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Abstract

Skorokhod’s M1 topology is defined for cadlag paths taking values in the space of
tempered distributions (more generally, in the dual of a countably Hilbertian nuclear
space). Compactness and tightness characterisations are derived which allow us to
study a collection of stochastic processes through their projections on the familiar
space of real-valued cadlag processes. It is shown how this topological space can be
used in analysing the convergence of empirical process approximations to distribution-
valued evolution equations with Dirichlet boundary conditions.
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1 Introduction

In [28] Skorokhod introduced four topologies (labelled J1, J2, M1 and M2) on the
space of cadlag paths that take values in a Banach space. The most well-known of these
is the J1 topology, which has been used extensively for studying stochastic-process limits
[6, 11, 34]. However, the weaker and less popular M1 topology has an important feature:
its modulus of continuity vanishes when a monotone function is passed as an argument
[34, Ch. 12 (4.7)]. This feature has proven useful in applications such as queuing theory
[12, 18, 21, 25, 27, 32, 33], functional statistics [2, 3, 10, 20, 31, 35], scaling limits for
random walks [5] and mathematical neuroscience [9].

The purpose of this paper is to extend the M1 topology to collections of cadlag
processes taking values in the space of tempered distributions or, more generally, in
the dual of a countably Hilbertian nuclear space (CHNS). Following the work of It6
[14], in which a central limit theorem was developed for distribution-valued processes,
the J1 topology was extended to these spaces by Mitoma [24]. These results were
extended by Jakubowski to completely regular range spaces [16] and this is the focus
of recent work by Kouritzin [19]. The advantage of working in the dual of a CHNS (as
opposed to some Hilbertian subspace, as explored in [26]) is that these spaces have a
strong finite-dimensional character. Consequently, compactness in the path space can be
checked test-function-by-test-function: if A is a collection of cadlag paths taking values
in the dual of a CHNS, then A is J1-compact if and only if {f(¢) = (¢t — fi:(¢)) : f € A}
is J1-compact in the space of real-valued cadlag paths, for every test function, ¢, in the
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CHNS [24, Thm. 3.1 & 4.1]. Hence the tightness of a sequence of distribution-valued
cadlag processes can be established by projecting down to the familiar space of real-
valued cadlag processes. It should be mentioned that contributions like [16], [7] and
[19] also contain results using real-valued projections for more general spaces, but they
require establishing point-wise tightness or existence of a limit.

Our aim is to fill the gap in theory between these two settings and to combine the
temporal properties of the M1 topology with the spatial properties of the tempered
distributions. In Section 2 we construct the M1 topology for cadlag paths taking values
in the dual of a CHNS (Definition 2.6). The corresponding compactness and tightness
criteria to those of [24] are stated and proved in Section 3 (Theorems 3.1, 3.2 and 3.3).
Finally, we use our tools on a concrete example in Section 4, specifically we prove the
tightness of a sequence of discrete empirical-measure processes that approximate the
solution of a stochastic evolution equation with Dirichlet boundary conditions. Here,
the mass lost at the boundary is a monotone process, hence the M1 topology offers a
simple decomposition trick for controlling the fluctuations in the approximating sequence
(Proposition 4.2).

2 Construction of the topology

We refer the reader to [4, 17, 28, 34] for the basic theory of countably Hilbertian
nuclear spaces (CHNS) and the standard Skorokhod topologies for Banach range spaces.
Our construction will mirror [24] for the J1 topology.

Throughout, F will denote a general CHNS (a specific example being S, the space of
rapidly decreasing functions [17, Ex. 1.3.2]). The properties we will use are:

e F is alinear topological space generated by an increasing sequence of Hilbertian
semi-norms [|-[; < |||y < [llls < -+ -,

* The closure, E,, of (£, ||-||,,) is a separable Hilbert space with £y O £y, D F3 O - --
and E = (), En,

« For every n > 0, there exists m > n such that the canonical injection E,,, < FE,, is
Hilbert-Schmidt, that is

o0
Z le™||? < oo, whenever {e]" };>1 is an orthonormal system of E,,,
=1

* The topological duals, E_,, = EJ, satisfy |||, > [|||_; = | _a = -+, Eo € E_; C
E ,C---and E' =,>o E-n,

« The strong topology of E’ is that generated by the collection of semi-norms {pB:
E’ — [0,00)} Ben, where pp(f) := sup,cp|f(x)| and B is the collection of bounded
subsets of F.

