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Abstract

We consider the symmetric exclusion process on suitable random grids that approximate a
compact Riemannian manifold. We prove that a class of random walks on these random grids
converge to Brownian motion on the manifold. We then consider the empirical density field
of the symmetric exclusion process and prove that it converges to the solution of the heat
equation on the manifold.

Keywords Symmetric exclusion process - Compact Riemannian manifold - Hydrodynamic
limit - Random grids

1 Introduction

Hydrodynamic limits of interacting particle systems is a well established subject. A large
variety of parabolic equations (such as the non-linear heat equation) and hyperbolic conser-
vation laws have been obtained from microscopic stochastic particle systems; see DeMasi
and Presutti [7], Kipnis and Landim [13], Seppélédinen [17] for overviews. Usually, the setting
here is that in the underlying particle system the particles move on the lattice Z¢, and after
rescaling the limiting partial differential equation is defined on RY, or on a subdomain of
R? such as an interval, where then equations with boundary conditions on the ends of the
interval are derived (e.g. Dirichlet boundary conditions for the case where at the right and
left end the system is coupled to a reservoir fixing the density of particles, see Gongalves
[10]).

Motivated e.g. by the study of the motion of proteins in a cell-membrane, or more general
motion of particles on curved interfaces, it is clear that there are many relevant physical
systems of which the macroscopic motion takes place on a Riemannian manifold rather than
on Euclidean space. It is the aim of this paper to provide first steps in this direction, by con-
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sidering the simplest interacting particle system on a suitable discretization of a Riemannian
manifold and proving its hydrodynamic limit. The symmetric exclusion process is a well-
known and well-studied interacting particle system for which in standard setting it is rather
straightforward to obtain the hydrodynamic limit using duality. Duality allows to translate
the one-particle scaling limit, i.e., the fact that the rescaled single particle position converges
to Brownian motion to the fact that the hydrodynamic limit of the particle system is the diffu-
sion equation. Another manifestation of duality is the fact that the microscopic equation for
the expectation of the density field is already a closed equation. We consider the symmetric
exclusion process on a suitable discretization (a notion defined more precisely below) of a
compact Riemannian manifold and prove that its empirical density field, after appropriate
rescaling, converges to the solution of the heat equation on the manifold. To obtain this
result, we start in Sect. 2 by studying the invariance principle of a class of geodesic random
walks, thereby extending earlier results of Jgrgensen [12]. These random walks are shown to
converge to Brownian motion, via the technique of generator convergence. Next, in Sect. 3,
we define a notion of “uniformly approximating grids” and show that choosing uniformly
N points on the manifold, and connecting them via a kernel depending on the Riemannian
distance yields a weighted graph such that the corresponding random walk converges (as the
number of random points tends to infinity) to a geodesic random walk which in turn scales to
Brownian motion. We also formulate abstract conditions on approximating grids ensuring the
convergence of the weighted random walk to Brownian motion. In particular, convergence
of the empirical distribution to the normalized Riemannian volume in Kantorovic distance
is shown to be sufficient, i.e. we show that in that setting weights can be chosen such that
the corresponding random walk converges to Brownian motion. We give several examples
of such suitable grids. Finally, in Sect. 4, we define the exclusion process on such suitable
grids (defined in Sect. 3) and show that its empirical density converges to the solution of the
heat equation, following the proof from Seppildinen [17].

2 The Invariance Principle for a Class of Geodesic Random Walks

Let M be an n-dimensional, compact and connected Riemannian manifold. Then we know
that M is complete and hence geodesically complete. The main purpose of this section is to
define the geodesic random walk and to show that it approximates Brownian motion when
appropriately rescaled (in time and space). Such random walks and this so-called invariance
principle have been studied before (Jgrgensen [12] and in a special case Blum [4]). However
we will directly obtain results that are tailor-made to apply them in Sect. 3. In particular,
we will obtain general assumptions on the jumping distributions of the geodesic random
walk for it to converge to Brownian motion. In Sect. 2.1, we define the geodesic random
walk and show convergence of the generators to the generator of Brownian motion under
certain assumptions on the jumping distributions. Section 2.2 is devoted to finding out which
distributions satisfy these assumptions.

2.1 Convergence of the Generators
The process

Let {ip, p € M} be a collection of positive, finite measures where each j1, is a measure on
T, M. The measure /i), represents the rate to jump in a particular direction of 7, M. More
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Fig. 1 Left: geodesic random walk on a sphere. Right: Brownian motion on a sphere (Source https://en.
wikipedia.org/wiki/Brownian_motion)

precisely, the Markov process XV = {X ,N ,t > 0} associated to {x,, p € M} has generator

Ly f(p) = / FU/N. D) = F(PIpdn),

oM

where for a vector § € T, M we denote the geodesic through p with tangent vector & at p by
p(-, &). We denote the corresponding semigroup by

SNf(p) =E, f(XM).

Both of these have the continuous functions on the manifold C (M) as their domain.

We interpret this process as follows. When the process X” is at a point p, it chooses a
random direction 1 from T), M with rates given by 1, (i.e. it waits for an exponential time
with rate u, (T, M) and then independently picks a vector according to the probability dis-
tribution H;:(MT%)' Then the process jumps to the position p(1/N, n) that is reached by

following the geodesic through p in the direction of 7 for time % This situation is sketched
in Fig. 1. We assume that choosing random directions happens independently. In this section
we will specify restrictions that the measures i, should satisfy. Later (in Sect. 2.2), we will
show that we can take u, to be for instance the uniform distribution on the unit tangent
vectors at p.

The R” case

Before we go into the general case, we illustrate the above in R”. In R” the exponential map is
simply addition if we identify 7,R"” with R" itself. So in that case from a point p the process
moves to p(1/N,n) =p + %n where 7 is chosen from 7),R" = R" randomly. This means
that the discrete time jumping process when jumping as described above, can be denoted by
SN =", +ni = % >ity n; where ; is drawn from Ts,_,R" = R" according to some
distribution. Now let {/V;, t > 0} be a Poisson process with rate one and define X ,N = Sn,.
Then X makes the same jumps as S, but after independent exponential times. We see that
XN =(x tN , t > 0} satisfies the description above. Now the invariance principle tells us that
under some conditions on the jumping rates X g\ﬂ — B, in distribution as N goes to infinity,
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where B is Brownian motion. We show the analogous result in the more general setting of a
manifold.

Aim

We denote the Laplace—Beltrami operator on the manifold by A . The rest of this section
will be devoted to the proof of the following result.

Proposition 2.1 Suppose that in the situation above we have:

® SUD e SUPyesuppu, [In]| < oo
® Sup,cp Up(TpM) < 00

° f ni/,Lp (dn) =0 andf n"nj,up(dn) = g'/(p) in each coordinate system around p
Then for f € C®: N>Ly f — %AMf uniformly on M.

The first assumption requires that the supports of the measures and their total masses are
bounded uniformly over all points of the manifold. We will loosely say that the measures are
uniformly compactly supported and uniformly finite. Since C°°(M) is a core for %A m [20],
the Trotter-Kurtz theorem (see Kurtz [14]) implies the following corollary.

Corollary 2.2 In the situation of Proposition 2.1 the geodesic random walk converges to
Brownian motion in distribution in D([0, 00), M) (the space of cadlag maps [0, 00) — M ).

Note that if we denote the random variable corresponding to 1, by ¢, the second requirement
of Proposition 2.1 is that (in any coordinate system) E{l’; = 0 and Cov(;l’;, {;) = gl (p).
This shows that the mean vector m of ¢, satisfies m = 0 and the covariance matrix % satisfies
% = (¢")(p). In R, this simplifies to E¢}, = 0 and Cov(¢},, glf;) = 33. This is satisfied for
instance when ., is the uniform distribution on the sphere with radius VN inR". Section 2.2

deals with the question which measures satisfy the restrictions above. Some examples will
be given at the end of that section as well.

Remark 2.3 Although we study the jumping distributions later, something that can already
be seen now, is that we do not require any relation between jumping measures at different
points of the manifold (apart from the uniform bounds on the support and the total mass).
This means that our result does not require the jumping measures to be identically distributed,
so it really generalizes [12].

Choosing Suitable Charts

Let f be a fixed smooth function from now on. Since we want the convergence N>Ly f —
%A m f to be uniform on M, we cannot just consider this problem pointwise. To deal with
this, we will choose specific coordinate charts.

Let p denote the original metric of the manifold and let d denote the metric that is induced
by the Riemannian metric. Recall that these metrics induce the same topology. This means
that we do not cause confusion when we speak about open and closed sets, continuous maps
and compactness without explicitly mentioning the metric. For each p € M, let (x), U))
be a coordinate chart for M around p. U, is open with respect to p and hence with respect
to d. This means that there is some €, > 0 such that G, := By(p, €,) C U,. Now define
O, = By(p, €/2). Since M is compact, we can find py, ..., py such that M C U; Op,. We
have the following easy statement.

Lemma 2.4 Let (gx);2, and g be functions M — R. If g — g uniformly on each Op,, then
8k — g uniformly on M.
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/>

Fig.2 The chart (x, U) with closed ball G and open ball O around p ;. As is shown inlemma 2.5, p™ = p(z, n)
does not leave the ball around p with radius €/2, as long as |[t| < 1/N for N > N¢. The importance for
uniformity is that it does not matter where we choose p (in O)

Proof Let € > 0. For each i there is an N; € N such that for all k > N; : supo,, lgx(g) —

g(q)] < e.Set N =maxi<j<m, N; and letg € M. Then thereis a j such thatg € 0 .. Now
forallk > N, wesee k > N, so |gi(q) — g(q)| < Supo,, lgr(s) — g(s)| < e. ThlS shows
that sup,, |gx(¢) — g(q)| < €. Hence gy — g uniformly on M. O

Now let j € {1,...,m} be fixed. Call O := Op;, € = €p;, X 1= xp;, G 1= G, and
U :=Uy, (this situation is shown in Fig. 2). Because of the lemma, it suffices to show that
N2Lyf — %AMf uniformly on O.

Technical Considerations

To obtain good estimations later, we will need that p(s, n) is still in our coordinate system
(x, U) and even in the set G when |s| < ﬁ for N large enough. Since the convergence must
be uniform, how large N must be can not depend on the point p. The following lemma tells
us how to choose such N.

Lemma25 Call K = SUD pear SUPy esuppy, [Inll < oo (by assumption). Choose N¢ € N such
that N% < ﬁ Then for all p € O and N > N we see

1
Vis| < —: ,n) €q.
ISI_N p(s,n)

Proof Let N > N and let p € O. The situation of the proof is visually represented in
Fig. 2. Fix s € (—%, %). Without loss of generality assume s > 0. Note that the speed of
the geodesic p(-, n) equals ||n||, so at time s, it has traveled a distance s||n|| from p. This
means that there is a path of length s||n|| from p(s, n) to p, so d(p(s,n), p) < s|in|| <
L ~vK = —K < €/2. Since p € O, we know d(p, p;) < €/2. Now the triangle inequality
@hows thatd(pj p(s,n) <d(pj, p) +d(p, p(s,n) < €/2+ €/2 = €. This implies that
p(s,m) € Ba(pj,€) CG. o

Fix N as in the lemma and take N larger than N,.

Taylor Expansion
Now fix p € O and n € T, M. Write p" for the map R — M that takes ¢ to p(t, 7). We can
locally write f o p" = (f o x~ 1) o (x o p"), which is a composition of smooth maps. This
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80 B. van Ginkel et al.

means that f o p is just a smooth map R — R, so we can use a Taylor expansion and obtain

n 1 d? " 1 d3(fop"
SN = fpr+y L 0 T2 gy L SU2PD

INp)s
dr N2 &2 (1N .1.p)

where ty ;, » € (0, 1/N) is a number depending on N, 1 and p. This gives us

N2Ly f(p) = N* /M Fp(/N,0) — f(p)ip(dn)

1.d(f o p" 1 d*(fop"
N dt (0)+2N2 d2f
1 d*(foph

6N3 d3t

d d2 n
=N / (o p AT P ()0, ) + & / 0P (0,0,

= N2 ©0)

(tn, n, p)#p(dn)

dr2

d3 o pl
+ﬁ/%(w,n,pm(dn). 0

We will examine these terms separately.

