IZZ*l"‘Dz(x,y)dy

=0

(e.¢]
+/X|pk(x,y)l > 27 Di(x, y)dy

I=k+1
5 2—ka
completing the proof. O

Proposition 1 Suppose that (R) holds for some o > 0 and all dyadic times s =
27!t =27% where 0 < | < k. Then (G) holds for all k > 0 and for any 0 < o’ < a.

Proof For all x, condition (R) implies

/X px e, 27 pr(x, ) = iy, )l S 27kl

Summing over =0, ..., k gives

k k
/ e 1D 27 Iprx, ) = pi(y, Dlhdy S 27k " 2lemed
X 1=0 1=0
< szazk(afa’) — sza"
By Lemma 1, we are done. O

Proposition 2 Suppose condition (G) holds for some a > 0. Then (R) holds for all
dyadic times s = 27!t = 27, and for all 0 < o' < a. In other words, for all
0 < o' < «a there is a constant C such that for all 0 <[ <k and x € X,

/X 1pe e, W1 - (e, ) = pi(y, Hlhdy < €2~ * =D,
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Proof Since 2_l“||p1(x, ) —pi(y, )1 < Dyg(x,y) foralll > 0, we have

/X|pk(x,y>|-||pz<x, ~>—pz(y,~>||1dy52’“/X|pk<x,y>|Da(x,y>dy52‘““””‘.

Since o’ < «, the result follows. O

We will find condition (G) to be a more useful statement of regularity than (R)
going forward. Note too that, as stated earlier, to recover (G) we need only assume
(R) for dyadic times s and 7 between 0 and 1.

3 Examples of Kernels Satisfying Our Conditions

In this section, we show that the conditions (S), (C), () and (R) (and equivalently, by
Propositions 1 and 2, condition (G) as well) we impose on the kernels a;(x, y) hold
for semigroups arising in many different settings. Specifically, we consider two very
general conditions (conditions 1 and 2 formulated below) that are found in the paper
[17]. These conditions assume the existence of another metric p(x, y) on X’ and posit
that the kernels a; (x, y) exhibit a certain regularity with respect to p(x, y). We show
that we can recover the four conditions (S), (C), (/) and (R) from conditions 1 and 2.

Furthermore, we also obtain an upper bound on the distance D, (x, y) given by
Eq. (1) in terms of the distance p(x, y). More precisely, we show that Dy (x, y) is
bounded above by p(x, y) raised to a power less than 1. Such a distance—that is, a
distance of the form p(x, y)‘s, where 0 < 6 < 1—is called a snowflake of p(x,y)
[18]. By imposing even stronger regularity on a; (x, y) in the form of condition 3 below
(also found in [17]), we will show that the distance D, (x, y) is in fact equivalent to a
thresholded snowflake of p (x, y). We will use our analysis to establish conditions (§),
(C), (I) and (R) for many examples of semigroups and compute the distance Dy (x, y)
for these examples.

Throughout this section, we will always assume 0 < o < 1; as we will see, it will
often be necessary to impose an even tighter upper bound on «.

3.1 Holder Continuous Kernels with Decay

Suppose there is a metric p(x, y) on X and a measure p such that u(B(x,r)) < r",
where n > 0 is fixed. In addition to the conservation property (C) and the uniform
L! bound (I) that we already assume, the kernel a,(x, y) is assumed to be symmetric,

and the following two regularity conditions are imposed:

1. An upper bound on the kernel: there is a non-negative, monotonic decreasing
function @ : [0, c0) — R and a number B8 > 0 such that for any y < 8,

o0 d
/ r"+V<I>(t)—T < 00
T
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and

1 p(x,y)
las (x, y)| < WCD(W)

2. The Holder continuity estimate: there is some constant ® > 0 sufficiently small
such that for all 7 € (0, 1], all x and y in X with p(x, y) < VP andallu € X,

PN\ 1 (pleu)
|at(x,u)—at(y,u)|§( 11/B ) t”/ﬁ(D( t1/8 )

These conditions are found in [17]. As discussed there, examples of semigroups
satisfying these estimates include the subordinated heat kernels in R”, the heat kernel
on certain Riemannian manifolds, the heat kernel on a variety of fractals such as the
unbounded Sierpinksi Gasket, and the heat kernel of the semigroup ¢~'% for certain
elliptic operators L on R".

We will show that if we assume conditions 1 and 2, then our geometric condition
(G) is satisfied for all 0 < & < min{1, ®/B}. The first step in showing this is to prove
that our distance D, (x, y) defined from the semigroup is bounded above by a power
of the distance p(x, y).

Lemma 2 For any 0 < n < 1, there is a finite constant C > 0 such that for every
0<t<1landeveryx € X,

1 p(x,y)
Bn n
/X,o(x,y) ﬂl/ﬁd)( 1/ dy < Ct".

Proof Let Vi, = B(x, 2k+141/8y \ B(x, 2k¢1/B). The upper bound on the kernel from
condition 1 yields the following inequality:

1 p(x,y)
Bn
/Xp(x,y) t"/ﬂq)( 1/ )dy

! - p(x,y)
= — /577(1) 2 d
tn/ﬁl/B(x’tl/ﬁ)—i_Z/Vk ];O(X,)’) ( tl/ﬁ ) y

k=0

< m"/ﬂlcp(om(g(x, t'/F))
+ D 2@ u(B(x, 2k+1r1/ﬂ>)]
k=0

oo
< /B I CD(O)t"/ﬁ + Z q)(zk)zk("+ﬂﬂ)tn/ﬁ]
k=0

e dt
< t”ld)(O) +/ r”+"ﬂq>(z)—] <1
1 T
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We used that n < 1 and condition 1 to conclude that the last integral is finite. This is
the desired result. O

Proposition 3 For every 0 < o < min{l, ®/B}, there is a constant C > 0 such that
Dy (x, y) < Cmin{l, p(x, »)*).

Proof Since D, (x, y) is uniformly bounded, we need only consider the case when
p(x,y) < 1. Condition 2 and Lemma 2 above with = 0 imply that whenever
plx,y) <t'/P,

p(r, N\ 1 p(x, u) p(x, ) \°
”at(x,')—at(yv )||1 =< ([17) W//\/@(W)du ,S (W) .

Consequently, if we define K so that 2-K < p(x, y)/S < 2_K+1, then

K e’}
Do (x,y) S px,y)® D 27kekO/F - N ke < p(x, y)O2K(O/F=) 4 o= Ka
k=0 k=K+1
S pl, P,
We used that « < ®/ for the upper bound on the first sum. O

With this upper bound on D, (x, y), it is now straightforward to show that our
geometric condition (G) holds for a range of «.

Theorem 1 Under conditions 1 and 2, condition (G) holds for all 0 < o <
min{l, ®/8}.

Proof From Proposition 3, we have the upper bound Dy (x, y) < p(x, y)*#. Conse-
quently, taking n = « in Lemma 2 yields

1 px,y)
< af ry’ 7 < 4o
/_:Y |at(-x’ y)'DDt(-xv )’)dy N/Xp(x’ y) tn/ﬁq>( [1//3 )dy Nt

which is the desired result. O

3.2 The Distance D, (x, y) for Kernels with a Matching Lower Bound

Having established conditions (G) and (R) from the upper bound Dgy(x,y) <
min{1, p(x, y)"‘ﬁ} for all 0 < o < min{l, ®/B} under the continuity and decay
conditions 1 and 2 of the previous section, we now formulate general conditions under
which we can prove a corresponding lower bound, Dy (x, y) 2 min{l, p(x, y)*Ay.
We will then study several examples where both conditions are satisfied.

Note that the lower bound is not necessary for the general results of our paper to
hold; in particular, our primary concern was to prove Theorem 1, which establishes

condition (G) for a large class of examples. We only prove lower bounds on D, (x, y)
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to show that it is equivalent to a snowflake of the “natural” distance p(x, y) in many
cases.

In this section we will assume a stronger relation between the measure p (x, y) and
the metric w, namely the two-sided estimate w(B(x, 7)) =~ r". We suppose too that
in addition to conditions 1 and 2 of the previous section, we also have the following
condition:

3. A local lower bound on the kernel: there is a monotonic decreasing function W :
[0, 00) - R and R > 0 such that for all # € (0, 1] and all p(x,y) < R

1 px,y)
las(x, y)| > W\IJ(W)

We will show:
Proposition 4 Under the conditions 1,2 and 3, Dy (x, y) > min{1, p(x, y)*f}.
We will deduce the result from the following lemmas.

