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Abstract

A coupling method and an analytic one allow us to prove new lower
bounds for the spectral gap of reversible diffusions on compact manifolds.
Those bounds are based on the a notion of curvature of the diffusion, like
the coarse Ricci curvature or the Bakry—Emery curvature-dimension in-
equalities. We show that when this curvature is nonnegative, its harmonic
mean is a lower bound for the spectral gap.

Introduction

The study of the spectrum of the Laplace Operator on Riemannian man-
ifolds has many applications in various domains of mathematics. A whole
chapter of [E] is devoted to this issue. In this article, we take the conven-
tion
A =gV,V,

for the Laplace operator. The spectral gap of A is the opposite of the
greatest non-zero eigenvalue of A (the spectrum of A is discrete and non-
positive).

One way to estimate this spectral gap is to use the Ricci curvature, as
we see it in the Lichnerowicz theorem (see [E])

Theorem 1 (Lichnerowicz) Let M be a n-dimensional Riemannian
manifold. If there exists K > 0 such that for each x € M, for each
u € Ta M, we have Ricy(u,u) > Kgz(u,u), then the spectral gap A1 of A

satisfies
n

AL >
=1

Here we denote by Ric the Ricci curvature of M.

Chen and Wang improved this result in [EL using the diameter of the
manifold in their estimates:

Theorem 2 Let M be a compact connected n-dimensional Riemannian
manifold, K be the infimum of the Ricci curvature on M and D be the
diameter of M. Then if K > 0, we have the following bounds:
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and if n > 1,
nKk

(n—1) (1 — cos” (ﬁ@>)

AL >

2

And if K <0, we have the following bounds:
w2 T
>+ (=—
A1 > E + (2 1) K
and if n > 1,

2
a2 /1 — 2DTr4K

Dy/—K(n—1)
D2ch <7v )

AL 2>

In [EL E.Aubry gives a lower bound for A\; when the curvature

Ric, (u, u)

Ric(z) == Inf =

is close to a positive constant in the sense of LP norm with p large enough:

Theorem 3 Let M be a complete n-dimensional Riemannian Manifold,
p> 5 and K >0, such that

/ (Ric - K)? < +oo.
M

Then M has a finite volume and the spectral gap of A on M satisfies:

n CP:n) | e
> _ R —K)_
w2 (1 L8 e - 50, )
where C(p,n) is a constant only depending on p and n, and |f|l, =
(IM\fp)%
vol(M) .

This allows a little negative curvature, which is not the case of our
results.

This article recapitulates and extends the results already stated in [B]
and presents a coupling method, more adapted to discrete spaces than the
analytic one.

We show by a coupling method that another bound for A; is the har-
monic mean of the Ricci curvature.

Theorem 4 Let M be a compact Riemannian manifold with positive
Ricci curvature. Then we have

1 dp(z)
< x ,
A1~ Juq Ric(z)

with dp = V(‘)ilz’/‘a) , where vol is the Riemannian volume measure on M.

This bound is often better than the Lichnerowicz one because the har-
monic mean is better (and can be much better) than the infimum. But
unfortunately we lose the ~*5 factor.

Merging the proof of Theorem EI and an analytic proof of Theorem @
gives us the following improvement:



Theorem 5 Let M be a Riemannian manifold with positive Ricci curva-
ture and K = infyepm Ric(x). Then for every 0 < ¢ < K, we have:
n 1
)\1 2 c+ d vol
n—1 fM Ric(x(;—c

Taking ¢ = K gives us the Lichnerowicz bound or even better, while
c = 0 gives us Theorem @

Our coupling approach is based on a notion of coarse Ricci curvature,
introduced by Yann Ollivier in [@]7 which uses the Wasserstein distance
Wi. A major step in our proof is the use of the coupling given by the
following theorem:

Theorem 6 Let M be a smooth Riemannian manifold, and F' be a
smooth vector field on M. Assume that there exists a diffusion process
associated with the generator Lf = Af + F'V,f. Let (x,y) be the coarse
Ricci curvature of the diffusion between x and y (see Definition @) Then
for any two distinct points x and y of M, there exists a coupling (x(t),y(t))
between the paths of the diffusion process starting at x and y which satis-
fies:
d(a(t),y(1)) = d(z, y)e~ I3 (v ED

on the event that for any s € [0,t], (x(s),y(s)) does not belong to the
cut-locus of M.

The contraction rate k(z,y) of this coupling behaves like the one
of the coupling derived from the diffusion in C' path space defined by
M.Arnaudon, K.A.Coulibaly and A.Thalmaier in [] when z and y are
close. We have a cut-locus problem that we will avoid by making a com-
pactness assumption, which was anyway necessary to replace k(z,y) by
its limit when = and y are infinitely close.

The coupling method and the analytic one keep working when we add
a drift to the Brownian motion, provided the diffusion is reversible. In

this case, the generator takes the following form:

1 ..
L= ng(vivj' — (V;9)Vs)

with ¢ a smooth function on M, and e~ “dvol is a reversible measure.

We have then the following generalization of Theorem E:

Theorem 7 Let M be a compact Riemannian manifold and L = gg“(vivr
(V;jp)Vs) be the operator associated with a reversible diffusion process on
M. Suppose that we have a curvature-dimension inequality in the sense

of Bakry—Emery (see /ﬂ/ or /ﬂ]} with a positive curvature p and a constant
and positive dimension n',which is

Lo (f)(2) = p(2)0 () (z) + %L(f)(x)Q-

Let R be the infimum of p. Then for every 0 < ¢ < R, we have

n’ 1
Al(L) > n’—lc+ dm(x)
M p(z)—c
with dr = —<—2dvol_ 4he reyersible probability measure.

S e~ #dvol



We try to generalize our coupling method to diffusions which are not
adaptated to the metric g, that is, whose generator takes the more general
form:

L= %A”VNJ- + F'V;

without having necessarily AY = g% anymore. We have a generalization
of Theorem E only on the very restrictive condition:

H) & VYu € TM, u' gt gmu! ViAF™ = 0 & ¢V, A7 4+ 7'V, AR 4+ gV, A = 0
J

and with a lower &(z,y) instead of x(z,y). Note that (H) is true for
A" = g% in which case we have & = k.
We have the following generalization of Theorem E:

Theorem 8 Consider a diffusion process on a compact Riemannian man-
ifold M which is reversible and satisfies (H). For every z in M, we set
R(z) = infuer,m k(z,u). If we have i(x) > e > 0, then the spectral gap
of L is at least the harmonic mean of & (with respect to the reversible

probability measure w):
1 </ djr(x)
M(L) T S F(x)

In section , we present a short argument which shows how we can
derive the harmonic mean from Theorem H In section E, we define the
coarse Ricci curvature for diffusions and construct our couplings, so it’s
where Theorem E is proved. In section E, we present the proofs using the
couplings and purely analytical ones for the harmonic mean bounds for
the spectral gap.

