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Abstract. We consider the motion of a classical particle in a random isotropic
potential arising from uniformly distributed scatterers in two dimensions. We
prove that in the weak coupling limit the velocity process of the particle
converges in distribution to Brownian motion on a surface of constant speed,
ie. on the circle. The resulting equation for the probability density of the
particle is related to the Landau equation in plasmas,

Introduction

We consider the classical motion of a point particle in a random potential U(x)
in the van Hove limit: Let U (x) be a realization of the random potential and let
x(t), v(t) denote position and velocity of the particle given by

(1) = v(t),  x(0) = xo,
V(1) = —eVU,(x(1)) = eF ,(x(1)),  v(0) = v,.

Clearly (x(t), v(t)),5, 1s a stochastic process (on the probability space of the random
potential). We study the distribution of

(X (0), V()00 K1) = ¥V, V2(0) = W(1/67)
as e—0.

Kesten and Papanicolaou showed that under some mixing assumption on the
{non-conservative) force F the processes (x*(1), v°(f)),», converge in distribution to
a diffusion process (x° (1), v°(1)),., as ¢ =0 when the space dimension is larger than
2 [17. (See [2] for a quantum mechanical version.) The two dimensional case was
left open.

The dimensionality comes into play since in three or higher dimensions
trajectories {x°(1)) of the limit process do not intersect themselves, whereas in the
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two dimensional case they typically will. One may convince oneself easily that the
presence of self-intersections contribute strongly to the “Non-markovianness” of
the motion, thus “making it harder for the limit to become markovian” il at all.

We prove here the convergence also for the two dimensional system. We restrict
ourselves for simplicity to the potential case which in addition to having an intrinsic
interest of its own can also be considcred as a simplified version of 4 many body
system with weak interactions. A particular example of such a system is a plasma
where, under suitable conditions, the dominant dynamical cffects are due to the
Coulomb interactions at “long” distances which can be treated as weak. The system
can then be described by a momentum and energy conserving non-linear
Fokker—Planck type equation—the Landau equation. A rigorous derivation of
that equation is beyond our reach at the present time, but we expect that some of
the ideas developed here will also be useful in the many body case with the same
type of “Landau scaling,” ¢ — 0.

In this limit the potential cnergy tends to zero and the limit process v° will
satisfy |v"| = |v,| by conservation of energy. Furthermore we model the random
potential U by Poisson distributed scatterers, symmetric finite range potentials V.
This reduces considerably technicalities in the proof and focuses already on the
relevant structure of the motion as arising from many independent scattering
events. Instead of scaling the process one may equivalently scale the scatterer field
U by

U'(x)= ) eV((x —r;)/e?),
o representing a configuration of Poisson points with density p*=¢" % (¢~ ** in d
dimensions).
We consider (x(t), v¥(t)),-, the solutions of

() =v(1), x°(0)=x,,
V()= = VU (x*(1),  v(0) = v,,

and we prove the convergence to a diffusion process (x°(t), ¥°(t)),.,, where v*
describes a Wiener process on the circle with radius v,. B

A brief heuristic argument is as follows: Since v(t) ~ v, the time At* to cross a
scattering is roughly ¢2. Therefore the change in velocity due to a single scatterer is

Av~VVe At ~g tg2 =g,

Assuming that the effect of (the overlapping!) scatterers is approximately additive
and noting that the rate at which the particle encounters scatterers is ~ pc? =&~ %,

we obtain that the total variance in time ¢ is
Avite= 2~ 1.

This Central Limit type argument suggests the Wiener like diffusion on the circle
for the velocity, With little extra effort this argument also correctly gives the
diffusion constant.

The dimensionality enters if one looks critically at the argument, which involves
a weak dependence assumption of the single scattering events. This is drastically
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violated when the particle trajectory intersects itself. One may convince oneself,
however, rather quickly that the paths of the lmit position process have no
tangential self-intersections. Hence presumably also before the limit self-crossings
are transversal and happen only finitely often. Thus the total “area of self-crossings”
is ~ &%, and hence only finitely many scatterers are involved in rescatterings. But
since the effect of each scatterer is small ( ~ &) these scatterers should not contribute
to the limit.

This simple argument is probabilistic; from analytic arguments given (see [17])
in terms of perturbation expansions, it is not so immediate how to handle
non-markovian effects due to (actuaily occurring) self-crossings. One sees however
rather quickly that the effect of scatterers becomes additive.

An earlier announcement of the result presented here describes a proof built
on a markovian approximation and convergence of generators [3]. That (very
long) proof is different from the one given here. We prove now convergence via
relative compactness of the family of measures induced on path space by v¢ and
by the martingale characterization of the limit diffusion [4]. This becomes
technically simple through the use of a point process in the description of the
motion. The point process describes the places and times at which the particle
enters new scatterers. The same technique succeeds in proving the diffusion limit
of a heavy particle in an ideal gas in a semi-infinite system with elastic reflection
at the boundary in the so-called Brownian motion scaling [5].

