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NON ULTRACONTRACTIVE HEAT KERNEL BOUNDS BY LYAPUNOV
CONDITIONS

FRANCOIS BOLLEY, ARNAUD GUILLIN, AND XINYU WANG

ABSTRACT. Nash and Sobolev inequalities are known to be equivalent to ultracontractive
properties of heat-like Markov semigroups, hence to uniform on-diagonal bounds on their
kernel densities. In non ultracontractive settings, such bounds can not hold, and (necessarily
weaker, non uniform) bounds on the semigroups can be derived by means of weighted Nash
(or super-Poincaré) inequalities. The purpose of this note is to show how to check these
weighted Nash inequalities in concrete examples of reversible diffusion Markov semigroups
in RY, in a very simple and general manner. We also deduce off-diagonal bounds for the
Markov kernels of the semigroups, refining E. B. Davies’ original argument.

The (Gagliardo-Nirenberg-) Nash inequality in R? states that

115 oy < CAIV 2o 1117 (1)

for functions f on R¢ and is a powerful tool when studying smoothing properties of parabolic
partial differential equations on R

In a general way, let (P;):>0 be a symmetric Markov semigroup on a space E, with Dirichlet
form &€ and (finite or not) invariant measure pu. Then the Nash inequality

11y < [C1ECE F) + Call F 132 ] 11 TG (2)

for a positive parameter d, or more generally

) <ufuL2 ” ) _ &) 3)

1AWy )~ 112 g

for an increasing convex function ®, is equivalent, up to constants and under adequate hy-
potheses on @, to the ultracontractivity bound

1P fll poo(apy < n~ @) 11l p1dy, >0

where

+oo
n(t) = /t q>(133) dx;

for instance n~1(t) < Ct=%? for 0 < t < 1 in the case of (2). We refer in particular to [6]
and [13] in this case, and in the general case of (3) to the seminal work [9] by T. Coulhon
where the equivalence was first obtained; see also [3, Chap. 6]. Let us observe that Nash
inequalities are adapted to smoothing properties of the semigroup for small times, but can
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also be useful for large times. This is in turn equivalent to uniform bounds on the kernel
density of P; with respect to u, in the sense that for u-almost every x in E one can write

Puf(@) = [ ) pieg)duta) with pila,y) <070 (4)
for p@u-almost every (z,y) in Ex E. Observe finally that (3) is equivalent to its linearised form

I gy < wECE L)+ 0 1 Tagy: w0 <o

for a decreasing positive function b(u) related to ®: this form was introduced by F.-Y. Wang [17]
under the name of super-Poincaré inequality to characterize the generators L with empty es-
sential spectrum. For certain b(u) it is equivalent to a logarithmic Sobolev inequality for p,
hence, to hypercontractivity only (and not ultracontractivity) of the semigroup.

Moreover, relevant Gaussian off-diagonal bounds on the density p;(x,y) for x # y, such as
pi(z,y) < Cle) t~Y2 emdlew)?/t+e) 4 5

for all & > 0, have first been obtained by E. B. Davies [12] for the heat semigroup on a
Riemannian manifold F, and by using a family of logarithmic Sobolev inequalities equivalent
to (2). Such bounds have been turned optimal in subsequent works, possibly allowing for e = 0
and the optimal numerical constant C' when starting from the optimal so-called entropy-energy
inequality, and extended to more general situations: see for instance [3, Sect. 7.2], [6] and [13]
for a presentation of the strategy based on entropy-energy inequalities, and [5], [10, Sect. 2]
and [11] and the references therein for a presentation of three other ways of deriving off-
diagonal bounds from on-diagonal ones (namely based on an integrated maximum principle,
finite propagation speed for the wave equation and a complex analysis argument).