1 The harmonic mean in a nutshell

The result and its proof presented in this section are a shortcut found by
Yann Ollivier to obtain a harmonic mean from Theorem E

Using a classical method, we will prove thanks to Theorem E the fol-
lowing result, which is a weaker version of Theorem @:

Theorem 9 Let M be a compact Riemannian manifold with positive
Ricci curvature, and f be any 1-Lipschitz function on M. Then the vari-
ance of f is at most the average of ﬁ.

Indeed, the Poincaré inequality states that Var, (f) < %1 SV FIPdu,
and the integral on the right hand side is at most 1 for 1-Lipschitz func-
tions. In [EI], E.Milman shows that the converse is true i.e a control
on the variance of Lipschitz functions (and even on the L' norm of 0-
mean Lipschitz functions) implies a Poincaré inequality, with a universal
loss in the constants, under the hypothesis of a Bakry—Emery C'D(0, o)
curvature-dimension inequality.

Proof of theorem E: We only have to prove the result for f regular
enough, and use a density argument to get the result for non-regular f. We
consider the semi-group P* generated by the Laplacian operator. Then
the limit of P? when t tends to infinity is the operator which associates to



f the constant function equals to the mean of f (respect to the normalized
Riemannian volume measure). So the variance of f is the limit of the mean
of P*(f?) — (P'(f))? when t tends to infinity. We have

PP = [ (e i) as= [P eIve i ds

Integrating over M yields

/M<P () (@)~ (P'(f)(2)))? d vol(x / / 2V (P (1)) ()| ds d vol (x).

Thanks to Theorem E, by taking y very close to z, we have ||V (P'~*(f))(z)| <

Ep,[e” f(fis&(X”)d“HVf(Xt,S)H], where the right hand side is the expec-
tation of the term inside the brackets when X has the law P, of the twice
accelerated Brownian motion on M starting at z. Using the convexity of
the exponential function, and the fact that f is 1-Lipschitz, we get then

[l P()@) — (P @) vol(@) <2 fy, i (Bs, [o 5 10000] ) dsd vol )
<2 [0 JiEp, [e2 /07 RisXundul s 4 vol(x)

<2 f! [\ Ee, |2 *2<t*5>ﬂ<x<m)u>du]dvo1(x)ds

_21‘0‘[ —2(t—s)Ric( z)dvol( )dS

72tR1c(a:
=[u S e dvol(z).

We just have to take the limit when ¢ tends to infinity and to divide by
S dvol(z) to get the theorem.[]

2 Coarse Ricci curvature for diffusions
on Riemannian manifolds

In this section, we introduce the Coarse Ricci curvature s for general
diffusions and give an explicit formula. Then we construct the coupling
of Theorem E, we show why the (H) condition is needed and we define &
when it is satisfied.

2.1 Coarse Ricci curvature: definition and calcu-
lation

Following what is done in [@] for Markov chains, we define the coarse Ricci
curvature of diffusions as the rate of decay of the Wasserstein distance W1
between the measures associated with the diffusion and starting at two
different points:

Definition 10 Let M be a Riemannian manifold and P' be the semi-
group of a diffusion on M. The coarse Ricci curvature between two dif-
ferent points x and y is the following quantity:

. d(z,y) — Wi(6..P",6,.P")
wle,y) = Wz, y) '




The Wasserstein distance Wi between two measures is the infimum on
all the couplings of the expectation of the distance. Our coupling will be
consrtucted thanks to optimal ones.

To get an expression of this curvature only depending on the coeffi-
cients of the generator of the diffusion, we need to make sure that the
diffusion does not move far away too fast.

Definition 11 A diffusion on M is said to be locally uniformly L* -bounded
atz if IM > 0,3n > 0,Yy € M|d(z,y) < n,V0 <t < n, [ d(z,2)d(6,.P)(z) <
M.

Remark 12 If M is compact, any diffusion is locally uniformly L' -bounded
at each point (it suffices to take M equals to the diameter of M in the
previous definition).

The following theorem gives an expression of x(z,y). Recall that the
generator of the diffusion is

1 .. )
L(f) = §A”V2~ij+FZVif

with A symmetric and non-negative.

Theorem 13 Take two distinct points © and y in M, such that A and
F are continuous at x and y, and that the diffusion is locally uniformly
L'-bounded at x and y. Assume that the distance between two points in
the neighborhoods of © and y admits the following second-order Taylor
expansion:

1+4¢ (lgl)vi + l;Q)wj)
d(exp, (ev), exp, (ew)) = d(z.y) | = oy o fo
+7 (qilizv vEtg

) apdtqyd (12), 4, j 2
G W W 20,70 “’J) +o (@)

Then the coarse Ricci curvature between x and y is:

_ ) () piriz2 (1) 4 (P go1d2
(o) = A )2 ) BT ST e ((fae @l A ).

Here the matrix S™;, = A% (x)qz(;fl) Adriz (y)qfdli) is diagonalizable with
non-negative eigenvalues, since it is the product of two symmetric non-
negative matrices, so Si1¢2 admits an unique diagonalizable square root
R%;, with non-negative eigenvalues, and the last term of the formula is

simply R';.

Remark 14 We don’t assume here that d is the usual geodesic distance
on the manifold M, but only that it admits a nice second order Taylor
expansion. For example, we can take d the Fuclidean distance on the
sphere S™ embedded in R™T1,

Proof: The idea is to approximate the distributions P’ and Pyt for small
t by Gaussian distributions in the tangent spaces T, M and Ty, M, and
to approximate the distance by its second order Taylor expansion. We
can describe the process z(t) starting at = in the exponential map by the
equation:

dX(t) = B'o(X(£))dW*(t) + F"* (X (t))dt



where W (¢) is a Brownian motion in R™, B*1,, (0)6*1*2 B%2,,(0) = A""2(z)
and F’*(0) = F'(z), and B and F’ are continuous (because of the conti-
nuity of A and F') and defined in a neighborhood of 0. Keep in mind that
X (t) may not be defined for every ¢t > 0, but we have z(t) = exp, (X (¢))
when it is. We will approximate X*(t) by

XO(4) = BIo (0)WO(t) + tF' (),

which has the Gaussian law N (¢F(z),tA(x)). For small ¢, the ball K;
of radius /(247172 (x)gi, 4, () + 2)t|In(t)| of To M is included in the def-
inition domain of B and F’. We will show that X (s) remains in K for
0 < s < ¢ with probability 1 — o(¢). Let T} be the exit time of X (s) from
K, and