In the following section we define the model and give the result. In Sect. TT we
restate the theorem using stopping times which allow for an easy control of the
problematic terms in the convergence. In Sect. 111 we introduce the point process
related to the first entrances of the particle into scatterers, which is then used to
express the velocity process. The martingale decomposition of a point process [6],
first used in establishing tightness in Sect. 1V, plays a central role throughout the
proof. In Sect. V we identify a unique limit process through a martingale
characterization. We prove in the appendix that the trajectories of the limit position
process do not intersect themselves tangentially. This allows us to remove the
stopping times from the convergence result.

1. Formulation of the Problem

Let (N,£2,F,p*),e>0, denote a family of Poisson fields in R* with densities
pP=c¢ *p, ie the expected number of points in a measurable set 4 = R? is
Ef(N(A)) = p|Alc™* A point we 2 represents a realisation of points, i.e. @ = {r;},,,
r;eR2,

Let V(x) be three times differentiable and supported in {(—1,1). Then we set
for xeR?,

Ve(x) = eV (Ix]/e?),

and

1
F#(x) :EF(!X[/CZ) = — VV&(x).

We wish to study the motion of a point particle of mass 1 in the random force
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field obtained by distributing the “scatterers” ¥* according to the Poisson
distribution with density p® The equations of motion for position x and velocity
v are

KW _ vy, x0)=0 11
d[ =V (L)a X ( )_ 3 ( . )
dv I) =Y F V(0) = v,. (12)

re@

The “overlap lemma” below ensures that the sum in (1.2) is P*-almost surely
finite for all ¢ > 0. Hence (1.1) and (1.2) define uniquely a family of stochastic
processes (X°(t), v°(1)),», on (£2, 7, P*).

We wish to study the limit in law of these processes as ¢ —0. Since x%(t) is
obtained from v*(t) by integration we need only consider the convergence in law

of (v*(t)),» [7].
We shall prove

(1.3) Theorem. The family of processes (V'(t)),., converges as ¢—0 in law to a
Wiener process (¥(t)),,, on the circle of radius vy with diffusion constant

D:%Bjdkkzlf/(k)lz, (1.4)
0

and V denoting the Fourier transform of V.
(1.5) Remark. For p=(p,,p,)eR? let V,=(0/0p..0/Cp,), p=1pl.
The generator of the limit process (v(t)),., reads on C§'(R?):
L=npV, [d*kkko(k-p)| V(k)*-V,, (1.6)
where kk denotes the tensor product. In polar coordinates p = (p, ¢),

L=Da%op>.

I1. A Stopping Time Version

We choose an arbitrary T > 0 and prove convergence in law of (v*(£)),.r 7 = (V(1))-
We shall introduce stopping times which may be removed for (v(¢)) and prove the
theorem for the stopped process.

First we realize the processes (vé(£)) and (v(1)) on C[0, T]?, #(C[0, T]?) with
induced measures v*,v. The convergence in law of (v*(¢)) to (v(t)) means weak
convergence of the measures v* to v as ¢—0 [7].

For peC[0, TT?, let Q(¢) jp u)du and define for any a > 0 and angle ¢,
Tho= inf{t; there exists 5; t=2s=0 and [Q(s)— Q)| =a

and min p(s) pw) <0 and J:cosd)}. 2.1)
sSust p([ [)(S)
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If the set is empty we set 7, = T.
For KeN set
1 =1nf {r 2 0; there exist s; < t{,8, <f,,...,5¢ <&,
t=1tg > >ty for which Q(s;) = Q(t;),..., Qlsx) = Q(tx) }. (2.2)

If the set is empty we set 174 = T.
Finally let

v, =inf {1 2 0:[p(t) ~ vo| = vo/2. (2.3)
Clearly v(r, < T) =0 and the self-crossing lemma in the appendix gives that
limv(r,, <T)=0, lim v(1x<T)=0. 2.4)
i e
L)
t T=T, ATy, ATk (2.5

and define on C[0,T}* a map IT by IIp(t)=p{t A 7). Then we show that
7*=v*IT1~' converges weakly (=) to F=v- 117} ie,

(2.6) Lemma. V> 7 as ¢ —0.

The assertion of Theorem (1.3) follows from (2.6) and (2.4) by standard
arguments. (See also [17 for the “removal” of similar stopping times.)

There is a natural representation of the stopping times on (2, %, P?) using the
process (vé(t)). The stopping times become e-depedent: 7, %, 5 and t°, and we
define the stopped process (v*(t A t°)) = (v;). Note that i is the measure induced by

tAT

(v9). We define (x¢) by xf= | vids.

We may describe the features of the stopped process as follows.

(i) When the particle trajectory x? bends around and comes as close as a to
its past trajectory, then it will cross itself transversally with an angle larger than ¢.

(i1} The trajectory does not cross itself more than K times.

(i) The speed of the particle is between vy/2 and 3v,/2.

We shall prove (2.6) by first establishing tightness of the family (¥%),. The
existence and determination of the limit will then be obtained from the
Stroock—Varadhan martingale characterization of diffusion processes. In both steps
we shall exploit the fact that the particle motion is determined by the “almost
Poisson” point process related to the times and places at which the particle enters
new scatterers. We introduce this point process next.

