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Stability of the Poincaré constant

Jordan Serres

February 2, 2022

Abstract

We study stability of the sharp Poincaré constant of the invariant probability measure of a re-
versible diffusion process satisfying some natural conditions. The proof is based on the spectral
interpretation of Poincaré inequalities and Stein’s method. In particular, these results are applied to
the gamma distributions, to the Brownian motion on spheres and to the Brascamp-Lieb inequality
for one-dimensional log-concave measures.

1 Introduction

A probability measure 1 on R? is said to satisfy a Poincaré inequality when there exists a positive finite
constant C' such that for all functions f in the Sobolev space H! (i),

Var,(7) <C [ V5P, (1)

We denote by Cp(u) the smallest constant for which the above inequality holds. Poincaré inequalities
have many applications (see for instance the survey [1]). For instance they can be seen as embeddings
of weighted Sobolev spaces in L2, or as quantifying concentration of measure phenomenon (see e.g.
[17]). The sharp Poincaré constant governs ergodicity of the underlying dynamic in the L? sense, and
the convergence rate of some algorithms used for numerical simulations (see e.g. [10, 12]). When p is
reversible for a Markov process, a Poincaré inequality has a spectral interpretation: the infinitesimal
generator L of the Markov process is symmetric on L?(u) and the quantity Ap = #(#) is then the
spectral gap of the positive symmetric operator —L (see [2, section 4.2.1]).

Stability results for Poincaré constant began to appear in the late 80’s. Chen [5, Corollary 2.1] showed
that all isotropic probability measures on R? have sharp Poincaré constant greater than 1. He proved
furthermore that the standard Gaussian is the only one attaining 1. Then Utev [18] refined this result in
dimension one, quantifying the difference between Poincaré constants in term of total variation distance:

1
Cp(v) > 1+ sdrv(v,7)”

where v is a normalized probability measure on R, ~ is the standard Gaussian and dpy is the total
variation distance.

More recently, Courtade, Fathi and Pananjady [8], extended it to the multidimensional case with the
Wasserstein-2 distance:

2

Cp(v) >1+ w 2)
where v is a centered probability measure on RY, normalized such that [|z|>dv = d, v denotes the
Gaussian A47(0,I;) and Wy is the 2-Wasserstein distance (see [19, chapter 6]). Our goal is to get such
stability results in a more abstract framework, say for a general reference probability measure p on a
manifold instead of the Gaussian on R?. What we call stability results for Poincaré constant with respect
to some distance d, are inequations of the form

d(,LL, V) < d)(CP (M)a Cp (V)) (3)

where d is a distance on the space of probability measures, ¢ : {(z,y) € R?*|y > 2 > 0} — R, is a
continuous function such that Va > 0, ¢(z,z) = 0, and Cp(u), Cp(v) are respectively sharp Poincaré
constants for u a reference measure, and v satisfying some constraints.

From now on, let us consider L an infinitesimal reversible Markov diffusion generator on a Riemannian
manifold M with domain 2, see [2, Sect. 1.4] for further details. Let TI'(f,g) := % (L(fg) — fLg— gLf)
be the carré du champ operator. To lighten the notation, we set T'(f) := T'(f, f). The diffusion property
means that V¢ € C*(R), T(¢(f)) = ¢'(f)°T(f) and also L(¢(f)) = ¢"(£)T(f) + ¢'(f)L(f), see [2,

Section 1.11]. Let us assume p to be the only reversible probability measure on M for the Markovian



process generated by L. This existence and uniqueness assumption is verified for instance if the process
is irreducible and strongly Feller (see [11, Chapter 4]).
Assume that p satisfies the following Poincaré inequality:

¥f € H'(). Var,(f) < Col) [ () du (4)
where
H' (0= {7 € L20)| [ fdu=0and [ T(f)dy < oc) (5)
and Cp(pu) = sup Jylir(”f%L < oo is the sharp Poincaré constant.

feH"(n)

Assumptions on (L, u).

1. There exists an eigenfunction fo attaining the spectral gap: —Lfo = A, fo. We will always choose
it to be normalized with respect to p, i.e. such that [ fodp =0 and [ fedu=1.

2. T(fo) can be written as ho fo for some smooth function h : I — Ry with I := fo(M).

8. The function h does not vanish on the interior of I.

Assumption 1 is used to push forward the diffusion from M to I C R through fy (see Section 2).
This assumption is necessary. Indeed for M = R and Lf(z) = f”(x) — sgu(x) f’'(x) where sgn(z) denotes
the sign of x, the spectral gap is not attained (see [2, Section 4.4.1]). Assumption 2 guarantees the push
forward process to be Markovian (see Section 2). This assumption would obviously be verified as soon
as fo is injective. In dimension 1, it is always the case (see Lemma 3). Assumption 3 guarantees the
diffusion on I to be irreducible (see Section 2.1).

Let v be another measure on M satisfying the same Poincaré inequality with sharp constant Cp(v):

Vf e H'(v), Var,(f) < Cp(y)/F(f)dz/.

where H'(v) is defined similarly as above. We also ask v to be fy-normalized, that is fo € H'(v) and

1
/fodyzo, /fngZL and/l—‘(fo)dl/g Mk (6)

The class of measures satisfying the three equations [ fodv =0, [ fgdv =1, and [T'(fy)dv = #(u)
being a space of codimension 3 in the space of all probability measures on M, one sees that (6) is satisfied
on a half-space of codimension 3 in the infinite dimension space of probability measures.

Applying Poincaré inequality for v to fy, one immediately gets Cp(v) > Cp(u). We refine this
minorization by proving the following stability theorem:

Theorem 1. Under Assumptions 1, 2 and 3,

Wiu,v*) < i (Vo + V(1)) (7)

where p* (resp. v*) is the pushforward of p (resp. v) by fo, W1 is the 1-Wasserstein distance (see

Definition 2), § := %, and Cp, is a constant defined in Proposition 17 whose finitness only

depends on the behavior of h at the boundary of I.

The method followed in this article is to derive some approximate integration by part formula for v
(see Section 3) and then to use Stein’s method (see Section 4). The problem is then reduced to bound
the carré du champ operator of the solution (see Section 4.1).

