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SUB-GAUSSIAN HEAT KERNEL ESTIMATES AND
QUASI RIESZ TRANSFORMS FOR 1< p < 2
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Abstract: On a complete non-compact Riemannian manifold M, we prove that a
so-called quasi Riesz transform is always LP bounded for 1 < p < 2. If M satisfies
the doubling volume property and the sub-Gaussian heat kernel estimate, we prove
that the quasi Riesz transform is also of weak type (1,1).
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1. Introduction

Let M be a complete non-compact Riemannian manifold. Let d be the
geodesic distance and p be the Riemannian measure. Denote by B(z, )
the ball of center x and of geodesic radius r. We write V(z,r) =
w(B(z,7)). One says that M satisfies the doubling volume property
if, there exists a constant C' > 0 such that for any x € M and r > 0,

(D) V(z,2r) < CV(xz,r).
A simple consequence of (D) is that there exist ¥ > 0 and C' > 0 such
that
V(z,r) r\V
1.1 —t - M, r> .
(1.1) V(:c,s)_c(s) , YeeM,r>s>0

Let V be the Riemannian gradient and A be the non-negative Lapla-
ce—Beltrami operator on M. By definition and by spectral theory, we
have

[ 9P dn= [ @apran= [ @202 du viecEon.
M M M

It was asked by Strichartz [34] in 1983 on which non-compact Rie-
mannian manifold M, and for which p, 1 < p < +00, the two semi-
norms |||V f|||, and ||A/2 f||, were equivalent on C§°(M). That is, when
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do there exist two constants c,, C} such that

(Ep) cpHAl/Qpr <[IV£lll, < CPHAl/Qprv Vfels(M)?
One says that the Riesz transform VA~1/2 is L? bounded on M if

(Ryp) IV fHlp < CIAYfllp, Y f € C(M).

Ever since, a lot of work has been dedicated to address the problem,
see for example [4, 15, 16, 3, 2, 12, 11, 19, 23] and the references
therein.

Denote by (e7*2);s¢ the heat semigroup associated with A and p,(z, )
the heat kernel, that is

et f(z) = / P, 9)f () duly), | € LM, ), pesne. = € M.
M

Estimates of the heat kernel and its derivatives happen to be a key
ingredient for the boundedness of the Riesz transform.
Let us first recall a result of Coulhon and Duong in [15].

Theorem 1.1. Let M be a complete non-compact manifold satisfy-
ing (D). Assume that

C
DUF ,r) < ——rv,
(DUE) o) < o
forallz € M, t >0 and some C > 0. Then the Riesz transform VA~1/2
is of weak type (1,1) and (Rp) holds for 1 < p < 2.

Under the doubling volume property, (DUE) self-improves into the
Gaussian heat kernel estimate (see for example [18, 27]):

c & (z,y)
(UE)  pi(x,y) < Vv P ( e
Note that (R,) may be false under (D) and (DUF) for p > 2. For
example, the connected sum of two copies of R™, n > 2, does satisfy (D)
and (DUFE), but the Riesz transform is not LP bounded for p > n. We
refer to [15, 12, 11] for more details. However, it is not known whether
(DUE) is necessary for the LP boundedness of the Riesz transform for
l<p<2

), Ve,ye M, t>0.

We are going to see that one can still obtain a weaker version of (R,)
for 1 < p < 2 without assuming any heat kernel estimates.

To this end, we first localise the Riesz transform at infinity. Then one
can consider some weaker variants of this localisation. In fact, we are
going to prove that on every complete manifold the Riesz transform is
almost bounded in the following sense:
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Theorem 1.2. Let M be a complete manifold. Then, for any o €
(0,1/2), the operator Ve 2 A~% is bounded on LP for all 1 < p < 2.

Together with known local results, this yields:

Proposition 1.3. Let M be a complete Riemannian manifold satisfying
(Dioe) and (DUE\.), then the quasi Riesz transform V(I + A)='/? +
Ve 2A~ with o € (0,1/2) is LP bounded for 1 < p < 2. Here (Dioc)
and (DUE\oc) are local versions of (D) and (DUE) to be explained
below.

Remark 1.4. It is also equivalent to say that the operator V(A® +
AY2)=1is LP bounded.

A natural question would be to ask whether (R,) holds if we replace
(DUE) with some other kind of heat kernel estimates, for instance, the
sub-Gaussian heat kernel upper bound introduced in [30, 28] as follows:

Definition 1.5. We say that the heat kernel on M satisfies the sub-
Gaussian upper bound with m > 2 if for any =,y € M,

(UE.,) pe(z,y) < exp(—cG(d(z,y),1)),

Vi(z,p(t))
where
2, 0<t<l1

1.2 t) = ’ ’
(12) 20 {tm’ o
and

r2

7) tS’I",
(1.3) G(r,t) =

(Tm)l/(m—l)
— , t>r.
t

Note that (UFEs) = (UE). For m > 2, (UE,,) is neither stronger nor
weaker than (UE), see Subsection 3.1 below. See also Subsection 3.1 for
examples that satisfy (UE,,).

