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L? hypocoercivity, deviation bounds, hitting times and Lyapunov
functions

PIERRE MONMARCHE

Abstract

We establish that, for a Markov semi-group, L2 hypocoercivity, i.e. contractivity for a modified L2
norm, implies quantitative deviation bounds for additive functionals of the associated Markov process
and exponential integrability of the hitting time of sets with positive measure. Moreover, in the case
of diffusion processes and under a strong hypoellipticity assumption, we prove that L? hypocoercivity
implies the existence of a Lyapunov function for the generator. A french version is available [14].

Hypocoercivité L?, inégalité de concentration, temps d’atteinte et fonctions
de Lyapunov

Résumé

On montre que, pour un semi-groupe de Markov, I’hypocoercivité L? (c’est-a-dire la contractivité
d’une norme L? modifiée) implique des inégalités de concentration quantitatives et I’intégrabilité
exponentielle des temps d’atteinte des ensembles de mesure positive. D’autre part, pour les diffusions et

sous une hypothese forte d’hypoellipticité, on établit que I"hypocoercivité L implique I’existence d’une
fonction de Lyapunov pour le générateur associé. Une version en francais est disponible [14].

1. Introduction

This note is primarily motivated by the comparison between two methods for obtaining
quantitative rates of convergence for ergodic Markov processes: functional inequalities
and entropy dissipation on the one hand, and the classical Meyn—Tweedie approach on
the other hand, based on a Foster—Lyapunov criterion together with a local Doeblin or
coupling condition. The link between these two kind of arguments is studied by Cattiaux,
Guillin and their co-authors in a series of works [2, 9, 10, 11], but mainly in the case of
reversible Markov processes, with an invariant measure that typically satisfies a Poincaré
(or similar) inequality (with respect to the Dirichlet form associated with the process).
Nevertheless, over the last decade, hypocoercivity methods of modified entropies have
proven to be able to handle non-reversible, non-elliptic and non-diffusive processes with
functional inequality arguments. Here we will focus on the Dolbeault-Mouhot—Schmeiser

This work has been partially supported by the Project EFI ANR-17-CE40-0030 of the French National Research
Agency.
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(DMS) method [12] for L? hypocoercivity. A very appealing feature of the latter is that it
provides a general construction for a modified L2-norm, independently from the process.
This is quite different in a Meyn—-Tweedie approach where a Lyapunov function has to be
constructed based on the dynamics of the process, which can be tricky for degenerate
processes. An example is provided by the comparison of the two works [1] and [13]
that both study the so-called Bouncy Particle process, which is a kinetic piecewise
deterministic Markov process, respectively with the DMS and the Meyn—Tweedie method.
With the Meyn—Tweedie approach, the construction of the Lyapunov function is quite
intricate and this leads to not-so-nice assumptions on the log-density of the equilibrium,
while with the DMS method the construction is standard and the conditions on the
log-density are more general and quite simpler. A natural question is thus: provided
that (hypocoercive) exponential decay holds in L2, does it exists a Lyapunov function
in the sense of Meyn—Tweedie? A positive answer is provided in [11] in the case of
elliptic reversible diffusions for which the exponential decay holds with the usual L? norm.
The result is based on the exponential integrability of the hitting times of the process,
itself obtained from the deviation bounds on additive functionals of the process derived
in [8, 16]. These two results are interesting by themselves; in fact, in some cases, getting
estimates on the hitting times is the main question and the Lyapunov function is just an
intermediate tool to get them. Our main result is that, if the DMS method applies, then
these two results also hold. From the exponential integrability of hitting times, in the case
of strongly hypoelliptic diffusions, we construct a Lyapunov function for the generator,
which answers our initial question. In fact, as we became aware after the redaction of this
note, the deviation bounds have been established in the recent preprint [5]. To the best of
our knowledge, the other results are new.