B X(S) if S S Tt
Xi(s) = { XO(>s) = XO(T) + X(T3) if s > T

We want to prove that | Xilfo,gllse = 5up.cio. [Xe()]| < /AT @)girey (@) + 2]
with probability 1 — o(t).
We first prove that || X; — X9 |(o 4/l = 0o(y/t[In(t)]) with probability
1—o(t). We have d(X;—X@)(s) = 1ocr, [(B'a(X(s))—B'a(0)dW(s)+
(F'" (X (s)) — F'(x))ds]. Because of the continuity of B and F’, we have
d(X: — X(0))(s) = o(1)dW (s) 4 o(1)ds. We have || [; o(1)dulo gl =
o(t) = o(y/t|In(t)]). For each coordinate of the martingale U'(s) =
J5 Lecr, (B'a(Xt(u)— B« (0))dW* (u), we will apply the Doob inequality
to the sub-martingale e*V". Indeed, we have d%E[e’\UI(S)] < CIT(’E))\QE[eXUl(S)L
with ¢1(t) = o(1) depending on the infinite norm on K; of (B* 4, (X) —

i araz ( pi i AU (t) 22er ()t
B, (0))6%1*2(B" 4, (X) — B"4,(0)) so Ele ] <e =z . So the
Doob inequality implies, by taking c2(t) = /(3c1 (t))t|In(¢)| = o(1/¢|In(2)]),
) _ea®)?
and taking A = :i:?(t) that P(supp , |U*(s)] > c2(t)) < 2e e —

1(t)°
_ 3|In(y)]
3

=23 = o(t). We deduce ||U]jo,4llco < 0(y/t1n(t)) with proba-
bility 1 — o(t), so we have the same conclusion for || X; — X(O)|[0,t] Ilo-
We have [[sE*(0)||lc = O(t) = o(y/t]In(t)]), so it remains to prove
that [[Ba(O)W° ()0, llee < /EAT2 (2)gs,m (2) + DI with prob-
ability 1—o(t). We can suppose we are working with an orthonormal basis
of eigenvectors of A""2(x)gi,is(x). In this case, using the same method
as above, we prove P(supjy  B'a(0)W®(s) < (/(2Xi + £)t[In(#)[) with
probability 1 — o(¢), and then if the inequality is true for all ¢, we get the

announced result by summing the squares.
Now we set

= | X(s) ifs<Ty
Xi(s) = { 0 otherwise.

We have E[d(x(t), exp, (X¢(t)))] = o(t). Indeed, if X (¢) does not exit from
K; (T: > t), then the distance is 0. If T3 < t (what we have shown to
occur with probability o(¢)), we apply the Markov property, and using the
local uniform L'-boundedness assumption, the conditional expectation
of d(z(t),x) knowing (X (7%),T%) is smaller than M for ¢ small enough.



So E[d(z(t),exp, (X (t)))] < Mo(t) = o(t). So the Wasserstein distance
between the distributions of x(t) and exp, (X:(t)) is o(t).

Of course, we can do the same for the process starting at y, and define
Y© K/ Y, and V;.

We denote d the second order Taylor expansion of the distance:

d(X,Y) = d(m,y)[1+z§1>xi+z§2>w’+ (a8, X" X244 Yy P2 42¢Y X'y 7))

qzl ig

2

The supremum of d(X, Y')—d(exp, (X), exp, (Y)) ov?r K xKjis 0(\11175/‘:1(—:21)\)\) =
o(t). So the Wasserstein distance between exp,(X:(t)) and exp, (Y:(t))
differs of o(t) from the minimum over all couplings of E[d(X:(t), Y:(t))].

It remains to prove that we have a difference of o(t) between the solu-
tions of the minimization problems ofE[d(Xt( ), Yt( ))] and E[J(X(O) (t), Yy © ))]-
The expectation and the covariance of X;(t) — X (¢) and Y;(t) — YO (¢)
are o(t). Indeed, we have X;(t) — XO(t) = (X:(t) — X:(t)) + (Xe(t) —
X© (). The expectatlon and the covariance of X;(t) — X9 (t) are o(t)
because this quantity is fo 1)dW (s) + o(1)ds (the stochastic integral is
a martingale, so its expectation at time ¢ is 0). We have X (t) — X(t) =0
when T} > t, which occurs with probability 1—o(t), and the conditional ex-
pectation and covariance of X, (t) — X:(t) knowing T; < t are O(\/t|In(t)])
and O(t|In(t)|), so the expectation and covariance of X:(t) — X:(t) are
o(t\/t|In(t)]) and o(t?|In(t)]) (so o(t) anyway). So the expectation and
the covariance of X (t) — X (O (t) are o(t).

The expectation and the covariance of X (t) and Y (¢) are O(t),
so for any coupling of (X:(t), X (¢)) with (Y (T),Y?(t)), we have

E[d(Xe(1), Ye(t) — d(X (1), Y (1))] =

1) = X)) + 12 (V7 (1) -
) - X<°>“<>>< t
t

The last four terms above are o(t) because of the Cauchy Schwarz inequal-

ity, which implies that for every family of random vectors V; and W; whose
covariance matrices satisfy Cov(Vi, Vi) = o(t) and Cov(W;, Wy) = O(t),

we have Cov(Vi, W) = o(t). So we have proved that Wi(Py, P)) =

inf E[d(X©(t), Y@ (#))]40(t). The laws of X (¢) and Y (O (t) are N (tF(z), tA(z))
and N (tF(y),tA(y)), so we have

L 0 P @) + G F () + 513,47 (@) + 0, A7 2 ()

1142 J1J2

E[AX O @), YO @) = dlz.y) | +5 (a1, F* @) F*(@) + 43, F* (5) F () + 247 F (@) F/(y) )

1112 J1J2

+E[g P (X O1(t) — tF (2)) (YOI (t) — tF (y))]

We only have to minimize the last term, and the minimum is —¢ tr <\/Ai1i2 (x)ql(zlfl) Az (y)q(1J22)>

according to Lemma E below.



So we have proved that

—UVF (@) — P FI(y) - 30, AT (@) + g0, A (1)

1142 J1J2

+tr (\/ Atz ()¢ A2 (y) g, ) )

Wi(Py, Py) = d(z,y) |1 -t +ol(t)

which precisely means that

k(z,y) = —ZEI)F (m)—l;Q)FJ (y)—§(q£112214 1 Q(x)—f—qj(.f;.ZAJ”Z (y))+tr (\/Ahm (x)qg?l)Ath (y)qz(;i)) .0

Lemma 15 Let A% and B2 be two symmetric non-negative tensors
belonging to E1 ® E1 and E2 ® Ea, with F1 and E> two finite dimensional
R-vector spaces, not necessarily of the same dimension. Let D;; be a
tensor belonging to B ® E3. Then the minimum of E[Di; X'Y7] over all
couplings between X of law N (0, A) and Y of law N(0, B) is

—tr (\/Ai1i2Di2J'1 Bi1dz Disjz) .

Proof: The quantity to be minimized only depends on the covariance
CY = E[X'Y7] between X and Y (this quantity is C*/ D;;). So our prob-
lem is equivalent to minimizing C*/ D;; over the set of all possible C' such
that there exists a coupling between X and Y such that the covariance
between X and Y is C. Since X and Y are Gaussian, C' is the covariance
of a coupling between X and Y if and only if

(& 5)

is a symmetric non-negative matrix (because there exists a Gaussian cou-
pling having this covariance). This condition is equivalent to V(X;,Y;") €
EY x B3, X A" X7 + Y] B7Y2YS +2X7CYY;" > 0, which is equivalent
to V(X;,Y}),|X;CYY)| < \/Xgl Ani2 X* Y>> Bi172Y*j5. In particular,
this implies C' € Im(A) ® Im(B) (just take X* € Ker(A) or Y* € Ker(B)
and remember Tm(A”) = (Ker(A))").