Under (D) and (UE,,), we are not able to show that the Riesz trans-
form is L? bounded for 1 < p < 2. But we are able to treat the endpoint
case p = 1 of Proposition 1.3. Indeed, we have:

Theorem 1.6. Let M be a complete Riemannian manifold satisfying (D)
and (UE,,). Then for any 0 < « < 1/2, the quasi Riesz transform
V(I 4+ A)"2 £ Ve 2A™ is of weak type (1,1).
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Note that one can define Hardy spaces associated with the Laplacian
via square functions, which are adapted to the heat kernel estimates,
and show that Ve ™2 A~% is H! — L! bounded, see [13].

The plan of this paper is as follows:

In Section 2, we describe the relations between Riesz transform, local
Riesz transform, Riesz transform at infinity and quasi Riesz transform,
and we prove Theorem 1.2.

In Section 3, we consider Riemannian manifolds satisfying (D) and
(UE,,). We show Theorem 1.6.

Throughout this paper, we often write B for the ball B(zp,rp). For
any given A > 0, we will write AB for the A\ dilated ball, which is the
ball with the same center as B and with radius ryg = Arg. We denote
C1(B) = 4B, and C;(B) = 277'B\2/B for j = 2,3,...

The letters ¢, C' denote positive constants, which can change in differ-
ent circumstances. We say that A < B if there exists a constant C' > 0
such that A < CB. And A ~ B if there exist two positive constants ¢, C
with ¢ < C such that cA < B < CA.

2. L? boundedness of quasi Riesz transforms

In this section, unless otherwise stated, we always consider an arbi-
trary complete Riemannian manifold M without any other assumptions.

We could as well consider a metric measure space setting associated
with a regular and strongly local Dirichlet form, which admits a “carré
du champ” (see [5, 29]).

2.1. Localisation of Riesz transforms. Write the Riesz transform
(oo}
VA™Y? = Ve_mﬂ.
0 $1/2

Alexopoulos [1] separated the integral into local and global parts as
fol + . 100 and considered them respectively to show the LP boundedness
of the Riesz transform.

An alternative and equivalent method given in [25] is to consider the
following local Riesz transform and Riesz transform at infinity:

For 1 < p < oo, we say that the local Riesz transform is LP bounded
if
(Ry°) IV Flllp < CIT + )2 Fllp, ¥ feCge (M),
and the Riesz transform at infinity is LP bounded if

(By°) Ve 2 flll, < CIAY2fll,, ¥ f € C5°(M).
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Remark 2.1. Note that at high frequencies, (I +A)~1/2 ~ A=1/2, Thus
locally V(I+A)~'/2is the Riesz transform. Similarly, since e *A~Y/2 ~
A2 when A < € (i.e. at low frequencies), we can regard the operator
Ve 2A~1/2 as the localisation of Riesz transform at infinity.

A local version of Theorem 1.1 says:

Theorem 2.2 ([15]). Let M be a complete Riemannian manifold satis-
fying the local doubling volume property (Dioc)
(Dioc) Vro>0,3C,, such that V(z,2r) < C,,V(z,r),

Ve e M, re(0,rg),

and whose volume growth at infinity is at most exponential in the sense
that

Viz,r) < CeC)‘V(ac,r)7 Vee M, A>1,r<l1.
Suppose
_c
V(z,Vt)’
Then (R)°) holds for 1 <p < 2.

(DUEIOC) pt(xa'r) < VZ‘EM,tG (07 1]

Examples that satisfy the above assumptions include Riemannian
manifolds with Ricci curvature bounded from below.

We can characterise the LP boundedness of Riesz transform by the
combination of (R;,OC) and (Rp°). That is:

Theorem 2.3. Let M be a complete Riemannian manifold. Then, for
1 < p < o0, the Riesz transform VA~Y2 is LP bounded on M if and
only if (R°) and (R5°) hold.

