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Abstract

This paper studies the zero noise limit for the solution of a class of one-dimensional
stochastic differential equations involving local time with irregular drift. These solutions
are expected to approach one of the solutions to the ordinary differential equation formally
obtained by cutting off the noise term. By determining the limit, we reveal that the presence
of the local time really affects the asymptotic behavior, while it is observed only when
intensity of the drift term is close to symmetric around the irregular point. Related with
this problem, we also establish the Wentzel-Freidlin type large deviation principle.

1 Introduction

This paper studies the following one-dimensional stochastic differential equation:
dX; = b(X§)dt + edW; + BdLY(X?), te (0,T], X§=0, (1.1)

where ¢ > 0, f € (—1,1), the driving noise (W:)¢>0 is a standard Brownian motion and
(LY(X?))¢>0 is the (symmetric) local time of X¢ at 0. Roughly speaking, L?(X¢) provides
a singular drift to X¢ at 0. We are interested in the behavior of X¢ in the limit as € | 0 when
the drift b is not Lipschitz continuous at 0. We expect that X¢ approaches to a solution of the
following ordinary differential equation:

o, =b(py), t€(0,T], @o=0 (1.2)

as € | 0. However, (1.2) has infinitely many solutions in general because of the non-Lipschitz
irregularity of b at 0 even if (1.1) has a unique solution. We investigate which solutions of (1.2)
appears in the asymptotic behavior of X*¢ for a class of drifts b carrying such a situation.

Our main focus is in the case 5 # 0. Indeed, no local time is involved in (1.1) when 5 =0
and this problem has been studied well in such a case. The first result in this direction is
given by Bafico and Baldi [1]. Funaki and Mitome [8] and Delarue and Flandoli [3] also studied
this problem by other means respectively (see also references therein). To explain why we are
interested in the case 3 # 0, we review the main result of [8]. The class of drifts b they consider
satisfies b(0) = 0, zb(x) > 0 for x # 0 and b(z) behaves as a fractional power when x | 0 and
x 1 0 respectively (see (2.1) for more precise assumption). They proved that lim. o X exists
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and only two solutions of (1.2) are able to appear in the limit. These solutions are characterized
by the fact that they becomes positive or negative immediately. The choice of solutions are
completely determined by asymptotic intensity of the drift b(z) in | 0 and = 1T 0. It is
particularly interesting that one of these two solutions are chosen randomly if intensities are
comparable in x > 0 and z < 0. Moreover, they consider the case of nonconstant (uniformly
elliptic) diffusion coefficient, but the choice of diffusion coefficient does not affect the limit. We
can guess that the reason why the asymptotic behavior of X¢ studied in [8] depends only on the
drift term comes from the fact that the noise W is spatially symmetric at 0. Thus we consider
the case 8 # 0 in (1.1) to study the influence of a spatial asymmetry of the noise to the limit
of X¢. In our case, the noise when X¢ = 0 is biased according to the sign of 8. If b = 0 and
e = 1, this process is called the skew Brownian motion (see, e.g., Harrison and Shepp [9]). In
this case, intuitively, the process enters (0, 00) or (—o0,0) from 0 with probability (1 + 3)/2 or
(1 — 3)/2 respectively.

Our result exhibits that 3 affects the limit of X© as we expected. More precisely, the effect of
B # 0 is observed only in the case that intensities of the drift b(z) are comparable in x > 0 and
x < 0 (see Theorems 2.1 and 2.2 below). As a consequence, we conclude that asymmetry of the
drift term b affects the limit of X more strongly than asymmetry of the noise at 0 given by the
local time. In addition, related with this result, we establish the full large deviation principle
(Theorem 2.3) in the zero-noise limit which include the explicit description of the rate function.
The case = 0 can be regarded as a Wentzel-Freidlin theorem with a less regular drift, and we
need additional argument to handle the local time. Our large deviation estimate does not seem
to be studied before in the literature, and hence it is also interesting in its own right.

In general, adding a noise to deterministic differential equations is a source of many interest-
ing problems. In some cases, we can obtain the uniqueness of the solution by adding a (small)
noise to a differential equation which enjoys no uniqueness. Once it happens, the next natural
and interesting question is how solutions are selected in the zero-noise limit. As explained above,
we discuss such problems in this paper by restricting ourselves to the simplest one-dimensional
(ordinary) differential equation but with a less standard noise. From the viewpoint of partial
differential equation, our problem can be regarded as a sort of selection problem in the vanishing
viscosity limit. See [6] for recent studies to other (ordinary/partial) differential equations.

The method of the proof of our main results is also an extension of the argument given in
[8]. As for the determination of the zero noise limit, it is based on the large deviation principle
(as mentioned above) and asymptotic behavior of exit time and exit distribution. As it is
well-known, the large deviation principle provides us a powerful tool to study the asymptotic
behavior of X€¢ when b is sufficiently regular (see [4, 7] for instance). However, it is not sufficient
for our purpose because of the non-uniqueness of solutions of (1.2). Indeed, it only ensures
that the probability that X¢ is away from the set of all solutions of (1.2) goes to 0, while it
provides detailed information on the exponential rate of convergence. In order to determine the
limit, we investigate the asymptotic behavior of exit problems and the large deviation estimate
is used only in an auxiliary way (see Remark 2.4). Even in our case, techniques in analysis of
one-dimensional diffusion processes such as the use of scale functions are available. We discuss
exit problems in such a way by means of the [to-Tanaka formula instead of It6 formula since
the scale function associated with (1.1) does not belong to C?(R). As for the large deviation
principle, we remove the local time by using a transform of the process associated with the scale
function for the skew Brownian motion (not the one for X¢ itself) as did in [11]. Then we can



reduce the problem to that in the framework of [2], where they established the large deviation
principle for stochastic differential equations with an irregular coefficient.