2. Results and proofs

Consider (X;);>0 a continuous-time conservative Markov process on a Polish space
E, with some invariant probability measure y. Denote (P;);s¢ the associated Markov
semi-group on L?(u) and L. We suppose that L is closed and that its domain D (L) is
dense in L?(u). Denote || - ||> and ( - ) the usual norm and scalar product on L*(u). Our
main assumption is the following:

Assumption 2.1. There exists p > 0 and a symmetric bounded linear operator S on
L*(u) such that for all f € D(L),

1571 < 51 = a1l
(foLF +SLE) < =pllf = ufIB.
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The existence of such an S, which will be used in the present note as a black box
assumption, is in fact the main tool of the DMS method. More precisely, considering
€ € (0, 1) and the operator A that are used to define the modified entropy H in [12], we set
S=e(Id—pu)(A+A*)(Id — ) /2. It is straightforward to check that, under the assumption
(H1)—(Hy) of [12], this operator S satisfies the conditions of Assumption 2.1. Once such
an operator S is obtained, the DMS method to obtain hypocoercive decay in L?(u) is the
following: denote B = Id + S and consider the scalar product and Hilbertian norm

<f»g>B=<f’Bg>» ”f”B=V<f’f>B~

The latter is equivalent to the usual norm on L?(u), more precisely 1/2||f||§ < ||f||% <
3/2||f||%. Assumption 2.1 implies that for all f € D(L) with uf =0,

2
(FoLP)s < =plfIB < =1

In other words, (e2?'/3P,),s¢ is dissipative on {f € L?(u), uf = 0} endowed with the
scalar product ( - ) g, so that by the Lumer—Philips Theorem [17, Chapter IX, p. 250], for
all f with uf =0,
1P flls < e Plfls-
This gives an hypocoercive decay in the usual norm of L*(u):
IPef = uflla < V2P f = puflls < V2Bl f = puflls < V3e Bl f = uflla.
In fact, given a bounded measurable function V on E, the same argument works for
the Feynman—Kac semigroup (P} ), on L?(u) given by
PYF(x) = By (f(X)eh VXIS) |

where the subscript x denotes the starting point of the process. Indeed, denoting

AWV) =sup{(f.(L+V)f)p : f€DL),Ifllg=1},
we get that (e "MV PV, is dissipative on (L?(u), (- ) ) and thus, for all f € L>(u),
IRy flls < ™ flls @1
From this, following [8] and [16], we can establish the following deviation bounds:

Theorem 2.2. Under Assumption 2.1, let v < u be a probability measure on E and V be
a bounded measurable function on E. Then, for allt > 0 and all r > 0,

1o d
Py(;/ V(Xs)ds—uV>r)<\/§ had
0

—th(r)
du ¢ ’

2

where

pr?
O p— |
25||V||2 +6[|V||wr

297



Pierre Monmarché

Of course, by changing V to -V, this provides a non-asymptotic confidence interval
for the empirical mean of bounded functions.

Since the DMS method does not yield sharp estimates, we have prefered a simple
expression for i (r) rather than the largest estimate we could obtain.

Although a similar result is already established in [5], since the proof is nice and short,
we leave it for completeness.

Proof. Without loss of generality we suppose that uV = 0. By the Chebyshev and
Cauchy—Schwarz inequalities and using (2.1), forall v < g and 4 > 0,

t 13
P, (;/ V(Xs)ds > r) <eYE, (e’lfo V(X")ds)
0

=e_/m‘/P;W]ldv
E

dv

2 v

< V2er a 2“Pt IL”B

<V3 dv o~ ATHAQV) (2.2)
dull

We now bound A(AV) in the spirit of [8]. First, from Assumption 2.1,
AV) < 2sup {=pllf = ufIP +(f.VF)p : f€DWL).I|fll2=1}
Fix f € D(L) with || ]| = 1 and let y > 0 be given by 1 +y? = 1/(uf)?, so that

T

Y

1
g;:;( 1+’)/2f—1)=

(f =uf)

satisfies ug = 0 and
1 2
u(g) = - () - uf ) = 1.
Y

Moreover,
FVf)p = / VFdu 4 (A(f = ). (VF = n(V )

- / VU4 (A(f = uf) V= uf)) 4 (ACf = uf) (V = 1V)) uf

2
= /V(72g2+27g+ 1)d#+ (Ag,Vg) + —— (Ag, V)
L+y? 1+y2 1+ 72
3)/2 S5y
< 2 ||V”°0+ 2 ||V||29
2(1+y?%) 2(1+v?%)

298



L? hypocoercivity, deviation bounds, hitting times and Lyapunov functions

where we used the Cauchy—Schwarz inequality and the fact that ||Ag|| < 1/2. As a
consequence,