In the more general setting where the semigroup is not ultracontractive, then the uniform
bound (4) cannot hold, but only (for instance on the diagonal)
pi(z,z) <n~H(H)V (2)? ()

for a nonnegative function V. Such a bound is interesting since it provides information on
the semigroup : for instance if V is in L?(u), then it ensures that P; is Hilbert-Schmidt,
and in particular has a discrete spectrum. It has been shown to be equivalent to a weighted
super-Poincaré inequality

£ 2y < wEF) +0() 1 FVIT1guy:  uw<uo (6)

as in [18], where sharp estimates on high-order eigenvalues are derived, and, as in [2], to a

weighted Nash inequality
/117
) L2(du) < (f f) . (7)
VB ) = TV B

The purpose of this note is twofold. First, to give simple and easy to check sufficient criteria
on the generator of the semigroup for the weighted inequalities (6)-(7) to hold : for this, we use
Lyapunov conditions, which have revealed an efficient tool to diverse functional inequalities
(see [1] or [8] for instance) : we shall see how they allow to recover and extend examples
considered in [2] and [18], in a straightforward way (see Example 8). Then, to derive off-
diagonal bounds on the kernel density of the semigroup, which will necessarily be non uniform
in our non ultracontractive setting. For this we refine Davies’ original ideas of [12]: indeed,
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we combine his method with the (weighted) super-Poincaré inequalities derived in a first step,
instead of the families of logarithmic Sobolev inequalities or entropy-energy inequalities used
in the ultracontractive cases of [3], [6] and [12]-[13]; we shall see that the method recovers
the optimal time dependence when written for (simpler) ultracontractive cases, and give new
results in the non ultracontractive case (extending the scope of [2] and [18]). Instead, we could
have first derived on-diagonal bounds, such as (5), and then use the general results mentionned
above (in particular in [11]) and giving off-diagonal bounds from on-diagonal bounds; but we
will see here that, once the inequality (6)-(7) has been derived, the off-diagonal bounds come
without further assumptions nor much more effort than the on-diagonal ones.

To make this note as short and focused on the method as possible, we shall only present in
detail the situation where U is a C? function on R? with Hessian bounded by below, possibly
by a negative constant, and such that [ e Ydr = 1. The differential operator L defined
by Lf = Af — VU - Vf for C? functions f on R? generates a Markov semigroup (P)>0,
defined for all ¢t > 0 by our assumption on the Hessian of U. It is symmetric in L?(p) for the
invariant measure du(z) = e~U® dz. We refer to [3, Chap. 3] for a detailed exposition of
the background on Markov semigroups. Let us point out that the constants obtained in the
statements do not depend on the lower bound of the Hessian of U, and that the method can
be pursued in a more general setting, see Remarks 3, 7 and 11.

We shall only seek upper bounds on the kernel, leaving lower bounds or bounds on the
gradient aside (as done in the ultracontractive setting in [10, Sect. 2], [13] or [16] for instance).
Let us finally observe that S. Boutayeb, T. Coulhon and A. Sikora [5, Th. 1.2.1] have most
recently devised a general abstract framework, including a functional inequality equivalent
to the more general bound p;(x,z) < m(t,z) than (5), and to the corresponding off-diagonal
bound. The derivation of simple practical criteria on the generator ensuring the validity of
such (possibly optimal) bounds is an interesting issue, that should be considered elsewhere.

Definition 1. Let ¢ be a C! positive increasing function on (0, 4+00) and ¢ be a continuous
positive function on R?, with ¢(z) — +oo as |z| goes to +0o. A C? map W > 1 on R? is a
¢-Lyapunov function with rate ¢ if there exist b, rg > 0 such that for all z € R?

Lw
ey @ < 9@ + blaicn

We first state our general result:

Proposition 2. In the notation of Definition 1, assume that there exists a &-Lyapunov func-
tion W with rate ¢. Then there exist C and sg > 0 such that for any positive continuous
function V. on R?

[ranss [Ivseavygmas + cgou(3) (5 vaoun(3)" ([11van)” o)

for all smooth f and s < sg. Here, forr >0

eU(@)

9lr) = sup Tz h) = sup [VUGP, () = int{u > 05 i 9(2) > 1}

Here and below a V b stands for max{a, b}.
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Remark 3. Proposition 2 can be extended from the R? case to the case of a d-dimensional
connected complete Riemannian manifold M. If M has a boundary OM we then have to
suppose that 0,W < 0 for the inward normal vector n to the boundary, namely that the
vector VW is outcoming at the boundary. We also have to check that a local super-Poincaré
inequality holds: this inequality can easily be obtained in the R? case by perturbation of the
Lebesgue measure, as in the proof below; for a general manifold, it holds if the injectivity
radius of M is positive or, with additional technical issues, if the Ricci curvature of M is
bounded below (see [8] or [17] and the references therein).