The paper is organized as follows. We introduce the precise statement of our main results
in Section 2. Section 3 is devoted to explain the argument of the proof in [8]. There are two
reasons why we review it in this paper. The first reason is to explain how we give the proof of
our result. Indeed, as explained, our proof is based on the same strategy. As the second reason,
we partially use their result even in our case. Main results are proved in Section 4. First we
reduce the proof of our main theorem (Theorems 2.1 and 2.2) into some assertions (Theorem 2.3
and Proposition 4.4) on the basis of the preparations in Section 3. We review known facts on
local times in Subsection 4.1, and discuss exit problems (Proposition 4.4) and the large deviation
principle (Theorem 2.3) in Subsections 4.2 and 4.3 respectively. For completeness, we provide
proofs of some results in Section 3 in Appendices.

2 Main results

As stated in Section 1, we consider the stochastic differential equation (1.1) with T" € (0, c0).
See Subsection 4.1 for the definition of the local time (LY(X¢));>0. We suppose that b: R — R
is continuous, locally Lipschitz continuous on R\ {0} and

b
i 2®)

with some constants satisfying 0 < v3 < v < 1, C1,Cy > 0. In addition, we assume that b is
bounded and b(x) > 0 for z > 0, and b(x) < 0 for z < 0 for simplicity. It looks restrictive to
assume b to be bounded, but we are only interested in asymptotic behavior of the solution of
(1.1) when X7 is close to 0. Note that, unlike (1.2), our stochastic differential equation (1.1) has
a pathwise unique strong solution (see [5, Theorem 5]). We can easily see lim. o LY(X¢) = 0 by
a property of LY(X?) (see Proposition 4.3). Thus we can expect that X¢ becomes close to the
set of solutions of (1.2) as € | 0 by a formal observation. To state our main results, we prepare
some notations for solutions of (1.2). Under our condition on b, the differential equation (1.2)
has a unique positive solution (p;r and a unique negative solution ¢, , where positive or negative
means ¢+ > 0 or ¢~ < 0 on (0,00) respectively. More precisely, (o) (y) = [7(1/b(u))du and
(07) Hy) = f;(l/b(u))du. In this case, it is not difficult to verify that the set of all solutions
of (1.2) consists of 0, {pT((t — t0)+) } >0 and {o~ ((t — to)+) }to>0-
Let o, pg € (0,1) be given as follows:

B+1 . acy/ )

= . (2.2)
acll/(l"r’h) + (1 N a)czl/(l-l—%)

The following are the first main results of this paper.

Theorem 2.1. If y; < g, for any § > 0 and T > 0,

limP( sup |Xf — | <d)=1.
e—0 OStST



Theorem 2.2. If v = g, for any 7' > 0 and sufficiently small § > 0, we have

limP( sup |X7 — ;| <8) = pg, ImP( sup |X§ — ¢, | <d)=1-ps.
el o<t<T el o<t<T

Theorem 2.1 means that, if |b(z)| > |b(—=z)| for z > 0, then X converges to ¢ in proba-
bility. Theorem 2.2 means that, if |b(x)/b(—x)| € (0,00) asymptotically, then X¢ goes to either
o or ¢~ and both of them can be chosen with some probability given explicitly in terms of
C1,C2,v1(= 72) and «. In particular, if lim,_0|b(z)/b(—z)] = 1, ¢ or ¢~ is chosen with
probability « or 1 — « respectively.

To state the second main result, that is, the large deviation principle, we prepare some
more notations. Let Wy := {¢ € C([0,T]) | ¢(0) = 0} be the Wiener space equipped with the
supremum norm || - ||« and the Borel o-field, and

H':= {¢ € Wy | ¢ is absolutely continuous on [0,T] and ¢’ € L?[0,T]}
is the Cameron-Martin subspace of W;.

Theorem 2.3. The family of distributions of (X¢).~¢ on W) satisfies the large deviation prin-
ciple as € | 0 with the rate function

e )
vy L5 [ 100~ dipas, oe .

00, otherwise.

That is, for every open set G in Wy and closed set F' in W, we have

— inf I(¢) < limelogP[X® € G] < limelogP[X® € F] < — inf 1(¢).
Inf (cb)_slfgaog[ J < limelog P J < — inf I{9)

Note that Theorem 2.3 is shown in [8, Theorem 3.1] when § = 0. It is worth mentioning that
our rate function is of the same form as the usual Wentzel-Freidlin theorem and in particular it
is independent of 5.