A particuliar case, treated by Courtade and Fathi [8, 7], is when L = A—2-V is the Ornstein-Uhlenbeck
process on R?. The invariant measure is the standard Gaussian measure v and the d coordinate pro-
jections x1,...x4 are orthogonal eigenfunctions satisfying Assumption 1, 2 and 3. Choosing any of these
projections gives the one dimensional Gaussian .4°(0,1) for the pushforward measure. In this case, the
approach described above works using only classical results of Stein’s method for the Gaussian (see [14,
Section 2]). Moreover, if we use the same approach with fo = (21, ...,24) a vector valued function, it
works thanks to technical bounds obtained in [13, Lemma 3.3] and it gives similar results as (2). Taking
vector valued eigenfunction when the dimension of the eigenspace is greater than 1 appears to be the
natural extension of this method. Technical issues come here from the fact that Stein’s method involves



control of the Hessian of solutions to a family of PDE.

In Section 6.2, we obtain stability result for the Laguerre process as Corollary of Theorem 1. As far
as we know, stability results had not yet been investigated in this case.

One can ask for another distance than the 1-Wasserstein in the stability inequality (7). The main
difference lies in the set of target function chosen using Stein’s method. We will see in Section 5 that
replacing the condition C}, < co by h > k > 0, where k is a constant, gives a stability result in total
variation distance (and hence in Kolmogorov distance). We illustrate this result in Section 6.3 with
uniformly log-concave measures.

A natural question arising is then to compare stability results involving different distances. We will
say that a dy stability result

di(p,v) < ¢1(Cp(p), Cp(v)) (8)
is stronger than a do one

da(p,v) < ¢2(Cp(p), Cp(v)) 9)

if (8) implies the existence of ¢ in (9). Comparison between stability results in Kolmogorov distance
obtained from Theorems 12 and 18 shall be discussed in Section 7.

2 The quotient process

In the one dimensional Ornstein-Uhlenbeck process, the first non zero eigenfunction is injective. So one
may expect the important properties of L to be preserved when mapping it onto I through such eigen-
function. In a broader context, according to [2, page 60], Assumption 2 implies that all of the Markovian
structure on the manifold is mapped onto a Markovian structure on I := fo(M) C R. Assuming that M
is connected, I is an interval since fj is continuous. We define a := inf I and b := sup I. Moreover, the
diffusion property allows to write that

1
Vo € C*(R), L(¢(fo)) = ¢"(fo)U fo+ &' (fo) Lfo = ¢" (fo)h(fo) — ¢/(fO)CP(M) Jo.
Hence, the induced Markov process has generator
x
L*(¢)(x) := h(x)¢" (x) — ¢ (x 10
(¢)(x) ()()Cp(u)() (10)
and reversible measure p* = fo# . This one dimensional Markov process will be called the quotient

process.
If h is constant, then it is equal to #(u) Indeed, one gets that I'(fo) = h, but we know that

JT(fo)dp = #(#) In this case, L* is reduced to the Ornstein-Uhlenbeck generator with reversible

measure A4 (0, #(#)) Therefore, u* = A(0

’ C
with sharp constant Cp(v*) < gi—g;g Indeed, using Poincaré inequality for v,

) Similarly, v* := fo# v will satisfy Poincaré inequality

var,- (¢) = var, (6 0 fo) < Cp(») / (60 fo)dv = Cp(v / & (fo)h(fo)d : / o du*

Of course the carré du champ operator used in Poincaré inequalities on R is the square of the first
derivative. At that point, we can apply known stability results (see [8]) and obtain:

Cp(v)
Cp(w)

In the sequel, the goal will be to prove such stability inequalities in a broader context, that is without
assuming h to be constant. Let us now compute the carré du champ of the quotient process.

> Cp(v*) > Cp(p) + Wa(v*, u*)>.

Proposition 2. The carré du champ operator associated to (L*, u*) is

(T*)(t) = h(t)y' ().

Moreover, with this operator, u* satisfies a Poincaré inequality with sharp constant Cp(u) and the in-
equality becomes an equality for ¢ = Id.



Proof. It is simply a computation using the basic definition of I'f := %[L(fz) —2fLf]. The Poincaré
inequality for p* follows from the Poincaré inequality for pu:

var,- () = var, (i o fo) < Cp(u) / T o fo)du = Cp(u) / W (fo)2h(fo)dpt = Cr(u) / Iy,

Now taking 1 = Id, the inequality becomes an equality because of the definition of fy, showing that
Cp(p) is sharp. O
Replacing p* by v* in the proof above, we get that v* statisfies a Poincaré inequality with constant
Cp(v). However in this case, Cp(v) may not be the sharp constant for v*.

2.1 The non vanishing assumption

Let us consider the case where Lf := af”+ 5’ is a diffusion operator on an interval M = J := (¢,d) C R,
with o and 8 two continuous functions on J such that o > 0 and

is well defined on J. So dy := p(x)dz is reversible for L. Assume the operator L satisfies both a Poincaré
inequality with sharp constant Cp and Assumption 1. Then the following holds.

Lemma 3. The first eigenfunction fqy is strictly monotone.

Proof. We extend the proof in e.g. [15, Section 2] which treats the case a = 1. First, recall that fo
%, and introduce g(z) := [ |f}(t)| dt. Then ¢'(z) = |f}(2)]
hence I'(g) = T'(fo). So g has same energy than the e1genfunct1on fo.

/JF(g) du=/J1“(fo)du

On the other hand, g has greater variance than fy. Indeed,

vando) =5 [ [ ([ e |dt) an@atn) =5 [ [ ([ 5 dt) du(@)dp(y) = Var, (fo)

But fp being a minimizer of the Rayleigh ratio, one can infer, since fo € C'(J), that f; has same sign on
the interval J, hence fy is monotone. Assume now f} > 0 and let us show that f > 0. The eigenfunction
fo being centered and continuous, it is negative in a neighborhood of ¢, then it is zero, and then positive
up to d. Using classical ODE tools for the equation afy + Sf] = 6—i Jo, one gets the formulas:

is a minimizer of the Rayleigh ratio

fi(x) = ; / folt)du(t) (11)

Cpa / folt)du(t) (12)

Hence if fi(x) = 0 with x € (¢, d), then either fo(x) < 0 but Formula 12 implies fj(z) > 0, or fo(z) >0
but Formula 11 implies fj(z) > 0, or fo(z) = 0 but both formulas give then again fj(x) > 0.
Hence f{ is positive on J, justifying the claim that fy is strictly monotone. O

In this case the monotonicity implies that h cannot vanish in the interior of I. This motivates
Assumption 3 already mentioned in the introduction. Furthermore, since a (respectively b) is the global
minimum (resp. maximum) of fy, it can be reformulated as:

Assumption 3. All zy € M such that T'(fo)(zo) = 0 are global extrema of fo.