Corollary 4. Assume that there exist ¢, and 6 > 0 such that
1
VU(z) x> E|x|a—c, VU (z)] < e(1V]z]%) (9)

for all x € RY. Then for all v > 0,7 > 1 —a and for V(z) = (14 |2|?)#/2eV@)/2 with B € R
there exist C' and sg > 0 such that

2 2 2 c 2
[fauss [1vPaviyar S( 177 dn) (10)
for all smooth f and s < sg. Here
28V O0+d[§V (aty—1)]
N 20+~ —1)

The first hypothesis in (9) allows the computation of an explicit Lyapunov function W as
in Definition 1, with an explicit map ¢, hence v in (8); the second hypothesis is made here
only to obtain an explicit map h in (8), and then the s~? dependence as in the super Poincaré
inequality (10). Observe also from the proof that sy does not depend on 53, and that the

constant C obtained by tracking in the proof its dependence on the diverse parameters would
certainly be far from being optimal, as it is always the case in Lyapunov condition arguments.

A variant of the argument leads to a (weighted if o < 1) Poincaré inequality for the
measure 4, see Remark 13 below. For a > 1 we can take v = 0 in Corollary 4, obtaining a
super-Poincaré inequality with the usual Dirichlet form and a weight V', and then non uniform
off-diagonal bounds on the Markov kernel density of the associated semigroup:

Theorem 5. Assume that AU — |[VU|?/2 is bounded from above, and that there exist ¢,d > 0
and o > 1 such that

1
VU(z) -z > E|x|a—c, VU (z)] < c(1V]z]%)

for allz € R, Then for allt > 0 the Markov kernel of the semigroup (P;)y>0 admits a density
pi(x,y) which satisfies the following bound : for all B € R and € > 0 there exists a constant C

such that
C eU(x)/2 eU(y)/2 _ \x—y\2

pe(@,y) < — e Arer
(1 +||2)B/2(1 + [y|?)P/2
for all 0 < t <1 and almost every (z,y) in R? x RY. Here
28V O0+doV(a—1)]
P= 2(a—1)
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In particular, if § < a—1 (as in Example 8 below), and for § = 0, we obtain p = d/2 as in
the ultracontractive case of the heat semigroup. The bound on the kernel density derived in
Theorem 5 will be proved for all ¢t > 0, but with an extra e“* factor, hence is relevant only
for small times. For larger times it can be completed as follows :

Remark 6. In the assumptions and notation of Theorem 5, the measure u satisfies a Poincaré
inequality; there exists a constant K > 0 and for all ¢y > 0 there exists C' = C(tg) such that
for all ¢ > to and almost every (z,y) in RY x R?

U (@)/2 JU(v)/2
(1+ |22)B2(1 + |y[2)72

Remark 7. Our method can be extended from the case of diffusion semigroups to more
general cases. For instance the weighted Nash inequalities can be derived for discrete val-
ued reversible pure jump process as then a local super-Poincaré inequality can easily be
obtained. Then we should suppose that the Lyapunov condition holds for £(w) = w and use
[8, Lem. 2.12] instead of [7, Lem. 2.10] as in the proof below. Observe moreover that [6] has
shown how to extend Davies’ method [12] for off-diagonal bounds to non diffusive semigroups.

pe(z,y) — 1] < Ce™™!

Example 8. The measures with density Z e *®)" for a > 0 and u C' convex such that
[ e *dx < +oo satisfy the first hypothesis in (9) in Corollary 4 and Theorem 5. Indeed, by
[1, Lem. 2.2],

Vu(z) -z > u(z) —u(0) > K|z| (11)

with K > 0 and for |z| large, so
o 0 Kyel
V(u®)(z) -z |z|™ = au(z)* ! Vu(z) - z|z|~* > a(M) (1 - M) > a<—) 3> 0

for |z| large.