Definition 2.1 (Dg/). The space of cadlag paths, D, is defined to be the collection of
functions mapping [0, T to E’ that are right-continuous and have left limits with respect
to the strong topology on E'.

In practice checking Definition 2.1 is straightforward due to [23]. As in the classical
case, we define the M1 topology on Dg: through a (pseudo-)graph distance on E’ x [0, 7.
The graph of an element in Dg- is formed by joining up its points of discontinuity with
intervals (see Figure 1):

Definition 2.2 (Interval). For f and g in E’, define the interval between these points to
be

[foglp ={(1 =N f+Age E': Ae0,1]}.
If hy and hs are two points in the interval, hy = (1 — ) f + A1g and hy = (1 — X\o) f + Aag,
then we write hy <1f.9] ho whenever A1 < As.
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Figure 1: An element of Dy (left) together with its graph, 7, C R x [0,7], and graph
ordering (right).

Definition 2.3 (Graph). The graph of an element x € Dp is defined to be the closed
subset of E' x [0, T

Yo :={(z,t) € E' x [0,T] : z € [x (t—) ,z ()] g } -
For (Zl,tl) s (Zg,tg) € Y., We say that (Zl,tl) S'Y:r, (ZQ,tQ) if either:

(1) t1 < to or (ii) t1 =to and 21 S[w(h—),w(h)}y Z29.

Definition 2.4 (Parametric representation). A parametric representation, \,, of the
graph v, is a continuous surjection A, : [0, 1] — ~, that is non-decreasing with respect to
the graph ordering on v,. For x € Dx, let the collection of all such parametrisations of
v, be denoted A,.

We can define a family of pseudometrics on Dgs by using the family of semi-norms,
{pB}BecB, On E’ to measure the graph distance between two parametric representations:

Definition 2.5 (A family of pseudometrics). Fix B € B. Let x and y be elements of D .
For parametric representations A\, = (2q,t;) € Ay and Ay = (zy,ty) € A, define

98X, Ay) := sup max{pp(z:(s) — 2y(s)), [tz (s) — ty(s)[}.
s€1[0,1]

A pseudometric on Dg: is given by

dB,Ml(:E>y) = gB()‘:Ea)\y)> fOT$>y € DE"

inf
Az €Az Ay EAy

The reader can verify that Definition 2.5 gives a pseudometric using [34, Thm. 12.3.1].
The family {dg w1} Bes generates a topology which we will call the M1 topology on Dg::

Definition 2.6 (M1 topology). The M1 topology on Dg: is defined to be the projective
limit topology of {dp m1}Ben. That is, the topology with neighbourhoods

{l’ € Dg: : dB“Ml(.T,CL‘()) <eg, forl1<i< n},

where xqg € Dg/, B; € B, e; >0 andn € IN.

The following is a collection of facts that are either straightforward or have very
similar proofs to the J1 topology case, and so we omit the full details.

Proposition 2.7 (Some properties of (Dgs,M1)). We have the following:
(i) For every ¢ € E, the canonical projection
7®: (Dgr,M1) — (Dg, M1), 7 (z) = (2¢(#))tefo,r =: ()

is continuous,
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(ii) For every n > 0, the canonical inclusion ¢, : (Dg_,,M1) — (Dgs,M1) is continuous,
(iii) (Dgs,M1) is completely regular,

(iv) Let B(Dpg’) denote the Borel o-algebra on (Dg/,M1) and K the Kolmogorov o-
algebra generated by the projections

Tzl,;ff?.,...',{fn : DE' — ]an Wil,if?j....,'t’fn (I) = (xh (¢1)7 Tty (¢2)a s T, (¢n))
Then sB(DE/) =K.

Proof. (i) Use that {¢} € B for every ¢ € E. (ii) Straightforward.
(iii) From [17, Thm. 2.1.1] it suffices to show that for every x! =+ 22 € Dp there exists
a bounded set, B, such that dg v (2!, 2?) > 0. So take B = {¢} for any ¢ € F such that

a'(¢) # 2%(¢).
(iv) The inclusion K C B(Dpgy) is straightforward since wf = m, om® with the canonical
projections

7®: (Dg,M1) = (Dg,M1) and = :(Dg,R) = R

and 7¢ is continuous by (i) and 7, is measurable by [34, Thm 11.5.2]. To show B(Dg) C
IC, let v, : Dg_, — Dpgs be the canonical inclusion. From [17, Thm. 1.3.1], D =
Unso DE_,., thus for any open subset, U, of (D, M1)

o0

U=Jwu') (2.1)
n=0

By (ii) ¢, is continuous, so

N U) € B(Dp_,,M1) =B(Dg_,J1)=0(r: Dg_, — E_,) Co(n;: D — E'),

n?