Hi. The Point Process Description

The reader should observe that for the following discussion the stopped version
of the process is not needed except for convenience to later references.
Let
Tt ={xeR%x - x| St ust). (3.1

T¢ contains all the centers of the scatterers which affected the particle motion until
time .
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For wef2 let & = w — w,, where
o, =0nT; (3.2)
and for r;e® let t; be the first hitting time
f=1inf{t>0; [x{ —r,] <&} (3.3)

We associate with (£, 7, P®) a point process N° on R? x R, with realizations
N¢ (dr, dt) such that for feC (R? x R),

NE( j j NE (dr, dt) | Zf(r,,t (3.4)
For every measurable 4 < RZ, the collection
Né(A,1) jNF (A, duy=N:(A,00,0)= Y X,) (3.5)
e — g

wef, defines an increasing right continuous jump process in . Note that the last
statement requires proof, which consisting of standard “existence of dynamics”
type arguments, is omitted.

We use the notation N*(A4,t_)= N*(A,(0, 1)) for the left continuous version of
the process.

For every w, N (dr,dt) describes the positions of the scatterer as well as the
times of first entry. Note that the process N*is locally Poisson with rates depending
on the past trajectory of the particle.

If we look at the world as seen from the particle, the above point process is
conveniently described by a point process on § x R, , § being the unit circle, where
we collect now the points ¢; and 6,5 at which the particle enters the scatterer
located at r;. The realizations are now measures on S x R, denoted by N*(de, dr).
Clearly both point processes are isomorphic to each other.

We introduced the point process because it comes with a decomposition which
goes to the heart of the problem:

Let (#,),», denote the increasing family of g-algebras generated by N®(A4,s),
s< 1, AeB(R?) and “w,”. Then for every # -adapted left continuous (in ¢} function
f on S x R, we have that [6]

ija do,du) f “ME de, du) [ (6, u)
S0 50
+ j p*(de, du) f (o, 1). (3.6)
50
where
[ Mo o) = M,(f) (3.60)
is an # -martingale and
[ p*(dex i) (o210 = () (3.60)

is an %, measurable left continuous process.
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Note that p*(de, du) (the compensator of N¢ [87) is the rate at which the particle
enters new scatterers. Although it is intuitively quite clear what the rate looks like,
one should note that one’s intuition uses (correctly so) the strong Markov property
{9] of Poisson fields (see also [107).

We shall now express v, using the above point process. From (1.2), by
integration,

vi—vo=> | Fi(x{—r,)ds, (3.7)
0

which by (3.2) and (3.3) is the same as

Vi— Vo= Z f Fe(xg—r;)ds + Avi(t)

s 1 £
IEW, ~wg AT

with .
AT
Aviyt)= > | F(x{—r)ds.
rlEmO 0
By (3.4) we may write this as
vi—vo= | | Nedr,du) | F'(xi—r)ds+ Avj(1). (3.8)
R2 0 u
Let for o€S8,
X (1) = x{ —XE + 062, (3.9)
Then (3.8) may also be written as
vi—vo={ [ Ni{de,du) | F(x (s))ds+ Avi(). (3.10)
5§ 0 u

IV. Tightness
We begin with two estimates.
(4.1) Overlap Lemma. For neN, let
St(t) = disc of radius ne* around x¢,

and let
Ni(t) = |0 A SH0)1.

Then for any A>0, T>0and ¢>0

1 +4/eBT 2 > .
Pe({sup Ni(ﬂ%ﬂ)é[ - S Ijl elomlem g2 (4.2)
ne”

=7

where
B =sup|V(x)|.

Proof. By conservation of energy (we set vy = 1)

(v9)* <1+ 4esup Ni(s)B.

S<r
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Thus for
7, =inf {t =2 O; N5(t) = A},
{t,>T}c{supvf <1+ 44eB} = {supxi < (1 +44B)T}.
=T =T

Let for xeR?,

St(x) = disc of radius ng* around x.
and let
Ni(x) = |on Si(x)].
Then for thesquare I =[ — (1 +4AeBT), 1 + 44eBT]? we have from the above that
ST} {sup Ni(x)= 4}
xel”

We cover I” by a lattice of squares 7¢ of sides 2ng?, i = 1,...,[(1 + 42eBT)/ne* + 112,
so that

{sup Ni(x) >/}c{supsupN*() Ay

xel” \(g‘/i

sup N3 (x) = N (7)),

€
X€y;

Since

where 7¢1s a square of side 4ns? symmetrically covering y%, we obtain by translation
invariance of the Poisson field that

Pi({sup N,(1) 2 A}) =

(T

1 +42eBT 2
- ¢ >
[ - I}P(N( ER)
Now (4.2) follows using Markov’s inequality for the exponential function.
The second estimate is