Remark 2.4. As we see in the proof of Theorem 2.1 and Theorem 2.2 in Appendix, the full
statement of Theorem 2.3 is not required in their proof, even in the case 5 = 0 in [8]. What we
really use is the fact that the probability that X¢ is away from the set of all solutions of (1.2)
goes to 0 as ¢ — 0. It is much weaker than the precise upper bound in terms of the rate function.
In particular, the lower bound plays no role. Nevertheless, we believe that this assertion would
be of independent interest and thus we give a full estimate.

3 Asymptotic behavior of the SDE without local time

As mentioned in Section 1, we briefly review the proof of the main result in [8] which is the case
B = 0 as a starting point of our proof in the case § # 0. For ¢ < 0 < r, define the exit time
17, = Ti(X%) as

o= inf{t > 0| X7 € (¢,r)°}.



Put Tf, T, as follows:

T;;:/ du s, T;;:/ du <
o b(u) o b(u)

Note that TiF = inf{t >0 | <pt = x} holds respectively. In particular, 7" = =T, when ¢ = <,0T+

Together with Theorem 2.3, the following two assertions for asymptotic behavior of the exit
time Ty, as € | 0 are key ingredients of the proof.

Proposition 3.1 ([8, Proposition 2.3]). Suppose 8 = 0. Then we have the following:

hmIE[TM]_ {gﬁ_r +(=pa)T, s =2,

&40 L 7 <72
= 1 - pu—
lim P[X5: =r] = Pg: M =12 lim P{X5; = (] = Pgs M =2
€l0 1, 71 < Y2, €l0 0’ 1 < 72,

where pg is the constant given in (2.2).

Lemma 3.2 ([8, Lemma 2.4]). Suppose 8 =0. Let r > 0 and ¢ = ¢+~ Then, for any § > 0,
lim P[|T;, — T, | > 8] = 0.
el0 ’

Lemma, 3.2 follows from Theorem 2.3 and Proposition 3.1, and Theorem 2.3, Proposition 3.1
and Lemma 3.2 yield Theorems 2.1 and 2.2 (see Appendix B for details). Note that these
proofs are independent of a particular choice of the noise as long as we have Theorem 2.3 and
Proposition 3.1. Hence we need only the claim corresponding to Proposition 3.1 once we have
shown Theorem 2.3, to extend the result to the case 8 # 0.

In the rest of this section, we review the proof of Proposition 3.1 in [8] in more details, with
keeping the intention that we will follow the same strategy in our case in Subsection 4.2. Let
us define functions fz and s3 (scale function) on R, and a measure mj (speed measure) on R
as follows:

fa(x) == (1 — a)L(g00)(2) + 11{0}( ) + al(_o0)(7),

_» / Faly) exp < / b(z)dz> dy,  mlda) = - fﬁl(x) exp <§ /0 ’ b(z)dz> de

(For later use, we define them for general 3; Recall « = (8+1)/2). Then the following identities
are well-known (see [10] for instance):

Proposition 3.3. Suppose 8 = 0. Then, for any ¢ < 0 < r, we have

13 _Sa (E) " £ £ £ SE (T) 0 £ 1) €
BT = ot /0 (s5(r) — s5(0))m(dy) + =0 /g (55(5) — $5(0)m5 (dy),

s5(r) — s s5(r) — s3(0)
(3.1)
e _ .1 _ —S%(ﬁ) e 35( )
P[X : ] ) - s%(ﬁ)’ PIX i /] 50 — 550 (3.2)



Based on these identities, we can discuss the asymptotic behavior of E[T},], IP’[X{SQE =]
and IF’[X%; = /] by studying that of s and m§. Actually, the following asymptotic estimates
(Lemma 3.4 and Lemma 3.5) are established in [8].

Lemma 3.4 ([8, Lemma 2.1]). Suppose 8 = 0. Then, for any ¢ < 0 < r,

1
Jim e~ V) 6 (1) = 2 £ (1) (20,01 (1 4 w(ml)p( >
lim.e s5(r) = 2f5(r)(2C1) (1+7) i

1
lime—V/A+12) ¢ (p) — _9 20,1/ (1+72) (1 —72/(1+y2)
lime s5(0) fp(0)(2Cy) (1472) )

where I' is the gamma function.

Lemma 3.5 ([8, Lemma 2.2]). Suppose 8 = 0. Then, for any ¢/ < 0 < r,

T 0
tim [ (s50) — s5@)ms(dy) =T, i [ (5() ~ s50)m5(dy) = T;
0 0 Jy
Once we know them, Proposition 3.1 follows immediately by applying them to Proposi-
tion 3.3. We will prove Lemma 3.4 and Lemma 3.5 in Appendix A since we require them even
in our main result.

Remark 3.6. Let 33 := (1 —a)x4 —awx_. This is the scale function of the skew Brownian motion
(the solution of (1.1) with b = 0 and € = 1). The function fz given above is the mean of the
left and right derivatives of 53.

Remark 3.7. As mentioned in Section 1, in [8], they deals with a more general diffusion coefficient
o (with uniform ellipticity) than our case 0 = 1. Thus all these results in this section are stated
in a more general form in [8].