The First Term
Recall that p € O and that O is contained in a coordinate chart (x, U). Since N > N,
Lemma 2.5 guarantees us that p(s, n) stays in the coordinate chart for |s| < % Writing

n=>3in 3xl |p» e see for |s| < 1

Wm = %[(f ox 1o (xopMis)

" d(xi o p"
> if o x Hi(p ) T )

i=1

—Z ("(»7”)()

Now setting s = 0, this becomes:

n Bf . n . 9 B
; S = En sl =10,

since p"(0) = p(0, n) = p and the tangent vector to the geodesic p(-, ) at 0 is  (so the i ™

coordinate with respect x is just 5'). Now the first term of (1) becomes:

N/n(f)up(dn) N/Zn | Frp(n) = N23,|pf/nup<dn)

By assumption these integrals are 0. This shows that the first term of (1) vanishes.
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The Second Term
Now we want to show that the remaining term equals %A m f(p). Similarly to above we see

for |s| < % (leaving out the arguments to keep things clear):

d*(foph d Z 3f d(x' o p")
a2 drax

—Z{(d 3f> dioph) | of (dd(xiwﬂ))}
dr 9x! dr axi \ dt dr

_i 3 21 dedoph daiopn | f Pl op)
- < oxjox’  di dt axi dr?

i=1 | j=

Since p' is a geodesic, we know that it satisfies the geodesic equations. This shows that for
eachi =1,...,n we have

d®(x' o p") N Z ri d(x¥ o p") d(x' o p")
32 kl

=0.
dr? dr dr

k=1

Using this yields the following expression for the second derivative:

i Z 3f dx/ophydxiop” df if" d(xk o p™y d(x! o p)
- kil

purll R 0xJox! dr dr ax! i dr dr

SO

d o p" "2
M(0> Z > jg;,( yin' — —(p) Z Tl (p)n
i=1 | j=1

Using linearity of the integral, we obtain the following expression for the second term of (1):

72 Z ax9xJ (p)/” n p(dn) - (P) Z sz(P)fn n' 1 (dn)

k=1

Note that we also changed the order of the derivatives of f, this can be done since f is
smooth. Now we want the term above to equal

1 (.. 82 .9
fAMﬂp):E{g’f S g f.}

2 axtxJt kg xi

fZ Zaxa (g (p) — f

i=1 | j=1 k=1

kl

This is true, since we required that for any coordinate chart around p and for all i, j:
S, 107 pp(dn) = g% (p).
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82 B. van Ginkel et al.

The Rest Term
If the last term goes to 0 uniformly on O, we have the result. Let N still be larger then N.

I [ d(foph L []dfoph
6N/T(thp)Mp(dn)‘ < @/ 7(’N,n,p) Hp(dn)
K’ d*(f o p")
N e, | a )

where K/ = sup e Up(TpM) < oo (by assumption). We know that 7y, , € [0, 1/N] C

[0, 1/N¢]. This means that the above is smaller than:

d*(f o p")
ds

/
< — sup sup
n:lInl|<K 1€[0,1/Ne]

d3(f o pM

(0 a3

K/
sup sup
6N yesuppie 1<, 1/N.]

(t)‘-

Because of the 1/N in front of the equation, we only need to know that the rest is uniformly

3
bounded to obtain uniform convergence. It thus suffices to show that %@P”) (t) is bounded
as a function of n with ||n|| < K and ¢ € [0, 1/N,]. Lemma 2.5 shows that p(z, n) stays in
G for all such n and t. We will use this fact multiple times.

(fOP)

We first express in local coordinates for |f| < 1/N.

E(fop  dd(fop

dr3 Tdr de?
d IS 9%2F dx/ o pMdxioph af d2(xi o p"
_4d 3 f dG o p™) d( p)+7f(2p) @)
dr o |i= dxJoxt dr dt ox! dr

To make notation more compact, we introduce the following notation (and f;, f;jx analo-
gously):

0 i dfGl o p7)
T G PO Tk

Combining this with Einstein summation, we can write (2) as

d i i ky i VR i i

g iipipt + fipd) = fiepD) Py + fij(Pipz + papi) + (fijppy + i

= fikP Pip1 + fis(Pip3 +20hp]) + fiph.
Now, as before, we can deal with second derivatives of geodesics using the geodesic equations:
Py = =Typipi.
We can also calculate the third derivative:
i d d i ros i ros ros
py= 4P *( TP = - 3 Urs | Pivr = Drs(Pip2 + P2 pY)-

This shows us that & (f p Disa combmatlon of products and sums of the following types
of expressions: f;, f,J, f,.,k, pi. Ti and al“;x. If we can bound all of these on the right

domains (independent of p and 1), we are done.

Bounding f;, fi; and f;x
First of all, note that f is a smooth function on U. Further, 9; defines smooth vector field
on U. Since f; = ﬂ is obtained by applying 9; on U to f, it is a smooth function on U.
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Hydrodynamic Limit of the Symmetric Exclusion... 83

Continuing in this way, we see that f;; and f;j are also smooth functions on U. In particular,
they are smooth functions on G (since it is a subset of U). G is a closed subset of the compact
M and is hence compact itself. This implies that f;, f;; and f;;x are (for each choice of i, j, k)
bounded on G. Since we evaluate these functions in the points p(s,n) for0 < s < 1/N,
N > N¢ and ||u|| < K, our discussion above shows that we only evaluate them in points of
G. This means that we have found bounds for f;, f;; and f;jk.

Bounding p’i
We start with a technical lemma.

Lemma2.6 Let q € M and let (y, V) be a coordinate chart around q. Let v € T,M and
write v = v'd;. Then |v'| < /&' (q)||v]].
Proof Fix some 1 <i < n. We see in the tangent space at g:
<v, gij8j> = <vk3k, gijaj> = vkg”gk = 1}"8}C =,
Further,
180,112 = (87;. 8™ 0k) = 8"/ g™ g0 = 8118} = g

Using the relations above and the Cauchy-Schwarz inequality, we obtain:

ol = (v, 878;) 1 < 11011 11g7 9,11 = /g1l

Now we can use this to show the following.

Lemma 2.7 |p} ()] = 25222 ()| < /g (p(a, m)lInl.

Proof The first equation is just a change of notation. Further we see

M_ nd\ dp
2 _<”*dt)(” ()—(dt).

This means that do’ OP D s just the i coordinate with respect to (x, U) of the tangent vector

to p at time ¢ so at the point p(¢, n) € M. Using Lemma 2.6, we see

- dp”
<& (pt,m) Hf

Since p" is a geodesic, it has constant speed. Its speed at p is ||7]|, so this must be its speed

‘dw o2 )

‘ . 3)

anywhere else along the trajectory. Hence ||%|| = [|n||. Inserting this in (3) yields the
result. O

We can now easily obtain a bound for p’i .For0 <t <1/N and ||n]| < K, we know p(t, n)
stays in G. g'' is a smooth and hence continous function on U, so it is bounded on G (since
G is compact). This means that v/g/i (p(z, n)) is bounded by some K' for ||n]| < K and

0<1<1/N.Now we see |p | < /g7 (p(t. ) H < KK

Bounding T and I"

Each g;; is a smooth functlon on U. This means that

g” is a smooth function on U. This

implies that Frs is just combination of products and sums of smooth functions, so it is
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84 B. van Ginkel et al.

smooth itself. Now, as before, I'’ | is bounded on G. Since we only evaluate it in p(z, n) with
0<t < 1/N and ||n|| < K, we only evaluate it in G, so we have bounded F
Now F’ can be written as

1

d_, Al dx/op"
71‘}’5 = P 3,
dt ax/ dt

= (Fis)J

with notation as above. Since I'. | is smooth function U — R, this expression can be bounded
in exactly the same way as expressions like f; p{ above.

2.2 Stepping Distribution

Constraints for a Stepping Distribution

The question now is which distributions w,, on T, M satisfy the assumptions of Proposi-
tion 2.1. From here on we fix p € M and simply write u for 11 ,,. Being compactly supported
and finite are rather natural constraints, but the other assumptions are harder, especially since
they involve local coordinates. In this section we address the question which distributions
satisfy the other assumptions, i.e. for every coordinate system around p:

/n"u(dn):o Vi=1,...,n
o . 4
/n’n"u(dn)=g’-’ Vi,j=1,...,n

To generalize this a bit, suppose u satisfies the following for some ¢ > 0 for every coordinate
system:

/n"u(dn):o Vi=1,...,n
/n’n"u(dn)=cg’-’ Vi,j=1,...,n

Following the proof in the previous section, one sees directly that in this case the generators
converge to the generator of Brownian motion that is speeded up by a factor c. We will look
into this generalized situation and at the end we will see how to determine c.

Independence of (5) of Coordinate Systems
The following lemma shows that if (5) holds for a single coordinate system, it holds for any
coordinate system.

Lemma 2.8 If (5) holds for some ¢ > 0 and for some coordinate system (x, U) around p,
then it holds for the same c for all coordinate systems around p.

Proof Let (x, U) be a coordinate system around p for which (5) holds with ¢ > 0 and let
(v, V) be any other coordinate system around p. It suffices to show that (5) holds with the
same c for y. Denote the metric matrix with respect to x by g and the one with respect to y by
g.Forany n € T, M define n', ..., n" as the coefficients of n with respect to x, so such that

n=>y; ni%. Analogously let 7', ..., 7" be such thatn = Y, ﬁi%. Let J = 20 emat),

AT,y
Ifn € T,M, then
’—n(y)—any —Zn axl'
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Hydrodynamic Limit of the Symmetric Exclusion... 85

This shows that for any j
n i n i
N oy’ ay/ .
[ = [ wan = 3 25 [ wan <o,
i=1 i=1

since for any i: [ n'1(dn) = 0. Moreover, forany i, j: [ n'n/ u(dn) = cg'/, soforany i, j:
3y oy’ 0y’ 0y
k 0 kI
§ : ap =y 20 d
/ ] o Hdm = 2 ok oyl | 7T

n
ay' dy/ o, o
=Y e =G T

/ A7 (dn)

— 9xk 9x!
Since J7IGTI IO = 716G UT) T = (UTGI)T = 61, we see that [ 77/ ju(dn)
= g% . We conclude that (5) holds for y with the same c. O

Orthogonal Transformations and Canonical Measures
We now introduce a class of measures.

Definition 2.9 Let V be an inner product space and let T be a linear map V — V. We call
T an orthogonal transformation if for any u, v € V: (Tu, Tv) = (u, v).

We call a measure v on T), M canonical if for any orthogonal transformation 7" on 7), M and
for any coordinate system:

/ () = f (T) () and / wind udn) = f Ty (T ().

Remark 2.10 In the same way as above, one can show that p has the property above with
respect to some coordinate system if and only if it has the property with respect to every
coordinate system. Moreover, since —I always satisfies (—1)T G(—I) = G, we see that
[n'u@dn) = [(—p)'udn) = [—n'u(dn) = — [n'u(dn), so [n'u(dny) is O for any
canonical .

In words, w is canonical if orthogonal transformations do not change the mean vector and
the covariance matrix of a random variable that has distribution . Remark 2.10 shows that
in fact the mean vector must be 0. Note that in particular measures that are invariant under
orthogonal transformations are canonical, since then [(Tn)'u(dn) = [ ' (o T~ (dn) =
I n* ;1 (dn) and the other equation follows analogously. However a simple example shows that
the converse is not true. Let M = R and let u be any non-symmetric distributionon 7, M = R
with mean 0. The only orthogonal transformation (apart from the identity) is t — —z. Under
this transformation the mean (which is 0) and the second moment are obviously left invariant,
but w1 is not symmetric, so it is not invariant. We will give an example for R” later.