Let n1 = rk(A) and ny = rk(B) be the ranks of A and B, using
suitable bases of Im(A) and Im(B), we find ”square roots” A’ and B4
of A and B, in the sense that AT A" = A and B' I BT = B (It
the scalar product on a canonical n-dimensional Euclidean space and [ (n)
the associated scalar product in the dual of this space). Then A’ and B’
admit left inverses A'~! and B’ (here we don’t necessarily have unicity,
we just choose two left inverses). We set C' = A’""'CB'~'T. We have

A C AL 0 A C AT 0
<CT B)ZO¢>< 0 B/71)~(CT B)< 0 B/71T)20
o
= < c'T  [n2) ) >0
(because A’ A’~! restricted to Im(A) is the identity, and likewise for B'B’™1).

So we have reduced the problem to the case where Fi and Ej are FEu-
clidean spaces of dimensions n; and ng, with A = 1), B = [(®2) and




D' = AT DB’ instead of D. There exist two nice orthogonal bases so that
the matrix of D’ in the associated dual bases has the following form:

,_ diag(A1,...,Ar) 0
b *< 0 0

with diag(A1, ..., Ar) the diagonal matrix with coefficients A1, ..., Ar, Ap >
0 and r = rk(D’) = rk(ADB), and furthermore, we have unicity of the co-
efficients Ax. This result can be proved thanks to the polar decomposition.

We have
< 7(n1) c’

ot o )02 C Ny <1

with ||C’]|op the operator norm of C” associated with the Euclidean norms,
hence the coefficients of C’ are greater than or equals to —1. The minimum
of C"*P D/ 4 is then — 37 _, A, and is attained when the matrix of C” in

the nice bases is
—I. 0
Cl = ( O C// >

with |[|C”||op < 1, and only for those ones C’.

The endomorphism I D'1(2) D'T has the eigenvalues A2 and 0 with
multiplicity ni—r (it’s matrix in the nice basis is diag(A\?,...,A2,0,...,0)).
We have

I(nl)D/I(ng)D/T _ [(nl)A/TDB/[(nZ)B/TDTA/ _ [(nl)A/TDBDTA/A

For any two matrices M, N of size p X ¢ and ¢ X p, we have for every
n €N, tr(MN)") = tr((NM)™), so MN and NM have the same eigen-
values with the same multiplicity, except for the eigenvalue 0, where the
difference of the multiplicities is |[p — ¢|. So the matrix

A'T" A'DBDT = ADBDT

also has the eigenvalues \? and 0 with some multiplicity. The Ay are
then the non-zero eigenvalues of VADBDT. So the minimum we were
looking for is — >, _; Ay = —tr(VADBDT) (= —tr(V BDTAD) so the
symmetry between A and B is respected, which was not straightforward
by looking at the formula). O

The two following remarks provide a good understanding of what the
set of the solutions of our minimization problem look like.

Remark 16 The set of all possible covariances is convexr and compact,
and the quantity to minimize is linear, so the minimum is attained at
an extremal point of this convex set. Suppose n1 > no, then in the case
of an extremal covariance, the coupling between X and Y has the form
Y9 = M7, X", Indeed, C — A'""'CB'™'T restricted to Im(A) ® Im(B)
is linear and bijective, so C is an extremal covariance if and only if C’
is an extremal tensor of operator norm smaller than or equals to 1. we
know that for any tensor C' there exists two orthogonal bases in which the
matriz of C' can be written:

C/ — < diag(ﬂl,...,/lru) )
0

10



with pk > 0. The operator norm of C' is then maxi<k<n, |fx|-

So C' is an extremal tensor of norm at most 1 if and only if pur = 1
for every k.

Indeed, if at least one uy, is strictly smaller than 1, C' is a non-trivial
convex combination of the tensors whose matrices in the same basis are

diag(e1,...,eny)
0

with €; = £1, and each of these tensors has operator norm 1. And con-
versely, if ux = 1, then C' is an extremal tensor of norm at most 1.
Assume that C' = tCV 4 (1 — t)C® with t €]0,1[, and CV and C*
have an operator norm smaller than or eqals to 1. Then the matrices
of CV and C® have coefficients smaller than or equals to 1, so their
coefficients on the “diagonal” must be 1. The coefficients outside the “di-
agonal” are 0 because the sum of the squared coefficients on each row and
each column is less than 1. So CM) = C® = ¢,

If C' is an extremal covariance, we have C/Tl(m)C' = (2 (just
do the product of the matrices in the nice bases). We set then M =
CTA (A~ = B'C'"I(,,_1)A'™". The covariance of Y — MX is

B—-MC—-C"M" + MAM"=B — [B'C""I(,,,, A"~ '][A'C' B'"]
_[B/C/TA/T][A/—lT[(nl)C/B/T]
+[B/C/TI(RI)A/—1][A/I(nl)A/T] [A/—ITI(RI)C/B/T]

=B - B'C'"I(,,,C'B" =0.

SoY = MX as previously said.

Remark 17 For any solution C of our minimization problem, we have

CDTC _ A/C/B/TDTA/C/B/T — A/C/D/TC/B/T — A/[(nl)D/[(nZ)B/T
= A1 ATDB' 1" BT = ADB.

In particular, we have (CDT)? = ADBDT and (DTC)?> = DTADB. If
we take Cy the solution which corresponds to C" = 0, Cy is the unique so-
lution with minimal rank (hence the optimal coupling with “the least corre-
lation” between X and Y'). We have tk(Co) = rk(ADB) = rk(ADBDT),
sotk(CoD™) < tk(ADBDT), and furthermore tr(Co) D" = —tr(V ADBDT),
hence we have CoDT = —VADBDT, and in a similar way DTCy =
—VDTADB. Since CoDTCy = ADB, we have Im(Cy) D Im(ADB) and
Im(CY) D Im(BDT A), and we have in fact equalities because these matri-
ces have the same rank. As ADB, ADBDT and DT ADB have the same
rank, there exist E and F (which will play the role of D™'T) such that
EDTADB = ADB = ADBDTF, and then Cy is given by the formula

Co=—-VADBDTF = —-EVDTADB.

For the other solutions, we have

CfCo:A'< 0 0 )B’T

11



The condition ||C"|lop < 1 is equivalent to the positivity of

0 0 0 0
0 In,—»r 0 C”
0 0 0 0
0 C"" 0 I,

which is equivalent to the positivity of

A—CoB~CY C—Co
(C—-C)T B-CfA™'Co

where A~ = A", yJA""! and B~' = B""'"1,,,)B'""'. But we would
find the same results for the products CoB~'CYE and CT A™1Co by taking
A7Y and B! such that AA™YA = A and BB 'B = B, so this does not
depend on the choice of A', A'~1, B' or B'7L.