If I' = |V|? for the metric of M, then the assumption can be reformulated: all critical points of fq are
[e]
global extrema. The following is immediate and justify why we often write I instead of its interior I in

the sequel.

Proposition 4. The eigenfunction fo satisfies Assumption 3 if, and only if, h does not vanish on I.

Proof. Assume that Assumption 3 holds, and let ¢ € I such that h(t) = 0. Then there exists x € M
such that ¢ = fo(z) and so I'(fo(z)) = 0. Hence z is a global extremum of fy. Hence t = a ¢ T or

t =b¢ I. Conversely let z € M such that I'(fo)(xz) = 0. Then fo(x) is a zero of h. Hence by assumption
it is on the boundary of I, so it is a global extremum of fj. O



2.2 Density of u*

First, we point out that [ fodu € I. Indeed fo is continuous, so I = fo(M) is connected in R, hence
convex. Therefore its expectation belongs to I. Recall that ), := #(#) We now define the function

v:I — Ry by .
v(t) := exp <>\#/O Z(—CZ;) (13)

Taking 0 as reference point in the integral is justified by the above observation since fy was choosen to
be centered. Moreover Assumption 3 garuantees that dividing by h makes sense.

Proposition 5. The measure

p(2)dz = %exp (—)\M /OI Z(—‘i‘;) 17dz

is invariant for the quotient process, where 1 denotes an indicator.

Proof. It is enough to show that

/IL*(f)ﬁexp (—)\H /OZ Z(—CZ;) dz =0

for all functions f compactly supported in I. Let f be such a function. Recall that L*f = hf"” — sz(u) 7.
We first compute by an integration by parts:

" = [ (2)v(x)]” xfl(x)vx x
[ @@ = (@@l -, [ S ows

and this allows us to conclude. O
We know that the quotient process admits fo# 1 as invariant probability measure. Since we assumed p to
be the only invariant probability measure for L, Proposition 5 gives that the measure p(x)dx is finite and

then fgf& w= % p(x)dx where Z is a normalization constant. Let us conclude this section with a control
of the tail of u*. We denote the cumulative distribution of u* by

ity ==t = [ Ao (- [ 1) 4y

Recall that a :=inf I, b :=sup [ and let us denote I_ := I NR_ and I} := I NR;.

Lemma 6. One can bound the tail q of u* as follows:
o Vtel_,
-C
o(t) < min (4(0), =) o0

o Vit S I_;,_,
Cp(p
Zt

~
SN~—
<
—~
~~
—

1~ q(t) < min ((1 ~q0)),

Proof. We only process on I_. The proof is similar on I .

1. Let us define f: I_ — R, by f(t) = q(t) — ¢(0)v(t). We want to show that f < 0. Compute

= - oxp (o, [ udu =L
70 = gag e (M [ o)+ a0) 500 = 13 (5 + Aot

If—f(’ggﬂz) < a, then f' > 0so f < f(0)=0.

Else, f decreases on (a, — S(‘ag“z)) and increases on (— ;‘8;“2) ,0) but tlg%f(t) < 0and f(0) =0, so we

have the first claim.

2. Let us define f : I_ — R, by f(t) = q(t) + C’;—(t“)v(t). We want to show that f < 0. Compute:

| "udu)  Cp(p) tCp(p) . w(t) Cp(p)
') = 7h0) exp (_)\H/o W) e v(t) — )\”Zh(t)tv(t) =~ < 0.

Hence f < limf(t) < 0.
t—a



3 Exact and approximate integration by parts formulas

Let us recall a classical result in I-calculus which we will often use in the sequel. For all f,g € H*(u),
the following integration by parts formula holds (see formula (5) for the definition of H!(u)).

/F(f,g)du: */ngdu (14)

Indeed, since p is the invariant measure of the process generated by L, f L¢ dp = 0 for all functions ¢ € 2.
Hence, integrating the definition of the carré du champ operator I'(f, g) := 1 (L(fg) — fLg — gLf) and
using the reversibility of u, one gets the result. Let us now state an integration by parts formula for the
quotient process.

Proposition 7. For all C*(I) functions 1 : I — R such that v o fo € H (), it holds that:

/R (@) (z) = Cp(u) / B () du* (z) (15)

R

Proof. As a consequence of the integration by part formula (14) for the initial diffusion process, one

gets
/F(fo,g)du = —/gLfodu = #(M)/gfo dp.

We then use this equality with g := ¢ o fo and use the diffusion property of I' and the definition of h. O
Let us state now an extension of the approximate integration by part formula which extend a Lemma
from Courtade and Fathi [7, Lemma 2.3]. Let us recall that

H'(v):={feLl*W)Nn2| /fduannd/F(f)du<oo}.

Theorem 8. The following inequality holds for all g € H*(v):

< (Cp(v) - Cr()’} (g;;gug) (/rw) du)% (16)

Proof. Let t € R and g € H'(v). Let us apply the Poincaré inequality for v to a = fo + tg.
Computing that

] [ fog dv =, 0) [ TG g)av

Var, («) :/(fo+tg)2dyz/f§dy+2t/fogdy+t2/92d1/,
=1
and that

/F(a)dz/ = /F(fo)du+2t/F(f0,g)dV+t2/F(g)dy,

<Cp(m)~!

we get that

1 +2t/fogdu+t2/92du < Cp(v) <Cp(u)1 +2t/F(f0,g)dy+t2/I‘(g)dy>.