(4.3) Crossing Time Lemma. Let ti(s) and £:(s) be the first entrance and exit time
of the particle of the set S(s). Then on

fsSup N&, () < A} n{supvi(s) 2 1/2},

sET s<T

we have for ¢ < 1/16niB’ that

Fu(s) — t(s) < 4ne? (4.4)
and
sup sup |vi(t) — v¥(£5(s))| < 4nieB, 4.5)
ST () Se<il
where
B =sup|F(x)].
Proof. By (3.7) for t £ T (s)
V() =Vl ), f Fe(x*(t') —r)dt'|. (4.6)

remnSe 4 ()] £h(s)

Consider now a particle crossing S&(s) with constant velocity vi = 1v*(¢%(s)), entering
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at t;(s) at x*(t3(s)). Then for the exit time f%(s) of this particle

2 2
£i(s) — £4(9) < 7 < dne?, (47
vy
and for t < t%(s) we obtain from (4.6) that
1
(Vi) - vi | S N°. 1(s)gB’4naZ. (4.8)

Hence on {sup N%,,(s) < 4} we have that
s<T
vs(t)uv/j» =05 — NéL (s)dneB > +v°
Uy
for ¢ as stated. Therefore f2(s) = £%(s) and (4.4} and (4.5) follow.
We are now prepared to prove

(4.9) Proposition. The family (%), is tight in C[0, T]*.
Recall that (4.9) follows when we show the following: For all v, #>0
there exists a ¢ such that for ¢ small enough
PA({ sup I — Vil > 7)) <n. (4.10)

s,t=T
It -s|<d

We shall approximate vi by a process consisting of those terms which are
relevant for the limit. The irrelevant terms vanish in probability as ¢ — 0. Therefore
(4.10) will in fact be established for the relevant part (see (4.24) below).

Let $° denote the circle of radius ¢2. We define for e€S

t; , = inf{t > u; x} (¢S (x; — 66?) AT (@11)
By (3.10) <
Vi—v= ] Nodu) | () dt
+[ | N¥de,du) | F(x (t'))dr
Syt !,i‘g
+{ [ N'(daydu) | F(xi,(t))dt
S 0 sad
+ AV5(1) — AVi(s). (412)

For e«a (cf. (2.1)), the last three terms concern scatterers which the particle
encounters again at occasions of selfcrossings of the particle trajectory and
scatterers which at the time s A v° overlap x°, . or which overlap the particle
initially. Recall that until =¥ only K selfcrossings are possible and that they are
transversal with an angle at least as big as ¢. Therefore we can find a number
n(¢, a), not depending on ¢, such that by virtue of the crossing time lemma (4.3) on

{sup Nipals) = A}
s£T

sup|three rightmost terms in (4.12)| £ 4K B'n(¢, a) As.

st T
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By the overlap lemma (4.1) we may choose A =& % a < 1, and obtain that these
terms vanish in probability as ¢ —0.

We consider now the first term on the right of (4.10). We wish to exploit here
the point process decomposition (3.6). But note that the point measure integrates
here an anticipative function so that (3.6a) and (3.6b) do not hold. Our aim is
therefore an approximation of the anticipative function by a non-anticipative one.

We first expand the force ¥ around

KE () = Vi(t — u) + o¢? 4.13)
for
ut < =inf{t >wuxé (H)eS(xt — oc®)} A" (4.14)

(Note that (4.13) describes a straight line.)
This yields

tAL

a i,

“ij(xu,, () dr = | Fo&e,, () dr

T ) — e () VERRE, () di

B
[

+ | Fe(xi (1)) dr

28
Lu,g

] () — R0, (0) VP Py 0.10), (415

with y*(u, o, t') denoting the mean value in the remainder of Taylor’s theorem.
Observe that

fE

5 Feks (N dr

is # ,~measurable and continuous in u.

The other terms of the expansion containing x;, ,(t') are still anticipative and
we need to expand them further. Before doing this however we discuss the
magnitude of the terms we have so far.

By the overlap lemma (4.1) we need only consider the term

Af [ N*(dodu) [ Fi(xt () dt’ (4.16)
SATES

on
A= {sup Ny(s) < 2},

s=T

where we pick n large enough (n ~ n(¢, a)), and where we allow for 4 to increase
with an inverse power of ¢ less than 1.
Note that by (4.13)

sup!t Lo ul <42 (4.17)

Furthermore it follows from this and the crossing time lemma (4.3) that there exists
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a constant C = 4 such that on A%,

sup |XE (') — XE (¢)] < Cle’.

U,
wsest,

219

(4.18)

Introducing the expansion (4.15) into (4.16) we may now estimate some terms
by summing absolute values on Aj. For the remainder in the Taylor expansion

we have on A} by (4.17) and (4.18) that

€
tAT

sup | [ Ne(do,duy | 100, (¢) — %5, (0)) VP F(y (u, 0. 1)) d’

StET[Ssax’

< NY(T)C?i2eB'e™5Ce? = C3 1263 NY(T) B,

where
B" =suple, Ve, VF|
and v )
NT) =£T£T Né(de, du).
But by (3.6)
P({NYT)> A/e*}) < 2E(NYT))/ @Ti p*(de, du) >

1 Trt® .
)pE j [ —(vido)du =/7,0%n

(Vo) £0

T

by definition of % (The reader should note that the second inequality would be
an equality if there were no selfcrossings. In areas of selfcrossings p*(de, du) is zero.)
We may now choose A=¢ % a<1/3 to see that the “sup” above goes in

probability to zero as ¢ —0.
The third term on the right of (4.15) yields

ffNﬂdadu jFa X5t dt|.

