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Abstract: In this paper, we establish the Littlewood-Paley-Stein inequality on general
metric spaces. We show this inequality under a weaker condition than the lower bounded-
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1 Framework and Results

In this paper, we discuss the Littlewood-Paley-Stein inequality. After the Meyer’s cele-
brated work [16], many authors studied this inequality by a probabilistic approach. Espe-
cially, Shigekawa-Yoshida [20] studied to symmetric diffusion processes on a general state
space. In [20], they assumed that Bakry-Emery’s I's is bounded from below. To define
I, they also assumed the existence of a suitable core A which is not only a ring but also
stable under the operation of the semigroup and the infinitesimal generator. However,



in general, it is very difficult to check the existence of A having good properties de-
noted above. Hence their assumption is serious when we face several infinite dimensional
diffusion processes.

In this paper, we show that the Littlewood-Paley-Stein inequality also holds on gen-
eral metric spaces under the gradient estimate condition (G) even if we do not assume
the existence such a core A. Our condition seems somewhat weaker than the lower
boundedness of I'y. We mention that Coulhon-Duong [5] and Li [14] also discussed the
Littlewood-Paley-Stein inequality under similar conditions on finite dimensional Rieman-
nian manifolds. Contrary to these papers, we work on a more general framework to handle
certain infinite dimensional diffusion processes in Section 4.

We introduce the framework that we work in this paper. Let X be a complete sep-
arable metric space. Suppose we are given a Borel probability measure p on X and a
local p-symmetric quasi-regular Dirichlet form £ in L?(u) with the domain D(E). See
Ma-Réckner [15] for the terminologies of quasi-regular Dirichlet forms. Then by Theorem
1.1 of Chapter V in [15], there exists a g-symmetric diffusion process M := (X, { P, }zex)
associated with (£, D(€)). We denote the infinitesimal generator and the transition semi-
group by L and {P;};>¢, respectively. Since {P;};>¢ is p-symmetric, it can be extended
to the semigroup on LP(p), p > 1. We denote it by {P;};>0 again. We also denote its
generator in LP(u) by L, and the domain by Dom(L,), respectively if we have to specify
the acting space. We assume that 1 € Dom(L,) and L,1 = 0 for all p > 1, where 1
denotes the function that is identically equal to 1. In particular, the diffusion process M
is conservative.

Throughout this paper, we impose the following condition:

(A): There exists a subspace A of Dom(Ls) consisting of bounded continuous function
which is dense in D(€) and f? € Dom(L;) holds for any f € A.

Under this condition, the form £ admits a carré du champ, namely, there exists a unique
positive symmetric and continuous bilinear form I" from D(€) x D(E) into L' (u) such that

E(fhg) + E(gh, ) — E(h, fg) =2 /X WE(f,g) dy

holds for any f,g,h € D(E) N L>®(u). In particular, for f,g € Dom(Lsy), fg € Dom(L;)
and

0(7.9) = 5{Ia(f9) ~ (Laf)g — f(La0)}

hold. For further information, see Theorem 4.2.2 of Chapter I in Bouleau-Hirsch [4]. In
the sequel, we also use the notation I'(f) := ['(f, f) for the simplicity.
The following gradient estimate condition is crucial in this paper.

(G): There exist constants K > 0 and R € R such that the following inequality holds for
any f € Aand t > 0:
L(P.f) < Ke*™PAT(f)}. (1.1)



Remark 1.1 If we can see A is stable under the operations of {P,} and L,
To(f) > —RI(f), feA (1.2)

implies (1.1) with K = 1, where Ts(f) = $(LiD(f) — 2T(Laf, f)). Especially, (1.2)
means that the Ricci curvature is bounded by —R from below in the case where X is a
finite dimensional complete Riemannian manifold. See Proposition 2.3 in Bakry [2] for

details. Hence our condition (G) is weaker than (1.2).

Let us introduce the Littlewood-Paley G-functions. To do this, we recall the sub-
ordination of a semigroup. For ¢ > 0, we define a probability measure \; on [0, +00)
by

t
_67t2/43873/2d5'

2V

In terms of the Laplace transform, this measure is characterized as

A(ds) =

/ e P N(ds) = e VT 4 > 0.
0
For a > 0, we define the subordination {an)}fzo of { P, }1>0 by

At = [T g fe ),
Then we can easily see that
101 sy < [ e NPl h(d)
< ( / ") ) Ul = €V e (L3)
and hence {QEQ)}QO is a strongly continuous contraction semigroup on LP(x). The in-
finitesimal generator of {Q{™ };50 in L2(1) is —va — L. In the case of LP(y), this operator

will be clearly denoted by —4/a — L,, when the dependence of p is significant.
For f € L>N LP(u) and o > 0, we define Littlewood-Paley’s G-functions by

oo 1/2
, Gy (x) = (/o tg]?(x,t)2 dt) ,

00 1/2
(o 1) = (0@ ) (). Gje) = ([ tworar)

o7 (2,0) = | Q)

gr(w, ) = /(g7 (@02 + (ghla, )2, Gyla) = ( / Ootgf@,t)?dt) "

Now we present the Littlewood-Paley-Stein inequality. In what follows, the notation
|l ey S ||vllew stands for [Jul|zey < C|lv|lze(u, where C is a positive constant
depending only on K and p.