Lemma 3 There is a constant A > 1 and a constant € > 0 such that whenever
x,y e Xandt € (0, 1] satisfy AtV/B < p(x,y) < R, we have

llar(x, ) —ar(y, )1 > €.

Proof Temporarily fix any A > 1 and suppose Ar'/ < p(x,y) < R. Then for any
u € B(x, t'/P), the triangle inequality implies

p(y,u) > p(x,y) — plx,u) > (A— D'/

From the monotonicity of & it follows that ®(p(y, u)/t'/B)y < ®(A — 1). Conse-
quently, using the upper and lower bounds on |a; (x, y)| and the fact that u(B(x, r)) =~
r’, we have

lla: (x, ) —a:(y, )l

> / (e, )|t — / (v, )| du
B(x,t1/8) B(x,t1/8)

1 X, u 1 U
= [P / lIJ(p(l/ﬂ ))d“ T / (D(p({/ﬁ ))d”‘
t"P JB(x,11/8) t t"P ) B(x,11/8) t

- [ w(p(x’”))d 5/ eu-nd
- —_— u— — — u
= /B B(x,t1/8) t1/B /B B(x,t1/B)

Ci¥(l) —Cr®oA-1)

v

for some constants C1, C2 > 0. Since ® is decreasing, by choosing A large enough
we can guarantee € = C{WV (1) — Cr P (A — 1) > 0, yielding the desired result. O
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Corollary 1 Let R be as in condition 3. Then for all p(x,y) < R,

Dqo(x,y) 2 p(x, ).

Proof By the previous lemma, |a;(x, ) — a;(v,-)|l1 > € > 0 whenever ArV/E <
p(x, y). Take L so that 2=L < p(x, y)# /AP < 27L+1 Then

o o0
Da(x.y) = > 278 pp(x, ) = pre(y. )l = € D> 275 e 27h o p(x, y)P.
k=L k=L

m}

Lemma 4 Let R be as in condition 3. There are constants C > 0 and § > 0 such that
whenever p(x,y) > R and '/ < SR,

lla:(x, ) —a:(y, )l = C.

Proof Since p(x,y) > R, the balls B(x, R/2) and B(y, R/2) are disjoint. Conse-
quently

e, ) — ar (3, 1 = / i Cx, )l dut — / ar (v, ) du
B(x,R/2) B(x,R/2)

> / lar e, )| dut — / (v, w)ldu
B(x,R/2) B(y,R/2)¢

> l_/ |at(.x,u)|du_/ |at(y7u)|du‘
B(x,R/2)¢ B(y,R/2)¢

The result follows from Lemma 5 below. O

Lemma 5 Fixanyr > 0and e > 0. Then there exists § > O sufficiently small so that
whenever 0 < 11/ < §r,

/ la;(x, u)|du < e.
B(x,r)¢

Proof Temporarily fix § > 0 and suppose 0 < t'/# < §r. Then if we let V; =
B(x, 25" 1r) \ B(x, 2kr), we have

1 p(x,y) 1 p(x,y)
la; (x, u)|du < —= CI>( du= / ) du
/B(x,r)" ' /B B(x,r)¢ 11/P f"/’g% Vi /8
1 2\ et [ r \dt
PR R < n | —
/B %Q(ﬂ/ﬂ)(z RARS ,n//s/l ’ (D(tl/ﬂ) T
>

n o d o d
S / t"/ﬁr_”sndi'(s)—s 5/ s"@(s)—s.
/B re=1/8 K 5—1 s

A
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By taking § small enough, the integral can be made as small as desired, completing
the proof. o

Corollary 2 There is a constant B > 0 such that whenever p(x, y) > R, Dy (x, y) >
B.

Proof Take C and § from Lemma4. Let K = [log,(1/(8# R?))|. Then2=K < 6#R#,
and so

oo
Do(x.y) = > 27k C ~ €6 R* > 0
k=K
which completes the proof. O

Corollaries 1 and 2 easily imply Proposition 4. Furthermore, Propositions 3 and 4
yield the following theorem:

Theorem 2 If all the conditions 1, 2 and 3 on a;(x, y) hold, and if t(B(x, r)) >~ r",
then for 0 < o < min{1, ®/B} the distance D, (x, y) is equivalent to the thresholded
snowflake distance min{1, p(x, y)*#}.

3.3 Heat Kernel on a Riemannian Manifold

We illustrate Theorems 1 and 2 on some selected examples. We consider first the case
where X is a closed (compact, without boundary) Riemannian manifold of dimension
n, and a;(x, y) is its heat kernel. This section may be of interest to those in the
machine-learning community, as approximations to the heat kernel on data sampled
from submanifolds of R” are widely-used in the analysis of many data sets [1,21].
Since X is compact, it is true that w(B(x, r)) =~ r". Furthermore, the following two
lemmas can be easily derived from the parametrix construction of the heat kernel given
in [5, Chapter VI, Section 4]. Here, p(x, y) is the geodesic distance on the manifold.

Lemma 6 There are positive constants A, B such that

A 2
ar(x,y) < I"Te BoCe.y)™/t

forallt € (0, 1].

Lemma 7 There are positive constants C, D

Cc 2
t”Te Do)/t <a/x,y)

whenever t € (0, 1] and p(x, y) is sufficiently small.
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Taking 8 = 2, from Lemma 6 we see that the heat kernel a; (x, y) satisfies condition
1 with & (1) =~ ¢=B™ and times 0 < ¢ < 1, which is the only range of  we made
use of in Sect. 3.1; and from Lemma 7 the heat kernel satisfies condition 3 with
W(r)~e P © To apply Theorem 2, it remains to show condition 2. We will deduce
the continuity estimate from the following gradient bound:

Lemma 8 There are constants E, F > 0 such that for all t € (0, 1] and for all x and
yin X,

E e~ Frx.y)?/t
IVya:(x, y)|| < 7;7

where V. denotes the gradient with respect to the first variable.

Proof Using the asymptotic expansion of a;(x, y) in [5, Chapter VI, Section 4], it is
easy to show a Gaussian upper bound on the time derivative of a;(x, y), namely

b e—cPy)? /1
_(x1 y)‘ = _T

for some positive constants b, c. Since the curvature of X" is bounded (because X is
compact) we can apply Theorem 1.4 from [20], which states that there are constants
A1, Ay, A3z such that

Ar da
[Vyar (x, y)II* < (A1 + T)at(x, »)? + Asaq(x, y)a_f(x’ »).

For ¢t € (0, 1], it follows from the Gaussian estimates on a;(x, y) and 0:a;(x, y)
that

A e72BoG )/t pmep@ Pt g

) 1 e~ BrGey)/t
IVxa:(x, MI° = — —_—

—Bp(x.)?/t <
— e —

for sufficiently small B > 0, from which the result follows. O
We next prove a consequence of the mean value theorem that will be useful.

Lemma9 Ifx,y € X are sufficiently close, then for any smooth functionh : X — R
there is a point X lying on the minimal geodesic from x to y such that

|h(x) = h(N] = [IVRE)[p(x, y).

Proof Supposer = p(x, y)isless than the injectivity radius of the manifold M (which
is positive, since M is compact). Let y (¢) be the unit speed geodesic connecting x
to y. Then y(r) = y, and y(0) = x. For details, see, for instance, [10, Chapter 13,
Section 2].
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Consider the function /1(t) = h(y (t)). Observe that 1(0) = h(x) and h(r) = h(y).
By the mean value theorem, there is some point #; between 0 and r such that

h(y) —h@) _ her) = hO)
p(x,y) r

A d
=h'(n) = @) = (Vhly @), y' @)

t=nh

Consequently, since y has unit speed, the Cauchy—Schwarz inequality gives

|h(y) = h()] = (VA D)), ¥' @) p(x, y) < VA @))llp(x, y).