If (x, U) is some coordinate system around p and G = (g;;) is the matrix of the metric in p
with respect to x, we can write a linear transformation T TyM — T, M as amatrix (which

we will also call T') with respect to the base 687 g x,, We see that
(T, T§) = Zgu(Tn) (T&) = Zgu ZTM ZTJIEI YD e Tuty | ntE
kil \ij

If T is orthogonal, this must equal

v) =Y gun'¢
el
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so we see that gx; = Zi’j &ijTikTj1 = (TTGT)y and hence G = TTGT.
Now for a measure 1 on T, M and a coordinate system (x, U), define the vector A;, and the

matrix By, by AL = f ' w(dn) and B,’[ = f n'n/ 11(dn). Then we have the following.
Lemma 2.11 Let u be a measure on T, M. Then the following are equivalent.

(1) w is canonical.
(ii) For every linear transformation T and every coordinate system (x, U): if G = TTGT,
then Ay, = TA, and B, = TB,T".

Proof (i) < (ii) because (ii) is just the definition of being canonical written in local
coordinates. Indeed, we already saw that orthogonality or T translates in local coordinates
to G = TT GT, the other expressions follow in a similar way from the following equations:

A = / (Tn)' w(dy) = / > Tun*uldn) =) Tu / nuddn) =Y Tu Al
k k k
5 = [ @/ wan

- /Z Tun® Y Tjn ) = Y Tuc Ty / n*n'u(dn) = T TyBy.
k 1 k.l k.l

Canonical Measures are Stepping Distributions
Now we have the following result.

Proposition 2.12 Let 1 be a probability measure on T, M. Then  is canonical if and only
if it satisfies (5) for some ¢ > Q.

Proof First assume that u is canonical and let (x, U) be normal coordinates centered at p.
Because of Lemma 2.8 it suffices to verify (5) for x, so we need to show that A, = 0 and
B, = c¢G~! = ¢I for some ¢ > 0.

The fact that A;, = 0 is just Remark 2.10. Now note that since B, is symmetric, it can be
diagonalized as TBMT’1 where 7 is an orthogonal matrix (in the usual sense). This means
that 77T = T 'and that TTGT = TTIT = TTT = I = G, so Lemma 2.11 tells us that
the diagonalization equals 7B, TT = B,,. This implies that B, is a diagonal matrix. Now
for i # j let I'/ be the n x n-identity matrix with the i and j™ column exchanged. It
is easy to see that (I¥)T ¥ = I, so we must also have B, = I/ B, (I"/)T. The latter is
B, with the i th and j™ diagonal element exchanged. This shows that these elements must
be equal. Hence all diagonal elements are equal and B, = cI for some ¢ € R. Since
c =B\ = [n'n'u(dn) = 0, we know that ¢ > 0.1f ¢ = 0, then B,, = 0, so u = 0, which
is not possible. We conclude that ¢ > 0.

Conversely let (x, U) be a coordinate system with corresponding metric matrix G and assume
that u satisfies (5) for some ¢ > 0. Let T be such that G = TT GT. Then Ay=0=T0=
TA, Wealsosee: TTGT =G <= G=T1)"'6T™! & G '=767""TT
Gl =T(GNHTT = B, =TB,TT (since B, = cG™'), so by Lemma 2.11 p is
canonical. O

Now we know that if the stepping distribution is canonical (and finite and compactly sup-
ported, uniformly on M), the generators converge to the generator of Brownian motion that
is speeded up by some factor ¢ > 0 (depending on w). The question remains what this c is.
The following lemma answers this question.
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Sl (dn)
=

Lemma 2.13 Suppose u satisfies (5) for some ¢ > 0. Then ¢ =

Proof We calculate the following (with respect to some coordinate system (x, U)):

2 _ — i 9 i
J R —/(n,n)u(dn)—/<2i:n TN axj>u(dn)
ad 0 P
= Z<ﬁ’ g>/ﬂ n’ pu(dn)
i,J
= Zgijcgij = cZZg,-jgji = CZl =cn.
i,j i j i

S lnl?p(dn)
SR

Hence ¢ = O

The nice part of this lemma is that the expression for ¢ does not involve a coordinate system,
only the norm (and hence inner product) of 7), M. In particular we see that ¢ = 1 is equivalent
to f [In11214(dn) = n. We summarize our findings in the following result.

Proposition 2.14 A probability measure |1 on T, M satisfies (5) for some ¢ > 0 if and only if

2
it is canonical and ¢ = M. In particular, it satisfies (4) if and only if it is canonical
and [ ||| *p(dn) = n.

Remark 2.15 Note that all we need of the jumping distributions is that their mean is 0,
their covariance matrix is invariant under orthogonal transformations, they are (uniformly)
compactly supported and they are (uniformly) finite. We don’t need the measures to be similar
in any other way, so we do not at all require the jumps to have identical distributions in the
sense of Jgrgensen [12].

Examples 1. To satisfy (4) for every coordinate system, by Lemma 2.8 it suffices to choose a
coordinate system and construct a distribution that satisfies (4) for that coordinate system.
Let (x, U) be any coordinate system around some point in M with corresponding metric
matrix G in that point. Let X be any random variable in R" that has mean vector 0 and
covariance matrix G~! (for instance let X ~ N (0, G~!)). Now let 1 be the distribution of
i X aii . Then by construction [ n'u(dn) = EX? = 0and [ n'n/u(dn) = EX X/ =
EX X/ —EX'EX/ = gV,

2. In the previous Example (4) is immediate. Let us now consider an example that illus-
trates the use of Proposition 2.14. Let w1, be the uniform distribution on /nS,M
(the vectors with norm \/n). By definition of such a distribution, it is invariant under
orthogonal transformations (rotations and reflections), so it is a canonical distribution.
Since also [ [|n][>(dn) = fﬁzu(dn) = n, we conclude that the uniform distri-
bution on ﬁSpM satisfies (4). Moreover, SUD pe ar SUPy csuppye, [Inll = &/n < oo and
sup ,epr wp(TpM) =1 < oo. Together this shows that the up’s satisfy the assumption
of proposition 2.1.

3. Let us conclude by showing for R” that the class of canonical distributions is strictly
larger than the class of distributions that are invariant under orthogonal transformations,
even with the restriction that [ ||| |2i0(dn) = n. It suffices to find a distribution p with
mean O and covariance matrix / (since then u satisfies (4) and 2.14 then tells us that u is
canonical and has f [In] |2,u(dn) = n) and an orthogonal 7 such that u # po T Letv

be the distribution on R given by v = %8_2 + %8 1/2- Then, using the natural coordinate
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system, [fv(df) = +(=2) + 21 = 0and [2u(d) = L(-2)> + 2(})? = 1. Now
let £ = v x --- x v (n times). Then we directly see that the mean vector is 0 and the
covariance matrix is /. However T = —/ is an orthogonal transformation and 1o (—7)~!
equals the product of n times %82 + %8_1/2, so obviously u # o (=D~ L.

3 Uniformly Approximating Grids

We would like to consider interacting particle systems such as the symmetric exclusion
process on a manifold. Because the exclusion process does not make sense directly in a
continuum, we need a proper discrete grid approximation. More precisely, we need a sequence
of grids on the manifold that converges to the manifold in a suitable way. It will become clear
that the grids will need to approximate the manifold in a uniform way. We will see in Sect. 4
that a natural requirement on the grids is that we can define edge weights (or, equivalently,
random walks) on them, such that the graph Laplacians converge to the Laplace-Beltrami
operator in a suitable sense.

To be more precise, we would like to have a sequence (p,);2 | in M and construct a sequence
of grids (GN)?\,O=l by setting GVN = {p1,..., pn}. On each GV, we would like to define a
random walk XV which jumps from p; to p j with (symmetric) rate Wiljy with the property
that there exists some function a : N — [0, 0o) and some constant C > 0 such that for each
smooth ¢

a(N)Z Y@ (pp) —¢(p)) — CAMP(pi) (N — o0)

where the convergence is in the sense that for all smooth ¢ : M — R

lim —Z a(N)Z N(@(pj) — (i) — CAMG(p)| =0. 6)

N—
i=1

Definition 3.1 We call a sequence of grids and corresponding weights (Gy, Wx)3_, uni-
formly approximating grids if they satisfy (6).

Remark 3.2 (Comparison with standard grids) To give an idea of how known grids in
Euclidean spaces can be incorporated in this framework, let S be the one-dimensional torus.
Let SV be the grid that places a grid point in k/N,k = 1,..., N. Now we can define a
nearest neighbour random walk by putting W = Lyp;—p,|=1/N- Also seta(N) = N?2.Then

we see for a point p; € SV for N = 2" for some m € N that
N
a(N) Y WX (@(pj) — ¢(pi)) = N*@(pi + 1/N) + ¢(pi — 1/N) = 2¢(pi))
=1

=¢"(p)+ON).

The compactness of the torus easily implies that this rest term can be bounded uniformly.
This implies that (6) holds.

We will show in Sect. 4 that if we define the Symmetric Exclusion Process on uniformly
approximating grids we can prove that its hydrodynamic limit satisfies the heat equation on
M.
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It is not obvious how uniformly approximating grids could be defined. Most natural grids in
Euclidean settings involve some notion of equidistance, scaling or translation invariance. All
of these concepts are very hard if not intrinsically impossible to define on a manifold. The
current section is dedicated to showing that uniformly approximating grids actually exist. To
be more precise, we will show that a sequence (p,)52 can be used to define such grids if
the empirical measures 1/N Z,N=1 d8p; converge to the uniform distribution in Kantorovich
sense. In Sect. 3.4 we will show that such sequences exist: they are obtained with probability
1 when sampling uniformly from the manifold, i.e. from the normalized Riemannian volume
measure.

For the calculations of this section, we need a result that forms the core of proving the
invariance principle, which we have proved in Sect. 2.

Remark 3.3 At first sight the requirement that the empirical measures approximate the uni-
form measure and that the grid points can be sampled uniformly seems arbitrary, but this is
actually quite natural. We want to construct a random walk with symmetric jumping rates
(we need this for instance for the Symmetric Exclusion Process later). This implies that the
invariant measure of the random walk is the counting measure, so the random walk spend on
average the same amount of time in each point of the grid. Hence the amount of time that
the random walk spends in some subset of the manifold is proportional to the amount of grid
points in that subset. Since we want the random walk to approximate Brownian motion and
the volume measure is invariant for Brownian motion, we want the amount of time that the
random walk spends in a set to be proportional to the volume of the set. This means that the
amount of grid points in a subset of M should be proportional to the volume of that subset.
This suggests that the empirical measures 1/N ZlNzl 8, should in some sense approximate
the uniform measure. Moreover, a natural way to let the amount of grid points in a subset
be proportional to its volume is by sampling grid points from the uniform distribution on the
manifold.

3.1 Model and Motivation

Motivation

In statistical data analysis the following setting is known and used in various contexts such
as data clustering, dimension reduction, computer vision and statistical learning, see: Singer
[18], von Luxburg et al. [22], Giné et al. [9], Belkin and Niyogi [3] and Belkin [2] and refer-
ences therein for general background and various applications. Suppose we have a manifold
M that is embedded in R for some m and we would like to recover the manifold from
some observations of it, say an i.i.d. sample of uniform random elements of M. To do this
we can describe the observations as a graph with as weight on the edge between two points
a semi positive kernel with bandwidth € applied to the Euclidean distance between those
points. Then it can be shown that the graph Laplacian of the graph that is obtained in this
way converges in a suitable sense to the Laplace-Beltrami operator on M as the number of
observations goes to infinity and € goes to 0. This suggests that we could define random walks
on such random graphs and that the corresponding generators converge to the generator of
Brownian motion. We generalize this idea by taking a more general sequence of graphs, but
our main example (in Sect. 3.4) will be this random graph.