Theorem 1.2 For any 1 < p < oo and a« > RV 0, the following inequalities hold for
fer?*nLr(u):

1Grllzewy S N fllzeqw,
<

Il 2e () 1G ¥ e (u)-

Before closing this section, we give an application of Theorem 1.2. It plays an impor-
tant role in the regularity theory of parabolic PDEs on general metric spaces.

Theorem 1.3 Let 1 <p <oo,q>1and a> RV 0. We define

ROWL)f =T((va=L,)"f)"*  felr(

Then we have the following statements:
(1) For any p > 2 and q > 1, R&q)(L) is bounded on LP(u). Moreover there exists a
positive constant HR&Q)(L)H,,J, depending only on K, p,q and agr := (o — R) A a such that

IR (L) f || oy < NBP D ol Fllzogy,  f € L2 (). (1.6)

This implies the inclusion
Dom((v/T= L,)7) € W(u) == {f € L(4) N D(E) | T(f)"2 € L7 ()}
(2) For anyp > 2 and 1 < q < 2, there exists a positive constant C, , such that

[D(Pf)Y2 < Cogll B lpp (@ + ) | fliogy,  t>0, feLP(p).  (L7)

HL”(u)
Remark 1.4 We do not know whether our gradient estimate condition (G) is sufficient
or not to establish (1.6) for ¢ = 1, i.e., so-called the boundedness of the Riesz trans-
form Ro(L) := RY(L) on LP(u), Recently, Shigekawa [18] discussed the boundedness of
R, (L) under the intertwining condition for the diffusion semigroup in a general frame-
work. We remark that the intertwining condition implies (G). Hence one way to establish
the boundedness of Ry (L) is to show the intertwining condition for each concrete problem.

2 Proof of Theorem 1.2

In this section, we prove Theorem 1.2 by a probabilistic method. The original idea is due
to Meyer [16]. The reader is referred to see also Bakry [1], Shigekawa-Yoshida [20] and
Yoshida [24]. In these papers, they expanded L(an) 1P, f € A, by employing the usual
functional analytic approach for the proof of the Littlewood-Paley-Stein inequality. Note
that this approach is valid because they imposed the existence of a good core A described
in Section 1. On the other hand, in this paper, A in condition (A) does not have such
good properties. So we cannot draw their proof directly. To overcome this difficulty,
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we need more delicate probabilistic arguments based on [to’s formula. We give details
and prove Theorem 1.2 for 1 < p < 2 in the second subsection. In the third subsection,
we introduce the notion of H-functions to prove Theorem 1.2 for p > 2. Our gradient
estimate condition (G) plays a crucial role when we compare between G-functions and
H-functions. For the case p = 2, (1.4) is proved as equality by using spectral resolution
of L. See Proposition 3.1 in [20] for the proof. We note that (1.5) is derived from (1.4)
by using the standard duality argument. See Theorem 4.4 in [20] for the detail.

2.1 Preparations

In this subsection, we make some preparations. We recall the diffusion process M =
(X, { Py }zex) associated with the Dirichlet form (€, D(£)). From now on, we write P]
in place of P,. Let (B, P,”) be one-dimensional Brownian motion starting at a € R with
the generator ;—;. We set Y, := (X, B;), t > 0, and P, := P! @ P;”. Then M =
(Y, {Pz,0)}) is & p®m-symmetric diffusion process on X x R with the (formal) generator
L+ 8‘9—;, where m is one-dimensional Lebesgue measure. We put PJ = [ XPgI p(dx
Pugs, = fX]P’(I,a),u(dm) and denote the integration with respect to P!, P,”, P, and
P.gs, by ElE_, E(2,q) and E, s, , respectively.

We denote the semigroup on LP(X x R; u ® m) associated with the diffusion process
{Yi}i=0 by {P:}is0 and its generator by L,. We also denote the Dirichlet form on L?(X x
R; 11 ® m) associated with Ly by (5,73(5)). That is,

< +oo},

~ 1 o
_ 2 . :
DE) = {ue (X xRp@m) | ll\r%g(u—au,u)p(xwm@m)

E(u,v) = liml(u — P, v)

for u,v € D(E).
t\O t

L2(X xR;u®@m)

We denote by € := A® C(R) the totality of all linear combinations of f® ¢, f € A, p €
Cs°(R), where (f ® ¢)(x,a) := f(z)p(a). Meanwhile, the spaces L*(u) ® L*(m) and
D(E) ® H“*(R) are usual tensor products of Hilbert spaces. Then we have

Lemma 2.1 C is dense in D(E). Moreover for u,v € D(E) @ H"%(R), we have

£(u, v) :Ag(u(.,a),v(.,a))mua)+/Xu,(dx)/g";(x a)gZ( aym(da).  (21)

Proof. We denote by {7}};>¢ the transition semigroup associated with (By, {P,” }acr)-
We regard that it acts on L?(m). First, we note that the following identity holds:

P(f®¢) = (Pf)® (Twp), f€ L), ¢ e L*(m). (2:2)

By (2.2), we can see C C D(£) @ HY*(R) € D(£) and the identity (2.1). We also have
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holds for f € D(E),p € HY*(R). By (2.3), we see that C is dense in D(£) @ H-%(R) with
respect to &;-topology, because A and C2°(R) are dense in D(E) and H2(R), respectively.
Hence it is sufficient to show D(£) ® H2(R) is dense in D(E). Since L2(p) @ L2(m)
is dense in L*(X x Ry u @ m), U~ f’t(LQ(u) ® L*(m)) is dense in D(€). On the other
hand, (2.2) also leads us to
UL ® L2m) = | (PAL* (1)) © (A(L2(m))) € D(E) ® H'(R) C D(E).
>0 >0
Therefore the proof is complete. 1

Here we note that, due to Fitzsimmons [6], the Dirichlet form (£, D(€)) is quasi-
regular. Thus we can apply the general theory of quasi-regular Dirichlet forms in [15].