Consequently, if we let x = y (¢), then X lies on the minimal geodesic connecting x
and y, and

|h(x) = h(N] = [IVRE)[p(x, y).
O

Corollary 3 There are positive constants G, H such that whenever t € (0, 1] and
p(x,y) <t/

p(x, y) e Hpxw?/1

Proof From Lemma 9 and the gradient estimate from Lemma 8, we have the bound

las(x,u) —a;(y,u)| <G

E e Fpw®)’/t
la; (x, u) —ar(y, u)| < p(x, )’)ET-
where X is some point on the minimal geodesic connecting x and y. Since p(x, y) <
tY2 it is also true that px,x) < 12, Consequently, we have

pu, x)? < 2p(u, ¥)* +2p(F, x)* < 2p(u, ¥)* + 21

and so
E e—Fp(u,)E)z/t E e—F(p(u,x)Z—Zt)/Zt
la; (x, u) —ar(y, u)| < p(x, y)ﬁT = px, y)jfT
Ee e~ F/Dpw.x)*/t
= plx, )’)ET
which is the desired result. O

Corollary 3 gives us condition 2. We can therefore apply Theorems 1 and 2 to
conclude that for all 0 < o < 1/2, Dy(x,y) =~ p(x, y)2"‘, and condition (G) is
satisfied.
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We note that to establish (G), we only made use of the Gaussian upper bound from
Lemma 6, the continuity estimate from Corollary 3, and the upper bound w(B(x, r)) <
r". Condition (G) will therefore hold for the heat kernel on any manifold where these
estimates are true, and not just closed manifolds. For example, as discussed in [17],
the Gaussian upper bounds and continuity estimates hold for the heat kernel on any
geodesically complete Riemannian manifold with non-negative curvature.

3.4 Subordinated Heat Kernels with Shifts on R”

Next we consider the case in which a;(x, y) = K;(x — y), where K;(u) is a radial
kernel, i.e. K,(x) = K;(y) if |x| = |y|, satisfying the following scaling property:

K, (x)=t""PK, (7 Pyx)
where 0 < B8 < 2. For details on the construction of such kernels in one dimension,
the reader can refer to the book [33]. These kernels are known as subordinated heat

kernels on R”, and can be expressed as an average of the Gaussian heat kernel at
different scales. Concretely, when 0 < 8 < 2 (that is, B # 2), K;(x) is of the form

Kmo=A ni()gs (X)ds

where g, is the Gaussian kernel at time s, and for each ¢ the function 7;(s) is a
probability density on (0, co), known as the subordinator. In fact, n, satisfies the
identity

o0
exp(—tAP/?) = / ne(s)e P ds
0
for all A > 0, from which it easily follows that the Fourier transform of K; is
K: (&) = exp(—1[£|").
For example, when = 2, K; is equal to the Gaussian heat kernel, and when 8 = 1
it is equal to the Poisson kernel.

It is shown in [17] that any subordinated heat kernel satisfies conditions 1, 2 and 3.
More precisely,

LA Ot T e
at(xa)’)—m + tl/ﬁ

and

lx —yl 1 lx — yl\ ™
|af(~x’ u)_at(ya M)| 5 ll/m tn/m 1+ ll/m .
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From Theorems 1 and 2, it follows immediately that whenever 0 < o < 1/, the
distance Dy (x, y) with respect to the kernel a;(x, y) = K;(x — y) is equivalent to
min{l, |[x —y |*A} and that condition (G) holds. Note that our use of the parameter § in
the definition of the subordinated heat kernel coincides with its use in the conditions
1,2 and 3.

This leads us to a family of examples of non-symmmetric semigroups for which
condition (G) holds, namely the subordinated heat kernels with shifts. Take 8 € [1, 2].
Then for a fixed parameter 6 € R, define

ax, y) ="K, (r—l/ﬂ(x — 6 — y)) .

Itis easy to check from the semigroup property for the non-shift case § = Othata, (x, y)
is also a semigroup. Furthermore, when 0 < « < 1/8 we still have Dy (x, y) ~
min{1, |x — y|*#}. Therefore, we can verify condition (G) directly by writing

/ ar(x, y) Dy (x, y)dy 5/ t PR (7 P (x — 0 — y) min{1, |x — y|*P}dy
Rn Rn
- / R VB (e — vy min{lL [x — y + 01%)dy
< / RGP (x — y) min{lL [x — v )dy

+ / RV e — y)101% dy
S 4P

The last line follows from condition (G) in the case & = 0. Since 8 > 1, condition
(G) is satisfied. Note that this range of g includes both the heat kernel (8 = 2) and
the Poisson kernel (8 = 1).

3.5 Products of Kernels and Anisotropic Distances

Suppose that a; (x1, x2) and b; (y1, y2) are two semigroups on spaces X and )/, respec-
tively, for which the conditions ($), (C), (I) and (R) (and thus (G)) hold. We define
their product by ¢, ((x1, y1), (x2, ¥2)) = a;(x1, x2) - b;(y1, y2). It is easy to check that
the kernel ¢; defines a semigroup on &’ x ), and that the three conditions (S), (C), and
(1) all hold. We will check that (G) holds as well. Since we have three semigroups, we
augment our notation to distinguish between the distances each one induces. Fixing
the distance parameter o, we will write D§ (x1, x2) for the distance induced by a;, and
similarly for b, and ¢,. We then have:

Proposition 5 The distance D§((x1, y1), (x2,¥2)) on X x Y is equivalent to
D& (x1,x2) + DE(y1. y2).

Proof This follows immediately from the following lemma. O
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Lemma 10 For every z1 = (x1, y1), 22 = (x2, y2) in X x ), we have

ller(zr, ) — ez, )l = Nlag (e, ) — ar(x2, e+ 16: (1, ) — be(y2, )l
Proof First, we prove that

llee(z, ) = erlza, )l S llar(xr, ) — ar(x2, )l + 16 (v1, ) — be(y2, )i

To see this, observe that if x; = x, then

1,30 = otCer. 390 = [ e 9l = b, lavas
S b (15 ) = be(y2, )l
where we have used condition (/) on the kernels a,. Similarly,
ller (Cery y2), ) = er((x2, 2), Dl < llar(xr, ) — ar(xa, -

We therefore have
lle: ((x1, y1)5 ) — cr((x2, ¥2), 1
< lle: ((x1, 1), 2) — e ((x1, y2), )1

+ ”Cl((xl’ )’2), ) - Ct((x2v }’2)» )”1
S llar(xy, ) = ar(x2, )l + 116 (1, -) = be (2, ),

as desired.
For the other direction, observe that

ler(zr, ) — er(za, = /X /y Gt )b (31, ¥) — (2, X0y (v2, ) |dydlx

dx

> / ‘ / Lar (x1, 0B (1. ¥) — ds (x2, )by (2, )1dy
X |JYy

-/,

= /X lar (x1, x) — a;(x2, x)|dx = lla; (x1, ) — ar(x2, )1

dx

az(x1,x)/ybr(y1,y)dy—az(xz,x)/ybz(yz,y)dy

where we have used condition (C) in the last equality. Similarly,

lle:(z1,2) — ¢ (z2, Il = 1D (15 -) — b (y2, )l

from which it follows

1
llerCer, ) = er(za, Dl = S llarGer ) = ar G Dl + 16 (s ) = be (2. )11)

completing the proof. O
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From Proposition 5 we can easily deduce that condition (G) holds for ¢; if it holds
for a; and b;.

Proposition 6 If condition (G) holds for a; and by, then it holds for their product c;
as well.

Proof We have, using condition (/) for both a; and b;,

/ ler(z1, 22)| Dy (21, 22)d 22
Xx)Y
g/X/y lay (x1, x2) - by (1, y2)[(DE(x1. x2) + DY (1, y2))dxady,

S/XIaz(X1,X2)IDZ(X1,X2)dX2+/y|br(y1,y2)|D§(y1,yz)dyz
St
which is the desired result. O

Of course, these results hold for the product of any number of kernels, not just
two, and the proofs are similar. A natural example is the product of subordinated heat
kernels on R". Suppose that n =nj + - -+ n; and that on each space R we have a
subordinated heat kernel a, )(x,, vi) with scaling parameter B;, as in Sect. 3.4. Then
aslong as 0 < @ < minf{l, 1/By,...,1/B}, forx = (x1,...,x1),y = V1, ---, V1),
xi, yi € R" the kernel

a(x, y) = H O xi i)

generates the distance
DOl(xv y) = min{11 |X - y|AN}

where

!
= Yl = Dl =yl

is an example of an anisotropic distance on R"; see, for example, [9, 13,27] for work
on function spaces built from such distances.

