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A CONSTRUCTIVE APPROACH TO A CLASS OF ERGODIC HJB
EQUATIONS WITH UNBOUNDED AND NONSMOOTH COST*
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Abstract. We consider a class of ergodic Hamilton—Jacobi-Bellman (HJB) equations related to
long-time asymptotics of nonsmooth multiplicative functional of diffusion processes. Under suitable
ergodicity assumptions on the underlying diffusion, we show existence of these asymptotics and that
they solve the related HJB equation in the viscosity sense.
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1. Introduction. Let (z);>0 be a continuous-time, homogeneous Markov pro-
cess with infinitesimal generator L. To fix ideas, assume xz; is R%valued. Given a
function ¢ : R? — R and v > 0, we are interested in obtaining long-time asymptotics
of the functional

T
S(T,z) :==log E, |exp fy/ c(zy)dt ||,
0

where FE, is the expectation conditioned to xg = 2. Let (T, z) = e%(T»*), At least at
the formal level, ¢ is a solution of the equation

3:&80(15#8) = Lsa(ta .’E) + ’)/C(l')(p(t, (E)

If a Perron—Frobenius-type theorem holds for the operator L + ¢, then for T large
o(T, x) gets close to e*Tv(x), where X is the largest eigenvalue of L +~c, and v is the
corresponding strictly positive eigenfunction. In other words, setting V() := logv(x),
we obtain

S(T,z) =T+ V(x)+o(T),

ie.,
1 T
(1.1) )\:TEToofIOng exp 7/0 c(xy)dt
and
T
(1.2) V(z)= lim <logFE, |exp ’y/ clxy)dt | | = AT
T—+o0 0
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HJB EQUATIONS WITH UNBOUNDED COST 2599

Note also that the pair (A, V') is a solution of the nonlinear equation
(1.3) A=eVILEY) + e

The actual proof of the existence of the limits (1.1) and (1.2) is, in general, not simple,
and various assumptions are required. If the empirical measures

1 t
Lt = - / 6msd8
t Jo

of the Markov process obey a large deviation principle with rate function i(u) (which
is known under fairly general conditions), and ¢(-) is measurable and bounded (but
suitable growth conditions on ¢(-) may suffice), then the limit (1.1) exists, and

(1.4) A= sup | [ edn— it

m

where in (1.3) u varies over probability measures on R?. The existence of the limit
(1.2), i.e., the second-order asymptotics of S(T,x), is a harder problem to solve. For
processes taking values in a compact space, where things are simpler, we refer to [7,
section 4]. In this paper we consider R%-valued diffusions of the form

where (By)¢>0 is a standard Brownian motion and b is a regular drift function. Thus
the associated infinitesimal generator is L = 1A + b(x) - V. The first results in this
context date back to [6] and [14], where conditions are given for the existence of
the solution of (1.3), which takes the form of the Hamilton—Jacobi-Bellman (HJB)
equation

A= %Av(x) + max | (b(z) +u) - VV () + 7e(z) — %'“'2

(1.6) = %AV(I) +b(x) - VV(z)+ %|VV($)|2 + ye(z).

In [6] it is also shown that, under sufficient ergodicity of (z:);>0 and if ¢(+) is bounded
and sufficiently smooth, then (1.3) has a solution, which need not be the unique
one, for which (1.1) and (1.2) hold. More recent results, which require boundedness
from above of ¢(-) but not smoothness, can be found in [5, Appendix B] or [20,
Proposition 6.4].

The case of ¢(-) unbounded has been recently dealt with in [11] and [10].

In [11] the authors deal with a discrete-time process; it is plausible that many of
their proofs can be adapted to continuous time. Their approach is based on a rather
sophisticated spectral theory (see also [12]). The translation of their results into our
context would allow to prove the existence of the limits (1.1) and (1.2) for any mea-
surable ¢(-) whose growth at infinity is strictly less than quadratic. The assumptions
are related to contractivity of the transition operator. In term of continuous-time dif-
fusions, this corresponds to existence of spectral gap for the infinitesimal generator of
the diffusion, in the space L?(m), where m is the invariant measure (see assumption
A5 below).
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2600 PATRICK CATTIAUX, PAOLO DAI PRA, AND SYLVIE RELLY

In [10] the authors allow quadratic growth for ¢(-), but require differentiability.
Using PDE methods they show, under reasonable conditions on b(-), that (1.3) indeed
has multiple solutions, even after identifying solutions that differ by a constant. It is
shown in [10] that there exists A € R such that the equation