Now we fix a function f € A. We set u(z,a) := an)f(x), a > 0. Then it holds that
82
(@ + L — a) u(-,a) =0 in L*(p).

Furthermore for a € R, we consider v(z,a) = u(z,|a|]) = QL (). Then by (1.3), we

|a
have

1/2
]| 22 (x xRipsm) < (/Re_z\/aa|||f||%2(p)da> = a_1/4||f||L2(u)' (2.4)

The main purpose of this subsection is to discuss the semi-martingale decomposition
of v(Xiar, Binr),t > 0, where 7 := inf{t > 0 | B; = 0}. As the first step, we give the
following fundamental lemma:

~

Lemma 2.2 v € D(&) holds.

Proof. At the beginning, we note L*(X x R;pu ®m) = L*(R, L*(X; u);m). According
to Fubini’s theorem, we have

Po(z,a) = B [u(X,, |B])] = E] [E; [u(-, | Bi|)] (Xt)] . (2.5)
We recall Tanaka’s formula

t
|Bt!=|Bo!+/sgn(Bs)st+Lt(o), t>0, P, -as.,
0

where {L:(0)}+>0 is the local time of one-dimensional Brownian motion {B;}:>o at the
origin. Then by using It6’s formula, we have

walB) = B+ [ S |Bsen(B.)ab.

tou t 9%
o 4+ (. I1B.NdL
0 aa<7‘ s|)d S(O) 0 aag

= |l = [ Va=Tut:|B)sen(BaB,

( [Bs|)ds

0 —/O \/—a—Lu(-,|BS|)dLS(O)+/O(a—L)u(-,|BS|)ds. (2.6)
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Hence (2.6) leads us that
Bl B = ul o) — B[ [ Va=Tat. BaL.0)]
+E [/Ot(oz — L)u(-, |Bs|>d5]~ (2.7)

On the other hand, since f € A, it holds u(-, |a|]) = Qfg‘)f(-) € Dom(Ls). Hence

MECID = (@ F)(X,) — (QL £)(Xo) — / LQE ) (X.)ds, t>0,

is an L?(P])-martingale. Then we have

Ial

E! [u(Xt, |a])] Q) ¢ —|—/0 Py( LQ\a| ds, p-ae. x € X. (2.8)

By summarizing (2.5), (2.7) and (2.8), we can proceed as

1
;( Ptv U)LQ(XXR u®m)

3 [ [ | / QL) ) >s}-@|<:,>f<w> (d)

da/E IE_’/\/EU  [Bs|)dL4(0 }QM
B[ [ (0= Dt 5, |>ds]<xt>} -Qﬁ’f(x)u(dw)

+

H—|»— S H~|l—l H—|»— S wl»—l

QU
S

(PLQU) T, QU F) g
E; / Va = Lu(w, |B,)dL,(0)] - PAQL) f)(x)u(d)

QL
IS
x\C\m\

+
"
S

v, |B|)ds] - PAQ[s) f)(x)p(d)

\_/%
=
>
ﬁ
\

(2.9)

’\(
=
—~

~

{3(
—~

(‘F
\_/

where we used symmetry of {P;};>0 on L*(p).
For the term I;(t), we see the following estimate by using contractivity of {P;};>¢ on

L*(p) and (1.3).

1 ¢ (0% (0%
O < 1 [ da [ 120 i - 197 Fluagods
0
el 1
/Re VAL |20 - £l z2uyda = —\/aHLfHL?(u) Al (2.10)

IN
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For the term I5(t), by using same arguments as above, we have
L) = !t / da / Va = Lu(w, 0, [L(0)] ) PAQ[s) ) (@) da)
= 2| [ VaTTE R ) g B (14000
HIVa =Ll Ifllazgo [ eV [L(0)]da.

IN

Here we recall

N2

R 1 (
Py (L) € dy) = —= exp{ - —

See page 155 of Borodin-Salminen [3]. Then we can continue as

2
L) < ;H\/Oé — Lfllz2q - 1f 2

o Sl | (a+1y)?
o [T umen (- S Jay)a
X e ex a
/0 ; Yy povs p A Yy

8lIVao— Lfllzay - 1flc2w)

[e%¢] oo y2
da/ ye  zdy =4|[Va — Lf||L2(u) . ||f||L2(N). (2.11)

0

IN

a2

1
e
V2T
For the term I3(t), we also have

L) < [ =Dyt BDas] |, 197 lisgoda

(w)

: B /0t||<a-L> QBN Ollzds] - (Yl ) da

IN

1 - t —ya|a
< ;/REQ [/0 (@l ez + I2F Nrzo)ds| - (€ fll 12 ) da
2
= 2Vl £z + —\/aIILme(#) N fllz2g)- (2.12)

Finally, we insert estimates (2.10), (2.11) and (2.12) into (2.9). Then we can easily
see

.1 3
11\1"1/01 ; (U - PtU) U)LQ(X)(R#‘,@’H’L)

This and (2.4) complete the proof. §

= sup %(v — ]5{0, U) < +00.