We can split Im(A) as the direct sum of In(ADB) and the orthogonal
(for the quadratic form induced by A on Im(A)) of this space (which can
be written as Im(A) NKer(BDT)). The two matrices CoB™'C3 and A —
CoB~*CT correspond to the decomposition of A on this two subspaces.
The similar remark is valid for the matrices C’OTAflCo and B — COTAflC’o
with respect to the decomposition of Tm(B) as the sum of Im(BD™T A)
and its orthogonal. An optimal coupling is then any coupling of X and
Y satisfying that the covariance between the orthogonal projections (with
respect to A and B) of X and Y on Im(ADB) and Im(BD™ A) is Co.

2.2 The limit of x(x,y) when z and y are close

Let us look at what the formula given by Theorem B for k(x,y) becomes
when we take y = exp, (du), d the usual geodesic distance on Riemannian
manifolds and when § tends to 0. We have the following result that gives
the second order Taylor expansion of the geodesic distance on Riemannian
manifolds.

Lemma 18 Let 2 € M, (u,v,w) € (T2 M)? such that giu'u? = 1,
y = exp,(0u), w' € TyM obtained from w by parallel transport along
the geodesic t — exp,(dtu). Then we have for fized small enough ¢, the
following Taylor expansion in €:

. . . 2 . . . .
d(exp, (ev), exp, (cw’)) = & (1 + %ulgi]’ (w? —v?) + ;? (rg;)ij + rgf)wle + 21"5;2)1)210] + 0(53)))

with L 2
r) = gi; — gt ul gy — 2= Riayutu’ + 0(6%)
r) = gi; — gt ul gy — 5 RiayuPu' + 0(6%)
2
ri? = —gi; + giwuu' gy — & Ryajutul + 0(62),
where Ryq15 is the Riemann tensor of the manifold, and rl(lr)uivj = TE

Dyied =
y X =
rf;Q)uivj = rf;Q)ujvi =0 (and not only o(5%)).

J

Proof : We will take ¢ small enough such that (x,y) does not belong to
the cut-locus. Then the Riemannian distance is smooth on a neighborhood

of (z,y).
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For the term in e, the well known fact that the sphere of center =
and radius J is orthogonal at y to the geodesic joining = to y gives us
that the part of this term depending on w is proportional to g;ju‘w?. A
similar argument holds for the term in € depending on v. Taking v and w
proportional to u give the two constants, so we have the term in e.

For the term in &2, we only show that it does only depend on the
orthogonal projections of v and w on the orthogonal of u, the proof of the
behaviour in § being based on tedious calculations. We define ¥, as the
image by the exponential map at x of a small ball of the orthogonal of w,
and ¥, as the image by the exponential map at y of a small ball of the
orthogonal of u’. For ¢ small enough, the geodesic between z1 = exp, (ev)
and y1 = exp,(ew’) intersects ¥, and X, at 2 = exp,(ev1) and y2 =
exp, (ew}) (we may have to extend the geodesic of O(e) beyond z1 and
y1). We have : d(z1,y1) = d(z1, z2) +d(x2,y2)+d(y2, y1) with d(z1,z2) =
—d(x1,x2) if we needed to extend the geodesic beyond z1 and d(x1,x2)
otherwise, and the same for d(y2,y1). We also have v1 = v2 4+ O(¢) and
wy; = w2 + O(e), where v2 = v — (y,v)u, w2 = w — (y,w)u, and the
O(e) are orthogonal to u. Since in the exponential map, the variation of
the metric is of order 2, we have d(z1,x2) = eljv — v1]|(1 + O(¢?)), and
d(y2,y1) = l|Jw — w1 ||(1 + O(£?)). So we get d(x1,x2) = —e{u,v) + O(e?)
and d(y2,v1) = e(u, w) + O(®), so we find the terms in ¢ we expected,
and no terms in €. As v; and wi are orthogonal to u, we get d(z2,y2) =
d(exp, (v2), exp, (w3)) + O(®). So the £? term does only depend on wa
and ws as wanted. O

From Theorem E and Lemma @7 we get:

Theorem 19 Suppose we have a diffusion process on a manifold M such
that A and F are C', tk(A) = n everywhere, locally uniformly L*-bounded.
Then k(z,exp, (du)) converges to

. 9 g e g f—
K(z,u) : = —ulgijukaFj—&—ERkilewukul—ZulV,’A s (g*l QA+ A ®g*1)

when § tends to 0. o
Here, for any M € T, M ® T, M, we denote by M the canonical
projection of M to (ToM/Vect(u)) ® (TaM/Vect(u)), and the tensor

N1
Tyu = (@ A+A0g)
ijkl
is uniquely defined by the relationship:
Tt (977" A" + AT = 57
T_he cgntmction Tijklek is the unique matrix N;; such that ZNF +
g INA =M.

Remark 20 In the special case AV = g we find the usual curvature of
the Bakry-Emery theory:

k(z,u) = —(u, Vo F) + %Ric(u7 u).

13

—1

avdp

wv,A°



Proof: The hypothesis that A and F are C' gives us that the parallel
transport of A(y) and F(y) along the geodesic are A" () +du*Vi A" (x) +
0(8) = A" (z) + SE(5) where E () tends to u* VA% (x) when § tends
to 0, and F*(z) + 6u" V1 F*(x) +0(5). The application of Theorem E and
Lemma B leads to

k(z, exp, (0u)) = %(Fj — (F7 4 5u*V 1, F7 + 0(5)))

+5z

+tr(\/Ar(3)(A + 0E(0))r (197 (3))

The difficult point is to understand the behaviour of the square root when
§ tends to 0. The quantity under the square root tends to (A™(gr; —
griuFulgi;))?, which is of rank n — 1 (its kernel is Vect(u)). The square
root of matrices is an analytic function in a neigborhood of matrices with
positive eigenvalues. This is why we quotient the space T M by Vect(u)
(thanks to Lemma , we know that r1? € vt @ ut).

We need the second-order Taylor expansion of tr(v M2 + eN) with M
a diagonalizable matrix with positive eigenvalues. We have v/ M2 +eN =
M+eH+e*K4+0(e%), so we have HM+MH = N and H*+ KM +MK =
0. If we work in a diagonalization basis of M (with \(;) the eigenvalues
of M), we get:
Hij _ NYj
A T AG)

and .
_ N
T A(zWA ZA@WA (k) Ay + Ay

i

So we have:

-1
22)\(1) 2 x(MTN)

and o

- % B
B3 205) (M) +A(G))?
N';N7; 1 1 )

— iy 4(k<i>+%u>?2 (Nw X&)
N*.NJ

— Z i
=2, @)X i) FA5)
=1ty (M 'N(I@M+MeI) (M 'N)).