The proof relies on the following multiplier theorem due to Cowling:

Theorem 2.4 ([20]). Let M be a measure space. Let L be the generator
of a bounded analytic semigroup on LP(M) for 1 < p < oo such that
et is positive, contractive and sub-Markovian for t > 0. Suppose that
F is a bounded holomorphic function in the sector ¥ ,5 = {z € C\{0} :
larg (z)| < w/2}. Then

IEL) fllp < Cllfllp, V[ € LP(M),

where C depends on p, o, and F'.
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Proof of Theorem 2.3: First assume (R,). For any f € C§°(M), on the
one hand, we have

V(I + D)2 f[llp = [[VATY2AY2(1 + A2,
< CIAYAI + A) TR, < Ol flp-

Here the last inequality follows from Theorem 2.4.
On the other hand, (Rp°) holds obviously due to the LP boundedness
of the heat semigroup. In fact,

IIVe=2 A= 21|l < Clle™ fllp < Cllflp-
Conversely, assume (R;°°) and (R;°), then
VAl < Ve 2 flllp + IV = e )]l
SUAY2 Fll+ IV (I 4+2) V2 (I +A) 2 (T e~ 2) AT 2A2 |,
SHAYZfl + (L +A)V2(I — e ®)ATV2AV2 |,
SHAY2f.
Here the last inequality is due to Theorem 2.4. O

We shall now introduce a variation of the Riesz transform at infinity.
Let 0 < o < 1/2. We say that M satisfies (R;*) if

(Rp7%) Ve 2 flllp < CIAfllp, ¥ f € C3°(M).
Together with the local Riesz transform, it will give us a notion of quasi
Riesz transform.
Note that (R;°) implies (R3>®). Indeed,
IVem AT [l < [[[Vem2/2ATY2e 22 A2 1|,
< Cle=®2al2ep,
< Cllfllp-
2.2. Equivalence of (G,) and (MI,). For any 1 < p < oo, let us
consider the following L? interpolation or multiplicative inequality:
(M) IV FII; < CIAFIIlIF L, Y f € 5o (M),
as well as the following LP estimate for the gradient of the heat semi-

group:

_ C
(Gp) Ve 2 llp-p < 7’%, vt > 0.
Recall that (R,) implies (G,) and (MI,). In fact, (G,) and (MI,)
are equivalent for any 1 < p < oc.
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Proposition 2.5 ([19, 24]). Let M be a complete Riemannian manifold.
Then, for any 1 < p < o0, (Gp) is equivalent to (MI,).

See [19] for more information about the relations between (MI,), the
Riesz transforms, and estimates of the derivative of the heat kernel. For
the sake of completeness, we give a proof here.

Proof: First assume (MI,). Substituting f by e *2 f in (MI,) yields
Ve 2 F115 < CllAe™ 2 fllplle™ £l
Since the heat semigroup is analytic on LP(M), we obtain
Ve 2 flll, < CE2 fllp-
Conversely assume (Gp). For any f € C§°(M), write the identity

t
f= e_mf—i—/ Ae A fds, Vt> 0.
0
Then (G,) yields

t
1711, < CUIve £l + H [1vaess1as

p
t
< Ct |||, + / Ve 2 Af]l, ds

< V2| £, + CEP AL
Taking ¢ = [|fl|,] Af];", we get (MI,). O

Under (G,) (or equivalently (MI,)), the quasi Riesz transform at
infinity is L? bounded:

Proposition 2.6. Let M be a complete Riemannian manifold satisfy-
ing (Gp) for some p € (1,00). Then for any o € (0,1/2), (R5>*) holds.

Proof: For any f € C3°(M), write
o dt
Ve AATf = /0 A t)Af—tl_a.

Since (G,) holds, we have

dt
tl—a

Ve A7 f][l, S/0 IIVe=C+92 1),

& dt
< CprHp/O (IR

which obviously converges for a € (0,1/2). Therefore we obtain (R;><)
for oo € (0,1/2).
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2.3. LP boundedness of quasi Riesz transform for 1 < p < 2.
This part is inspired by [16] and [24], where (MI,) and (G,) for 1 <
p < 2 were shown on manifolds and graphs respectively.

In the following, we will give a different proof of (MI,) and (G,)
on Riemannian manifolds. More precisely, we will directly show (MI})
and (Gp) by the method which is used in [33] to prove the LP bounded-
ness of the Littlewood—Paley—Stein function (see also [17, Theorem 1.2]).
In [24, Theorem 1.3], an analogue proof was given in the discrete case.

Proposition 2.7. Let M be a complete Riemannian manifold. Then
(MI,) and (Gp) hold for 1 <p < 2.

Proof: Assume that f € C§°(M) is non-negative and not identically
zero. Set u(x,t) = e ¥ f(x). Then u is smooth and positive everywhere.
Moreover, u(-, t) and Au(-,t) is LP bounded for 1 < p < oo.