Ssntt £

sup

sSt=T

u,q

To estimate this observe first that on A? uniformly in u

IXG (8 ) — X (F2 ) £ CAe®
and that
th,—u<Ce?,

and thus that for some constant C’

sup |vi—vi|<C'le
ESES
by the crossing time lemma (4.3)
Combining these facts one easily gets that for some constant C”,

‘ti,ﬂ uo'|<C”)8
so that
sup ’Xa ([)hii ( ud)|<cﬁ/é’

u,0

o
zu“SL<[
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But
sup |F“(y)| = B'C"4,
ye{x;|x—as% < C"ae}
and thus on AZ the “sup” above is bounded by N*(T)C"?B'A?¢%, and we may
conclude as before that this term vanishes in probability as £-»0.
We consider now the first order term in (4.15):

tnt’ Ty

[ | N*(do,du) jdt (X, (1) — &E., (1)) VE(RE_(1)). (4.19)

SS/\‘E

A rough estimate gives that (4.19) ~ % on A,
We write

and by (3.10)

Xoll') — Ry, (1) = [ dt” {j | N*(do', du) f Fo(x o (1)) dr”

u s

+

O'—w:

[ N*(da’ du)jFé X5 (1)) dt"
N

+ Avy (") — Av%(u)}.

We insert this in (4.19) and obtain

| y Ne(de. du) "j”dt jdz/{ [[N*(do", du') § f(x, (1)) di”
Soatt uS

+ jNE (do’,du’) f (X (1)) dE" 4+ AV (") — Avg(u)}.

O‘—-u:

This is again in probability close to

u u’

i'T Netdo,du "j”dz jdz"{j [ N*(do, du') j P&, (7)) di”
uS

SS‘/\T

[ [ N*(de’, du) j F(%, G("'))dﬂ”} (4.20)

u—4g2 §
essentially repeating the estimates on A% as before and noting that by (4.4),

H N(de, du) jd[ jdr”{“ 1 [ Nldo, fF(Xfm,(t”’))dt’”

+ AV (t") —Avgo(u)}

involves only scatterers which overlap areas of selfintersections or which overlap
the particle initially. Hence we may estimate this term in a similar way as below
(4.12).
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In view of (4.20) we set
vl —va ) =] T Ndedu “j”dz jdt””N‘ (o', du)

sat

ARG ) VR 0)

jmjr N¥(de’ du){ j N¥(de, du)y(F% , = u)

Sy

"j"dz jdt”jdﬂ”Fe A1) VERE (1 ’))}

=| j Né(da',du'){Av: (v, 0')}, 4.21)
Sgntt
where the second equality comes through a change in the order of integration.
Note that v°, (v, ¢') is as function of v’ adapted and left continuous.
For the second summand in (4.20) we set

vy (1) — y-(s) :fof Né(de, du)Ave_ (u, 6) (4.22)
qS/\'[
with ,
defdr | | N(de,du)

u—4e> S

-
Tt B8 () V(S (0)

7€
~ Luo

=Av: (u,0) + [ dt’ jdt”ANs(u)

£
[ AFR () VE R, (1)), (4.23)
where in the last cquality we split Av® (u, 6} into its adapted left continuous part
AV (4, 6) and the “jump at u”, with
AN u) = N4, [0,u]) — NS, [0, u]).
We are thus led to consider (4.10) for the “processes” v (¢), y _ (¢} and

1E
tatt Iy

Yoy ={ | N(dodu) jdvF £ (), (4.24)

the last one representing the zeroth order term of the expansion (4.15), since we
showed that up to terms which vanish in probability when ¢ >0( ~ ),

Vi ~ ¥ (D) + ¥ (1) + ¥ (D).
We shall use the following [11]

(4.25) (Tightness Criterion) Lemma. Suppose that for all ¢ >0 there exists 0,> 0
such that
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(i) there exist §>0, { > 1 and C >0 such that for all ¢ sufficiently small,
E(lY () —¥% )= Clt s, (4.26)

for all s,t < T with |t —s| < d,, and
(ii) for every y >0 and n > 0 and ¢ sufficiently small
P({ sup |y% () —=¥% () >7)) <. (4.27)

sEET
is- <o,

Then for every y >0 and v > O there exists 5 > 0 such that for all ¢ sufficiently small

P({sup [y% —()—y% — () >7})>n.
l;lezé
Choosing §, = &2 (4.27) is almost trivial by the overlap lemma (4.1). In fact on A?
it is easily seen that there exists a constant C such that
sup |y% () =¥ (9] = C sup N(S,[s,s+9,])ie’,

stsT =Tt
Is—1]<d,

and since v <2, the particle cannot cover more area in time §, than a ball of radius
36,. Hence appealing to the overlap lemma we find another constant C’ such that
on AZ the “sup” above is bounded by C'A%s* which goes to zero for the allowed
values of /.