The main distinction between the statistical literature and our context is the following: for
our purposes it is much more natural to view the manifold M on its own instead of embedded
in a possibly high dimensional Euclidean space. This means that we have to use the distance
that is induced by the Riemannian metric instead of the Euclidean distance. The latter is more
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suitable to purposes in statistics, because in that setting the Riemannian metric on M is not
known beforehand. Also, a lot is known about the behaviour of the Euclidean distance in this
type of situation and not so much about the distance on the manifold. We will have to make
things work in M itself.

The problem of discretizing the Laplacian on a manifold (without embedding in a Euclidean
space) is also studied in the analysis literature where the main concern is the convergence of
spectra, see for instance: Burago et al. [5], Fujiwara [8] and Aubry [1], where structures like
€-nets or triangulations are used to discretize the manifold. However, since we want to define
the exclusion process on our discrete weighted graph which approximates the manifold, it is
important that the edge weights are symmetric. Therefore these papers cannot be applied in
our context.

Model
Let M be a compact and connected Riemannian manifold. We call a function f on M
Lipschitz with Lipschitz constant L 7 if

If(p)— f(@l
sup ———— =L < o0.
P.gqeEM d(p, q)
Let (py)n>1 be a sequence in M such that [LN = % Z,N= 1 8p; converges in the Kantorovich
sense to V (the uniform distribution on M), i.e.

WiV, V)= sup {/ fduN—/fd\_/}—>0,
M M

feFi1(M)

where F1(M) denotes the set of Lipschitz functions f on M that have Lipschitz constant
Ly < 1. Define the N™ orid Vy as Vy = {p1, ..., pn}. Set

Trd

e:=€(N):=|sup Wy(u", V)| . )
m>N

This € rescales the distance over which particles will jump. Naturally, e | 0 as N — oo

(since Wy (uV, V) — 0). Let k : [0, o0) — [0, c0) be Lipschitz and compactly supported

(for instance k(x) = (1 — x)1jo,17(x)), we will call such k a kernel. Define

W = k(d(pi, pj)/€)

as the jumping rate from p; to p;. Here d is the Riemannian metric on M. Note that the only
dependence on N is through €, hence the notation ij instead of Wl.]}/ . These jumping rates
define a random walk on V. If we regard to points p;, p; as having an edge between them
if Wl/}’ > 0, we want the resulting graph to be connected (to make sense of the random walk
and later of the particle systems defined on it). If we assume that there is some « such that
k(x) > 0 for x < o, one can show that the resulting graph is connected for N large enough.
The main reason is that the distance between points that are close to each other goes to zero
faster than €. The details of the proof are in the appendix (see also Remark 3.6). Finally we
define
a(N) = e 2 IdNTL
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To prove that the grids are uniformly approximating we have to show (6), i.e. as the number
of points N goes to infinity (and hence the bandwidth € goes to 0)

1 N N
5 Z a(N)Z; W (f(pj) = F(p)) = CAMf(pi)| — O (N — o0).

We will prove the following slightly stronger result:

Sup la(N) D OWEF () = F(pi) = CAMF(p)| — 0 (N —o00).  (8)
<i< i=1

Note that since the process defined above is just a continuous-time random walk its generator
is given by

LNf(m—Z S(f(pj) = F(pi). ©)

j=1

Therefore we call (8) “convergence of the (rescaled) generators to A s uniformly in the p;’s

fori < N” or just “convergence of the generators to Ay, uniformly fori < N”. In fact, we

will show that the rate of convergence does not depend on p;, so we might as well call it
“uniformly in the p;’s”

Remark 3.4 In fact, we can say more. We denote the semigroups corresponding to the gen-
erators a(N) Z;-V:l ij (f(pj) — f(pi)) by StN and the semigroup corresponding to C A yy
by S;. Then (8) implies that uniformly on compact time intervals

sup (SN flgn (pi) = St f(pi)] —> 0 (N — 00).
1<i<N

The proof is a straightforward application of (Kurtz [14], Theorem 2.1) and a small argument
that the extended limit of the generators above (as described in Kurtz [14]) equals C A since
they are equal on the smooth functions.

Remark 3.5 To see why the rescaling a(N) is natural, we can write

N k(d(pl P/))
a(NLY f(pi) = Z

(f(pj) — f(pi)).

Since k is a kernel that is rescaled by € inside, we need the 1/¢? to make sure the integral
of the kernel stays of order 1 as € goes to 0. Since the amount of points that the process can
jump to equals N, we also need the factor 1/N to make sure the jumping rate is of order 1 as
N goes to infinity. Also note that the typical distance that a particle jumps with these rates is
of order €. This means that space is scaled by €. Hence it is very natural to expect that time
should be rescaled by 1/€2, which is exactly what we have.

Finally note that in the calculations N is the main parameter and € an auxiliary parameter
depending on N. However, conceptually, when the scaling is concerned, the most important
parameter is €. N is just the total amount of positions and simply has to grow fast enough as
€ goes to 0. To see why this is true, note that any sequence € (N) that goes to 0 more slowly
than what we use here will also do. Hence € should go to 0 slow enough with respect to N
or, equivalently, N should go to infinity fast enough with respect to €.
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Remark 3.6 We mentioned earlier that N must grow to infinity fast enough as € goes to 0. In
fact, with € as defined in (7), the number of points in a ball of radius € goes to infinity (even
though € shrinks to 0). In particular, this means that the number of points that a particle can
jump to, goes to infinity. This is very different from the R” case with the lattice approximation
%Zd , where the number of neighbours is constant. The reason why it should be different in
the manifold case is the following. In R?, the natural grid %Zd is very symmetric. Indeed, we
can split the graph Laplacian into the contributions N2(f (x +¢e; /N)+ f(x —e; /N) =2 f (x))
in each direction i, where e; it the unit vector in direction i. Now when applying Taylor we
see that the first order terms cancel perfectly, leaving us only with the second order terms,
which we want for the Laplacian. In a manifold such perfect cancellation is not possible.
Therefore the way to make the first order terms cancel is to sample more and more points
around a grid point, such that the sum over the linear order terms becomes an integral which
then vanishes in the limit. For this reason we need the number of points in a ball of size € to
go to infinity.

Remark 3.7 1t is also possible to define Wlf}’ as pe(pi, pj), the heat kernel after time €, and
rescale by €~ ! instead of € 7>7¢. Then the result of Sect. 3.2 can be proven in the same
way (by obtaining some good bounds on Lipschitz constants and suprema of the heat kernel
and choosing € = €(N) appropriately, see Cipriani and van Ginkel [6]) and the result of
Sect. 3.3 is a direct consequence of the fact that the Laplace-Beltrami operator generates the
heat semigroup. However, for purposes of application/simulation the weights that we have
chosen here are much easier to calculate (since only the geodesic distances need to be known,

not the heat kernel).

3.2 Replacing Empirical Measure by Uniform Measure

We would like to show that in this case there is a C independent of i such that for all
smooth f

N
Jim e 2TINTEY Ckd(pj, pi)/e) [f(p)) = £(pid] = CAMS(pi)
j=1

uniformly in the p;’s.
We can write

N
N YKy p0 /O L) = Fp0] = [ g, a0

j=1

where

g (p) = kd(p, p) /O [f(p) — f(p].
Now (10) equals
E—Z—d/ gE,idV_i_E—Z—d/ ge,id(luN _ ‘7) (11)
M M

We will show later that the first term converges to C Ay f(p;) (uniformly in the p;’s) as
N — oo. Therefore it suffices for now to show that the second term converges to 0, uniformly
in the p;’s.
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Note that & is Lipschitz so it has some Lipschitz constant Ly < oco. This implies that

I 2 . L, 2
‘k(d(q ,pl)> _k<d(q ,pz))‘ SLk’a’(q . Pi) _d(qé,pl) L

d(q', %,

€ € € -

by the reverse triangle inequality, so k(d (-, p;)/€) has Lipschitz constant % f is smooth,
so it is Lipschitz too with Lipschitz constant L . Since f(p;) is just a constant, f(-) — f(p;)
is also Lipschitz with Lipschitz constant L . Since they are both bounded functions, we see
for the Lipschitz constant of g€/:

Liac,pooll fC) = fF(pidlloo + Ik, pi) /oo L r()—fpi)

2L
< T“f”oo + llkllooL s

Lge,j

IA

A

Note that k is bounded since it is Lipschitz and compactly supported, so ||k||cc < oo. This
shows that:

6—2—d/ gé,id(luN _ ‘7)
M

o g 2Lk
<e? f’<?||f||oo+||k||ooLf) Wi (u, v)

= e(N) 77 2Lt I flloe + €(N) 1Kl loo L ) Wi (™, ),
where we denoted the dependence of € on N explicitly. By (7), W N, v) < e(N Y4t g0
we obtain
6‘2“’/ gld(u - V)‘ < € (2LilI flloo + €llkllooL 5) -
M
Note that this bound does not depend on p;. Since € — 0, it follows that the second term
of (11) goes to 0 uniformly in the p;’s.

What Remains
What we have seen above basically means that we can replace the empirical distribution ;v
by the uniform distribution V. For convergence of the generators we still have to show that

tim e 2 /M K(d(p. p)/) Lf(p) — F(p)] V(dp) = CAw f(pi)

uniformly in the p;’s. Note that we can replace N — oo by € | 0, since the expression only
depends on N viae and €(N) | 0as N — oo. Since the p;’s are all in M we can replace p;
by g and require that the convergence is uniform in g € M.

Because of these considerations it remains to show that there exists C > 0 such that uniformly
ing e M:

leif(} e 2 /M kd(p.q)/e) [ f(p) — f(@1V(dp) = CAp f(q). (12)

Note that for every € > 0 this expression can be interpreted as the generator of a jump
process on the manifold M. The process jumps from p to a (measurable) set O C M with
rate fQ e 2k (d(p, q)/e)dV.

Remark 3.8 Note that this is easy to show in R?. Indeed, using the transformation u =
(y — x)/€ and Taylor, we see

2 / k(M> (F() = f())dy = €2 / k(llull)(f (x + eu) — f(x))du
Rd € Rd

= [ KV udut 5 [ k! Huda + 06,
R 2 Jrd
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where H (x) is the Hessian of f in x. Now changing coordinates to integrate over each sphere
B, of radius r with respect to the appropriate surface measure S, and then with respect to r,
we obtain

e*l/k(r)/ Vf(x)~wS,(dw)dr+1/ k(r)/ w! H@)wS, (dw)dr + O(e).
R B, 2 Jr B,

Now because of symmetry the integrals of w; and of w;w; over spheres vanish for each
i # j. Moreover the integrals of wi2 do not depend on i, but only on r. Therefore the first
term vanishes and we are left with

%/Rk(r)C(r)Af(x)dr +0(e) =C'Af(x)+ O(e).

This shows convergence (at least pointwise, for uniform convergence we have to be a little
more careful about the O (¢)).

3.3 Convergence Result

Integral Over Tangent Space
Let « > 0 be such that supp k C [0, o] (such « exists since k is compactly supported). We
denote for p € M,r > 0: By(p,r) ={q € M : d(p, q) < r}. Then we can write

/Mk(d(p,q)/e)(f(q)—f(p))V(dq)= /B KA./ @)~ FP) ).
d(p,oe
(13)

Denote forn € T,M,r > 0: B,(n,r) ={§ € T,M : ||§ — n|| < r} (not to be confused
with B, which is a ball in M with respect to the original metric p). For € small enough we
know that exp,, : T,M D> B,(0,a€) — By(p,ae) C M is a diffeomorphism. We want to
use this to write the integral above as an integral over B, (0, €) C T, M:

/ k(d(p,q)/€)(f(q) — f(p)V(dg)
By(p,ae)
- /B o, P xR, /S50, ) = F(PIV o expian)
= /B o )k(d(p, exp,,(en)/€)(f(exp,(en)) — f(p))V o expoke(dn)

=/B o )k(llnll)(f(epr(en))—f(P))VoeXPo?»e(dn). (14)

This means we integrate with respect to the measure V o exp oi., where A, denotes multi-
plication with €.

