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Abstract We investigate the two-point stochastic boundary-value problem on [0, 1]:
U" = (U)W +g(U,U")

f
U0) =¢ (0)
Ul) =n.

where T is a white noise on [0,1], £ and n are random variables, and f and g are continuous
real-valued functions.

This is the stochastic analogue of the deterministic two point boundary-value problem, which is
a classical example of bifurcation.

We find that if f and g are affine, there is no bifurcation: for any r.v. £ and 7, (0) has a
unique solution a.s. However, as soon as f is non-linear, bifurcation appears. We investigate
the question of when there is either no solution whatsoever, a unique solution, or multiple
solutions. We give examples to show that all these possibilities can arise. While our results
involve conditions on f and g, we conjecture that the only case in which there is no bifurcation
is when f is affine.
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1 Introduction

This problem arose from an attempt to solve the stochastic Dirichlet problem on a nice domain
D in R? with multiplicative white noise:

0’U  0°U .
W + 8—2./2 - f(U(.CI?,y)) W(xay)a (xay) €D

U(xay) =0, (xay) €oD.

where f is a smooth function and W is a white noise on R2. Early calculations showed that
something goes very wrong for most f’s, and we decided to look at a simpler situation to
understand why. The simplest non-trivial setting of this problem is in one dimension, where it
becomes the two-point boundary value problem:

d2U .
Py = f(Up) oWy + g(Us,Uy), 0 <t <1, (1.1)

UO:§7 UIZT/:

where W is a white noise on [0,1], £ and 7 are random variables, and the little circle indicates
Stratonovich integration.

It was immediately clear why the two-dimensional problem was pathological: even in the simplest
non-stochastic setting, this problem exhibits bifurcation, and the two-dimensional problem can
be expected to be much worse. Indeed, consider the non-stochastic problem

u’(t) = Ag(u(t)), 0 <t <1, (1.2)
u(0) =u(l) =0,

where g(0) = 0 and ¢’(0) > 0. This always has the solution u = 0, but as A increases, it
bifurcates, and at certain A there are multiple nontrivial solutions.

The question is then how the presence of noise affects this bifurcation. It turns out that it
regularizes the problem to a certain extent. If f and g are affine, for instance, and f does
not vanish, the solution of (1.1) exists and is a.s. unique. However, as soon as the coefficients
are non-linear, bifurcation seems to re-appear: there will be a positive probability of multiple
solutions. (“Bifurcation” may not be the correct word here: there is no parameter A in the
problem, but its place is essentially taken by the stochastic variable w.)

The deterministic version of the problem (where f = 0) has been extensively studied. See [8] and
the references therein. Variations of the stochastic problem have been studied before by several
authors. Ocone and Pardoux [7], generalizing and extending work of Krener [2], considered
systems of SDE’s with general linear boundary conditions and affine functions f and g. Under
some non-degeneracy conditions, they showed that there exists a unique solution which satisfies
the sharp Markov property.

Dembo and Zeitouni [1] studied the corresponding Neumann problem and showed the existence
of a global solution for f and g satisfying certain properties.



Nualart and Pardoux [4] looked at the case where f was constant, and showed that under
certain conditions on g there exists a unique global solution. Moreover, under these conditions,
the solution has the sharp Markov field property if and only if ¢ is affine.

In this paper we concentrate on the case where f is not constant. It is rather rare to have a
unique global solution: basically, that happens only when f is affine. Existence is more common:
if f and ¢ are asymptotically linear, for instance, a global solution exists, but it may not be
unique unless f and g are actually affine. We give an example in which there is no global solution
at all, and others in which there are sets on which there is one solution, exactly two solutions,
or many solutions.

The equations (1.1) are shorthand for the integral equations

{Ut =E+Yt+ [) [2 f(UL) 0 dWyds + [y 39Uy, Ul)duds, 0<t<T1,
Ul =n,

where {W;, t > 0} is a standard Brownian motion, the circle denotes Stratonovich integration
and Y is the (unknown) value of Uj. (White noise is just the derivative—in the distribution
sense—of Brownian motion. We use it here to write the differential equation in an intuitive
form, but it is the integral equation which has rigorous meaning.)

It is convenient to restate the above as a system by letting V = U":

Uy :§+f(fVSds, 0<t<l1
Vi =Y+ [l f(U)0dW,+ [1g(Us,Vi)ds, 0<t<1 . (1.3)
Uy =n.

Here, the random variables £ and 7 are given, but Y, which is the initial value of U’, is not.

Allowing g to depend on V' as well as on U causes no extra difficulty; allowing f to depend on
V', however, would fundamentally alter the problem.

All these statements of the problem are equivalent. Thus, if {)g is a measurable set with P{Qy} >
0, we say that a pair (U, V') of processes is a local solution of (1.1) (or of (1.3), or (1.3)) on Qo if
it satisfies (1.3) a.e. on . We say it is a global solution if P{Q} = 1. Similarly, we say that
a process U is a local (resp. global) solution if there is a process V' such that the pair (U, V) is
a local (resp. global) solution. (Notice that we use the words “local” and “global” in a slightly
non-standard sense: they refer to the probability space, not the parameter space.)

2 The Main Results

Let (92, F,P) be a probability space and let (F;) C F be a right-continuous filtration. Let
{Ws, t > 0} be a standard Brownian motion adapted to (Fy).

Here are the main results of the paper. First, in the linear case, we have the following existence
and uniqueness result.

Theorem 2.1 Suppose f and g are affine functions, with, say, f(z) = ax + 3 and g(z,y) =
YT + Ky + A, where o, B3, v, k, and X\ are constants. If f is not identically zero, or if f vanishes
identically and v + %2 # —k?m2, k= 1,2,..., then for any random variables ¢ and n, (1.8) has
a unique global solution.



Remark 2.2 If f = 0, the equation is deterministic and the second condition just rules out
the well-known case in which uniqueness fails. Notice that once f is non-trivial, the white noise
regularizes the problem, i.e. there is always a unique global solution.

Moving on to the non-linear case, we look at the existence of global solutions. They will always
exist if f and g are asymptotically linear.

Theorem 2.3 Suppose f and g are differentiable, and their first (partial) derivatives are
bounded and Holder continuous. Suppose further that there exist constants a, ¢, and d such
that

. flx) —az : g(z,y) —cx —dy
lim —— = lim =0. 2.4
|| —o0 €T 22 +y2—00 /xQ + y2 ( )

d2
and either a #0 or a =0 andc—l—z#—kQWQ, k=1,2,....

Then for any random variables § and n, (1.3) has at least one global solution.

Remark 2.4 This covers a fairly large class of coefficients. If f and g are bounded, or if they
just increase more slowly than linearly, then a, ¢, and d will vanish, and the theorem implies
that there is always at least one global solution.

There are no adaptedness restrictions on the random variables £ and 7 in Theorem 2.3. In fact
there is a trade-off between adaptedness restrictions and regularity conditions on the coefficients.
If we assume some adaptedness of £ and 1 we can weaken the regularity hypotheses somewhat.

Theorem 2.5 Suppose f and g are Lipschitz continuous functions satisfying (2.4). Then for
any Fo-measurable r.v. & and any random variable n, (1.3) has at least one global solution.

Remark 2.6 By time-reversal, the same conclusion holds if £ is arbitrary and 7 is independent
of F 1-

Let us now look at some conditions which ensure local existence and uniqueness. In the de-
terministic case, the two-point boundary-value problem has a unique solution if the interval in
question is small enough. In the stochastic case, this remains true if the interval is short and
the Brownian motion is small. Again there is a trade-off, this time between the length of the
interval and the Lipschitz constants of f and g. Thus, let us pose the problem on the interval
[0, 7] for a fixed T' > 0.
{ U = f(U)oW:+g(U,U)), 0<t<T, (2.5)
Up = &, Ur=n. '

The first theorem shows that if f is relatively smooth and ¢ is Lipschitz with a small enough
Lipschitz constant, there exists a unique local solution.



Theorem 2.7 Let f € CY) with f' Lipschitz, and suppose g is Lipschitz with Lipschitz constant

2
random variables & and n, (2.5) has a unique solution on Q. If f and g are fived, P{Q} — 1
as T — 0.

-1
Ly If Ly < (%2 + g) , then there is a set Qg C Q of positive probability such that for any

Remark 2.8 Only the Lipschitz constant of g appears explicitly. The Lipschitz constant of f
is implicit: g will be a set on which W; is small. The smaller the Lipschitz constants of f and
f', the larger W; can be.

If the solution is not unique, it is natural to ask how many solutions there can be. We will
restrict ourself to the case where g = 0. Consider the problem

Ut// f(Ut) o Wt 0<t<1
b ) 2.
{ Up = U = xo, (2:6)

Theorem 2.9 Suppose that f € CV, f has at least one zero, and f' is Lipschitz continuous.