We establish now (4.26) for 6, = &2 and f = 2, starting with y©. . Observing (4.22)
and (4.23), we obtain

Eauyi (t) - yi (5)]2) = E?<{j, r}i Ng(dO', du)jvi (u’ 6')
+] ’ j N¥(de, du) quddt ydr” [ de"FoRe ()

VFHXE (¢ ’))}2> < 4[?(%{}5 pHde, dn)AV (u, a)}2>
Et ({fmf m*{de, du) AV (u, o-)}2>
SS/\T

28
s

E ({f | pi(de, du) [jddl fdl"j"dz’”

u u

'F*(f(i‘a(l"’))'VFE(ﬁi,q(l’))} >

+E‘<{j | m(de,du) jdt j"dt”jdt’”

Syt u

FX, a(t/”))'VFg(ﬁi‘a(t’))} ﬂ (4.28)

where we used the splitting (3.6) and a binomial inequality. Furthermorc the
martingale measures integrate continuous .7 ,-measurable functions so that (3.6a)
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holds. We may therefore apply Burkholder-Davis-Gundy inequalities [ 8], or, since
we only take the square, the quadratic variation formula which yields for example

that .

£
Sont

= E8<{j r Ajf p*(da, du) Av® (u, 0’)}2>

Syt

= E£<{fmj~T p(de, du) Av. (u, 0')}2) (4.29)

S A TS
where the last equality comes from the continuity of the measure p*.
Before time t* we have a simple bound on the rates (cf. below (4.18))

o°(de, du) <3 ptetdodu =3 ps~ 2 dodu, oe[0,m). (4.30)
Let N* be the Poisson number of points with the density
2rpe 2 du.

Clearly, N* is a Poisson domination of N® for example in the sense of correlation
functions (see e.g. |9]).

In view of (4.23) we easily estimate with (4.17), and observing the Poisson
domination that, for example

EXAV. (u, ) AV (1, 0)) < Ce* E(N*([u — 4e,u + 46 DN ([0 — 4e2 0’ + 462])
< et

where C, C" are appropriate constants, the latter coming from Schwartz’s inequality
and translation invariance.
Thus for the first term on the right of {4.28) we easily get that

E‘g({‘[ fAjjv,o‘g(do', duw)Av® (u, a)}z) <C"t—s)?

o
Sont

for some constant C”.

Equation (4.29) and all the other terms may be handled the same way, producing
{=2in (4.26) for |t — 5| = &°.

Next we observe that Av®, is by (4.17) essentially the same as Av®., and to show
(4.26) for ¥*, is therefore only a repetition of the foregoing without the extra term
coming from the “jump at u.”

Therefore the conclusion of Lemma (4.25) holds, and hence we are left with
showing (4.10) for y§ (cf. (4.24)). For this Jet

T =1, LK T T <

denote the first entrance and exit time of the particle of the tube T%,t < T, at the
i-th selfcrossing. We define a new point process N(de, du) by

Né(do, du) = N¥(do, du)
on the set NSC = [0, T3 o[ T4, T5]u - (4.31)
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and on [0, T] — NSC, N*(de, du) is a Poisson point measure with intensity
p(de, du) = — pe*vi-dedu v 0.

We denote the appropriate probability space by (2, 7, P)(F 1 F).
By the argument on the effect of selfcrossings following (4.12) we need only
show (4.10) for

. &
tat Lo

P5(t) :i [ Ne(da,du) | Fo(R% (t))dt. (4.33)
We shall obtain this by showing (4.26) for ¥3, t — s = £*. (4.27) follows then almost
verbatim as before.

Since the compensator of N*(de,du) is given in (4.32), we easily have that by
rotational symmetry

#e
Tu,a

j (do,du) | F* (R, (0)dt' = (4.34)

2+7>

Hence for y > 0, by the splitting (3.6) applied to N* and by (4.34),

ratt

) N*(de, du) j dt'FH(x8 (1)

Soad
2+7>

tadh 2
1] | pilde, du<j dUFH&E (t’))dt’>

EX(lys(t) — y5 ()27 = (
- (g

SCe—s|tTe,

r

Ajf “(dedu) | drFURE (1)

u,a

u

'!/\

Ssadt

2+'//2>

where we used the Burkholder-Davis- - Gundy inequality on the martingale (note
that 7i2° integrates a continuous % ,-measurable function) and for the last inequality
the bound (4.30) with (4.17) and ¢ — s = ¢?. C and C’ are constants depending on
v and B

Thus Proposition (4.9) holds!

V. The Martingale Problem

We established tightness of the family (¥%),.,. Every limit point of subsequences
(#"),, has support in C[0, T]>. We obtain uniqueness by showing that all limit
points satisfy the martingale problem associated with the diffusion process v, given
in Theorem (1.3). It is sufficient to establish the martingale problem for the functions
p and p p|4|.