4 Proof of the main theorems

By virtue of the argument in the last section, the proof of our main theorem is reduced to show
Theorem 2.3 and Proposition 3.1 for 3 # 0. By the definition of s3 and mj, we can easily see
that

5 _ € 5 _ 1 £

sj(r) = 2fp(x)sg(x), mz(dr) = 27502) mg(dz). (4.1)
Based on this relation, we can extend Lemma 3.4 and Lemma 3.5 to the case 8 # 0 immediately.
Thus, in the same way as mentioned in the last section, Proposition 3.1 will be extended to the
case 8 # 0 once we show that the assertions in Proposition 3.3 is valid even when g # 0. It will
be done in Subsection 4.2 after reviewing some properties of the local time in Subsection 4.1.
The proof of Theorem 2.3 will be given in Subsection 4.3. Then the proof of Theorems 2.1 and
2.2 will be completed by gathering them with the observation in the last section.




4.1 Basic properties of local time

Definition 4.1 (Local Time). For a continuous semimartingale X and a € R, define right or
left local time L** = (L% (X))s>0 and symmetric local time L® = (L#(X))¢>o as follows:

L (X) = (X; — )y — (Xo — a)4 — /0 1 00) (X)X,
Lo (X) == (X; —a)_ — (Xo—a)_ + /O 1(C oo (Xs)dXs,
LRX) = (L (X) + L (X)),

We refer to [10, Section 3.7] and [12, Chapter 6] for the proof of properties of them reviewed
below. Note that they study only the right local time. The corresponding properties for Lj™

follow by considering —X; instead of X;. Indeed, Ly (X) = Lg_aH(—X ) holds. Our argument
in Subsections 4.2 and 4.3 are based on the following.

Theorem 4.2 (It6-Tanaka formula). If X is a semimartingale and f : R — R has left and right
derivatives which are of bounded variation, then we have the following;:

(i) For t >0,

F00) = F(X0) + [ Def(X)dXe+ 5 [ L (Ouyta),

where D, f and D_f are left and right derivatives of f respectively, and u; is a signed
measure corresponding to second derivative of f in the following way

pe(ll,r)) = D_f(r) — D_f(¢) for any ¢ <r.

(i) For t >0,

FO0) = F350)+ [ 5D 1) + D_f(X)X+ 5 [ I (s,

We obtain (ii) by combining two formulas in (i).

It is well-known that ¢ — L¢™ is non-decreasing and continuous for each a € R, and a +» L¢t
is right continuous for each a € R. L{™ satisfies the corresponding properties, and a — L}~ is
indeed left continuous instead of the right continuity. Moreover we have the following:

Proposition 4.3. (i) L{*(X) or L¢(X) can increase only on the set {t € [0,T]; X; = a} as
a function of ¢. In particular, for any measurable g : R — R, ¢ € R and t > 0, we have

t
/0 9(X)ALE(X) = g(a)LE(X).

Here the integral in the left hand side is the Stieltjes integral by s — L%(X).



(ii) Let g : R — R be bounded from below and measurable. Then, for ¢ > 0,

rt _ ) LF T = ! < s
/R o) L% (X )de = /R o(2)LE(X)d /O 9(X.)d(X)

In particular, for a € R and ¢ > 0,

1 " 1 .
1(51}}]1(5/0 1[a,a+6)(Xs)d<X>s —Lt (X)a ltslﬁ)ld/o 1(a—5,a}(XS)d<X>s —Lt (X)a
1 .

limas | Lasars (XX, = LX),

4.2 Extension of Proposition 3.3 to the case § # 0
The goal of this section is to show the following;:

Proposition 4.4. (3.1) and (3.2) in Proposition 3.3 hold even when 5 # 0. In particular, the
conclusion of Proposition 3.1 is valid even when 3 # 0.

The latter assertion is already discussed at the beginning of this section and thus we prove
only the former one. Though it is more or less standard, we will give a proof for completeness.
In this section, we abbreviate superscript ¢ for s%, m%, Ty, and X°¢ for simplicity of notations.
That is, we denote s%, m%, TZT and X¢ by sg, mg, Ty, and X. We also denote L{(X) by L} for
simplicity. We prepare two lemmas (Lemma 4.5 and Lemma 4.6) for the proof of Proposition 4.4

Lemma 4.5. sg(X;) is a local martingale localized by (T, 5, )nen-
Proof. Let us define S by

S(z) = 2, () exp (_i /0“’” b(z)dz) _ Disp(a) ';‘D_SB(SC)_

Let us denote T, , by 7. By applying the It6-Tanaka formula (Theorem 4.2) to s3(X}), we
obtain
tAT tAT

s5(Xinr) = s3(X0) + Ve i S(X,)dW, + i S(X,)b(X,)ds

w8 [ s+ g [ L. @2)
By Proposition 4.3, we have
[ s0ngant = syt = 18, (13)
To proceed, we calculate us,. For x € R, we have
D_sg(x) = 2exp <—z /Off b(z)dz> (al(_oqo] (z) + (1 = @)1 (g,00) (:c))
=2 (exp (—2 /Ow b(z)dz) - 1> f3(2) + 2 (0l (_oo0)(@) + (1 — @)1 (g 00) () -

€



Thus, for an interval [¢,7), the definition of y, yields

psg([6, 7)) = _4/[z )b(x) exp <—§ /Ox b(z)dz> f(x)dz +2(1 — 2a)d0([€,1)).