(i) If f is not an affine function, then there exists a point xy such that the problem (2.6) has at
least two global solutions.

(ii) Suppose that f has an isolated zero at xo. Let p > 0 be the distance from xq to the nearest
other zero of f. If f is not affine on (xg — p,xo + p), then for each integer k > 1 there exists a
set Qp C Q of positive probability such that on Q. there are at least k distinct local solutions of

(2.6).

If we put some small conditions on f, we can show that there is global existence and uniqueness
for the two-point boundary value problem if and only if f is affine. We conjecture that this is
true in general, with no added conditions on f.

Theorem 2.10 Let f be a differentiable function with bounded derivative. Suppose that
f has at least one zero, is not identically zero, and its derivative is Lipschitz continuous.

Then the equations

Ul = f(U) oWy
UO - 57 (27)
Ul =1,

have a unique global solution for all pairs of r.v. & and n if and only if f is affine.

Remark 2.11 A process {X;, 0 <t < 1} satisfies Lévy’s sharp Markov property (SMP) if for
each subinterval [a,b] C [0,1], {X}, ¢ € [a,b]} and {X;, t ¢ [a,b]} are conditionally independent
given X, and Xj.

We do not know how Nualart and Pardoux’ results [4] extend to non-constant f, but Theorems
2.9 and 2.10 strongly suggest that the SMP will fail for the solution(s) Uy of (2.5) if f is not affine.
In fact, Theorem 2.9 shows that U; cannot have a transition probability, i.e. the conditional
distribution of {Uy, t € [a,b]} is not determined by U, and Uy. Indeed, if it were, the solution to



(2.5) would have to be unique in law. (Take [a,b] = [0, 1], so that U, and U, are deterministic,
and the conditional and unconditional distributions are the same.) But it is not: by Theorem
2.9 there are non-trivial solutions as well as the constant solution U; = zy.

Here is a class of equations for which there are no global solutions.

Theorem 2.12 Suppose f and g are Lipschitz, and that f'(x) exists for large enough x. Suppose
there exist constants a+, by and cx such that

lim fl()=a_, lim f'(z)=ay,

and

lim gla,y) —b-z—cy _ g(z,y) —byx —cpy
T——00 \/m £—00 \/m
uniformly iny. If either a_ # a4, or else a— = a1 and 4b_ + 2 £ 4b, + C%-, then there exists a

set Qo of positive probability and an unbounded interval (o, 3) such that (1.3) with the boundary
conditions Uy = £ =0 and Uy = n € (o, 8) has no solution on €.

=0

3 The Initial Value Problem

A standard method of solving the two-point boundary-value problem is to pose it as an initial
value problem, and then vary the initial derivative to get the desired value at the end point.
Accordingly, we will consider the initial-value problem

Ul = f(Uy) oWy + g(Up,U}), t >0,
Uy —a (3.8)
Uy =y

which is equivalent to the system of integral equations:

Uy :x+ﬁVds (39)
Vi —y—i—fo ) o dW —i—fo (Us, Vs) ds .

Suppose that both f and g are Lipschitz continuous functions. Evidently V is locally integrable—
otherwise the equations don’t make sense—so that U must be absolutely continuous. Since f is
Lipschitz, t — f(U;) is again absolutely continuous, hence a.e. differentiable, and it is easy to
verify that for a.e. ¢ its derivative is f'(U;)V;. Thus, following [5], we can integrate by parts in
the Stratonovich integral to see that (3.8) is equivalent to

Uy =x+ [y Vids, (3.10)
Vi =y + fUIW:— [3 f'(Us)VsWsds + [2 g(Us, Vi) ds. '

Proposition 3.1 The equations (3.9) and (3.10) have the same set of solutions.



One consequence of this is that the initial-value problem can be solved omega-by-omega: the
exceptional null sets involved in the definition of the stochastic integrals do not depend on the
initial conditions. Denote the solutions of (3.10) by Ui(x,y) and Vi(z,y). We then see from
Kunita’s Theorem [3] that

Theorem 3.2 (Kunita) If f and g are Lipschitz, then for a.e. w we have
(a) the pair (Uy(z,y,w), Vi(z,y,w)) is continuous in (z,y,t);

(b) for a.e. w, we have for all t that (x,y) — (Ui(z,y,w), Vi(z,y,w)) is a homeomorphism of
R? onto itself.

Moreover, if f and g are n-times Lipschitz continuously differentiable, then Uy(z,y) and Vi(z,y)
are n-times continuously differentiable in (z,y), and if p and q are positive integers with p+q < n,
and if DP7 = %, U = DPU(x,y) and V = DPUV (x,y), then U and V satisfy

dU; =V, dt

AV = DPI(f(Us(x,y))) o AW, + DP(g(Vi(a, y) dt (3.11)

Up = DPlx, Vo= DPly.

We say that (U(x,y), Vi(x,y)) is a flow of homeomorphisms. This flow of homeomorphisms will
be adapted if the initial values are deterministic. Moreover, as the integrands are absolutely
continuous, the stochastic integrals in (3.10) can be interpreted as either Stratonovich or Ito
integrals—their values will be the same either way. However, if the initial values are random,
the flow need not be adapted and the Ito integrals may no longer be defined. Nevertheless, they
will still be well-defined as Stratonovich integrals, and we have

Proposition 3.3 Let f € C(R) and g € C(R?) be Lipschitz continuous functions, and let X
and Y be random variables. Then there exists a solution (U,V') of (3.10), and, moreover, with
probability one, (U, Vi) = (U(X,Y),Vi(X,Y)) is a solution, where {(Uy(x,y), Vi(x,y)), t >
0, (x,y) € R?} is the flow generated by (3.8). If, moreover, f' is Lipschitz continuous, then this
solution is unique.

Remark 3.4 There is a nuance here. We know from Kunita’s theorem that the flow is unique
among adapted flows. However, we need it to be unique among all—including non-adapted—
flows. Since (3.10) is an ordinary integral equation, no stochastic integrals enter, so that if we
choose w so that t — Wy(w) is continuous, the theory of (non-stochastic) integral equations
guarantees that the solution will be unique if f’ and ¢ are Lipschitz. This unique solution
necessarily coincides with the solution guaranteed by Kunita’s theorem.

4 The linear case: proof of Theorem 2.1

We will prove the existence and uniqueness of the solution of the two-point boundary value
problem in the linear case. This has been treated by Ocone and Pardoux [7] in a setting which
is more general than ours in some respects, but which requires that the boundary values be
regular in a Malliavin calculus sense. These conditions turn out to be unnecessary in our case.
As our result is rather simple, we will give a separate proof here.



Let f and g be affine, say, f(z) = ax + § and g(x,y) = yx + ky + X where a, 3, v, k and A be
real numbers. Then the two-point boundary value problem (1.1) becomes

aUu;, =V,dt
AV = (aU; + B) o dWy + (vU + £V + \) dt
Up =¢§ Up=n.

We will use the initial value problem to solve this. Set Uy = £. To show the existence of a
solution, we must prove that we can choose Vj to make U; = 7. To show uniqueness, we must
show there is only one possible value of Vj.

Let X and Y be random variables, and consider the initial value problem (3.9) with random
initial conditions:

{Ut — X + [IV,ds (1)

Vi =Y + [HaUs+ B) o dWy + [1(vUs + £V + A) ds.

By Proposition 3.3 there is a solution of this initial-value problem for any X and Y, and it is
unique.

Since the problem is linear, we can decompose any solution of (4.12) into the sum of a particular
solution plus a linear combination of solutions of the associated homogeneous equation. We will
simplify our notation slightly by writing Z; = (U, V).

Thus any solution Z = (U, V') of the system (4.12) can be written uniquely in the form

Zy=2P + X710+ yz% (4.13)

where Z? is a solution of (4.12) with initial value Z} = (0,0), and Z'° and Z% are solutions of the
associated homogeneous equation—i.e. (4.12) with 8 = A\ = 0—with initial values Z° = (1,0)
and Z% = (0, 1) respectively. Since Zy = (X,Y), evidently X = ¢. Then n = Uy = U} + €U0 +
YUY, so that as long as UY! # 0,

n—Uf —¢U;°
— T
It follows that we have a unique global solution if and only if P{UY = 0} = 0.

Y

We have two cases. First suppose o = 0, which is the deterministic case. The equation for UP*
becomes U” = ~U + «U’ with initial conditions Uy = 0, Uj = 1. We can solve this explicitly,
and we find that U; = 0 if and only if v + k?/4 = —k?7? for some integer k.

