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1 Introduction

To investigate long time asymptotics of random walks on graphs is one of the most central
topics in harmonic analysis, geometry, graph theory, to say nothing of probability theory.
In particular, central limit theorems (CLTs) has been studied intensively and extensively in
various settings. The main concern of this article is CLTs for non-symmetric random walks
on a I'-nilpotent covering graph X, that is, X is a covering graph of a finite graph X, whose
covering transformation group I' is a finitely generated and nilpotent group. If I' is abelian,
then X is called a I'-erystal lattice (see Figure 1 for typical examples of crystal lattices).

In a series of papers [Kot02, KS00-1, KS00-2, KS06], the authors studied long time asymp-
totics of symmetric random walks on a crystal lattice X by employing the theory of discrete
geometric analysis, which has been developed by themselves. Note that the name of the the-
ory was given by Sunada (see [Sunl3] for more details). Especially, in [KS00-2], the authors
introduced the notion of standard realization, which is a discrete harmonic map @y from a
crystal lattice X into the Euclidean space I' ® R equipped with the Albanese metric, to char-
acterize an equilibrium configuration of crystals. In [KS00-1], the authors proved the CLT
by applying a homogenization method through the standard realization ®,. As the scaling
limit, they captured a homogenized Laplacian on I' ® R. In [Ish03], the author discussed a
similar problem to [Kot02, KS00-1] for symmetric random walks on a I-nilpotent covering
graph X. It is known that X is properly realized into a nilpotent Lie group G such that I is
isomorphic to a cocompact lattice of G (cf. [Mal51]), so that we define a realization of X by



\
) o9 i
o1 a1
Xy = 8 Xo =
/

Square lattice Triangular lattice

o
% Xo=

Hexagonal lattice Dice lattice

ﬁ

« >

Figure 1: Crystal lattices with the covering transformation group I' = {0y, 0q) = Z2

a I'-equivariant map ® : X — G. By extending the notion of harmonic realizations to the
nilpotent case, he established a CLT for symmetric random walks on X.

If we consider non-symmetric cases, the above method cannot be applied directly since
the diverging drift term arising from the non-symmetry of the given random walk does not
vanish. To overcome these difficulties in the case of crystal lattices, the authors introduced
in [IKK17] two schemes.

Scheme 1: Replace the usual transition operator by the transition-shift operator to “delete”
the diverging drift term. By combining this scheme with a modification of the harmonicity
of the realization @y : X — I' ® R, they proved that

1 .
(5 (@) = Intlow)}) | — Biosisr in law
as n — 00, where (By)o<i<1 is a '@ R-valued standard Brownian motion. Here pg(y,) € I'®@R
is the so-called asymptotic direction which appears in the law of large numbers for the random
walk {®g(wy)}22, on I @ R.

Scheme 2: Introduce a one-parameter family of I'@R-valued random walks (£))g<.<; which
“weakens” the diverging drift term, where this family interpolates the original non-symmetric
random walk &5 := ®g(w,) (n = 0,1,2,...) and the symmetrized one £©). Putting & = n~1/2
and letting n — oo, we have

— (Be+ pR(7P)t)ogtgl in law
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as n — oo. We emphasize that this scheme is well-known in the study of the hydrodynamic
limit of weakly asymmetric exclusion processes. See e.g., Kipnis-Landim [KL99], Tanaka
[Tan12] and references therein.

In [IKN18-1], we proved a functional CLT (i.e., Donsker-type invariance principle) for
a non-symmetric random walk {w,}>, on the I'-nilpotent covering graph X. by applying
Scheme 1 to the nilpotent setting. To establish it, we generalize the notion of the harmonic
realization to the non-symmetric case, which is called the modified harmonic realization
do: X — G (see Section 2 for the definition). Let g = gV @ g® @ --- @ g be the graded
Lie algebra of G, Where 7 is the step number of G. Note that g(!) is the generating part of g
and g® = [gV, g Y] for i = 2,3,...,r. As the CLT-scaling limit, we captured a diffusion
process on GG generated by a homogenized sub-Laplacian with a non-trivial g®-valued drift
B(Pg) arising from the non-symmetry of the given random walk. The main purpose of this
article is to give a rough sketch of the proof of a functional CLT for a non-symmetric random
walk {w, }22, on the I-nilpotent covering graph X by applying Scheme 2 to the nilpotent
setting. As will be seen later, we will capture a different diffusion process on G generated by
a homogenized sub-Laplacian with the constant drift of the (g")-)asymptotic direction. We
refer to our recent paper [IKN18-2] for more details and complete proofs of main results.