1 1
w= 5AV+b-VV+§|VV\2+vc

has a (smooth) solution if and only if g > X. Moreover, for = A, this solution is
unique up to additive constant. Kaise and Sheu also indicate that this A should be as
n (1.1). They do not address the possibility of interpreting one solution V as in (1.2).
The main objective of this paper is to propose a totally different approach to the
above problems. On one hand we tackle (1.1) and (1.2), for the diffusion (1.5), directly,
without relying on properties of (1.3). This makes it easy to avoid any regularity
condition on ¢(-). On the other hand, unlike in [11], we allow ¢(-) to have quadratic
growth. We remark that quadratic growth of ¢(-) makes a Gaussian concentration
property (see assumption A3 below) a natural assumption. This property is by no
means implied by existence of spectral gap for the generator (which corresponds to
our assumption A5). Our assumptions A1-A6 are discussed in detail in section 3.
The method we propose is based on cluster expansion, a well-known method in
statistical mechanics and combinatorics. Besides the technical advantage of allowing
quadratic growth without requiring regularity, our approach has, we believe, other
positive aspects as follows:
1. Tt is considerably simpler than both PDE and spectral methods. Moreover,
in principle it allows us to obtain explicit estimates on the limits (1.1) and
(1.2) in terms of various parameters related to the drift b(-).
2. It is a very robust method which can be adapted to various modifications of
the problem considered here. For example, in (1.1) and (1.2) the integral

/OT c(xy)dt

could be replaced by

/ () d(t),
[0,T]

where p could be of the following forms:

i. pis a o-finite periodic measure, for instance, pu(dt) = Y, < Ora(dt) for
some A > 0. In this last case the cost acts only at discrete time.

ii. p is a random measure, independent of (B;);>0, translation invariant,
and sufficiently ergodic in law. For instance, we could take u(dt) =
> 67, (dt), where (7,),>0 are the points of a Poisson process.

Moreover, jump processes, rather than diffusions, should also be treatable.

We also remark that, although in this paper we consider diffusions whose diffusion
coefficient is the identity matrix, the uniformly elliptic case could be dealt with after
minor modifications. It is worth noticing that the whole content of section 2 is based
on assumptions A1-A6 below, which do not refer to any specific form of the Markov
process. The fact that the process is a diffusion plays a role in sections 3 and 4.

In the case when c¢(+) has quadratic growth, S(¢, z) could possibly explode in finite
time, unless -y is sufficiently small. At the present stage, our results hold for v in some
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HJB EQUATIONS WITH UNBOUNDED COST 2601

interval [0,7], which is certainly not optimal. Note, however, that one could get an
explicit expression for 7 (carefully following the proofs) as a function of the constants
¢y and K appearing in conditions (DC) and (CC) of section 3.

The paper is organized as follows. In section 2 we prove existence of the limits
(1.1) and (1.2) under some general conditions (A1-A6 below) on the diffusion process.
In section 3 we give explicit sufficient conditions on the drift b for A1-A6 to hold. In
section 4 we show that V and A given by (1.2) and (1.1), respectively, are linked to
(1.6); more precisely, we show that V' is a viscosity solution of (1.6).

2. Existence of the limits (A, V). We begin by stating our assumptions on
the Révalued diffusion

A1l. Equation (2.1) has, for every deterministic initial condition, a unique strong
solution.
A2. There is a C > 0 such that

le(z)| < C(Jz)* +1), =z €R<

A3. The process (x;); which is a solution of (2.1) has a unique invariant proba-
bility measure m(dzx) such that, for some 5 > 0,

/eﬁlm‘zm(dx) < 400.

A4. The transition probability of the process (z;); admits a density p;(z,y) with
respect to the measure m. Furthermore, there exist K > 0, p > 2, and ¢y > 0 such
that

sup || pe(-s-) lLemem) < K.
t>to

A5. Let P; be the semigroup associated with the process (z:):;. It extends as a
continuous semigroup on IL?(m) and satisfies

VE L m),  tim | Pef = [ fdm =0,
A6. For all @ > 0 and all z, there exists 8, , > 0 such that
o [P ] < s

We shall say that A6 is uniformly satisfied if for all @ > 0 there exist 5, > 0 and
a locally bounded function h, such that for all x,

E, |:65a Jo las? dé‘} < ho(z).

Section 3 will be devoted to giving sufficient conditions for these hypotheses to hold.

Remark 1. Assumption A4 implies that the semigroup P; is continuous from
L2(m) into LP(m),p > 2, for t > to. Hence, according to the Gross hypercontractivity
theorem (see, e.g., [1]), m satisfies a defective logarithmic Sobolev inequality. If m is
absolutely continuous with respect to the Lebesgue measure, m(dxr) = e~V dx, and
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V is locally bounded, a result by Rockner and Wang says that m satisfies a so-called
weak Poincaré inequality; hence, thanks to a result by Aida, m will satisfy a tight
log-Sobolev inequality (for all these results see the book of Wang [19]). In particular
m will satisfy both a spectral gap inequality, so that Assumption A5 is satisfied, and
a Gaussian concentration inequality implying A3.

