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Abstract

Let (M™,g) be a m-dimensional complete Riemannian manifold which satisfies the n-Sobolev
inequality and on which the volume growth is comparable to the one of R™ for big balls; if the
Hodge Laplacian on 1-forms is strongly positive and the Ricci tensor is in L3* for an e > 0, then
we prove a Gaussian estimate on the Heat Kernel of the Hodge Laplacian on 1-forms. This allows
us to prove that, under the same hypotheses, the Riesz transform dA™'/2 is bounded on L? for all
1 < p < co. Then, without the strong positivity assumption, we prove that the Riesz transform is
bounded on L? for all 1 < p < n, when n > 3.

1 Introduction

1.1 A brief state of the art for the Riesz transform problem

In 1983 in [41], Strichartz raised the following question : when is the Riesz transform dA~1/2 bounded
on LP(M), where M is a complete manifold? Since then, there have been a certain amount of pa-
pers which have studied this problem. We want to recall some of the results that have been so far
obtained; we do not seek to be exhaustive, since there are now a lot of results on the Riesz transform
problem in cases that include Cartan-Hadamard manifolds with a spectral gap (see [30]), Lie groups
with polynomial growth (see |2]), or R™ for Riesz transform with potential d(A + V)~%/2 (c.f. the
survey [3]). In this article, we are mostly interested in finding geometric hypotheses which ensure the
boundedness of the Riesz transform, so let us now present some of the existing results concerning this
aspect of the problem. Bakry proved in [5] that when M has non-negative Ricci curvature, the Riesz
transform is bounded on L?, for every 1 < p < oo. Carron, Coulhon and Hassell proved in [II] that
on the connected sum of several copies of R™, the Riesz transform is bounded on L? for all 1 < p < n,
and unbounded on LP for p > n if there is more than one end. Later in [I0], Carron extended this
result to a manifold M obtained as the connected sum of manifolds M;, 1 < i < k all of which
satisfying a Sobolev inequality of dimension n > 3: he proved that if for every 1 < i < k, the Riesz
transform on M; is bounded on L? and "5 < p < n, then the Riesz transform on M is bounded on L”.

For manifolds satisfying a Sobolev inequality of dimension n, there are -at least- 3 different ranges
of p that lead to different results for the Riesz transform: for 1 < p < 2, the boundedness of the Riesz
transform on LP has been shown under a quite great generality (at least comparing to the other cases):
Coulhon and Duong proved in [I4] that if M satisfies the Doubling property together with a relative
Faber-Krahn inequality, then the Riesz transform is bounded on LP for 1 < p < 2. For 2 < p < n, it
seems that the boundedness of the Riesz transform only depends on the geometry at infinity of the
manifold, i.e. the geometry of each end of M considered separately. For this range of p’s, Carron’s
perturbation argument [10] works: roughly, the boundedness of the Riesz transform is preserved under
gluing and perturbation both of the metric and the topology on a compact set. For n < p < oo,
an obstruction to the boundedness of the Riesz transform can be the presence of more than one end
(as we see for the exemple consisting of the connected sum of several Euclidean spaces). However,
Carron’s perturbation result [I0] does not work for this range of p’s, even if we assume that there is
only one end. At this point, we mention another perturbation result that still works for this range
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of p’s: Coulhon and Dungey in [13] proved that the boundedness of the Riesz transform is preserved
with no restriction on p under a certain L9 perturbation of the metric (but the underlying manifold
remaining the same). The problem of this result is that we must assume a priori that the manifold
M is obtained by a change of metric from a manifold on which the Riesz transform is bounded (for
example, R™ with a metric close to the Euclidean one); but if we want to generalize Bakry’s result, we
do not want to make this kind of assumptions: we would rather have intrinsic conditions in term of the
Ricci curvature and other geometric quantities that would imply that the Riesz transform is bounded.
The only known result for this range of p’s, for manifolds that are not Lie groups, apart from the case
of non-negative Ricci curvature (and apart from the examples obtained by the perturbation method
of [I3]), is the case of conical manifolds with compact basis, studied by Li in [29] (see also [16]). He
has found in this case explicitely po > n depending on the geometry of the base, such that the Riesz
transform is bounded on LP if and only if 1 < p < py. These manifolds have only one end, but in
fact when py < oo they may be too far from being perturbation of the Euclidean space R™ or of a
manifold with non-negative Ricci curvature (their Ricci tensor may not be in L% ). Later, Guillarmou
and Hassell have extended Li’s results to the case of asymptotically conical manifolds (see [26] and [27]).

On the other hand, there are some results concerning sufficient or necessary conditions so that the
Riesz transform be bounded. The point is that these results are analytical, in the sense that they
reduce the problem of the boundedness of the Riesz transform to verifying some other assumption,
typically on the Heat Kernel. One of these results is the following : under the assumptions that the
Doubling property and the scaled Poincaré inequalities hold on M (which implies in a lot of cases that
M has only one end), Auscher, Coulhon, Duong and Hofmann have shown in [4] that the boundedness
of the Riesz transform on LP is equivalent to the following LP estimate of the gradient of the heat
kernel:

C
Ve 2|, < 7]%, vt > 0.
However, we do not know any geometric caracterisation of these L? estimates- it is only known that
the non-negativity of the Ricci curvature is enough to get these for all p’s. Let us also make the
following related remark: so far, almost all the proofs that the Riesz transform is bounded rely on
some hypotheses on the Heat Kernel; indeed, for 1 < p < 2, what is used is a Gaussian upper estimate
for the heat kernel. And to treat the case p > 2, many authors make assumptions on the gradient
of the heat kernel, or, what turns out to be related, on the heat kernel on 1-forms p;. For example,
Coulhon and Duong in [I5] proved the boundedness of the Riesz transform on L? for all 1 < p < o0
when a Gaussian upper estimate on the heat kernel on functions p; holds, together with the domination
condition:
5+, )| < Cpel,y), ¥t > 0,y € M.

This implies that a Gaussian estimate holds for the heat kernel on 1-forms. Moreover, they show that
a Gaussian estimate for the heat kernel on 1-forms is enough to get this domination. Examples of
manifolds that satisfy this domination condition are the manifolds with non-negative Ricci curvature
(and conversely, if we have the domination with constant C' = 1, the Ricci curvature is non-negative).
To our knowledge, it is the only case where a Gaussian estimate for the Heat Kernel on 1-forms has
been proven. If one wants to prove Gaussian estimates for the Heat Kernel on 1-forms in more general
cases, a certain amount of negative Ricci curvature must be allowed. At each point p € M, the Ricci
tensor:
Ric, : N'T*M — A'T* M,

is symmetric (with respect to gp, the metric in p). Therefore, we can write, at each point:
Ric, = (Ricy)p — (Ric_)p,
with (Ricy), and (Ric_), non-negative.

Definition 1.1 Ricy € End(A'T*M) and Ric_ € End(A'T*M) are respectively the positive and
negative part of the Ricci tensor.



One wants to extend the Gaussian estimate for the Heat Kernel on 1-forms to the case where Ric_ is
“small” in an appropriate sense. In this direction, in a recent paper, Coulhon and Zhang (|[19]) prove
that under some strong positivity of the operator A (the Hodge Laplacian on 1-forms), there is an

estimate of the form: N

)l < =

x, < —
Pt Y V(.’I], \/E)
for t > 1: it differs from the Gaussian estimate by a polynomial factor ¢*, where « > 0 depends on
q such that Ric_, the negative part of the Ricci tensor (see Definition () is in L9. Unfortunately,
such estimates with the additionnal polynomial factor are not enough to get the boundedness of the
Riesz transform, even for small values of . Another recent tool to obtain Gaussian estimates for
the heat kernel on forms is a result of Sikora (see [38]) which generalises to the Hodge Laplacian the
well-known fact (due to Davies) for the Laplacian on functions that (Gaussian) off-diagonal estimates
follow from suitable on-diagonal estimates.

cap(—cd*(z,y)/t),

In this article, we prove Gaussian estimates for the heat kernel on 1-forms for a class of manifolds
larger than that of non-negative Ricci curvature. We were inspired by ideas developped by Barry
Simon in [39] for operators of the form L = A+ V on R", where V is a potential whose negative part
is in L3*¢; he obtained that |[e™**||o0,00 < C, Vt > 0 if and only if V is a sub-critical potential (i.e. a
potential such that L is strongly positive). The uniform upper bound |[e7*£|| o0 < C, ¥t > 0 may be
seen, by applying the Nash argument (this uses the sub-criticality of V'), to be an on-diagonal upper
bound of the Heat Kernel associated to L of the form:

c
lpY (z, )| < 7 V6> 0, Ve € M

where p}” is the Heat Keernel associated to L.

1.2 Our results

Let us describe roughly the structure of the article: it is essentially divided in two parts. In the first
one, we prove a Gaussian estimate on the Heat Kernel on 1-forms for short-range Ricci potential: we
assume that Ric_ € Lz%¢ together with some strong positivity assumption comparable to the one
of Coulhon-Zhang, and a Sobolev inequality as well as a volume growth assumption (to be discussed
below). This improves the result of Coulhon-Zhang ([19]): under our conditons, we get rid of the
polynomial term. As a corollary, we obtain the boundedness of the Riesz transform on LP for all
1 < p < 0. In a second part, we remove the hypothesis of strong positivity, and we show that the
Riesz transform is still bounded on LP if we restrict ourselves to the range 1 < p < n.