2 Notations

Denote I' by a finitely generated, torsion free and nilpotent group of step r. Let X = (V| E)
be a T-nilpotent covering graph, where V' is the set of its vertices and E is the set of all
edges. For an oriented edge e € E, we denote by o(e), t(e) and € the origin, the terminus and
the inverse edge of e, respectively. We write E, = {e € E| o(e) = z} for z € V. We denote
by Q,,,(X) the set of all paths of length n € NU {oo} starting from = € V. For simplicity,
we write Q,(X) = Q0o (X).

By Malcév’s theorem (cf. [Mal51]), we find a connected and simply connected nilpotent
Lie group (G, -) of step r such that I" is isomorphic to a cocompact lattice in G. Let g be
the corresponding Lie algebra of G. By replacing the product - by a certain deformed one
*, the nilpotent Lie algebra g admits the direct sum decomposition g = P;_, g satisfying
(9@, g"] c g for i +j < r and g = [gV, g~ Y] for i = 2,3,..., 7. The nilpotent Lie
group (G, ) is called a limit group of G. Moreover, the dilation operator 7.:G— G((e>0)
becomes not only a diffeomorphism but also a group homomorphism. See e.g., [[IKN18-1,
Section 2] for details.

Let (Q.(X),P,, {w,}32,) be the time-homogeneous Markov chain on X induced by a
non-negative I-invariant transition probability p : E — [0, 1) satisfying

Z ple) =1 (xeV) and ple)+pE) >0 (e€ E).

e€Ey

Through the covering map = : X — Xy := ['\X, we may also consider a random walk
{wn, = 7(wy,)}2, with values in Xy, which is associated with the transition probability
p: Ey — [0,1) by abuse of notation. Let m : V; — (0, 1] be the normalized invariant



measure on X, and we also write m : V' — (0, 1] be a T-invariant lift of m to X. Then the
random walk on X is said to be (m-)symmetric if p(e)m(o(e)) = p(e)m(t(e)) for e € Ey.
Otherwise, it is said to be (m-)non-symmetric.

We define the homological direction of Xy by

Vo 1= Z ple)m(o(e))e € Hi(Xo,R),

ecEy

where H; (X, R) is the first homology group of X,. We note that a random walk on Xj is
(m-)symmetric if and only if 7, = 0. By employing the discrete analogue of Hodge—Kodaira
theorem (cf. [KS06, Lemma 5.2]), we equip the first cohomology group H!(X, R) with the
inner product

(wiwalp =D ple)m(o(e))wr(e)wa(e) = (ypwr)(hpwa)  (wi,ws € H'(Xo,R))

ecEy

associated with the transition probability p. Let pg : Hi(Xo, R) — g(!) be the canonical
surjective linear map induced by the canonical surjective homomorphism p : m1(Xy) — T,
where m;(Xj) is the fundamental group of X,. We call pg(7,) the (g1)-)asymptotic direction
of Xp. It should be noted that -y, = 0 implies pr(7,) = 0 though the converse does not hold
in general. Then, through the transpose map ‘pg, a flat metric go on g is induced from
((-,-)p as in the diagram below.

(9(1)790) = Hi(Xo,R)

[dual Idual

Hom(gW, R)~— (H'(Xo,R), (-, )p)-

‘pr

We call the metric gy the Albanese metric.