(5.1) Proposition (Martingale Problem). Let L be as in (1.6). For every s,t€[0, T]
and every smooth and bounded cylinder function ¢ depending only on plu),u <s,
peC[0, T)? we have that for f=p and {=pp,

limﬁ£<{f(p(t))~f( Aj LE(p )du} ) 0.

e=>0 SAT
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Proof. By (1.6) .
Lp:anp~fd2kkk5(k'p)[V(k)|2, (5.2)

Lpp=2npV, [d*kkk 3(k-p)| V(i)|*p. (5.3)
To show (5.1) for f=p is equivalent to showing that

1imE5<< ~v—Mva ) ):o, (5.4)

where @%1s the function @ at p=v~:
By (4.12)

//\T

E{(vi— v DY) = <{j { Nt(de,du) f dtFo(xE (¢ ’))}@) + o(1), (5.5)
S\/\T

where o(1) accounts for the selfcrossing and overlap terms in (4.12): By the

argument below (4.12) and the overlap lemma (4.3) we obtain easily that these

terms are bounded in LYdP?) by

1
C/S—"C/TFEE(SUPN q‘)a(g (supNs(hn()>/))

SET S<T

1 o«
=Cie+CT-|P (%up N
¢

%

WM( sy > x)dx = o(l), (5.0)

where C, C’ are appropriate constants depending on @, B’ and n(¢,a) and 2~ ¢ ¢
o<1,

Introducing now the expansion (4.15) into (5.5) we arrive in accordance with
(4.24) by estimates very similar to (5.6) at

E*((v; = v) @5) = E*((yL (1) — 2 (5) + ¥4 (0) — Vi () — §5(0) — §5()P5) + o(1),

where we substituted (4.21), (4.22) and already did the step (4.33). But by (4.34)
and the martingale property

E*((§5(1) = ¥5(5) @) = 0.

Now define §°, _ by replacing everywhere N* by N¢in V. -, which we can do at
the cost of another error o(l), essentially repeating the arguments of before. We
shall therefore show that

5

nmﬁs(@;(j { N‘C(da,du){A@i(u,o')+A\7+(u,a)}>>:0, (5.7)

&~0 Soadt

and that

e 0

. At i t t”
lim E* < (j { N(do,du) | dv {de" | di”
Sontt u u u

(R () VEU(R5, (1) — MIT Ly, du)) 0. 58

SAT

We start with (5.7). Recall that (in view of (4.21) and (4.23)) J\AfsAimegrates in (5.7)
only adapted left continuous processes; thus decomposing N° as in (3.6) the
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martingale part vanishes and we may replacc N° by p*. Next we change the order
of integration in the term coming from §° (corresponding to going in (4.21)
backwards from the second to the first equality). We thus arrive at the following
expression for the expectation in (5.7) (with an error o(1))

(q)f{j [ p(do, du) “jadt (@ [ [Re(do’,du)

Syatt u u—4:2 S

JFRG () V(K (1)) de”

tAT ’f;,a t "
+[ § Ntde,du) | ar {dt" | | pi(de’, dw)
Ssatt u u u S
f A" FHRE (1) VK (1)) ) (5.9)
Let
pide’,du') = —vi-da’ pe>du’ v 0, (5.10)

and note that in variation norm on [u, % ]

i —p*ll < sup  |vi—vil.
u=i <run

Furthermore let
RE )=Vt —u)+ a'e?. (5.11)

We replace now in the first expectation in (5.1) p%(de, du), @7 and VF*(X: (t')) by
the “shifted” p;_,.2(de, du), @;_,,. and VF(X] . ,_4.(t), and again by estimates
very similar to previous ones this produces an error o(1). (For the VF term recall
the argument before (4.14).) But then N¥(de',du) integrates only # ,-measurable
functions, so that from the decomposition of N* only p¥(de’, du') survives. We may
then shift back again at the cost of o(1).

In the second expectation in (5.9) we shift pide’,du’) to pi(de’,du’) and
Fe(ks (1) to FA(XS . (1) so that Né(de, du) integrates nonanticipative func-
tions, and thus also here only the compensator part survives.

We thus come from (5.9) to

<<D‘{j j vi(de, du) I”d’jdt” lj [p"(de’, du)

u u—4g2 S

'jF v () VEURS (ﬂ))z”})

ratt fae
+E’;<(Df%§ | p (do,du) | dt’ jdl”“ (do”, du’)
Sondt u 2] u S

o

JFRE (7)) VEHKS, (t’))dt’”}) + of1). {5.12)

o

Note that the integral over the force in the second expectation above may as well
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start from u. Therefore combining the expressions in both expectations they become

ITAT

[ f p (de, du) jdt jdr“ j Yde’, du')

fdt’”F’ Koo ult") VERG (1) + o(1).
Fixing all variables we do the integration over ¢ first: by (5.10) and (5.11)

[ duF(vi(t" —u)+6'e%) = j du’F’( " —u')+ 6'e?)

f AwF(¥:w +¢6') =0,

since F is a gradient of a potential. (Note that if this were not the case the limit

process would not live on the sphere, see [ 1].) Hence (5.12) is o(1), and (5.7) follows.
To show (5.8) is a matter of computation:

By (5.10), {(4.13) and the martingale propcrty we are led to consider

(af{ymf (de, du) (dz[dr jdﬂ"

SAT

FERG () VE (X, (¢ ))})

tatt Iun
_ Es<d)§{ ) duﬁ— [ v,de j dr fdl”fdl”/

SAT v, 620 u

':fF( W1 = w/e? + o) VF*(*( u)/82+0')}>.