where the first equality follows from [34, Thm. 11.5.2] (since E_,, is a Banach space) and
the second equality follows from the reasoning in [11, Prop. 3.7.1]. From [17, Thm. 3.1.1],
B(E') = o(r? : E' - R), so it follows that K = o(m; : D' — E’). Therefore «,,}(U) € K,
and the result is complete by (2.1). O

3 Compactness and tightness characterisations
The following three theorems characterise compactness, tightness and weak conver-
gence in (Dg/, M1). All notation is as defined in Section 2.

Theorem 3.1 (Compactness characterisation). Let A C Dpg,. The following are equiva-
lent:

(i) A is compact in (Dg/, M1),

(ii) Forevery ¢ € E, n%(A) = {x(¢) : € A} is compact in (Dg, M1),
(iii) There exists p € IN such that A C Dg_, and A is compact in (Dg_,,M1).

Theorem 3.2 (Tightness characterisation). Let (u,),~, be a sequence of probability
measures on Dy. Then (u,),, is tight on (D, M1) if and only if (u, o (%))
tight on (D, M1) for every ¢ €E.

Furthermore, if (u,),~, is tight on (Dg/,M1), then it is relatively compact on
(Dgr, M1).

ns1 18
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Theorem 3.3 (Weak convergence). If (j,),,~, is tight on (Dg/,M1) and for every k > 1,
¢1,092,...,0r € E and tq,ts, ..., tx € cont(u)

b2, B2,y k
by, © (letfz.mt:ﬁk) —>,uo(7r£1t§2 ’tf") , weakly on R",

as n — oo, where cont(p) = {t € [0,T] : p{z € Dp : zy— = x,} = 1}, then (un),>,
converges weakly to i on (Dgs, M1).

Before proving these results we need the following technical result, which exploits
the nuclear space structure of E to enable a generic subset A C Dg to be controlled in
terms of its projection onto a finite number of basis vectors. For a normed linear space
X, we will denote the M1 modulus of continuity on Dx by

wxmi(x;0) == sup sup inf ||z, — (1 — Nz, — Azg, |l 5, ze€Dx,6 >0, (3.1)
te[0,T] trip(t;5) A€[0,1]

where tI‘ip(t; (5) = {(tl,tzﬂfg) : max(07t — 6) <t <ty <tz < min(t + 5, T)}
Lemma 3.4 (Controlling the modulus of continuity). Let p > n be such that the inclusion
E, — E,, is Hilbert-Schmidt and let A C D be such that

c:=sup sup ||z]l_, < oc.
z€A £€[0,T)

Then, for every € > 0, there exists k > 1 and ¢1, ¢2, ..., ¢ € E such that

supwg_, w1 (2;0) < 2ce” ! max sup wr M1 (2(6:); 9) + 3ce, for every § > 0.
T€A i=1,....k zcA

The proof is a technical computation for which the next lemma will be helpful. This
argument is just a repackaging of the Heine-Borel theorem and is adapted from [13,
Lem. A.28].

Lemma 3.5 (A geometric argument). Fix M € IN and ¢ > 0, and let B be the closed unit
ball in RM. Then there exists a finite set © = {6,...,0,} C RM such that ||;|zn = 1,
and for all vi,vy € B satisfying

/\ren[m [Avi + (1 = A) val|gar > €,

there isani € {1,2,...,k} for which
[Av1 4+ (1 = N vo|lgar <2671 |[(Avg + (1= A)va) - 64,

for every X € [0, 1].

Proof. For vy,vy € B, let \g = Ao (v1, v2) be a minimiser of
A= Ao+ (1 = A) va||[gar
on [0, 1]. Define
S ={(v1,v2) € Bx B : |[Agv1 + (1 — Xo) v2||[gms =€},
then for (vy,v2) € S set 0 (v1,v2) to be the unit vector in the direction of the pair’s

minimiser:
/\01}1 + (1 — /\0) (%)

[Aov1 + (1 = Xo) v2lgas’

0 (’Ul, ’U2)
so that for every \ € [0, 1]

€
(Avp 4+ (T =) wvg) -0 (v1,v2) > e >e|Avs + (1 — A) va||[gar > 1 [Avi + (1 — X) va|gar -
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Hence there is an open neighbourhood, N (v1,vz), in RM x RM about (v;,vs) such that
for all (’w1, wg) S ]\/v(’Ul7 1)2)

3
5 H)\w1 + (1 — )\) ’LU2||]RM S ()\wl + (1 — )\) ’LUQ) . 9(1]1,1)2) .

