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The stochastic telegraph equation limit of the
stochastic higher spin six vertex model
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Abstract

In this paper, we prove that the stochastic telegraph equation arises as a scaling limit
of the stochastic higher spin six vertex (SHS6V) model with general spin /2, J/2. This
extends results of Borodin and Gorin which focused on the I = J = 1 six vertex case
and demonstrates the universality of the stochastic telegraph equation in this context.
We also provide a functional extension of the central limit theorem obtained in [BG19,
Theorem 6.1]. The main idea is to generalize the four point relation established in
[BG19, Theorem 3.1], using fusion.
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1 Introduction

1.1 Telegraph equation and stochastic telegraph equation

The telegraph equation is a hyperbolic PDE given by
UXY(X,Y)+ﬁ1UY(X,Y)+ﬂ2UX(X,Y):f(X,Y), (1 1)
U(Xa O) = X(X)’ u(O,Y) = w(Y)’

where the functions y,v € C! satisfy x(0) = 1/(0). When f is a deterministic function,
the equation (1.1) is a classical object, see [CHO08, Chapter V]. The stochastic versions of
the telegraph equation were intensively studied in the last 50 years, we refer the reader
to [BG19, Section 1.1] for a brief review. The solution theory of the telegraph equation
goes back to [CHO08], we present it in the way of [BG19, Section 4]. In fact, (1.1) admits
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a unique solution which reads
Y
W(X.Y) = POR(EY.0.0)+ [ ROLY0.0)(0/(0) + Bavlo)dy

X X Y
—|—/O R(X,Y;a:,O)(X’(:c)+51X(x))d$+/0 /0 R(X,Y,z,y) f(x,y)dxdy.

(1.2)
Here, R(X,Y, z,y) is the Riemann function defined as
R(X,Y;2,y)
B N el B [(51 — ) (— (X —2) -+ (Y —y)— )]dz
2mi J_g, (24 B1)(z + B2) z 4+ B2 z+p
(1.3)

where the contour of the complex integration is a small circle in positive direction which
only includes the pole at —f;. When f is given by f(X,Y) = /0(X,Y)n(X,Y), where 7 is
the space-time white noise with dirac delta correlation function and 6 is a deterministic
integrable function. By formula (1.2), the solution to the stochastic telegraph equation
is a Gaussian field with covariance function
X1AY:  XaAYs
COV(U(XhY]),U(XQ,}/Q)) = / / R(XlaY1>$U7y)R(X2>Y27337y)9(3371/)d33dy-
0 0
(1.4)

[BG19, Section 4] identifies the following discretization of the telegraph equation

BX+1,Y +1) = by®(X,Y +1) — by®(X + 1Y) + (by + by — 1)B(X,Y)
=g(X+1,Y+1), (1.5)
(D(X,O) = X(X)v (I)(O7Y) = %/J(Y)’

where x(0) = ¢(0). The unique solution to (1.5) is given by [BG19, Theorem 4.71:
Y
O(X,Y) = p(0)RUX,Y30,0) + > RUX,Y;0,9) (¥(y) — bato(y — 1))
y=1

X X Y
+Y RUXY;2,0)(x(2) —bix(x — 1) + > > RUX,Y;2,9)9(x,y), (1.6)
=1 rz=1y=1

where the discrete Riemann function R¢ equals (see [BG19, Eq. 45])

1 (bz — bl)dz
d . _
R (X7 Y; 3373/) T 9o j{b2<11b1> (1 + bg(l — bl)Z)(l + b1(1 — bQ)Z)

(1 + by (1 —bl)Z)X—ﬂﬁ(l + ba(1 —bg)z)Y—y
1 —|—b2(1 — bl)Z 1 —|—b1(1 - bQ)Z ’

(1.7)

Here, the contour is a small circle going in positive direction which only encircles the
pole at —m.

In the first version of the arxiv paper [BG18], Borodin and Gorin showed that under
a special scaling regime where the weight of the corner type vertex goes to zero, the
height function of the stochastic six vertex model converges to the telegraph equation.
They also conjectured that the fluctuation field will converge to the stochastic telegraph
equation with some heuristic arguments and proved this result under a special situation
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called low density boundary regime. The result for general boundary condition was
later proved in [ST19] and [BG19] via two distinct approaches. This result comes as
a surprise. Since from [GS92, BCG16] we know that the stochastic six vertex model
belongs to the KPZ universality class. The one point fluctuation of the models in this
universality is governed by Tracy Widom distribution [TW94]. However, the solution to
the stochastic telegraph equation does not lie in this universality (since it is a Gaussian
field). In addition, [CGST20] shows that under weakly asymmetric scaling (which is
a different scaling compared with the one in [BG19]), the stochastic six vertex model
converges to the KPZ equation [KPZ86, Corl2], which is a parabolic stochastic PDE
while the stochastic telegraph equation is hyperbolic!

It is natural to ask if the stochastic telegraph equation also arises as a scaling limit
of other probabilistic models. In this paper, we show that the stochastic higher spin six
vertex (SHS6V) model, which is a higher spin generalization of the stochastic six vertex
model, converges to the stochastic telegraph equation under certain scaling regime.
This extends the universality of the stochastic telegraph equation. In addition, [Lin20]
showed that under a different scaling than the one considered in this paper, the SHS6V
model converges to the KPZ equation. This tells us that the SHS6V model converges to
two distinct types of stochastic PDE under various choice of scaling.