Otherwise, if a # 0, the process Z; is a diffusion process, and by Hormander’s theorem we see
that Z; has a density in R?, and hence the probability that Z; lies on the axis z = 0 is zero.
This proves Theorem 2.1. O

5 [Existence of global solutions

One way to show the existence of a solution of (1.3) is to consider the vertical line Ly =
{(z,y) : = = &} in the plane, and follow its mapping by the flow of homeomorphisms



Zy = {(Us(z,y),Vi(z,y)), =,y € R} of Theorem 3.2. For each t, Z; maps the line Ly into
the curve Ly = Z;(Lo) = {(z,y) : ® = Up(&,u), y = Vi(§,u), u € R}. Since (z,y) — Zi(z,y)
is a homeomorphism, L; must be a non-self-intersecting continuous curve. Take ¢t = 1. If
L; has a non-empty intersection with the line x = 7, then there exists u = u(w) such that
(U1(&u), Vi(&,u)) € {z =n}, ie. Ui(&,u) =n, so Uy(§,u) is a solution of (1.3).

Thus (1.3) has a solution if and only if L; intersects the line {x = n}, and it has a unique

solution if and only if this intersection is a singleton. In particular, since Lq is continuous we
have

Lemma 5.1 A sufficient condition for the existence of a global solution of (1.3) is that the
projection of L1 on the x-axis is the whole axis.

It is worthwhile to see how this works in the linear case. If f and g are affine functions, then
by (4.13) the image of the line Lo is ZV + ¢€Z]{° + yZY, —o0o0 < y < oo, which is again a line.
Unless it is vertical, it will have a unique intersection with {x = ¢}, and it can only be vertical
if UM = 0. Except for trivial deterministic cases, this happens with probability zero.

Turning to the non-linear case, let us prove Theorems 2.3 and 2.5. We must compare the
solutions of two initial-value problems. Let f, g be Lipschitz functions, let f and § be linear
functions, and consider the solutions Z; = (U, V;) and Z; = (Uy, Vi) of

U =v
V' = fU)o W +g(U,V) (5.14)
(U, Vo) = Zy,
and
U =v
V' = f0) oW + (U, V) (5.15)
(U0, Vo) =Zo.

We will need two lemmas.

Lemma 5.2 Suppose f and g are Lipschitz continuous, with Lipschitz constants dominated by
L, and suppose f and § are affine. Put F(z) = f(z) — f(z) and G(x,y) = g(z,y) — §(z,y).
Suppose Zy and Zoy are Fo-measurable. Then for each T > 0 there exists a constant ¢ = ¢(T, L)
such that for 0 <t <T,

E {\Zt - Zt\Q} <3E {\ZO - ZO)\Q} et + 6/(: =9 p {FQ(l?S) + tGQ(ZS)} ds.  (5.16)

PrOOF. From (5.14) and the Schwartz inequality,
A A t A
E {(Ut — Ut)2} < 2F {(U0 —Uy)* + 2t/ (Ve — Vi)? ds}
0
t
< 2E{(Uy — Up)? —|—2t/ ES|Zs— Z*} ds.
(W= Oof'} 2t [ B12: ~ 2}

9



Similarly

t

B{Wi-np} < E{ (vo—to+ [ W - Fo eaw.+ [o(z) - o2 d)} .

Now the initial conditions are adapted, hence so is the solution, so the stochastic integral is an
Ito integral. We compute its expected square as usual to see it is

< 3E{(Vo — Vo)?} + S/OtE{(f(US) _ f(fjs))Q}ds + 3t/OtE{(g(Zs) - Q(Zs))Q}dS-

Write | f(U) - f‘(ff)\ |

F(U)|+|f(U) = f(U)| < |F(U)|+L|Z — Z|, this last since f is Lipschitz
(L) and |U = U| < |Z — Z|. Z) - 9(Z)|

Similarly, |g( (Z)| < |G(Z)| + L|Z — Z|. Thus the above is

gsE{(%_%y}w/otE{F( +1G(Zs)*} ds

t t
+ 6L2/ E{(Zs - Zs)*} ds + 6L2t/ EB{(Zs— Z,)*} ds.
0 0

Note that E{|Z; — Z|*} = E{(U; — U;)*} 4+ E{(V; — V})?}. Thus, for t < T, if we take ¢(T, L) =
2T + 6L? + 6TL?, we get

E{(Zt—Zt)Q}SSE{(ZO—ZAo)Q}—i—G/OtE{F(A +tG(Zs)?} ds

¢
+ (T, L)/ E{|Zs — Zs*}ds. (5.17)

0
This implies (5.16) by Gronwall’s inequality. O
Lemma 5.3 Suppose that f and g are differentiable with bounded Lipschitz continuous deriva-

tives. Let T > 0 and M > 0. Then there exists constants C' and D, depending on T', M, and
the functions f, g, f, and g, but not on x or vy, such that for 0 <t <T

E{ sup (Zi(x,y) — Zu(a,y)*} < C(1 +1) +D/ FyOL(0.1)° + G(yZ.(0.1))?) ds.
o] <M

PROOFA‘ ’Zt(xvy) - Zt(xvy)‘ < ’Zt(xvy) - Zt(ovy)’ + ’Zt(o,yl_ Zt(oay)‘ —J_ ‘Zt(oay) . Zt(xvy)‘
Since f and ¢ are linear, not just affine, (4.13) tells us that Z;(z,y) = ©Z;(1,0) 4+ yZ;(0,1), so
Zt(‘r7y) - Zt(ouy) = 'TZt(LO) and

10



B{ sup (Zilw,y) — 2:(0,y))*} < M2E{Z:(1,0%} = A(1). (5.18)
|| <M

Now Z;(0,y) = yZ(0,1), so by Lemma 5.2, there exists a constant ¢ such that

E{(Z(0,y) - Z:(0,y))*} <6 /0 B L F0,0.1))° +1G(WZ,(0.1)) f ds. (5.19)

This leaves the term E{sup‘x‘SM(Zt(x,y) — Zt(O,y))Q} to estimate. Under the hypotheses
of the lemma, Z;(x,y) is differentiable with respect to its initial conditions, and if we put

U = %(m,y) and V; = %(w,y), then by Kunita’s theorem (Thm 3.2), U and V satisfy (3.11),
which is, in this case:

dU(z,y) = V(z,y)dt '

dVi(z,y) = [f(Uz,y)U(z,y) 0 dW; + g2 (Ur(,y), Vi(z,y))Us(z,y) dt

. —|—gy(Ut(:c,y),Vt(:c,y))Vt(x,y) dt (520)
UO(xvy) = 17

Notice that the coefficients of (5.20) are bounded (because the derivatives of f and g are), and
the initial conditions are independent of x and y. Thus it is easy to see that there is a function
D(t) which is independent of 2 and y such that

E{U(@,y) + V(z,5)} < D).
Thus, if |z| < M

T 2 T 2
zten-z00F = ([Gear) + ([ epar) (5.21)
0 0
<l [ Oy + V) ar
0
M . .
< M/ UE(1,y) + Vi (r,y) dr .
-M
< 2M%D(t),
and the conclusion follows by combining (5.18), (5.19), and (5.21). O

5.1 Proof of Theorem 2.3

By Lemma 5.1 it is enough to show that the projection of L; is R, or equivalently, that
inf, U1(§,y) = —oo and sup, U1(§,y) = oo. We will do this by comparing the solution to

the solution U of the linear equation, i.e. of (1.3) with f and g replaced by f(x) = ax, and

11



g(z,y) = cx + dy. It is enough to prove this for the case where £ is bounded, say || < M.
Consider

v B{(06y) - i)} <vB swp (Ui(ey) ~ Oie9) )

< y—QE{ sup (Zl(%?/) — Zl(x7y)>2}

|z| <M
1+t b (! . >
<crite o [ B{POO.0.0)? + G Z0.1)7 ) ds
Y Yy Jo

by Lemma 5.3, where F'(z) = f(z) — f(x) and G(z,y) = g(z,y) — §(z,y). Now Ug(0,1) # 0, so
lyUs(0,1)| — o0 as |y| — oo. But

F(yUS(O 1)) _ U-( ) (yf]s(ov 1))
Y yUs(0,1)

which converges to zero boundedly as |y| — oo by hypothesis. The same is true of
the second term. Thus the expectation tends to zero as |y| — oo, so we conclude that
(Ul(f y) — Ul(f y)) — 0 in L? and hence in probability as |y| — oo. But now
1U1 (&,y) — U1(0,1) as |y| — oo, hence so does 4y~ 101 (£, ), in probability, at least. It follows
easﬂy that inf, U1(§,y) = —oo and sup, U1(§,y) = oo, as claimed. O

5.2 Proof of Theorem 2.5

Suppose now that the initial condition on U is adapted, i.e. that & € Fy. In this case, if we
consider the initial value problem, we can condition on the value of &; given & = z, Uy(€,y) =
Ui(x,y), and we can use Lemma 5.2, which has weaker hypotheses than Lemma 5.3. We must
show that, conditional on &, infyer U1(§,y) = —oc and sup,cg U1(§,y) = co with probability
one.