We only have to apply these results with M =_A(g —guuTyg), e=9
and N = A(g — guu” g)B(8)(g — guu” g) + g (AR(u) A(g — guu” g) + A(g —
guu” g)AR(u)) + 0(8), where Ri;(u) = Riijufu' € u™ ® ut. We obtain:

(/AT YA+ SE @) () = (Al — guug)) + § (FE) +

f—ztr(V Alg—guuTg) (IO M+ M 1) (V. A(g —

We have tr(AR(u)) = tr(AR(u)), and the last term can be written
7% tr(VuA((Z(X)FJrF@ZilVUA)) because the inverse of g—guu’g
(acting on Ty M /Vect(u)) is g—'. Replacing this expression of the trace
of the square root in the expression of k(z,exp,(du)) cancels the terms of
order 512 and 1 5, and we get the announced result. [
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Remark 21 The dependency on u of the last term of the formula for
the curvature is generally not quadratic (because of the complicated depen-
dency on u of the tensor (AQg=1+g=1®@A)™!), but is always non-positive
and greater than or equals to the same expression without the bars (which
we would have obtained by using the Wa distance instead of the Wi in the
definition on k, and this expression without the bars depends on u in a
quadratic way).

2.3 Construction of the coupling

Now we will construct a coupling between the paths of the diffusion pro-
cess thanks to the optimal coupling in the tangent spaces. In the case
when A is invertible everywhere on M, we have rk(A(z)¢"? (z,y)A(y)) =
n—1. According to Remarks [L§ and [L7, we have two extremal covariances
C™(x,y) and C~ (x,y) in the set of the covariances of optimal couplings,
given by the formulas:

1
A(z)q(1? (z,y) A (12)T (g, z,y)+ un'T
=—y/ R O P R (T

1
C™ (z, A(z)q1?) (z,y)A(y) g7 (z uu"
(@,y) \/ z)q"¥ (z,y) A(y)g"> 7 (z, y)p( \/uTA T Al
with y = exp,(du) with § small enough, u’ the parallel transport of u
and p(z,y) any matrix such that A(z)q"? (z,y)A(y)¢"?7 (z,y)p(x,y) =
A(x)q"? (z,y)A(y). The extremal covariance C+( y) tends to A(z)

when y tends to z, whereas C~(z,y) tends to A(z) — when u

TA(I) 1y
stays fixed and § tends to 0, so the coupling with CF (:c y) generalizes the
coupling by parallel transport, whereas the one with C~ (z,y) generalizes
the coupling by reflection introduced by Kendall in [E] Here we will use
C™T to construct our coupling for Theorem E, because the behaviour of
C~ when § tends to 0 is irregular.

So we can construct a coupling between the paths as a diffusion process
on M x M (at least in the neighborhood of the diagonal), whose generator
is defined by:

L*(f)(z,y) = 3[A(z )”V(umf( 2,y) + AY)" Vi), f(x,7) _
+ 207 (@,y) Virgy f (@, 9)] + F (@) Vwif (@) + F (y)V 2y f (@, 9)-

The coupling above in the case A = g~ ! is the one of Theorem E

Proof of Theorem E Let us consider the diffusion process of infinitesi-
mal generator L1, which is well defined outside the cut-locus of M. In the
special case of compact Riemannian manifolds, this is true when d(z,y) is
strictly smaller than the injectivity radius. To get the infinitesimal vari-
ation of d(z(t),y(t)), we have to compute L' (f) where f has the special
form f(z,y) = ¢(d(z,y)) with ¢ regular enough (C?). We have:

v(l) f(ZE y) ,( (l’, )) 1)1d(x7y)
V(Q)lf( ) 90,( (l’, ))V(Q)zd(x7y)

vzll)ijf( y) = ¢’ (d(z,y))V ll)ijd(x7y) + ga”(d(m,y))V(l)id(x,y)V(l)jd(amy)
\Y 12)ijf( y) = ¢'(d(z,y))V 12)ijd(x7y) +¢"(d(z,y))V (1)id(z,y)V (2);d(z,y)
Viazyij F(2,y) = @' (d(2,9)) Viayi;d(z, y) + ¢ (d(z,y))V 2)id(2, )V (2);d(, y)
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with, according to Lemma E;

Vwid(z,y) = —gij(@)w’ (z,y) _
Vigid(z,y) = —gi(y)w’ (y,x) = gij (y)u” (z,y)

Vi@, y) = d@,y)g.j(z,y)
12) .
Vgid(x,y) = d(z,y)a! Vi (z,y)
2) .
Vs, y) = d(@,y)a.”j(z, y)
Thus we get:

ijac ikxukx 'lxul x, i ik uk , )41 Ul y L
Lt f(z,y) = 50" (d(z,y)) fQé’-’-)g(qgy))gii(;g)lq)ﬁj(x(7y))gfl yywyflx)(y)g (e ey e2)
—d(x,y)¢' (z, y)k(z,y).

Since we have A = g7, we get CT (x,y) = Co(z,y) —u(x, y)u’ (y, ), with
Co € g7 (z)u(z,y) " @97 (y)u(y, z)*. So the term containing ¢” (d(z,v))
is 0, which means that the variance of d(z(t),y(t)) is o(t) when ¢ tends to
0. So dd(z(t),y(t)) = —d(z(t),y(t))x(z(t),y(t))dt. Then by integration
of this equality, we get:

d(z(t),y(t)) = d(z(0),y(0))e” J§ m(@()y()ds

2.4 The (H) condition and the curvature &

The variance term of this optimal coupling is generally not 0 in the case
when A # ¢g~' (nor a multiple of g~*). So we can try to use another cou-
pling, by replacing C*(z,y) with C'(x, y), which is the optimal covariance
(for the distance) under the set of covariances which cancel the variance
term of d (if this set is non-empty).

We will prove this set is non-empty if and only if the condition

(H) & Yu € TM,u'gjxt grmu' Vi A¥™ = 0

is satisfied.

Indeed, the variance term is always nonnegative, so it may vanish if
and only if its minimum is 0. This is equivalent, according to Lemma @,
to

2tr(v/A(@)g(x)u(z,y)u” (y, #)g(y) Ay)g(y)uly, z)u” (z,y)g(x))
=u"(z,y)g(x)A(x)g(z)u(z,y) + u" (y,2)9(y) Ay)g(y)u(y,z),

which is equivalent to

u (2,y)g9(x) Ax)g(z)u(z,y) = u’ (y,2)9(y) Ay) g (y)uly, )

(this is the equality case in the inequality between arithmetic and geo-
metric mean). Differentiating this condition with respect to y along the
geodesic starting at z in the direction u gives the condition (H), and of
course the converse implication is obtained by integration.