1.2 The SHS6V model

The SHS6V model is a four-parameter family of quantum integrable system first intro-
duced in [CP16] and has been intensely studied in recent years, from the perspective of
symmetric polynomial [Borl7, Bor18], exact solvability [BCPS15, CP16, BP18], Markov
duality [CP16, Kual8, Lin19] and scaling limit [CT17, IMS20, Lin20]. In particular, it is
a higher spin generalization of stochastic six vertex model from spin parameter [ = J =1
to general I, J € Z>. In this paper, we discover a scaling regime for the SHS6V model
(which degenerates to the scaling in [BG19] when [ = J = 1), under which we prove
that: 1) the hydrodynamic limit of the SHS6V model is a telegraph equation; 2) the
fluctuation field of the model converges to a stochastic telegraph equation. To explain
our result with more detail, we start with a brief review of the SHS6V model.

Definition 1.1 (J = 1 L-matrix). We define the J = 1 I.-matrix to be a matrix with row
and column indexed by Z>( x {0,1}. The element of the J = 1 L-matrix is specified by

1+ ag™ a(l —q™)

LM . -7 @ m—-11)= —~—_% /

& (m,0;m,0) Tra o (m,0;m 1) Ta
+ vq™ 1—wvg™
M 1: 1) = aTre M 1: 1 e S
o (m7 9, m, ) 1 + a ? (6% (m7 7m + ) 0) 1 + a )

and L&l)(il,jl;ig,jg) = 0 for all other values of (i1, j1), (i2,j2) € Z>¢ x {0,1}. As a
convention, throughout the paper, we set v = q~! for some fixed I € Z~;. Note that
LS)(I, 1;14+1,0) = 0, hence the J = 1 LL-matrix transfers the subspace {0,1,...,1}x{0,1}
to itself and we will restrict ourselves on this subspace.

We call a the spectral parameter and in the notation of L&l), where the dependence

on other parameters is not made explicit. It is clear from the definition that for fixed
iy € {0,1,...,I} and j; € {0,1},

Z L (i1, jrs iz, j2) = 1.
(i2,j2)€{0,1,...,T} x {0,1}

Moreover, L((,}) is stochastic if we impose the following condition.
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Lemma 1.2. LS) is stochastic if one of the following holds:

e qe(0,1)and a < —q7 7,

eg>1land —¢ ! <a<0.
Proof. This follows from [CP16, Proposition 2.3], which can also be verified directly. O

For an entry L&l)(il,jl; i2, j2), we interpret the four tuple (i1, 71,12, j2) as a vertex
configuration in the sense that a vertex is associated with ¢; input lines and j; input
lines coming from bottom and left, i5 output lines and j, output lines flowing to above
and right, see Figure 1. The quantity L&l)(il,ig; Jj1,72) gives the weight of the vertex
configuration. Note that for a vertex associated with L&l), we allow up to I number of
vertical lines and up to one horizontal line. We say that the IL.-matrix is conservative in
lines as it assigns zero weight to the entry L((ll)(il,jl; i2,j2) unless iy + j1 = iy + Ja.

l' \\\
T - A .
v 22 . ig =3
\ N
\ \
\ ‘\
output *,
-~ \ \
'I \\s N \
\ e : 1 0
1J1 < s J2, n = J2 =
\ AN \\\ ,’
s input
N A}
\\ \
\ \
N Y =
\\ /Lll Zl 2
\\\ ,,

Figure 1: Left panel: The vertex configuration labeled by four tuple (i1, j1;i2, j2) (from
bottom and then in the clockwise order) has weight L(al)(il,jl;ig,jg), which absorbs
iy € {0,1,...,1} input lines from bottom, j; € {0,1} input line from left, and produces
io € {0,1,...,I} output lines to above, j, € {0,1} output lines to right. Right panel:
Visualization of the vertex configuration (i1, j1;42,72) = (2, 1;3,0) in terms of lines.

We want to relax the restriction that the multiplicities of the horizontal line are
bounded by 1, and instead, consider multiplicities bounded by any fixed J. This motivates
us to define the L,(;I) matrix, the construction of it follows the so-called fusion procedure,
which was invented in a representation-theoretic context [KRS81, KR87] to produce
higher-dimensional solutions of the Yang-Baxter equation from lower-dimensional ones.
The explicit expression of general J LL-matrix is derived separately in [Manl14] and
[CP16]:

L (i, jay iz, j2)

.2 .2 2,020 o
2j1—3J7  2J2—d5 | i53+i] | igo(o—1)+i14q
- 4 t=t 2

= 1{i1+j1:i2+j2}q 4 (1.8)
(@ Qi (=5 @iy 14 (@7 TH7959) 4y N e S L

Here, 4¢3 is the regularized terminating basic hyper-geometric series defined by

n T
o q_n7al7'-')a’r > k(q_nvq)k} k
2 =) 2t ——— | |(as; Q) k(b:q"; @) n—k-
r+1¢r< b b | kizo T i|:|1( T )
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It is a simple exercise to see when J = 1, the expression of L((XJ) matches with L&l) in
Definition 1.1. We will show momentarily that L&J) is stochastic (Corollary 1.4). This
allows us to view the matrix element Lf;,])(il, j1;12,72) as a vertex configuration in the
manner that we described in J = 1 case. Note that now we allow up to J lines in the
horizontal direction.

Despite explicitness, the expression of the IL-matrix above is too complicated to
manipulate. For instance, using (1.8) directly, it might be hard to demonstrate the
stochasticity of L((;]). To this end, we recall a probabilistic derivation of L&J) in [CP16]
using the idea of fusion, which goes back to [KR87]. We start by introducing a few
notations.