4 The Space of Holder-Lipschitz Functions

We now turn to characterizing functions that are Lipschitz with respect to the distance
Dy (x,y), for a fixed @ € (0, 1). We assume that « is chosen so that condition (G)
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holds; in particular, by Proposition 1 if the kernel satisfies condition (R) for some o/,
we take any 0 < o < o’. As we have seen in Sect. 3, the distance Dy, (x, y) is, in many
cases of interest, of the form p(x, y)*#, where p(x, y) is some other distance on X
and 0 < af < 1. In classical analysis, functions that are Lipschitz with respect to a
snowflake metric are called Holder. We will therefore refer to the space of Lipschitz
functions with respect to Dy (x, y) as the Holder—Lipschitz space.

More formally, for a function f on X define its maximum variation seminorm as

1F @) = fO)
\% = -
)= = oy

We then define the Holder—Lipschitz norm of a function f on X" to be
I flla, = sup [ f )+ V(f)
X

and the Holder—Lipschitz space A to be the collection of all functions on X for which
this norm is finite.
We will define two alternate norms on A, and show that they are equivalent to
Il £l A, - We define the difference operators
Ay =Py — P, §p=1-F.

We also define the seminorms

VD (f) = supsup 2| A £ (x)]
k>0 x

and
V() = supsup 2|8 f (x).
k>0 x
The alternate norms can now be defined as
I£1y) = sup £ (0] + V()
and

L1 = sup [ £ ()] + VP (f).

We immediately see the use of condition (R) and its equivalent condition (G) in the
following result:

Proposition 7 Forall f € Ay, VO(f) < V(f).
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Proof Take any k > 0. Since pi(x, -) has integral 1 for every x, we have

[f(x) = P f(x)| = ‘f(x)—/ka(x,y)f(y)dy‘=‘/ka(x,y)(f(x)—f(y))dy
< V(f)/lek(x,y)lDa(x,y)dy < V(f)2he

from which the desired inequality follows trivially. O

Corollary 4 Forall f € A, 112 S 11f 11,

Next, we make the following simple observation about uniform convergence to the
identity:

Lemma 11 If ||f||fi < 09, then Py f converges to f uniformly as k — oo.
Proof This is clear from the definition of || f ”5\20), (more specifically, the definition of
VA (f)). O
Since ||f||5\22 S I f 1, » it follows that:
Lemma 12 Forall f € Ay, Prf converges to f uniformly as k — oo.
We now prove:

Proposition 8 The seminorms VW (f) and VP (f) are equivalent for f € Ag.

Proof First, write f as a telescopic series:

f=Pof =D [Piif — Pif]

=0

where the series converges uniformly by Lemma 12.
Similarly we can write Py f as a telescopic series

k—1

Pif = Pof =D [Pry1f — Pif]

[=0

and subtracting the two series gives:

oo k—1

|f = Pufl=| D (Pif = PLf) = D (P f — sz)’
=0 =0

=D (Pif =P <D 1P f = Pif]
1=k 1=k

o0
. 1
v Y2 = v (2
1=k
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and consequently

2k sup |85 f ()] < vID(p).

1—-2-¢

Taking the supremum over all k > 0 shows V(z)(f) < V(l)(f).
For the other direction, we simply observe

|Pef — Pes1 fl < |(Pe = D fI+ 1(Pes1 — D f] <2V (f)2re
implying

2k sup [Ag f ()] < 2V (f).

Taking the supremum over all k > 0 gives the result. O

Corollary 5 The norms ||f||5\li and ||f||5\23 are equivalent on Ay.

Now we turn to proving the main result of this section, namely that | f ||§\li and

If ||E\23 are equivalent to || f|| o,,. The following simple observation will be useful:
Lemma 13 (Pii1 + Pi) Ak = Ag—1.

Proof This is a simple algebraic computation:

(Pr+1+ P) Ak =(Pit1 + Pi)(Pet1 — Pr) = Pry1 Pt — Pt Pt Pic Pey — Prc Pr

= Ayt Ag—ern) — Agk Agik = Ag—terty yo—te) — Ap—k ok
=Ayk —Ap-to-1) = P — Pr—1 = Ag—1.

O
Lemma 14 Suppose f is bounded. Then for all x, y € X,
P00 = PLfO)] = sup )] - Die. )
Proof
Pef(0) — Pof ()] = ‘ /X P, u) f (W — /X Py, 1) f (W)
- /X [P, 1) — ey, )] £ ()
< sup LD Pk (x,-) = pre(ys Dl
= sup £ - Dicx. ).
O
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Proposition 9 For all f € A, || flla, < IF11)-

Proof Expand f in a telescopic series:

f—=Pf= Z [Pesif — Pf] = ZAkf(X) = z [(Prr1 + Pey2) Arsr f]
k=0 k=0 k=0

where we have used Lemma 13. The series converges uniformly by Lemma 12.
Forallx,y € &,

AL F () — PoAr f()] = ‘ /X peCe, 1) (A f) @) du — /X e ) (A f))du

_ ‘ /X (P, 1) — pic (e ) (Ax f) )

< v Di(x, y). 2)
Similarly,
| Pt Ak f (x) = Pes1 A f0)] < V(27 Dy (x, y). )
Forevery x,y € X
&) = £O) =D [(Per1 + Piy2) Aes 1 £]06) = D [(Pert + Pig2) Ak £] ()
k=0 k=0

+ Pof(x) = Pof(y).

From the inequalities (2) and (3) we get

D Pt + Py M1 £]00) = D [Pt + Pey2) Ak £] )

k=0 k=0
< | D (PeriAigr f(x) — Pk+1Ak+lf(y))'
k=0
+ | D (PriaBiq1 f(x) — Pk+2Ak+1f<y>>'

k=0

00 o0
= STVO T D ey + S VO (27D (x, )
k=0 k=0

< V(AU +2%) Dy (x, y).
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By Lemma 14, we also know | Py f (x) — Py f(y)| < sup, | f(x")|Dg(x, y). Con-
sequently, for every x, y € X

1fG) = fOI = (VDA +2%) +sup | f(&)) Da(x. y)

and so
up T ZTON ypy1 42 4 sup 7).
xzy  Dal(x,y) N
Therefore
1 £lla, = sup £ G0l + sup LIy ey o) 4 agup £
X X#y Da(x, )’) X
<3015

Putting together Corollaries 4, 5 and Proposition 9, we have shown:

Theorem 3 The norms || f 1|, ||f||5\13t and ||f||f:Y are equivalent on Ay.

4.1 The Necessity of Condition (G) for Positive Kernels

The only place in which we have made use of condition (G) so far—and indeed, the
only place we will directly use it in the whole paper—was in establishing Proposition
7; in fact, assuming condition (G) made the proof of Proposition 7 almost tautological.
While it is true that in Sect. 3 we showed that condition (G) holds for vastly many
semigroups encountered throughout mathematics, the reader may still wonder if it
is actually necessary to assume it, or if perhaps an even weaker condition could be
imposed on the semigroup.

In this subsection, we give a partial answer to this question. Specifically, we show
that if the kernels px(x, y) are non-negative for all k > 0 and for all x, y € X, then
condition (G) is equivalent to the result of Proposition 7. Consequently, in order for
the Holder—Lipschitz norm of a function to be equivalent in size to its scale variations,
as defined by the norms || f ||5\1i and || f ”5\23’ condition (G) must hold. In fact, this
statement is true not only for the distance D, (x, y) but for any distance D(x, y) on
X.

We now formalize this result:

Proposition 10 Suppose the kernels py(x, y) are non-negative for all k > 0 and for
all x,y € X. Let D(x, y) be any distance on X and a € (0, 1). Suppose there is a
constant C > 0 such that for any function f on X

sup sup 2ka|5kf(X)| < C sup M

(4)
k>0 xeX x#y D(x,y)
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Then condition (G) must hold, with D(x, y) in place of Dy(x, y), that is,

/ pr(x,y) - D(x, y)dy < C27%.
X

Proof Take any xo € X, and consider the function f(x) = D(xg, x). Then f(x9) = O,
so that

18k f (x0)| = | f(x0) — P f(x0)| = /X pr(xo, x)D(xg, x)dy.