Determining the Measure V o exp o\,

Since B (0, a€) is a star-shaped open neighbourhood of 0, we see that for € small enough
Ve == Bi(p,ae) = expp(Bp(O, ae)) is a normal neighbourhood of p, so there exists a
normal coordinate system (x, V¢) thatis centered at p. We interpret, forv € R",v, € T, M as
Zi v; % Consequently, when we write A, for some subset A of R”, we mean {v, : v € A}.
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ax!
preserves the inner product and is an isomorphism of inner product spaces. Indeed,

pll? = (vp. vp) = Wp) (vp) gij = D vvish =) = |[v]*.
i

ij

Since the basis W = ( o, di”) is orthogonal in 7}, M, it is easy to see that ¢ := v, > v

In particular Bgn (0, ae), = B, (0, a€) (where Br» denotes a ball in R"” with respect to
t[le Euclidean metric). We can use this in the following lemma, which tells us more about
V oexpolke.

Lemma 3.9 There exist € > 0 and a function h : Brn (0, €’) — R such that for t tending
10 0h(t) = O(||t]|*) and for all 0 < € < €': V o expoke = €” (l‘t%;)t)dtl . ..dt”) o ¢ on
B, (0, ).

Proof Let €’ be small enough such that the considerations above the lemma hold and let
€ < €. For clarity of the proof, we first separately prove the following statement.

Claim: x o exp = ¢ on Brn (0, a€) .

Proof The geodesics through p are straight lines with respect to x, so they are of the form
x(y()) =ta+bwitha,b e R".Forn=73 ;' a 7 the geodesic starting at p with tangent
vector 1 at p should satisfy b = x(p) = 0 and @; = n' for all i, so we see y* = ty*. For
g € By(p, a€), we see xk(exp(x(q)p)) =1x% xk(q) = xk(q), so exp(x(q)p) = ¢q. This
also shows that x o exp(v,) = v for v € Brn (0, @e) (since x is invertible), which gives an
identification

xoexp: TpM D Bri(0,a€), - Brn(0,¢) CR"

which is the restriction of ¢ to Bgn (0, a€) ,. This situation is sketched in Fig. 3. m]

Now we will first use the definition of integration to see what the measure is in coordinates
(so it becomes a measure on a subset of R"). Then we will use the claim above: we will pull
the measure on R" back to 7, M using ¢.

On (x, V) the volume measure is given by +/det Gdx' A ... A dx". According to (Wang
[23], Cor 2.3), v/det G can be expanded (in normal coordinates) as 1 + & (x) where 4 is such
that h(x) = O(]|x| |2). Now the measure can be written in local coordlnates on Bpn(ae’) as

(1 4+ A(x))dx! A ... A dx", so the uniform measure is I‘T{’Aff))d A ... A dx". This yields

the measure V ox ! = ]‘f(};v(]')) dt!...d" onx(Ve) = B (0, a€’). We have on Bg: (0, &) :

V oexpoke = (VoxHo (x oexp) o .

According to the claim above, x o exp is a restriction of ¢, so we can replace it by ¢. Since
this map is linear, it can be interchanged with A, which yields (inserting what we found
before and since € < €'):

(Hh(t)d dt)oxeoqb:(wd dt)d)
V(M) V(M)

In the last step we interpret .dr" as a measure on Bpn (0, o) and this last
step is then just a transformation of measures on R”. This yields the expression that we
want. O

¢ (1+h(ez))dt
V(M
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9% B. van Ginkel et al.

Fig.3 The situation in Lemma 3.9. On B), (0, a€): x oexp = ¢. The uniform measure on B4 (p, a€) is moved

via x to Bgn (0, a€) using the formula v/det Gt; ... ;. This measure can then be pulled back to B (0, ae)
using ¢. Since ¢ is an inner product space isomorphism, it will be easy to deal with orthogonal transformations
later, in Lemma 3.12

Remark 3.10 We used [23, Cor 2.3] in the proof above. In these notes the expansion of
J/det G(p, x) is calculated around a point p in normal coordinates x centered around p:

JdetG(p,x) =1— éRic(p)klxkxl + 0 (IxP). (15)
As can be seen, there are no linear terms in the expansion. The coefficients for the quadratic
terms are coefficients of the Ricci curvature of M in p. This implies that the way that the
uniform distribution on a ball around p in M is pulled back to the tangent space via the
exponential map depends on the curvature of M in p. In particular, if there is no curvature,
M is locally isomorphic to a neighbourhood in R” so the same thing happens as in R". This
means that we get a uniform distribution on a ball around 0 in the tangent space.

Remark 3.11 We will need in Proposition 3.13 that the statement of Lemma 3.9 holds uni-
formly in all points of the manifold. This means that the difference between the uniform
measure on a ball in the tangent space and the pulled back uniform measure on a geodesic
ball in the manifold decays quadratically with € uniformly in the manifold. Note that this
uniform convergence is intuitively clear, since the difference between the two measures is
caused by curvature and curvature is bounded in a compact manifold. As in the proof of
Lemma 3.9, one needs to write

vdetG(expp(x)) =1+h,x)

for some function %, that is o(|x? independent of p. Here G(g) is the metric matrix at
¢ expressed in (fixed) normal coordinates centered at p. Since  /~ and det are uniformly
continuous in the right domains, it suffices to show that

Glexp,(x)) = I + O(x?). (16)
where the O(|x|?) is independent of p. In other words,

G (exp,, (x)) — 11| < ClIx|I?, amn
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where C does not depend on p. For all p € M (and for any system of normal coordinates
centered at p) we have the following Taylor expansion (note that for fixed p G (exp »()ij is

a map from a (subset of) R? to R):

1 3 !
G(exp,(x)ij = 8;j + 7 Rijux’x! + >~ = / (1=0)*DPGexp, ())j(x)di - xP. (18)
3 Bzs P o
From this we get (17) directly for fixed p, i.e. we have

IG (exp,(x)) — 11| < Cpllx|[.

In order to obtain uniformity of C, in p, we note that the functions of p and x appearing in
the r.h.s. of (18) can be made smooth both in p and x. Smoothness in x is obvious (within the
injectivity radius) and smoothness in p follows from a special choice of normal coordinates
in such a way that they vary smoothly with p. A choice of normal coordinates is equivalent to
a choice of an orthonormal basis, so one can construct smoothly varying normal coordinates
by taking a smooth section of the orthonormal frame bundle (this can only be done locally,
but it is enough to have the uniformity result locally, since then by compactness one has it
globally). By compactness, the injectivity radius is bounded from below by some § > 0.
Now for all p € M and ||x]|| < §, (18) holds and (locally) the quantities on the r.h.s. vary
smoothly and therefore (again by compactness) one can show that C := sup,, C), s finite.

A Canonical Part Plus a Rest Term
Now define

—( L g dt”) d —(h(et)dzl dt”)
n= V) o¢ an UR = V) o¢

on B, (0, o) and 0 everywhere else. Then the lemma implies that (14) equals

/ k(D exp, €m) — £ (a + ur)(dn)
Bp(0,0)

=€ / (f (pCe;m) = f(p)kInID (e + pr)(dn).
T,

Recall that p(e, n) is just notation for following the geodesic from p in the direction of n

for time €. Now we define uf = k(|| - || i (so the measure which has density k(|| - |]) with

respect to ) and analogously /L];e = k(|| - |])tr- Then we can write the integral above as

[ e - £+ i@,
T,M
In this way we transformed the integral to one that we worked with in Sect. 2.1 since we
wrote it as the generator of a geodesic random walk (see Ly on page 2). To use the theory
that we obtained in that section, we need the following lemma. It tells us that /,Lk can be used
as a stepping distribution for a geodesic random walk and it gives us the constant speed of
the Brownian motion to which it converges (see Sect. 2.2).
. . nj/2

Lemma 3.12 u* is canonical. Moreover prM [In112u*(dn) = V(A%Tir(n/z) fooo k@r)rtdr.
Proof First of all recall that & is continuous and compactly supported, so the integral over k
above makes sense and is finite. Define v = ﬁdtl ...d#" on Br: (0, o) and O everywhere
else. Then we can write u = vog. Since ¢ preserves the norm, we see that k(|- |7, 1) op~! =
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k(|| - ||gn). This means that u* = v¥ o ¢, where V¥ := k(|| - ||)v. Since ¢ preserves the inner
product, the measure p* behaves the same with respect to orthogonal transformations in
T,M as v¥ with respect to orthogonal transformations in R”. Since v is clearly preserved
under such transformations, so is . This shows that u* is canonical.

Now we calculate the corresponding constant.

[ i ten = [ ol it o) = [ 1167 @1, @)
M Rz

T]J M TP

1
= | Iolfvbdv) = —— 0] [Fnk(|[v][Rn)dv
/]R” & V(M) JBgn (0.0 K

1 o 2 n/2
=7/ P2k(r) " Vdr
V(M) Jo ['(n/2)
271/2 00
S k(ryrttdr

V(M)T'(n/2) Jo

The first step was just writing the integral with respect to the coordinates for which we defined
1. The second step holds because uk = vk o ¢. The third uses the fact that ¢ preserves the
norm. The penultimate step is a change of coordinates in R” using the fact that ||v]| is constant
on spheres around the origin. Here lgg; 1//22) r"~1 is the area of rS,_. In the last step we used

that supp(k) C [0, «]. O

Conclusion
We use everything above to obtain the statement that we aim for.

Proposition 3.13 Set
71’"/2

C=— -
V(M)nT(n/2) Jo

Then as € — O we have uniformly in p € M:

o0
k(ryr"tdr.

[ K./ 1@ - F1 V) — Cauf).

Proof Let p € M. We can write

/M kd(p, ) /)(f(q) = f(p)V(dg) = 6”/ M(f(p(ﬁ, m) — f(P) (" + 1) (dn)

Tp

—e / (F(ple.m) — F(pyuk(dn)
T,M

b / (e ) = £ ().

TP
From the results in Sects. 2.1 and 2.2 (Proposition 2.14) and Lemma 3.12, we see for the
first term uniformly in p

. r o, k
lim e [ (Foteom) = Futan)

P

1
— lim — / (F(ple.m) — F(p)ukdn)
T,M

€l0 €2
1 21/2

© 1
e ——— n+1 o _
T aVMT(n/2) Jo k(ryr™dr - S Au f(p) = CAn f(p)-
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Now it suffices to show that the second term goes to zero at a rate independent of p. Let
€”, K > 0 such that €’ < ¢ and |h(s)| < K||s||? for s € Brn(0, €”) (where both €’ and h
are from Lemma 3.9). We need Remark 3.11 to make sure that K and €” do not depend on
p. Now note that for ¢ < ¢”:

gl < ( sup |h<er>|> n < ( sup K||er||2> n= ( sup K62||;||2> n
teBgrn (0,1) teBgrn (0,1) teBrn (0,1)

= Kezu.

Now we see:

1
lim ——¢€"
€l0 €2+n

/ F(ple,m) — f(p)uk(dn)
T,M

€l0 €

1
<lim — / Lf (ple, m) = f(p)Ik(InIDIr](dn)
M

1 .
<lim — / d(p(e.n), p)Lk(lInl)Ke*u(dn) < Llelm/ ellnllk(nl)m(dn)
el0 € Jr,m l0Jr,m

=LfK/ [nllk(lnDw(dn) lime = 0,
€l0

Ty

where we used that the integral is finite since k is bounded and has support in [0, «]. Com-
bining everything above gives what we wanted. O

3.4 Example Grid

So far, we have seen that a sequence of grids is suitable for the hydrodynamic limit problem if
the empirical distributions converge to the uniform distribution in the Kantorovich topology.
We conclude by giving examples of such grids. To be more precise, we show that if one
constructs a grid by adding uniformly sampled points from the manifold, this grid is suitable
with probability 1.