2 .
=0 L2(X xR;pu®@m)

By Lemma 2.2, we can apply Fukushima’s decomposition theorem. That is, there exist
a martingale additive functional of finite energy M and a continuous additive functional
of zero energy Nl such that

0(Xy, By) — 0(Xo, By) = Mt[v} + Nt[v], t>0, Pug-as. for qe-(z,a), (2.13)

8



where @ is an &-quasi-continuous modification of v € D(£). See Theorem 5.2.2 of
Fukushima-Oshima-Takeda [7]. We note that, since £ has strong local property, M
is continuous. Due to Theorem 5.2.3 of [7], we know that

(A1, — /Ot{F(v,v)(Xs, B.) + (g“ (X., B ))2} ds. (2.14)

See also Theorem 5.1.3 and Example 5.1.1 of [7] for details.
From now, we discuss the explicit expression of N*). Let us define a signed measure
von X xR by
v(drda) := 2vVa — Lu(z,a)u(dz)do(da),
where §y is Dirac measure on R with mass at the origin. The total variation of v is given
by
v|(dzda) := 2|V a — Lv(z, a)|p(dz)d(da).

Then we have

Lemma 2.3 There exists a constant C > 0 such that

//X ] (9 ® ¢)(z,a)] - |v|(dzda) < C\/c‘f’l(g®<p7g®so), g€ A peCR).

That is, v is of finite 1-order energy integral. (For the definition of measures of finite
L-order energy integral, see Sections 2.2 and 5.4 of [7].)

Proof. At the beginning, we take a positive constant ag such that supp(y) C [—ag, ag].
We first consider in the case of ¢(0) < 0. Let € > 0. Then for p-a.e. © € X, we have

/|<p Iy (Vo= Lu(x,0))* + ¢ do(da)

— —0(0)/ (Va=Lo(@.0))" +

— plao)y (Va — Lo(w,a0)) + ¢ — p(0)y/ (Va — Lu(,0))° + <
_ /an%{gp(a)\/(mmx,a)f—l—a}da

“ o, 2 a0 va— Lv(z,a) - (o — L)v(z,a)
= (a) a— Lv(z,a) eda — (a) da
/ o(a)y/ (v )+ /0 @ \/( e ) e

< /|gp |\/ a— Lu(z,a) —|—5da—|—/|<p L)v(z,a)|da.

By letting € \, 0 on both sides, we have
| 1ot Va=Tu(a,a)o(da

/|g0 - Wa — Luv(z,a ‘da—l—/|gp (o = L)v(z,a)|da, p-ae xe X.

9



Therefore we can proceed as

| leeaeal- i)
< Q/X]g /|g0 a—vaa}da) (dx)
2 [ lo@( [ le(@l-lto = DoGe.)lda) i)

2[[Va - LUHLQ(XXR;MQbm)”SO,”LQ(m)HgHLZ(M)

+2[|(@ = L)v| 12 sy 19 26m 19l 2200
220V ([Va = Lf| oy + 1@ = L) flli) VErlg © 0.9 @ )

= C\/él(g ® ©, 9 & 80)7

where we used (2.4) and

IN

VAN

E(9®0.9® ) =E(9: DNelL20m) + 191260 1€ Z2(m)

for the last line. This is the desired result.
In the case of ¢(0) > 0, we easily see

/ lo(a) |\/ a— Lu(x a)) +edp(da) = / Gg{ (a)\/(\/oé - L’U(Qj’a>)2 +€}da.
a
(2.15)
By using (2.15), we can draw the same argument in the case of ¢(0) < 0. Therefore the
proof is complete. 1
Due to Lemma 2.3, v is of finite 1-order energy integral. Then for each 3 > 0, there
exists a unique Ugr € D(E) such that the following relation holds:

E3(Usv, g @ @) = //X R(g ® ¢)(z,a)v(dzda), g€ A e CPR). (2.16)

Lemma 2.4 (1) U,v =v. ) A
(2) Usv =v — (B — a)Rgv holds, where {Rg}p=o is the resolvent of {P;}i>o-

Proof. (1) We need to show (2.16). By using the integration by parts formula, for p-a.e.
r € X, we have

| G0 (ada
= / Va — Lu(z,a) da—l—/ Va — Lu(z,a)¢'(—a) da
= / Va — Lu(r, a) d (90( )+ ¢(—a))da
= 2Va — Lu(z,0)p / Fa Ve Va — Lu(z,a)(¢(a) + ¢(—a))da



= 2Va — Lu(x,0)p(0) — /Ooo(a — L)u(z,a)(p(a) + ¢(—a))da
= 2Va — Lv(z,0)p(0) — /R(oz — L)v(z,a)p(a)da. (2.17)

Then (2.17) leads us to our desired equality as follows:

v, g® @) = /Rdago(a) /X Va— Lv(z,a)Va — Lg(x) u(dx)
n /X plde)g(z) (2v/a— Lo, 0)(0) — /
— /X Va ~ Tu(x, 0)g(x)p(0)u(dr)

_ //XXR(g(X)go)(:c,a)u(d:cda).