Because
f@) = fO)
up ————— =1
X#£y D(x,y)

assumption (4) gives

/ka(x, ) - D(x, y)dy = |8 f (x0)| < C27*

completing the proof. O

5 The Space Dual to Ay

We now turn to the space of L' measures on X (that is, measures with finite total
variation; see, for instance, [14]). Since all Holder-Lipschitz functions are in L*°, we
can view every such measure as a distribution acting on A,. We will denote the action
of such a distribution T on a function f € Ay, by (f, T) = fX f(x)dT (x). The dual
norm to the Holder—Lipschitz space A, is defined as:

ITlaz = sup (f,T).
1 fllag =<1

The space A} is the space of L' measures T equipped with the norm || T || Ax- In Sect.
6, we will give a well-known interpretation of the dual norm of the difference of two
probability measures.

In this section we will define two other norms on A that are more amenable to
computation, and prove their equivalence to ||T'||5x. In what follows, for a linear
operator A acting on A we denote by A* the dual operator acting on A*.

We define the seminorms

w(T) =" 27 AT Iy
k=0

and

W(T) =" 27 df T
k>0
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where
dy = Py — Po.
Now we define the equivalent norms. The first is defined by
NI = NPTl + WO (T)
and the second is defined by
NI, = NPTl + WP (D),

We show that all three norms ||7|| A%, ||T||5\13 and ||T||§\2,2 are equivalent on A%.

Proposition 11 The seminorms W (T) and W (T) are equivalent on A},
Proof We first show W (T) < (1 4+29)W@(T).

oo o0

W) =D 27k AT =D 27 (P = PE DTN
k=0 k=0

o0 o
< D 2P = POTI+ D27 (P — POT
k=0 k=0

< (1429wW3(T).

For the other direction, we write d,’: as the telescopic sum

k—1 k—1
diT = PiT — PiT = Y _[(Pf, T(x) — P)T] =D AJT.
1=0 =0

Then ||d; T, < Z;‘;OI A7 Ty, and consequently Fubini’s theorem yields
00 oo k—1
W) => 27k drT | < D27 > AT
k=0 k=0 [=0

o0
=D IATI D) 27
=0

k=I+1
0 7—+De - W
- * -
= D IATIh T = 75 WD)
1=0
completing the proof. O

Corollary 6 The norms ||T||5\12 and || T||5\2,2 are equivalent on A
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Next we turn to the main result of this section, namely that ||T ||(1) and || T||5\22 are
equivalent to || 7| ax .
Proposition 12 Forall T € A%, ||Tax < ||T||(2)

Proof Suppose f is any function with || f]| 5, < 1. Making use of Lemma 13 and the
uniform convergence of Py f to f as k — oo we can write

F=Pof =D A f =D Pirjf+D PiviAjf

J=0 J=1 j=1

=D (Pj = P)A [+ D (Pis1— P)A;f + 2P = P) f.

j=1 j=1
Therefore,
(f,TY =D (T, (P; = P)A; f) + D (T, (Pjy1 — PO)A; f)
Jj=1 j=l1

+ (T, 3Py —2Po P1) f)

M8

=D (P} = POT. Ajf)+ D (P — POT. A f)
j=1

1

J
+ (PyT, (31 —2P)) f).

Consequently, we have

I(f. ) SZH(P* Po)TlllsuplA f(x)l-i-le( = POTlisup A f ()]
j=1 j=1 .
+ I1PGTll1sup |31 —2Py) f(x)]

o o
SO 2N T I+ D27 THh + PG T N sup | f ()]
j=1 j=1 *

where in the last inequality we have used the equivalence of || f|| o, and || f]| A) from
Theorem 3 and the fact that sup, | P f(x)| < sup, | f(x)] (a trivial consequence of
condition (/) on the kernel). Since sup,. | f (x)| < Iflla, <1,it follows immediately
that

2
LTS Zz NG T+ IPET I = T 5.
j=1
Now take the supremum over all f with || f||5», < 1 to reach the desired conclusion.

O
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Proposition 13 Forall T € A%, | TN < (1T | as.

Proof Define the function f by
fO) =227 (P — Py)sgn [(PF — PHT](x) + Po[ sen(P3T)](x)
k=1

27k psgn [(PF — POT](x) + PoF (x)

M

o~
Il

where

00

F(x) =sgn(PT)(x) — Zz—k“ sgn [(Pf — PHT](x).

k=1

Since
Fx) <1 Ooz—k“<1 2
Sup | F(x)] < +k§ =+ 5
therefore, by Lemma 14,
—a
[PoF(x) — PoF(y)| = (1 +7 +2_(¥)Da(xa y)

forall x, y € X. Furthermore, letting h; = sgn[(Pk* — Pg‘)T], Lemma 14 also implies
that | Prhr (x) — Prhi(y)| < Di(x, y), and consequently

> 27k psgnl(Pf — PHTI(x) — D27 Prsgnl(Pf — PHTI(y)
k=1 k=1

27% | Pehi(x) — Pehi(y)]

M

=<

w-
I
-

27 Dy (x, y) < Dy(x, y).

M

w—
I
-

We also have the estimate

2—a+1

142

o0
Ifllo S D 2R +1 <14
k=1
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It follows that || f ||, < C(«), where C(x) is a constant depending only on « (in
particular, not on 7 or f). By the definition of f, we see
o
(f.T) =D 27" (P — Po)sgnl(P} — PO)TI.T) + (Polsgn(PGT)1. T)
k=1

= D 27" sgnl(Pf — PNT], (P — POT) + (sgn(P3T), P3T)
k=1

27k (PE — POT I+ 1P T -

M

k=1
Therefore,
o0
_ _ 2
1T Az = C@) (A Ty = D 27X (PE = POT I+ 155 £l = T
k=1
which is the desired result. O

Putting together Corollary 6, Propositions 12 and 13 we have shown:

Theorem 4 The norms ||T || azx, ||T||5\1,2 and ||T||f£ are equivalent on A},

6 Application to Earth Mover’s Distance

The dual norm ||T||ax has a natural interpretation when the distribution 7" is the
difference of two probability measures P and Q. We will explain this in a more
general setting. Suppose €2 is any metric/measure space with metric p. A measure
on 2 x 2 satisfies the equality-of-marginals condition with respect to P and Q if

(2, E)= P(E) (EM)
n(E, Q) = Q(E)

for all measurable sets £ C 2. The Kantorovich—Rubinstein condition is the statement
that:

sup /gdP—/ng] = inf / px, y)dm(x,y).
g:g(x)—g(ynsp(x,y)[ Q Q 7 (EM) holds /@ @
(KR)

The following theorem gives conditions under which (KR) is true:

Theorem 5 (Kantorovich—Rubinstein) Suppose 2 is a measure space that is separa-
ble with respect to the metric p. Let P and Q be two probability measures on 2 such
that the expected distance under P and Q from any point is finite. Then the equation
(KR) is true.

Proof The proof can be found in [12]. O
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The quantity on the right of (KR) is known as the Earth Mover’s Distance between P
and Q, denoted EMD(P, Q). It has a physical interpretation. We view each measure
7 satisfying the equality-of-marginals condition (EM) with respect to P and Q as
a transport between the measures Q and P; that is, for any two measurable sets
A, B C @, w(A, B) is interpreted as the amount of mass moved from set A to set
B. The equality-of-marginals condition (EM) guarantees that the transport rearranges
the mass distribution described by Q to end up with the distribution described by P.
If p(x, y) is the cost-per-mass of moving mass from location x to location y, then
EMD(P, Q) is the minimal cost over all transports; in other words, it is the cheapest
way of rearranging mass distributed like Q to get mass distributed like P.

The quantity on the left of (KR) is equal to the norm of 7 = P — Q in the
space dual to Lipschitz functions, except we do not require that the functions T is
integrated against lie in L°°. However, when the diameter of the space is finite, as
for the distances D, we have defined, and f dP = f d Q, then we can assume that
all Lipschitz functions integrated against P — Q are uniformly bounded, and the two
definitions are easily seen to be equivalent; that is, the norm || P — Q|| ox is equivalent
in size to the left side of (KR).

Due to the way it exploits the geometry of the metric space on which the two
probability distributions are defined, EMD has many desirable properties that make it
a natural choice of metric for many problems in machine learning [22,25,26,32]. We
now describe one such property, which helps explain its robustness.