In particular for u(z) = (1 + |z|?)'/2, the hypotheses of Theorem 5 hold for a > 1 and
0 =a—1 (and U = u® has a curvature bounded by below), thus recovering the on-diagonal
bounds given in [18] (and [2] in dimension 1), and further giving the corresponding off-diagonal
estimates. It was observed in [2] that in the limit case o = 1 the spectrum of —L does not
only have a discrete part, so an on-diagonal bound such as p;(z,z) < C(t)V(x)? with V in
L?(p) can not hold. For a > 2 the semigroup is known to be ultracontractive (see [14] or [3,
Sect. 7.7] for instance), and adapting our method to this simpler case were V = 1 leads to
the corresponding off-diagonal bounds, see Remark 12.

For Cauchy type distributions, Proposition 2 specifies as follows :

Corollary 9. Assume that there exist a,c and 6 > 0 such that
liminf VU (z) -z > d+ « and IVU(z)| < e(1V]z]), z e R%

|x| =400

Then for all v > 2/a and for V(z) = (1 + |z|>)~#/2eV@)/2 with 8 > 0 there exist C' and
sg > 0 such that

2
/deu <s /\VfF(lv 227 dpu+ %(/‘ﬂwﬂ)
for all smooth f and s < so. Herep=~yB+d[1V (67)]/2.
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A variant of the argument also gives a weighted Poincaré inequality for the measure pu, see

Remark 13.
Example 10. The measures with density Z~lu(z)~(4t® for a > 0 and u C? convex such

that [e™*dx < 400 satisfy the first hypothesis in Corollary 9. Indeed, by (11),
Vu(z) u(z) — u(0) u(0)
VU(z) -z = (d —— x> (d ——~=(d 1——=)>(d 1-
() = (d )= o0 w2 (A ) S = = +a)( u(x))_( +a)(l—e)
for any € > 0, and for |z| large. In particular, choosing u(z) = (1 + |z|?)'/2, the hypotheses
of Corollary 9 hold with § = 0 for the generalized Cauchy measures with density Z~! (1 +
|z|?)~(+)/2 | where o > 0.

The rest of this note is devoted to the proofs of these statements and further remarks.

Notation. If v is a Borel measure, p > 1 and r > 0 we let || - ||, be the LP(r) norm and

[ Fdv = /mg,« F@) dv(z).

Proof of Proposition 2. We adapt the strategy of [8, Th. 2.8], writing

/deu=/rf2d/~c+/x>rf2du

for » > 0. By assumption on ¢ and W, and letting ®(r) = inf|,>, #(z), the latter term is

, 1 1
—d
|J:|>7"f ¢ ¢ a

P odu < ﬁ/ﬂqﬁdu

) lz|>r

O(r
st (2 ones [ 9 n) = g (f1o g s [ 200)

by integration by parts (as in [7, Lem. 2.10]) and for r > rq.
Hence for all > rg

[rmeedy) frusay forn
forw=1v1/¢(W).

Now for all » > 0 the Lebesgue measure on the centered ball of radius r satisfies the
following super-Poincaré inequality :

/rgZ iz < u/r\VgIQdm—i—b(r,u) (/T\gydmf (13)

for all 4 > 0 and smooth g, where b(r,u) = cg(u~%? + %) for a constant cq depending only
on d. For r =1 (say) this is a linearization of the (Gagliardo-Nirenberg-) Nash inequality

</192 dx)1+2/d Scd/1(92+’v9‘2)dw </1\g]dm>4/d

for the Lebesgue measure on the unit ball; then the bound and the value of b(r,u) for any
radius r follow by homogeneity.
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Hence, for g = feV/2,

[P = [(retPpa
' ' U/2

2
< 2u/\Vf\Ze_Udm+%/fz\VUIQe_de—i-b(r,u) (/GT]fIVe_de>

< 2u/|Vf|2de+gh(r)/fzdwrb(hum(r) </|f|VdM>2-

By (12) and collecting all terms, it follows that for all » > ¢ and u > 0

<1—gh(r)<1+%)>/f2d,u < <$+2u<1+%)>/wﬂ2wdu

1+ %) b(r, ) g(r) (/ T du>2 "

Now, for r > rg, then ®(r) > ®(rg) so 14+b/®(r) < 1+b/P(r¢) := 1/k. Hence, if uh(r) < k,
then the coefficient on the left hand side in (14) is greater than 1/2; on the other hand, is
2u ®(r) < k, then the coefficient of the energy is smaller than 2/®(r).