Now, writting Cp(v) = Cp(v) — Cp(p) + Cp(p) =: ACp + Cp (), we obtain :

A
Qt/fogdv+t2/92du < c ?P) +QCP(V)t/F(fO,g)dV—i—tQCp(y)/l"(g)du.
pP\H
Hence, for all t € R,
ACp

M) + 2t (CP(V)/F(fo,g)dz/— /fogdy) +t20p(u)/1“(g)dy >0.

This polynomial of degree 2 takes only non-negative values, hence its discriminant is non-positive:

b’ —dac =14 <Cp(u)/F(fo,g)dV - /fog dl/)2 - 4CP(”)/F(g)dV(iC(Y/I:)

which yields the result. [l

<0,

Using Theorem 8 with g := to fy and dividing by Cp(v), we can state now the approximate integration
by part formula for the quotient process.



Corollary 9. For all C*(I) functions ¢ : I — R such that 1o fo € H (i),

The original point of view of Courtade and Fathi is the following [7, Section 1.3]. The Poincaré
constant is considered as the minimizer of the energy [T'(f)du for f with variance 1 in a large enough
functional set. One can then write the Euler-Lagrange equation. The heuristic is that if another measure
almost satisfies this equation, its Poincaré constant would not be so far from the one of p. This is
made rigorous with Stein’s method. Here the integration by part formula (15) plays the role of the
Euler-Lagrange equation.

4 Implementing Stein’s method

The original idea of Stein’s method is to control some distance between two probability measures by
bounding the solution of some equation called Stein equation. For more details, see the survey [14]. We
start with the approximated integration by parts formula given in Corollary 9 above. The goal is to get
stability inequalities of the form

CP(V) > CP(IU’) + ad(u*a V*)27

where a > 0 is a multiplicative constant and d is a metric on the space of probability measures defined
by
d(p,v) == sup ‘/fdu—/fdv
feF

for some set of functions .#. Metrics of this form include 1-Wasserstein, Kolmogorov and total variation
distances. Denoting p*(f) := [ fdp*, this goal would be achieved if one could solve the equation

Su()(@) = hl@)y (@) - Cj(y)w( )= f@) = (f) wel,
for all f € .#, and bound the term [ h(z)y’(z)?dv* independently of f € .Z. The actual Stein equation
is

Su(@)(x) 1= h(z)y! (z) - C;”(M)w(x) = f@) = (f), w el

Since S, (¢") = L*(1), for any solution ¢ of the Poisson equation Lo = f — p*(f), ¢ solves the Stein
equation. Hence one can study the Stein equation via the probabilistic analysis of the Poisson equation.

Observing that
1 1
Sph = Suh + ( —) zp,

Cp(v)  Cp(p)
Corollary 9 gives

oo (Gimga) ([uawera) + (Gsge)|fzoa

Now, using that v* is centered, the Cauchy-Schwarz inequality and the Poincaré inequality for v*, we
obtain, denoting Var,«(¢) := [(¢ — [ dv*)?dv

Setting,
: o)~ Crw)
Cp(v)Cp(p)



we have proved that

1
2

[suwrar| < (vi+ vamers) ([rwar) (17)

So our goal would be achieved if for all f € .#, we can solve the Stein equation S, (¢) = f—p*(f), and get
a bound for [T*(¢)dv* = f; h(x)y’(z)?dv* independently of f. Note that it would be enough to get a

bound for [|V7t'||ss, o1 for [[§]|sc since [ h(x)y! (z)2dv* < |[¢']2, [ hdv* = |[¢'[[% [ T(fo)dv < Lol

where || - || denotes the supremum norm .

4.1 Stein solution

Let f € L'(u*). We consider the Stein equation

V() = fl@) —p*(f) , z el (18)
In the sequel, we will call f the target function. This equation is a first order linear ODE, which can be
explicitly solved.

Lemma 10. The function

() = exp ( I #%) | 0w - s e ( [ #‘ﬁz(u)) dy o (19)

is a solution of (18). Moreover, it also can be written as

Y(z) = —exp (/OI #‘;i(u)) /: (f(y) —w(£)) @eXp (— /Oy #%) dy (20)

Proof. The solution (19) is obtained by classical tools for first order linear differential equations.
The second formula is obtained from Proposition 5. O
Let us emphasize that this approach is only possible in dimension 1.

4.2 Boundedness of solutions for bounded target functions

Under the current framework one can give the following bounds for the solution of the Stein equation.

Proposition 11. Let f be a bounded measurable function on I, and let v be the solution of (18) given
by Lemma 10. Then

[9]loe < Z max(q(0),1 = q(0)) [If = 1" (Nlee < Z1f = 1" (f)loo;

with Z the normalization constant (see Proposition 5) and q the cumulative distribution of p*. Moreover,

|29 (@)[|oe < Cp () |f — 17 (F)]oo-

Proof. Let us recall that v(t) = exp (_)‘u fot Z(—‘fg) If 2 < 0 we use the writting (19) of ¥, and get:

(@) < If = 1" (Hllecv(@) ™" Z g(x).

and by Lemma 6:
sup [¢(z)] < Z q(0) [|f = 1" (f)]oo-

xel_
If > 0, we use the writting (20) of ¢ in Lemma 10 together with Lemma 6:

sup [¢(z)] < Z (1 = q(0) [If = 1" (f)]oo-

el

To prove the second inequation, we split off again the case £ > 0 and x < 0 using in each case
the appropriate representation of ¥ in Lemma 10 and we conclude with Lemma 6. If x € I_, then

(@) < v@) U = 1 (oo Z (@) but g(z) < FBo(@) so fap(@)| < Cp(u)[If — p* (Hlloo- I

z € L, then [(x)] < v(@) Y |f — 1 (f)llo Z (1 — g(x)) but (1 — q(z)) < L8u(z) so |ay(z)| <
Cr(p) |1f = 1 (f)]oo- O



5 Stability in total variation under a uniform ellipticity condi-
tion
Let us recall the definition of the total variation distance.