3

Here we have used the fact that fg is constant on (0, 00) or (—o0, 0) respectively. By rephrasing
the last identity,

1o, (d2r) = —gb(x)S(x)dx +2(1 — 20)50(dx).

Note that L, = 0 if |z| > n by Proposition 4.3 (i). Since (X¢)s =es and a = (5 + 1)/2, by
Proposition 4.3 (ii), we obtain

1 1
5 [ Bvenasldn) = =2 [ 1, b@)S(@do -+ (1~ 20) [ 12, balde)
R € JR R

1 tAT
== [ MRS + (1 - 200,
0
tAT
= - / b(X)S(X,)ds — BLY,. (4.4)
0
Thus the conclusion follows by substituting (4.3) and (4.4) into (4.2). O

Next we consider a function 9 : R — R given by

bla) = /g “(s5(x) — 55(y))ma(dy).

Lemma 4.6. ¢(X;) —t is a local martingale localized by (T_, »)neN-

Proof. Set ¢(z) := Jo (sg(z) — sp(y))mp(dy). Then we have

3 0 0
() = B(e) + s5(x) /E m(dy) + /E 55(y)ms(dy).

Thus, by virtue of Lemma 4.5, it suffices to show &(Xt) — t is a local martingale. By (4.1), we
know ¢ is independent of 5. Thus, by a standard argument in the case § = 0, we can verify

¥ € C2(R), ¢¥/(0) = 0 and
~0(@) + b)Y/ () = 1.

Hence the Ito-Tanaka formula together with Proposition 4.3 (i)(ii) implies the conclusion. [

Proof of Propositon /.4. We first prove (3.1). Let us define M : R — R by

= —(x sp(x) = 55(0) Ts r)—s m
M(w) = =) + =2 [ a30) = sy () ms(a),



Note that M (¢) = M(r) = 0. Then Lemma 4.5 and Lemma 4.6 yields
E[M (Xinty,)] = M(0) — E[t ATy,].
By the monotone convergence theorem, we obtain

E[Ty,] < M(0) — min M(x) < oo.
z€[l,r]
Thus Ty, < oo a.s. Hence we obtain E[T},] = M(0) — E[M(Xr,,)] = M(0) by the dominated
convergence theorem because M (¢) = M(r) = 0. By an easy rearrangement, we conclude (3.1).
Next, by Lemma 4.5,

sp(Xinty,) —55(0)] _  —sp(0)
sp(r) — sp(0) sp(r) —sp(0)
Since Ty, < oo a.s., the dominated convergence theorem yields that the left hand side converges

to P[Xr,, = r]. Thus we obtain the former half of (3.2). By using the fact T}, < co a.s. again,
we obtain P[X7, = 7]+ P[Xr,, =[] = 1. Hence the latter half of (3.2) holds. O

E

4.3 Large deviation principle

In the case 8 = 0, our large deviation principle corresponds to the Wentzel-Freidlin theorem. It
is based on the Schilder theorem which deals with the case b = 0. Even in the case 8 # 0, there
is a result corresponding to the Schilder theorem by Krykun [11]. The idea in [11] is to use the
scale function 33 of the skew Brownian motion (see Remark 3.6) to transfer the problem to the
one with irregular diffusion coefficient and no local time. We show Theorem 2.3 by following
this idea. Even in the case 8 = 0 studied in [8, Theorem 1.3|, the assertion is less trivial in the
sense that b is not smooth but just continuous. See Remark 4.10 below for more details of the
proof in [8].

We apply the It6-Tanaka formula to s5(XF). It is easy to verify ps, = —Bdp. Thus, with
the aid of Proposition 4.3 (i), we obtain

55(XF) = 55(X5) + V7 /O FalX2)AW, + /0 b(X) fa(X)ds

8 [ R(eandx) + 5 [ L )

t
0

:\@/0 fa(gﬁ(xg))dws+/ (b- fa) o 85" (85(X5))ds.

Let Y := 53(X°®) and b* := (b- fg) o .§El. Then the above computation implies that Y¢ is a
solution of the stochastic differential equation

AYF = VEfs(YE)AW, + b (Y7)dt, € (0,T], Y5 =0. (4.5)

with a discontinuous diffusion coefficient /c fg but without local time. Therefore if the law of
Y® satisfies the large deviation principle on W, then the contraction principle yields that the
law of X¢ = §/§1(Y€) also satisfies the large deviation principle.

10



Remark 4.7. We can use sj instead of $g if we merely want to delete the local time. However,
it is not suitable for our purpose since s% depends on e.

Since b* is not smooth, we approximate it by smooth functions. For 7 > 0, let us define
functions g, and b* on R by g, (z) := (217) Y2 exp(—|z|?/(27)) and b*(x) = b*(z) := b* % g, () —
b* % g-(0). Note that b converges to b* uniformly as 7 — 0 on any compact set of R since b* is
continuous. Then we consider a solution Y¢ of the stochastic differential equation obtained by
replacing b* in (4.5) with b*. That is,

AYF = efa(YE)dW; + b*(YE)dt, te (0,T), Y&=0. (4.6)

Proposition 4.8. The law of V¢ satisfies the large deviation principle with the rate function J
given by

/A T
~ = b* ) — ;2d ’ Hl,
J() = 2/0 fé(cbs)‘ (92) = @slds, @ € (4.7)

00, otherwise.