Now let us present more precisely our results. For the first part, in addition to Ric_ € L2Z*¢ the
hypotheses that we make is that the Hodge Laplacian is “strongly positive”, which roughly means that
its kernel in L7"> is zero (for a precise definition, see Definition (22))), and we also assume that the
volume growth of M is “compatible with the Sobolev dimension”; this means that the volume of big
balls B(x, R) is comparable to R"™, where n is the dimension in the Sobolev inequality that we assume
to hold on M (see Definition ([B.2)). The hypothesis that the Ricci curvature is bounded from below
is to ensure that the local geometry of the manifold is bounded. Our result is the following :

Theorem 1.1 Let (M™,g) be an m-dimensional complete Riemannian manifold which satisfies the
n-Sobolev inequality, and whose negative part of the Ricci tensor Ric_ is in LT for an e > 0. We
also assume that the Hodge Laplacian on 1-forms A s strongly positive, that the volume growth of M
is compatible with the Sobolev dimension, and that Ric is bounded from below;
Then the Gaussian estimate is valid for e—tA; for all § > 0, there exists a constant C' such that

& (z,y)

R C
||pt(x,y)|| < Wexp <—m) R V:v,y S ]\47 vt > 0.

Thus, the Riesz transform is bounded on LP for all 1 < p < oco.



Let us recall the definition of L?-cohomology. The first space of reduced cohomology is defined to be:

1 '7{04€L2:d04:0}7 N 2. Ry
HY (M) = e Te —{aeL?: Ra=0},

where A is the Hodge Laplacian acting on 1-forms.

A consequence of Proposition 1.3 in [§] is that, when n > 4, A is strongly positive if and only if
H3(M) = {0}

Thus we get the following:

Corollary 1.1 Assumen >4 ;

Let (M™,g) be a complete Riemannian manifold which satisfies the n-Sobolev inequality, and whose
negative part of the Ricci tensor Ric_ is in L=*¢ for an € > 0. We also assume that Hi(M) = {0},
that the volume growth of M is compatible with the Sobolev dimension, and that Ric is bounded from
below; .

Then the Gaussian estimate is valid for e=**: for all § > 0, there exists a constant C' such that

d*(z,y)
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Thus, the Riesz transform is bounded on LP for all 1 < p < oco.

173 (2, )| < ),Va:,yeM, V> 0.

Remark 1.1 Hi(M) = {0} implies in particular that M has only one end.

This applies in particular to conical manifolds with non-negative Ricci curvature outside a compact
set: if we take a compact (n — 1)-dimensional manifold ¥ which satisfies Ricy, > n — 2, the conical
manifold ¢(¥) with base ¥ satisfies Ric.sy > 0. Let us remark that by the Lichnerowicz-Obata
Theorem, we have A;(X) > n — 1= X\ (S" 1) (with equality if and only if ¥ is isometric to S™~1). So
this is coherent with Li’s result (see [29]), which asserts that the Riesz transform on ¢(X) is bounded
on L? for all 1 < p < oo when A\ (X) > n — 1, since by Bakry we know that Ric > 0 implies the
boundedness of the Riesz transform on LP for all 1 < p < oo. It is known that a conical manifold
of dimension n satisfies the n-Sobolev inequality, and that its volume growth is compatible with the
Sobolev dimension. Thus we get the following result:

Corollary 1.2 Let M be a complete Riemannian manifold such that there exist K1 C M, Ko C ¢(X)
compact sets such that M \ K1 is isometric to ¢(X) \ Ka;
Assume that Rics > n —2 and Hi(M) = {0};

Then the Gaussian estimate is valid for et on M: for all § > 0, there exists a constant C' such that

( _ d*(z,y)
(4+0)t

1Pt (2, y)|| < ), Va,y € M, vt > 0.

Ve, 072
Moreover, the Riesz transform is bounded on LP for all 1 < p < oo (we already knew that from the
work of Guillarmou-Hassell [26], [Z7]).

In a second part, we remove the hypothesis of strong positivity. The perturbation method of Carron
in [I0] allows us to prove:

Theorem 1.2 Assume that n > 3;

Let (M™, g) be an m-dimensional complete Riemannian manifold which satisfies the n-Sobolev inequal-
ity, and whose negative part of the Ricci tensor Ric_ is in L=*¢ for an e > 0.

We also assume that the volume growth of M is compatible with the Sobolev dimension, and that the
Ricci curvature is bounded from below.

Then for every 1 < p < n, the Riesz transform is bounded on LP on M.

Remark 1.2 Let us note that in all these results, the Sobolev exponent n is not necessarily equal to
the dimension m of the manifold M ; in fact, n must only satisfy n > m.



2 Preliminaries

Throughout the text, M will denote a complete non-compact manifold which satisfies the n-Sobolev
inequality: there is a constant C such that

I 22, < ClV ]2, Vf € C5°(M).

We consider an operator of the form V*V 4+ R, — R_, acting on a Riemannian fiber bundle £ — M,
where V is a connection on £ — M compatible with the metric, and for p € M, R4 (p), R_(p) are
non-negative symmetric endomorphism acting on the fiber E,. Let us denote A := V*V, the “rough
Laplacian”, and C°(E) (resp. C§°(F)) the set of smooth sections of F (resp., of smooth sections of
E which coincide with the zero section outside a compact set).

We define H := A + R,. We will consider the L2-norm on sections of E:

]2 = / R (p)dvol(p),

where |w|(p) is the norm of the evaluation of w in p. We will denote L?(E), or simply L? when there
is no confusion possible for the set of sections of E with finite L? norm.
We have in mind the case of A = d*d + dd*, the Hodge Laplacian acting on 1-forms, for which we have
the Bochner decomposition:

A=A+ Ric,
where A = V*V is the rough Laplacian on 1-forms, and Ric € End(A'T*M) is canonically identified
- using the metric - to the Ricci tensor.
From classical results in spectral analysis (an obvious adaptation to A of Strichartz’s proof that the
Laplacian is self-adjoint on a complete manifold, see Theorem 3.13 in [31]), we know that if R_ is
bounded and in L} ., then A + R, — R_ is essentially self-adjoint on C§°(E).

loc?

2.1 Consequences of the Sobolev inequality

We will see in this section that H = A 4+ R, shares with the usual Laplacian acting on functions a
certain amount of functionnal properties, among which:

Proposition 2.1 H satisfies the n-Sobolev inequality: there is a constant C' such that
lw|Pen. < C(Hw,w), Yw € C5°(E).
n—2

Proof of Proposition (Z1)):

For the reader’s convenience, we rewrite the proof of the Appendix of [6], written by G. Besson. Since
R is non-negative, it is enough to prove that A satisfies the n-Sobolev inequality. If w € C§°(T(E)),
(Aw,w) = [}, IVw|?. Let us define f := \/|w]> + € — e € C5°(M). By the n-Sobolev inequality on
Ma

||fé||2_2n2 < C/ | Cf5|2.
n— M
But

V()
2¢/|w|? +¢€
If | X| =1, [Vx(Jw|?)| = 2{(Vxw,w)| < 2|Vxw||lw| < 2|Vw|lw| (indeed, |Vw|?*(p) = 3, [Vx,w|?(p) if
(X;): is an orthonormal basis of T, M), hence

vfez

IV (|lw]*)] = e Vx (lw]?)] < 2|Vw|lwl,

so that



[V fe| < |Vuwl.
‘We obtain
1P, < CIIV .

Furthermore, f. — |w| uniformly when € — 0, so we can let ¢ — 0 in the preceeding inequality,
obtaining:

ol s, < ClIVWIR.
But by integration by parts, if w € C§°(E), (Aw,w) = fM |Vwl|?, so we have:
oll 22, < O(Aw, )
O

Remark 2.1 In fact, the preceeding proof shows the Kato inequality (also proved in [6]): for all
w € C§°(R), lw) € Wh2 and

4a(w) = qa(lw)),

where qx (resp. qa) is the quadratic forms associated to the self-adjoint operator A (resp. to A). In
the usual terminology of [6], we say that A dominates A; in fact, it is obvious that A dominates H+ )\,
for all X > 0.

A consequence of this domination is:
Proposition 2.2 For all w € C§°(E),

le"tHy| < et wl|, vt > 0,
and

|H “w| < A™%w]|, Yo > 0.

Proof of Proposition (22):
The first part comes directly from [6].
The second domination is a consequence of the first one and of the following formulae:

1 o0
H @ — 7/ eithaildt,
Ta+1) Jo
A1 /OO e At 1gt,
Pla+1) Jy

O

This domination property, together with the fact that e *2 is a contraction semigroup on LP for all
1 < p < o0, gives at once that e is also a contraction semigroup on all the L spaces.
From the ultracontractivity estimate:

lle™" |10 vt >0,

< c
_Wa

valid since M satisfies a n-Sobolev inequality (see [37]), and the domination of Proposition (Z2]), we
deduce that we also have:

_ c
||€ tH||1)OO S W’ Vt > 0



By interpolation with ||e ' || o < 1, we deduce that for all 1 < p < oo, there exists C such that

c
—tH
lle ™ || p.co < et vt > 0.
Interpolating with ||e~*# ||, , < 1, we obtain:

_C
o (1=%)"

H

lle™ lp.q <

Furthermore, the domination property also yields that e~ is a contraction semigroup on L?, 1 < p <
00, 50 by Stein’s Theorem (Theorem 1 p.67 in [40]), et is analytic bounded on LP, for all 1 < p < oc.
Hence we have proved:

Corollary 2.1 e~ is a contraction semigroup on LP, for all 1 < p < co.
For all 1 < p < oo, there exists C such that:

||e_tH||p7q < , Vt >0, Vg > p.