By Lemma 5.2,

E{(Zl(ﬁay) ; Z1(§a?/)>2 ‘ ¢ } < G/OIeC(t_S)E{ F(Us(fay); +G(Z,)? ‘5 }

But now, given that { = z, Us(€,y) = 2U, (1,0) —|—yU (0,1) and Z(€,y) = xZ(1, 0) +yZ(0,1),
so that F2(U,(2,9))/5 = (F*(Us(z, 9))/Us(, ) Oa(a9)2/5). A y] — 00, [Ds(,p)] — o0
and FQ(U (x, y))/U (z,y) tends boundedly to zero by hypothesis. The same is true of
G2(Zs(x,y))/ Zs(x,y), so Z1(&y) — Zl(f, y)/y tends to zero in L? and hence in probabil-
ity as |y — oo. Since Zi(€,y)/y — U1(0,1) # 0, we conclude that as y — oo, that
Z1(&,y) and Z1(€,y) have the same (infinite) limits. This implies that with probability one,
infyer U1(€,y) = —oo and sup,er Ur(§,y) = oo, as claimed. O
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6 The Green’s function
The Green’s function for the two-point boundary-value problem on [0,T] is

Tls(T—t) f0<s<t<T
G(S’t)_{ T-4T—s) if0<t<s<T.

Let us also define

0 T-YT—-t) f0<s<t<T,
Hs1) = 5.G(s.t) = { ~T71t if0<t<s<T.
For an integrable (possibly random) function h on [0,7], define Gh(t fo s)ds and
G(h fo o dWjs. Note that G > 0 and
T
t(T—t) T?
/ G(s,t)ds = ( ) < — (6.22)
0 2 8
T
26(T -t T
/ Hs,t)ds = HL=H T (6.23)
) T 2

Lemma 6.1 Suppose h € L'(0,T) and that {Z;, 0 <t < T} is a process which is a.s. absolutely
continuous in t. Then

(i) Gh(t) is a differentiable function of t and

%Gh() /Oth(s)ds—Tl/OT/osh(U)duds;

(ii) G(ZW)(t) is a differentiable function of t and

d t T s
—G(ZW)(t) = /ZsodWS—Tl/ /Zuoquds
dt 0 o Jo

t T s
= ZtWt—/ Wszgds—T—l/ /Zuoquds.
0 0 0

PROOF The proof is nearly the same in both cases: we simply integrate by parts In (i), set

= [y h(u) du and integrate by parts: Gh(t) = G(T,t)J(T)—G(0 fo J(s) ds.
The first two terms vanlsh and we can write the last integral out expllcltly and dlfferentlate it
to see (i). In (i), set K(s) = [; Zy 0 dWy, and integrate the Stratonovich integral by parts:

G(ZW)(t) = G(T, ) K(T) — G(0,£) K (0) — / tH(s,t)K(s) ds. (6.24)
0

The first two terms on the right-hand side vanish, and we can again write out the integral
explicitly and differentiate it. O
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It is now clear (and quite well-known) that u(t) = Gh(t) satisfies

u” = h(t) ifo<t<T
u(0) =u(T) =0.

This leads to another statement of the stochastic problem.
Proposition 6.2 Let f and g be Lipschitz continuous functions on R and R? respectively, and
let {U(t), 0 <t <T} be a process which is a.s. absolutely continuous as a function of t. Then
(1.3) is equivalent to

Ut) =T~ (T = )¢ +tn) + G(FUIW)(1) + G(g(U, UN)(1), 0<t < T, (6.25)
in the sense that if A is any set of positive probability, then U satisfies (1.3) a.e. on A if and
only if it satisfies (6.25) a.e. on A.
Remark 6.3 Equation (6.25) is sometimes called the mild form of (1.3).

PROOF. Suppose U is absolutely continuous and satisfies (1.3) on a set A. Then U/ =V} exists
for a.e. t, so on A

uit) = f—l—/o (U('] + /05 f(Uy) o dW, + /Os g(Uu,UL)du> ds (6.26)
= f—l—U{)t—l—/t(t—s)f(Us)odWs—l—/t(t—s)g(Us,Ug)ds. (6.27)
0 0

Set t =7T'. Then Ur =7 so

T

T
U= - -1 [ (=)o -1 [ - sgwatds. (629

0
Plug this in (6.27) and combine terms to see that

T T
U(t) =T (T - t)¢ +tn) —1—/0 G(s,t)f(Us) o dW4 + /0 G(s,t)g(Us,Ul) ds, (6.29)

which is (6.25). Conversely, if U is absolutely continuous and satisfies (6.25) a.e. on A, then
Lemma 6.1 shows it must also satisfy (1.3) a.e. on A. O

6.1 Proof of of Theorem 2.7

Note first that it is enough to prove this for the case where £ and 7 are bounded, say |£|+|n| < M,
for some M > 0. Since f’ is bounded and Lipschitz, we let L; be a common bound for |f’| and
the Lipschitz constant for f’. (So Ly is a common Lipschitz constant for both f and f’.)

Let Z, = (U, Vi), set

14



U =T"'(T-t)¢+tn), VP=T"'n-9),
and define

Pt = U+ G (FUMW. + g(27) -

Integrate the Stratonovich integral by parts to see that

T
urtt = Uto—/ H(s,t)f(UMW,ds (6.30)
0
T
+ [ a0 - wrwnve) ds.
0

Now V”Jrl gU”‘H so by Lemma 6.1

T
Vit = VR W (U7 / FUHWs ds + / (9(27) = W' (UL)V]) ds

+T™ // (ZI) 4+ W f (UD)V,) duds, (6.31)

while on the other hand

t
Urtl = ¢+ /0 Vrtlds. (6.32)

Both f and g are Lipschitz so |f(z)| < fo+ Ly|z|, |f'(x)] < Ly, and |g(2)| < go + Lg|2|. Denote
[A]l = supscfory [(¢)]. Using (6.22) and (6.23), and the fact that |[U"[| and [|[V"[| are dominated
by [[Z™], we see

2

T T T, TN T
HU”+1|!§HU0|]+§HWHfo+§90+<”W”Lf( +1g 8)*?) 1271

n 3 3T\ 3T .
IV < VO + 20W o + 5Tg0 + (HWHLf(2 5)+5L ) 12"

Now [|Z]| < U] + [[V]| so, adding,

n 3T T?
12740 < 10+ 1+ (24 ) WG+ (4 ) ao

T2 RY A
+ WL (2427 +— )+ |+ —= ) Lg ) |1 2"
8 2 8
By hypothesis, (% + %) L, <1, so we can choose € > 0 and ¢; > 0 small enough so that
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T2 37 T2
51Ly (2+2T+§)+Lg (?Jr?) <1-— 2. (6.33)

If W (w)|| < 81, then

n T 3r 717 n
122400 < 107+ 090+ (24 5 ) ol + (B + 5 ool + 1 = 200127

If necessary, replace M by max (M , (32T + )) Now |UY] and |V?| are both bounded by M,

so if we choose &1 small enough that (2-+7/2)|fo|d1 < M, we have || Z" || < 4M + (1—2¢)||Z"]].
It follows that for all n,

|27 < 4M||Z°||/2¢ < 4M? /e . (6.34)

Now consider the increments, using the usual notation: AZ" = Z" — Z"~ 1.

T
AP = = [ H WL () - fU ) ds
-/ LG WL (U — OV ds (6.35)
° T
+ [ Gnoz - gz ) ds.
0

Similarly

n+l _ ny _ n—1 _l 4 ny _ n—1
AVP = W)~ FOr) = 5 [ W) - ) as

/ W (f UMV = Uz vt ds (6.36)
+/((Zn)_ g(Z" 1) ds+—/ / (Z}) —g(Z27")) duds
__/ / — /U Vv duds
From the Lipschitz conditions, we see ||Af(U™)|| < Ly||AU™|| < Lf||AZ", [|Ag(Z™)| <

Lg|lAZ™|, and [A(S(UIV) < Ly IVEIIAU™ | + Ly |AVH < Ly (127 + D[[AZ™]|. Thus

Jarm < (Iiey (5 + 024 ) + Ly ) 18270
n+1 3 n 3T n
javeey < (1w (24 2raz ) + X, ) 1aze.

Adding these two:
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3T T?

az < (5 B ey o+ 3+ (545

2 8 s Tl t3 )<HZ”H+1>)>HAZ”H. (6.37)

y (6.33), if [W]| < 61, this is

< (1mzerm(@rg)« (5 D) (E ) Jiaz

We can choose do > 0 small enough so that d < d; and

T /3T T?%\/3M
Lf(SQ <2+§+<7+§><T+1>> < €. (6.38)
Thus
W < 8 = [|[AZ"Y < (1 —)|AZ"], n=1,2,... (6.39)

Let Qo = {w : [[W(w)|| < d2}. If w € Qp, the sequence (Z}'(w)) converges uniformly for 0 <t <T
to a limit Z;(w), and we can go to the limit on both sides of (6.30), (6.31), and (6.32) to see
that Z satisfies (6.25) and hence (1.3) on €.