For any 1 < p < 2, we have

(248)wien
= puP~(z,1) <§t+A) u(z, t)—p(p — DuP~2(x, )| Vu(z, t)[?
= —p(p — D~ (z, )| Vu(z, 1)
Define J(z,t) = — (& + A) uP(z,t), then

_
p(p—1)

We first construct a sequence of functions {¢,} as follows (see for
example [22]): let 7(t), 0 < ¢ < 0o be a non-increasing smooth function
such that n(t) =1 for 0 <t <1 and n(t) =0 for 2 < ¢ < co. Define

On(x) = n(d(z, 0) /),

for any fixed point xg € M. Then:

(2.1) |Vu(z,t)]* = u? P (x,t)J (x,1).

e 0 < ¢, <1 and ¢, is a sequence of continuous functions which
converges monotonically to 1.
e ¢, € Cj(M) and

!
Voua)] < e vy e
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Then it follows from the Green’s formula that

| 106 @ duta)

/ &, )0 / AuP (2, )62 () dp()

/ &P, )03 () du(x) /Mwu,t)-wi(x)du(x).

Let us estimate the right hand side. The first integral converges to
S %up(x, t) du(x), which is integrable. Indeed, we get from the Holder
inequality that

0 D _ up—l T wlz .
(22 g aute) = [ oo st ol dute
< Cllu, )5 Aul-, )]l

Now we move to the second integral. Note that

VP (z,t) - V2 (x) du(z) = /M 20uP ", (2)Vu(w, t) - Vo (x) du(z).

M

Still from the Holder inequality, it holds

[ - Ve duto

(2.3) < 2]V e /M Pz, 1) (60 | Vu(z, 1)]) dpu(z)

C -
< —lign [ Vul, t)lllpllullf ™

By using the above two estimates (2.2) and (2.3), we get

/ J(@, )67 (2) dp(x) < Cllu( )5~ [Aul, )],
(2.4) M

C _
+ —lnlVul, D)llpllulp ™
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Note also that from (2.1), (2.4), and the Holder inequality,

6ul Va0l = [ @22, 06322
M
p/2
< Cllup>»1? ( [ s du(x))
M
< Juflze-»? (nu(-?t)ng-wAu(-,wnp

1 N p/2
2 lonlVuls Dl ul

< ulz2)r2 (Hu(,?t)||£(p—1)/2||Au('7t)'2/2
1 —
+W||¢n|Vu(-,t)\”g/?”uug(p 1)/2>

S0l (1802 + s lonlVat 011

Therefore, we have
[[fn V(- 5 < *Ilu B + -, )15 Al )|/,

As n goes to infinity, the left hand side converges to f a [Vul? dp from
Lebesgue’s monotone convergence theorem. Finally we obtain

(2.5) IVuC B S a2 Aul-, )15/,
On the one hand, as t goes to zero, we get the multiplicative inequality
from (2.5) that
VAL < CIFIBZIAFIE?.
On the other hand, by the analyticity of the heat semigroup, (2.5)
yields
IVu( 6)lp < CEP2|| £,
which is exactly (G,). O

Remark 2.8. Note that Proposition 2.7 can not be extended to the
case p > 2 without additional assumptions. Indeed (G,) for p > 2
has consequences that are not always true, see [3].

Combining Proposition 2.6 and Proposition 2.7, we get:

Corollary 2.9. Let M be a complete Riemannian manifold. Then for
any fized o€ (0,1/2), the operator Ve > A~ is LP bounded for 1<p<2.
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3. Sub-Gaussian heat kernel estimates
and quasi Riesz transforms

Remember that with local assumptions on the manifold, we get the
L? (1 < p < 2) boundedness of quasi Riesz transforms V(I + A)~/2 4
Ve 2A~% where 0 < a < 1/2. If we assume in addition a global Gauss-
ian heat kernel upper bound, the Riesz transform itself is LP bounded
for 1 < p < 2 and weak (1,1) bounded. What happens if we suppose
globally another heat kernel upper bound, the so-called sub-Gaussian
upper bound (UE,,)?

In the case of Riemannian manifolds satisfying (D) and (UE,,),
Proposition 1.3 tells us that the quasi Riesz transform is L” bounded
for 1 < p < 2. Yet we don’t know whether the Riesz transform, which
corresponds to & = 1/2, is LP bounded or not for 1 < p < 2. Instead,
we will study the endpoint case for the quasi Riesz transform, that is,
what happens for p = 17 In the following, we will prove the weak (1, 1)
boundedness of the quasi Riesz transform.

3.1. More about sub-Gaussian heat kernel estimate. One can
rewrite (UE,,) as follows:

d (SC,Z/)>’ t<min{l, d(z,y)},

Ci —
Viz,172) P\

c dm (@, y) \ /Y
- _el 29 <
V(x,tl/z)eXp< c( ; ) , d(z,y) <t<1,

pie(z,y) < 2
c d*(z,y)
_ <
Vo7 exp( c— , 1<t<d(x,y),
C dm(I,y) 1/(m—1)
WGXP(-c(t) ; t>max{1,d(z,y)}.