135 (1-%)

tH s analytic bounded on LP with sector of angle = (1 — ‘% — 1’), for all 1 < p < 0.

Moreover, e~ 5
We recall the following consequences of the analyticity of a semigroup, which come from the Dunford-
Schwarz functionnal calculus (see [34], p.249):

Corollary 2.2 Let e *4 an analytic semigroup on a Banach space X. Then there exists a constant
C such that for all a > 0:

1.
C
|[A%e || < s V> 0.

(I 4+ tA)e ™| < C, vt > 0.

Furthermore, the domination property also yields that e~*¥ is a contraction semigroup on L?, 1 < p <

o0, 50 by Stein’s Theorem (Theorem 1 p.67 in [40]), et is analytic bounded on LP, for all 1 < p < cc.
Thus:

Theorem 2.1 H satisfies the following properties:

1. The mapping properties:
For all o > 0,

H=/?. [P — L1

is bounded whenever % = % — % and p < q < oo (in particular we must have p < ).

2. The Gagliardo-Nirenberg inequalities:
For all r > v and all s > 0,

lwllz= < Cn,r,s)[[HwI] pllwll 3, Vo € C5°(E),

where 0 = #ﬁ(n/s), under the condition v > n.
Proof of Theorem (2.1t
The mapping properties for H are the consequence of the domination of Proposition (Z2]) and of the
mapping properties for A, which hold since M satisfies a n-Sobolev inequality (cf [42], Theorem 1 and
[18], Theorem I1.4.1). The Gagliardo-Nirenberg inequalities are extracted from [I2], Theorems 1 and
2, given the ultracontractivity of e=* and its analiticity on LP for 1 < p < oo (Corollary (Z1))).




Furthermore, we have the following important fact:

Proposition 2.3 All the results of this section are also valid if we replace H by H + X\ with X > 0
(since H + X\ is dominated by A, for all A > 0), and moreover the constants in the Sobolev inequality,
in the Gagliardo-Nirenberg inequality and also the norms of the operators (H + \)™® : LP — L%, are
all bounded independantly of ).

This will be intensively used later.

2.2 Strong positivity

As in the previous section, denote H := A + R,. We assume - as it is the case for the Laplacian on
1-forms - that H — R_ is a non-negative operator:

Assumption 1 H — R_ is a non-negative operator

It is equivalent to the following inequality : if w € C§°(F),

0 < (Ric_w,w) < (Hw,w).

Simon and Davies first ([39] and [20]), in the Euclidean setting, and later Coulhon and Zhang ([19])
for the case of manifolds, have studied the large time behaviour of a semigroup e~ *(2=V) generated by
a Schrodinger operator with non-positive potential, assuming that A — V' is a positive operator. They
find that if V € L9 for some g, then |[e=*A~V)|| o < Ct®, where a depends on ¢. Moreover, if we
make the supplementary assumption that the operator A — V is “strongly positive” (or “V strongly
subcritical”), then the exponent a can be lowered. In particular, on R™, under the assumptions that
V € L3* is strongly subcritical, Simon obtains in [39] that |[e *A~")|| .o < C. What we do here
is to generalize this to the case of operators of the form V*V + R, — R_ acting on the sections of a
vector bundle E — M over M. Let us begin by recalling the following classical definition:

Definition 2.1 The Hilbert space Hg is the completion of C§°(E) for the norm given by the quadratic
form associated to the self-adjoint operator H.

We recall some of the properties of this space H¢ associated to H:

Proposition 2.4 1. H} — L%(E) In particular, it is a space of sections of E — M.

2. H'/?, defined on C§°(E), extends uniquely to a bijective isometry from H} to L*(E).
Thus we can consider H='/%: L?(E) — H}.

3. If we consider the operator H'/? given by the Spectral Theorem - denote it Hsl/2 to avoid confusion
with the one we have just defined from Hg to L* - then Dom(Hsl/Q) = HiNL*(E), and moreover
HY? coincide with Hi'* on H}NL*(E).

Sketch of proof of Proposition (24):

(@D is a consequence of the n-Sobolev inequality of Proposition (21J). The Sobolev inequality implies
that H is non-parabolic, and (2] can be obtained by the same method as in [21]. (B]) can also be obtained
by the techniques developped in [21] in the context of Schrédinger operators acting on functions, which
adapts to the case of Schrodinger operators acting on sections of a vector bundle.

O
In what follows, we assume that R_ € L% .

Definition 2.2 We say that L := H — R_ is strongly positive if one of the following equivalent -at
least when R_ € L% - conditions is satisfied :



1. There exists € > 0 such that:

0 <(R_w,w) < (1—e€){Hw,w), Yw e C°(E).

Kerpi (L) = {0}.
3. The (non-negative, self-adjoint compact if R_ € L3 ) operator A := H-Y2R_H=12 qcting on
L?(E) satisfies:
|Al2,2 < (1 =),
where € > 0.
Remark 2.2 In general, we have the equivalence between 1) and 3) and the implication 3)=2), under

the sole hypothesis that A is self-adjoint (which is the case if R € L%, but can be true under more
general conditions). The fact that 2)=3) is true as soon as A is self-adjoint compact.

Proof of the equivalence:
We can write:

L=H—-R_=HY*I-AHY2
First, let us prove that 1) < 3'), where 3') is defined to be:

3 1 (Au,u) < (1 — €)(u,u), Yu € L.
Remark that 3') is equivalent to 3) when A is self-adjoint. Let w € C§°(T'(E)), and set u = H'?w €
L*(I'(E)). Then

(Au,u) < (1 —e)(u,u) < (H V2R _w, H'?w) < (1 —e)(H?w, H'/?w)
& (Rw,w) <(1—e){Hw,w)

Then we show that 3) = 2). This is a consequence of the following Lemma:
Lemma 2.1 If A is self-adjoint, then

HY? . Kergi(L) — Kerpz(I — A)
is an isomorphism (and it is of course an isometry).

Proof of Lemma (2T):

Let u € H}; we can write u = H~ /2, where ¢ € L?(I'(E)). By definition, Lu = 0 means that for
every v € C°(I'(E)),

(u, Lv) = 0.

ioe- LThe Spectral
Theorem then implies, since C§° C Dom(H ), that given v € C§°(I'(E)) the following equality holds in
L*(I(E)):

This equality makes sense, because since H satisfies a n-Sobolev inequality, H} < L},

Hyv = HY2HY 2.

Hence

Lv=(H—R_)v=HY?(I—A)H?.



Let w := (I — A)H'/?v; then the preceeding equality shows that w € Dom(H'Y?) = H} N L*(T'(E)).
Furthermore, H'/?w = Hwv is compactly supported, so we have:

(u, H?w) = (H?u, w).

Indeed, if u € H} N L? it is a consequence of Lemma 3.1 in [21], and a limiting argument plus the fact
that H} < L?  shows that it is true for all u € H}.

loc

Lu=0 <= YveCF, (H?u,(I — A)H?v) = 0.
But since H'/2C§°(E) is dense in L?(E), we get, using the fact that A is self-adjoint:

Lu=0 <= Yvecl? (HY?u,(I - Aw)=0
< HY?ue Kerp(I — A)

O

It remains to prove that 2) = 3) ; this is a consequence of Lemma (2.I)) and of the following Lemma,
which is extracted from Proposition 1.2 in [9]:

Lemma 2.2 Assume R_ € L%. Then A := H-Y2R_H~'2 is a non-negative, self-adjoint compact
operator on L*(T'(E)). Moreover,

[|All2,2 < C||R-||=,
where C' depends only on the Sobolev constant for H.

O

We will also need the following Lemma, which is an easy consequence of the definition of strong
positivity:

Lemma 2.3 Let H be of the form: H = A + R, with R, non-negative. Let R_ € End(A*T*M)
be symmetric, non-negative, in L= such that L :== H — R_ is strongly positive. Then the n-Sobolev
inequality is valid for L, i.e.

@]l < ClLw,w), Yo € C§(E).

Proof of Lemma (23)):
By definition of strong positivity,

(R_w,w) < (1 —e€){Hw,w).

Therefore:

(Lw,w) (Hw,w) — (R_w,w)
(1-(1-¢)(Hw,w)

eCllwl]%a_,
n—2

VIV

where we have used in the last inequality the fact that H satisfies a n-Sobolev inequality.
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3 Gaussian upper-bound for the Heat Kernel on 1-forms

3.1 Estimates on the resolvent of the Schrédinger-type operator

In this section, we will show how to obtain bounds on the resolvent of L := V*V+R, —R_=H-R_.
In order to do this, we first have to estimate the resolvent of the operator H = A 4+ R, . Recall from
Corollary () that e~* is a contraction semigroup on L?, for all 1 < p < co. Using the formula:

(L+ N1 :/ e te=tAqt,
0

we get:

Proposition 3.1 Let (M™,g) be an m-dimensional complete Riemannian manifold. Then for all
A>0 and for all 1 < p < oo,

I(H +X) 7 Hlpp <

>| =

Remark 3.1 The case p = oo is by duality, for (H + \)~! is defined on L™ by duality. Indeed, for
g € L*, we define (H+ \)"1g so that:

(H+N""g, fy:=(g,(H+XN"f),VfelL

(recall that (L')" = L*). It is then easy to see that ||(H+X)" |11 < + implies ||(H +X)"]oo,00 < -
We now estimate the resolvent of the operator L := V*V + R, — R_; as before, L acts on the sections
of a vector bundle £ — M (see the beginning of the Preliminaries for the general context). The key
result is the following:

Theorem 3.1 Let (M, g) be a complete Riemannian manifold which satisfies the n-Sobolev inequality,
and suppose that R_ is in L=*€ for some € > 0. We also assume that L := H — R_, acting on the
sections of E — M, is strongly positive. Then for all 1 < p < oo, there exists a constant C(p) such
that

C
L4+ X)"Hpp < @, VA > 0.
Proof of Theorem (B.I)):

In this proof, we write L? for L(FE). Let us denote Hy := H + A. So

(L+XN"'=1-T)"H

where Ty := H;lR_. If we can prove that (I — 7Th)~! is a bounded operator on LP, with norm
independant of A, then by Proposition (3] we are done. To achieve this, we will show that the series
Y om0 Ix converges on L(LP, LP), with a bound of the norm independant of A > 0.