(2) We recall ég(Rgv, gRp) = (v, 9 ® Q)r2(XxRyuem)- Lhen we have

Es(v—(B—a)Rev,g@¢) = 5 (v 9R¢) —(B—a) (v,9® Q) r2(xxRpem)
= &(v,9®¢)

_ //XXRg@w; (2, a)v(duda),

where we used (1) for the last line. Hence the proof of (2) is also complete. §

(v — L)v(z, a)gp(a)da)

Due to Lemma 5.4.1 of [7] and the lemma above, we have
t
N = a/ 3(X,, By)ds — A,, t>0,
0

where @ is an -quasi-continuous modification of v and A is the continuous additive func-
tional corresponding to v. Since v does not charge out of X x {0}, due to Theorem 5.1.5
of [7], Ainr = 0 holds. Thus we get

tAT
NP = a/ (X, By) ds. (2.18)
0

By summarizing (2.13), (2.14), and (2.18), we have the following proposition which
plays a crucial role later.

Proposition 2.5 We have the semi-martingale decomposition
tAT
5(Xinrs Binr) — 9(Xo, Bo) = MY + a/ 3(X,, B,)ds, t>0, (2.19)
0

under P ) for g.e.-(z,a). Moreover it holds

(A0, = /0 MT{F(U, 0)(X,, By) + (%(XS, BS)>2} ds. (2.20)

11



Since v(x,a) = u(z,a) holds for a > 0, we can regard that this proposition also gives the
semi-martingale decomposition of u(Xyrr, Biar)-

Before closing this subsection, we need the following lemma because we will deal with
the measure i ® d, as an initial distribution.

Lemma 2.6 y ® d, does not charge any set of zero capacity for m-almost all a € R.

Proof. Let N C X x R be a set of zero capacity with respect to &.. Then by the item
(4) in Theorem 4.1 of Okura [17], N, is a set of zero capacity with respect to & for m-a.e.

a € R, where the set N, C X is defined by N, := {z € X|(z,a) € N},a € R. Thus we

have
(1 ® 62)(N) = pu(N,) < Cape, (N,) = 0.
This completes the proof. 1

2.2 Proof of Theorem 1.2 (1 <p < 2)

In this subsection, we return to the proof of Theorem 1.2 in the case of 1 < p < 2. Here
we recall the following identities for our later use. See [16] for the proof.

Lemma 2.7 Letn: X x [0,400) — [0,+00) be a measurable function. Then

By | [ 00X B)at]) = [ ) [ (@ n ity a (2.21)
and

By [ [ a0t B, o] = [Tt@no@ut. o) (2.22)

Since { X, }i>0 and { B, };>¢ are mutually independent under P,¢s, and y is the invariant
measure of { X; }+>¢, we can see the following identity holds for any bounded Borel function
h on X:

By [1X)] = [ ha(da) (2.23)

Hereafter, we abbreviate Mt[;J\]T as M, for simplicity. By Proposition 2.5 and Lemma
2.6, there exists a non-negative sequence {a, }nen such that lim,, .. a, = oo, (2.19) and
(2.20) hold under P,g;, for any n € N.

We set V; := 9(Xiar, Binr). We apply 1t6’s formula to V,2. Proposition 2.5 implies

d(V?) = 2VidM; + 2aV2Adt + d{M),
= 2VidM, + 2(g;(Xy, B)* + aV2)dt. (2.24)

Let ¢ > 0. By applying Itd’s formula to (V2 + £)P/2 again, we also have
A(V7 )" = p(V2 )" VidMy + p(V? + )" (97X, B + aVy?) i

-2 o
+p(p2 )(‘/;2_+_€)p/2 2‘/;2d<M>t

> p(V2 + )" WidM, + p(p — 1) (V2 + )" g(X,, By dt,

12



where we used p < 2 for the last line.
Hence by taking the expectation of the inequality above and using u(x,a) = v(zx,a)
for a > 0, we have

Eu®5an [p(p - 1) / (Vt2 + 5>p/2719f(Xt7 Bt)2 dt]
0

IN

Eu®5an

(

< Eugsa, (

= E,gs., _(u(XT, B;)? + e)p/2]
(

(OGP + 2] = [ (@ + 27 ulaa), (225)

= EM@)(SGn

where we used (2.23) for the last line. Here, by recalling (2.21), the left hand side of
(2.25) is equal to

Py — 1) /X u(dr) / Tt )l 0 + PP gy, 1)2 dt

Therefore, by letting ¢ — 0 and n — oo, we have

po=1) [ utdo) [“tuta,0F gt ar < [If@Pa@n. 220

0

Now we recall the maximal ergodic inequality

p
sup | P, H < — , > 1.
wp Pl < Ll . p

See Theorem 3.3 in Shigekawa [19] for details. It leads us that

p/2

Gy = [ ey { [t 0 a0 2oy}
[ ntae){ [ e(sup R a0 st 07|

p/2

IN

2—p

{/X(igg |P.f(z)])" M(dx)}2
X {/X/ooot'“(f""t)|p_29f(a:,t)2dtu(dm)}””

{/ |f(w)!pu(dx)}2_2p {/ rf<x>|pu<dx>}p/2 = 71

where we used (2.26) for the last line. This completes the proof.