1/(m—1)

Note that for d(x,y) < t, one has dQ(?’y) < (dm(f’y)) n

1/(m-1)
) . Thus we have the

d?(z, d™(x,
for t < d(z,y), one has “=¥) > ( (z.9)

following estimate:

9 d*(z,y)
Wexp (C : >, O<t<1,

(31) pt(xay)g m—
O e (Y
V(x, t1/m) t riET
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That is, the small time behaviour of the heat kernel is Gaussian as
in Euclidean spaces while the heat kernel has a sub-Gaussian decay for
large time.

There exist such manifolds for all m > 2. One can choose any D > 1
and any 2<m < D+1 such that V(z,7) ~ rP for r > 1 and (UE,,) holds.
Indeed, fractal manifolds, which are built from graphs with a fractal
structure at infinity, provide examples satisfying (UE,,) with some m >
2 (in fact, two-sided sub-Gaussian heat kernel estimates). We refer to [6]
for the construction of suitable graphs. For a concrete example, Barlow,
Coulhon, and Grigor’yan in [10] constructed such a manifold whose dis-
cretisation is the Vicsek graph. For more examples, see the work of
Barlow and Bass [7, 8, 9]. We also refer to [28, 30] for more general
non-classical heat kernel estimates on metric measure spaces.

Comparison with the Gaussian heat kernel estimate (UE):

c d*(z y))
)< — - YYD waye M, t> 0.
pe(x y)_V(%\/f) exp( c , T,y

Since m > 2, pi(x, ) decays with ¢ more slowly in the sub-Gaussian case
than in the Gaussian case. Also for ¢ > max{1,d(z,y)}, p:(z,y) decays
with d(z,y) faster in the sub-Gaussian case than in the Gaussian case.
Therefore the two kinds of pointwise estimates are not comparable.

3.2. Weighted estimates of the heat kernel. Let (M,d, ) be a non-
compact complete manifold satisfying the doubling volume property (D)
and the sub-Gaussian estimate (UE,,). In the following, we aim to
get the integral estimates for the heat kernel and its time and space
derivatives. The method we use here is similar as in [15, Section 2.3].

First, we have the pointwise estimate of the time derivative of heat
kernel:

Lemma 3.1. Let M be as above, then we have

cf(atmy))7 t<t,

c G
_ —| —22 >1.
(V(y, 0177 eXp( ( . 1=

Proof: We see from [21, Theorem 4 and Corollary 5] that there exists
an a € (0,1) such that, for 0 <t < a

o C d*(z,y)
_- < - Pl Sk K-
’atpt<x7y)’ = tV(y,t1/2) exp ( c t ) )

N (_C
WV (y, £72) P

B2) [t <
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and for t > a~!

Y c dm(z,y)\
=z < Y e -2 _
9 < gy eXp( (<F)

For t € (a,1), according to [21, Corollary 5], it suffices to show that
there exists a constant § € (0,1) such that for all s € [(1 — d)t, (1 + d)¢]

R
ps(@,y) < Vg s172)

m/(m—1)
This is obvious since V (z, s1/2) >~V (x, s/™) and @ < (M)

for t > d(z,y).

The case for t € [1,a™') is similar. Due to the facts V(z,s'/?) ~
m/(m—1

2 )
V(z,sY™) and % > M for t < d(z,y), there exists a

constant 6 € (0,1) such that for all s € [(1 — )¢, (1 + 0)t],

C dm(z,y) 1/(m—1)
S e =2 ,
ps(z,y) < Viy, s1/m) exp ( c( . )

Therefore, we obtain (3.2). O

Now we intend to estimate fB(I e |Vpe(z,y)| dp(z) for any ¢ > 0 and
r > 0.

Lemma 3.2. For any a€(1/m,1/2), we have for any y€ M and r >0,

7‘2
Ct—2e c'F, 0<t<l,

63 [ [In)du) < o
M\B(y.r) ct—oe= ()" > 1

Remark 3.3. Note that the estimate (3.3) holds for any 0 < a < 1/2.
But in the proof below, « can not achieve 1/2 unless m = 2. This allows
us to obtain the weak (1,1) boundedness of Ve™®A~% not the Riesz
transform. If one could get (3.3) with o = 1/2, the proof of Theorem 3.5
below would yield the boundedness of the Riesz transform.

Proof: For 0 < t < 1, the above estimate is proved in [15].
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Now for ¢ > 1. Comparing with the proof of the Gaussian case in [15],
m 1/(m71)
we need to replace the weight exp (—c@) by exp (—c (%) )
(c is chosen appropriately).