To see uniqueness, suppose that Z! = (U*, V%), i = 1,2 are solutions. Then

T T
vi-ul = - /0 H(s, )WL(f(U?) — F(UL) ds + /0 Gs,1) (9(22) — g(21)) ds

This has the same right hand side as (6.35) with n = 2. V2 — V! satisfies a similar equation,
and if we repeat the calculations above, we see that on Qq, [|Z%2 — Z|| < (1—¢€)||Z% - Z%|, hence
7t =7

Finally, to see what happens for small T', let T" — 0 and note that for any Lipschitz g, we can
find Ty > 0 such that for T' < TO, (7 %Q)Lg < i. We then choose §; > 0 small enough so
that T < Ty = 61 Lp(2 + 2T + &) < L.

Thus by (6.34), T < Ty and HWH < 61 imply that for all n,

70 3T, T2
Iz <2 (2 + (24 ) oo+ (3504 2 ) o)
hence by (6.37)

1 3T
132l < (32 (24 T)) wi (200 + (24 2) o
3T, 12 .
+( 5 8)90) 1AZ™].
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Choose 95 > 0 so that

T 3T, t? 1
2(52Lf (2M + (2 + ?0> f0(51 + <TO + go) g0> < Z .

Then T < Tp and |[W|| < 8 imply that |AZ" 1| < 3||AZ"||. As we saw, this implies existence
and uniqueness, so that if we set Qor = {w : supg<;<7 [Wi(w)| < d2}, the two point boundary
value problem will have a unique local solution on Qop. But P{Qyr} = P{supg<;<r |Wi| < 62},
which tends to one as T' — 0. o g

7 Counterexamples
One way of constructing counterexamples is to work from the deterministic case. With a few

regularity conditions on the coefficients, the solutions are continuous as a function of the inte-
grators, and one can use this to construct stochastic examples from deterministic ones.

For any process {X;, t > 0}, let X7 = suppc,<;|Xs|. Let {N;, t > 0} be a continuous
semimartingale with Ny = 0, and let Z; = (Uy, V;), where U and V' are solutions of the system

(7.40)

Uy = U+ [y Vsds
Vi = Vo+ [y f(Us)0odNy+ [5 g(Us, Vi) ds.

Lemma 7.1 Let f and g be Lipschitz, and suppose that f is also differentiable with a Lipschitz
continuous derivative. Let T' > 0. Then there exist constants C = C(T') and D = D(T) such
that

Z5 < C(1 + | Zo|)ePNr (7.41)

PROOF. We can suppose that there exists L such that |f(z) — f(2/)] < Llz — 2|, |f(z)] <
L(1+ |z]), |g(z) — g(2")| < L|z — 2|, and |g(2)| < L(1 + |z]). Let ¢t < T and integrate (7.40) by
parts:

t t
v;—V0+Ntf(Ut)—/0 st’(Us)Vsder/O 9(Zs) ds.

Now |f(Up)| < L(1 4 |Uy|) < L(1 + |Up| + fg |Vs| ds, so we can write

t t t
Vil < Vol + 23 (1 ool + [ Wilas) + 287 [ Wias+ [ o+ iz as
0 0 0

Both |Us| and |Vs| are dominated by |Zs| < Z} and Z} < U} + V¥, so that
t t
z;gyon+/ v;ds+LN;;(1+yUO\)+LT+(1+L+2N;)/ 7" ds.
0 0
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Gronwall’s inequality then yields

Z; < (120/(V2 + LNF) + L(T + Ny) ) e HE+2LN7 )

If we use the (very coarse) inequality LN% < elN1 | we get (7.41). O

Suppose that M; is another continuous semimartingale with My = 0, and consider the system

{Ut = U0+f(f‘/sd5 (7.42)

Vi = Vot [i f(Us) o dM; + [} g(Us, V) ds

Proposition 7.2 Let f and g be Lipschitz, and suppose that [ is also differentiable with a
Lipschitz continuous derivative. Let T > 0. Let ZM = (UM VM) and ZN = (UN, V) be
solutions of (7.42) and (7.40) respectively, such that ZM = Z{. Then if M = max(N3, M3),
there exists a function C(T, M, |Zy|), increasing in each of the variables, such that

(AZ)7r < C(T, M, |Zo|)(AN)T, (7.43)
where AZ; = ZN — ZM and AN, = Ny — M;.

PrROOF. Let ¢t <T. Then

t
VSV = N = MU~ [N OV - MOV ds
0
t
+ [ (o) - o(zih) as.
and
t
UF - U = [ v as.
0
Let L dominate the Lipschitz constants of f, f’, and g, so that |f'(z)| < L for all z. Write
A(Nf)=NAFf+fAN, A(Nf'V)=Nf/AV+ NVMAF + VM AN and note that |f(UN) —
FUM)| < LIAU| < L [ |AV;|ds < L [y AZE ds, to see that
t
|AVi| < NSLIAU| + L(1+ UM ])|AN| +L/ (INsHAVS] + NS |[VM AT
0

t
—WWMMD@+/LM&W,
0

and
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t
AU —/ AVids.
0
Collect terms, use the obvious bounds |AUs| < (AZ)* < (AU)* + (AV)*, and N < N7 for
t<T:
t
(A2); <L+ (1 +T)ZE") (AN); + L (2" + o) [ (22105,
0

hence, by Gronwall’s inequality,

(AZ); < L(L+ (T + 1) Z37) (AN} A28
for t <T. Now use the bound on Z%/I* given in Lemma 7.1 to finish the proof. O
Remark 7.3 It is easy to modify the above in case Z}! # ZI. Just notice that |AZ;] <
|AZy| + |AU, — AUp| + |AV; — AVp|. Then the calculations above show that |[AZF| < |[AZy| +

C1|ANy| + Cy fot |AZ*| ds for some C; and Cy which depend on T', Z and the bounds on N and
M. This leads to

[AZ]| < (IAZo| + Cr|AN][)e".

We will usually use this when M; = W; and N; = fg h(s) ds for some deterministic function h,
in which case we get

Corollary 7.4 Let f € C(R) and suppose f' is Lipschitz. Let h € L} on [0,00) and let

N loc
Ui(z,y) and Uy(z,y) be the respective solutions of
Ul(z,y) = f(Ulz,9)h()
Oolr,y) = (7.44)
Up(zy) = .
and
Ul'(x,y) = [(Ui(e,y)) oW
Up(ey) = (7.45)

Up(z,y) = y.
Then for each R > 0, T > 0 and € > 0 there ezists Qg C Q with P{Qo} > 0 such that for w € Qy

sup  sup |Us(z,y;w) — Us(a,y;w)| <e. (7.46)
|lz],ly|<R 0<s<T
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PROOF. By Proposition 7.2. Qg contains the set of w for which sup,<p [Wi(w) — fg h(s)ds| <e
for a sufficiently small £ > 0. g

Let us look at a simple example in which both existence and uniqueness can fail. Let g(z,y) =0
and set

|z| if x <0

ﬂ”:{Oﬁxza

Proposition 7.5 There exists a set Qo with P{Qo} > 0 such that on g, the problem

U' = f(U)o W
U@©)=0 (7.47)
Ull)==x

has no solution if x < 0 and two solutions if © > 0.

PRrROOF. Consider the solution U;(y) of the initial value problem

U'=fU)o W
U©) =0 (7.48)
U'0)=y

Note that a > 0 = f(az) = af(x), so that if Z;(y) = (Us(y), Vi(y)), then

| Z:(1) ify >0
a0 = Aty iy <o (7.49)

It follows that the image L; of the y-axis under the map (0,y) — Z;(y) is a pair of rays, which
are the images of the positive and negative y-axes.

The image of the positive y-axis is easy to determine. If y > 0, U, is initially strictly positive,
which means that U/ = f(U;) = 0, so U/ is constant, hence U(y) = yt for all ¢ > 0. Thus
Zi(y) = (yt,y), hence the image of the positive y-axis is contained in the positive quadrant for
all t > 0.

Now consider the image of the negative y-axis. Let 7 = inf{t > 0 : U; = 0}. Suppose that
7 < 1and U.(1) > 0. In that case, the Markov property implies that Z,,,(1) will be in the first
quadrant for all ¢ > 0, and hence that the image of the negative y axis at time t = 1 is in the
first quadrant. Thus, L is in the first quadrant. But this means that (7.48) has no solution if
y < 0 and two solutions if y > 0.