The aim of the next two Lemmas is to prove that T’ acts on all the L? spaces. We single out the case
q = 00, for it requires a different ingredient for its proof:

Lemma 3.1 T) : L>® — L and is bounded as a linear operator, with a bound of the norm indepen-
dant of A > 0.

Proof of Lemma (&1):

We have seen that e7*#* satisfies the mapping properties and the Gagliardo-Nirenberg inequalities of
Theorem (2.1 with constants independant of A > 0. Let u € L. We apply the Gagliardo-Nirenberg
inequality for Hy:

1Txullss < ClIR-ull7, ol Trull, ™, Vp,

11



with C' independant of A (see Remark (L2)). We have ||R_u[|z e <[|R—||21c|[ul|c. By the mapping

properties of Theorem (1), H L. Lz—¢ — L* for a certain s, with a norm bounded independantly
of A\. So we get :

1Txulloo < ClIR-[15 24 (1HS lnj2—e.sll R=llnj2—) '~ llulloe < Clfulls

Lemma 3.2 1. Forall1 < B < o0,

R_:LP - Lutm
18 bounded.

2. There exists v > 0 (small and independant of X > 0), such that for all § < oo, and for all A > 0,

Ty:L? - L' NL*,

where 1 = max(% —v,0M) and 1 = min(% + v,1), is bounded, with a bound of the norm

independant of \ (here 0T denotes any positive number).

3. For f = o0,

Ty:L>® = L>*nNLP
is bounded with a norm bounded independantly of A, if p big enough.

4. For 3 large enough,
Th:LP - LPnL>
is bounded with a norm bounded independantly of \.

Proof of Lemma (32)):
If u e L? and v € L7, then

< .
ol sz, < lallgllell,
1

Therefore, R_ : LP — L9 is bounded, where ;= % + %, for all p € [§ — €, 5 + ¢]. Taking p = 5, we

find the first result of the Lemma.
Applying the mapping property (2I]), we deduce that:

H'R_:LP - L'NL*
is bounded independantly of 3, and also independantly of A > 0 by Remark (L.2]), where

1 2 2 1 1

: _Z i i - +
" max<<n+26 n)—kB,O > max(B 0,0 >,
1 . 2 2 1 . 1 ,
;—mln((n_26—5>+5,1) —mln(E—i—u,l),

hence the second part of the Lemma with v = min(u, p').

and

For the case 8 = oo, we have s = ﬁ = p large, and we already know from Lemma (B1]) that Ty send
L to L.
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For the case 3 large enough : since R_ € L37¢ if 3 is large enough and v € L?, then R_u € L3+
for an @ > 0. We may apply Gagliardo-Nirenberg’s inequality: for such a g,

1Hy ' Roul oo < ClIR-ull} ool [HY ' Roul|5°.
This yields the result.

As a corollary of Lemma (B.2]), we obtain:

Proposition 3.2 For all 1 < < oo and 1 < «a < oo, there exists an N € N (which depends only on
B and «, and not on \), such that for all A > 0,

Ty L* — LF
1s bounded with a bound of its norm independant of .

Thus, if we can prove that there is a 8 € [1,00] and a p € (0,1) such that

IT¥]5,8 < C(1—p)¥, k €N,

with C' independant of A > 0, we will obtain that the series ) ., T} converges in L(LP, L) for all
1 < p < 0o, uniformly with respect to A > 0. It is the purpose of the next Lemma :

Lemma 3.3 Let 8:= 2% Then ||TF||s3 < C(1— p)* for all k € N with constants C and 0 < 1 < 1

independant of A > 0.

Proof of Lemma (B.3)):
We write :

T\ = H;1/2[H;1/2R_H;1/2]H;/2,

and we define Ay := H;l/zR_H;lﬂ. Let us define the Hilbert space H&)/\ to be the closure of C§°(E)
for the norm:

1/2
© </ Vw]? + >\|W|2) = Qa(w)Y?,
M

where @) is the quadratic form associated to the self-adjoint operator Hy. If A > 0, it is the space

H} N L? = Dom(H'?), but with a different norm. The choice of the norm is made so that H;/2 :

H&A — L? is an isometry. Since Ay : L2 — L2, and given that Ty = H;1/2AAH;/2, we deduce that :
Tx: Hy\ — Hy\ with [|Ta][g2 gz = [1Ax]]22.

0,\°

But by the equivalence 1) < 3) in the Definition (Z2]), the existence of p € (0, 1) such that ||Ax||2,2 <
1 — p is equivalent to:
(Row,w) < (1= p){(Ha)w, ), Yoo € C*(T(E)).

Since ((H + MNw,w) = (Hw,w) + A||w||3 > (Hw,w), we obtain that the existence of some u € (0,1)
such that for all A > 0, ||Axll22 < 1 — p is equivalent to the strong positivity of L. Therefore
[ TAllf2 | a2 < (1 — p). Moreover, by the functionnal consequence of Sobolev’s inequality (Theorem

@),
H VP Lafs o L2

with norm bounded independantly of A > 0 (by Remark (I2), and by Lemma (B.2l),
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2n 2n
R_:Lw3 — Luis,

so that, using that H;l/z

we get that

: L* — Hg , is an isometry and that we can write Ty = H;1/2[H;1/2R_],

Ty:LP — Hg,,
is bounded with a bound of the norm independant of A > 0. Furthermore, H , < Hj is continuous
of norm less than 1, and the n-Sobolev inequality for H says precisely that:
H} — LP
continuously. Therefore, H& N LP continuously, with a bound of the norm independant of A\. Then
we write TF = T¥~ Ty, with

T\:L° — Hj

and

TV Hy = Hyy — LP,

so that we get:

1T{ g8 < C(1 — )k

As a byproduct of the proof (more precisely, of Proposition (3:2) and Lemma [33))), we get:

Corollary 3.1

(L+N"'=U-Ty)""H,
with (I —Ty)~t: LP(E) — LP(E) bounded with a bound of the norm independant of X, for all 1 < p <
00.

We could hope to deduce from Theorem (B.1) that e~ '’ is uniformly bounded on all the L spaces,
by an argument similar to the Hille-Yosida Theorem. In particular, the Hille-Yosida-Phillips Theorem
tells us that the bound

C
(L4 X7 < N Vk € N,

t

with C' independant of A and k, is necessary and sufficient to obtain e~* uniformly bounded. The

issue here is that applying Theorem B.1) directly yields:

Ok
I[(L+X\)7F|| < E Vk € N,

i.e. the constant is not independant of k. In fact, applying the method of Theorem (B3] in a less naive
way would in fact yield:

Ck
AF7
i.e. the growth of the constant is linear in k and not exponential.

We do not know if we can obtain that e~*” is uniformly bounded in the general setting of Theorem
(I). However, the operator that we want to consider in fine is A = A + Ric, and this additional
information will allow us to use the idea, coming from Sikora [38], that a Gaussian off-diagonal estimate

(L +X) 75| < Vk € N,

for e*2 follows from a suitable on-diagonal estimate. Therefore, our goal is to obtain first on-diagonal
bounds for et i.e. estimates for ||e *F||2 o, and for this, following an idea of Sikora in [38], we can
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try to prove bounds for ||(L+ A)~*||2,00. The point is that the bound needed on ||[(H — R_ + ) ~*||2.0
need not be independant of k, so Theorem (3.I]) should be enough to prove it! We follow this path in
the next section.

tA —tA

Remark 3.2 Of course, at the end, if we succeed in proving the Gaussian estimate for e *=, e

will be uniformly bounded on all the LP spaces.

3.2 On-diagonal upper bounds

The next Proposition is a slight generalisation of Sikora’s idea:

Proposition 3.3 Let X be a measurable metric space. Let L be a self-adjoint, positive unbounded
operator on L*(X) , and let 1 < p < oco. Assume that the semigroup e ' is analytic bounded on
LP(X) (it is necessarily the case if p=2). The following statements are equivalent:

1. There exists a constant C such that for all t > 0,

C

—tL
lle™ poo < Fmp-

2. For an (for all) o > n/2p, there exists a constant C(p,a) such that

1L+ X)"p,cc < C(p, a)A™*F/2P Y\ > 0.

Proof of Proposition (3.3)):
First, notice that

L+ X)) p,co < C(p,a)A"*T/2P 1 YX >0

can be rewritten as

||(I + tL)iaHPyOO S O(pa a)t*n/2p7 vt > 0.
2) = 1): since e *F is analytic bounded on LP, by Proposition (ZZ) there is a constant C' such that:

[|[(I +tL)*e ™,, < C, Vvt >0.
We then write e "% = (I 4+ ¢L)~*((I + tL)*e~**) to obtain the result.