A map ® : X — G is said to be a I'-equivariant realization of X when it satisfies
O(yx) =y P(x) for v € T and & € X. A T'-equivariant realization @y : X — G is said to
be modified harmonic if it holds that

Z p(e){ log ((I)O (t(e))) |g(1) — log (@0(0(6))) |g(1>} = PR(%) (xeV),

where log : G — g means the inverse map of the usual exponential map exp : g — G. Note
that such ®; is uniquely determined up to g(-translation, however, it has the ambiguity in
the components corresponding to g@ @ g® @ --- @ g,

3 A one-parameter family of modified harmonic real-
izations

The aim of this section is to introduce a one-parameter family of non-symmetric transition
probabilities and discuss several properties of the corresponding family of modified harmonic
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realizations, which play a crucial role in Scheme 2. For the given transition probability p,
define a family of I-invariant transition probabilities by (p:)o<e<1 on X by

pe(e) :=pole) +eqle) (e € E), (3.1)
where
1 m(t(e)) 1 m(t(e))
€)= = e)+ —/——% E) and e::f(e—i é).
wle) i= 5 (pl0) + o0 ale)i= 3 (pl0) ~ @
Needless to say, the family (p.)o<c<1 is given by the linear interpolation between the transition
probability p = p; and the m-symmetric probability p,. Moreover, We easily see that v, =
&7, for 0 <e <1 and the normalized invariant measure associated with p. coincides with m
for 0 <e <1 (cf. [KS06, Proposition 2.3]).
Let L be the transition operator associated with p. for 0 < e < 1. We also denote

by g(‘s> the Albanese metric on g(") associated with p.. We write G/ for the nilpotent Lie
group of step r whose Lie algebra is g = (g"), g<6>) g@ @ @g. We equip G0y with the
Carnot—Carathéodory metric dee defined by

decla.) = int { [ 16000 dt : e(0) = g.e(1) = h.ift) € o)}

for g,h € G(o), where ggt)) denotes the evaluation of gV at ¢(t). We note that (G),dcc)
is not only a complete metric space but also a geodesic space so that we can consider the
geodesic interpolation of G gy-valued random walks. Let @Oa) : X — G be the (p.-)modified
harmonic realization for 0 < e < 1, that is,

S pe(e){ 108 (26 (1)) |y — o8 (26 (0e) o } =epe()  @weV).  (32)

e€Ey
We now impose the following assumption on ((I)és))ogegl.
(A1): For every0<e <1,
> m(@)log (9 ()1 - & (2))] o) = 0, (3.3)
zeF
where F denotes a fundamental domain of X.
Since the modified harmonic realizations ((P(()E))Ogggl are uniquely determined up to gV-

translation, it is always possible to take (®7)g-.<; satisfying (A1).
We are interested in the quantity defined by

(@) == > peleym(o(e)) log (B (0(&) " B (1(2))| oy (O <e< ).
e€Ey
Note that, if the transition probability py is m-symmetric, then ﬁ<0)(<1>(()0)) = 0. In particular,
we need to know the short time behavior of ﬁ(e)(q)((f)) as ¢ \, 0 for later use. Intuitively,
it is difficult to know the behavior since ((I)(()E))ogsgl has the ambiguity in g®-components.
However, we can show the following by imposing only (A1).
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Proposition 3.1 Under (A1), we have
: (e)y _ 0y _
ll\n(l) ﬁ(s)(@f ) = ﬁ(O)(CDO )=0.

This proposition will be used in the proof of Lemma 4.1.

4 Main results

We state our main results in this section. We define an approzimation operator P; : Coo (G (9)) —
Co(X) by P.f(z) := f(TE‘I’(()E)({ﬁ)) for 0 <e <1landz € V. We extend each element in g to

a left invariant vector field on (G, x). The following lemma plays a key role to establish the
first main result.

Lemma 4.1 For any f € C5°(G(p)), as N — 00, € \, 0 and N% \, 0, we have

1
HNT:Q(J LY)P.f — PEAfHOO —0,

where A is the sub-elliptic operator on C§°(G (o)) defined by

dy
1
LSV ). (11)
i=1

Here, {V1,Va, ..., Vy,} stands for an orthonormal basis of (g¢ ,g(() )).