Let now s < sg := 4/®(rp) be given. Choosing r := 1(4/s) and then u := k min{1/h(r), s/8},
we observe that r > ry and u < ksy/8, so

b(r,u) = cq(u™¥? + 779 < cgu™? + ro_d) < Cu~%?

for a constant C' depending only on d and r9. Hence, for these r and u, (14) ensures the
existence of constants C and sg > 0 such that

2
[ #anss [19Pwdn+ cgrymintyne),s2 ([ 11V an)
for all weight V', f and s < sg. This concludes the proof of Proposition 2. O
Proof of Corollary 4. Let W > 1 be a C? map on R? such that W (z) = e®*|* for |z| large,
where a > 0 is to be fixed later on. Then
LW (z) = aa |z|** W (z) [(d+a—2)|z|™* + aa — 2|7 VU (z) - z]
for |z| large, by direct computation. Now
1
aoe — x| 7*VU(2) -z < aoe — % < 0
c
for || > (2¢)1/® by the first assumption in (9), and for a < (2ca)™!, so for such an a there
exists a constant C' > 0 for which
LW (z) < —Clz|**2W (x) (15)

for |z| large.

In other words, if @ > 1, then the Lyapunov condition of Definition 1 holds with &(u) = u
and ¢(z) = C|x[**~2: observe indeed that ¢(x) — 400 as |z| — +oo for a > 1.
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If the general case when possibly a < 1, then we let v > 0 and ¢ be a C! positive increasing
map on (0, +00) with &(u) = u(logu) =27/ for, say, u > e*¥/*. Then, by (15),
Lw _ Lw < _C|x|2(a+771)
W) an/efz|mW T
for |z| large, so the Lyapunov condition of Definition 1 holds with ¢(z) = Clz|2@tr=1 if
moreover v > 1 — a.

Hence Proposition 2 ensures the super-Poincaré inequality (8) for u, with the weight w(x) =
1V1/& (W (z)) < C(1V|z|*). We now choose V(x) = (1+]z[2)~5/2eV(®)/2 with 8 € R. Then,
in the notation of Proposition 2, 1(r) = CrY/2@t7=1 for all r, g(r) = (1 + r2)# < 26928 for
r>1if >0, and g(r) < 1if 8 < 0; finally h(r) < c?r?° under the second assumption in
(9). This concludes the proof of Corollary 4. O

Proof of Theorem 5. It combines and adapts ideas from [2] and [12], replacing the family
of logarithmic Sobolev inequalities used in [12] by the super-Poincaré inequalities (10). The
positive constants C may differ from line to line, but will depend only on U and V.

The proof goes in the following several steps.

1. Let f be given in L?(p). With no loss of generality we assume that f is non negative
and C? with compact support, and satisfies / fVdu = 1. Let also p > 0 be given and v

be a C2 bounded map on R? such that |V¢| < 1 and |A¢| < p (the formal argument would
consist in letting ¥(z) = = - n for a unit vector n in R?). For a real number a we also let
o(z) = ™) We finally let F(t) = o~ Pi(¢f).

1.1. Evolution of [ F(t)V du. We first observe that

& [PV = [verorienan= [ Lo reen da (16)

by integration by parts. Indeed, following the proof of [2, Cor. 3.1], two integrations by parts
on the centered ball B, with radius » > 0 ensure that

/Vsa‘lLPt(SDf)duz/ L(Ve™") Pof) dp

T B,
* /Sd—l [Pt(gof)(rw) VVe Hrw) -n— (Ve H(rw)VP(of)(rw) - n] e~ Ulrw)d=1 4,

for the inward unit normal vector n. Then a lower bound A € R on the Hessian matrix of U
yields the commutation property and bound

IVP(of)| < e M PIV(pf)| < Ce™
by our assumption on f and ¢; moreover, on the sphere || = r, both (Vspfl)(x)er(m) [T

and |V(Ve™ 1) (z)|eV® |91 are uniformly bounded by C(1 +r©) SUP|3|—y e~U®)/2 In turn
this term goes to 0 as r goes to infinity since for instance