THEOREM 1. Under A1-A6 there is 7 > 0 such that for every v < 7 the limits
(1.1) and (1.2) ewist.

Furthermore, if A6 is uniformly satisfied, the convergence in (1.2) is uniform on
compact sets.

Proof of Theorem 1. We begin by showing that the limits (1.1) and (1.2) exist
along suitable sequences.

ProPOSITION 1. Under A1-A6, for every time-step a > 0 large enough, there
ezists y(a) such that for all v < vy(a) and all x € R4, the limits

(22) do= tim o B oxp (7 [ clear)

n—-+00 an
and
(2.3) Val(z) = lir+n {log E, {exp (’y/ c(xt)dt>} - /\aan}
n—-+0o0o 0
exist.

Proof of Proposition 1. The proof is done via a cluster expansion technique. The
convergence of the expansion requires us to choose v small enough and the time-step
a large enough.

Define

(2.4 b tr.9) = log By [ (4 t c(an)ds) .

where E,, denotes the expectation under the law of the bridge of (z5)o<s<¢ between
z and y, and consider a time-step a > 0. Then

(2.5)

eS(an,x) — B

x

exp <Z ¢y(a,$ka7$(k+1)a)>] =E lexp (Z ¢7(a7§k7§k+1)>] ,

k=0 k=0

where E is the expectation with respect to a probability P, and &y = =z, &1,...,&, are
random variables that, under P, are independent and identically distributed (i.i.d.)
with law m(dz), and

b (a,z,y) =y (a, z,y) +log pa(z, y).
A cluster in this context is a subset of Z* := {0,1,2,...} of the form {k,k +
1,...,k+1}. We say that two clusters are separated if there is an integer which is

strictly larger than all elements of one cluster and strictly smaller that all elements of
the other. We denote by € the set of all clusters, while C,, denotes the set of clusters
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contained in {0,1,...,n — 1}. The usual cluster expansion procedure yields
n—1 n—1
exp (Z ¢’Y<aafk7€k+l)> =11 [(€¢"(a’fk’5“1) - 1) + 1}
k=0 k=0
— 3 I1 (em(a,&k,ml) _ 1) Z 3 H 11 ( @€k €rt1) _ 1)
7C{0,1,...,n—1} kET p>0 " rpempECni=l kET;
separated

_Z Z qT1Q'r2"‘QTp7

p>O T1aeens TpECH

separated
where
¢, = H (e¢7(a75k75k+1) — 1) ’
keT;
and we have used the fact that any subset of {0,...,n — 1} is a union of p separated

clusters for some p > 0, and these clusters can be rearranged in p! ways. The key fact
is that if 7; and 7; are separated clusters, then ¢,, and ¢,; are independent. Thus, by
(2.5),

(an,@) _ Z Z E(qr, )E(¢r,) - - E(gr, ).

p>0 T1seees TpECH
separated

The logarithm of the above expression can be rewritten as

an :L’ Z Z Z ap(Tl’ T2y .- 7TP)E(qu )E(qTQ) o qu Z FT7

T7€C,,7#0 p>0 Tld_-_-jaz;i(:n‘,r TEC,,T#D
where the coefficients a, (71, ..., 7,) come from the Taylor expansion of the logarithm
(see [13, page 492]). Now note that I'; depends on z if and only if 0 € 7, i.e.,, T =
{0,1,...,m} for some m. In what follows, we write I';,, in place of I'rg 1, . 3. Thus

n—1 1
CONDS qumz > ple= Tt - 3
TeGn7T;é(D =1 TE(ZETTEO m=0 ‘re(i'ré;'ﬁo

where we used the fact that, for 0 € 7, I'; is invariant by translation and permutation
of 7. Thus, at a formal level, the limits (2.2) and (2.3) should be given by

1 1
(2.7) Ao = — Z ﬂrﬁ
T

+oo
(2.8) Va() =Y Tp—
m=0

As usual (see, e.g., [4]), the convergence of the above sums will follow from the fol-
lowing strong cluster estimates:

(2.9) Ip<1 VrelCwithogr, E(g) <pl
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and
(2.10) Vr e Cwith 730, [E(g)| < C(z)p™,

where C(+) is a locally bounded function of z.

Thus, we have only to prove the estimates (2.9) and (2.10) for « sufficiently small.
We begin by proving (2.9). By the generalized Hélder inequality in [15, Lemma 5.2],
we have

(2.11)
IE(q,)| = [E [H (em(a,sk,ml) _ 1)] < H]El/z [(em(a@k,sm) _ 1)2] — .
keT keT
where

pi= E1/2 |:(€¢7(a751752) _ 1)2:| .