Outline of the proof. To show Lemma 4.1, we need to apply the Taylor expansion formula
to (I — Lg))PEf in e. Then, the first order terms give rise to the constant drift of pr(y,) due

to the modified harmonicity of <I>[()€) so that we formally have, for x € V,

Sl IPf() (—vatpR )~ B () £(2) + O(57) + O(N%)

as N — 00, ¢ \, 0 and N2 N\, 0. Then, use Lemma 3.1 to verify the assertion of Lemma
4.1. This completes the proof. 1

Now combine the Trotter approzimation theorem (cf. [Tro58]) with Lemma 4.1 and we
arrive at the following first main result.

Theorem 4.1 (1) For 0 < s <t and f € C(G(), we have

lim HL["L/QS P, apf— Pn—1/ze_(t_s)"4fH =0, (4.2)
n—o0 ) fo o]
where (e7")> is the CV-semigroup whose infinitesimal generator A is given by (4.1).
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2) Let p be a Haar measure on Gy. Then, for any f € Cy(G()) and for any sequence
(0) (0)
(n=172)

{z,}52, C V satisfying lim, o0 7,12 (g (zn)) =t g € G(o), we have

lim L, B fan) = e A f(g) = [ H(hT < g)f(h) p(dh) — (t>0),  (43)

n—oo G(O)

where H:(g) is a fundamental solution to the heat equation

9
(5 +A)ult.g) =0 (t>0,9€GC).

We now fix a reference point x, € V' such that @éo)

(z4) = 1 and put
E,(f)(c) = <I>é,€> (wn(c)) (0 <e<1l,n=0,1,2,...,ce Qz*(X))

Note that (A1) does not imply that <I>(E) (x*) =1g for 0 < e <1 in general. We then obtain
a G-valued random walk (€, (X), P, {¢{7}22,) associated with the transition probability

p.. Fort >0,n=1,2,... and 0 <e <1, let thm be a map from €, (X) to G given by

XM () =1, 1 (E[(;z](c)) (c € Qu,(X)).

We write D,, for the partition {¢;, = k/n|k = 0,1,2,...,n} of the time interval [0,1] for
n € N. We define

VED() i= T (65 (€)) = Tumre (0 (wi(c))  (tx € Do, ¢ € Q. (X))

and consider a G-valued continuous stochastic process (y}sv”))ostsl defined by the dgc-
geodesic interpolation of {yfj "n_ - We consider a stochastic differential equation

dy
Yo=Y VOY) 0 dBi + pr(r) (Yt Yo =1c, (4.4)
i=1
where (By)o<i<1 = (B, B2, ..., Bf*)o<<1 is a standard Brownian motion with values in R%

starting from By = 0. We know that the infinitesimal generator of (4.4) coincides with —.A
defined by (4.1). Let (Y;)o<i<1 be the G(g)-valued diffusion process which is the solution to
(4.4). We write Lip([0, 1]; G(oy) for the set of all Lipschitz continuous paths taking values in
G(0). We define a Polish space by

C**([0,1]: G(p)) == Lip([0,1]; G0)"*  (a < 1/2),
where p, is an a-Holder distance on C([0,1]; G(p)) given by

d Sy
palut ) = sup fecllintn)

+ dec(1a,uo), u = (w)) wl (0<t<1).
o<s<t<1 [t —s|®



To establish a functional CLT for the family of non symmetric random walks {5(5)}71207
we need to impose an additional assumption on (<I>0 Jo<e<i-

(A2): There exists a positive constant C' such that, for k =2,3,...,r,

-1 g0
Ozligl I?gf H IOg (I) (x) ) (I)) ‘g("') Hg(k:) <C, (4.5)
where || - ||qu) denotes a Euclidean norm on g¥) = R% for k=2,3,... r.