To see that it is possible that 7 < 1, consider the deterministic problem
U"(t) = —4nU(t)

U0) =0 (7.50)
U'(0) = 1
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whose solution is U(t) = —(1/27)sin 27t. At time 7 = 1/2, U = 0 and U’ = 1. By Proposition
7.2 the solution of (7.50) will be uniformly close to the solution of

U'=UoW
U0) =0 (7.51)
U'0) =y

on the set where supy<;<; |W; + 47%t| is small. This set has positive probability, so there is
positive probability that the solution of (7.51) will have 7 < 1 and U’ > 0. But now, by
uniqueness, the solution of (7.51) and (7.48) are identical up to time 7, which means that the
probability that 7 < 1 and U. > 0 is strictly positive for the latter, too, which is what we
wanted to show. O

7.1 Proof of Theorem 2.10

PRrROOF. The problem has a unique solution if f is affine by Theorem 2.1. On the other hand,
we claim that the solution to (2.7) can not be unique if f is not affine. Indeed, if f(z¢) = 0,
then U = zg is a global solution of the problem with £ = n = z.

But by Theorem 2.9, if f is not affine, there exists a set {2 of positive probability and a non-zero
function U which is a solution on 2. But then the function U defined by

= [ Uy(w) ifwe
Ui(w) = { 0 otherwise

is another global solution. O

8 Non-Uniqueness

In this section, we will use U, for the solution of the two-point boundary-value problem

Ul = f(U) oW,
v g .

we will use U;(y) for a solution of the initial value problem

Ul'y) = f(Uiy)) o We
Uo(y) =0 (8.53)
U(y) =y,

and we will use Uy (y) for a solution of the deterministic initial value problem

U'(y) = —f(Uuy))
Uo(y) =0 (8.54)
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Let us consider some properties of the solutions of (8.54). Define

Ti(y) < inf{t > 0: Uy(y) = 0} .

Note that y > 0 = T (y) > 0. Then it is shown in [8] that

Theorem 8.1 (Schaaf) Suppose that f € CY) and that f' is Lipschitz. Then if f(z) > 0 in
some interval 0 < x© < a, there exists b > 0 such that

(1) Ti(y) < oo for 0 <y <b;
(ii) y — T1(y) is differentiable in (0,b);
(iii) Uqlﬂl(y)(y) = —U(’)(y) =—y, 0<y<b.

Lemma 8.2 Let U(y) be a solution of (8.54). Let T > 0 and define Uy(y) by

Ut(y) - ﬁTt(y/T)7 t>0.
Then Uy(y) is also a solution of (8.54) with f replaced by T2f.

PROOF. Just note that Ul'(y) = 720" (y/7) = =72 f (Ups(y/7)) = —72f (Us(y)), while Uy(y) = 0
and Ug(y) = 7Us(y/7) = y. O

Lemma 8.3 Let f, a, and b be as above. If f is not linear on (0,a), there exists y € (0,b) such
that T} (y) # 0.

ProOOF. For 0 <z <b set
_ 1 yTl( )

By Theorem 4.2.5 of [8], f(z) = %%(g Yo )) n (0,z). (The theorem is proved under
additional hypotheses on f, but this formula holds w1th0ut them.). If T1(-) is constant, say
Ti(y) = A, then g(x) = A%x/272, so f(x) = 7%z /A%, and f is linear. It follows that if f is not
linear, y — T3 (y) is non-constant on (O, b), and the lemma follows. O

8.1 Proof of Theorem 2.9

Our strategy is to first find a solution of the deterministic initial value problem which does about
what we want, and then approximate it by a stochastic solution.

PRrROOF. (i) If f is not affine, f" is not constant, and we can find a point z; such that f’ is not

constant in any neighborhood of z1 and, moreover, f/(x1) # 0. We will assume that 1 > o,
since the case 1 < zq is treated almost identically. By replacing f by —f if necessary, we will
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assume f(z1) > 0. Let xg = sup{x : v < z1, f(x) =0}. Then zy < z1, f(z9) =0, and f(z) >0
if zg <z < 1.

By replacing Uy by U; — g and f(u) by f(u+ z¢) we may assume xy = 0, and f(0) = 0. Then
by hypothesis, f is not affine on (0, 1), so that by Lemma 8.3 there exists b > 0 and y € (0,b)
such that T'(y) # 0. We assume T"(y) > 0. (The case T"(y) < 0 is similar.) As 7" is continuous,
there is an an interval [c,d] C (0,b) such that T'(y) > 0 for ¢ <y < d. Thus T1(c) < T1(d).

The deterministic solution U; satisfies U;(d) > 0 if 0 < t < T1(d) while, as UTI(C) (¢) = 0 and
U’TI(C)(C) = —c < 0 by Theorem 8.1, we see Uy(c) < 0 for T1(c) < t < Ti(c) + ¢ for some
6 > 0. Thus, if 7 € (Ti(c),T1(d)) is close enough to Ti(c), there exists £ > 0 such that
U-(c) < —e < e < Uy (d).

Now define Uy (y) = Ur4(y/7). By Lemma 8.2, U(y) satisfies U” (ry) = —72f(U(ry)), and

Uy(1c) < — < e < Uy(7d).

We will now approximate U by a solution of the stochastic initial-value problem. Let Qs C Q2 =
{w: [ Wy(w) + 72| <5, 0 <t <1} Let Ui(y) be the solution of (8.53). By Corollary 7.4, if ¢ is
small enough, w € Qs = |Uy(y) — Ui(y)| < /2, 0 <t <1, 7¢ <y < 7d. Therefore, if w € Q,

Ui(re) < —e/2 < e/2 < Uy (7d) .

But now, y +— Uj(y) is continuous, so there is a random variable Y € (7¢,7d) such that

Ui1(Y) =0. Then U, def U.(Y) is a solution of the two-point boundary value problem (8.52). It

is not identically zero, since U} =Y # 0. Thus we have found a non-constant local solution.

To find a global solution, note that U = 0 is always a solution, so that the function defined by

b, — Ut(Y,w) if we N
0 otherwise

is a global solution which is not identically zero. Since U = 0 is also a global solution, this
finishes the proof of (i).

(ii) Asin (i), we begin by constructing solutions of the deterministic initial-value problem. This
time, we want the solutions to return repeatedly to the origin. The key observation is that if
a solution of the deterministic problem returns to the origin twice, it is actually periodic, and
returns infinitely often. By rescaling, we can find solutions that have different numbers of zeros
in [0,1]. We then use the approximation theorem to find similar solutions to the stochastic
problem.

By translating the problem, we may assume that xg = 0, so that f(0) = 0. By [8] there exists
b > 0 such that if |y| < b, Th(y) < oo. Now Ta(y) = T1(y) + Ti(—y) < oco. It follows that the
solution U;(y) of the deterministic initial-value problem (8.54) is periodic, so that T,(y) < oo
for all m.

Now f is not affine on (—x1, 1) so that by Lemma 8.3, T1(y) is not constant on (—b, b). There
are two cases. If Th(y) is not constant, then neither is 75, (y) = mT5(y). On the other hand,
if Ty(y) is constant, then Tb,,11 = mTs(y) + T1(y) must be non-constant. We will do the first
case in detail, and just indicate the modifications needed for the second case.
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So let us suppose that T5(y) is differentiable but not constant on (—b,b). Then thereisy € (—b,b)
for which T4 (y) # 0, and

Tom(y) = mTa(y) (8.55)
Uryyy = Uoly) =0 (8.56)
Ul = Upy) =y. (8.57)

Since y — T5(y) is continuously differentiable, if it is not constant, there are ¢; < c¢o for which
T5(y) # 0 in [c1, co]. We will assume that 0 < ¢; < ¢ and T5(y) > 0 in [c1, c2]. (The other cases
are handled similarly.) Then T5(c1) < Ta(co).

Let £ > 1 be an integer and choose 7 > 0 such that

. T >k
Ty(c1)  Ta(ca) '
Then there exist at least k consecutive integers, my,...,mr = my + k — 1 such that 7/Ts(c2) <

mj < 7/Ts(c1), or

ijQ(Cl) <T< ijg(Cg), j = 1, ceey k.

But m;Ty = Topy,, so that Toy,(c1) < 7 < Tam;(c2). Thus by the intermediate value theorem,
there is a unique y; € (c1,c2) for which Ty, (y;) = 7, and ¢1 < y1 < --- < yp < ca. Thus for
small § > 0,

UT(yj+5) <0< UT(yj _5)7
for U, (y;) = 0 and U’(y;) = y; > 0, while Th(y) increases with y.
We can choose € > 0 and § > 0 small enough so that the intervals [y; — 0, y; + d] are disjoint and

Ur(y; +0) < —e <e < Uy (y; — ).