We now show that p can be made strictly less than 1 by choosing a sufficiently
large and ~ small enough:

p’=E ((ew”(a’&’&)pa(fhfz) - 1) 2)
= [ [ (75505 o) = 1] midoymiay
= [ [ (50 1) pua) + ) — )] mde)m(ay)
R2d
<2 [ B (B 1) ey m(doymdy)
-

2 [ (paloy) — 1) mideym(dy)
R2d
=:2I1(a,v) + 2I>(a).

We first analyze I (a,). For any € € ]0, 1[, by the Holder inequality,

€

h(e) = | [ B (805 1) oyl

| UR 2 (x’y)m(d:c)m(dy)]

< B, (| Bt ) g P,
Li-¢(m®m)

where E,, denotes the expectation under the law of (z;); with initial measure m.
Thanks to assumption A4, for a large enough and € small enough (such that % < p),

|l pa 1735, < 400. To control J(a,7) := Em(|e7foa elws)ds _ 1]2/2), we represent
L1-(m®m)

eV o clws)ds _ 1 a9 ’ona c(xs)ds fol e g ¢(@2)ds gy, and obtain

a 2/e 1 - 2/e
/ c(xs)ds </ el C(”3'§)dsdu>
0 0

a 4/e
/ c(xs)ds EM? (e%‘ Iy C(xs)dS) )
0

J(a,y) =+**Ep, (

S 72/EE:”/2 (
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By Jensen’s inequality,
a 1 e 4 1/2
J(a, ) < A*/ea?/e1/2 /2 (/ |c(xs)|4/5ds> [/ B, (egac(ms)) ds}
0 aJo

< (| [ o) m(a)] - [ oman] ”

The first integral term on the right-hand side in the above inequality is finite due to
assumptions A2 and A3. For the same reason, if ya < ;=0, the last integral term of
the right-hand side is finite. Then, for ya small enough, J(a,~) and I(a,~y) are as
small as we want.

We now prove that I(a) goes to 0 as a — +o0.

LEMMA 1. If A4 and A5 are satisfied, limg_. 4 oo [poa (Pa(2, y)—1)> m(dz)m(dy) =0.

Proof. By assumption A5, the semigroup P; is a contraction on L2(m), and

P (x) - ( / fdm>

Notice also that, for a > b > 0 and m almost all y,

i m(dx) = 0.

lim
t——+oo

Pa(z,y) = Papp (., y) ()

in L?(m) for all rational times a and b and, by invariance of m, [ py(z,y)m(dz) = 1.
Consider now an increasing sequence (ay)n>0 such that a, — +o00. We have to show
that, for any such sequence,

(2.12) lim [ (pa, (z,y) — 1)* m(dz)m(dy) = 0.

n R2d

It is not restrictive to assume a; > tg, where tg is the constant in assumption A4. For
(m almost all) fixed y,

[ o) =1 mide) = [ (Pay b () (0) = 1)7 () = 0

by assumption A5. But thanks to assumption A4, the sequence

y i / (Pan (2,9) — 1)? m(dz)

is uniformly integrable, which implies (2.12) by the Vitali convergence theorem. O

We can now conclude that for ya small enough and for a large enough, the cluster
estimate p is smaller than 1, which completes the proof of (2.9).

For the proof of (2.10), we proceed in the same way, just observing that the first
factor in the right-hand side of (2.11) is now dependent on x. The additional term to
control is E,, [e‘” Jo elxs) ds] for some large ¢ > 1. This can be done using A2 and A6.
Thus, we completed the proof of Proposition 1.

To complete the proof of Theorem 1, we shall show why the limits (2.2) and (2.3)
do not depend on the time-step a, yielding the limits (1.1) and (1.2). So we choose
once and for all some convenient a and consider the corresponding set of convenient
v’s, yielding for each v a A\ obtained thanks to Proposition 1. For large T we choose
n such that a(n — 1) < T < an.
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Notice that
S~ (an,z) < S(T,2) < §*(an, ),
where

eS’(amm) =F, {67 foa(nil) c(zs)ds e 7 f:&fm ¢ (l’s)dﬂ

and

oS lana) . E, [e” 0= o(z,)ds o f:(:_l)fr(g;s)ds} '

Both S~ (an,z) and ST (an, ) can be calculated using the same cluster expansion,
except that now we have to replace ¥ (a, Z4(;,—1), Tan) With a function ¢/~ (resp., ")
obtained by replacing ¢ with —¢™ (resp., ¢™). We thus obtain a similar decomposition
S7(an,x) = Y pce, rpolr With ' = I'r if n — 1 ¢ T and with I'; obviously
modified if n — 1 € T. In particular, in the decomposition (2.6) we see that, in the
first sum, the only modified term is I',,_;. But since —c¢~ also satisfies A2, estimates
similar to those in (2.9) and (2.10) hold true for both S~ and ST, whose difference
goes to 0 as n goes to infinity. This yields the desired result.