Intuitively speaking, the situations that the distance between @Ef) and <I)[()0) tends to be too
big as € \ 0 are removed under (A2). By setting

log (@ée)(x)) }g(k) = log (q)g)) (z)) |g(k) (xeF, k=23,....r)

for @éa) : X — G with (3.3), the family (<I>< Jo<e<1 satisfies (A2). This means that it is
always possible to take a family (<I>(<) >)0§5§1 satisfying (A2) as well as (A1).
Then the second main result is now stated as follows:

Theorem 4.2 We assume (A1) and (A2). Then the sequence (ytnil/g’m)ogtgl converges
in law to the diffusion process (Yi)o<i<1 in C**([0,1]; G(q)) as n — oo for all o < 1/2.

Outline of the proof. It is known that we need to show the convergence of the finite
dimensional distribution of {y<"’”2’">}g,°:0 and the tightness of the family of probability

measures {P(”fl/z’")}ff:l induced by {Y("™"*m}% "t establish Theorem 4.2. The latter part
is most technical in the proof. Namely, we concentrate on the proof of the following.

—1/2

Lemma 4.2 {P" """} s tight in C®([0,1]; G(p)), where a < 1/2.

We denote by GES)) the connected and simply connected nilpotent Lie group of step k& whose
Lie algebra is (g, 0)) Dg? @ gh. Let {Yrm 120 | be the family of truncated

process of { Y~ Y/2n) o, up to step k and write pn/%n2) oo | for the corresponding family
1 n=1
of image probability measures, where k =1,2,... 7.

Step 1. As a first step, we show the following.
Lemma 4.3 {P™ 721 s tight in C*([0,1]; G )7 where o < 1/2.

To show Lemma 4.3, it is sufficient to deduce that there exists a constant C' > 0 independent
of n € N such that

nm1/2 i - m
B [doo (7 md, pr ] < ot — s

form € Nand 0 < s <t < 1. We use several martingale inequalities (e.g., Birkholder—
Davis—Gundy inequality) in order to establish the desired moment estimate above.

Step 2. We next show the following.
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Lemma 4.4 For m,n € N and k =1,2,...,r, there exist a measurable set Q,(Cn) C Q.. (X),
a non-negative random variable /C,(C") € L'"(Q,,(X) = R; ]P’;Tl/g)) and a Holder exponent
o < 2=1 such that Pi’ﬁil/z)(ﬂl(:)) =1 and

doo (V050 (), Y () < KM () (t—5)* (ce QP 0<s<t<1).  (46)

We prove Lemma 4.4 by induction on the step number £ = 1,2,...,r. By virtue of the
Kolmogorov—Chentsov criterion and Lemma 4.3, the base cases (k = 1,2) are immediately
obtained. Now suppose that (4.6) is true up to k. Then we can construct a measurable set
Qgﬁl and a non-negative random variable IC,(Ql € L'"™(Q,,(X) = R; Pé’:71/2>) in terms of
{1 and {K™}k . We emphasize that a part of the proof is much inspired by Lyons’
original proof (cf. [Lyo98, Theorem 2.2.1]) for the extension theorem in the context of rough
path theory. We extend his technique on a free nilpotent Lie group of step r to the case where

the nilpotent Lie group is not always free, which plays a crucial role in the construction of
Q™ and k£

k1 k10
Step 3. Finally, we come back to the proof of Lemma 4.2. By (4.6) for k = r, we obtain
(n=1/2)

E]P’gf ) [dCC (ys(n’l/z,n; r)7 yt(n‘l/Q,n;r))4m:| < EP

S EIPE;;*UZ) [(K£7L>)477L] (t _ 5)27”71
S C(t _ S)?m—l

[(12)™] ¢ = stme

for some constant C' > 0 independent of n € N, where we used o < 27;;1 and the LA™-

integrability of Kk, By applying the Kolmogorov tightness criterion, we have proved that
the family {P" "™} s tight in C%*([0, 1]; G) fora <1/2. 1

Remark 4.1 By applying the corrector method in the context of stochastic homogenization
theory, our CLTs (Theorems 4.1 and 4.2) can be generalized to the case where the family
of realizations (®))g.<; does not necessarily satisfy the condition (3.2). See [IKN18-2] for
more details.
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