0% 3y 5
,(L+V < —— |- — Vil + =IIVI2| »
(FAL+VI 1”2( vp+ ZVils+ 31 ||2)

and for all 1 > 0,

AV) < 2sup{

3y 5
—yp+ =Vl + = IV
sup (yp LVl + 31 ||2)}

Y
1+v2

3y 5
< 2sup {7 (—yp + TIIVIIDO + EIIVIIz)}

v20
LV”% if 3||V|leo < 2p
=14p - 6|lV]le a ’
+00 otherwise.
In particular, denoting
A0 :=2p/(3||Vllx) B llidl
0-= ) = s
6[IVle
we get
/12
sup{Ar — A(AV)} > sup {/lr _A }
250 2€[0, ) Ag— A4
2 2
_ Aor > 4(/10: ) — h(r).
,8(1+w/l+r/ﬁ') Ber
Taking the supremum over 4 € [0, Ap) in (2.2) concludes. O

Let U be a measurable subset of E and Ty = inf{r > 0, X; € U} be the first hitting
time of U of the process (X;)s>o0-

Theorem 2.3. Under Assumption 2.1, if u(U) > 0, then for all § < h(u(U)) and all
probability measure v < (4,

Ev(e‘m’)<1+\/§ d o

dplly 7 (u(0) — 6
Proof. Following [11] we remark that for all ¢ > 0,

{Ty =t} C {; ‘/0[ 1y (X,)ds = 0} .
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Theorem 2.2 applied with V = =1y and r = p(U) yields

1 [ d
P, (—;/0 1y (Xs)ds + u(U) >,U(U)) <V2 d—v

Mo

o th ()

Then, conclusion follows from
dv

Ev(e”v)=1+/ 6c”', (Ty > 1)dr < 1+ V2 | 3
0 M

/mgef(f)*h(,u(U)))dt. -
2J0

In particular, Theorem 2.3 implies that, for all U with u(U) > 0, W(x) := By (e9Tv)
is finite for y-almost every x € E, and W € L'(u). Moreover, for 8 < h(u(U))/2,
W € L*(u), and one can try to make sense of LW in L?(u) based on the theory of
Dirichlet form, see e.g. [3, Section 1.7] and references within. We won’t detail this: instead,
we will see that, in fact, we can have better under some regularity assumption.

Assumption 2.4. The transition kernel p;(x, dy) of the process admits for all t > 0 and
x € E adensity r; with respect to y, i.e. p;(x,dy) = r(x, y)u(dy), such that y — r;(x,y)
is in L*>(u) for all x € E with x — ||r; (x, -)||2 locally bounded.

Under Assumptions 2.1 and 2.4, denoting Tl’J =inf{t > 1, X; € U}, then Tl’] > Ty and
E, (eGTU) <E, (eQT&) =By (x.) (eeTU) . 2.3)

From Theorem 2.3 and the assumption on x +— ||r;(x,-)|l2, W(x) is then finite for all
x € E and W is locally bounded.

Assumption 2.5. E is a d-dimensional C* manifold and L = Yy + 2.1, Y, l.2 for some
m > 1 where Yy, ..., Y, are bounded C™ vector fields with all their derivative bounded,
and such that for some @ > 0 and N € N,

m

2
VxeE,yeRY, Y (Vi(x),y) + Y (Zx).,» zabl, 24
j=1 ZeLly

where Ly denotes the set of Lie brackets of Yy, . . ., Yy, with length in [1, N].

Corollary 2.6. Under Assumptions 2.1, 2.4 and 2.5, let U be a compact measurable
subset of E with u(U) > 0 and 6 € (0, h(u(U))). Set W(x) = Ex(e?TV). Then W is in
€ C®(RY) N L' (u) and solves the Dirichlet boundary problem

LW+6W=0 onU°, W=1 onU.
In particular, in that case, W is a Lyapunov function for L in the sense that

LW < -6W+C, C :=sup{LW(x)+0W(x) : x e U}.
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Proof. The proof is based on [7, Theorem 5.14] and similar to the proof of (H2) = (H1)
in [11]. o

The strong hypo-ellipticity required by Assumption 2.5, which is already enforced in
the reversible case in [11], is a quite restrictive condition, especially if E is not compact
(which is the case where Corollary 2.6 is interesting). It should be possible to prove that
W is a Lyapunov function for L under weaker conditions, but this question exceeds the
scope of the present elementary note.