IN

AN
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2.3 Proof of Theorem 1.2 (p > 2)

In the case of p > 2, we need additional functions, namely H-functions defined by

Hy (@) = { | o dt}m,
Hi(z) = { |00 dt}m,

00 1/2
Hy(z) = {/ Q) (g(-,1)%) () dt} .
0
We begin by the following proposition:
Proposition 2.8 Forp > 2, the following inequality holds for any f € A:

I Hp ey S 1 lze)-

Proof. By a slight modification, we can prove in the same way as the proof of Proposition
4.2 in Shigekawa-Yoshida [20]. However we give the proof for the reader’s convenience.
Let us recall that, due to (2.24), we have

tAT tAT
VA —V2 = 2/0 VSdMerQ/O (aV? + g¢(Xs, By)?)ds. (2.27)

Since A; := 2 fJAT (aV2+g(Xs, Bs)?)ds, ¢t > 0, is a continuous increasing process, (2.27)
implies that Z, := V2 — Vi, t > 0 is a submartingale.

Now we need an inequality for submartingales. Let {Z;}1>¢ be a continuous submartin-
gale with the Doob-Meyer decomposition Z; = M; + A;, where {M,;};>o is a continuous
martingale and {4;};>0 is a continuous increasing process with Ay = 0. Due to Lenglart-
Lépingle-Pratelli [13], it holds that

E[A%) < (2)E|sup|Z )], p>1 (2.28)

t>0

Then by using (2.28) and Doob’s inequality, we have

Byos,,[{2 | (aV2 + /(X B?)ds)"”]
0

[ 2 21p/2
S Eues, StggW;M—Wp/ }

AN

]E,u®6an -|V‘r2 o V(J2’p/2]
= Ell@dan -|U(X7_, BT)2 — U(Xo, Bo)Q|p/2i|
= Buon, [|QF (X)) = (QU)F(X0)?]

@ FOXP] + By, |10 £ (Xo) ]
= ||f||;£p(u) + ||Qz(zi)f||§,p(u) S ||f”}£p(u)- (2:29)

]E:u®6an
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On the other hand, by using (2.22), (2.29) and Jensen’s inequality, we have

, B (0) ) p/Q)
HHf”LP(M) - H{/ ( ))dt} L (p)
p/2
- JLHSOH{/ (an QL (a5 %)} L)

= B, [{ [T 000 (o070}

n—o0

T p/2
= hm ]Eﬂ®5an [EN@)&Gn [/ gf(XS; BS)QdS‘X’T] :|
n—o00 0

n—oo

< liminfE,gs, -E“®5an[(/Tgf(Xs’Bs)QdS)p/Q\XTH
- 0

n—oo

= limianEM@)gan _(/ gf(XS,Bs)2dS)p/2]
- JO

. . [ T 2
< liminfE,gs,, {/ (Osz +gf(X37Bs)2)ds}p/ } S ||f||1£p(u)
L Jo

n—oo
This completes the proof. I

Next we study the relationship between G-functions and H-functions. In the proof of
this proposition, condition (G) plays a key role.

Proposition 2.9 (1) For any f € A and o > RV 0, the following inequality holds:
G} <2VKH].
(2) For any f € A, the following inequality holds:
Gy <2H;".
Proof. We only give a proof of the item (1). The item (2) can be proved in the same
way. By condition (G) and Schwarz’s inequality, we have the following estimate for any

a>RVO0and f € A:
rQ”n < ( /0 TP N (ds))]
( / et (ds) - / e (P )y (ds))
0 0

Ke Vot ( /0 e -Rep (1 f)))\t(ds)>
< KQ(r(f). (2.30)

IN

IN

IN

Then (2.30) yields
gp(x,20° = T(Qyf)(x)
= (@) (@)
KQ(P(@ ) (2) < KQI (g} ) (x), (2:31)

IN
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Therefore we have
Glz)? = 4 /0 tgh(z,20)? di

< 4K [ QP (02 o) dt = K (] ()
0
where we changed the variable ¢ to 2t in the first line and used (2.31) for the second line.
This completes the proof. 1

It is clear that Propositions 2.8 and 2.9 conclude the desired inequality (1.4). Therefore
the proof of Theorem 1.2 is completed.

3 Proof of Theorem 1.3

Before giving the proof of Theorem 1.3, we make a preparation parallel to Yoshida [24].
Let v be a finite signed measure on [0,00). We denote by o and ||v| := [ |v|(ds) the
Laplace transform and the total variation of v, respectively. For a > 0, we define a
bounded operator (o — L) on LP(p), 1 < p < oo, by

via—L)f = /[0 | e P, fv(ds).

Thus we easily have

(= L) fllogy < WIF- (1 f g, | € L7(). (3.1)

Here we give a remark in the case of p = 2. In this case, this operator is represented by
Ho— L) = / Ha+ NdE,
[0,00)

where {F)} >0 is the spectral decomposition of —L in L*(p).

By Lemma 2.3 in [1], there exist finite signed measures v, and v, such that the Laplace

transform are given by ;(\) = 1‘jj§ and o(\) = 1/%’ respectively. For ¢ > 0, we denote

by yi(s), i = 1,2, the image measure of v; under the mapping A — A/e. Then we have

€ )\ £

PO = L @) < mll (3.2)
VE+ VA
VE+ VA

Ve+ A ’

(3.1), (3.2) and (3.3) imply the resulting operators \/gr\(/o(;__]z) and ﬁiv(j__;) on LP(y) have

the operator norms not more than ||v4|| and |||, respectively. We also have

<m><ﬁ+M):(\/EJr\/a—L)(\/er(a—L)) g
Ve+va—L/\\Je+ (a—L) Vet (a—L)/ \\Ve+vVa—-1L '

16
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Then we obtain the following relation for ¢ > 1:

- — g (VE+ (a— L)\~
(Ve+(a=L)) " = (Ve+Va—-1) <—\/§+m>
B ——_q( VET Va—L\a
= (Ve++va—1) <—8+(Q_L)). (3.4)

Now we are in a position to give the proof of Theorem 1.3.