Step 1: For any ¢ > 0,
dm 1/(m—1)
(3.4) / exp (—c (w) du(z)
M\B(y.r) t

Indeed,

m 1/(m—1)
/ exp [ —¢ (d(%y)) du(z)
M\B(y.r) t
m 1/(m-1)
c(rm\1/(m—1)
S eif(T) / exp (-S <d(tm7y)> ) dﬂ<$)
M

%) c(dm™(z,y 1/(m—1)
> oxp - (242)) o
i—0 YB(y,(i+1)t1/ ™)\ B(y,it/™)

o0
c 1/( 1) m—
< s(=) y ™) i+ 1) —gat/mY
1=0

o (e \1/(m=1)
< 06_5(7) V(y,tl/m).

Step 2: For 0 < v < 2¢ (c is the constant in (UE,,)), we have

/Mpt(x,y)QeXp (v (W)U(m_l)> dp(x)

< g [ (6020 (Z22) )

<G
= V(. t/m)
This is a consequence of (UE,,) and Step 1 with r = 0.
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Step 3: Denote

() /D)
10) = [ Vo) Pesy (v (F) ) Aula)

with « small enough. Using integration by parts,

(g )\ 1D
1) = [ wlepanteser <7 (“f”) ) au()

_ /Mpt(a:,y)vzpt(l’,y) -V exp <’y(dm(tx’y)) 1/(’”1)) dp(x)

- /M pt(x,y)%pt(x,y) exp <7 (W)U(ml)> dp(x)

/(m—1)
_am_ dz,y)'
— Mpt(x,y)vmpt(w,y) ( . >

m 1/(m—1)
- Vad(z,y) exp (7 (d(xy)) ) dp(x)

t

= Il(tv y) + IZ(t7 y)
According to Lemma 3.1 and Step 1,
C/

Lty < .
| 1( 7y)| — tV(y,tl/m)

1/(m—1) m 1/m(m—1)
For I, since |V, d(z,y)| <1 and (M) = (@) t=t/m

then from Step 2 and Cauchy—Schwartz inequality,

1/2
La(t,y)] < CIeYm (It )2 <C>) .

‘/(y7 tl/m,
We get
’ ) o 1/2
1) % iy e ()

ol o 1/2
< v I(t 2 =~ ]
= t2/mV (y, tt/m) ) t2/mV (y, t/m)



328 L. CHEN

Therefore

. < —F .
(3.5) I(t,y) < t2/mV(y,t1/m)

Step 4: We divide the integral fM\B(y T)|th(x, y)| du(z) as follows

/ Vi, )| dule)
M\ B(y,r)

oo

Vi (x,y)| du(z)

i=0 /Qir<d(ryy)<2i+17’

N 1/2
< Z V1/2(y, 2”17“) (/ \th(fﬂ,yﬂz dﬂ@)) :
2ir<d(z,y) <2t 1r

=0

For each ¢ > 0, it follows from (3.5) that

1/2
/, |V, y) P dp(z)
2ip<d(z,y)<2itlp

B 1/2
- e 20y c< ) du(x
(3@_( /()| e p( t e

_ otm . m 1/(m—1)
X e C( t )

C _ (27:me>1/(771*1)
< e ¢ t
=/ my1/2(y (1/m)

On the other hand, applying (3.4) with » = 0 (as well as the corre-
sponding estimate for t/2 < 1),

1/2
(/2 . Ith(:v,y)IQdu(m)> < 1Ve 22 llas2llps (- 9)ll2
rld(z,y)<2*tir

3.7 _
(3.7) < Ct2p* (y,y)

< C
— t1/2V1/2(y,t1/m) :

The second inequality follows from the fact ||p¢ (-, W13 = pe(y,y).
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Thus taking 6 = lé T, we get from (3.6) and (3.7) that
27 m

1/2
( / | | Ith(x,y)IQdu(w‘)>
2ir<d(z,y)<2itlr

(38) < C _C(y;mfrm)l/(mfl) 6 C 1—0
APy, i) 2V (y, 11/m)

C e 2i7nrm)1/(m*1)
< V172 (y, 11/m) ’
where ¢ depends on a.
Finally (1.1) and (3.8) yield

/ Vi, )| dule)
M\B(y,r)

(oo}
<D VHYA(y,2 )
=0

im ,m\1/(m—1)
C 675(2%)1 !
taV1/2(y, tl/m)

)1/(m 1)

< ot~ O

3.3. Weak (1,1) boundedness of quasi Riesz transforms. In or-
der to show the weak (1,1) boundedness of quasi Riesz transform, we
will use the Calderén—Zygmund decomposition. Let us recall the result:

Theorem 3.4. Let (M,d, u) be a metric measured space satisfying the
doubling volume property. Then for any given function f € L*(M) N
L*(M) and X > 0, there exists a decomposition of f, f = g+b=g+>_, b;
so that

(1) |g(z)| < CA for almost all x € M;

(2) there exists a sequence of balls B; = B(x;,7;) so that each b; is
supported in B;,

[ 1@ duta) < o) and [ bio) du(o) = o

(3) Ximw(Bi) < § [ () dp(z);
(4) [|b][x < 0Hf||1 and |[glli < (1 + C)[|fll1;

(5) there exists k € N* such that each x € M s contained in at most
k balls B;.