Now S is a compact set with open cover {N(vi,v2)},, .,)es- therefore it is possible to
take a finite sub-cover, {N (v}, v})}i—1,....x. To complete the prooflet © = {6 (v}, v})}i—1, k.
O

Proof of Lemma 3.4. For readability, introduce the notation
v =y asty, te, ts) == ay, — Az, — (1 — Ny, € F/,
where A € [0,1], z € Dgs and ty,to,t5 € [0,T]. Then, recalling the notation of (3.1),

wp_, i (z;0) = sup inf {ly(Aszit,ta, 6 )
o (739) t,trip(t;ﬁ))\e[o,l]H( 1 )H_p

and the triangle inequality gives that ||y*|_, < ¢, whenever = € A.
To construct the finite family of vectors, first notice that £_,, C E_,, so for an
orthonormal basis, {e!'},. , of E,

D] < Ml llefll, < efle?

% ZHn’

for z € A. Therefore if M is chosen large enough so that 3%, . ||e” H: <, then

M
2 2
112, < Dl + e, (3.2)
i=1
so it now suffices to work with e}, e} ..., eh,. By introducing the R vectors
(xt’z - xtl) (611)) (xt2 - xts) (611))
(‘xtz - xtl) (6227) (xtz - 'rt?,) (6127)
v = and Vg 1= )
(xt2 - xtl) (ei\)/l) (xtz - mtz) (61]\)4)

the bound in (3.2) gives

:0) < sup inf [Avy +(1- A + ce.
wE*INMl(z )_ Ltrigg;&) )\ér[%Ll]H v ( )U2H]Rlu ‘

With this fixed choice of € and M, take © = {0, 0, ...,0;} from Lemma 3.5. If it is
the case that

)\él[}Jfl]H)\vl + (1= Nva||gar = 2¢e (3.3)
then, by normalising v; and vy by 2¢, it follows that there is some i € {1,2,...,k} such

that
. —-1 .
Aéﬁ)f,l]nml + (1= Nva[gar < 2¢e Aél{l(){l]|9i S(Avg + (1= Nvg)|.
If (3.3) fails to be true, then clearly the upper bound above can be replaced by 2ce.
Hence, for every z € A

we_,ai(230) < 27 sup - max - nf [0 oy + (1= Avg)| +3ce. (3.4)
t,trip(t;8) = 1:--k A€[0,1]
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Foreachi € {1,2,...,k}, ¢; can now be constructed by defining

M

¢i = Zez(j)eﬁ) € Ep,

j=1
where ng ) € R is the jth coordinate of 6;. Inequality (3.4) therefore reduces to

wg_, m1(x;0) < 2cc"'sup  max inf |y/\(gz5z)‘ + 3ce < 2ce ! max wr, M1 (z(Pi;0)) + 3ce
t,trip(¢;6) i=1,....k A€ [0,1] i=1,...k

EERRE}

where the second inequality is due to switching the maximum and supremum. Taking a
supremum over x € A and repeating the switch once more yields the result. O

By taking A = 1 in the above proof, the corresponding result for the increments of x
is given:
Corollary 3.6 (Controlling increments). With x, A, ¢, € and ¢1, ¢, ..., ¢ as in the state-
ment of Lemma 3.4,

sup sup |z — 25|z < 2ce7! ‘max  sup sup |zt (hi) — x5(Pi)| + Bce,
T€EAte(s—5,5+6)N[0,T] ? i=1,. .k 2€Ate(s—6,5+6)N[0,T]

for every § > 0 and s € [0,T].

Proof of Theorem 3.1. (i) = (ii) and (iii) = (i) follow from Proposition 2.7 (i) and (ii). We
now prove (ii) = (iii).