Proof of Theorem 1.3. First, we set § € R and € > 0 such that « = f+¢ and § > R.
Note 0 < € < ag. Let f € L* N LP(u) and we consider

L VE+ B —L\¢
0= (=5=) *

By (3.4), we have
N((Va—-L)7f) = T((Ve+B-L)")

1 /°° L 2
(F<q> o (@"9)

Here we use Theorem 1.2. By recalling ¢ > 1, we have the following estimate:

T (Ve — L)_qf)l/zHLP(u) < ﬁ” /OOO 11-1eVE QW) )21

Lr(p)

1 oo _a9 _ 1/2 & ©) 1/2
< —H / 1203 —2VEt gy / tr dt H
F(Q) ( 0 ) ( 0 ( ! g) ) LP(u)
1 [(2g —2)\'/2
=t (i) 163l
—(g-1y/2T(2q — 2)1/?
< (de)C 1)/2T'HQHLP(H)' (3.5)

However the left hand side of (3.5) does not depend on . Hence we can let ¢ / ag on
the right hand side, and it leads us to

——q \ 1/2 (g
HF(( a—1L) qf) ”Lp(u) < Ckpg O‘R(q R 91l o (- (3.6)

On the other hand, we have
9llze gy < Nlall® - 1f 1] zr - (3.7)

Then by combining (3.6) with (3.7), we complete the proof of the item (1).

For the proof of the item (2), we use the same argument as used in Kawabi [11]. Since
{P;}+>0 is an analytic semigroup on LP(u) (see Chapter III of Stein [23] for details), there
exists a positive constant C), such that

ILPS || oy < Cot ™ 1l oy £ € LP(), (38)
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and hence P\*) := e~ P, also satisfies

0= DRy <Ot 4 )l FELW (39)

()’
Then by noting 1 < ¢ < 2 and (3.9), the left hand side of (1.7) is dominated as

HF Bf I/QHLP = eatHP(Pt(a)f)l/QHLp(u)
< RO, || (Va =D PO i
= eatHRéq)(LMP,p”(V o — L)qiz(a - L)Pt(a)fHLp(”)
YR (L)ow [y (@)
= r(l—q/2)pp/o sl = L)PET | g s

eatHRExq)(LMp,p a2 —a+ty( Cp
WL Dls [ ol metest (o)1 s, 010

where we used (1.6) for the second line.
Moreover, we have
e e C
e qu/2€fa(s+t)< Py a)ds
['(1—gq/2) /0 s+t
C o « o0
< —p/ sT2(s+ 1) Mds + —/ s92e= g
Ti—g )y © 0 T B ra—gm
C, e
= —t_Q/2</ 21+ 7 _1d7'> + /2
fi-gm' Uy 7707
< Gyt 4+ a9?), (3.11)

where we changed the variable s to ¢7 in the third line.
Hence by combining (3.10) with (3.11), we obtain our desired estimate (1.7). This
completes the proof. I

4 Examples

4.1 Diffusion processes on a path space with Gibbs measures

In this subsection, we present an example on an infinite dimensional setting. This is
studied in Kawabi [10], [12]. We consider diffusion processes on an infinite volume path
space C(R, R?) with Gibbs measures associated with the (formal) Hamiltonian

_ %/R|w’(:c)]édd:c+/RU(w(x))dx,

where U : R¢ — R is an interaction potential. Our diffusion processes are defined through
the time dependent Ginzburg-Landau type SPDE

dX,(z) = {A. Xy (2) — VU(X(2)) }dt + V2dW,(z), =€ R, t >0, (4.1)

18



where A, = d?/dx?, V = (0/0z;)L, and (W;)s>o is a white noise process. This dynamics
is called the P(¢);-time evolution which has its origin in Parisi and Wu’s stochastic
quantization model.

In what follows we describe the framework. We introduce some spaces of functions to
control the growth of X;(z) as |z| — oo. For fixed A > 0, we consider a Hilbert spaces
E = L*(R,R% e~ 2X@qg), A > 0 where y € C®(R,R) is a positive symmetric convex
function satisfying x(x) = |z| for |z| > 1. We also consider

C = {X() € C(R,R%) |Slelﬂ€ |X(x)]Rde_AX(’3) < oo for every A > 0}.

We regard these spaces as state spaces of our dynamics.
Let 1 be a (U-)Gibbs measure. This means that the regular conditional probability
satisfies the following DLR-equation for every » € N and p-a.e. £ € C:

u(@0lB)(©) = Z:texp (~ [ Ulu(e)do)We(du),
where B} is the o-field generated by C|_,,jc, Wh,e is the path measure of the Brownian
bridge on [—r, 7] with a boundary condition W, ¢(w(r) = &(r),w(—r) = £(—r)) = 1 and
Zr ¢ is the normalization constant.
We impose the following conditions for the potential function U.