Let U%3(y) = Up(y/7). Then by Lemma 8.2 U7 (7y) satisfies the initial-value problem

A~

UL{, = -7 f(Uy)

A

Uy =0
Uy, =ryj,
and moreover,
U ((y; +0)) < —e < e < UM (r(y; — 9)). (8.58)

We now approximate the U*J by solutions Uy(y) of the stochastic initial-value problem (8.53).
For p > 0 let Q,,; = {w : [Wi(w) + 7% < p, 0 <t < 1}. Note that P{Q,,} > 0 and, by
Corollary 7.4 if p is small enough, U;(y) satisfies
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~ 5
supsup (09 (y) — Ur(r)| < 5.
y€[er,ca] 0<t<1

It follows from (8.58) that on €, -,

Up(y; +0) < —¢/2 <e/2 < Uy(y; — ),

so, by the intermediate value theorem, there exist random variables Y; € (1y; — 79,7y, + 76)
such that U;(Y;) = 0. The Y; are distinct because the intervals containing them are disjoint, so
that the functions 0, U;(Y1),...,U(Yy) are k + 1 distinct (because their initial derivatives are
unequal) solutions of the two point boundary-value problem (8.52). This shows that there are
at least k distinct local solutions of the problem on the set €1, .. It is easy to construct global
solutions from these, since U = 0 is a global solution: for each j, let Utj k(w) = U(Yj,w) for
w € Q,, and Utj’k(w) = 0 otherwise. For each j and k this is a global solution, and there are
infinitely many of them.

In the remaining case, where T5(y) is constant, 71 (y) must be non-constant. It follows that for

each m, To;,+1(y) is not constant, so we can simply use the above argument, replacing T5,, by
T2m+1- ]

8.2 Proof of Theorem 2.12

We will construct a deterministic equation whose coefficients are semi-linear approximations of
f and g, and whose solutions have the desired behavior. We then compare the solutions of the
stochastic and deterministic equations. Most of the work in the proof comes in handling the
solutions for large values of the initial derivative, where we cannot use continuity arguments.

We begin with two lemmas. The first constructs the deterministic equation, and the second shows
that when the initial derivative is large, the solution becomes large very quickly, regardless of
the coefficients of the equation.

Let us first define semi-linear functions fo(z) and go(z,y). Let

a_x ifx <0
arx ifx>0.

Jo(z) = {

and

b_x+4+c_y ifz <0
byx+cyy ifx>0

go(z,y) = {

and consider the deterministic problem

U’ =0fU)+g(U,T")
U0 =0 (8.59)
U'o) =y
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This is a second order ODE, and we can solve it explicitly: define Ay (0) = Oay + by — ici. Let
v =v(0) = ]Ai(é?)]%. Notice that if y > 0, U; will be positive for small ¢, and if y < 0, it will be
negative for small ¢. Then if A1 (f) > 0, the solution is

—17 e3¢+t ginh (vt if >0,t>0
Ut — (PY'F) _10 R (PY'F ) ' Yy - (860)
—(v=)" Upe2"sinh(y_t) if y<0,t>0,

and if AL < 0, the solution will change signs periodically:

U _ (74‘)71 U6€%C+t Sin(7+t) lf Yy > 07 0 S 3 S ﬂ-/ﬁ)/'i‘ (8 61)
U~ MU tsin(r_(t — w/vy)) iy >0, w/yp St<wfyeta/ro,

and the solution is periodic with period 7/v4 + 7/v-. If y < 0, U; is initially negative, so it is
given by (8.60) and (8.61) with + and — interchanged.

Remark 8.4 For future reference, let us note that if y > 0, U; will be positive from 0 until
t1 = w/v4, then negative until to = 7/v4 + m/~—, then positive again until t3 = to + 7/v4, and
so on. If y < 0, U; will be negative until s; = 7/v_, then positive until sy = t5, then negative
again until s3 = to + 7/7v4, and so on. In both cases, U; is periodic with period to.

Note also that by (8.60), if y > 0, Ui(y) = yUi(1), while if y < 0, Ui(y) = —yU(—1). Thus for
the semi-linear equation, we need only know Uy (1) and U;(—1). Furthermore, if U;(y) = iUt(y),
then U;(y) equals Uy(1) if y > 0, and it equals Uy(—1) if y < 0.

Lemma 8.5 Suppose either ay # a_ oray =a_ #0 and 4b_ 4+ c* # 4b; + 2. Let Uy = Uy(y)
be the solution of (8.59). Then it is possible to choose 0 so that either Ui(y) > 0 for ally # 0
or Ui(y) <0 for all y # 0.

PROOF. This comes down to showing that we can choose 6 so that Uy (y) has the same sign for all
y. Equivalently, we will show that ¢ = 1 falls in the intersection of some interval of positivity of
both U;(1) and Uy(—1), or in some interval of negativity, i.e. either 1 € (tog, tagr1) N (S25-1, 52;)
or 1 € (tog—1,tar) N (525, 52j41) for some j and k.

Note that the Ay () are linear functions of #, and consider the two lines in the z-6 plane:
z=A;(0)and z = A_(0). If ayx = a_ # 0 and 4b_ + c2 # 4b; + ¢2, these lines are parallel
but unequal, so that there is a 6y such that either

A+(90) < —7? < A,(Ho) or A,(Qo) < —7? < A+((90) . (862)

On the other hand, if a4 # a_, the two lines intersect: there is 6; such that A, (6;) = A_(61).
If A, (01) # —n2, then one can find 6y such that (8.62) holds. But if A(f;) = —7% and a, and
a_ have opposite signs, then (8.62) holds for every value of 6y # 6;. Thus, (8.62) holds in every
case except when ay # a_, A, (6;) = —7%, and ay and a_ have the same sign.

Thus, let us first suppose that one of the two alternatives of (8.62) holds. Since the proof is
virtually the same for the two, we will assume that A_(fy) < —72 < A, (fy) and show that
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Ui(y) > 0 for all y # 0. (If the other alternative holds, we simply show that U;(y) < 0 for
y#0.)

Now if y > 0, Ul(y) is either a positive constant times sinh(y;t) > 0, (if A4 (6y) > 0) or a
positive constant times sin(y4+t), (if A4(6p) < 0) which is again positive for 0 < ¢t < 1 since
v+ < m. In either case, Ui (y) > 0. On the other hand, if y < 0, the solution is initially equal to
a negative constant times sin(y_t). This holds until t = 7/v_ < 1, when it changes sign, and,
depending on the sign of A1 (), equals a positive constant times either sin(y4(t — 7/v-)) or
sinh(y4+(t —7/v-)). In both cases, U;(y) will still be positive at time ¢t = 1.

This leaves the case where a4 # a_, a; and a_ have the same sign, and there exists 8y such that
A4 (0y) = AL (6p) = —7m%. The idea is nearly the same, but this time we use the fact that U is
periodic, and wait for it to come around a second time. Assume both a4 are positive (the case
where both are negative is similar) and, to be concrete, assume 0 < a; < a_. Then if § < 6y,
A_(0) < A4(0) < —m, so, taking square roots, m < y4+(0) < v-(0), or w/v_(0) < w/v4+(0) < 1.
A little thought shows that we can choose 6 < 6y such that

27 n T cl< s n 27
7-(0)  7+(0) 7-(0)  7-(0)
But now, recall the times s; and ¢; defined in Remark 8.4. It is easy to see from (8.63) that
to < s3 <1 < t3 < s4,s0that 1 € (ta,t3) N (s3,54), which is an interval of positivity of U;(y) for
both y > 0 and y < 0. In other words, for this value of 6, Uy (y) > 0 for all y # 0, as claimed.
This finishes the proof. O

(8.63)

Let Qi = {supg<;<1 [Wi| < K}.

Lemma 8.6 Let 0 < 7 <1 be a (possibly random) time, and let § = V-(y). Given M > 0, let
Ty () =inf{t > 7:|Uy — U;| > M}. Then for K >0 and p > 0, there exists N = N(p, M, K)
such that on Qg, if |§| > N, and |U;| < M,

(1) A =p)lgl < [Vily) = Vz()| < (A +p)lg] for 7 <t <Tu(y);
> M M

() o < T ¥) =7 < 5

The same is true of the solution to (8.59) if 10| < K.

ProOOF. It is intuitively evident that if the initial velocity is large, the velocity will remain large
for a certain time, regardless of f and g, so that T will be small. The work comes in verifying
the uniformity in §. We rescale: let Uy = Uy /g, and V; = V; /9.

Notice that (ii) follows from (i), since if we integrate (i), we see that (1 —p)(t —7) < U —U, <
(I+p)(t—7). Set Uy — U, = M /9 to see (ii).

It remains to show (i). To do this, integrate (3.9) by parts, setting = = 0:

t t

Vs g W) + [ (W= W) f Vs + [ g0 Ve) ds. (8.64)
Now |[Wy| < K on Qp, so |W; — Ws| < 2K, and |f'(Us)| < L since f is Lipschitz with constant
L. Similarly, |g(Us, V)| < L(1+ |Us| + |Vs|). But since |U;| < M and t < T (y), [Us—U;| < M
so in fact |g(Us, V)| < L(2M + 1+ |Vg]). Let f* = sup{|f(z)| : |z| < M. Divide (8.64) by ¢:
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t t
\Vt\§1+Kf*/g+2KL/ yv;\ds+(2M+1)Lt/gy+L/ |Vi| ds .
0 0

Now ¢ < 1, so, collecting terms,

t
+(2K+1)L/ Vi ds. (8.65)
0

) Kf*+(M+ 1L
Vi <1+ / (A )

By Gronwall,

Wil < (1 n Kf*+ (QAM + 1)L>62(K+1)Lt'
)

This is bounded uniformly in § on 0 <t < 1, || > 1, say |V;| < Cs.