Define the stochastic matrix = with rows and columns indexed by {0,1}®” and
{0,1,...,J} such that

E((h1,...,hy),h) =
(( 1, ’ J)a ) 0 else

{1 ith=Y7 h

and the stochastic matrix A with row and column indexed by {0,1,...,.J} and {0,1}®7,
The matrix element is given by

1 i1 . J
i fh= _ .
Zy(h) I1 h= 2

ith;=1

A(h, (hy,. . hy)) =

0 else
where Z;(h) = qhw*l)ﬂﬁ is the normalizing constant (it can be computed
using g-binomial theorem).
We also define the matrix LY’ with rows and columns indexed by {0,1,...,1} x

{0,1}®7 with matrix elements

J
LSQJ('M}LL.-~;hJ;v/7h/17"‘7h{I) = Z HL((Ilq)ifl(vi*hhi;vi’h;)'

’Uo,ﬂl,...,'UJ/ i=1
V=0,V =V

In terms of the right part of Figure 2, these matrix elements provide the transition
probabilities from the lines coming into a column from bottom and left, to those leaving
to the top and right.

The following lemma allows us to decompose the vertex with horizontal spin J/2 (i.e.
the vertex associated with L,(XJ)) in terms of a sequence of horizontal spin 1/2 vertices,
see Figure 2 for visualization.

Lemma 1.3. The following identity holds
L) (v, h; o' 1)

= > A(R; (hayhay o b)) LE (0, by o b By W) E((R - W) R,
(hi,....,hs)e{0,1}’
(hy,...,h’;)e{0,1}7

Proof. This was shown in [CP16, Theorem 3.15]. O

Applying Lemma 1.3, we show that L((l‘])

parameters.

is stochastic, under the following choice of

Corollary 1.4. The matrix L((XJ) is stochastic if either of the following condition holds

e qc[0,1)and o < —q~ 177+,
eg>1land —q¢ 7/t <a<o.
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hi — ¢ 1)
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Figure 2: Pictorial representation of the identity in Lemma 1.3. Fixing h,v,h’, v/,
the weight of vertex configuration on the left is given by Ly (v,h;0' R'). Tt is
equal to the weight of the column on the right, which is the summation of all
L?q‘](v, hi,...,hy;v' Ry, ..., B;), under the condition hy +---+hy = hand b} +---+h/; =
K, each term in the summation is reweighted by multiplying A (h; (h1, ..., hy)).

Proof. Note that under the range imposed on q, «, referring to Lemma 1.2, the matrix
L((qu)i is stochastic for each i = 0,1,...,J — 1. As the product of stochastic matrices is

stochastic as well, the stochasticity of Lf;]) follows directly from Lemma 1.3. O

We proceed to define the SHS6V model on the first quadrant Z2>o- For each vertex
(z,y) € Z2,, we associate it with a four tuple (v, y, hs.ys Veyr1, hat1,y) € Z4, such that
gy, he,y TEPresent the number of lines entering into the vertex from bottom and left,
Vg,y+1, hz4+1,y denote the number of lines flowing from the vertex to above and right.
Note that configurations chosen for two neighboring vertices need to be compatible in
the sense that the lines keep flowing. For instance, v, ,11 also represents the number of
vertical input lines flowing into (z,y + 1), hy 41 equals the number of horizontal lines
entering into (x + 1,y) (see the right part of Figure 3).

Definition 1.5. We define the SHS6V model to be a stochastic path ensemble on
Z3,. The boundary condition specified by {v; 0}zcz-, and {hoy}yez., such that v, o €
{0,1,...,1}, ho, € {0,1,...,J}. In other words, we have hy, number of lines en-
tering into the vertex (0,y) from the left boundary and v, number of lines flow-
ing into the vertex (x,0) from the bottom boundary. Sequentially taking (x,y) to be
(0,0) — (1,0) — (0,1) — (2,0) — (2,1)..., for vertex at (x,y), given vy, h,, as the
number of vertical and horizontal input lines, we randomly choose the number of ver-
tical and horizontal output lines (vy y+t1, hot1,y) € {0,1,...,1} x {0,1,...,J} according
to probability L&])(vm,y, hs.y; - -). Proceeding with this sequential sampling, we get a
collection of paths going to the up-right direction and we call this the SHS6V model.

We associate a height function H : 72, — Z to the path ensemble, where the paths
play a role as the level lines of the height function (see Figure 3). Define for any
x,y € Z>o,

Yy T
H(zx,y) = Z hoj—1 — Z”i—lﬂr
Jj=1 i=1

Clearly, we have H(0,0) = 0 and H(z,y) — H(z — 1,y) = —vz_1,. Since the vertex is
conservative, we also have

H(z,y) — H(z,y —1) = hay1.
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Graphically, when we move across ¢« number of vertical lines from left to right, the height
function will decrease by i. When we move across j number of horizontal lines, the
height function will increase by j. We further extend H(z,y) to all (z,y) € R%, by first
linearly interpolating the height function first in the z-direction, then in the y-direction.
It is obvious that the resulting function is Lipschitz and monotone.

For later use, we call 1/2, J/2 the vertical and horizontal spin respectively. If a vertex
is of horizontal spin 1/2, we call it a J = 1 vertex, otherwise we call it a general J vertex.

Ux,erl
H(z,y+1) Hxz+1,y+1)
(z,9)
hm,y h:p+1,y
H(z,y) H(z+1,y)
vx,y

Figure 3: Left: Illustration of the height function around a vertex (z,y), note that
H(z,y+1)=H(x,y) + hyy, Hx+1,y) = H(z,y) —vsyand H(z + 1,y + 1) = H(x,y) +
hay — Voy+1 = H(z,y) — vy y + hay1,. Right: Sampled stochastic path ensemble on a
quadrant. The red number indicates the number lines entering into the boundary, the
blue number represents the height at each vertex.