Definition 1. The total variation distance between two measures o, 3 on I is

/1Ada7/1Adﬂ

where the supremum is running over all measurable subsets of I.

dTV(O&,,B) = sup
ACI

)

We assume the following uniform ellipticity condition on h:

K= ;rg@h(m) >0 (21)

Under this ellipticity condition, one can get better estimates on the solutions of Stein equation. The
vocabulary of ellipticity comes from PDE theory, see [9, Chapter 6]. This condition extends the Gaussian
case discussed at the beginning of Section 2. We can now state the main result of this section.

Theorem 12. Let (L,p) be a Markov diffusion on a Riemannian manifold M satisfying a Poincaré
inequality with sharp constant Cp(u). Suppose that Assumptions 1, 2 and 3 are verified. If k := inﬂfgh(z) >
x€

0, then for all measures v on M normalized as in (6) and satisfying a Poincaré inequality with sharp

constant Cp(v),
drv(p*,v*) < % (\/5+ VCp(v) 6) : (22)

Cr()=Cp (1)

where p* (resp. v*) is the pushforward of v (resp. v) by the first eigenfunction fo, and § := e TR MEE

In order to prove Theorem 12, we need the following bounds on the solution of the Stein equation.

Proposition 13. Let f be a bounded function on R, and let 1 be the solution of the Stein equation given
by Lemma 10. Then

2
111 < 2115 = 1 ()
and

4
1A% ]loe < = |If = " (D%

Proof. By direct calculation:

1 x
Vo= (1wt o)
") = 5w N+ G ¥
The lower bound on h and Proposition 11 yield the first claim. Similarly,

e @ = s (£ =0 (0 + o))

So from the elementary inequality (a + b)? < 2a® + 2b2, and the same reasoning as above, we get the
result. O

Proof of Theorem 12 Let f : I — R be an indicator function. We solve the Stein equation with
Lemma 10 and denote 1 the chosen solution. Then (17) and Proposition 13 give:

[suwrar|< (Vi @) ([ du*)é < (V+ VBrE8) 2=l = (7l
But:

‘ / S, (0) dv* — V() — W ()]

Hence for any indicator function f,

- \ [ -wima

W (f) — i (f)] < % (V3 +/Cr)0).

Taking the supremum over all such f concludes the proof. [l
Let us point out that (22) is of the form (3) with ¢(z,y) = = ( et yfx).

K Y




When specialized to the Gaussian case, Theorem 12 gives that if v is a normalized probability measure
on R and Cp(v) — 1 <1, then:

1 2
Cp(v)>1+ dev(’y,l/) .

Our constant 16 (1 4 v/2) is worse than the constant 9 from [18].

6 Stability in W, distance

Let us recall the Kantorovitch-Rubinstein formula, which we will take as the definition of the W; distance.
Definition 2. (see [19, Chapter 5] ) The 1-Wasserstein distance between two measures o, 3 on I is
Wi(a, 8) = sup ’/fda—/fdﬁ‘

f:I—-R
1-Lipschitz

We can now state the main theorem of this article.

Theorem 14. Let (L,p) be a Markov diffusion on a Riemannian manifold M satisfying a Poincaré
inequality with sharp constant Cp(p). Suppose that Assumptions 1, 2 and 3 are verified. Let

C}, :=sup [W/ dt—i—W/ 1—q(t) dt]

xel

where a1 and ag are defined in (27) and (28). Then for all measures v on M normalized as in (6) and
satisfying a Poincaré inequality with sharp constant Cp(v), it holds:

Wi, v*) < Cy (\/Sﬂ/cp(y)a) gch< Cp(v ot )CP CP( )g/z;( )>,

where p* (resp. v*) is the pushforward of p (resp. v) by fo, W1 is the 1-Wasserstein distance (see

s . Cr(1)=Cp(n)
Definition 2), and § := TIOIAME

Proof. The proof is the same as in Theorem 12 but we replace the indicator functions by 1-Lipschitz
functions, and we use Proposition 17 instead of Proposition 13. O
All the sequel of this section is devoted to prove Proposition 17. In [4, Appendix p. 37], Chen, Goldstein
and Shao bound the derivatives of the solution of the Stein equation in the case where p is the standard
Gaussian measure. Here, we extend their approach to a broader class of measures. Let f : I — R
be absolutely continuous, and let 1 be the solution of (18) given by Lemma 10. We are looking for
inequalities of the form

179" ]se < CIf Mo
where C > 0 is a constant which does not depend on f. Recall that we denote by ¢(¢ f dp* the

cumulative distribution function of the measure p*, and v(t) = exp ( Ay ;j(”i“) see (13)).

Proposition 15. Let f : I — R be in C*(I) N LY(u*). The associated solution (20) of Lemma 10 can be

written as:
T

b)) = — 1’q /f dt—Z—/ P~ g(t)) de (23)

.T

Proof. First, write

x

F(@) — u*(f) = /m(f(w) 1) () = [ (7@) — ) di* ()

b

//fdtdu //fdtdu)
:/af()/adu()dtf/xf()/tdu()d

x b
- / £ (t)a(t) dt / £~ g(t))dt. (24)

10



It follows that

b
1 (/ f'(t)q(t) dt */ fHa—- (J(t))dt> Zdp” (y).
Now, on the one hand:

//f 1) dt dy* (y //f £) di* () dt = /f (2) — a(t)) dt,

on the other hand:

//f (1 g(t)) dt du*( //f (1 g(t)) dir*( dt+//f (1 - q(t)) du” (y) dt
- / P61 - g(t))alw) dt + / 7O - g(®)a(t) dt.

From which one gets (23). O
By definition v satisfies

W) (a) = (f(:c) W+ w<x>) |

Hence, using Proposition 15 and Formula (24), we are now able to give a new formula for the derivative
of the solution.

Corollary 16. We have:

b)) (@) = (12(1q<x>>c+)exp ([ o)) [ e
_(1+Zq( G e (/ CP“d“ ))/bf'(t)(l—q(t))dt.

In order to simplify the expression above, one can see that

-z -a g e (| g J% Ve >

and N
’1 + Zala) s o ( /O CPZ%(U))‘ ]j(x) — @)@ (26)
e a1(2) = Z(1 — q)) exp ( I #%) (27)
ax(z) = Za(z) exp ( I #‘ﬁz(u)) (28)

The following is then immediate.