Return to (8.64) and repeat the above steps to see that, as t <1,

Kf*+(2M +1)L
Y
for constants C' and D. Integrating, we see that

Vi —1| <

t
] c
+(2K+1)L/ Vilds < 5 +D(t =)
0

(1—%)(t—7)—D(t—7)2§Ut—UT§(1+%)(t—7)+D(t—7)2

But Ty(y) is the first time Uy(y) — U-(y) hits M/g, and it clearly decreases to T as §j — oo.
Thus there is some N > Nj such that if y > N, C/y + D(Ty(y) — 7) < p, and (i) follows.
This finishes the proof for the solution of the stochastic equation. Since the only thing we used
about Brownian motion above was that |W;| < K, it also applies to the solution of (8.59) as
soon as |0 < K. O

PrOOF. (Of Theorem 2.12.) We will show that there is a set s and a r.v. Z such that the
solution of the initial value problem Uj(y) is either strictly greater than Z for all y, or strictly
less than Z for all y. This implies that there is no global solution of the two-point problem

U' = fU)oW +g(U,V)
Uy = 0, Ui=27.

In order to handle the case of large initial derivatives y, we note that if y is large, the solution
will spend almost all its time in the region |Uy| > M, and in this region, f and fj are close.

The key step is to show that for 0 small enough and N large enough, if w € €4, then either

Ui(y) >0, V|jy| > N or Ui(y) <0, V|y| > N. (8.66)

Once we have this, we simply note that y — Ui (y) is continuous, so max, <y |U1(y)| is finite,
hence Uj(y) is bounded either below or above, and we can take
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Z=minU;(y)—1 or Z=maxU(y) +1
v v

to prove the theorem.
It remains to prove (8.66). Let (Uf(y), V4(y)) be the solution of the deterministic initial-value

problem (8.59), given explicitly by (8.60), and let (U;(y), Vi(y)) be the solution of the stochastic
initial-value problem

{U” = f(U)oW +g(U,V)

U = 0. Uh=y. (367

By Lemma 8.5, we can choose f = 6 in order to have Ul(y) > 0 for all y > 0. Recall that
U(y) = |y|U(sgny), so that if we set p; = 1 min{U¥(1), U{(—1)}, we have

Ui(y) > 2|ylp1 > 0.

We will go through the proof in detail in the case where A, (6y) < —72 < A_(f) < 0, where
A4 is defined above. The other cases can be done by similar reasoning. In that case, Lemma
8.5 tells us that y > 0 = Ug(y) is positive for ¢ < 1, while y < 0 = Uf(y) is negative if
0 <t < s1 and positive if s7 <t <1 for s =7/y/A_(0p).

Suppose y > 0. Let € > 0 and choose M large enough so that |x| > M /2 implies that

[f'(x) = fo(z)| < e
[f(x) = fo(z)| < elz] (8.68)
9(z,y) = go(x, y)| < e(lz[ +[yl) -

Let Th(y) = inf{t : Ui(y) = M}, and Td( ) = inf{t : Uly) = M}. Let 1i(y) =
max{T(y), Tj; ()}, and m(y) = sup{t < 1 : Uy(y) > M,Uf(y) > M}, so both Uf(y) and
U.(y) are greater than M on (71,72). Define Q5 = {w : [Wy(w) — Opt| < 3§, 0 <t < 1}.

We rescale the functions: let

- 1 _ 1 . 1
Up=—=U, Vi= Utd:‘y’U and V4 = —V4d.

T _Vvtv
vl vl ! K
By Lemma 8.6, if p > 0, we can choose N large enough so that if y > N and w € ()5

Vely) =1 <p, 0<t<Tu(y), [Viy) -1 <p, 0<t<Ti(y), (8.69)

and

Tay) — M/y| < 2pM/y, |Ti(y) — M/y| < 2pM/y. (8.70)

Thus [Ta(y) — T§(y)| < 2Mp/y. Let Ur, (y) = x1, UZ (y) = zq. Now Ur,, = U;fd = M. Since
M
Vi(y) is bounded by (1 + p)y on 0 <t < Tys(y), as is V9, we see that |21 — z4| < 4Mp(1 — p).

Consider V and V¢ on the interval (71,72). Both U;(y) and Uf(y) are greater than M there.
Integrating (3.9) by parts
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t t

(We = W UVeds+ [ (U, V,)ds (8.71)

T1

V=1 (W= W) fGan) +

T1

and

t t
‘/td =24+ eo(t — Tl)fo(.fcd) + / eo(t — S)f(/)(Us)‘/s ds + / go(Us, ‘/s) ds (872)

T1 T1

Divide both equations by y and subtract. Notice that on Qs, |W; — W, — 6p(t — 71)| < 26 and,
because Us > M, |f'(Us) — f5(U9)| < ¢, s0

((Wy — W) F(U)Vs — 0ot — ) fo(UHTVE

(Wi = Wil |[£/ (U] [Vs = VI + [Wy = Wi |£(Us) = fo(UD| IV
HWy = Wey = 0ot — )| | f5(UD)] [V

< L0y + 20)|Vs — V| + (6 + 26)e + 20 L||V Y| oo

IN

Now V;? is bounded, independent of , so ||V % < 00, so the above is

< ap|Vs — V| ds + are + asd .

for some constants ag, a1, and as. Similarly, g is Lipschitz and U > M if 7 < t < 79, so

IN

1 1
ngws, Vi) — go(UZ, V)| §\g<Us, Vi) — g(UL, V| + |g(UL, V) — go (UL, V)|

< L(Us = U] + Vs = V) + e(l U loo + [Vl oc)

Now t —7 < 1 so f:\US—Uf]dsngw%m+fjlvu—Vf]dud8§ ‘ivlg!id‘—Ff:]‘zg—Vsd\ds SO
that we can collect terms above to see that for some constants A, B, C, and D,

|901 - CCd|

t
Vi -V <A +Be+C’5+D/ |V, — V| ds.

Let €1 > 0. We can choose € and 5_ small enough and |y| large enough so that the right-hand
side is bounded by & + D [ |V — V| ds. Thus by Gronwall,

|‘_/t - ‘_/td| < eleD(t—T) < 516D
Thus, given p > 0, we can choose N such that if_z-: and § are small enough and |y| > N,
|V, —Vd| < pforall 7 <t < 1. It follows that |U; — Uf| < p as well. Since p < (1/2)U¢(1), then

o - < T g v <y < U,

It follows that Up(y) > 0 for all |y| > N. But this means that U;(y) > 0 for all |y| > N, as we
claimed.
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Now consider the case y < 0. The proof is quite similar, with one extra step. Indeed, the idea is
that during the time that the solutions are greater than M in absolute value, the coefficients of
the deterministic and stochastic equations are very nearly the same, so the solutions are close.
On the other hand, if y is large, the times when they are smaller than M in absolute value are
so short that the solutions have to behave in approximately the same way.

The solution will initially be negative. The solution to the deterministic equation will return
to zero at a time s; < 1, and will then stay positive from s; to 1. We want to show that
the stochastic equation does the same thing. Let T_p/(y) and T9,,(y) be the first times
that U;(y) and Uf(y) respectively hit —M, and let 7" ,,(y) and T%,,(y) be the next time
they (respectively) hit —M. Let 71 be the maximum of T_j(y) and T¢,,(y), and let 7 be
the minimum of 7" ,,(y) and T¢,,(y). By Lemma 8.6, 71 decreases to zero as y tends to
—00, so for large enough y, 71 < 79 < 1. Moreover, the deterministic function is symmetric

about its minimum, so that Vdd, = —V4, . If we apply the same argument we used
T7]\J (v) Te M ®)

for y > 0, but this time on (0,72) instead of (0,1), we see that both |Up,(y) — UL| < p and

Vi (y) — VA < p. As V2, =-V4, > (1 — p)lyl, (again by Lemma 8.5), it follows that
2 T M(y) T—M(y)

Vi we (W) < (1 —2p)ly|l. Now apply Lemma 8.5 again with 7 = T_/(y) and § = V. (y) to
see that Uy(y) hits zero again before time ¢ = 1, and that at that time, V' > (1 — 3p)|y|. The
process then re-starts from U = 0, V' > (1 — 3p)|y|, so the argument for y > 0 again applies to
show that U, will still be positive at time ¢ = 1. Thus, if we choose N large enough, if w € s
and |y| > N, Uy(y) > 0 for all y. This finishes the proof. O
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