Remark 3.14 (Comparison with standard grids) Recall the grids SV on the one-dimensional
torus S from Remark 3.2. We can show that the empirical measures corresponding to these
grids along the subsequence N = 2", m = 0, 1, 2, ... converge to the uniform measure on
S with respect to the Kantorovich distance. To this end let N = 2" be fixed, call the corre-
sponding empirical measure " and call the uniform measure A. Recall that the Kantorovich
distance between these measures is alternatively given by

WiN. )= inf / d(x, )y (dx. dy).
yel(wN.2) Jsxs

where I'(1", 1) is the set of all couplings of ¥ and A. Now let ¥ be a uniform random
variable on S and define

k—1/2 k+1)2
X=k/N & Y , .
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Denote the joint distribution of (X, ¥) by v. Then it is easy to see that v € I'(u™, 1). This
implies that

mwMMsf
N

This implies convergence with respect to the Kantorovich metric along the subsequence
N=2" m=0,1,2,.... Note, however, that the corresponding edge weights as described
in this section are not the same as those in Remark 3.2.

1
Sd(x, yv(dx,dy) =E,(d(X,Y)) = N

X

Convergence of a Random Grid

Now we move back to the general case of a compact and connected n-dimensional Rieman-
nian manifold M. Let (P,);2 | be a sequence of iid uniformly random points of M. Define
ul = % ZINZI 8 p,. We follow [21, Example 5.15] to show that W N, V) — 0as N — oo.
First we will show that the expectation goes to 0, then we will derive that it goes to 0 almost
surely.

For now, let N be fixed. Let .%| be the set of Lipschitz function on M with Lipschitz constant
< 1. Then we define for f € #| the random variable X y = u™N f — V f. Note that both v
and V are probability distributions, so X f () is Lipschitz in f for each w:

Xp =Xl =1V f=VF—wuNg =Vl <IN (f =9I+ IV(f — I <2lIf — glloo-

Now note that since f has Lipschitz constant < 1:

sup f(p) — inf f(g) = sup |f(p)— f(g)l < sup d(p,q) =:K.
peEM qeM P.qEM P.qEM

M is compact, so K < oo. Since adding constants to f does not change X ¢, it suffices to
consider f € .#1 x = {g € %1 : 0 < g < K}. It follows that for each f € .7 g by writing

N -
X)) -V
Xf:zf : f’
i=1

we see that it is a sum of iid random variables taking values in [—%, %]. By the Azuma-

Hoeffding inequality, this implies that X f is %z-subgaussian for each f € 71 k. Now [21,
Lemma 5.7] shows that

N oo 2K?
E[Wi(n™, V)] < inf §2¢ + [ — log N(W, || - [locs €) ¢ »
e>0 N

where N (Z1 .k, || - ||, €) is the minimal number of points in some space containing .7 g
such that the balls of radius € with respect to the uniform distance around those points cover
F1K-

Estimating the Covering Number N (%] k, || - |loc, €)

We now need to estimate this covering number. To do this we need an upper bound of the
covering number N (M, d, €) of M. Since M is compact there exist a, § > 0 such that for
all0 < € < 8: N(M, d, €) < ae~9 (see for instance [16, Lemma 4.2]). Using this we can
prove the following.

Lemma3.15 Thereis a c > 0 such that for all 0 < € < §: N(Z1.k, || - |l €) < expc/ed.
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Proof Fix ¢ > 0 and call m = N(M,d, ¢/4). By definition of this number, we can find
points pi, ..., pm € M such that U’ B(pi,€/4) D M. Now define Vi = B(p1, €/4) and
fori > 2: V; = B(pi, €/4) \ U;Z} V;. Now for f € 7 g, define 7/ : M — R by

ﬂf:Vi9p|—>e<{f(pi)J+l>.
€ 2

Since each p € M is contained in exactly one V; (by construction), this map is well-defined.
Note that if ke < f(p;) < (k + 1)e, then 7l =k + 1/2)e on V;. In particular clearly
|f(pi) — 7/ (pi)| < €/2. Now denote Y = (/| f € F1 k).

Now fix f € #1 k and p € M. Let i be such that p € V;. Then we see:

7/ (p) — F(p)| = |7 (pi) — F()| < |2 (i) — F + 1 f(pi) — F(P)

<¢€/2+ L¢d(pi, p)
<€/24+€/4 <e.

This shows that |7/ — flloo < €, which implies that Y is an e-net for .%| x. Hence
N1k |- lloo, €) < #Y.

All we have to do now is estimate #Y.

First of all let 7/ € Y. Note that if d(pi, pj) < €/2, we see

I/ (pi) — ! (pp| < | (pi) = Fol + 1 f (pi) = FppI+ 1f (pj) — 7! (p))]
<€/2+ Lyd(pi, pj) +€/2 =3¢/2.

Since Inf(p,-)—nf(p‘,-)l = ke forsomek € Z, we conclude Inf'(p,-)—nf(pj)l e {—e¢,0, €},
so! (pi) € {mf (pj) —e. 7wl (pj). 7w/ (pj) +e).

Now define a graph G with vertices py, ..., p, by putting an edge between p; and p;
whenever d(p;, pj) < €/2. Any 7/ is uniquely specified by its values on the nodes of
G. Note further that whenever we know 7/ for some point of the graph, there are only 3
possible values left for each of its neighbours (since neighbours are at distance at most €/2).
Now #Y is dominated by the amount of ways in which we can assign values of the type
(k + 1/2)e to nodes of G while keeping this restriction into account. Define, for i < 0,
Si ={p € G :dg(p1, p) =i}, where dg(p, q) denotes the minimum amount of edges that
need to be followed to walk from p to ¢ in G. Now we can start counting.

For pj, there are at most [ K /€] possible values (recall that any f € %] g has 0 < f < K).
Each node in S is a distance at most € /2 from p1, so each node can take at most 3 values. This
brings the possible amount of value assignments to (less than) [K /€] 3#51. Now each node
in $, is at distance at most € /2 of a node in Sy, so each of these can take at most 3 different
values. This brings the number of options so far to at most [K /€] 3*513#52. Continuing in
this way, we obtain that the number of ways to assign values is at most

5 10_013#5,' — 5 321-021#5',' — 5 3m—l — 5 3N(M,d,€/4)—l.
€ e € € €

Recall that m is the total amount of balls as we defined at the beginning of the proof, which
we chose equal to N(M, d, € /4). Now we know that for ) <€ < §

N(gzl P ” . ”OO 6) < ’75—‘ 3&/(6/4)d—1 — ’75—‘ ll4d/gd_1
” T e € '

This implies that there exists ¢ > O such thatforall0 < € < §, N(Z1.k. || - lloo, €) < ecle!
O
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Now we see that forany 0 < € < § :

_ 2K? 2c¢K?
E[W; (1™, V)] < 2¢ +./ ~ logexpc/ed = 2¢ + cTe_d/z.

—1
Elementary methods show that this value takes a minimum at € = coN @2 where c( is some
—1
constant (take N large enough such that coN @72 < §). This shows that the optimal bound

that we get is
= 2¢K? —1\—d/2 = L
2coN a2 + N (CON d+2) = 2coN 4+2 + ¢ N a+2

where c; is the product of some constants that don’t depend on N. This shows that

E[W; (1", V)] < Qeo + c)NT2 — 0
asn — oOQ.

Convergence a.s.

It remains to show that Wy (Y, V) goes to zero almost surely. For a function f : MY — R
define

Dif(pi,-.., pn) = sup f(P1,.-.s Pi—1,Z; Pitls---» PN)
zeM

—inf f(p1,..., Pi—1, % Di4ls---» DN)-
zeM

Further, define the function H : MY — R by

1 _
— ;) — dav !,
(p1 PN) > sup {N;g(p) /Mg ]

g€<?|
Note that H(py, ..., py) = Wi (uV, V).

Lemma3.16 Set(asbefore) K = sup, ,cp d(p, q). Thenforeachl < j < N:||DjH||oc <
K/N.

Proof Let1 < j < N and fix py, ..., py. Denote for p € M and g € %

N

. 1 _
Fe.n==[ Y ep)+ep —/ gdv.
N\ ~—,. M
i=1,i#]j
Now let p, g € M. Then for any g € .Z7:
(g, p) = H (g )l = ~1g(p) — s@)] < —d(p.q) < =
8P &l =lgp) —s@)l = Zd(p.q) = -

This shows that g — J/ (g, p) and g — J/ (g, g) are always at most K /N apart from each
other, which implies that

sup J/(g, p) — sup J'(g,q)| <
geF 1 geF

=] X
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Now
DiH(p1, ..., pN) = sup H(p1, ..., Pi—1, P, Pi+1s---» PN)
pPeEM
— inf H(p1,..., pi-1.4, Pi+1,---» PN)
qeM
= sup |H(p1,..., Pi—1,Ds Di+1s---+ PN)
P.qeM
_H(pls D) pi—l»‘b pi+17 --~7PN)|
) . K
= sup |sup J/(g,p)— sup J/(g,q)| < —.
P-qEM |ge T geT N
Since Py, ..., Py were arbitrary, we conclude that ||D; H||oo < % O
Now we are in position to prove the main result.
Proposition 3.17 W, (u", V) — 0 almost surely as N — o0.
Proof Since Py, ..., Py are independent, (van Handel [21], Theorem 3.11) gives us that for
any t > 0
PWi(uN, V) —EW (uN, V) > t) =P(H(P,..., Py) —EH(Py, ..., Py) > 1)

- < —2¢2 ) - <—2t2N>
= exp —_— = GXp 1,
SN IIDkHIZ K?

where the last inequality follows from Lemma 3.16. For reasons of symmetry we obtain

N 7 N © —212N
P()WI(M V) —EWy (1 ,V)‘>t)§Zexp = ).

By a standard application of the Borel-Cantelli lemma, this implies that W (u™, V) —
EW; (u?, V) — 0 a.s. Since we have already seen that EW, (uV, V) — 0, we conclude
thata.s.as N — oo

Wi (MN , V) —> 0.

[m}

We conclude that sampling uniformly from the manifold yields a suitable grid with proba-
bility 1.

4 Hydrodynamic Limit of the SEP

In Sect. 3 we showed the existence of uniformly approximating grids. In this section we will
apply such grids. We will use it to define an interacting particle system on the manifold. Then
we will show that this interacting particle system has a hydrodynamic limit and that this limit
satisfies the heat equation (the precise formulation is given in Theorem 4.2). We follow a
standard method that is used in (Seppildinen [17], Chap. 8) for the Euclidean case.

Now let (G, Wy)3r_, be a sequence of uniformly approximating grids with corresponding
weights. Recall that this means the following. There is a sequence (p,);2, in M such that
GN = {p1,..., pn}. Oneach GV, there is a random walk X" which jumps from p; to Dj

@ Springer



104 B. van Ginkel et al.

with (symmetric) rate Wl.’\.’ . We assume that there exists some function @ : N — [0, co) and
some constant C > 0 such that for each smooth ¢

N
a(N) Y W@ (pj) — ¢(pi)) — CAMP(pi) (N — o0)
Jj=1

where the convergence is in the sense that for all smooth ¢!

N—oo N 4
i=1

N N
1
lim *E a(N)E W57(¢(Pj)—¢(pi))—CAM¢(pi) =0. (19)
j=1

By dividing a(N) by C if necessary, we can assume that C = 1.

Remark 4.1 Note that for the result of this section it is not necessary to construct grids from a
sequence. Any sequence of finite grids such that (19) holds would do. However, since the grid
that we constructed in Sect. 3 is of this form and this section partially serves as an example
of the application of that grid, we formulate our results in this section in the same way.