We refer to [14] and [32] for the proof.
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Our result is:

Theorem 3.5. Let M be a complete Riemannian manifold satisfying (D)
and (UE,,). Then for any 0 < « < 1/2, the quasi Riesz transform
V(I +A)"Y2 4 Ve 2A is of weak type (1,1).

Remark 3.6. By Marcinkiewicz interpolation theorem, this gives back
Theorem 1.2, but under much stronger assumptions.

Remark 3.7. In the following proof, we will adopt the singular integral
technique used by Coulhon and Duong in [15], which was first developed
by Duong and McIntosh in [26].

Proof: Note that the local Riesz transform V(I + A)~Y/2 is of weak
type (1,1) (see Theorem 2.2). Denote T = Ve A~ it remains to
show that

p({z : ITf(2)] > A}) < CATH f]ls.
Fix f € LY (M) N L*(M), we take the Calderén—Zygmund decompo-
sition of f at the level of A, i.e., f=g+b=g+ >, b;, then
p{z T ()| > A}) < p{z: [Tg(z)| > A/2}) + p({z - [Th(x)| > A/2}).
Since T is L? bounded, by using Theorem 3.4 we get
p({z : |Tg(z)| > X/2}) < CA72||g]3 < CA7Hglly < CATY f]la.

As for the second term, we divide {B;} into two classes: the one in
which the balls have radius no less than 1 and the one in which the balls
have radius smaller than 1. Denote by

C1 ={i: B; = B(wx;,r;) with r; > 1};
Cy = {Z :B; = B(l’i7TZ‘) with r; < 1}

> A/z}> <p ({x :

Then we have

,u({x: TZbi(x) TZbi(w)

=)

i1€Cq
+u ({x LT bi(x)| > )\/4}> .
i€Co
Write
(3.9) Tb; = Te '8 + T(I — e 2)b;,

where t; = p(r;) with p defined in (1.2). In the following, we will consider
the two cases of balls separately.



SUB-GAUSSIAN HEAT KERNEL ESTIMATES AND QUASI R1ESZ TRANSFORMS 331

Case 1: For balls with radius no less than 1, our aim here is to prove

m <{x LT bi(x)

1€Cy
Using (3.9), we have

{bmo ol bt
Azl

We begin to estimate the first term. Since T is L? bounded, then

H ({x 2T Z e il (x)| > A/S}) <= Z e ity
i€Cy i€Cy
By a duality argument,
3 etiRy <Z e "8, ¢>‘ :
2 i€Cy
It holds that for t > 1 and ¢ > 0
sup e Poy) <O inf  M(¢)(y),

1€Cq
yEB(x,t1/m) yEB(z,tt/™)

> A/4}> < OA I

: TZ e 18 ()

i€Cq

Ty (I—e"%)bi(x)

1€Cq

= sup
loll2=1

where M denotes the LittlewoodfPaley maximal operator:
M) = sup s | 17l dny

Indeed, for any y € B(z,t'/™), we have

eitA = t\Y, ) z z
$(y) /Mp(y Z/ e i(y, 2)6(2) du(z)

.’17 2]+1t1/'m)

Z tl/m

_eoim/(m=1)

1
—_— d
x V(.’L‘, 2J+1t1/m) /;(I,Qj‘*’ltl/m') ¢(Z) ILL(Z)

< if - M(6)(y).

yEB(z,tt/™)
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Then

(£
i€Cy

Z<“ tAgb <Z/ |b|dusupetA|¢|

1€Cq 1€Cq
<CX [ ilauigtaa(o)
i€Cq

<ox Yy / (1612 ()2 du(y)

1€Cy

<o / 2B )MUSP) ) duly)

i€Cy

<o / (M(16[2) ()2 dpu(y)
Uiec, Bi

< O\ (Usee, B;) < CAV2| £33,

The inequality in the fourth line is due to the finite overlapping of the
Calderéon—Zygmund decomposition. In the first inequality of the last
line, we use Kolmogorov’s lemma and weak type (1,1) of the Hardy—
Littlewood maximal function, as in [31].