1.3 Four point relation

[BG19] shows that the stochastic six vertex model height function converges to a
telegraph equation and its fluctuation field converges to a stochastic telegraph equation.
The key observation is the following four point relation, which says that if we define

V(@ + 1,y +1) = ¢ g TEvHD) — pyg ML 4 () 4 by — 1)),

Here by, by are the weight of the six vertex model configuration (in our notation b; = ‘fj;’;

by = 1+‘Lq). Then the conditional expectation and variance of ¢ read

I+
E{gSGV(:p F1y+ 1)|]—'(:r,y)} —0, (1.9)
B[V (@ + 1,y + 12|F(@,)| = 1208, + 920" DA, +35g"E0A,, (1.10)

where F(z,y) is a sigma algebra generated by {H(u,v) : u < x orv < y} and A, :=
ety — gH@y) A = gH@y+) _ gH@Y) The parameters 7;,i = 1,2,3 depend on
bl’ b2.

In our paper, we generalize the above relations to the SHS6V model. Define

z+1,2 a+v T, 1+an x 1 V+an Z,1
£SGSHV(x 4 17y + 1) — qH(-/+17J+1) _ qu(.l,J-'rl) _ 1<F70[qH(./+l,J) + qu(,J)
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We prove (respectively in Theorem 2.3 and Theorem 2.5) that

E[€SHSGV(:C+1,y+1)|]:(x’y)] =0, (1.11)

E[ESHSGV(HC + 1,y +1)%| F(z, y)} =180y + 72g" VA, + 437 EVA + R(z,y).
(1.12)

R(z,y) is an error term that is negligible under our scaling. From now on, we may also
use ¢ to denote ¢SHS6V,

Why does such a generalization exist? In the context of the stochastic six vertex
model, (1.9) is related to the self-duality discovered in [CP16, Proposition 2.20], though
it is more of a local relation than the way duality is generally stated (it is unclear to us
how to prove (1.9) from the duality directly). In fact, [CP16, Corollary 3.3] shows that
the SHS6V model with general I, J enjoys the same self-duality, so it is natural to expect
that (1.11), as a generalized version of (1.9) holds. For the quadratic variation, the
situation is more subtle for the SHS6V model. We do not come up with a simple reason
why (1.12) holds, though this may be understandable from our proof, which is briefly
explained in the next paragraph. Here, we just emphasize that as shown in Remark 2.6,
there exist no v;,7 = 1,2, 3 such that the identity without an error term holds for the
SHS6V model. We also emphasize that it is only under our scaling (1.13) that R(z,y) is
negligible.

Let us explain the ideas and techniques used in proving (1.11) and (1.12). In [BG19],
the authors prove (1.9) and (1.10) via a direct computation, which corresponds to
enumerating all possible six vertex configurations. In our case, the situation is more
involved: when J is large, the expression of L&J) is so complicated that it is hopeless to
check these relations directly. Alternatively, we first verify them directly for J =1, in
which case the L-matrix has a simple expression given by Definition 1.1. For general
J, we use fusion, which allows us to decompose the general J vertex into a sequence
of J = 1 vertices (see Figure 2). Repeatedly using the J = 1 version of (1.11) (where
the spectral parameter « is replaced by aq’ in the expression of £), we get .J identities.
Summing up these identities in a clever way, we see a telescoping property and (1.11)
follows. To prove (1.12), besides using fusion, we need to refer to the property of our
scaling (1.13), which says that with a probability converging to 1, the lines entering into
a vertex will keep flowing in the same direction (see Lemma 2.4).

In [CP16], the fusion was stated in a way that the spectral parameters progress
geometrically by ¢ from bottom to top when we decompose the general J vertex to a
column of J = 1 vertices. It turns out that (Lemma 2.1) we can also reverse the direction
and let the parameters progress geometrically by ¢ from top to bottom (meanwhile we
change the probability distribution assigned on the input lines from the left). We did not
see this result elsewhere. Note that it is only after this reversal of the spectral parameters
that we obtain the telescoping property mentioned in the previous paragraph.

1.4 Stochastic telegraph equation as a scaling limit of the SHS6V model

Having established the four point relation, we are ready to talk about our result. We
show that under our scaling,

(i). (Hydrodynamic limit (or law of large numbers) — Theorem 1.6): The SHS6V model
height function converges uniformly in probability to a telegraph equation.

(ii). (Functional central limit theorem - Theorem 1.7 (also see Corollary 1.9)): The
fluctuation field of the height function around its hydrodynamic limit (viewed as a
random continuous function) converges weakly to a stochastic telegraph equation.
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Once we have proved the four point relation for the SHS6V model, the proof for the
law of large numbers is akin to [BG19, Theorem 5.1]. For the functional central limit
theorem, our proof breaks down into proving the finite dimensional weak convergence
(Proposition 3.1) and tightness (Proposition 3.2). For finite dimensional convergence, the
proof follows a similar idea as in [BG19, Theorem 6.1], subject to certain generalization.
For the tightness, we rely on the Burkholder inequality and a careful control of joint
moments of ¢ at different locations (Lemma 3.3). We remark that the proof of the
tightness may not fit to the regime of classical functional martingale CLT result (e.g.
[Bro71, Section 6]), see Remark 3.4 for more discussion.

To present our results, let us first introduce our scaling. Fix I, J € Z>; and positive
B1, B2 such that 31 # 52, we scale the parameter ¢, « in the way that

_ 1 J
q:eﬁlL%, 1taq” :e_LzQ7 L — oc. (1.13)
1+«

It is straightforward that as L — oo, a and ¢ always satisfy one of the conditions given in
Corollary 1.4, thus LE;I) is indeed stochastic.