4.1 Symmetric Exclusion Process

The Symmetric Exclusion Process (SEP) is an interacting particle system that was introduced
in Spitzer [19] and studied in detail in (Liggett [15], Chap. 8). The idea is that there is some
(possibly countably infinite) amount of particles on a (possibly countably infinite) graph G.
The particles are considered identical. Each particle jumps after independent exponential
times with parameter 1 from x to y with probability p(x, y), provided that the place that it
wants to jump to is not already occupied. Otherwise, the jump is suppressed. We assume that
p(x,y) = p(y, x). Let n; € {0, 1}¢ denote the configuration of the particles at time ¢, i.e.
n;(x) = 1 if there is a particle at place x € G at time ¢ and 0 else. We will sometimes write
n(p,t) = ny(p). For any configuration 1 and points x, y define n*> by

nx) ifz=y
@) =190y ifz=x
TI(Z) ifz#x’y

An equivalent description of this process is the following. All edges (xy) have independent
exponential clocks with rate p(x, y) = p(y, x). Whenever a clock rings, the particles that
are at either side of the corresponding edge jump along the edge. This means that if there are
no particles, nothing happens. If there is one particle, it jumps. If there are two particle, they
switch places. Since we are not interested in individual particles, the configuration stays the
same in the latter case. Note that in this way there can never be more than two particles at the
same place. Using the notation introduced above, we see that the generator of this process is
defined on the core of local functions as

1
Lf(n) = 5 32 p ™) = ().
X,y

The factor % is there since we count every edge twice.

! Recall from Remark 3.4 that if we replace the average in this expression by a supremum, this condition
implies convergence of the corresponding semigroups.
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The Process
We now define the SEP ¥ = (nV);>0 on GV through the generator

a

N & . v
5 > W@y —h@m), h:{0.139 >R
i, j=1

LNh(n) =

Here '/ := nPiPi. It follows from our considerations above that this process describes
particles that perform independent random walks according to X with the restriction that
jumps to occupied sites are suppressed.

Let (X;)72, be some sequence of (possibly degenerate) random variables taking values in
{0, 1}. Set as the initial configuration n(l)v (pi) = Xi.

4.2 Hydrodynamic Limit

We will use this subsection to give the basic definitions that describe the idea of a hydro-
dynamic limit. At a microscopic scale, the particles are just random walkers with some
interaction, but at the macroscopic scale (where limits are taken in space and time), the
behaviour is deterministic: it is described by a partial differential equation (in our case the
heat equation).

Path Space

Now write R(M) for the space of Radon measures on M with the vague topology and let
D = D([0, 00), R(M)) denote the space of all paths y : [0, 0c0) — R(M) such that y is
right continuous and has left limits. On this space we can define the Skohorod metric (see
for instance [17, Appendix A.2.2]). Since R(M) is a Polish space, it can be shown that D
with the Skohorod metric is a Polish space too.

Initial Conditions and Trajectories of Particle Configurations
Define

N
1
u =5 DSt (pi),
i=1

where §,, is the Dirac measure which places mass 1 at p € M. It puts a point mass at each
particle and rescales it by the amount of possible positions, which represents the particle
configuration ntN at time . In particular /Lﬁv is a sub-probability measure and is in R(M).
Instead of dealing with this problem pointwise for each 7, we will look at trajectories. As the
particles move according to the SEP, yN 1[0, 00) - R(M) defined byt — Mg\/ is a random
trajectory and hence a random element of D. It represents the positions of the particles
over time. The initial configuration X1, ..., X» and the dynamics of the SEP determine a
distribution O on D. In this way we obtain a sequence (oN )N —o of measures on D.

Assumption on the Initial Configuration
We assume that there exists a Ineasurable function pg : M — R such that 0 < pg < 1 and
[,L(I)V converges vaguely to podV in probability, i.e. for any continuous ¢ as N — o0:

/ pdpd — / po¢dV  in probability. (20)
M M

If this is the case, we say that podV is the density profile corresponding to the configura-
tions né\' . Note that using measures here to represent the particles provides a bridge between
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separate particles (discrete measures) and density profiles (measures that are absolutely con-
tinuous with respect to V). We would like to show that if this initial condition is given, then
at any time ¢ the configurations ntN have a corresponding density profile p;dV. Moreover,
we want to show that t — p; solves the heat equation with initial condition pp.

Example of Initial Distribution

Suppose for now that the p;’s are such that for any continuous f: % vaz 1 f(pi) —
f ult dV 2 Define the random variables (X i){2, to be independent Bernoulli random vari-
ables with EX; = po(p;) for some continuous function pg : M — R with 0 < pg < 1. Then
we see as N — oo:

o]

1 & 1 &
E [N qu(p,-)né“(m} = 2P PIEN (p)
i=1 i=1

1 Y _
Nqu(pi)po(pin«bpodv,
i=1

since ¢ and pg are continuous. Further,
1Y g
var [ [ oo ] — var [N S gl (m)} = 2 2 dpvarnl (i)
i=1 i=1

1 N
= 7 29 PDPo(p) (1 = po(pi)) — 0.

i=1
Together this implies that (20) holds here for any continuous ¢.

Main Result
After all these definitions, we can state the main result of this section.

Theorem 4.2 Let M be a complete, n-dimensional, connected Riemannian manifold and let
(Gn, WN)N—, be a sequence of uniformly approximating grids with corresponding weights.
Let ntN be particle configurations that behave according to the SEP on (Gy, Wy) and let
;Lfv be its measure valued representation. Suppose that ,u(l)v has density profile podV for
some measurable function po. Then the trajectory t +— va converges in probability to the
trajectory t +— p;dV in the Skohorod topology, where t — p; satisfies the heat equation on
M with initial condition py.

4.3 Convergence Result

Dynkin Martingale

The proof of the hydrodynamic limit follows the line of (Seppildinen [17], Chap. 8) which
is a canonical method that is also discussed in Kipnis and Landim [13]. However, in our
context, there are several new technical difficulties along the way which we have to tackle.
Its core calculations are based on the following Dynkin martingale result. It is a standard
result and it is also proved in Seppildinen [17]. We will formulate it in terms of our situation
on a compact Riemannian manifold.

2 Since Kantorovich convergence is stronger than convergence in distribution, this is in particular true for the
grids that we consider in Sect. 3.
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Proposition 4.3 Let {n;,t > 0} be a Feller process on a compact Riemannian manifold with
generator L and semigroup S;. For any function f such that both f and f* are in D(L),
define

M, = f(n) — fno) — /0 Lf(1,)ds.

Then M; is a martingale with respect to the filtration % = o{n,,r < t}. Moreover, its
quadratic variation (M, M), equals fot y (s)ds, where y(s) = (L(fz) —2fLf)(ns).

Application of the Proposition
Flrst of all fix a smooth function ¢ on M. Define for n € {0, l}G fN ) =

i lel n(pi)(pi) = n(p), where p = + lel 8in(p;). Note that since LY is the genera-
tor of arandom walk on a the finite space of configurations, its domain consists of all functions

on those configurations, so in particular £V and (f")? are in it. Applying Theorem 4.3 in
this situation shows that M¥ defined by

t
A P g —/0 LN £ (nyds @1)

is a martingale with quadratic variation <M N MmN > . = fot y(s)ds, where y(s) =
(LN (N2 = 2N LN £V (55). Some basic manipulations show that

Negijy _ Ny Lo N
ST =)= N(¢(p,) & (pi))(n(p;) —n(pi). (22)

Inserting definitions and leaving out some indexes (to keep everything clear) shows that the
right hand side of (21) equals

1 & 1 &
5 qu(p,-)(m(pf)) =~ 2_ ¢ w0(p)

i=1 i=1

N
_ /Oa( )Z W @(pj) = ¢ (pi)(ns(pj) = ns(pi))ds

i,j=1

N N "a(N) w N
=y (@) — g (@) —/0 N Z Wi (@(pj) — ¢(pi))ns(pi)ds

i,j=1
N N
=u,N(¢)—u3V(¢)—/O ~ 2 spi) | atN) D WiT @ (pj) = ¢(pi)) | ds. (23)
i=1 j=1

Using Convergence of the Generators
By (19), we can write for any p;:

a(N)Z (¢(p] —¢(pi)) = Amp(pi) + Ep,(N), (24)
where
| N
E(N) = v Z|E,,,.(N)| -0 (N — o0). (25)

i=1
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This shows that

1 1 N
/0 5 2 s (pi) a(N)Z Y @) —o(p)) | ds
i=1

t 1 N
:/0 & 2 ns(p) (Awd(pi) + Ep, (N) ds
i=1

N

t 1 t 1 N
=/0 NZ'M(P;’)AMMPi)dS-F/O Nva(Pi)Epi(N)dS
i=1 i=l1
' t N
= fo s (Ayrp)ds + /0 5 2 ms(P)Ep (N)ds.
i=1
Plugging this into (23) and (21), we obtain:

t rq N
i (@) — g (§) — /0 1y (Aug)ds = MY + /0 5 2 (PDEp (N)ds,  (26)
i=1

so forany T > 0O:

sup [ @)~ @) — [ 1 @woras| < sup [
0<t<T 0=<t=T
t 1 N
N
- VE, (N)ds|. 27
+021£T/0 N,;ns (P)Ep, (N)ds 7

We want to show that this expression converges to 0 in probability. We will deal with the
terms on the right hand side separately.

The Error Term
First of all

t 1 N
/*ZnN(p‘)E (N)ds
0 N s 1 Pi
i=1

r N N !
5[0 N;Im (pi)”EPi(NNdSS/O E(N)ds
=tE(N),
SO

sup
0<t<T

<TE(N) — 0 (by(29)).

[y
— > ns(pi)Ep;(N)ds
o N3 "

Convergence of the Martingale to 0
Now for the other term. Since the trajectory ¢ +— /L;V is cadlag, so is M. Hence by Doob’s

inequality we see:
E|MY|
>8] < — (28)

P sup ‘MTN
0<t<T

To show that E|M} | goes to 0, it suffices to show that E (M", MV )T goes to 0 (since then
E [(M[TV)Z] = E(MN, MN>T — 0 and hence IE|M’TV| — 0). This is what the following
lemma tells us.
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Lemma4.4 Forany T > O:
lim E(MN, MN> —0.
N—oo T

Proof Recall that (MY, M), = fOT (LN (N2 —2fNLN Ny (55)ds. By writing out, one
simply obtains

(LN(fN)Z—ZfNLNfN)(n)Zi/X:I (2) N7y — a3

Using (22), we see
g 1 2
(fF7y = fa)* < (ﬁ(‘f’(Pj) —¢(pi)((pj) — 77(171'))) < ﬁ(‘ﬁ(!’j) — ¢ (p))*,
since 11(p;) € {0, 1} for all i. This shows that

T
0 < (MY, mY) = / @V (N = 2N LN VY (ne)ds

N
_/0 W) S W) — op0as = T S WX o)) - a0

2N? et 2N2 P
This implies that also
N
0<B(m¥ M) <75 S wh @) - () 29)

i, j=I

We can estimate this term by using (25). Some basic manipulations show that

a(N) N N N
o 2 Wi @) — e = —Empi)a(N)ZW,»y(«zs(pj) —$(pi))

ij—l

—Z«p(p, (Amd(pi) + Ep (N)) = Zmpl)AMmp,)—qu(p,)Ep,(N)

i=1 i=1 i=1

where the E),,’s are as before. This implies that

lim sup ZNZ Z (@) —¢(p))’

N—o00 ij=1

N
< lim sup Z¢<pl>||AM¢<pl>|+ Z|¢(p,)||Epl(N)|

= i=1

= llmsup*||<75||oo||A1v1<i>|Ioo +11mSHP*||¢|IooE(N) =0,
N—

N—o00

where in the last step we used (25). So we obtain

Z N (@(pj) —(pi))* =0.

m 2
N—o00 2N
i,j=1

Together with (29) this gives the result. O
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We conclude from the lemma that the right hand side of (28) goes to zero as N goes to infinity
and € goes to zero, so

lim lim sup ‘M,N
€l0 N—>000<t<T

=0 in probability.

Convergence of (27) to O in Probability
Combining everything above and using (27), we conclude that

lim sup
N—oo 0<t<T

=0 in probability.