Proposition 17. Let f : I — R be in C(I) N LY (p*), and let ¢ the associated solution (20). The
following bound holds:
VR llse < C[1£']oos

where

C, :=sup [\/F*(m)( / t)dt + /T*(az2)( / (1—q(t dt] (29)

xzel

6.1 Finitness of (),

If C}, = oo, the result of Theorem 14 degenerates. That is why in this section, we give explicit conditions
on h that ensure the finitness of Cj,.

Theorem 18. Let (L,p) be a Markov diffusion on a Riemannian manifold M satisfying a Poincaré
inequality with sharp constant Cp(u). Suppose that Assumptions 1, 2 and 3 are verified. Recall that we
denote a = inf fo(M) < 0 and b = sup fo(M) > 0. Assume that one of these two conditions is verified at
a:

11



e cither a = —oo and c1|t|**=2 < h(t) < ealt|® for t — —oo with a < 2 and c1, c3 > 0,
e ora>—o0 and ci(t —a)? < h(t) < ca(t —a) for t — a* with ¢1, ca >0,
and one of these two conditions is satisfied at b:
o cither b = 400 and c1t2*72 < h(t) < cot® for t — +oo with o < 2 and ¢1, ca > 0,
e orb< +oo and c1(b—1)2 < h(t) < ca(b—1t) for t — b~ with c1, ca > 0.

Then for all measures v on M normalized as in (6) and satisfying a Poincaré inequality with sharp

constant Cp(v), it holds:
Wi, v*) < i (Vo + VCrp(v)3)

where Cy, > 0 4s a constant, pu* (resp. v*) is the pushforward of i (resp. v) by fo, W1 is the 1- Wasserstein

. s .— Cr(1)=Cp(n)
distance (see Definition 2), and § := TIOIANE

In order to prove Theorem 18, we will use the following results.
Theorem 19. Assume that:

1. There exists a non-negative function g1, defined on a neighborhoood of a, satisfying

z(gi(z) —1) v
W = 0(1), —a’ (30)
and o
q(z) > — PZ(M)U(x)gls(cx), x—=a’ (31)

2. There exists a non-negative function g, defined on a neighborhoood of b, satisfying

r(ge(r) —1)
W =0(1),

Tz — b

and

Cp(p

=
>4
—
8
N
Q
)
—
8
NI

1—gq(z) > r— b~ (32)

Then the constant Cy, defined in Theorem 14 is finite.

Proof. We only study boundedness of v/I'*(a1)(x) [*__ q(t) dt at a and b and conclude by continuity.

The case of \/T*(az2)(x) f:oo(l — q(t)) dt is similar. We only deal with the case of a, the one of b is
similar. Since v'(z) = —A,h(z)v(z) with an integration by parts, we get

/z q(t)dt = [tq(t)]z — /I %t% dt < zq(x) + CPZ(N)U(:E)'

The last inequality comes from Lemma 6 which gives }im (—tq(t) - CPT(“)U(t)) < 0. Moreover, it is
—a

obvious that 1 — Z\, (1 — g(x))z exp ()‘u Iy Z(—”fj;) > 0, for < 0. Hence for z < 0, using (25),

1

V@@ [ ata - i (1= 20 - a@peesn (3 [ 555 [ator

U (o 2 G2\ 1—g(@) o
o) ( o ( )) P i) o)

(z) — 1_7‘1@%

Vh(z)

On the one hand, using first the assumption on g1, and next Lemma 6, one gets that for x — a™,

1 Cr(w) Colw) o Cpw) (o)~ Dag(a)
i (w0 + ) ) < - vt + 7o) < LRI
On the other hand, the existence of g gives
1—g(z) 2? 1 —q(z) 91(x) 1—q(@) _ z(g(z)—1)
— = Z Ay ——q(x) — r<zx 1—gq(z)) — T = 1—gq(x)),
o) U(x)q( ) o) < /—h(x)( q(z)) o) o) (1—q(x))

12



which is bounded by assumption.

The boundedness at b is obtained in the same way. By Lemma 6, one gets that 1—Z\,,(1—q(z))z exp ()\ fx Z(CZ;) >

0, for z > 0. By the assumption on g, one gets

1— ZA(1 — g(x))a exp (A# /O %) <1 go(2).

Hence using the same integration by parts as before,

CP(.U)

V@@ [ aoa < ¢_< u(a)) (1=l

17*;71—\/2(—(;))1)(30) = I(lfhi\/g?—x)) 2) goes to zero when x goes to b since (32) gives

the proof. |
2
The standard Gaussian satisfies the requirements of Theorem 19 with g1(z) = g2(2) = 1757-

Let us now give sufficient conditions on A to ensure that such g;, g2 functions exist. We prove the case of
g1 at a, the case of go at b is similar.

Now (z) — 0. This concludes
z—b

Lemma 20. Let g, be a bounded non-negative C* function defined on a neighborhood of a such that for
t—at, gi1(t) > tgi(t) and

h(t) < /\#M, t—at (33)

If limv(t) =0, then

t—a

Proof. Let f(t) :=q(t) + C—ZPgl(t)v(t). Compute

iy V@) (Crgit) Cpai(t) 1 qi(t)
J) = Z < t 2z " h(t)  h(t)
The assumption implies then that f > 0. Hence f(t) > lim f(z) = 0. O

Tr—a

Lemma 21. Let gy be a bounded non-negative C' function defined on a neighborhood of b such that for
t— b, ga(t) > tgh(t) and

t2(1 — ga(t)) -
h(t) < Mt L (34)

If limwv(t) =0, then
t—b
Cp(p)

1—q(t) > v(t)gt Lt b

Under a growth control on h, the condition v(t) — 0 can easily be verified. One needs however to
Tr—a

distinguish the case where «a is finite from the one where it is infinite. For a = —oo: if h(t) < c|t|* for
t — —oo with ¢ > 0 and a < 2, then for z — —o0,

e Ao (001
—)\M/ Ldug——“/ T du — —0o0,
o B0 ) T
and hence v(t) — 0. For a > —oo: if h(t) < ¢(t —a)® for t ~ a with ¢ > 0 and a > 1, then for

Tr——00
x €a,0]:

) 0 u 0 du 0 du
Y —du<X, | ——du=X\, | ———+a\, [ ——— — —
/ hu) = / (w—a) ™ / (w—ap—1 ¢ / (W—a) asa

and hence v(t) — 0. The same results are valid at b, only replacing (t — a)® by (b —t)® when b < +o0.

r—a
Proposition 22. If a = —oc and cit|® < h() < eolt|® for t — —oo with ¢1,c2 > 0, a < 2, and
B € [2a — 2, a], then ¢ satisfies (31) with g1(t) =1 — :\:—2|t|0"2. Moreover, (30) is also satisfied.
m
Ifa > —oco and c1(t — a)Ph(t) < ca(t —a)® fort — at with c1, co >0, a > 1 and B < 2a, then q satisfies

(31) with g1(t) =1 — 452 >(t—a)”.