Theorem 1.6. Define q = ¢” =72 and fix A, B > 0, consider two monotone Lipschitz
functions x and . Suppose that the boundary for the SHS6V model is chosen in the
way that as L — oo, + H(Lz,0) — x(z) and + H(0, Ly) — v(y) uniformly in probability
forz € [0,A] andy € [0, B], then as L — o,

1
L ci0,4x[0,B]

where 5 means the convergence in probability. q**¥) is the unique solution to the
telegraph equation

0 0
h(z,y) h(z,y) h(z,y) _
aqu +Jﬁzaxq +1616yq 0, (1.14)

with the boundary condition specified by q**9) = qx(#) and ¢qP(0y) = ¥ ),

We remark that there is a typo in [BG19, Eq. 69] about the boundary condition,
qP(=.0) qh0:¥) should equal qX(*) and q¥(*), instead of x(z) and 1 (y).

Having established the law of large number for the height function, we proceed to
show the functional central limit theorem. As a convention, we endow the space C(R2,)
with the topology of uniform convergence over compact subsets and use “=" to denote
the weak convergence. Recall that we linearly extend H(z,y) for non-integer z,y, so
H(z,y) € C(R%,).

Theorem 1.7. Assuming further that x(z) and 1) (y) are piecewise C!-smooth, we have
the weak convergence as L — oo,

VE(geen B[]} s pla) inCGR,)

where ¢(z,y) is a random continuous function which solves the stochastic telegraph
equation

a1 B1py+ T Bape = 10 (Br + B2)aal + (B2 — Br)Baq®a + (81 — Bo) Brahah. (1.15)

Here, q2 := 0,(q"*¥)) and q! := 0, (q™(*¥)), the boundary of ¢ is given by zero.
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Remark 1.8. By (1.4), it is clear that ¢ is a Gaussian field with covariance function
COV(‘P(XM Y1), o(Xa, Y2))
X1AY: X2AYa
=/ / Rrs(Xi,Y1,2,9)Rr5(X2, Y2, 2,y)
0 0

x ((51 + 52)512%}; + J(B2 — B1)B2q"qR + I(B1 — 52)51qhqu‘)dxdy,

where R;; is the Riemann function in (1.3) with 8, and B, replaced by I3; and Jj32
respectively, i.e.

RIJ(X7Y§x7y)

_ 1 (JB2 — IB1)dz
2mi J_15, (24 1B1)(2 + JfB2)

74_ J—
z+ JBa z+ 1B
(1.16)

exp [ (161 = 152) (= (X —0) S+ O =) )|

As a corollary of the previous results, we have the following.
Corollary 1.9. As L. — o0,
H(Lz,Ly) — E[H(Lz, Ly)|
VL

¢(xz,y) is a Gaussian field given by ¢(x,y) := qh(%)’?l;())gq’ which solves

= ¢(I7 y) in C(R220)7

buy + 1610y + TBads + (B — B2)(dyha + 6:1y) = 0+ \/ (B + Bo)hhy, — TBohy + I6ih,.
(1.17)
The rest of the paper is organized as follows. In Section 2, we first establish an
identity (Lemma 2.1), which gives an alternative way to apply fusion. Then, we prove
our four point relation (Theorem 2.3 and Theorem 2.5). We also discuss some properties
of our scaling (Lemma 2.4). In Section 3, we first use the four point relation to prove
the law of large numbers (Theorem 1.6) and the finite dimensional version of the CLT
(Proposition 3.1). Then we establish the tightness (Proposition 3.2) and improve our CLT
to the functional level (Theorem 1.7).

2 Four point relation

In this section, we prove the four point relation (1.11) and (1.12) that mentioned in
Section 1.3. To begin with, we present a lemma that allows us to reverse the spectral
parameters upside down when we decompose the general J vertex into a column of
J = 1 vertices, see Figure 4 for visualization. The key for our proof is an identity that
allows us to switch a pair of vertices with different spectral parameters, see Figure 5.
We do not find such identity in the literature. It seems to us that this identity does not
follow directly from the Yang-Baxter equation.

Define the stochastic matrix 7\

1 J—i . J
_ I ith=3""_h
A(h, (hl,...,hJ)) = ZJ(h’) hi=1

0 else
and
J
T®RqJ ool B! A (€] . ’
LS” (U,hl,...,hj,v,hl,..., J) = Z HLan,i(Ui_l,hi,Ui,hi).
V0,V15--4,VJ §=1
UOZ'U,'UJ:'U/
EJP 25 (2020), paper 148. https://www.imstat.org/ejp
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Note that comparing with the expression of A and L?"J, the term ¢*~! is replaced by
g”~*, which corresponds to reversing the spectral parameters upside down.

Lemma 2.1. For fixed h,v, h',v’, the following identity holds,
> A(h; by, hay .. hg) L2947 (0, by, by o) By, R BB, R R

s 16Ty
(h1,...,hs)€{0,1}7
(h},eshly) {0,137

= > A(hi by, ha, . hg) L9 (v hy, . by o' B B E(R,, .. B R,
(h1,...,hs)€{0,1}7
(Rf,...,h'5)€{0,1}7
(2.1)
Consequently, we have alternate expression for the general J vertex weight
L) (v, h; o' 1)
= > A(hihy,ha, . hg) L2 (v hy, . by o' B R E(R,, .. R R,

) J;
(h1,...;hs)€{0,1}7
(h},....h')€{0,1}7

(2.2)

Proof. By Lemma 1.3, it is clear that (2.1) implies (2.2). It suffices to prove (2.1), which
says, graphically

A A

\ LEXI)J*] ’ \ LS) ’
hs —1— 1) hs R
B e S P
wt h hy ——4—2 1 n = wt h R .y Iy B
2 LM 2
J—1

ha

Figure 4: Pictorial representation of the identity (2.1). The weight (wt) of a diagram is
given by a summation of products of I.-matrices over hq, ..., hs, with condition hy +--- +
hy = hand h} +---+ 1/, = I/. Each product on the left (resp. right) hand side in the
summation is reweighted by A(h;hy,...,h;) (resp. /~\(h; hi,...,hy)).