3. Some properties of diffusion processes and their invariant measures.
In this section we provide explicit conditions on the drift b(-) for assumptions Al and
A3-A6 to hold for the diffusion process in (2.1). Our main result, Theorem 2 below,
will be stated in terms of the following two drift conditions:

(3.1)  Condition (DC) 3¢, >0 and IR > 0 s.t. for |z| > R, b(z) -2 < —cp|z|>.

The second condition is usually called a “curvature condition.” Assume b € C!, and
for ¢ € R? recall the notation

(3.2) (Veb(2), &) = Z £ 0ibj () &5

The curvature condition is then as follows:
(3.3) Condition (CC) 3K, € Rs.t. Va and all ¢, (Veb(z),€) < Kyl¢|>.

In what follows, L denotes the generator b(z)-V + %A, and P; denotes the associated
semigroup.

THEOREM 2. Let b € CL. If (DC) holds, then Assumptions A1 and A3 are satis-
fied, and assumption A6 is uniformly satisfied.

If (DC) and (CC) are both satisfied with constants cy, K} such that ¢, > 2Ky,
then assumptions A4 and A5 are satisfied.

Remark 2. The condition ¢, > 2K} is a mild condition. Indeed, if we replace (DC)
by a stronger (but more symmetric) condition, namely,

(b(x) —b(y)) - (x—y) < —cple —y|?

(if b= —VV, this is a convexity assumption), then we may choose K; < 0.
It is also worth noticing that if we reinforce (DC), assuming the condition

X
lim b(x) —5 = —o0,
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then we may always choose ¢, > 2K, (if K} is finite, of course). In this situation it
can be shown (see [19, Corollary 5.7.7]) that the semigroup P; is superbounded.

Proof of Theorem 2. We divide the proof into several steps.

Step 1. A1 holds under (DC). Since b € C*, it is locally Lipschitz; thus existence
and strong uniqueness are ensured up to the explosion time, starting from any =x.
Define now ¢(z) = 1 + |z|?. By condition (DC) it is easy to check that Ly < C for
some C' > 0. By applying Ito’s rule to ¢(x;) up to the exit time of the level sets of v
(in the same spirit as in [16, Théoréme 2.2.19]), it follows that the explosion time is
a.s. infinite.

Step 2. A3 holds under (DC). Existence and uniqueness of the invariant measure
m under (DC) follow, for instance, from [17, Theorem 7.4.21]. We prove here that, if
(DC) holds, then for all 8 < ¢, [ ePlul® m(dy) < +oo. Since (DC) holds, there exists
D > 0 such that b(z) - 2 < —cp|z|> + D for all x; we set ¢ = ¢, in the proof of this
step.

Let g, be a smooth nondecreasing concave function defined on R* such that
gn(u) =uifu <n—1and g,(u) =n if u > n (such a function exists). Let f,(z) =
exp(B ga([]?)) for § < c.

Then V fr(z) = 2ﬁfn(x)g;(|x|2)x and

Afn(x) = 28fu(x) (297 (12*) |2 + 28(g7,)* (|2[)|2|* + dg, (|2]?))
so that

Lfn(x) = B fu(x) ((2gn(2[*)zl* + dgy, (12*)) + 29, (|21*) (Bg (J2|*) |2 * + b(x) - 2))
< B fu(2)(d+2D = 2(c - B)|a]*)

d+2D

< B(d+2D)e” =7 — B(d+2D) f,(x)

since
d+2D - 2(c— B)laf? < —(c— B)fal? < —(d +2D)

for |z[? > 422D
In short, there exist ¢; and ¢y positive constants such that for all n, Lf, <

1 = C2fn. ,
Define h,(s) = E, [e%9(7:1)]. Tto’s formula yields

t
hn(t) < hp(0) + 1t — 62/ hn(s)ds,
0
and hence by applying Gronwall’s lemma, we obtain

(3.4) EJJMWW]Sﬁ+w%ﬁ£MM3
Co

Integrating (3.4) with respect to the invariant measure m yields

(1— et /eﬁgn(\yIQ)m(dy) <4,
ca

—¢2t < 1/2 and then use the monotone

We may thus choose ¢ large enough for e
convergence theorem with n — 400 in order to obtain feﬁly|2m(dy) < +oo for

8 < cp.
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Step 3. A6 is uniformly satisfied under (DC). Using Ito’s formula up to the exit
time Ths of the ball of center 0 and radius M, we have

tAT 2
/ (20b(x5) - w5 + d6 + 20%|z,[?) 17" ds

2 2
B, [eflenml’] = 8ol 4 B,
0

In particular, if condition (DC) holds with ¢, > 6, the integrand in the right-hand
side is nonpositive for large values of ||, and hence we can let M go to infinity in
order to show that there exists some constant x (depending on (DC) and 6) such that

E, {eelmg} < Al + kt.