1) = 2): we have

1 o0
L A) e = —At _tLta_ldt
) F(a+1)/o ©r |
so that
1 o0
L+ N oo < =—— e [ 0ot .
ML+ 2 e < s L €l
Using the hypothesis, we obtain:
N+ N e < gy [ e = L [T emuyeniaig,
P = T(a+1) Jy F(a+1) o '

Since a —n/2p > 0, the integral [ e~ Uu®—"/2P= 1y converges, hence the result.
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We will use both sides of the equivalence. First, we apply this to H (which, by Corollary [21]), satisfies
e || 00 < =% and which is analytic bounded on L? for 1 < p < oo by Corollary @), to get:

— n/2p
Corollary 3.2 For all1 < p < oo and o > n/2p, there exists a constant C(p, ) such that
1H5 *[[p00 < Clp, a)A™F/2P WA > 0.

We now use the other side of the equivalence in Proposition (8:3) (i.e. a bound on the resolvent implies
a bound on the semigroup) to prove the following Theorem, which is our main result in this section:

Theorem 3.2 Let (M™, g) be an complete Riemannian manifold which satisfies the n-Sobolev inequal-
ity, and assume that R_ is in LZ*¢ for an e > 0. We also assume that L := H—R_ = V*V+R, —R_,
acting on the sections of a fibre bundle E — M, is strongly positive. Then we have the following on-
diagonal estimate: there is a constant C such that

_ C
||€ tL||2100 S W’ Vt > 0.

Proof of Theorem (B2):
In this proof, we write L? for LY(F). By Proposition ([B.3)), it is enough to prove the estimate:

Cn

A+ lzoe < 53

\N—n/4’ VA >0, (1)

for an N > n/4. We use the fact that for all 1 < p < oo, we have (L + )"t = (I — T))"*H,*
on LP, where (I —Ty)~! is bounded on all the L spaces, with a bound for the norm independant of
A >0 (c.f. Corollary B1)). Let k = [n/4] = [$/2]. We will show the estimate () for N =k + 1.

First case: 7 ¢ N
We want to show the estimate |[(L + A)7F 71|z o0 < W’ VA > 0. Define p > % by:

1 1 2
—==—k-.
p 2 n
By the mapping property (Theorem (Z1)),
1 1 2
Hi':Lm— L —==— = <2
s r o n 2

with a norm bounded independantly of A. Using the fact that (I —7T»)~! is bounded on all the LP
spaces, with a bound for the norm independant of A > 0, we get that

(L+XN)"F. L% — P
is bounded uniformly in A > 0. Since 35 < 1, we have by Corollary (3.2):
H{':LP — L™,

with
JH  [p,oo < CAT1 20,

so that:

o e C(k
L+ A) 7 g0 < CR)AHH 2 :ﬁ'

Second case: 7 € N hence k = 7. We write Hy''= H,*H~'** where a € (0,1). Then by Proposition
B, [|Hy 2,2 < 5=, and
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1 1 2
Hi“:L* — L% - =~ —a—
q 2 n

is bounded with a norm bounded independantly of A > 0. This time, we define p > 5 by:

1 1 2
= (k-1 =,
S=g - —lta)
We get:
_ (e N Cu (1-a C
I+ 2 < 1A+ 2 7D gl 1T =T gl Hx 2l Hy U2 < 5775

Therefore, using that ||Hy *||p,co < CA 125 and [|(I = T)™|oc.00 < C independant of A, we obtain:

C
—k—1 k
L+ 2o < sammpra=ay

But 55 = 1 — (k — 1+ ), which yields what we want.

3.3 Pointwise estimates of the Heat Kernel on 1-forms

Let us denote by p; the Heat Kernel of the Hodge Laplacian on 1-forms; for all z,y € M, p;(z,y) is a
linear morphism from 7 M to T,y M. A consequence of Sikora’s work (Theorem 4 in [38]) is:

Theorem 3.3 Let M be a complete Riemannian manifold. If we have the on-diagonal estimates:

lle™ " ]2,00

C
SW,W>O,

then we have a Gaussian-type estimate for A for all 5 > 0, there exists a constant C' such that
& (z,y)
(44 0)t

We can generalize a little bit this result: we can add a non-negative potential V' to the Hodge Laplacian.
Theorem 6 in Sikora generalizes in the following way (which is almost contained in Sikora’s paper, and
is easy to prove):

. C
iG] < oz exp (T2 ) vy € 0, v >0

Definition 3.1 Let L be a self-adjoint positive definite operator acting on a metric measured space
X. We say that the Gaffney-Davies estimates hold for L if:

-2
(e f1, f2)] < Ce™ T || full2llfll2, V¢ >0,
whenever f, is continuous and supp(frn) C B(zp, ) forn=1,2, and 0 <r < d(x1,22) — (r1 + 12).

Proposition 3.4 Let M be a complete Riemannian manifold, and let L := A+ V, withV € C* a
non-negative potential. Then the Gaffney-Davies estimates hold for L.

We have the following slight generalisation of Theorem (B3)), consequence of Theorem ([B.3)), together
with Proposition (B34):

Corollary 3.3 Let M be a complete Riemannian manifold, and let V € C'*° be a non-negative poten-

tial. Denote by p'{gv the kernel of e HB+V), If we have the on-diagonal estimate:

et By o <

—W’Vt>0’

then we have a Gaussian-type estimate for e~ HA+V), for all 6 > 0, there exists a constant C such that

d*(z,y)
4+t

o C
||ptv($,y)||§WeXP (— ),V:c,yeM, vt > 0.
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The bound that we obtain is not exactly what is usually called a Gaussian estimate on py; indeed, a
Gaussian estimate on p; is a bound of the following type:

- C d*(z,y)
e — - .
|1 (z, y)| < V(x,t1/2)eXp( (4+5)t) , Va,y € M, VYt >0

The problem comes from the term V(x,t1/2), which may not behave like t~"/2. Indeed, when M
satisfies a n-Sobolev inequality, we only have the lower bound (proved in [7] and [I]):

V(z,R) > CR", VR > 0,Vz € M,

which implies by the way that n > dim(M). For example the Heisenberg group H; is a manifold of
dimension 3 which satisfies a 4-Sobolev inequality but whose volume of geodesic balls satisfies:

V(z,R)~R*if R<1,
and
V(z,R)~R'if R> 1.

Definition 3.2 Let M be a complete Riemannian manifold of dimension m, which satisfies a n-Sobolev
inequality. We say that the volume growth of M is compatible with the Sobolev dimension if there
is a constant C' such that:

V(z,R) < CR", Vx € M,VYR > 1.

Definition 3.3 We say that M satisfies a relative Faber-Krahn inequality of exponent n if there
is a constant C' such that for every x € M and R > 0, and every non-empty subset 2 C B(z, R),

C (IB@, R)\""
)z o (P

where A\ () is the first eigenvalue of A on Q for the DIrichlet boudary conditions.
We also recall two classical definitions:

Definition 3.4 For x € M and R > 0, denote by V(z, R) the volume of the geodesic ball centered in
x, of radius R. We say that M satisfies the Doubling Property if there is a constant C such that

V(z,2R) < CV(x, R), Yz € M,YR > 0.

Definition 3.5 We say that M satisfies the scaled Poincaré inequalities if there exists a constant
C' such that for every ball B = B(x,r) and for every function f with f, V[ locally square integrable,

[1s=ssk <o [ vsp.

It is proved in [24] that the relative Faber-Krahn inequality is equivalent to the Doubling Property
together with the following Gaussian upper bound of the heat kernel:

C d?(z,y)
pu(®,y) < Vv T <_(4+6)t

We have the following property, which is not new but whose proof is given for the reader’s convenience:

>,Vt>O,VI,y€M.

Proposition 3.5 Let M be a complete Riemannian manifold of dimension m, which satisfies a n-
Sobolev inequality, and whose Ricci curvature is bounded from below. If the volume growth of M is
compatible with the Sobolev dimension, then M satisfies a relative Faber-Krahn inequality of exponent
n.
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Proof of Proposition (3.1):

We first explain why we have a relative Faber-Krahn inequality for balls of small radius. The hypothesis
that the Ricci curvature is bounded from below implies by Theorem (3.1) in [36] that we can find a
constant i, such that each ball B(z, R) with R < 1 satisfies the m-Sobolev inequality with Sobolev
constant < fi,,, and V(z, R) < CR™ for R < 1. Now, it is proved in [7] that the m-Sobolev inequality
for B(x, R) is equivalent to a Faber-Krahn inequality for B(x, R), with Faber-Krahn constant I, that
can be estimated in term of p,,. Thus, each ball B(x, R) satisfies a Faber-Krahn inequality with a
constant I',, that does depend neither on x € M nor on R < 1, i.e. for all open subset 2 C B(z, R),

r
A () > 2.
Q=

2

)E. Thus, using that |B(z, R)| < CR™ for

=

But since m < n and % >1, ('B(z’R)‘) < (‘B(‘I’IR
R <1, we get :

C C |£ (l7li)| ; C |£ (l7lz)| 727’
Q) > > — | —— > — | —X 2
A () > |Q|% — R2 < |Q| - R? |Q| ’

thus we have a relative Faber-Krahn inequality of exponent n for balls of radius < 1.