7,,—1(262)1/(1 1 o
U(z) —U(0) = / VU (tz) - xdt +/ VU (tz) - tet~tdt > = — C
0 r=1(2¢2)1/a C

for all |x| = r large enough, by assumption on VU. Hence both boundary terms go to 0 as r
goes to infinity; this proves (16).
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Then we observe that

LVt
% = L(log(Ve ™)) + [Vieg(Ve )%
B
" L U
log(Vyp™ ") = — Blog <x> —a(x)

where <az>= (1 + |z|?)!/2, so by direct computation
L(log(Vp™)) + [Viog(Ve™)[?
= %AU - %yvm? — Bd<a>"2+B(2 + B) <a> ! |z — alyp — 208 <a>T? Vi - x + a®| V|
< C+(p+|BDlal +a” = K

for all z if AU — |VU|?/2 is bounded from above, |Ay| < p and |[V¢| < 1. Hence L(Vy~1) <
KVe™! so

pn F(t)Vdu < K/F(t)Vd,u,
which implies
/F(t)V dp < Xt / FO)V du = eKt/fV dp = Xt
1.2. Evolution of y(t) := [ F(t)? du. By integration by parts,
y'(t) = 2/Fs01LPt(s0f) dp = —Q/V(Fsal)-VPt(st) d
= -2 / e W(VEF — aFV) - e (VF + aFV) du

= —2/ \VF|? du + 24> / \VY|?F2 du < —2/ \VF)? du + 2a%y(t)
since V9| < 1. But, for a > 1 we can take v = 0 in Corollary 4, so that

/|VF|2dp > 5_1[/F2 dy — S%(/FVdM)Q]

for any s < s¢ and a constant ¢ = ¢(U, V'), and then
/ \VF)?dp > uy(t) — cuPTte? K

for any u(=s71) > ug := s, . Here p = [28V 0+ d[§ V (a — 1)]]/2(a — 1). Hence
y'(t) < —2(uy(t) — cuPT1 ) 4 2a%y(t)

for any u > ug. As long as y(t) > c(p + 1)ube?*? then the bracket is minimal at

y&) \YP ok
_ >
<C(p + 1)) € = Yo

u

and for this u
y'(t) < =Ce 2Ky ()17 4 2%y (8).
Then the map z(t) = e~ 22°ty(¢) satisfies

Zl(t) < _Cefktz(t)Hl/p

~
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where 5 5

k= E(K —ad’) = 5(C+ (181 + p)lal)) >0
It follows by integration that
Cl—e™ _(C1—eh
- >

-1/p - —-1/p
2(t) > 2(0) + p p z2 k

so that

kt
_ 2a%t 2a?t k p 242t (€ p _ g 2Kt
y(t) = e "2(t) < Ce <71 — —kt) < Ce <_t ) =5¢

This last bound holds as long as y(t) > ¢(p + 1)ube?X?, and then for all ¢ provided we take a
possibly larger constant C' (still depending only on U and V') in it and in the definition of K.

1.3. In other words, for such a function f:

_ 2
/ (¢ Pef) " dp < c(t)?
for all ¢ > 0, where

C
oty = e, K =C+(p+|Bl)al +a”.

2. Duality argument. Let ¢ be defined as in step 1. By homogeneity and the bound
|P(of)] < Pi(p|f]), it follows from step 1 that

/(@lPt(wf))zdu < C(t)2</\f\Vdu)2

for all ¢ > 0 and all continuous function f with compact support.