Accordingly, using the Jensen inequality, we obtain

B, [l Bleel?ds) = p, [ed I ad ol as]

1 e 2
<-E, {/ et Bl ds} < 400
a 0

as soon as af3 < ¢p. The proof is completed.

Step 4. A4 holds if (DC) and (CC) are both satisfied and if c;, > 2K,. Since b € C*,
Malliavin calculus shows that the law of z; is absolutely continuous w.r.t. the Lebesgue
measure for all initial conditions x and all ¢ > 0. Hence m is also absolutely continuous
w.r.t. the Lebesgue measure, and it can be shown that dm/dy is a.e. positive. Thus,
the existence of p;(z,y) follows. The proof of the integrability condition stated in A4
relies on a beautiful Harnack inequality derived by Wang (see [19, Theorem 2.5.2]),

«@ o (e — —
(3.5) (Pof(z)® < Pif*(y) exp | =—— Kp(1 — e 25071z — g2 )|
2(a—1)
holding for ¢t > 0, « > 1, all (z,y), and all nonnegative continuous and bounded f,
with the convention Kj(1 — e™2K%)=1 = 1/2¢ if K}, < 0 (see also [1, Lemma 7.5.4] if

a=2).
Using (3.5), we show that for all p > 2, p;(.,.) € LP(m ® m) for all ¢ such that
Kyp(p—1)
> 1 _ 6721{515 :

In particular, if K3 < 0, then for all p > 2 there exists ¢, such that p;(.,.) € LP(m®m)
for t > t,, while for K > 0 such a ¢, exists provided ¢, > Ky p (p — 1). We shall first
derive an upper bound for the density.

Let a > 1, Dy := {x € R |z| < ~(t)} for some increasing function v going to
00, and let f be nonnegative and bounded. Integrating the Harnack inequality for P;
with respect to m(dy) on D; and denoting

w0 = g gy Kol =07

we get

((Pef)(x))” S/D (Pof*)(y) "l m(dy) /m(Dy)
< | £ ) (P (I, () el 1)) (y) m(dy) /m(Dy)

SeQn(t)(‘ﬂz"r'}’z(t)) / fa(y) m(dy)/m(Dt)
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since
|| ]ID,() eli(t)‘wf.ﬁ ||OO S €2H(t)(|m|2+’y2(t)).
If

H(t, a’:) = (e2ﬁ(t)72(t)/m(Dt)) eQr;(t)|x\27
we thus have

(3.6) (P (@) < 6(t) / £ () m(dy).

Applying the previous inequality with a continuous approximation of fx(z) =
pf(m, 2) Igp, (z,-)<n} and then taking limits, we have

( / PP (2,2) Ly, o)<y m(dz)) < 0(t,z) / PP (2, 9) Ty (ay<ny mdy);

i.e., by letting N go to oo and choosing 1 + 3 = a8 and hence § = 1/(av — 1) we
obtain

a

(3.7) / P (2, y) midy) < 0V (¢, ),

By Step 2, the right-hand side in (3.7) is in L*(m) provided

2k(t) aKy

(3.8) > T (@ — 1)2(1 — e 2Ket)

In particular if p > 2, define 1 < a = p/(p — 1) < 2. Hence p¢(.,.) € LP(m @ m)
provided

Kyp(p—1)
> 1 _ 672Kht :

Step 5. A5 holds if (DC) and (CC) are both satisfied, and ¢, > Kp. (Note that
the condition needed here is weaker than ¢, > 2Kj.) It is well known that the L?(m)-
contractivity stated in assumption A5 is implied by hypercontractivity of P;, which
means that for all 1 < p < ¢ < 400 there exists ¢, , such that for ¢t > ¢, 4, P; is a
bounded operator from P (m) into LI (m) with norm equal to 1. The fact that ¢, > K,
implies hypercontractivity of P; is shown in [19, Theorem 5.7.3, Corollary 5.7.2, and
Theorem 5.7.1].

4. The limiting function as viscosity solution. We consider the function

(4.1 olt.e)i= . [exp (- [ t c(a)ds) |
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We have shown that (under some assumptions we shall assume to be in force below),
for v sufficiently small, the limits

(4.2) A= li{n % log p(t, x)
and
(4.3) V(z) = lign [log (t, ) — At]

exist uniformly over compact sets. We want to show that V' is a wviscosity solution of
the HIB equation (1.6) or, equivalently, that v(z) := " (*) is a viscosity solution of
the linear equation

1
(4.4) - 5Av+b~Vu+’ycv + v =0.

We first prove that (T — t,x) is a continuous viscosity solution of a suitable
evolution equation. Then by using (4.3) we show that (4.4) holds.

This problem has been dealt with in [9] in a much more general setting. However,
the assumptions given in [9] are not satisfied here, due to the unboundedness of c.
Thus, some modifications of their proof are needed.