The first half of the proof of [17, Thm. 2.4.4] does not depend on the choice of
temporal topology, hence we have p > n for which A C Dy, C Dg_,, B, — E, is
Hilbert-Schmidt and

c:=sup sup |z_, < oo.
€A t€[0,T]
Therefore A will be compact in (D E_ps M1) if we can verify the second condition in [34,
Thm. 12.12.2] (with DE_p as the range space).
Let ¢1,¢2,...,¢, € E be as in the conclusion of Lemma 3.4. Since each 7% (4) is
compact (by hypothesis), [34, Thm. 12.12.2] implies (recall the notation of (3.1))

max  sup wg,m1(z(¢;);0) = 0, as d — 0.
i=1,2, .k pea

Therefore by Lemma 3.4, limsups_,osup,c4 we_, m1(z;0) < 3ce, and likewise for the
terms in Corollary 3.6. Since ¢ > 0 is arbitrary, we are done. O

Proof of Theorem 3.2. To prove the second statement, assume that (u,) is tight on
(Dgr,M1). For every p > 0, Dg_, is a Polish space, so [29, Sec. 3, Def. 2, Ex. 1] implies
that Dg_, is a topological Radon space. From [29, Sec. 3, Ex. 4] (Dg/, M1) is a topological
Radon space, hence every probability measure on (Dg/,M1) is a Radon measure. By
Theorem 3.1 (iii), every compact subset of (Dg/, M1) is metrizable, therefore [29, Sec. 5,
Thm. 2] completes the proof of the second result, since (Dg/,M1) is completely regular
(Proposition 2.7 (iii)).

The first part of the theorem follows from the work in the proof of Theorem 3.1 and
[17, Thm. 2.5.1]. O

Proof of Theorem 3.3. Since the Borel and Kolmogorov o-algebras on (Dg/, M1) coincide
(Proposition 2.7 (iv)), the result follows by [24, Prop. 5.1]. O
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4 Application to empirical processes with Dirichlet boundary con-
ditions

In the remainder of the paper we will show how our machinery can be applied to the
problem of approximating stochastic evolution equations through empirical averages
of microscopic particles. We will be very concrete and consider a problem from mathe-
matical finance, specifically large portfolio credit modelling. Our analysis will show that
(Dgr,M1) can be a convenient space on which to prove tightness when studying systems
with Dirichlet boundary conditions.

Define a collection of correlated Brownian motions, {X “»N }i:L---, N, started on the
half-line and evolving with the dynamics

) . t ot . 1 N
XN =X+ [ oWk [ Lo pmhpawl LY = L3 de, @)
0 0 i=1

where 7V := inf{t > 0 : X;"¥ < 0}. Here, W, W', W?2, ... are independent Brownian
motions, {X*};> are i.i.d. with some density f : (0,00) — [0,00) and p: [0,1] — [0,1] is a
measurable function. We will not impose any further regularity constraints on p in the
following tightness calculations. This is a system in which the proportion of particles
that have hit the origin determines the correlation in the system.

(To see that such {X“N}i:lww exist, notice that ¢t — LﬁV is piecewise constant.
Therefore, to construct the discrete system, take N Brownian motions with initial
correlation p(0), stop the system at the first hitting of zero, restart the system with
correlation p(1/N) and repeat.)

Our set-up extends the constant correlation model introduced in [8]. The motivation
for this particular form is to address the correlation skew seen in [8, Sec. 5]. To analyse
the model, the quantity of interest is the empirical measure of the population:

N
1
A ¥ D Lierindyin,  (hence LY =1 -1 (0,00)), (4.2)
i=1

where ¢, is the usual Dirac delta measure at the point z € R.
We would like to establish the weak convergence (at the process level) of (VN )N>1 to
some limit v, which should be the solution of the non-linear evolution equation

Ai(9) = (@)t + p(Lm (&)W, Lo =1 1(0,00). (43)

with test functions ¢ € S that satisfy ¢(0) = 0. This is an example of a (stochastic)
McKean-Vlasov equation [30]. Proving existence and uniqueness of solutions to this
equation would require further regularity constraints on p. For now, we will only
demonstrate that (vV)y> is tight on the space (Ds/,M1), where S’ is the space of
tempered distributions.

Notice that, for every ¢, vV is a sub-probability measure, so is an element of S’, and
for every ¢, v{¥(¢) is a real-valued cadlag function. Therefore vV has a version that
is cadlag, by [23], so Dg' is an appropriate space to work with. By Theorem 3.2, it
suffices to show vV (¢) is tight in (Dg, M1) for every ¢ € S, and for that it is sufficient to
verify [34, Thm. 12.12.3], the first condition of which is trivial since | (¢)| < ||}||s. For
demonstrating that the second condition of [34, Thm. 12.12.3] holds, we can employ the
helpful result [1, Thm. 1], so to summarise what is now required:

Proposition 4.1. The sequence (v")y>1 is tight in (Ds/,M1) if, for every fixed ¢ € S,
there exists a,b,c > 0 such that

P(Hg(v)) (9), V] (0), viy (¢)) =) < en“ts — ta|' T
foral N >1,n>0,and0<t; <ty <t3 <T, and
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lim P(sup v (9) — v ()] + sup | (d) — v (¢)| =) =0, foreverysy > 0.
N—=oo  teg(0,6) te(T—6,T)
Here, Hg(v1,v2,v3) := infygpo,17[v2 — (1 = A)vg + Aws.