Before entering the proof, we remark that, for ¢ € H',
Leb({t € [0, T] | ¢(t) =0, ¢'(t) # 0}) =0, (4.8)

where Leb(A) stands for the Lebesgue measure of A C R. Indeed, the set of ¢t € [0,7] with
¢(t) = 0 and ¢'(t) # 0 has no accumulation point.

Proof. In order to apply [2, Theorem B], we claim that Y¢ solves the following stochastic differ-
ential equation:

AYF = /e fo(YE)AW,; + b (YF)dt, te (0,T], Y5 =0, (4.9)

where fa =(1- 04)1(0,00) + al(_s, 0 Though it is almost obvious, we give a proof for com-
pleteness. Let us define Ny by

t
Ny ::/ 1) (V) dWs.
0

Once we show (N)p = 0, then N = 0 by a basic property of martingales and hence (4.9) holds.
We can easily see that the following holds:

T

(N)r = Leb({s € [0.7]] ¥ = 0}) =lim | 10,(¥;)ds. (4.10)
0

Since f/t* is a semimartingale, by Proposition 4.3 (ii), we have
li 1 Tl }78d}78 =1i £ Tl ye Q?ad — [0+ (ye
5%15 0 [075)( < )df >S_£85 0 [075)( s)fﬁ( s )ds = T( ) < oo a.s.

It implies that the right hand side of (4.10) is 0 since fz > (1 — «) A a. Hence our claim holds.

11



By virtue of the above claim, Ye fulfills the assumption of [2, Theorem B]. Thus it yields
that the law of Y* satisfies the large deviation principle with the rate function given by replacing
fs in (4.7) with f,. By (4.8) and the fact b*(0) =0, for ¢ € H', we have

1 ~ 1 -
5107 (0s) — G = 6 (s) — 6417
72(65) 13(05)
for a.e. s € [0,T]. Thus the desired assertion holds. O

We now turn our attention to Y¢ from Y¢.

Proposition 4.9. The law of Y¢ satisfies the large deviation principle with the rate function J
given by

I
— ——0"(¢s) — ;2d, H',
1) et -l oe

o0, otherwise.

J() =

Proof. We first prove the lower bound. Take an open set G C Wy and ¢ € G. Since G is open,
there is § > 0 such that B(¢,d) C G, where B(¢, ) is the d-neighborhood of ¢ with respect to
|| - |oo- It suffices to show

limelogP[Y*® € B(¢,0)] > —J(¢). (4.11)
el0

since P[Y® € G| > P[Y*© € B(¢,d)] and ¢ € G is arbitrary. We may assume J(¢) < oo since the
claim is obvious if J(¢) = oo.
For t € [0,7] and u € R, let p; and Z;(u) be given by

pr = (b (YF) = 0°(Y),

2 u [t . w2 [t 2
t(u) :=exp <\/§ ) Ps WS_2<"3/0 Ps 5>-

Note that Z;(u) is integrable and E[Z;(u)] = 1 since (ps)sejo,r) is bounded. We denote Z;(1)

by Z; for simplicity of notations. We also define a measure P on Wy by dP .= ZpdP. Set
W, =W, —e /2 f(f psds. By the Girsanov formula, W; is a Brownian motion under P. By a
rearrangement of (4.6),

_ t 5 _ t 5 t 5 t N B t 5
Vo= E [ p@aw s [ s+ [ 5= VE [ pab+ [ 0as

Therefore Y solves (4.5) under P. .
In order to reduce the claim to that for Y¢, we prepare an estimate for Zp. Take p,q € (1,00)
with p~' 4+ ¢~! =1 and ¢ > p. Then, by a rearrangement,

1/q 1 T
20 =20 (<2) Ve (g (8-1) [ o).
0

12



Set Mo := ||}|[oc + 6 and no := SUp,e(—asy,0) |b* () — b*()|. Then, on {Y* € B(¢,4)}, we have
supo<s<t |Ps| < mollf5 Y|se. Therefore, by applying the Holder inequality, we obtain

P[Y® € B(¢,6)] = B(qﬁ,é) (?a)zzlr/p : Z;I/p}

_ 1/q T

<E |1ps (V) 2V 20 (-2 — (14

< 100792121 () ]exp(2p€ (Z-1) 155 12
r ~ 1/p T

<E[100(7)21) e (o (1) 155" )

T
=P[Y® € B(,6)]"Pexp <2p€ <p > 15 ||oono>

Here we used the fact that the law of Y€ under P is the same as that of Y¢ under P in the last
equality. Consequently, by virtue of Proposition 4.8, we obtain

— J(¢) < limelogP[Y* € B(,0)]
el0

1 T
< —limelogP[Y*® € B(¢,0 +<—1> % 4.12
p melog [ &0+ 215 1F5 305 (4.12)

To replace J in the left hand side with J, we provide an estimate of |.J(¢) — J(¢)| as follows:

1 T 1 T % * 7 % * * /
T -101=5 [ féi(b (65) = B (@ (90) — (65) + 20°(85) — )
o 112) s nj T ds
< 2/ gy T I(0) = ads 45 | 7360)
12
sn(](”f‘* Hoo2(1+770)+ p ¢>>. s

Thus by combining (4.13) with (4.12), we obtain

12 Tpmo (1 +
lim < log P[Y* € B(6.0)] 2 ~p(1 +m)J(¢) - Vo T B (0 1) 1

Since g — 0 as 7 — 0, (4.11) holds by taking 7 — 0 and p | 1 after it.