3. A few examples

The classical benchmark for hypocoercivity is the Langevin (or kinetic Fokker—Planck)
diffusion on R? x R¢ whose generator is

Lf=v-Vyf—(VUx)+v) -V, f+A,f

for some U € C%(RY). Assume that /Rd e~V dx < +co and let u be the probability

~U(x)=|v[*/2

measure with Lebesgue density proportional to e . Assume that

lim inf (|VU(x)|2 - 2AU(x)) >0

| x| —>+00
and that there exists ¢; > 0, ¢, € [0, 1) and ¢3 > 0 such that, on RY,
AU < ¢ + %lVUP, IV2U| < ¢35 (1+|VU)) .

Then, following the proof of [12, Theorem 10] (more precisely the construction of the
bounded operator A), Assumption 2.1 is satisfied, so that Theorem 2.2 and 2.3 hold. As a
comparison, the Meyn—Tweedie approach, that also yields the exponential integrability of
the hitting times, has been applied to the Langevin diffusion under various conditions on
U. For instance, due to the difficulty of constructing a suitable Lyapunov function, seven
technical conditions are required in [15, Hypothesis 1.1] on U, that involve a function R
whose existence is then checked on various examples. The conditions of [12] are arguably
more general and easier to check.

As mentioned in the introduction, the comparison between [1] and [13] for the Bouncy
Particle process is similarly at the advantage of the DMS method. Other examples where
the DMS method is successfully applied (and thus where Assumption 2.1 holds) can be
found in [5] and references within.

Next, consider the strongly self-interacting diffusion studied in [4], which is the process
(X;)s>0 on the torus T¢ (with T = R/(2xZ)) that solves

t
dXt = dBt _/ VXIV(XI’ Xs)ds
0
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where (x1,x2) € T x T¢ — V(x;,x2) € R is a C* potential and (B;),s¢ is a stan-
dard d-dimensional Brownian motion. Under the additional assumption that V can be

decomposed as
n

V(x1,x2) = Zajej(xl)ej(XZ)
j=1
where n € N, and, for all j € [1,n], e j is an eigenfunction of the Laplacian (with
(ej,ex) =0if j # k) and a; € R, then the process can be extended to a finite-dimensional
Markov process by setting U; , = fOt e;(X;)ds. Indeed, (X, Uy, ...,U;) € T? x R" then
solves the system of stochastic equations
n
dX, = dB, - )" a;Ve;(X,)U; dt
j=1
Vje[[l,n]], deJZEj(X,)dl.

The basic example is V(x,x2) = cos(x] — x2) = cos(x) cos(xz) + sin(x}) sin(x;) when
d =1, in which case the system reads

dX; = dB; + sin(X;)U; ,dt — cos(X;) U, ,dt
dU, ;s = cos(X;)dr
dUz,t = Sln(Xt)dt .

In the general case, provided a; > O for all j € [1,n]], the process admits a unique
invariant probability measure

n
pu(dx,duy, ..., du,) o«<exp —% Z aj|/1j|2u3 dxduy .. .du,

j=1
where A; is the eigenvalue of the Laplacian associated to e;. It is proven in [4, Section 5]
that the DMS method, hence Assumption 2.1, holds. As a comparison, we are aware of
unpublished attempts to construct a Lyapunov function for the system (X, Uy, ..., U,),
that were succesful but intricate in the particular case V(x,x;) = cos(x; — xp) and
couldn’t be extended to the general case (which highlight again the fact that constructing
a Lyapunov function is a very ad hoc task that should be repeated for every new system).
Finally, remark that Assumption 2.5 is not satisfied in the examples above (in particular,
for the Langevin and the self-interacting diffusions, Yy is not bounded). We now give an
example that ensures that the scope of Corollary 2.6 is not empty. Consider the diffusion

(X;,Uyp)s>0 on E = R x T that solves

dX, = cos(U;)dr
dUt = —V’(Xt) Sln(U,)dt + dBt .