13



Proof. Let us compute, if a = —oo and ¢t < 0:

21— gi1(t) cot?|t| 2

- Co = 62|t|a
RO = tol() 1= 26— i
for t ~ —oo. If a > —o0 and t €]a, 5],
(1 —gi(t) _ 4e t2(t — a)*

91( ) 7tgl( ) ?1 + )\iC;Q (t—a)afl[ati (tfa)] > CQ(t_ a)a’

since at — (t —a) < 0 and t* > %.
Hence Lemma 20 and the above remark give us that ¢ satisfies (31) in both case.
In regards to (30), in the first case, one has

z(1 - g1(z)) -1 ¢

I(z) | Aw/h(z)u'a \ \/—

which is bounded at —oo because v — 1 — g <a-—-1- % = 0. Similarly in the second case,

|:C|a 1—

z(1 - g1(z)) _ 4o |z |z —a| _ 4co L|zfa|0‘7ﬁ
e Nea? i) Aalal Ve
which is bounded at a > —oc because 8 < 2a. O

The same result is valid at b, using Lemma 21. We summarize it in the following Proposition:
Proposition 23. Assume that one of these two conditions is verified at a:
e cither a = —oo and c1|t|**=2 < h(t) < ealt|® for t — —oo with a < 2 and c1, c3 > 0,
e ora> —00 and c1(t —a)? < h(t) < ca(t —a) for t — at with c1, ca > 0,
and one of these two conditions is satisfied at b:
o cither b = 400 and c1t2*=2 < h(t) < cot® for t — +oo with o < 2 and ¢1, ca > 0,
o orb< +oo and ci(b—1)2 < h(t) < ca(b—t) for t — b~ with c¢1, ca > 0.
Then the constant Cy, defined in Theorem 14 is finite.

6.2 Application: stability of the I'(s,f) distributions, s >0, § > 0

Let us consider the I'(s, #) distribution du(z) := %1]& (x)dx, where T denotes the Euler’s Gamma
function. This probability measure is the reversible measure of the Laguerre process with following
generator on [0, 00):

Lf() = (@) + (s — go)f (@)

We have I'(f) = z(f")?, Cp(1) = 0 and the first Laguerre polynomial fo(z) = %fi is a normalized
eigenfunction attaining the spectral gap. Hence I =] — o0, /3], so we get h(z) = 07! (s —/sz). So
Assuptions 1, 2 and 3 are satisfied. Moreover, one can see that we are also under the conditions of
Proposition 23, with at the infimum, a = —co and ¢; < h(t) < coft| for ¢; = 3, c2 = 2% (and o = 1),

and at the supremum, b = /s < 400, c1(b—1t) < h(t) < co(b—1t) for ¢; = co = %. In this case the three
conditions (6) are reduced to only two:

/xdu =s6 and /x2 dv = s(s +1)6? (35)

meaning that we only ask v to have the same first and second moments as g. So we can apply Theorem
18 for the gamma distributions I'(s, §), with s,0 > 0: for all measures v on Ry normalized as in (35) and
satisfying the following Poincaré inequality with sharp constant Cp(v):

+oo
Var, (1) < Colv) [ af (@)Pdvo) (36)
0
it holds for a finite constant Cj:

Wi, v") < o (Vo +V/Cr) ), (37)

where W is the 1-Wasserstein distance (see Definition 2), ¢ := Tray o V=

(x) = ﬁ 1 s — ) leVE® x)dx
i @) = (L) V-tV o

14



6.3 Application : stability for Brascamp-Lieb inequalities

Let M = R and du = e~ ?dx be a probability measure with ¢ : R — R strictly convex and C2. Then p
satisfies the following inequality introduced by Brascamp and Lieb in 1976 in [3] :

2
Var,(f) §/%d,u

for all functions f in the weighted Sobolev space Héi = {g € L*(p)| %> € L2(u)}. Then

el
_ i "o ﬂ ¢(3)) /
Lf - ¢//f (¢// + ¢//2 f

is a Markov diffusion generator with reversible measure p satisfying a Poincaré inequality with sharp

2
constant 1 and carré du champ operator I'(f) = % Moreover

hence the spectral gap is attained with fy = ¢’ which is centered. One easily sees that ¢’ is a bijection,
so I = R and Assumption 2 is satisfied with h = ¢ o ¢'~!. The push forward measure p* is then the
moment measure of ¢ (see [6, 16]) and has density

exp (—¢(¢'~ (1))
¢ (¢ ~1(1))
In this setting, we can get two stability results with respect to two different distances. Firstly, Theorem

12 says that if ¢” > k > 0 (meaning that ¢ is uniformly convex) then p* satisfies a stability result in
total variation distance. It is a direct generalization of the Gaussian case [18].

dt.

du* =

Corollary 24. Let M = R and du = e~ ?dx be a C? uniformly log-concave probability measure, i.e.
Vr € R, ¢ (x) > k > 0. Let v be a probability measure on R verifying the following Poincaré inequality:

for all functions f in the weighted Sobolev space Hl,i ={g € L*(v)| \/% € L*(v)},

mesww/gw

and such that [ ¢'dv =0, [¢*dv=1and [¢" dv < [¢" du. So Cp(v) > 1, and moreover § := Cplv)—1

Cr(v)
satisfies
4
dry (p*,v*) < ﬁ (\/g—i— v Cp(v) 6) ,

where p* = Plyp and v* = ¢luv.