For balls of radius > 1: again, by [7], since a n-Sobolev inequality holds on M, M satisfies a Faber-
Krahn inequality of exponent n, i.e. for all open subset 2 C M,

C
A(Q) > —.
|2

The hypothesis |B(z, R)] < CR", for R > 1 then implies:

c _ C [|B(a,R)\*"
@)z o> ()

O

Example 3.1 The Heisenberg group Hy satisfies a relative Faber-Krahn inequality of exponent 4; in
fact, it even satisfies the scaled Poincaré inequalities and the Doubling Property, which is equivalent
(by the work of Grigor’yan [23] and Saloff-Coste [35]) to the conjunction of a Gaussian upper and
lower bound for the heat kernel.

Every manifold with Ric > 0 (or more generally, with Ric > 0 outside a compact set, finite first
Betti number and only one end, c.f. Theorem 1.1 in [23]]) satisfies the scaled Poincaré inequalities,
and thus a relative Faber-Krahn inequality of exponent dim(M).

Taking into account what we have obtained in Theorem ([B2), we get one of the main results of our
paper:

Theorem 3.4 Let (M, g) be a complete Riemannian manifold which satisfies the n-Sobolev inequality,
and whose negative part of the Ricci tensor Ric_ is in LZ%¢ for an e > 0. We also assume that the
Hodge Laplacian on 1-forms A is strongly positive, that the volume growth of M is compatible with the
Sobolev dimension, and that Ric is bounded from below.

Then the Gaussian estimate is valid for e—tA; for all § > 0, there exists a constant C' such that

. C d*(z,y)
[ — —
I[Pt (x, y)| < V(%tlm)exp( @10y

),Va:,yeM,Vt>0.
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Proof of Theorem (34):

By the result of Theorem ([B.2]), we can apply Theorem (B.3]) to the Hodge Laplacian; given that the
volume growth of M is compatible with the Sobolev dimension, the estimate of Theorem (B.3) writes:

) c d*(z,y)
v —
||pt(:c,y)|| = V(.’L‘,tl/2) exp ( 4+ 6)t
The fact that M satisfies a relative Faber-Krahn inequality implies:
C d*(z,y)
c v —
|pt(fl;7y)| = V((E,tl/Q) exp ( (4+5)t

But the hypothesis that the Ricci curvature is bounded from below then implies the Gaussian estimate
of ||pi(x,y)|| for small times:

),Vw,yeM,VtZl.

),Vx,yeM,Vt>O.

o C d2(ar,y)
<
||pt(Iay)|| = ‘r($7t1/2) eXP( (4 5)t

Indeed, this comes from the fact that we have the domination (proved in [28§]):

), Va,y € M, Vt < 1.

llpe(z,y)|| < e "ATe) (2, y) < e HA7D (2, y)

if Riec > —C.

O

From [§], we know that if n > 4, Kerm (A) = Kerp2(A). Recall that by the Sobolev inequality,

— —

Kerpi(A) = KerL% (A). Taking this into account, we get the following:

Corollary 3.4 Assumen > 4.
Let (M™, g) be an m-dimensional complete Riemannian manifold which satisfies the n-Sobolev inequal-
ity, and whose negative part of the Ricci tensor Ric_ is in LT*€ for an e > 0. We also assume that for

—

some k € 2, 2], Kerpr(A) = {0}, and that the volume growth of M is compatible with the Sobolev
dimension.

Then the Gaussian estimate is valid for etA; for all § > 0, there exists a constant C' such that

) d*(z,y)
|Ipi(z, y)I| < Viz,0177) P (_ (4+0)t

),Vw,yEM,Vt>O.

Also, for the case with a potential, if we apply Theorem ([B.2) and Corollary [3.3]), we get:

Corollary 3.5 Let (M™,g) be an m-dimensional complete Riemannian manifold which satisfies the
Sobolev,, inequality, and whose negative part of the Ricci tensor Ric_ is in L2*¢ for an € > 0. Let
V € C* be a non-negative potential such that A+V is strongly positive. Assume also that the volume
growth of M is compatible with the Sobolev dimension and that Ric is bounded from below. Denote by
5V the kernel of e~ t(A+Y).

Then we have a Gaussian estimate for e~ UBFV). for all 6 > 0, there exists a constant C' such that

C d(z,y)
Ve v P (‘ 4+ o)t

||p_{gv(x,y)||§ ),Vx,yeM, YVt > 0.

4 Applications

The Gaussian estimate on the Heat Kernel on 1-forms has a certain number of consequences, which
we decribe now.
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4.1 Estimates on the gradient of the Heat kernel on functions and scaled
Poincaré inequalities

First, Coulhon and Duong (p. 1728-1751 in [I5]) have noticed that a Gaussian estimate on the heat
kernel on 1-forms -in fact, a Gaussian estimate on the heat kernel on exact 1-forms is enough- leads
to the following estimate for the gradient of the heat kernel on functions:

c ( d*(z,y)
ViV (2, /1) (44 6)t
which, when the on-diagonal Gaussian upper bound for the Heat Kernel on functions and the Doubling
Property hold, yields the Gaussian lower bound for the Heat Kernel on functions:

C d*(z,y)
pi(z,y) > me?{p <_(4+5)t

In addition, if M satisfies a n-Sobolev inequality and if the volume growth of M is compatible with the
Sobolev dimension, we know from Proposition (B3] that M satisfies a relative Faber-Krahn inequality
of exponent n, and this implies by the work of Grigor’yan (|24]) that we have the corresponding
upper-bound for the heat kernel on functions:

|prt(:17,y)| < ) 5Vt>05 vayEMv

),Vt>O,Vx,y€M.

c d*(z,y)
z,y) < ————exp | —
P < v 7 ( A+t
But we know from the work of Saloff-Coste and Grigor’yan (|35] and [23]) that the two-sided Gaussian
estimates for the Heat Kernel on functions are equivalent to the conjonction of the scaled Poincaré
inequalities and the Doubling Property.
Thus we have proved the following theorem, which extends similar results for manifolds with Ric > 0:

),Vt>0,Vw,y€M

Theorem 4.1 Let (M™,g) be an m-dimensional complete Riemannian manifold which satisfies the
n-Sobolev inequality, and whose negative part of the Ricci tensor Ric_ is in L2*%€ for an e > 0. We
assume that the Hodge Laplacian on 1-forms A s strongly positive. We also assume that the volume
growth of M is compatible with the Sobolev dimension, and that the Ricci curvature is bounded from
below.

Then we have the following estimates on the heat kernel on functions:

_d*(a,y)
40yt

C
Vapi(a,y)] < 7exp(

, Vt>0,Vz,y € M,
NGAERY0) ) oy

¢ d*(z,y) C d*(z,y)
Ve v F (‘ -+ 5>t) Sl y) S g O <_ (4+ o)

and on M the scaled Poincaré inequalities hold.

),Vt>0,Vm,y€M,

4.2 Boundedness of the Riesz transform

In [38], Sikora shows that when a Gaussian estimate holds for a semigroup e~/ where H is a self-

adjoint operator, then for every local operator A such that AL~ is bounded on L?, o > 0, then AL~
is bounded on L? for all 1 < p < 2. Given this, we obtain the following result and its corollary, which
are consequences of Theorem 10 in [38] (or Theorem 5.5 in Coulhon-Duong [I5]), and of Theorem

B4):

Theorem 4.2 Let (M™,g) be an m-dimensional complete Riemannian manifold which satisfies the
n-Sobolev inequality, and whose negative part of the Ricci tensor Ric_ is in L2*€ for an e > 0. We
assume that the Hodge Laplacian on 1-forms A is strongly positive. We also assume that the volume
growth of M is compatible with the Sobolev dimension, and that the Ricci curvature is bounded from
below.

Then d*A=1/2 is bounded on LP for1<p<2.
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Corollary 4.1 Let (M™,g) be an m-dimensional complete Riemannian manifold which satisfies the
n-Sobolev inequality, and whose negative part of the Ricci tensor Ric_ is in L2*€ for an e > 0. We
assume that the Hodge Laplacian on 1-forms A is strongly positive. We also assume that the volume
growth of M is compatible with the Sobolev dimension, and that the Ricci curvature is bounded from
below.

Then the Riesz transform dA~2 is bounded on LP, for all 1 < p < co.

Given Corollary (&), and using the analyticity of e 7** on LP for 1 < p < oo, we obtain the following
estimates on the gradient of the Heat Kernel on functions (which is also a consequence of the gradient
estimate that we have proven above):

Corollary 4.2 There exists a constant C such that for all 1 < p < oo,

C
||Ve_tA||p7p < —, V> 0.

\/Z?

Remark 4.1 One can also deduce from the estimate |V p:(z,y)| < mea@p (— (ﬁfé;lt)) of the
gradient of the heat kernel, that for all 2 < p < oo, the LP estimate of the gradient holds, i.e.

Ve 2 |,p < % (see Proposition 1.10 in [f)]). Given that by Theorem ({.1)) the scaled Poincaré

inequalities hold, we can also deduce directly from the main result of [4] that the Riesz transform is
bounded on LP for every 1 < p < oo.

With our method, we also recover one of Bakry’s result (Theorem 4.1 in [5]) and an slight extension
of it in our context:

Theorem 4.3 Let (M™, g) be an m-dimensional complete manifold with Ricci curvature bounded from
below by —a, a > 0, satisfying the n-Sobolev inequality, and whose volume growth is compatible with
the Sobolev dimension.