The challenge in working with (v™)y>; is the discontinuity presented by the ab-
sorbing boundary at the origin. For the constant p case, the authors of [8] use explicit
estimates based on 2d Brownian motion in a wedge [15, 22] to control for the boundary
effects. With the more complicated interactions in our present model such methods
seem intractable, however, the M1 topology provides an alternative approach.

Introduce the process 7" € Dgs defined by

7N = NZa

This has the advantage of being continuous (in time), so its increments are easy to
control, and it can be related to v through the simple fact

7 (¢) = vy (¢) + #(0)Ly,  forevery¢ € S. (4.4)

Thus, vV is a linear combination of a process with well-behaved increments and a process
that has zero M1 modulus of continuity (Z” is monotone). Substituting (4.4) into Hy
from Proposition 4.1 gives:

t/\T" N

Proposition 4.2 (Decomposition trick). Forevery ¢ € S, N > 1 and0 <ty <ts <t3<T
Hy (v (9), v, (6), vy () < |7 () — 7y ()] + |75 (6) — w3 (9).

Proof. Carry out the aforementioned substitution and apply the triangle inequality to get

: N N N
Lhs Sths. +[6(0)] inf LY = (1= ALY = ALT.

Since LY is monotone increasing, the final term is zero for ¢t; < t; < t3, and this

completes the proof. O
Our trick makes the remainder of the tightness proof routine:

Theorem 4.3. The sequence (v")y>1 is tight on (Dg/, M1).

Proof. For ¢ € E, let ||¢||1;, denote its Lipschitz constant. Since the X*V are just 1d
Brownian motions, Holder’s inequality gives

E(|7 (¢)-7 <—ZEW$&N X0 O < oI BIX N r =X 0 oY,

and the final expression is O(|t — s|?), uniformly in N. Therefore Markov’s inequality and
Proposition 4.2 give the first statement in Proposition 4.1.
For the second statement in Proposition 4.1, we can first apply the decomposition in
(4.4) to get
sup [1¥(¢) —vg' (9)] < sup [ (¢) — 15 ()] + [6(0)| L',
t€(0,0) te(0,5)

and likewise for the term at 7" — §. Using Doob’s maximal inequality and repeating the
Holder calculation above gives

B sup [ (6) ~ 11 (6)] < o(1) + [B(OBLY = o(1) + [6(0)[P(0 < 75N < 5).

t€(0,6)

Since X1V is a Brownian motion, the final term is o(1) uniformly in N, as § — 0. So
applying Markov’s inequality gives the second statement in Proposition 4.1. O

Remark 4.4 (Full convergence). To prove full weak convergence of (Z/N)sz one ap-
proach would be to show that all limit points are supported on solutions of the evolution
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equation (4.3) and that this equation has a unique solution. The latter task is dependent
on the level of regularity of p, however the former could be proved using martingale
methods. To this end, an application of It6’s formula gives

dv¥ (¢) = %VtN(cb")dt+p(LiV)VfV(¢’)th+dItN(¢), where E[[}Y(¢)|* = O(N™),

for every ¢ € S such that ¢(0) = 0. By Theorem 4.3, we have subsequential weak limits
for every term in this equation, and the M1 topology (on R) is well-behaved with respect
to integrals [34, Thm. 11.5.1].

Remark 4.5 (Why not work with 7V?). It might seem easier to work with the process
7N from the start. Notice, however, that the above evolution equation would only hold
for 7V if ¢/(0) = 0 = ¢”(0). This has the effect of moving the boundary problems we
had in calculating the J1 modulus of continuity of (v"V)y>1 to the analysis of the limiting
evolution equation.

Remark 4.6 (Why §’?). &’ seems an excessively large range space for the above example,
however, it is easy to recover that any limiting process must be measure-valued by the
Riesz-Markov-Kakutani theorem. Developing a general theory for S’ also allows us to
approach fluctuation problems where the limiting processes would no longer take values
in the finite measures.
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