When J = 1, the proof is trivial. When J = 2, the identity (2.1) reduces to Figure 5.
Since h, b’ € {0, 1,2}, there are nine cases in total. One can verify each case directly and

v’ v
\ L) \ Ly
ha —— 1, ha " 1),
wt | P Ly 1% = wt /[ n Ly 1%
( ha —— 1)} ha —— 1)
v v

Figure 5: Identity (2.1) when J = 2.
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here, we only show our verification for h = 1 and 4’ = 1, in which case the computation
is more involved. The LHS in Figure 5 equals

A1 (1 0))(L<1>(u 10, 1) LY (0,00, 0) + ij)(ul;v—k1,0)L&1C}(v+1,0;v,1))

+A(1;(O,1))<Lg})(v,0;v 1,1 (0 = 1,150,0) + LD (v, 050 0)L<1>(v,1,v,1))

1 (a +vg" 1+ ag™ 1 —vg’ ag(l — q“‘“l))

:1+q 1+4a 1+ aq 14+« 14+ aq
q (a(l—q’”) 1-vg"™'  l4ag aq+vq’”) (2.3)
1+¢g\ 14+a 14aq 1+a 14+agq ’

and the RHS equals
A(1;(1,0)) (Lg{; (v, 130, 1)L (0,0;0,0) + L (v, ;0 + 1,00 LY (v + 1,05 v, 1))

+7\(1;(0,1))<L<1>(u 030 — 1,1)L0 (v — 1,150,0) + L8 (v, 0;0,0) LY (v, 1; v 1))

g (aq—l—uq“l—i—aq 1—vg¥ a(l—q”“))
C1+q\ 14+ag 1+« l4ag 1+a
1 (aq(l —q")1—vg* ' 1+ag"tta+ Vq“)

+1+q 14+ aq 1+a l+aq 14+«

(2.4)

It is not hard to see directly that the RHS of (2.3) and (2.4) are both the sum of the
following four terms (divided by a common denominator (1 + ¢)(1 + a)(1 4+ «q))

q(ag+rqg”)(1+aq?), qa(l—uq”)(l—q”“), aq(l—q”)(l—uq”_l), (1+aq”+1)(a+uq”).

For the verification of other h, b’ € {0, 1,2}, we omit the details of our computation.

For general J, we look at the column of vertices on the LHS of the equation illustrated
in Figure 4. From bottom to top, we label the vertices from 1 to J. Sequentially for
t=1,...,J—1, we apply the J = 2 identity (that we just verified) for the vertex i and i +1
in that column. Then, the spectral parameters of the vertices (looking from bottom to
top) change from (a, aq,...,aq’ 1) to (aq, aq?,...,aq’ "1, a), note that the vertex with
spectral parameter a moves from bottom to top. The A also changes accordingly. Then
we apply the J = 2 identity fori =1,...,J — 2 to move the spectral parameter aq to the
second top place. If we keep implementing this procedure, finally we get a column of
vertices with spectral parameters (ag’ ', aq’~?,..., ). The left input lines are weighted

by A. O

Remark 2.2. It turns out that following the same argument, the identities (2.1), (2.2)
also hold when we replace the stochastic matrix A with

1 ,
o(i)—1 . _ J )
—_— q ifh = Z':1 hi,
Ay (B (B, hy)) =4 Za(h) hl;ll '
0 else,
and replace E%q‘l(v, hi,...,hp;v' Ry, ..., h;) with
L?};’(U,hl,...,hJ;U’,hll,...,h{]) = Z H Sq)UU (i1, hayvg, B,

V0,V1;-- UJ =1
’L)():’U,’L)Ji’u

where o is an arbitrary permutation of {1,2,...,.J}. We do not include this generalization
in the lemma since we are not going to use it.
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Theorem 2.3. Consider the SHS6V model associated with the height function H, define
for T,y € Zzo,

+v 1+ aq’ v+ aq’
Lutl) = Hatly+) _ X7V H@y+1) _ 2T H(e+1y) H(xy) (5
fatly+l)=q 1+al 1ta ® LT AR

then we have,
El¢(@+ Ly +1)|F@y)] =0, (2.6)

where F(z,y) =o(H(i,j): i <z orj <y).

Proof. Since our model is homogeneous, i.e. every vertex is assigned with the same
IL-matrix, we suppress the dependence on z,y in our notation and denote by

E=¢x+1,y+1), H:= H(z,y),
hZ:H(JZ,yﬁ*l)*H(I,y), ’U:H(I‘7y)*H(IL‘+1,y)

In addition, we let
F = U(H(x,y),H(ac,y +1),H(x + l,y)) = U(H,h,v).