Let now t > 0 be fixed, @ defined by Qf = ¢ 'P,(¢f) and W = ¢(t)V. Then

1@ Iz < W |- (17)
The bound also holds for —a, so for ¢! instead of ¢, so for @Pi(p~1f) = Q* f where Q* is
the dual of Q in L?(p):

1@ Fll2u < I[fW 1, (18)
Following [2, Prop. 2.1] we consider Rf = W~1Q(W f), and its dual in L?(W?pu), which is
R*f =W=1Q*(Wf). Then it follows from (18) that

IR fllo, w2 < [1fll1,m2p
and then by duality that
[Bf oo w2y < 1 ll22-
Moreover (17) ensures that
IR fllo,w2p < 11l w2us
so finally
IR flloowzu < IRfll2wzn < I fliw2p

As a consequence, by [3, Prop. 1.2.4] for instance, there exists a kernel density ro(z,y) on
R? x R? such that ro(z,y) < 1 for W2y @ W2p-almost every (x,y) in R x R? and

/f ra(x, )W (y)* dp(y)

for all f and W?2pu-almost every x, hence (Lebesgue) almost every z since W > 1 and u has
positive density.
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Observing that P f = 0 Q(¢ 1 f) and Q(g) = W R(W~1g), it follows that
Puf(@) = (@) Qe N)(@) = p@)W (@) R (W6~ f)(a)
= @)W (@) [ o) W) ra(e. ) duty

for all f and almost every x. Hence the Markov kernel of Py; has a density with respect to p,
given by

p2e(a,y) = @(x)p(y) " W (@)W (y)ra(z,y) < " VOO ()Y (2)V (y).

3. Conclusion. It follows from step 2 that the semigroup (P;);>0 at time ¢ > 0 admits a
Markov kernel density p;(z,y) with respect to p, such that for all real number a and all C?
bounded map ¢ on RY with |[V+| < 1 and |A| < p, the bound

C a xX)—
pilz,y) < SV (@)V(y) K tHa(d (@)= () (19)

hold for almost every (z,y) in R x RY, with K = C + (p + |8])|a| + a>.

We now let ¢t > 0, z and y be fixed with y # z. Letting r = |z| V |y| and n = ﬁ, we let
¥ be a C? bounded map on R? such that |Ve| < 1 and |A¢| < p everywhere, and such that
Y(z) = z-n if |z| < r. For instance we let h(z) be a C? map on R with h(z) = z if || <7, h
constant for |z| > R and satisfying |h'| < 1 and |h”| < p, which is possible for R large enough
compared to p~!; then we let 9(2) = h(z - n).

Such a map v satisfies ¥ (z) — ¢ (y) = —|z — y|, so the quantity in the exponential in (19) is

—alz —y| + (a® + (p+ |8])|al)t + Ct.

Since p > 0 is arbitrary (and the constant C' depends only on U and V') we can let p tend
to 0. Then we use the bound

1
8] < ea® + -5
4e
and optimise the obtained quantity by choosing a = |z —y|/(2t(1 +¢)), leading to the bound

2 2
— t
e —yl® B o

pe(z,y) < tgpv(az)V(y) Pl q0ret) " ae

and concluding the argument. O

Remark 11. The computation in steps 1 and 2 of this proof could be written in the more
general setting of a reversible diffusion generator L on a space E with carré du champ T,
under the assumptions I'(y) < 1,L(Ve~!) < KV~ ! and

/gzdﬂés/l“(g)dquCsp(/lglVdM)2

for all g and s < sg. Then step 3 would yield the corresponding bound with |z — y| replaced
by the intrinsic distance

p(x,y) = sup {|¢(x) — ¥(y);T(¥) < 1}.
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Proof of Remark 6. First observe that, under the first hypothesis in (9) in Corollary 4,
with o > 1, then (15) in the proof of this corollary ensures that

Lw
w

for all  and for positive constants b and C. This is a sufficient Lyapunov condition for u to
satisfy a Poincaré inequality (see [1, Th. 1.4]).

Then we can adapt an argument in [3, Sect. 7.4], that we recall for convenience. We
slightly modify the notation of the proof of Corollary 4, letting a = 0 (hence ¢ = 1), and

for any t > 0, letting Ryf = V! P(Vf) and Roof = V! /Vf dp. Then, by the Poincaré
inequality for p, there exists a constant K > 0 such that