=3,

It can be shown, as in (Seppildinen [17], Chap. 8), that H 3 is closed for any § > 0. Recall
from page 26 that we write the distribution of # — Y as Q. Then the convergence result
above implies that for any § > 0:

t
1N @) — ud @) — /0 1N (Ayd)ds

In particular, for any § > 0, define

H'={aeD: sup
0<t<T

t
o (@) — ap(9) — /0 os(ApP)ds

li NH®Y =1.
R

Tightness of (0V)¥_,

We will need that the sequence of distributions (QV Y-, is tight. This can be shown in
exactly the same way as (Kipnis and Landim [13], p.55-56). In fact all the most crucial
calculations have already been performed above.

Lemma 4.5 The sequence of distributions (Q~ Y- is tight.

Proof Ttneeds to be shown that the two conditions of (Kipnis and Landim [13], Chapt. 4, Thm.
1.3) are satisfied. Note that for any continuous f we can map a path v € D([0, T], R(M)) to
the pathin D ([0, T'], R) givenby ¢ +— v;(f). Thisinduces a sequence of distributions oN !
on D([0, T'], R). By (Kipnis and Landim [13], Chap. 4, Prop. 1.7) and the fact that the smooth
functions are uniformly dense in the set of continuous functions on a manifold, it suffices to
prove the conditions of (Kipnis and Landim [13], Chapt. 4, Thm. 1.3) for { QNf’l, N > 0}
for all smooth f. Fix such f. Since each path stays in the set of sub-probability measures,
the first condition is easily satisfied. For the second condition, it suffices to prove Aldous’
tightness criterion, i.e. that

lim limsup sup QN f~! Hﬂ(f) - uiv+9(f)’ > e] —0, 30)

y=>0 Nooo teZr.0<y

where Z7 denotes the set of all stopping times bounded by 7. We know from equation (26)
that there exists a martingale M (depending on f') such that

t t N

W =i (= [ sunas = Y+ [0S 0B, as.
U N

(In

® (11D

It therefore suffices to check the tightness criterion for the RHS of this equation and for the
integral on the LHS (since the only other term is constant). Now we can make the following
estimations.
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(I). First of all, since uﬁv is a sub-probability measure and Ay, f is bounded:

< O0llAm flloo-

]

T+0 T
/O i1 (A frds — /0 1N (A f)ds

T+6 T
/0 i (A fds — /0 u (A fds

This implies that

+0 T
sup QN st H /0 uN(Ap f)ds — /0 uN Ay f)ds

telr,0<y

<oNf! [ sup

telr,0<y

< oM ! [ sup  Ol|Aum fllso > e} <OV YIIAM flloe > €] = Lyjjay flisese-

el T, 0 <y
This implies that the limit in (30) is smaller than

Jim, lim SUp Ly il ¢ = 10 Lyiiau flloe=e = 0,
so (I) satisfies the tightness criterion.
(IT). Further, the calculations above show that

T 1 N
’ / Zny (pi) Ep;(N)ds — /0 5 25 (P Ep (N)ds
i=1

Here K is some positive number which exists, because of (25). This part satisfies (30) in the
same way as the previous part.

(IIT). Now for the last term, we first estimate E [(M2, , — MY)?] (as is done in (Kipnis and
Landim [13], p.56)). Naturally, the expectation is taken with respect to Q" f~!. Note that
because of the martingale property:

<60E(N) <0K.

0 < B[, - M| =B —Ewm))? =E(m", m") 9—]E<MN,MN>.
T+

T

We see from the calculations in the proof of Lemma 4.4 that

N
N
—E(m". m") < 9“2(N2) > W @) — (i)

i,j=1

E <MN MV >
T+6

Since the term after 6 converges to 0, we see that it is bounded by some constant «. By
Chebyshev’s inequality we obtain:

— [(M ] MN)Z] Oa
OV 7t (1M = MY| > €) = 2 <
Since ;
o o
lim limsup  sup — = lim lim sup > = = lim )/2 =0,
y=>0 Nooo teZy.o<y € y=>0 Nosoo € y—0 €

this part satisfies (30) too.

Limit Distribution
We have just shown that (QV )5 is a tight sequence of measures on D. This implies that
every one of its subsequences is also tight and therefore has a weakly convergent subsequence.

@ Springer



112 B. van Ginkel et al.

If these all have the same limit, then it follows from a basic result in metric spaces that the
sequence itself converges weakly to that limit. It therefore suffices for weak convergence
of (QV )—, to show that every weakly convergent subsequence of (VN )~ has the same
limit. Let (QN’C),fo=1 be any weakly convergent subsequence and denote its limit by Q. Since
H is closed, we know for any § > 0 that

Q(H®) > limsup Q" (H®) =1,

k— 00

SO Q(H‘s) = 1. Since this holds for any § > 0, we see

0(H") = 0 (fjl Hri> —1-0 (Q(Hzi)c) > 1 _g 0 ((H%)C) 1.

This means that
= 0) =1.

By doing this for a countable set of functions ¢ that is dense in C*° with respect to || - ||co +
[|Aa - ||oo and arguing that this implies the same for any smooth function we see:

t
0 <a eD: sup |oy(d) — ao(9) —/0 as(Apy@)ds

0<t<T

t
i (¢) — ao(9) _fo os(Ap¢)ds

Q((xeD:sup =0 V¢eC°°>:l.

0<t<T

Since this holds for any 7 > 0, we see that Q—a.s. for every r > 0 and for all smooth ¢:

t
a;(¢) — ao(9) :/0 as(Apmp)ds. €1y}

Note that (31) is a weak, measure-valued formulation of the heat equation. We will argue
and use shortly that this equation uniquely determines the trajectory ¢ — «; given the initial
conditions.

Continuity

To obtain uniqueness, we first need to know that the trajectory is continuous. For the R" case
this is shown in (Seppildinen [17], Lemma 8.6). The result can be shown in exactly the same
way in our case, so we will not provide all the details. The topology on the space of measures
is generated by the following metric:

dy (. v) = Y277 (1A |u(e)) — v(g))

j=1

).

for some sequence ¢; € C*°(M). It suffices to control

supe™ dy sy, ).
>0

Doing that can be reduced to showing that for any 7 > 0 and € C*(M):

1
=0 p—oo 0<s,t<T,|s—t]|<d

imlimsupIE[ sup M?’(¢>)—M?’(¢>)’2]
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This can be done by using the Dynkin martingale representation (26) and bounding all
the differences as in the proof of tightness. The only term that needs some attention is
(MtN -M SN )2, but it can be controlled using Doob’s maximal inequality:

E sup (MM =M’ | <E| sup 4M")

0<s,t<T,|s—1]<8 0<t<T

< 16E(M})? = 16E (MY, MN>T ,

which goes to zero according to Lemma 4.4.

Uniqueness

To obtain uniqueness of limits of subsequences of O, we need to know that there is a unique
continuous solution to (31) that has initial condition podV. We know that ¢ > p,dV is a
continuous solution to (31) with the right initial condition if # — p; satisfies the heat equation
with initial condition pg. Therefore it suffices to show that this solution is unique. This result
is proven with a boundedness condition in (Seppéldinen [17], Thm A.28). The main idea
of the proof is that the measure valued path «; is smoothed by taking its convolution with
some smooth kernel with bandwidth € > 0. Then it is shown that this trajectory of functions
satisfies the heat equation with initial condition pp in the strong sense (by interchanging
integral and derivatives and using that these identities are known for sufficiently many ¢),
so it must equal ¢t > p;. Then by letting € go to zero, it is shown that the original trajectory
t — o, must equal t — p;dA, where A is the Lebesgue measure.

To obtain the analogous result in our setting, we cannot use convolution, since this is not
well-defined on a manifold. However, we can smooth the measures by integrating the heat
kernel at time € with respect to the measures. Using this smoothing, we can follow exactly the
same approach, i.e. showing that the smoothed trajectory satisfies the heat equation in a strong
sense and then letting € go to 0. The boundedness condition is a bound on volumes, which is
needed for some estimations in Seppilédinen [17] and for the uniqueness of the strong solution
to the heat equation. Since we work in a compact setting and with probability measures, such
a bound is not necessary. The uniqueness of the strong solution to the heat equation is a
standard result in our case (so for a compact and connected Riemannian manifold). See for
instance [11, Thm. 8.18]. Results on the heat kernel on a manifold can also be found in
Grigoryan [11].

Conclusion

Now let ¢t + p; be the solution to the heat equation on M with initial condition py and
call B := (t — p,d‘_/). Recall that (31) holds Q—a.s. By the uniqueness result above, this
implies that Q is a Dirac distribution with g as its support. Since this does not depend on
O™, it must be the same for any convergent subsequence, so with arguments given above,
we conclude that QN — Q weakly. Let ¥V denote the random trajectory ¢ > ufv . Since
Q is degenerate, the weak convergence implies convergence in probability, so y — 8 in
probability. This is what we wanted to show.
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Appendix

Lemma Let (p;)i2, be a sequence for which the empirical measures converge to the volume
measure in the Kantorovich sense. Define €(N), WiN and k as in section 3.1. Additionally
suppose that there exists some o > 0 such that k(x) > 0 for all x < «. Say that there is an
edge between p; and pj whenever WiN > 0. Then the corresponding graphs are eventually
connected (in other words: there is some Ny such that for all N < No, Vn with edges as just
defined is connected).

Proof Define

G N (B) := the graph that is obtained from Vy by putting an edge
between vertices at distance < 8
By = 1inf{f > 0 : Gy (p) is connected}.

Since Gy (0) is not connected (for N > 1), Gy (supp,qu d(p, q))is connected and G y (B1)
contains all edges of G x(B2) for B > B, itis clear that By is a finite number strictly larger
than 0. Further note that G 5 (By) is connected (so the infimum is actually a minimum).
Now note that there must be two points p’, g’ € Vy such that p, ¢ have an edge between
them for 8 = By and are not connected for 8 < By (we call p and g connected if there is a
path from p to ¢). Indeed if any pair p, g € Vy that has an edge between them for 8 = By is
still connected by some path for some B,, < By, we see that for g’ = sup,, , Bpg < Bn the
graph Gy (8') is connected, which contradicts the definition of By (note that the supremum
ranges over a finite amount of numbers, since Vy is finite). Fix such p’, ¢’ € Vy.

Now let sy be a point on M such that d(p’, sy) = d(q’, sy) = Bn/2. Then B(sy, Bn/4)
does not contain any point of Vy (since by the triangle inequality such point would have
distance < 38y /4 to both p’ and ¢’ so p’ and ¢’ would be connected to each other via this
point in G y (38y/4), which contradicts the choice of p’ and ¢’).

Now we define the following functionly : M — R

_ By Bn
lmmz{ﬂnw) v peB(sw. )

otherwise

Itis easy to see that [y (p) —In(g)| < d(p, q),soly is Lipschitz with L;,, < 1. This implies
that

meWz/mwNiﬁmV

Since [ is only non-zero on B(sy, By /4) and this set does not contain points of Vy, we see
that

/lNdMN =0.

Further, since [y is non-positive and [y < —By/8 on B(sy, Bn/8, we see that

[lNdV < —V <B (sN, ﬁl)) ﬂl,

8 8
so we conclude that Wi (u®, V) > V(B(sn, Bn/8))Bn/8. Since Wi (", V) goes to zero,
it is easy to deduce from this inequality that 8y — 0. Hence there are constants C’, C” > 0
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(not depending on sy ), such that for N large enough

— = Bv\\ B s (Bv\ B ,
Wl(,uN,V)zV<B(sN,?N>)?N2C (%) %’:c,ﬂ;@“.

Now we see there is a C > 0 such that for N large enough

_ T — 1 d+l
ey = | sup Wi (u™, V) > WV, V)= > CBy™.

m>N

This implies that there is some Ny such that for all N > Ny aey > By. By our choice of k,
all points at distance ey or less are joined by an edge, so this inequality combined with the
definition of By shows that for all N > Ny Vv with edges as defined in the lemma statement

is connected. O
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