Suppose 2 is a space with a metric p(x, y) and measure (. Suppose €2 is separable
with respect to p. Let p be a probability density on €2 relative to u; that is, p takes
values in [0, co) and fQ pdu = 1.Leth : Q — Q be a 1-1, absolutely continuous
(with respect to w) transformation satisfying

p(x,h(x)) <€ )

for all x € Q. Let v be the measure induced by the change-of-variable A, that is,
v(S) = w(h(S)) for measurable subsets S C ; and let 3—; denote the Radon—
Nikodym derivative of v with respect to . Then we define the probability density

dv
q(x) = p(h(x))@(x)

obtained from p by the change-of-variable /. We can think of ¢ as a perturbation of
p. The distance between p and ¢ in some metrics may be quite large, even though
the change-of-variable % is small. For example, if p is a narrow bump on R of width
less than €, and 4 is a shift of size €, then the supports of p and g will be disjoint
and their L' distance will be 2, the maximum possible. However, we now show that
EMD(p, g) is no greater than the size of the perturbation /4 itself.

Proposition 14 Under the assumptions described above, EMD(p, q) < €.
Proof We use the Kantorovich—Rubinstein Theorem (KR):

EMD(p, q) = sup [ /Q fOO(p&x) —g(x)dux) : [f(x) — fFODI] < plx, y)].
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Take any f with | f(x) — f(y)| < p(x, y) for all x and y, and observe that
d
/ f g x)du(x) = / f(X)p(h(X))d—v(X)du(X)
Q Q 2
= /Q J @) p(h(x))dv(x)

_ /Q FO N POAR().

Consequently,
/Qf(X)(p(X)—Q(X))dM(X)Z/QP(X)(f(X)—f(hil(X)))dM(X)-

By assumption (5) on &, we have p(x, h~!(x)) < €; hence, since f has Lipschitz
constant 1, we have

1f(x) = FT N < px, i H(x) < e

and therefore

/Q FEOGE) — g()du) /Q PO FE) — F ONdp)

IA

6/ p(x)dp(x) =€
Q

since p is a probability density. Taking the supremum over all Lipschitz f gives
EMD(p, q) < €, as desired. O

In order to apply this theory to the setting of this paper, we need to check that
condition (KR) holds when the space &’ is given the metric D, (x, y). Since Dy (x, y)
is uniformly bounded (so the expected distance from any point under a probability
measure is automatically finite), to apply the Kantorovich—Rubinstein Theorem (The-
orem 5) it remains to check that the resulting metric space is separable. We will prove
separability by using our assumption that X’ is sigma-finite.

Lemma 15 Under the metric Dy(x, y), balls in X of positive radius have positive
measure.

Proof We deduce this from condition (G) as follows. Suppose that there were some
ball B(x, r), r > 0, with measure zero. Then

1=/ pk(x,y>dys/ |pk<x,y>|dy=/ P, )y
X X B(x,r)¢
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and consequently
r 5/ |pk(x, ¥)| Dy (x, y)dy < C27%,
B(x,r)¢

Since r > 0, taking k — oo yields a contradiction. O

Proposition 15 The metric Dy (x, y) turns X into a separable metric space; in par-
ticular, the Kantorovich—Rubinstein Theorem holds on X.

Proof Since we assume X is sigma-finite, we can write A’ as a countable union of
finite measure sets. Without loss of generality, we can therefore assume that X itself
has finite measure. Take any positive integer n. Use Zorn’s Lemma to find a maximal
collection of points {xl.(")},-ezn so that Dy (xi("), x;n)) > 1/n, where Z,, is some index
(n)

pl

We will show that Z,, is countable. Observe that the balls B (xi("), 1/2n) are pairwise
disjoint and have positive measure. Since X" has finite measure, there can only be
finitely many balls whose measure lies in the interval (2_k_1, 2_k], for each k € Z.
Since the measure of each ball must lie in one such interval, and there are countably
many intervals, there are only countably many balls.

set. By maximality, every point in X is within 1/n of one of the points x

Consequently, U™ 1{xi(n)}ieIn is a countable dense subset of S, and the proof is

complete. O

In our setting of the space X with the semigroup a;(x, y), the formulas for the
norm || T'|| o from Sect. 5 provide an approximation to Earth Mover’s Distance. From
Theorem 4, and the Kantorovich—-Rubinstein Theorem, the Earth Mover’s Distance
between two probability measures © and v is equivalent to the expressions

Il = vI) = 1P (e = Wl + D 27 AT (e = Wi 6)
k>0
and
e = vIS) = 1P (e = Il + D 27 I} (1 = ) 1. (7)
k>0

In machine learning applications, these formulas can often be computed fast, and
thus provide a fast approximation to Earth Mover’s Distance. We only give a sketch of
how this works, waving our hands regarding the issues that arise when using discrete
data. We take X to be a collection of n data points, and the operators P to be dyadic
powers of a Markov matrix M on the data, as in the theory of diffusion maps [6].

If the mixing time of the walk is bounded by a power of n, then the series found
in formulas (6) and (7) can be well approximated by the first O (logn) terms. For
many operators encountered in practice, all their dyadic powers can be applied in
time O (n logk n); for instance, see [7,8]. In this environment, the approximations to
EMD given by (6) and (7) can be evaluated at cost O (n logk n) as well. Note that a
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simplifying consideration in the case of the operators used for diffusion maps is that
the Markov matrices M considered there are similar to a symmetric positive definite
matrix (with maximum eigenvalue equal to 1), and so any algorithm that permits rapid
application of all powers of such matrices will enable a fast approximation to EMD
in our setting.

In more specialized cases similar formulas have been shown to approximate EMD
as well. The work that most closely resembles this one is wavelet EMD [28]. Here,
wavelets are used in place of the operators Ay and d. The applicability of this method
is limited to R", where the ground distance is a snowflake of the Euclidean metric.

The reader can also refer to the papers by Charikar [4] and Indyk and Thaper
[19]. Though the particulars are quite different than in the present work, the general
spirit is the same; EMD can be approximated by a weighted sum of L! norms of
difference operators at different scales, whatever the notion of “scale” might mean for
the geometry under consideration.

7 Mixed Holder-Lipschitz Functions on Product Spaces

We now consider the setting where we have a product of spaces, each equipped with its
own semigroup satisfying (S), (C), (/) and (R) so that the theory developed so far can be
applied. For simplicity, we will consider only two spaces, which we will denote A’ and
Y, each with a semigroup A and B, with kernels a(x, x") and b, (y, y’), respectively.
All the results and their proofs can be extended to arbitrarily many semigroups. We
define the dyadic discretizations for times between 0 and 1

Py = Ay, pr(x,x') =ay(x,x"), k>0
and
Ql = 32*17 CIZ(y, y/) = bsz(}% y/)9 l 2 0
and the distances
Dy p(x,x") = I pe(x, ) — pr(x', )l

and

Dy, y) =gy, ) —aq®y, ).

For 0 < «, B < 1, such that the geometric condition (G) holds for Py with respect
to @ and (G) holds for Q; with respect to 8, we define metrics on X’ and ) by

Dy o(x,x') =D 2% Dy i (x, x')
k>0

and

Dyp(y.y) =D 27Dy (y.y.
>0
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For brevity, we will let Dy = Dy o and Dy = Dy g.
We will define a regularity norm and its dual on the product space X x ). We first
define the following quantities:

f(x, )’) - f(x/, )’)

Va(f) = y’sxui)x/ D)
f,y) = flx, )
v = 9
Y T D0
and
M(f)= sup f(x’y)_];(x’y)/_f(x9y)/+f(x,y).
Xt y#Ey x(x, x)Dy(y, y")

We then define the norm

[ fllags = M)+ Va(f) + Vy(f) +sup | f(x)]

and denote by A4 g the space of all functions f where || f[|a, , < 00. Wewillcall Ay g
the mixed Holder-Lipschitz space, since the functions f € A, g must have bounded
mixed difference quotients. The space A g is analogous to spaces of functions with
dominating mixed derivatives on R"; see [30].

Lemma 16 Taking

(Q0)(x, ) = (Lo, y)

Vy(f) = sup

El

v, x7#Ex DX(X, x/)
~ (Pof)(x,y) = (Pof)(x,y')
V- =
y(f) x,s;lygy’ Dy(y, y/)

in place of, respectively, the seminorms Vx (f) and Vy)( f) in the definition of || f ”Aa.ﬁ
yields an equivalent norm.