Therefore, we obtain

(e

1€Cq
It remains to show p({z:|T Y, co,(I—e12)bi(x)|[>A/8}) <CATY| f]|:.

ol M/g})

<,u<{x€ U 2Bi: [T (1 — e %)bi(x) >/\/8}>
1€Cy i€Cy
+u<{xeM\ U 2B; :

> A/S})
i€Cy

<Y ueB)+I Y [ T e ) duo).

ieCy zECl \2B;

> )\/8}> < OA -

TZ —tA )

1€Cy

TZ —tA )

1€Cy
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We claim: V¢ > 1, Vb with support in B, then
[ 1= e @ dute) < bl
M\2B

Therefore, by using Theorem 3.4, we obtain

Denote by k¢(x,y) the kernel of the operator T'(I — e~*%), then

TZ —tA )

i€Cy

> A/S}) <" u2B)) ZIIb h

i€Cy ZEC1

<A fh-

/ IT(I—e’tA)b(x)ldu(x)S/ /Ikt(w,y)\lb(y)\du(y)du(ﬂs)
M\2B M\2B JB

<[] bl dnt)

k(z,y)| du(x) is uniformly

It is enough to show that fd(m )>ti/m

bounded for ¢ > 1.
The identity A~ = fooo e~*A 45 (we ignore the constant here) gives

sl—a

us

7tA / Ve s+1)A 7tA) d57
S 11—«
that is,

o0 ds
ki) = / (Vpera(e.5) — Vpasen (2.9)
0

_ o0 1 ]'{S>t}
_/0 (sla - (s —t)l-« Vpsi1(z,y) ds.
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Thus by using the estimate (3.3), we have

[ )
d(z,y)>tl/m™

jee} 1 1{S>t} )
- - Vps T,y ds
/d(m,y)ztl/m /0 (810‘ (3 — t)lfa +1( )

o0 1
< / 1 {s>t}
0

du(z)

Sl—a (S_t)l—a

/ Vs ()] dule) ds
d(z,y)>tt/m

> 1 1{s>t} _ L \1/(m—1)

S - 1)~@ee(z)

N/ gl—«a (5 _ t)l a ( + ) S
C(sil)l/(M7l> d
(/ /) sl=a(s+ 1) 1) o

t /(m—1)

_ 1)~ —c( )1
T /t slfa (S _ t)lfo‘ (5 + ) S

=K+ Ky + Ks.
In fact, K1, K5, K3 are uniformly bounded:

1
K, §/ s° lds < oo.
0

Since s + 1 ~ s for s > 1 and we can dominate the e~* by Cz~° for
any fixed ¢ > 0, we have

t
Kos [l < ()
1

For K3,
<l 1 1
K3 < — —*d
3 _/t gl—a (S_t)lfa S $
e 1 1
= — 1H)~%d
/0 (u+ 1)t yl-e (u+ 1) du

1 ')
1 1 1
< —_— 1)7%d ———d
—/0 <<u+1>+ul—a)(“ ) "”/1 CES

1 [e%e)
2 1
< d
S /0 = U-l—/l e

Note that we get the second line by changing variable with u = § — 1.




SUB-GAUSSIAN HEAT KERNEL ESTIMATES AND QUASI RIESZ TRANSFORMS 335

Case 2: It remains to show

M <{x LT bi(x)

i€Ca
We repeat the argument as Case 1. Still from (3.9), we have

,u({x: Tiezczbi(x) >)\/4}> Su({ Tlezcjze—t B (x >)\/8}>
ool

IS )
1€Co

By using the L? boundedness of T, the same duality argument in

Case 1 yields

o({-

For the estimate of u({z : [T Y. (I — e %2)b;(z)| > \/8}), it suffices
i€Co
to show that fd(x y)>t1/2\kt(:z:,y)\ du(x) is finite and does not depend
ont< 1. In fact,

/ kol y)| du(a)
d(z,y)>t1/2
o0
<
0
< / _
~ 0 Sl—a (S_t)l—a
t ym/2\1/(m=1)
:/ . 676( st > ds
o Sl—a(s + l)a

/oo 1 1
4
t

gl—a o (S _ t)lfa
=K + K.
Because t < 1, thus K| < K; converges.

We can estimate K} in the same way as for K3 and get a bound that
does not depend on t. O

> >\/4}> < CA s

T Z e 18, (2)

1€Ca

> A/8}> < OAHI -

1 1{s>t} ’/
— Vpsii(x d
gl—o (5 715 iz, y)>t1/2| p +1( y)' M( )

70( t’:l/f )1/('" 1)

1 1g
(s>t} ds

(s+1) %

s+1

7c(tm/2 )1/(m—1)

(s+1)"% ds
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