We next show the upper bound. Indeed, it goes in a similar way as the lower bound, while
we additionally need a tail estimate of Y¢ in order to apply a sort of localization. Take a closed
set F'C Wy. We denote the expectation with respect to P by EP. Then, for p,q € (1,00) with

13



p~ 1+ ¢ ' =1 and ¢ > p, the Holder inequality yields that

PlY® € F] =P[Y* € F]

Py
<EF [1F(}78)Z51}1/pE]§> [Z%/p} 1/q

— P[V* € F]'/?E [24]"/*

q 1 t 1/q
= P[Y* € F|'/PE { 7 (2¢)? exp ( (q — 2> /O p?ds)]
B 2q 1 t 1/(29)
< P[Y*® € F]'/PE [exp <€ (q - 2) /0 pids)] . (4.14)

To estimate the remainder term, we prepare an estimate of P[||Y?||o > M;] for a sufficiently
large M7 > 0, which will be specified later. By Proposition 4.8, we have

limelogP[|YE|lo > Myl < — inf  J(&). 4.15
ime log Y oo = My] < ol (¢) (4.15)

For ¢ € H' with ||¢||cc > M,

- 1 T 1
b* s 2d - 2d b* 2
J(¢)22\|fﬁ||zo/o B T (202‘2%/ s =Pl )

2
1 M?
/ ¢.ds —T||b*||2) ( i Tub*uzo) = My, (4.16)

~ 20 f5l%
Let 11 1= SUP,e[— 0] |b* () — b*(2)|. Then, by dividing the range of the expectation in (4.14)

S 1 1
2| fsll% 2T O<t<T

by {|Y¢|loe > M} and its complement, we obtain

T
e (% (4-3) [ wes)]
g 2 0
2q n (T,
=E {QXP< (q_ 2>/0 Ps‘“) (1{|?E||M>Ml}+1{||?6||W<M1}>]
- 8qT 1 _ . 2qT
POl 2 Moo (%25 (g = 3 ) 175 I ) + e (228 (0= 5 ) 157t

1
Take M; > 0 so large that My > 8¢T (q — 2) Hfg_ngoub*Hgo Then, by virtue of (4.15) and
(4.16), we have

li logE |e — — *1 / 2d < 2qT - H fa ”
mm e 10 X pP.as
=10 g p q 9 0 s = 249 q— B oonl

With keeping this estimate and Proposition 4.8 in mind, by (4.14), we obtain

1
limelogP[Y® € F] < —= inf J T(qg— = 4.17
i e og PIY* € F] <~ inf J(0) +7 (a3 ) 175 urt (a.17)
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By (4.16) again, we have

inf J(¢) = inf J(p)A inf J(¢)> inf J(¢)A M. 4.18
Inf, (®) fnf, (0) Inf, (¢) > Inf, (¢) 2 (4.18)
[ lloc <M [ Sva [ ¢lloc <M

The same argument as in (4.13) implies

I R+ m)

inf > 1— inf . 4.1
Jnf J(¢) > 5 + (L —m) Inf J(9) (4.19)
1 lloo <M 1 lloc <M

Then, substituting (4.18) and (4.19) into (4.17), letting 7 — 0, M; — oo and finally p | 1, we
obtain the desired estimate. O

Proof of Theorem 2.3. We can extend §El to a map from W to itself. Then we can apply the

contraction principle (see [4, Theorem 4.2.1] for instance) to X¢ = §EI(Y€) to obtain the large
deviation principle for the law of X* from Proposition 4.9. The rate function is given by J o 33.
By virtue of (4.8), it is straightforward to verify this function coincides with I. O

Remark 4.10. The proof of the upper bound of Proposition 4.9 is similar to that of [8, Theo-
rem 1.3]. Our proof of the lower bound is based on the same spirit, while the proof in [8] goes
in a different way.

Appendix A Proof of Lemmas 3.4 and 3.5

Here, for completeness, we give the proof of Lemmas 3.4 and 3.5, which is shown in [8].

Proof of Lemma 3.4. By symmetry, it suffices to show only the first assertion. Note first that,
for each 6 € (0,7), there exists ¢s > 0 such that

/; exp (—z /Oy b(u) du> dy < (r — 8)e /.