Proof From condition (1), itis immediate that Va( 1) § Vx(f)and \73; (f) < V().
For the other inequality, we can control Vy(f) by Va(f) and M(f), and control
Vy(f) by Vy(f) and M(f). To see this, observe that

|(Q0f)(xv )’) - (Qof)(x/v y) - f(-x’ Y) + f(xlv Y)|
= ‘/qu(y»y’)[f(x,y’)—f(X’,y’)—f(x,y)+f(X’»y)]dy’

< CDx(x,x") diam)M(f)
S M(f)Dx(x, x")
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where we have used condition (/) in the second-to-last inequality. Consequently,
Va(f) < Va(f) + M(f); similarly, Vy(f) < Vy(f) + M(f). It follows that
replacmg Va (f) and Vy(f) by, respectively, VX( f) and Vy( f) in the definition of
Il /1A, 4 yields an equivalent norm. O

Of course, other minor variations in the definition of || /|4, , yielding equivalent
norms are also possible. However, as in the case of a single space our primary goal
is to give simpler characterizations of the norm || f||, 5 involving the changes in the
function’s averages across scales. More precisely, the equivalent norms will measure
the variations across all pairs of scales. In Sect. 8, we will use these to give simple
characterizations of the norm on the space dual to Ay g.

We define the difference operators

Api=Pip1— P, Agi= Q41— Qi
as well as
Spk=1—"P, S01=1-0;.
We then define

VR () = supsup 2| Ap i f x| V() = supsup2?|Ag f(x. y),

k>0 x,y >0 x,y
and
MO (f)y = sup sup2tPApAgf(x, y)l.
k>0,>0 x,y
Similarly, define

V() = supsup 28 i f (. p)I. VY (f) = sup sup 2?1801 f (x, I,
k>0 x,y >0 x,y

and

MP(f)y= sup sup2*tP |5p 80, f(x, V).
k>0,1>0 x,y

We can now define the equivalent regularity norms by
IFIR), = MO + V) + V3 () +sup | f(x, )]
X,y

and

IFIS) = MP ) + V2 () + V3P () + sup| f(x, vl
X,y
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We first show that || | s, , controls || f ||(2) . It will follow that on A, g we have

uniform convergence of the semigroups and thelr products to the identity.

Proposition 16 For any function f, || fllfivﬁ S A g

Proof Showing that V/,(g ) (f) and V)(;z) (f) are controlled by, respectively, Vy (f) and
Vy(f) is an immediate consequence of the one-dimensional result, Proposition 7. To
show M@ (f) < M(f), observe that Proposition 7 also gives

g _1lB
|2ka6P kzlﬂanf(x’ y)l < sup 2 SQ»lf(x’ y) 2 SQ,lf(xla Y)

xix! Dy (x,x")
. 2880 11 f (x, ) — F(x's )
B x;ﬁg’ D (x,x) .

Now apply Proposition 7 again to the function y — f(x, y) — f(x’, y) to obtain
the bound

|21ﬁ8Q,1[f(X,')—f(X/, )](y)|§ Sup f('x7y)_f(x7y)_f(/xvy)+f(x1y)
y#Y Dy (y,y")
The result follows. O

It is easy to see that if || f ||(2) < o0, then

lim PO f=f
J—00

k— o0
uniformly, where the limits can be taken in either order or simultaneously. Since
”f”QZ , < /1l A, - the same convergence applies for any f € Ag,p.
We will next show that || f ||(1) and| f ||5\23ﬂ are equivalent, and then that || f'[| a,, » <
||f||“) . To that end:

Lemma 17 The seminorms VX) (f) and V)(()(f) are equivalent on Ay g, as are the
seminorms VJ(}I)( f)and V)()2)( .

Proof This follows immediately from Proposition 8 for a single semigroup. O
Lemma 18 The seminorms MV (f) and M (f) are equivalent on Ay g.

Proof From Proposition 8, we have

125 Ap k2P Ag i fx, )| S supsup 28%18p 2P Mg (X, y)
x' k'>0

=sup sup 28| A 12598 p 1 (2, )]
x" k'>0

< sup sup supsup 2’ #180.,24“8p 0 £ (', V)|
x' k=0 y U

which proves MV (f) < M@ (f). The other direction is proved similarly. O
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Combining Lemmas 17 and 18, we get:
Proposition 17 The norms ||f||£\li 5 and ||f||5\2i 5 are equivalent on Ny g.

To finish proving that all three norms are equivalent, we will show that || | 4, s <
(D
IS,

Proposition 18 Forall f € Aqp, || flla,, S Iy,

Proof First, itis trivial to deduce Vi (f) < Vi (f) +sup, , | f(x, )| and Vy(f) <
VJ(,])( f)+sup, , [ f(x, y)| from Proposition 9. Therefore, it remains to show M (f) <

1
If1E,,
Fix any y, y' € ) and define

f(xvy)_f(x’y/)'

s = Dy (y,y")

From Proposition 9 again, we have that for all x # x’,

X, )_ (-xv /) - (-x/a )+ (.X/, /)
S, y)—fx,y : i y / i y < sup Supzka|AP,kg(x//)| + sup |g(x//)|.
Dx(x,x")Dy(y, y') k=0 x” X

The supremum of g is bounded by
"< V- < V(l)
sup [g(x )] = Vy(f) S V5, (f) +sup | f(x, y)I.
)C” x’y

Furthermore, we have

_ oka IApif(xX",y) — Ap i f(xX", ¥)I
Dy(y,y")

< 2k supsup 2P| A g i Ap i f (X", ¥ 4 2K sup | Ap x f(x", ¥
120 y// y//

2K A p g (x|

<MD+ V).

It follows that M (f) < MW (f) + Vg(;l)(f) + V;((l)(f) +sup, , [f(x, Y= “f”E\lO)t,,q’
which completes the proof. O

Combining Propositions 16, 17, and 18, we have shown

Theorem 6 The norms || fla,. 4 ||f||5\12ﬁ and ||f||§\23”8 are equivalent on Ay g.
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7.1 Approximating Mixed Holder-Lipschitz Functions

The reader will recall Proposition 7, which states that for a Holder—Lipschitz function
f on a single space &,

sup|f(x) — PLf(x)| < CV(f)2~t

for some constant C > 0. In other words, Holder-Lipschitz functions f are well-
approximated by their averages under the semigroup. We will derive a similar result
for mixed Holder-Lipschitz functions. For any positive integer L, define the operator
PL by

PLf = z ApiAoif+38o.LPof +8pLQof + PoQof.
k,:k+I1<L

Loosely speaking, P f captures the activity of the function f at the pairs of scales
(2_/‘, 2! ) with 2-Gk+) > 2=L.ip particular, the reciprocals (2", 2! ) lie in the hyper-
bolic cross {(x,y) € R? : |xy| < 2L}. There is an extensive theory of hyperbolic
cross approximations from classical analysis; for instance, see [30]. In our setting, we
have the following result on uniformly approximating f by Py f:

Proposition 19 For any L > 0, we have

sup [Pr f(x, y) = fx, )| = Cll fllagg

X,y

L2 1o ifa=8
Z—Lmin(a{,ﬁ)7 l.fOl # :3

where C > 0 is a constant.

Proof We can write f as

f=2 Apxhgif+ D AgiPof + D ApxQof + PoQof

k,[=0 >0 k>0
= Z AP,kAQ,lf+ZAQ,lP0f+8Q,LP0f+ZAP,kQOf
k10 I>L k=L

+ 8p,.Qof + PoQof.