PROPOSITION 2. Assume that conditions A1-Ab are satisfied and that condition
(DC) is satisfied, so that condition A6 is uniformly satisfied (in particular, the strong
Feller property holds). Moreover, let ¥ be as in Theorem 1, and assume v <7 (hence
the limits (4.2) and (4.3) exist). Then v(-) is continuous and is a viscosity solution of
(4.4).

Proof. Step 1. Continuity of p(t,x). We first establish continuity in x.

First note that, according to the proofs in section 2, for v < 7, one can find some
6 el %[ and some function h. (¢, ), which is bounded on compact sets such that

(4.5) E, {exp (75 /0 t |c(xs)|ds>} <h(t,2)

for all t > 0 and = € R%.
Note that, for 0 < € < t,

lp(t,2) = ¢(t,y)

E, :w(t—e ) exp (7/0 c(zs)ds )]
e f )|

< E, ||e o clza)ds _ 1’ p(t — e,xg)} +E, He”ﬂ c(ws)ds 1‘ o(t e,xe)}
(4.6) +[Exp(t — €, zc)] — Ey[o(t — €, z)]| .

We begin by estimating the first term in the right-hand side of (4.6). By the Hélder
inequality,

—

(4.7) E, H67f0 c(es)ds _ 1’ p(t — e,xe)]

1/6

e (0 [ tetwras) |}

< {1, [0 ete
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where p = 6%1. Our goal is to show that the left-hand side of (4.7) goes to 0 as € — 0,

uniformly in z varying in a compact set. By (4.5), the second factor in the right-hand
side of (4.7) is locally bounded. Thus, it is enough to show that

e

goes to zero uniformly in compact sets. By the inequality |e® — 1| < |z|el*], the
Cauchy—Schwarz inequality, and Jensen’s inequality,

. P12 € p "
b <, ([ tes) v ]
0

([ o)

gﬁ*ﬁ/mW@W@&PWWMﬂ
0

2

<~**E,

E, {62717.[5 \c(a:s)lds]

(4.8) sﬁ%ﬂf&wmm%/&kwmﬂw
0 0

Since p > 1, it is enough to show that the two integrals in (4.8) are locally bounded.
This follows easily from the assumption that ¢(-) has quadratic growth (see A2, where
the constant C is defined), and from the proof of the first part of Theorem 2, as soon
as 2ypCe < ¢, that holds true for ¢ small enough. Indeed we get some exponential
integrability which is strong enough to control both terms.

It remains to deal with the last term in (4.6). It is enough to show that, for given
€ > 0, the map

(49) €T = Ew[@(t - 6,335)}

is continuous in z. For this purpose, we realize all diffusion starting from any = € R¢
in the same probability space. We denote by X;(x) the diffusion starting from z, and
denote by E the expectation in this probability space. Thus

Eglp(t —e,xc)] = Elp(t — €, Xc(2))].
By (4.5),
Elp(t — €, Xc())]

is locally bounded in z. This implies that, for any ball B, the family of random
variables

(p(t =, XE(x)»zeB

is uniformly integrable. Thus, letting pn () == @(t — €, 7)1 a1 (|@(t — €,2)]) (14 is
the indicator function of the set A), we have that
o for every M > 0, E[pp(Xc(z))] is continuous in x by the strong Feller prop-
erty; and
o Elp(t —e,Xc(x))] — Elom(Xc(x))] goes to zero as M — oo uniformly in
x € B for any ball B.
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From these two statements, continuity of (4.9) follows.

To get joint continuity in (¢,2) just observe that, by the integrability condition
(4.5), we can differentiate in ¢ ¢(¢, ) and show that this derivative is locally bonded.
Thus ¢(t, ) is locally Lipschitz in ¢, locally uniformly in 2. This, together with con-
tinuity in x, implies joint continuity.

Step 2. Viscosity solution of the parabolic equation. In what follows we introduce
the upper-semicontinuous (resp., lower-semicontinuous) extension ¢* (resp., ¢, ) of ¢(+):

c*(x) :=limsupc(y), c«(x) :=liminfc(y).

Yy—T Yy—z

Moreover, let vr(t,x) := (T —t,x). We now show that vy is a viscosity solution (in
[0,T]) of the parabolic equation

1
(4.10) — <8th +b-Vour + iAvT + 'ych> =0.