Since the right hand side decays faster than £/(0471) | we may assume r to be sufficiently small
without loss of generality. Thus, for any C],C{ > 0 with C] < C; < CY, we may assume

Ciu" < b(u) < CfuM

for u € [0,7]. Therefore, the problem can be reduced to show the following: for C' > 0,

S T Cyl*tn C—1/1+m) 1
Jim e~ 1/ (1) / _ dy = r . Al
;ﬁ)lg 0 P € Y 1+ 14+ (A-1)

By the change of variable u = Cy'*71 /e, we have

r 1+ —1/(1+ Critm
o—1/(147) / exp [~ CYTTY g, = OV / 2 ) g gy
0 5 1+m 0

and hence (A.1) follows immediately from this expression. O
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Proof of Lemma 3.5. As in the proof of Lemma 3.4, we show only the first assertion. By the
definition of s and mg,

/OT(Sg(T) — s5(y)) mg(dy) = 2/07“ /yr exp (—i /yz b(u) du) dz dy.

By the change of variable 2’ = 2(z — y)/e in z-variable, we have

) r 92 z 00 9 y+ez' /2
/ exp <—/ b(u) du) dz = / Lio.2(r—y)/e) (2') €xp —/ b(u)du | d2'.
€ Jy € Jy 0 €Jy

By the definition of b, there exists C' > 0 such that b(u) > Cu" for u € [0,r]. This lower bound
of b implies

, 2 y+ez'/2 /
1[0’2(71_3/)/5] (Z )eXp _g / b(u) du < exp (_CZ y’“) i
Y

Since the right hand side is integrable on (y,2’) € [0,7] x [0,00), we can apply the dominated
convergence theorem to conclude

T

i [ 660) = s () = [ [ exp(=2) ds'dy = 7

Appendix B Proof of Theorems 2.1 and 2.2

Here we show our main theorems in the case 8 = 0 on the basis of Theorem 2.3 and Proposi-
tion 3.1 by following the argument in [8]. We first prove Lemma 3.2 and the main theorem will
be shown after it. We provide the proof for completeness so that we can verify that the proof
in the case 8 # 0 goes in exactly the same way.

To begin with, we prepare some notations. Set ¢, A= @?t_/\)+ for n € {+,—} and A > 0.
For t,ty € [0,T] with t; < ty and 6 > 0, we define A  .(6) (n € {+,—}) and G() as follows:

[t1,t2]
it 16— "o < 5}7

A7 0) :=
[tl,t2]( ) {d) €W AE[t1,to

G(6) = ABT](&) U A (9).

Proof of Lemma 3.2. We first prove

lim P[T§, < T,F — 4] = 0. (B.1)
€l0 ’

Take d1 > 0 so small that ¢, s < ¢ < Lp:;é holds for any ¢ € G(01) and ¢t € [0,7]. Then it
implies inf {t > 0| ¢, ¢ (¢,r)} > T;F — 6 (Recall T,;F = T, in this case). Thus

P, < T," — 6] < P[X° ¢ G(61)]
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and hence Theorem 2.3 yields (B.1). Next, we prove

liﬁ)l P[T;, > T," 4+ 6] = 0. (B.2)
E.

Take 6; > 0. By (B.1), we have

EmP[T}, > T, + 6] = imP[T}, > T,F + 8|15, > T.F — 61).
el0 ’ el0 ’ ’
Then, the Chebyshev inequality, (B.1) and Proposition 3.1 yield

_ 1
liﬁ)l]P’[TZT >T,F+6|T;, > T," —61] <lim ﬁE[TZT — T + 61|17, > T, — 61
&

el0 0+ 01

— 1 01
=1lim ——E[Ts, — T.F + 6] =

i S, Bl — T ol = 5y

(again, recall T;" = T,”). Thus (B.2) holds since d; > 0 is arbitrary, and hence the proof is
completed. O

Remark B.1. (i) A similar result as Lemma 3.2 is also discussed in [1]. (ii) When v; < 72, the
conclusion of Lemma 3.2 holds for arbitrary ¢ < 0 instead of £ = ¢_.,, since IP’[X%; =/ -0

by Proposition 3.1.

Proof of Theorems 2.1 and 2.2. For § > 0, take tg > 0 and Jg > 0 so small that the following
holds for any &’ € (0, do):

Al @) C{o W | 16— ¢lleo < B}, meE {H+.-}.

Let r € (0,4,0;) and /£ := O+ € (¢7,0). For 61 € (0,8p) and 2 € (0,7 — T;7), we consider the
event E. (c € {r,{}) given by

Eei={X° € G} N {1}, - T < 6} N {X5: =c}.

If 0; is sufficiently small, then X sés = 7 never occurs on A[B 7] (01). Furthermore, we can take

+

01,02 > 0 so small that |TZT — T;F| < &9 never occurs on A[to,T]

chosen 41, 99, we have

(61). Thus, for appropriately

E, € {X7 € A%, (61)} € {IX7 — ¢¥]l < 6}, (B.3)
By the same argument, we also have
By € {X° € Ag, (51)} € {1X° — ¢l < 5). (B.4)

by taking smaller d1,d if necessary (recall T, = TF). When ~; < 72, Theorem 2.3, Proposi-
tion 3.1 and Lemma 3.2 yield P[E,| — 1 as € | 0 and hence the assertion of Theorem 2.1 follows
from (B.3). Similarly, when v, = 2, we have P[E,| — p and P[Ey] — 1 — p as € | 0 and hence
(B.3) and (B.4) conclude Theorem 2.2. O
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