Therefore,

f=Puf= D, Apiboif+ D AoiPof + D ApiQof.

k:k+I1>L I>L k>L
It is easy to see from condition (/) that VJ(}I)(Pof) < VJ(}I)(f) and V)(;)(Qof) <

V/g)(f). Using this, we have

SOV @MY v s vyt ®)
I>L I>L

Z AgiPof

I>L
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and similarly

> aguPof| S VY (2t )

I>L

Finally, we control the mixed difference term:

Z Apilorf

k,l:k+I1>L

e¢]

L oo oo
<D0 D lArkBoifl+ D D 1ArkAQIS]

k=0I1=L—k+1 k=L+1 =0
< M(l)(f)zz ka Z 2~ B +M(1)(f) Z 2~ ka 22 B
I=L—k+1 k=L+1

MD(f) MY 1
< M) s Ty —k@—p) »—LtDe (10
Z T P12 (10)

k=0

Now, if & = S8, then Z,f:ol 2~%@=h) — I, + 2. and (10) becomes

> Ap,kAQ,zf‘ SMOHL2te
k,l:k+1>L

which, combined with (8) and (9), gives the estimate sup, N Prfx,y)—fx, <
£, L2t
If ¢ < B, then Z/fiol 2—k@=p) ~ 2L(B=a) g4 that (10) becomes

D Apphoif| S MU0 L ohey <y D (f)2 e

k,l:k+1>L

and combining this with (8) and (9) gives the estimate sup, , |Pr f(x, y)— f(x, y)| <

1 _
I 27

Finally, if « > B, then z,f;rol 27k@=h) ~ 1, and so from (10) we get:

> Ap,kAQ,zf‘ <MD (Fy@ P 2Ly < D (f)2-Lh
k,l:k+1>L

from which the estimate sup, , [Pr f(x, y) — f(x, )| S < ||f||(1) 278 also follows.

Since [ £11}, < 4 S U1, by Theorem 6, we are done, O
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8 The Space Dual to A, g

We now consider the space A} ; of L' measures dual to the space Ag . of mixed
Holder—Lipschitz functions. We will derive two simpler norms that are equivalent to
the canonical dual norm on A;‘[’ g aswe did for the case of a single semigroup in Sect.
5.

The dual normof 7' € A7, 8 is given by

ITllaz, = sup (£T).
I A=t

Before defining the equivalent norms, we introduce some notation. Define

dpk = P — Py, doi = Qr— Qo

and
1 — 1 —
WY () =D 27k A 05 Fll. W () =D 27 Ay P £
k>0 >0
and
2 — 2 —
W (1) = D 275 dp Q3T I, Wy (1) = D" 27 |ldgy P T
k>0 =0
as well as

Ny = D 2k AL Ay Tl NO(T)
k>0,1>0

> 2t Pydy dy T
k>0,>0

With these definitions, we define the two norms we will show are equivalent to
1T ALy The first norm is defined by

1 1 1
ITIY = NO@) + WY (1) + Wy (1) + 1 P Q5T I
and the second is defined by

ITIR: = NDT)+ W (@) + Wy (1) + 175 Q5T .

Lemma 19 The seminorms Wﬁfl) (T) and W)(?)(T) are equivalent on AZ’ g as are the
seminorms W)(})(T) and WJ()Z)(T).

Proof This follows immediately from Proposition 11. O
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Lemma 20 The seminorms NY(T) and N®(T) are equivalent on Az,ﬁ.

Proof We reduce the proof to the case of a single semigroup by applying Proposition
11 repeatedly. We have

NO(T) =2 270 27 A AT
>0 k>0

= [ D27 o7k A A T i dy
Yizo k=0

~ [ D2y 2Ty AT o dy
Yizo k=0

=/XZz—’“’Zz—lﬁm*@,d;kr(x,.)||L1(Y)dx

k>0 =0

:/){Zz*k“Zz*lﬂnda,d;knx,-)||L1(X)dx

k>0 >0

=2 27 > 2 Py Tl = NP (D),
k>0 >0

Proposition 20 The norms ||T||5\1,2 and ||T||5\22 are equivalent on A, B
a.p o.p ?

Proof This follows immediately from the preceding two lemmas. O

We will now prove that || T || AL and || T|| fl are equivalent on A% Pz We will work

formally; all manipulations can be easily justiﬁed by the fact that P, Q; f converges
uniformly to f ask, [ — oo, whenever f* € Ay, p. Take any function f with || f]la, , <
1. Write

f= D ApiBoif+ D ApiQof + D AgiPof + PoQof. (1)

k>0,1>0 k>0 >0

We want to show that |(f, T)| < ||T ||E\22 . We will deal with the inner product of f
a.p

with each of the four terms on the right side of (11) separately. First, we have
(PoQof. T)| = [{f. Py Q5T < IP5 Q5T I (12)

since || flloo < 1.
To control the inner product of 7" with Zkzo Ap Qo f, first observe that, using
Lemma 13, we get

Ap Qo = Apit1(Pry2 + Pry1) Qo
= Api+1Pr120Q0 + Ap k1 Prt1Qo. (13)
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Now, we have the identity
Ap j+1Pry100 = Ap g1 (Pry1 — Po) Qo + Ap k11 Po Qo
= Ap +1dp k+100 + Ap k1P Qo,
from which it follows:

HAPk+1Per1Qof, T < (AP ik+1dpi+1Q0f, T) + [{Apr+1PoQof, T)l
= {Ap i1 fodp i1 Q0T+ APkt fs Py QpT)I

Sup [ A p i1 £ (. M| 5y Q6 F 1 + 16 Q5T 11 |
x’y

IA

S22 dp Q8T Il + 27| PF QST I (14)

Similarly,
(AP k1 Pri2Qo0f, T)| < 2_’““||d}§,k+2Q2§T||1 +27%PF QT I (15)

Combining equation (13) with the estimates (14) and (15) yields

(8 p.Q0f. I S 27 {1 1 QT 1 + 105 42 Q3T N1 + 21 PG Q3T 1

and summing over k > 0 then yields

<ZAP,onf, T>‘ S W)+ IFF QST . (16)

k>0

A nearly identical proof shows that

<ZAQ,1Pof, T>‘ < W () + 1 PF Q5T |- (17)
>0

The only term left to control from (11) is the inner product of 7' with

Z Ap iAo f.

k>0,>0

Using the identity

Api—1Agi-1 = Api(Pry1+ P)A1(Qi+1 + Q1)
= Ap i Prt1A0,1Q1+1 + Ap ik PrAp Q11
+ApiPri1Ag Q1+ Ap i PrAg 0 (18)
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it follows that we must control the inner product of 7' with each of the four terms on
the right side of (18) (applied to f). The argument is the same for each, so we will
show it only for Ap Pk A 101 f = Ap Ao PQif.

From the easily-verified identity

PO f =dpidof+dpiQof +doiPof + PoQof

it follows that

ApiAo 1 PrO1f = ApiAgidpidoif + ApiAgdprQof
+ApkAgidoiPof +ApiAoi1PoQof. (19)

We will bound the inner product of 7" with the sum over k > 0 and [ > 0 of each
of the four terms in (19) separately. First, we have

AP kA IPIO0f, T) = {Ap Ao f PEOST) < 27527 P Py QT |1y

and summing over k and / gives the upper bound || Pf Q57T 1.
Next, observe that

(ApkAgudgiPof. T) = (ApiAguf.dy, PiT) <2727}  PyT

and summing over k and / gives the upper bound >/, 2-Ip ”dal PiT| = W)(E) (T).
Similarly, the inner product of T with Ap A ;dp Qo f can be bounded above by
W(T)

x VU

Finally, we have the upper bound

(ApkAgudpidoif. T = (ApxAguf.dpdy, T <2727 |\a} df T

and summing over k and / gives the upper bound Zk’, 2_k°‘2_l/3||d;ykd*Q’lT||1 =
N (T). Putting the four bounds together and applying Eq. (19) yields

<ZAP,kAQ,szQlf, T>‘ SITHR,

k.l

and the same estimate applied to each of the four terms on the right side of Eq. (18)
gives

< > ArxAoif. T>‘ SITHR (20)

k>0,1>0

Combining the estimates (12), (16), (17) and (20) with (11), we complete the proof
2
that |7z, < 1Ty,
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To prove the reverse inequality, as in the proof of Proposition 13 for a single

semigroup we define a function f such that || f|s,, =~ 1 and whose inner product

with T achieves the norm || T ||§\22 . It is easy to check that the function f defined by
a.fp

f=> 2% 2 Wap,dg sgn(dy pdfy T)+ D 27dp Qo sgn(dp , OFT)

k,[>0 k>0
+ > 27%dg  Pysgn(dy  PiT) + PoQosgn(Py Q5T).
=0

satisfies the necessary conditions; in fact, each of the four terms defining f have mixed
Holder—Lipschitz norm bounded independently of 7', and (f, T') = || T ||5\22 . We have
a,p

therefore shown:

(@)

Theorem 7 The norms || T || p* , ||T||5\12 ,and ||T||y« are equivalent on A}, 4.
o,pB o.f a.p Ol,ﬂ
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