After routine manipulations one sees that the integrand of the u-integral may be
written as

w t

p | do | dt | ar f A" FWL" + 6)VEWL + o)

v, 020 -® - ’3

=p | do | df | d"(t ="y F(Lt" + ) VE(VL + o)
o}
= —p{d*r | dutF(r + vit) VF(r) = “by symmetry”
1 2 i . A
pfdir J ‘dT(Vg F(r+ S0)F(r)),_:

=ipVod?k | dre“SKk|V(R)IL.

by Plancherel’s theorem. One finally observes that

j[" dre™* = no(k- &),

- o

= N =

and comparing with (5.2), (5.9) follows by virtue of (5.4).
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The checking of the martingale property for the function pp is very similar to
the above and its presentation is therefore omitted.
Appendix
We present here briefly an argument for proving (2.4).
t
Let v(t) be as in Theorem (1.3). Since X(t) = [ v(s)ds is almost surely a C*-curve,

one may easily convince oneself that we need only show

limv(r,, < T)=0.
Pt
Clearly
(Y {t4a < T} < TS = {there exist s <t < T, such that
¢>0
a>0

x(9)=x(t) and v(s)=v{) or v(s)=—v()}.
Hence we show that tangential selfintersections have probability zero:
Lemma. v(TS)=0.

Proof. We shall use the following facts:
(A1) (x(t), ¥(t)),», is Markovian.
(A.2) The conditional probability distribution of the random variable (x(t), ¥(t))
given (x(s), v(s)} is absolutely continuous with bounded density for ¢ > s.
(A.3) v(t)=1 for all t.
(A.4) v(1),t = 0, is Holder continuous with exponent o < 3.
(A.1) is clear. (A.2) follows from the hypoellipticity of the operator
é 0

B
a VTt

(A.3) is clear and (A.4) is a well known fact about Brownian motion.
Let t,€[0, T, keN be an enumeration of the rationals. Clearly

TS =) TS(k),
k
where
TS(ky = {there exist s,t < T,s < t, <t, such that
x(s)=x(t} and ¥s)=v{i) or W)= —v1)},
and thus the lemma will follow from
WTSk)=0, keN. (A.5)

By (A1), (x(u), v(u)), <, and (x(u), v(u)), -, are independent, given (x(t,), v(t,)). Hence
for the conditional measure

WTS(k)x(r) = q(t), t = 1)

< lim v(there exist s,t€[d, T] such that x(s) = g(¢)
-0

-and v(s) = q(r) or v(s) = — q(1)) =lim v(T'(g, 7)), (A.6)

60
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where we used translation invariance of the process and q(t),t < T is a realisation
of x(1),t < T.

We show now that the right-hand side of (A.6) is zero. Then (A.5) follows from
integration.

Draw a tube of thickness 2/n, neN around g and split [0, T] into disjoint
intervals [t7,t7, ;) of lengths T/n, i=1,...,n. At each ¢} cut the tube orthogonal
to the curve q to obtain segments A? and clearly | A7| < C/n? for all i and some
constant C. Now because of (A.3) for x intersecting ¢ we must have for some i and
j» x(t})eA}, and for the intersection to be tangential there must be some
flel =[1{_,,t}, ] and some I}l for which

Wi = £ ().
y (A.4) there is a K such that
lq(t) - 4(F7)1 < KQT/ny, 1€l},
and hence
v(ieH}=[ - KQT/ny £ 4(f}), £ 4(F) + K2T/n)].
Thus we have that

Wreos 3 ({x(t?)eA?}m{v(fmzH;, rety)
r\{ sup [V(t)—V(S)[<(T/”)1/4}>
+V<{ sup [v(t) = V(s ém”)w})

It- S;ffZTTn

<C'n suplA”|(2(K 2T /nf + (T /n)14))

+v<{ sup IV(I)‘V(S)IZ(T/W)I"“})

lt—s|<2T/n

by (A.2). Since |A%| < C/n?, the first term goes to zero as n-»cc. For the second
term note that for given K and « > 1/4 and n large enough,

st =T
{t—s|<2T/n

{ sup vty —v(s)| < Klt~s|“}

c { sup |v(t)—v(s)| < K(2T/n)“}

c{ sup [v(t)Av(s)1<(T/n)1/4}.
|t ~sv\r<§2rT 47

Now the first set increases with K to the full space, hence the probability of the
last set will go to one as n — o0, and the probability of its complement will go to zero.
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