The hypothesis (H) is a very strong hypothesis: for a given metric, the
set of the possible A which are nonnegative and satisfy (H) is a convex
cone of finite dimension. Indeed, H is equivalent to: for every geodesic
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(1), A(v(t)) (g7 4(t))®? is constant. We choose z € M, and we take
a family of vectors ugyy,k =1,..., w such that {u%’j} is a basis of
the symmetric tensors of T2 M. Then we take z(k) = exp, (su)), with e
small enough to have ||eug)|| < r, with r the injectivity radius of M. Then
there exists a ball B centered at x such that for every y € B and every k,
there exists an unique minimal geodesic joining y and x(x), with velocity
V() at y, and {v%’j} is a basis of the symmetric tensors of Ty M. The
knowledge of A at the points () is sufficient to uniquely determine A on
the ball B. For any z € M, we have = exp, (v) for some v € T.M. We
can find a family of vectors vy € T, M in a neighborhood of v such that
{v(%} is a basis of the symmetric tensors of T2 M, and exp, (v()) € B.
Then the knowledge of A on the points () uniquely determines A on M.

This argument also shows that A is smooth, and the second order Tay-
lor expansion of A in the neighborhood of a single point is sufficient to
determine A one the whole manifold. The condition (H), and the equa-
tions obtained by differentiating it twice show that this Taylor expansion
must belong to a subspace of dimension %;(”“)

The following examples give the set of the possible A in the cases when
M is an Euclidean space of dimension n, the sphere of dimension n or
the hyperbolic space of dimension n, providing examples where (H) is
satisfied without having A = ¢g%.

Example 22 In all three cases mentionned below, M can be considered
as a submanifold of E = R™ such that the geodesics are the intersection
of M and a two dimensional vector subspace of E. Let (e1,...,ent1) be
the canonical basis of E and (e7,...,e;11) be the corresponding dual basis

o We take M equal to the affine hyperplane of equation ey i(x) = 1,

equipped with the Euclidean metric > ., er? in the first case.

o We put the scalar product s = Z?Ll er? on E, and we take M equal

to the sphere s(xz,x) = 1, equipped with the metric induced by s in
the second case

o We put the quadratic form q = >, er? — eleQ on E, and we take
M = {z|¢(z,z) = —1 and ey, 11 (x) > 0}, equipped with the metric

induced by q in the third case.

Then we take T € E*®* any tensor with the same symmetry as a Riemann
tensor, that is, T must satisfy Tijri = —Tjirt = —Tijik = Tris; and the
Bianchi identity Tiju + Tiri + Triji = 0. We construct the tensor field A
on M in the following way: let (x,v) € TM, we want to have

A(zx) (gilv)®2 = ijklxivj:vkvl

where the sense of the right hand side is given by considering r and v
as elements of E. The quadratic dependency in v is trivial, so A is well
defined by the previous equation. Let us consider a unit speed geodesic on
M, joining two distinct points x and y, and v and w be the speed vectors
of the geodesic at points x and y. As said above, the geodesic is included
in a two dimensional subspace of E, so (z,v) and (y,w) are two bases of
this subspace. Thus there exists a matrix

we(2 )
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such that y = ax + bv and w = cx + dv. Then we have T(y,w,y,w) =
det(M)*T (z,v,z,v) (that is a classical property of the Riemann tensor).
If 1 is the length of the geodesic, we have:

1 1

0 1

. cos(l)  sin(l)
M=1{_ sin(l)  cos(l)

_( ch(l) sh(l)

M= ( sh(l) ch(l)
In each of the three cases, we have det(M) = 1. Thus we have A(m)(g‘lv)®2 _
A1) (g7 'w)®? as wanted.

The linear application T +— A is injective, so the dimension of its
n(n+1)?(n+2)
12

M = in the case of the Euclidean space,

) in the case of the sphere,

in the case of the hyperbolic space.

image s , which is the mazimal dimension of the vector space
of symmetric tensor fields on M satisfying the hypothesis (H). Thus this
image s exactly this vector space. But the tensor fields A which interest
us are nonnegative on M, and this implies some restrictions on T. In the
cases of the Fuclidean space and the sphere, it is true if and only if the
“sectional curvature” associated to T' is nonnegative, whereas in the case
of the hyperbolic space, it is true if and only if this “sectional curvature”
is nonnegative on the planes whose intersection with the cone g(x,xz) =0
is not {0}.

In the case when (H) is satisfied, the covariances which cancel the
variance term of d take the form: C(z,y) = Co(z,y) + C'(x,y), with
Co(a,y) = — AU 4 2)W)A) __ A@g(@)ulzy)u”(y.2)9)Aw)

u (2, y)g(@)A(2)g(@)u(zy) —  u”(y,2)9(W)AY)gW)uly.z)
and C’(z,y) is such that the big matrix:

( Al(z,y) C’(%::u))

C(w,y) Allyx)

A@@)g@)u(zy)u? (z,y)g(z) A(x)
uT (z,y)g(x)A(z)g(@)u(x,y)
Using Lemma E again gives us the following expression of &(z,y):

Aoy) = & [ ~F(y)g(y)uly,z) - Fx)g()u(z,y) — 5(tr(A@)q" (z,9)) + tr(A@w)a® (z,9)))
’ 0 [ = tr(Colw,9)g" 7" (2, 9)) + tr(v/A (2, 4)q "D (2, 9) A'(y, 2)¢" 27 (1))

We can define &(z, ) as the limit when § tends to 0 of &(x, exp, (du)).
Then we have:

is nonnegative, with A’(z,y) = A(z) —

) ) . i k Jt " me P
- ik i LA okl % 9iju VgAY g1, u Vi AT gopu
H(;mu) = —u'giju" Vi F’ + 2A Rzkjlu u 2ufg;; Ak g ul

7%Bij(A' @@ —uw)+ (g —uwh)® Al)l;‘;lBkl

with -
I _ Aguu” gA
A=A uTl gAgu
Bij -V A— VquuuTgA+AquuTunA
= Vu

uT gAgu ’
and as A, B and g~' — uu” belong to g7 'ut ® g7 ut, we take (A’ ®
(g7 —wu™) + (¢ —wu”) ® A’)~! the unique inverse of A’ ® (g7 —
wu) + (g7 —wuT) @ A' in (TEM /Vect(gu))®*.

And we have the equivalent of Theorem f:
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Lemma 23 If the hypothesis (H) is satisfied, then there exists a coupling
between paths such that

A(X (1), Y (t)) = d(X(0), Y (0))e Jo #X ()Y (s)ds

almost surely on the event that for every 0 < s < t, d(z',y’)? is smooth in
a neighborhood of (X (s),Y (s)).

3 New bounds for the spectral gap

The idea to prove Theorems E and E is to look at the exponential decay of
the Lipschitz norm of P’ f when f is Lipschitz with mean 0 (respect to the
reversible probability measure). Then we use the reversibility assumption
to conclude that the variance of P’ f also decreases exponentially fast with
the same rate, which is hence a lower bound for the spectral gap.