Then for all 1 < p < oo, there exists a constant C(p) such that:

ldf 1], < C)(IAY2 fllp + allfllp), VI € C3°(M).
If furthermore Ric_ € L™'?%¢ with € > 0, then for allb > 0 and all 1 < p < oo, there exists a constant
C(p) such that:

ldf1lp < C@)(IAY2 fllp + Il fllp), VF € C5°(M).

Proof of Theorem ([.2)):
The first part can be obtained directly from Sikora’s work, but the proof that we give is instructive
for the rest of the paper. We have:

A+a=A+R; +(a—R_),

and by hypothesis a — R_ > 0, so that A + a is strongly positive. By Corollary (3:3), e~t(A+a) gatisfies
a Gaussian upper-estimate. Since we obviously have the commutation:

de—t(A+a) _ e—t(ﬁ—i—a)d,
using the formula: H~1/2 = ﬁ I e_tH%,
we deduce that

d(A+a)"V? = (A+a)" "2

We can then apply Sikora’s argument (the proof of Theorem 10 in [38]), to get that d(A + a)~/? is
bounded on LP. But by an argument of Bakry, it is equivalent to the inequality:

ldfllp < C@)UIAY2 1, +all fllp), VS € C5°(M).
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For the case where Ric_ € L™?%¢: for every b > 0, A+bis strongly positive. Indeed, let us define
H = A + Ricy + b, so that A+b=H — Ric_. Then if H} is the space associated to H, we have
Kerp, (& +b) = {0}. In fact, since b # 0, H} — L? continuously. But A + b has a spectral gap, so
Kerpe (5 + b) = {0}, which proves that A+bis strongly positive. We can thus apply Corollary (3.3
to get that e~t(A+1) gatisfies a Gaussian estimate. We then conclude as in the first case.

O

5 Boundedness of the Riesz transform in the range 1 < p <n

As announced in the introduction, we now remove the hypothesis of strong positivity. We are mainly
inspired by the perturbation technique developped by Carron in [I0]. This section is devoted to the
proof of the following result:

Theorem 5.1 Assume n > 3.

Let (M™, g) be an m-dimensional complete Riemannian manifold which satisfies the n-Sobolev inequal-
ity, and whose negative part of the Ricci tensor Ric_ is in L=z%¢ for an e > 0. We also assume that
the Ricci curvature is bounded from below, and that the volume growth of M is compatible with the
Sobolev dimension.

Then for every 1 < p < n, the Riesz transform is bounded on LP on M.

Remark 5.1 The hypotheses that we have made imply (by Proposition (32)) that M satisfies the
relative Faber-Krahn inequality of exponent n, which is equivalent to the conjunction of the Doubling
Property and of the Gaussian upper-estimate on py, i.e.

(,9) < —C G v s 0, Vo y e M

xz, S~ ¢ ) y Vs .

e\, Yy Vi, \/z) Y

And we know by [T7)] that all this implies that the Riesz transform is bounded on M for all 1 < p < 2.
What we prove below is that the Riesz transform is bounded on LP for every =5 < p < n, which is
thus enough to get the result.

The proof of this result is by a perturbation argument: using ideas of [I0], we will show that if

V € C§° is non-negative, then d(A + V)~/2 — dA~/2 is bounded on L? for -+ < p < n. Then we

will prove that if V is chosen such that A + V be strongly positive, d(A + V)~ is bounded on L?
for 5 < p < n. The following Lemma will then conclude the proof of Theorem (5.1)):

Lemma 5.1 Let (M,g) be a complete Riemannian manifold which satisfies the n-Sobolev inequality,
and whose negative part of the Ricci tensor is in L™/2.
Then we can find a non-negative potential V€ C§° such that A+ 'V is strongly positive.

Proof of Lemma (B.1)):
If we write A4V = (A+W,)—W_=H—W_, and A:= HY/2W_H"1/2 then by the definition

of strong positivity, A + V is strongly positive if and only if [|A]]2,2 < 1. Moreover, by Lemma (2.2]),
we have ||A]|2,2 < C||[W_||,/2, where C is independant of the chosen potential V' < 0. Therefore, it is

enough to take V' such that [|(V — Ric_)_|[|z < &, which is possible since Ric_ € /2,

O

5.1 A perturbation result
Our aim here is to prove:

Theorem 5.2 Assumen > 3.
Let (M™, g) be an m-dimensional complete Riemannian manifold which satisfies the Sobolevy, inequal-

ity, whose Ricci curvature is bounded from below. Let V € C§° be a non-negative potential.
Then for every -5 <p <n, d(A+ V)12 — dA=Y2 is bounded on LP on M.
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The proof is an adaptation of the proof in [I0]. To adapt these ideas to the case of Schrédinger operator
with non-negative potential, we will need some preliminary results. First, we recall a “classical” result:

Proposition 5.1 Let V € C§° be non-negative, and let £ be a smooth, open, relatively compact subset.
Let Ap be the Laplacian with Dirichlet conditions on §2.

Then the Riesz transforms d(Ap + V)12 and dABl/2 are bounded on LP for 1 < p < co.
We also recall the next Lemma and its proof from [10] :

Lemma 5.2 Let (M, g) be a complete Riemannian manifold with Ricci curvature bounded from below,
and V € C§° be a non-negative potential.
Then for all 1 < p < oo, there is a constant C' such that

ldf [l < CUIASlp + If]lp), Vf € C5° (M),
and
ldf [l < CUIA+ V) fllp + |f]lp), Vf € C5°(M).

Proof of Lemma (5.2)):
By Theorem 4.1 in [5], the local Riesz transform is bounded on the LP for 1 < p < oo, i.e. we have the
following inequality for a > 0 sufficently large:

lldfllp < CUIAY2 Il + allf1lp), VF € C5°(M).
We then use the fact that for all 1 < p < oo, there exists a constant C such that:

C
/ / ¢
1AY2 fllp < C\IAFI £ 1o < 5 (AFllp + 1 £11)-

A proof of this inequality can be found in [17].
For the case with a potential, we have [|[(A+V)f||, +al|fllp = [|Afllp = [|V||ool| f]lp + al| f]|p- Taking
a > ||V]|eo, we get the result.

O

Proof of Theorem (B.2)):

Let p € (21, n).

We follow the proof of Carron in [I0]. We define Ly := A+ V, Ly := A; we take K7 smooth, compact
containing the support of V, and K5, K3 smooth, compact such that K1 CC Ky CC K3. We also
denote Q := M \ K;. Let (po, p1) a partition of unity such that supppy C Q and suppp; C Ko. We
also take ¢¢ and ¢; to be C'°*° non-negative functions such that suppgpy C Q, suppp; C K3 and such
that ¢;p; = p;. Moreover, we assume that ¢ |k, = 1.

We define Hy := A + V with Dirichlet boundary conditions on K3, and H; := A with Dirichlet
boundary conditions on K3. Then, following Carron, we construct parametrices for e VL1 and e~ tVEo:
the one for e~ VL1 is defined by

Bt (u) = gre™ T (pyu) + goe "V (pou),
and the one for e~ V0 is defined by

B (u) := g1V (pyu) + goe ™V (pou).
Let us note that for e~ *VZo, we approximate by e *VZ! outside the compact K3, and not by e~ VLo,
Let us also remark that E}(u) = EJ(u) = u, as it should. We then have:
82

e () = Ey(w) - Gil (- 5

+ Li)E{ (u)],
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where G; is the Green operator on R} x M with Dirichlet boundary condition, associated to —g—:z +L;.
Next we have to show that the error term can be well-controled. We compute:

2
(_% + L) E}u) = [L1, ¢oleVE (pou) + [L1, d1)e ™V (pyu),

and

82

(— 5 + L)Y (u) = (Lo, d1)e ™V (pru) + (L1, dole™ " (pow) + (Lo — Lu)goe™ " (pou).

But Lo — L1 = V is supported in K, therefore (Lo — Li)poe *VEi(pou) = 0. Moreover, we have
[A+V, ¢;] = [A, ¢;], therefore [Lo, ¢;le "tV H (pu) = (Ag;) (e WV H (pju))—2(dg;, Ve o (p;u)). Define
Si(u) == (—% + L;)E;(u). We get:

SH(u) = [A, gole VT (pou) + [A, ¢1]e VL (pru),

and

SP(u) = [A, gole™ ™V (pou) + (A, drle Vo (pyu).
Lemma 2.4 in [10] implies:

C

114, gole™ 2 o)l + 1A, ole™ 2 (pow)ly < G575

Furthermore, if fi(u) := [A, ¢1]e=™ (p1u) = (Mg )e™ (pru) — 2(dgy, Ve (pyu)),

and fo(u) = [A, ¢1]e VH (pru) = (Ad1)e V0 (pru) — 2(de1, Ve o (pu)), we have as in [10]:

C
fi()[l + [ fi(w)]lp < 75 [llps VE > 0.

(1+4+1¢)

Indeed, if we denote pP(t,z,y) the heat kernel of H;, then for Fy, Fy disjoint compact subsets,
1irnplD(t, )P xm =0in CF
t—0

(cf [22] Lemma 3.2 and [32], Proposition 5.3). But by our hypotheses, the supports of p; and of
A¢y are compact and disjoints, as are the ones of p; and d¢;. Therefore the kernels of the operators
Si(t) == [A, ¢1]e”"VHip, are uniformly bounded as t — 0. So we get:

157 (1) [p.oe < C, VE € [0,1].