302



L2 hypocoercivity, deviation bounds, hitting times and Lyapunov functions
with V(x) = x?/ V1+x2. Thisisa non-elliptic, hypoelliptic diffusion on a non-compact
space. The associated generator is L = Y + Yf with
Y| =0,, Yy = cos(u)dyx — V' (x) sin(u)d, ,

which are bounded C* vector fields with all their derivative bounded. Consider Z; = d,,,
Zy = [Y1,Yo] = —sin(u)dy — V' (x) cos(u)d,
Z3 = [Y1,Z5] = —cos(u)dy + V' (x) sin(u)d, .

Then for all f € C°°(E) and all (x,u) € E,

(Zaf (x,u))* > Sln 2(u) (B f (2, u))> = V7113 cos® (u) (B f (x, u))?

and similarly for Z3. Setting a; = ||[V’||% + 1/2 and a; = a3 = 1, we get that

Z (2 f (x,w))? —IVf(x,u)Iz

for all f € C*(E) and all (x,u) € E, and thus Assumption 2.5 holds.

Second, let us check that the DMS method applies here, i.e. that the conditions
(H)—(Hy) of [12] are satisfied. Let u be the probability measure on E with Lebesgue
density proportional to exp(—V (x)). Denote Q = 32 and T = Y;. Then by integration by
part, we see that 0* = Q and T* = T, where G* denotes the dual in L? () of an operator
G. In particular, for all f € C(E),

/ Lfdu= / f(Q"+T)1du = / f(Q-T)1du =0,
E E E
which proves u is invariant for L. The Poincaré inequality on T states that
2
/(auf(x, u))?e”V®dxdu > 47r2/ (f(x, u) — /f(x, v)dv) e VP dxdu
E E T

for all f € CX(E) (and thus, by density, for all f € D(Q)), which is exactly the
microscopic coercivity Assumption (H;) of [12]. Denote ITf (x, u) = fT f(x,v)dv. Then

TIILf (x,u) = cos(u)dy /f(x, v)dv,
T

and in particular, since /Tcos(u)du = 0, TIIT = 0, which is (H3) of [12]. Moreover,
integrating by part again,

(TID)" f (x, u) =/ECOS(V) (V' (x) f(x,v) = O0x f(x,v)) dv,
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so that

(TTID)*TTL f (x,u) = /cos(v)2 (V’(x)ax - 6)%) / f(x,w)dwdv
T

- % ( '(x)8y — aﬁ) ILf (x,u) .

Asa consequence,
1 _ 1
[anpra=3 [@npre s s [arr-uan.
E R

where Cp is the Poincaré constant of the measure e~". This is the macroscopic coercivity
condition (Hy) of [12]. In view of the expression of (TTI)*TTI, the last condition (Hy)
of [12] follows from [12, Lemma 4]. As a consequence, Assumption 2.1 holds.

Finally, let us prove that Assumption 2.4 holds. Denoting U, = U, + 7, remark that

dX, = —cos(U,)dt
dfjt = V'(Xt) Sin(ﬁt)dt + dB[ .

In other words (X;, Uy + 7);50 is a Markov process with generator L* (this is reminiscent
of the change of variable w = —v for the Langevin process). Denoting p, and p; the
transition kernels of L and L*, we thus have, for all (x, u), (y,w) € E,

Pt ((y,W), ()C, I/t)) = p:: ((x9 I/t), (y,W)) = Pt ((x,u - ﬂ-)’ (y,W _ﬂ)) .

Since y is invariant by the transformation (x,u) +— (x,u — ), the densities r; = p;/u
and r; = p,/u satisty the same relation. From [6, Theorem 1.5], Assumption 2.5 implies
that p; ((x,u), (y,w)) < C(1 At)~M for some C, M > 0 uniformly in (x, u), (y,w) € E.
Then we bound

llre (s ), I3 = /E re (Ce,u), (ry W) re (v w 1), (x4 7)) eV dydw

CeV®
< —_—
(1AM

CeV®

" V) dydw =
Lo o e Oy e

which establishes Assumption 2.4.
As aconclusion, Corollary 2.6 holds for the process (X;, U; );>0. Moreover, Theorem 2.3,
Inequality (2.3) and the quantitative bound on ||r; ((x, u), - )]|2 yield

E(x,u) (eHTU) < Ce%V(x)

for some C > 0 for all x € E all set U with u(U) > 0 and all 8 < h (u(U)).
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