(U1) U € CY(R% R) and there exists a constant K; € R such that

(VU(Zl) — VU(ZQ), 21 — ZQ)Rd > —K1’21 — ZQ@(;, 21,29 € Rd.
(U2) There exist Ky > 0 and p > 0 such that

IVU(2)|ga < K2(1+ |2[8,), 2z €R%

(U3) lim|z|Rd—>oo U(Z) = OQ.
As examples of U satisfying above conditions, we are interested in a square potential and
a double-well potential. Those are, U(z) = a|z|3, and U(z) = a(|z|ga — |2[34), a > 0,
respectively. We remark that conditions (U1) and (U2) imply that SPDE (4.1) has a
unique (mild) solution living in C([0, 00),C) for initial datum w € C. See Theorems 5.1
and 5.2 in Iwata [9] for the proof. We also note that condition (U3) is sufficient for the
existence of a Gibbs measure. Moreover it is known that Gibbs measures are reversible
under the solution X := {X;(x)}:>o of SPDE (4.1). See Proposition 2.7 and Lemma 2.9
in Iwata [8] for details. We denote by {P;};>o the transition semigroup related to the

diffusion process X.
Now we introduce the relationship between our dynamics and a certain Dirichlet form.

We define H := L*(R,R% dz) and
FC = {f(w) = f(<w7¢1>7 o (w ) | nEN, {or}i C Cgo(RaRd)v

F= Flan, -+ an) € GRR), (w,dn) i= [ (wla),dula)auds .

R
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For f € FC,°, we define the Fréchet derivative Df : E — H by

Df(w) = _k(<w7¢1>7 7<w7¢n>)¢k (42)
We consider a symmetric bilinear form £ which is given by
&)= [ Ipsw)fmtaw). 1 e i
E

We set & (f) == E(f)+ ”fH%2(u) and denote by D(E) the completion of FCp° with respect

to 811/2—norm. For f € D(£), we also denote by Df the closed extension of (4.2).

By virtue of the C5°(R, R?)-quasi-invariance and the strictly positive property of the
Gibbs measure p, (€, D(£)) is a Dirichlet form on L?(u), i.e., (€, D(E)) is a closed Marko-
vian symmetric bilinear form. Hence condition (A) holds by putting A = FC;°. Moreover
our diffusion process X is associated with the Dirichlet form (€, D(£)). See Proposition
2.3 in [10] for the detail. We note that T'(f) = |Df|% in this case.

Then the following gradient estimate of the transition semigroup {F;};>o holds for any
feDE):

ID(RS) ()1 < S P(IDf|i) () for prac. w e B

See Proposition 2.4 in [10] and Proposition 2.1 in [12] for details. Therefore Theorems 1.2
and 1.3 hold for a > K; V 0. These results play important roles when we study analytic
properties for SPDEs containing rotation. See Theorem 4.4 in Kawabi [11] for details.

4.2 Superprocesses with immigration

In this subsection, we give a simple example which comes from superprocesses (or Dawson-
Watanabe processes) with immigration. Recently, Stannat [21], [22] studied these measure-
valued processes from analytic view points. Following [21] and [22], we consider the one
of the most elementary superprocesses. In what follows, we introduce the framework
precisely. We assume that the type space S is a finite set {1,--- ,d} and the mutation
A=0. Let E:= M_(95) be the set of finite positive Borel measures on S. Note that we
can identify £ ¥ R% := {z € R?: 2; > 0,1 < i < d} with the usual topology. For immi-
gration v € E, we use the notation v; := v({i}), 1 < i < d. The branching mechanism is
given by
Ui, A) = —a; A2 — b\, A >0,

where a;,b; > 0 for every 7 € S.
We consider a (0, U)-superprocess M on S with immigration v € E. It is a diffusion
process on E/ whose generator is given by

S : of ) p
Lf(z) = Zaixi@@) +Y) (v = b)) (2), fECHUE), x=(x), € E.

o0x;
i=1 v
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We may think of the diffusion process M as a continuous time limit of rescaled Galton-
Watson processes modelling the random evolution of a given population where each in-
dividual ¢ € S, independently of the others, produces a random number of children
distributed according to a given offspring distribution and an additional immigration rate
v. The immigration v induces an additional state-independent drift.

We define a Gamma measure m, on E by

d
bi vi/a; Vilai—1 —bim o
mY (dr) := H <—> F(Vi/a,-)_lx// ilebiw/aigy,

5 a;

=1

and consider a symmetric bilinear form

EX(f) :[EZaixi(%(x))me(dx), feCiE).

%

Then by Theorem 3.1 in [22], the closure of (£, C3(F)) in L?*(mY) is a Dirichlet form
and it corresponds to the my-symmetric diffusion process M. We denote by (Pty’\l')tzo its
transition semigroup. We note that condition (A) holds by putting A = C2(FE) and

(@) =D wa(5 (@) o= (@)L, € B

Here we assume 1
.V
min — > —, (4.3)
1<i<d a; 2
and set ap := minj<;<q @;, Ag4+1 = MaXj<i<q a; and by := minj<;<4b;. Then by Theorem

2.9 in [21], we can see condition (G)

RS < (F20) - M)}, f e G,

holds under the condition (4.3). Therefore Theorems 1.2 and 1.3 hold for all a > 0.
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