Now, the operators H; have a spectral gap, so |le "VHi||y5 < e, where ¢ > 0. If v € WH2(K3)
is a non-negative solution of % + (A + V)v =0, then % 4+ Av < 0, and therefore by the parabolic
maximum principle, v attains its maximum on {t = 0} U dK3. If we take v := e~ *A2TV)1 which is
zero on 0K3 for t > 0, we get:

/ pl(tvxvy)dy < 15 Vo € K37
K3

and therefore ||e~*i||, o < 1. By duality, it is true also on L', and by the subordination identity we

have:

lle™ ™ l11 + lle ™ i oo,00 < C.

Interpolating this with the L? bound, we get that
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lle™ Vi, < O™

)

for 1 < p < oo, where the constants C and ¢ depend on p. Then we write for ¢ > 1:

—(t-1/2)VEH;

1S ()ulloe < |[A, r]e 2V 1| < Ce [l

LPALOOHG

1

Here we have used that the heat kernels pP (35

.) are C*°. Thus we have proven:

Lemma 5.3

1S5 (@)llx +[1Si ()l < [ullp, VT > 0.

1+ t)n/P|

The error term, when we approximate e~*VZi by the above parametrix is G;(S(u)). We cannot control
it directly, but the main argument of [I0] shows that when we integrate the error term, we can control
it well: more precisely, given the result of Lemma (53)), we have the following Lemma that sums up
Carron’s result:

Lemma 5.4 Assumen > 3.

Let (gi(u)(2) := [y~ (Gi(S}(w)))(t, z)dt.
Then for any -5 < p <n, there is a constant C such that for all u € LP,

[|Li(gi(u))llp + lgi(w)lp < Cllullp-

Applying Lemma (5.4), we deduce that

ld(g: (w))llp < Cllullp-
We can now finish the proof of Theorem (52)). We use the formula

LY = c/ e_t‘/fidt,
0

K2

to get:
Li_l/2u = ¢1Hi_1/2p1u + ¢0L;1/2p0u — cgi(u).

Therefore:

ALy Pu— dLy Pu = (d(gr Hy Y pyu) — d(én Hy 2 pru)) + ¢(dgo(u) — dgi (u)).

(here is where we use the fact that we have taken for parametrices e VL1 for both operators outside
a compact set). Write d(qﬁlHi—l/Qplu) = (dgbl)Hi_l/2p1u—|— (bldHi_lﬂplu. (dqﬁl)Hi—l/Qpl has a smooth

kernel with compact support, therefore is bounded on LP. Applying Proposition (G.Il), we get that
gbldHi_l/2p1 is bounded on L?, hence we have the result.

O

5.2 Boundedness of d(A + V)~1/2

‘We now show:

Theorem 5.3 Assumen > 3.

Let (M™, g) be an m-dimensional complete Riemannian manifold which satisfies the n-Sobolev inequal-
ity, and whose negative part of the Ricci tensor is in L2%¢ for an € > 0. We also assume that the
Ricci curvature is bounded from below, and that the volume growth of M is compatible with the Sobolev
dimension. Let V € C§° be non-negative, such that A+V is strongly positive.

Then the Riesz transform d(A 4+ V)~/2 is bounded on LP for every 1 < p < n.
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Remark 5.2 This is an analog of the result on local Riesz transforms (Theorem ({.3)).
We first show a preliminary result:
Lemma 5.5 (& + V)fl/zd is bounded on LP for every 2 < p < oo.

Proof of Lemma (&.3):

Since A + V is strongly positive, we have a Gaussian upper estimate on e~ tA+V) by Corollary ([3.3)).
Thus we are in position to apply Theorem 5 in [38], to get that d*(A + V)~/2 is bounded on L9 for
all 1 < ¢ < 2. By taking duals, (A 4+ V)~2d is bounded on L? for any 2 < p < cc.

O

Proof of Theorem (53):

First, let us note that we can restrict ourselves to the case .25 < p < n. Indeed, for 1 < p < 2,
since the hypotheses that we have made imply the Faber-Krahn inequality, and given the domination
e HATY) < ¢tA we have a Gaussian upper bound for e *A+V). Thus the result of [14] shows that
d(A +V)~1/% is bounded on L? for every 1 < p < 2. So let p € (=<, n).

The problem to get from Lemma (5.5) the boundedness of the Riesz transform d(A + V)~1/2 is that
it is not true that d(A +V)~Y2 = (A 4+ V)~1/2d anymore. To circumvent this difficutly, we use again

the method of [10]. We will use the following;:

Lemma 5.6 For 1 <r < s < oo, we have the existence of a constant C' such that:

Q

—t(A+V

lle )||LT—>LS <

S

-3

tz(

We postpone the proof of Lemma (B8] until the end of this section.
Let E be the vector bundle of basis M x R, whose fiber in (¢,p) is AlT;M. Let G be the operator
(the “Green operator”) acting on sections of F, whose kernel is given by

(e—9)? _(ots)?

o0 e~ 4t —e at o
G(o,s,2,y) = / [ 1 P (@, y)dt,
0

VAart
where p'{gv is the kernel of e *(A+V) We can see that G satisfies:

2 .
(—W+(Am+v)) G=1,

and that G(o,s,2,y) is finite if  # y and o # s (here we use the estimate |p} (z,y)| < tn%, given

by Theorem ([B.2) and Corollary [B.3))). We want to write, as in the proof of Theorem (5.2)), for
u € C§(M):

= 2 -
e VAV 1 de VATV, o <<—% + (A + V)) de A+VU) : (2)

Now, we justify formula (2) and in passing we show some estimates that will be used later. We
compute:

——2-|- A+V))de VBV = —d(A+V)e VATV y 4+ (A + V)de VAV y
or + (B +V))detV (A +V)e Y (B +V)
—(e7VATVY) (aV).
We have:
||efth+V|| S8 <i Vvt >0
Lr—L s tn/2p7 9
and
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||€_t A-"_V||LP~>LP S 15 vt > 0.
(this comes from the domination e *A+V) < e=tA4),

Thus if we denote f := (—g—; +(A+ V)) de VATV, we have:

Lemma 5.7

£ )+ (1@ Dy < [lul[p-

1+ t)”/P
Now we show:
Lemma 5.8 ||G(f)(t,.)||2 is bounded uniformly with respect to t > 0, and

lin |G (), 2 = 0.

Proof of Lemma (G.8):

_(o—t 2 _ (o4t 2
Denote K4(t,0) := &—2_—¢ % and Hy(z,y) the kernel of e~

4ms
G(f)(t,z) = [Glotz y)f(ff y)dady
= f%fo fo (I y)f(a y) dsdody
(fM (0,y) dy) dsdo
- fo fo t,o *sﬁ( )dsdo

Consequently,
Gt e < / / K.(t,0) le=*VT £(0,.)||2 dsdo.

But we have

lle=>VE f(a,.)]]2 min (= f(o, >||1,||f< >||)

Clfulla min (7

IN A

(1+o-)n/2 ) (1+a.)n/2
Therefore,

_(e—-t)? _(ot)? _(o—t)?

o0 1 1 e s — e Is > e s — e
Gt )2 <C d +/ T
|| (f)( )||2 ||u||2/0 (1+0-)n/2 </0 \/g s 1 Sz“rg

_(o+t)?
4s
ds) do

Since n > 3, the three integrals [~ (H_U)n/g, fl 4s and = n+1 converge, and this yields immediately

the fact that ||G(f)(¢,.)||2 is bounded unlformly Wlth respect to t > 0. Furthermore, we
Dominated Convergence Theorem to conclude that lim;—_,q ||G(f)(t,.)|]2 = 0.

Therefore, letting

o2

can apply the

O

T 2
B(t,.) = e VAV ay — de VAV y 4 @ (( 0 (A + V)) de—t\/mu) 7

o(t,.) satisfies:

and
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2 _
L %1_{1(1) o(t,.) =0.

This last assertion uses that L2 — lim;_o e tVA+tYdy = L2 — lim; .o de V2TV y = du. To justify
L? —lim;_,o de~*VA+Vy = du, we can say that by the Spectral Theorem ((c) in Theorem VIIL5 in [33]),
VA + Ve VATV converges in L? for u € C§°(M); since V > 0, the Riesz transform d(A + V)~1/2
is bounded on L2, we deduce that de *V2+V4y converges in L?, and the limit is necessarily du.
Together with the fact that ¢(¢,.) is bounded in L? uniformly with respect to ¢ > 0, we deduce that
¢ = 0. This proves the formula (2.

Letting (g(u))(z) := [, (G(f))(t, x)dt, we have by integration of formula (2):

(A+ V) 2du = d(A + V) Y?u — cg.
By Lemma (.7) and Lemma (5.6]), we have as in [10]:

llgllp < Cllullp-
Applying Lemma (55), we conclude that d(A + V)~1/2 is bounded on LP.
|

Proof of Lemma (5.6]):
Let us denote L := A + V. If we can prove that ||e "2||s0e < C, [le"E]]11 < C and |Je L]y o0 <

t"%’ then by standard interpolation arguments we are done. The fact that ||e *||o 00 < C comes
from the Gaussian estimate we have on e~ L (we have this by Corollary (3.5))), plus the fact that

2 x, . . . .
m S e~ dy is bounded uniformly in € M and ¢ > 0. Then by duality lle7t]11 < C.
Moreover, by Theorem ([B.2)) we also have the estimate:

_ C
|6 tL||2100 S W’ Vt > 0
By duality, we deduce
_ C
|e tL||1,2§W7Vt>07

and by composition

_ _ _ Cc?
e ll1oe < lle™llalle™ 200 < 275, V¢ > 0.
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