Proof of Theorem E: Let = and y be two points of M such that
d(z,y) < r; where r; is the injectivity radius of M. We have P’f(y) —
P'f(x) = E[f(Y(t)) — f(X(t))] for any coupling between paths. If f is 1-
Lipschitz, then |f(Y (¢)) — f(X(¢))] < d(Y ( ), X(¢)), so Lemma Etells us
that |P'f(y) — P'f(z)| < d(z, y)E[e~ Jo #XY (D) For any £ > n > 0,
there exists § > 0 such that for all (z’,y’) such that d(z’,y") < §, we
have #(z',y’) > K(z') —n, where i(z') = infuer_, m A(z',u). Taking

T = ln(f), we have d(X(T),Y(T)) < 4, and then for ¢ > T we have
Ele = J§ A(X(5), s < & Ele” f%iT(’%(X(S))_")ds] Following what was

done in E we use the Feynman Kac semigroup F* generated by K, with

K@) = 247 (@) V3 () + F @)Vl () - (7(2) — ) f(2).

Indeed we have E[e™ fJ(R(X(S))_")dS] = F'1(x). The Lipschitz norm of
P'f is at most sup, ¢y ZE[e” ST R (), Y (Dds] for every ¢t > T. This
quantity is sup,c %EémApTthTl(y), so it is smaller than or equals to

d(d..P")

— sup | ==l r2(m)IF* 1| 2y
dm
eM

Then the Lipschitz norm of P’ f decreases exponentially fast with a better
rate than the one of F*1.

The L?-norm of F*1 decreases exponentially with rate infy,| f p2qr=1 J —hKhdr >
infy,| f h2ar=1 M1 Varr(h +f (z)%dn(x) = Ai+infy fp2dner [(R(z)—
n)h(z)?dr(x) — A\ ([ hdm)?. The method of Lagrange multiplicators sug-

gests to take
c

E(r)—n+a’

1 dr(x)
A1 7//%(&0)—77—&—04

h(z) =

with « such that
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and ¢ = ——=———. With this h, we have
f dn(x)
R (@) —nta)?

/ (#(x) — mh(z)2dr(z) — M / hdr)? = —a.

This is indeed the minimal A when A; is at least the harmonic mean
A of & — inf(R). We can see it by using Cauchy-Schwarz:

J(E(z) — n)h(z)2dr(z) — M (f hdﬂ') > [(R(z (z)?dm(z) — M\t (I(R(l’) —

dr(2)
(f Mﬁ)

= —Q.

In the case where A1 < A, we take a = — inf(&). This time we get

[(R(x) — n)h(z)dn(z) — A1 ([ hdr)® > [ (% (z)dm(x) — A (f (R(x) —
( dﬂx) ) + (A= A1) [(hdr)?

z) n+a

(\Y

A minimizing sequence h;(z) can be, for example, a sequence such that
h? tends to a Dirac at a point where the minimum of % is reached.

In both cases, the exponential decay rate for zero-mean Lipschitz func-
tions is at least A; —«, then by density of the Lipschitz functions on L ()
and by the reversibility assumption, the exponential decay rate for zero-
mean L?(7) functions (which is equal to A1) is also at least Ay — «. Thus
« is nonnegative, which means that \; is at least the harmonic mean of
K —m, so letting n tend to 0 yields the result. [

Purely analytical methods can also be used to prove this result in the
case AY = g and they also work when inf,ea s(z) = 0.

Lemma 24 Let f be a reqular enough (C®) function from M to R. Then
we have

d g
dt VP f|I* = h(2L(h)+urg" ViAY Vihu;)+h* (
t=0

where h = ||V f|| and Vi f = huy.
Proof: We have dt‘ VP! f||?> = 2Vi fg" Vi(Lf), and

Vi(Lf) =

(VIATVE f + A“Vh]f) + ViF'Vif + FIVEf

1
2
1
2

Differentiating V;f = hu;, we get V”f Vihuj + hV;u;, and V?ﬂf =
Viihw + VjhViu, + VihVjiw + hV3u. So we get:

VIAY(V; huj + hViuy)

JrAij( v? shur +V; hVul+VhV Uy )
+hv2 u + thz]ag ug

RV s + 2F (Vihuy 4 hV )

d
—| VP fIP = hg"ux

t=0

Differentiating g*uru; = 1 gives gkIUijUl = 0 and gkl(Viuijul +
ukV?jul) = 0, so using these relationships, the above expression can be
simplified to get the formula given in Lemma @ d
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(VZA”V2 FHAY NV + Rijag® Ve f) + VIF'V, f + F'V3

n+ a)h’dn(z))

n+ a)h’dn(z))

ukgf“_lVlA"jV,'uj — A”gklviukvjul )
+AURlijaga’8ungluk -+ 2ukgMVlF1u¢



Proof of Theorem ﬂ We first prove the Theorem in the case n’ = oo
and ¢ = 0, in which case we get the result of TheoremE Indeed, in this
case, the optimal p(x) is nothing but x(z) = infuer, m K(z,u).

Let f be an eigenfunction of L for the eigenvalue —\;. With the
previous notation for h and u, we have:

=2Xlhll72 () = S lico IVP fl220ry = [ 2h(2) ( )(x) = 2h(x)*k(z, 9 u(z))
zu

h(x)? AV (2)g"! (2)Viup (2 )Vﬂu( )d ()
< 2/\1fh:c2d() h(z)dr(x))?)

ey 4o

where the inequality [hL(h) < AiVar(h) is due to the reversibility as-
sumption. By Cauchy-Schwarz, we have

( / h(z)dr(z))? < / i”(—ff)) / w(2)h(z)?dn (z).

Finally we get:

/n(ac)hQ(x)dﬂ'(x)()q / d:(_;:v)) —-1)>0,

and if [ < d”(z) < +00, then [ k(z)h?*(z) > 0, because f is nonconstant, so
h can’t be 0 almost everywhere So we have

- f dw(ac)
M k(x)
In the general case, we have n’ > n and the optimal p is given by:

2
Ric(u,u) + Vi’ugo — M

p(x) = vl

1 .
- inf
2 u€Te M, [Jul|=1

So we have p < k. Then with the previous notation, we have:

)q(/M h(z)dr(z))® — /M p(x)h*(x)dr(z) > 0

because we have just shown the same with  instead of p.
We also have

S T(N@)dn (@) = [ 3L = (VS VLf)dr =0+ 5 [y hdn
> [P (f) + HL(f)dr = § [, ph*dr + 5% [, hPdr.

Thus for any 6 € [0, 1] we have:

(1- 0))\1(/M hdr)? — /M (p _on ™

For 0 = 1, we have 0 < fM()\l ";71 — p)h*dr < A ";171
this proves the Bakernymery bound:

— 1) h%dw > 0.

—inf(p) [}, h2dr,




So for any ¢ € [0,inf(p)], we take 0 = ﬁ € [0,1]. By Cauchy—
Schwarz, we get

(1—0)\ /(p - c)h2d7r/ pd_wc - /(p —o)h%dr >0

Thus we get (A1 —cn,"—Ll) f % —1 > 0, which leads to the desired result.C]
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