By the sequential update rule specified in Definition 1.5, H(x + 1,y + 1) only depends on
the information of H, h, v, so

E{ﬂ]—'(m,y)} - E{g\]—'].
To prove (2.6), it suffices to show that
]E[f]]—'} = 0. 2.7)

We prove this identity in two steps:
Step 1 (J = 1): We assume J = 1, in which case the vertex weight (1.8) reduces to
the weights in Definition 1.1. Let us verify (2.7) directly,

1
E[g\]—‘] = ]E[qH(x+1,y+1) _OHY HEyt) 2T H@y) | Y O‘qu(:c,y)|]:}7

1+« 1+« 1+«
a+v 14+ aq v+ aq
:E[ H(z+1,y+1) ]:] _ ATV HEyt) 2T @ty VY )
¢ ‘ 1—|—aq 1—|—aq + 1+aq
:E[qH(x+1,y+1)|F] etV oy 1tag Hoo V1O 0
14+« 1+« l+a

Since J =1, h is either 0 or 1, we discuss them respectively.
If h=0,ie. H(z,y+ 1) = H, by Definition 1.1,

1+ aq” a(l—q°)
]P(H 1,y+1) = H— ): : IP(H 1,y+1) = H— 1):7. 2.8
(r+1,y+1) v T o (r+1,y+1) v+ Ta (2.8)
Hence,
1+aq” g, al=¢Y) gy a+v 4 l4ag 4 v+aq y
£fo7] - St g Sl Lt v
f’}" 1+aq 1+« 1+aq 1+« 1+«
Ifh=1,ie H(z,y+1) =H+1, we have
1—vg® -+ vg’
IP(H 1Ly+1)=H— ): : IP(H Ly+1)=H— 1): . (2.9
(z+1,y+1) v T o (z+1,y+1) v+ Tra @9
which yields
L=vg" oy, a+vq" yypn @tv pyy ltagy ., viogqy
E¢|F| = vy DT ooty BV e 2T o PR M,
5‘ 1+aq 1+« 14+« 14+« 14+«
EJP 25 (2020), paper 148. https://www.imstat.org/ejp
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Step 2 (General J): Using fusion, we decompose the general J vertex with input (v, h)
into a column of J = 1 vertices with input (v, hy,...,hs), where (hy,...hy) is weighted
by A(h; hi,...,hy), see Figure 6. Define H;, H!,i =0,1,...,J in the way that

Ho=H(x,y), Hj=H(x+1y), (2.10)
Hy=Ho+Y h;,  H/=Hj+> h. (2.11)
j=1 j=1

Since h =hi +---+hy, Hy = H(z,y + 1). Furthermore, H; = H(x + 1,y + 1) in law. It

H(z,y+1) H(x +1,y+1) aq ,
hy_ 1 ———¢—— hJ—l

L)

h,/ _'> h : L(l) : h/

hg ———@——— &/
H(z,y) H(z +1,) 2

Figure 6: Given H(xz,y) = Hy, H(x + 1,y) = H),H(z,y + 1) = H;. By fusion (the
spectral parameters have been reversed upside down thanks to Lemma 2.1), we have the
distributional identity H(xz + 1,y + 1) = H/;. The advantage of utilizing fusion is that we
can apply J = 1 version of (2.6) to each vertex in the column, where the heights around
the i-th vertex are H,_1, H,_,, H;, H]. The horizontal input (hi,...,h;) is weighted by

A(hyhe, ... hy).
suffices to prove

1—|—aq 1+aq 1+«

J J

This is equivalent to

. a+v 14+aq’ ;v v+oag’
Blg" - S| F| =B H _ | 7). 2.12
4 1+« | 1+« 1+« 4 | ( )
We define the sigma algebra F; = o(H;, H], H;41) for i = 0,1,...,J — 1. Since all the
vertices are of horizontal spin 1/2 now, using the J = 1 version of (2.6) (proved in Step 1)
for the i-th vertex (with the spectral parameter ag” %) looking from the bottom, we have

[E,Zi%tﬁmfii%ﬁifm4+y+wﬂkimwﬂ
1+ag/ 1 1+aq’¢ 1+ag— 1
) v+ Oéq.]fi 0. 1 + aq.]Jrlfi 1% v+ an+1fi .
|: q 1+an—zq 1+an—z q 1+an—z q | i—1
EJP 25 (2020), paper 148. https://www.imstat.org/ejp
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In other words,
W v+ ag’~ B 1+ ag/+1-i v+ aq

o . JH1—i
1+ agl—i 7 | } T 1tagl [q T T xagii

E|q g |.7-'}

Iterating the above equation from ¢ = J to ¢+ = 1, one concludes the desired (2.12). O

To prove relation (1.12), we need the following fact which says that under our
scaling (1.13), it is unlikely that a vertex will change the direction of lines entering into
it. More specifically, if a vertex has ¢ vertical input lines and j horizontal input lines, with
probability going to 1, it produces : vertical and j horizontal output lines.

We use O(a) to denote some quantity bounded by a constant times a, when the scaling
parameter L is large.

Lemma 2.4. For any fixed i1,i2 € {0,1,...,1} and j1,j2 € {0,1,...,J}, as L — o©
LY (i1, jisia, j2) = L —injimjoy T O(L7H).
Proof. Via Lemma 1.3, it suffices to show that for every i € {0,1,...,J — 1}
Lfqu) (i1, J13 92, 52) = Liiy—ip j—joy + O(L7Y). (2.13)

Indeed, by direct computation, under our scaling,

qu)i (m,0;m,0) = L ffg;:” 1 ﬁsz Lo,
L(alq)i (m,0;m—1,1) = &Tm +O(L7?),
qu)i(m, 1;m,1) = azl—jolé/q%m T 51(”2— 1) Low?)
LY (m,1;m +1,0) = M o),
which implies (2.13). .