RS = Bad B, = [ |ROVH = [Vian du < e [|vi= [vidu] au

< 62Kt/|Vf|2du = 672Kt||f||§,v2u

(3:) <-C+ b1|$|S7’0

for all ¢t > 0. Moreover

HRtofHZVQ,u < C(to) Hle,V2u7 HRtof”oo,VQ;L < C(to) HfH2,V2u

for all tg > 0, by step 2 in the proof of Corollary 4, so

||Rt+2tof - Roof”oo,WQ,u = HRtoRthof - RtOROORtof||OO7W2ﬂ
< c(to) | ReRio f — Roo R fll2,m2), < C(to)efKt”RtofHQ,W?u < C(t0)2€7KtHfH1,W2M

for all ¢ > 0 and tg > 0. Changing t 4 2t into ¢ > tg and writing the kernel density of
R; — R in terms of the kernel density p¢(z,y) of P lead to the announced bound on the
density p(x,y) — 1. O

Remark 12. The proof of Theorem 5 simplifies in ultracontractive situations where one
takes 1 as a weight V. For instance, for the heat semigroup on R¢, one starts from the (non
weighted) super Poincaré inequality for the Lebesgue measure on R%:

2
/F2dx < u/\VF\2dm+cdud/2(/]F]dx)

for all u > 0 and for a constant ¢y depending only on d (a linearization of the Nash inequal-
ity (1) for the Lebesgue measure on R?, which can also be recovered by letting r go to +oo
n (13)). The constant K obtained in step 1.1 is K = pla| + a2, and the very same argument
leads to the (optimal in t) off-diagonal bound

|z —y|?
4t

pe(z,y) < Ct~Y2e”

for all + > 0 (also derived in [3, Sect. 7.2] for instance with the optimal C' = (47)~%? when
starting from by the Euclidean logarithmic Sobolev inequality).

The argument can also be written in the ultracontractive case of U(z) = (14 |z|?)*/? with
« > 2 : one starts from the super Poincaré inequality

/FZd,ugu/|VF|2d,u—|—ec(1+u_2aa——2)</|F|d,u>2
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for all w > 0 (see [17, Cor. 2.5] for instance). Then one obtains the off-diagonal bound

_lz—y?

pilyy) < C0H777) o

for all ¢ > 0, also derived in [3, Sect. 7.3] by means of an adapted entropy-energy inequality.

Proof of Corollary 9. Following the strategy of the proof of Corollary 4, we observe that
LW (x) < —Clz|*2 with C > 0 for |z| large, if W(z) = |z|* with @ < 2 + a. Then, for
E(r) =r'=b, LW/E(W) < —Clz|™2, and we are in the framework of Proposition 2 provided
ab>2,a <2+ aand 0 <b< 1. We finally let v = 2/(ab — 2). O

Remark 13. We have seen in Remark 6 that, by (15), the sole first hypothesis in (9) in
Theorem 5, for a > 1, ensures a Poincaré inequality for pu.
In the case when 0 < o < 1, let us take 7 = 1 —  and replace w(x) = C(1V |z|>?) by a C!

map w(x), still equal to C|x|*Y for |z| large, and let

LYf =wAf - (wVU = Vw) -Vf =wLf+Vw-Vf
be the generator with symmetric invariant measure p. Then, still under the first hypothesis
in (9), (15) implies that

LYW LW

W :wW—{—Vw-VlogWg —C+clz| ™ < -C' (20)

for |z| large and C” > 0. This now leads to a Poincaré inequality for p and for the energy

- [rresa= [19iPwdn<c [19IPQ 4P dp,

hence deriving, under the sole first hypothesis in (9), the weighted Poincaré inequality ob-
tained in [7, Prop. 3.6] for measures as in Example 8.

Likewise, under the sole first hypothesis in Corollary 9, the weight w(z) = 1+ |x|? satisfies
the conclusion of (20), leading to a Poincaré inequality for 1 and for the energy

- / FLfdp=C / V£ [2f?) da

that is, to the weighted Poincaré inequality

[ (- [raw)an<c [1vipa+ P

for measures as in Example 10, with o > 0. For measures p with density Z~1(1+|z|?)~(d+e)/2,
this inequality has been derived in [7, Prop. 3.2] for any o > 0. The dependence in d and « of
the constants C' obtained here and in [7] is not tractable. An explicit constant C' = C(d, «)
has been derived in [4, Th. 3.1] for @ > d, and improved in a sharp manner in [15, Cor. 14]
for a > d + 2.
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