Secondly, Theorem 18 yields a stability in 1-Wasserstein distance under a growth control of the second
derivative of the potential ¢ at infinity.

Corollary 25. Let M =R and du = e~? dx be a C? strictly log-concave probability measure. Let v be a
probability measure on R verifying the following Poincaré inequality: for all functions f in the weighted

Sobolev space H;’Q ={ge L) \/SZW € L*(v)},

Var, (f) < C’p(y)/‘(/;%jdy,

and such that [ ¢'dv =0, [¢?dv =1 and [¢"dv < [ ¢"dp. So Cp(v) > 1, and if for some a < 2,
alt?* ™ < ¢"(t) < coft]®, = Foo,

then § := % satisfies

Wiu,v*) < i (Vo + VCr(v) ),

where p* = ¢lyp and v* = ¢lyv and C, is a finite constant defined by (29).
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6.4 Application : stability of the Poincaré constant on the sphere S¢

d
Let M =S% d>1and u= F(zi) volga the riemannian volume measure on the sphere, normalized to be
2

2m
a probability measure, where I' denotes Euler’s Gamma function. Then p is the reversible probability
measure of the spherical Laplacian generating the Brownian motion on the sphere, which can be written
as the restriction to the sphere of

d+1 d+1
Lf(x) =Y (8i —wwy) 05 f —d Y w:dif,
ij=1 i=1

if f is the restriction to the sphere of a smooth function on a neighborhood of the sphere in R4+! (see [2,
Section 2.2.1] for more details), and where d;; denotes the Kronecker delta.

We have I'(f) = Zf;il (635 — wizj) 0if 0;f, Cp(p) = % and all coordinate functions @ — x; restricted
to the sphere are centered eigenfunctions attaining the spectral gap. Let us choose fo(x) = vVd+ 123
which has variance one. Hence I = [—V/d+1,vVd+ 1] and T'(fy) = (d+ 1) (1 — ), so we get h(t) =
(d+1) —t2. So Assuptions 1, 2 and 3 are satisfied. Furthermore, at the infimum a = —/d + 1, one sees
Vd+1 (\/d +1+ t) < h(t) <2v/d+1 (\/d +14+ t), and at the supremum b = /d + 1, one similarly sees
vd+1 (\/d +1-— t) < h(t) <2vVd+1 (\/d +1-— t). Hence the conditions of Theorem 18 are satisfied.
In this case the three conditions (6) are reduced to only two:

1
dv =0 d 2dy = ——. 38
/Sdacl v an /del v 71 (38)

So Theorem 18 applies to the canonical probability distribution on S¢.

r(g

Corollary 26. Let M =S% d>1 and p = d) volga. Let v be a probability measure on S normalized
2?2

as in (38) and satisfying the following Poincaré inequality with sharp constant Cp(v): for all functions
f which is the restriction to the sphere of a C? function on R4+,

d+1

Var, (f) < Cp(v) /S ) _Z (85 — aixj) Oif 05 f dv (). (39)

7,7=1

Then it holds for a finite constant Ch,

Wiu*,v*) < Cu (V3 +/Cp(#)3) (40)

Cp(v)—d *

where Wy is the 1-Wasserstein distance (see Definition 2), 6 := croy 0 V= xf&u, and

[SIEW

* 1 -1
dp™(t) = Z (d+1 =) 1 g, yam do,

with Z a normalization constant.

7 Comparison

A natural question is to compare the scope of application of Theorem 12 and Theorem 18. Indeed,
Theorem 12 require h to be uniformly bounded by below, while Theorem 18 only require a growth
control on h at the boundary of I. In this section we get stability results involving the Kolmogorov
distance under the assumptions of Theorems 12 and 18. Afterwards, we will see that the order of the
bound obtained from Theorem 12 is stronger. Let us begin recalling:

Proposition 27. [1/, Prop 1.2] If u* has bounded density p with respect to the Lebesque measure on R,
then
dK(V*a:U’*) <2 CWl(V*a:U’*)

where p < C, Wy is the 1-Wasserstein distance, and dg (v*, u*) = iu}g ‘fioo dv* — fioo du
€

*

is the Kol-

mogorov distance.

Combining Proposition 27 above with Theorem 18 gives the following bound on the Kolmogorov
distance.

16



Corollary 28. Let (L, ) and h statisfy the requirements of Theorem 18. If moreover 22) i bounded by

h(z)
. . Cr()=Cp()
a constant C, then it holds for § := Cr ) Col)

de(p*,v*) < 2¢/C Cr\/ V3 + /Cp(v) 6,

for all measures v normalized as in (6) and satisfying a Poincaré inequality with sharp constant Cp(v).

On the other hand, it is well-known that the total variation distance controls the Kolmogorov one:
dg (v*, 1u*) < dpy (v*, u*). Hence, Theorem 12 implies the following.

Corollary 29. Let (L,p) and h > k > 0 statisfy the requirements of Theorem 12. Then it holds for
5= Cp(W)=Cr(y
T Ce() Cpp)

4
die (1%, ") < —= (JEJF VCr) 5) ,
NG
for all measures v normalized as in (6) and satisfying a Poincaré inequality with sharp constant Cp(v).

In case where (L, ) satisfies both assumptions of Corollary 28 and Corollary 29, one can see that the
bound of Corollary 29 is better because it is of order % against i for the bound of Corollary 28. However,
in the example of the gamma distributions, while Corollary 29 does not apply, although non-optimal,

Corollary 28 gives us the following stability result in Kolmogorov distance.

Corollary 30. For all 0,s > 0 and for all measures v on Ry normalized as in (35) and satisfying the
Poincaré inequality (36) with sharp constant Cp(v), it holds:

dec(p*,v*) < 2¢/C Cp\/ V3 + /Cp(v) 6,

o Cp(v)—60 _ 5"1‘\/g 617‘9 * . x #
where § := gi()y) , C=(y/s) Ty V= (\/E— 9—\/;) v, and

] Vs)T 1 s—1,v52
du*(z) = (?) ) (Vs —x)*~teV® 1)_ oo, 5)(2)dz.
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