Since v is continuous, this amounts to showing that the following two properties hold
true:
i. (supersolution property). Let (t,x) € [0,7) x R? and let v : [0,T) x R — R
be a smooth function such that (t,z) = vr(t,x) and vy — ¢ has a local
maximum at (¢,z) (there may be no such function). Then

- <8tw(t, x) 4+ b(x) - Vu(t,z) + %Aw(t, x) 4+ v (x)vr(t, x)) <0.

ii. (subsolution property). Let (¢,z) € [0,T) x R? and let ¥ : [0,T) x R — R
be a smooth function such that (¢, z) = vr(t,x) and vy — ¢ has a local
minimum at (¢,z). Then

1
- (&zﬁ(t7 x) +b(x) - Vy(t,z) + EAz/)(t, x) + e (x)vp(t, x)) > 0.
vy —1) has a strict local extreme in (¢, ). Indeed, if v7 —1) has a local extreme at (¢, )
and (s, y) = ¥(s,y) = [(s — t)? + |z — y[*] (where the sign depends on whether we
are dealing with a maximum or a minimum), then vp — 15 has a strict local extreme in

(t,z), and ¥ and 1/; have the same first space and time derivatives and second space
derivatives at (t,z). We now observe the following identities:

ot a) =1— /Ot %Ew {exp (/t yc(xT)drﬂ ds
g 7/(: E, [c(xs)exp (V /: c(acT)dT)] ds

=1+ 7/0 E, [e(zs)o(t — s, x5)] ds,

where all steps are justified by (4.5). It follows that, for € > 0,

o5) = Ealplt — el = 1B | [ ettt - m)as].
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By a change ¢t — T — ¢ of the time variable, we get
(4.11) vr(t,x) — Eglor(t+€,2.)] = vE, [/ ‘ c(xs)or(t + s,x5)ds| .
0

Now we use (4.11) to prove that vr has the subsolution property. The supersolution
property is proved in the same way. Note that both properties are local, so it is not
restrictive to assume the test functions 1 to have compact support.

So let ¢ be a smooth function with compact support such that (¢, z) = vr(t, x)
and vy — 9 has a local minimum at (¢, ). We first claim that

e—0 € e—0 €

This is done by a simple localization. Let p > 0 be such that vr(s,y) > ¥(s,y) for
(s,y) € [t — p,t+ p| X B(z,p). Then, for [e] < p,

vr(t, @) — Eglur(t + €, x0)]

_E [vp(t,z) — ”l;T(t +6, ) ]I|ze—$§p:| LB, |:’UT(t, x) — UET(t +6,x) ]lee—z|>p]
. :w(t,x) - if(t +€,m) ]Iw6$|<p] LB, [UT(t,x) - iT(t +e ) ]ngm>p}
:E;¢¢@—¢@+@@q
i €
B, [w(t, x) — i}(t +e¢, ) ][|I€_z|>p] LB, |:UT(t, x) — iT(t +6, ) ]I$€_m|>p] ‘

Thus, in order to obtain (4.12), it is enough to show that the last two terms go to
zero as € — 0. We deal only with the last (the others being easier),

‘Ez [UT(t, x) —vr(t+e x)

2 T e(x s

11|m€z|>p}

1

2 :
< EEQ: [evéjoTIC(rs)ldS} Ex(]l|$€7w\>p)173

)

which goes to zero as ¢ — 0 since, by small time estimates (see, e.g., [18]),
Ez (1|, —4|>p) = o(€). This establishes (4.12). On the other hand, by Ito’s rule,
(4.13)

) — Eu[h(t + €,z 1
A= B0t (Gt0) 4 0,0) - Vult0) + 5 A0(0)).

Putting together (4.11), (4.12), and (4.13), the subsolution property follows from

(4.14) lim iglf EEI {/ c(xs)vp(t + S,xs)ds} > co(z)vr(t, o),
€e— € 0

where the above convergence is again controlled by small time estimates and the fact
that vy is continuous.

Step 3. Conclusion. Letting o (t, ) := vy (t,z)e Tt it is easily checked that
U is a viscosity solution of

1
(4.15) — (&@T +b-Vor + iAﬁT + ’)/C’UT> + A0 =0.
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Moreover, vp(t, ) — v(z) as T — +oo uniformly on compact sets. In particular, v is
continuous. We now sketch a standard argument to show that v is a viscosity solution
of (4.4).

Let x € R?, and let ¢ : R? — R be a smooth function such that v(z) = ¥ (z) and
v—1) has a local minimum at x. Fix t > 0, and define ¢ (s, y) := 1 (y) —|y—z|*— (s —t)>.
Note that v — 1 has a strict local minimum at (¢, z), and

(416)  Ob(t,x) + bt x) - V(L @) + %m;(t, 2) = b(x) - Vob(z) + %Az/z(:c).

A simple exercise in uniform convergence shows that there is a sequence (t,,z,) —
(t,z) as n — +o0o such that 9, — ¥ has a local minimum at (t,,x, ). Therefore, since
¥ is a viscosity solution of (4.15),

(4.17)
— <6tlz(tn,xn) + b(xy,) - Vzﬂ(tn,xn) + %Az/;(tn,xn) + 70*(a:n)z7n(xn)> +A0p(2,,) > 0.

Letting n — +oo and using (4.16) and lower-semicontinuity of ¢, we obtain the
subsolution property for (4.4). The supersolution property is obtained in the same
way. 0
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