Theorem 2.5. Define

A, = gHEtty) _ Hzy) A H(zy+1) _ oH(zy)

y =4
Fix A, B > 0, under scaling (1.13), forany z € [0,LA|NZ andy € [0,LB]NZ and L > 1,
E[g(x + 1,y +1)?| Fa, y)]
= LB+ B2) Auy + LT3 (B2 = B1) B2V Ay + IL72(B1 = B2) 1a™ YV Ay + R(z,y),
where R(z,y) is a random field with the uniform upper bound

[R(z,y)| < CL™, (2.14)
forallz € [0,LA]NZ and y € [0, LB]NZ, C is some constant that only depends on A, B.
Proof. We only need to show that the random field R(z,y) defined via

R(z,y) = B|¢(z + 1,y + 1)?| F(z, y)} — L7YB1 + B2)AnAy — JL72(By — 1) Bag? @V A,
—IL72(B1 — B2)Brg =¥ A,

EJP 25 (2020), paper 148. https://www.imstat.org/ejp
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satisfies (2.14). Using same notation as in the proof of Theorem 2.3,
E=¢x+1,y+1), F:=0(H, h,v),
and
H:= H(z,y), h:=H(z,y+1)— H(z,y), v:i=H(z,y) — H(z + 1,y).

It is clear that E[¢(z + 1,y + 1)|F(z,y)] = E[£?|F]. Our proof is divided into two steps.
Step 1 (J = 1): When J =1, h € {0,1}. We discuss the h = 0 and h = 1 case

separately.
Ifh =0,
a+v 14+aq 4_ V4 ag g2
]E|:2./T'i|:]E|:( H(z+1,y+1) H H—v ) Jti|
¢l 1 7o’ Tra? tira?)l

Referring to (2.8), we have (recall v = q_I)

1+ aq” _ a+v 14+aq y_ v+oag g2
E|:2f]: (H v H v )
5\ 1+« 1+al 1+al 1+a

04(1—(1")( Hoopt @tV oy l14agy ., vi+og H)2
1+« 1+aq 14+« 1+aq
_12721) 1—a*)(1 v

_alg—1)"q (1 — ¢")( +aq)q2H. (2.15)
(1+a)

The second equality in the above display follows from a straightforward calculation.

Letb = % and rewrite (2.15) as

E[éalf} =(1-b)g *(¢" = 1)(=b+g+ (b—1)g")¢™" (2.16)

Referring to scaling (1.13), we see that ¢ = ¢ 77H is bounded, since for z € [0, LA]

and y € [0, LB], [H| = |H(z,y)| < L(A + B). In addition,
q=1+612ﬂ2+0(L—2), b:l—%—i-O(L_Q) (2.17)
Using the expansion of ¢ and b in (2.17), we have
E[€2|}"} =¢*"Ba(B2 — 1)L + O(L™4). (2.18)

When h =0, A, = ¢ @v+1) — ¢H(@y) = 0. Under scaling (1.13),

T 2 €, —v v ﬁ _ﬁ -
Aw — qH(.,-‘rl,J) _ qH( 7J) = qH(q — 1) = qH¥ + O(L 2).

Thereby,

L7Y(B1 + B2)AsAy + L72(B2 — B1)Bag" Ay + TL72(By — B2)Brd" A,
= L7%(B2 — B1)B2q" Ay,
= ¢*"B2(Bo — B1)*vL 2+ O(L™*). (2.19)

It follows from (2.18) and (2.19) (note that J = 1)

R(z,y) = B[€2|F] = (L7(81 + ) Auly + L7282 = 51)Bag" Ay + IL72(81 - B2)Br1"A, )
=O(L™).
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Ifh=1, H(x+ 1,y + 1) is distributed as (2.9), then (recall v = q*I)

1—vqg —y QFUV 1+« —»  VHa 2
E{ﬁf} - 1+g (H C1+a - 1+CKQQH 1+aqu> ’
Oé+1/qv( H+17v7MqH+1,1+aqu*” 1/+04qu>2,
14+« 1+« 1+« 1+«
_ (a—=1)%¢2"(g" — ¢¥)(aq" + ")
(1+a)? !

Rewrite the RHS above as (recall b = 1124)

E[¢2|F] = (g - b)g 2 (g" = ¢")((~1+ b)g’ +q" (g — b))g™
Using the expansion in (2.17), we deduce
]E[gﬂ]—"} = (I — ) (B2 — B1)2B L3 + O(L™Y). (2.20)
When h =1,
Ap=q (B = B)oL ™ +O(L7?) Ay =q"(B1 — Bo) L' + O(L7?),
which yields

HB1 A+ B2)ArAy + LT2(Ba — B1)B2q" Ay + TLT2(B1 — B2) B A,
=T — ) (B2 — B1)*BiL7% + O(L™H). (2.21)
Combining (2.20) and (2.21) yields
R(z,y) = E[&]F] = (L7181 + B2) A0y + L72(8 = 1) Baq" s + IL72(81 — ) 1A, )
=O(L™).

This concludes (2.14).
Step 2 (general J): Similar as what we did in Theorem 2.3, we apply fusion (see
Figure 6). Recall H;, Hl’ from (2.10) and (2.11) and define

o v+oagd Tty T4 ag! ! " v+agd T
G=d = T e U e O
w vEadT g l4ad T L vtagdt

I P e Y (q I I )

By straightforward calculation,

S]:1+an_i£-
o lto '

Z 1+aq’? ( o v ag! H) 1+ozq‘]_i+1( . vHag/tT H,,,_l)
N 1+« 1 1+aq‘]*iq 1+« 1 1+an+1*iq
w, _vta H._M( Hy _vrod ™) = ¢

1+a 1+a 1+ aq’ ’
where the second equality follows from the telescoping property of the summation.

By Theorem 2.3, &; are martingale increments, so [E [§i§j|]-'] =0 for i # j. It follows
from (2.22) that

E[¢l|F| = {XJ: (1 +ag” i)2|f] — XJ: (%)%[5]?} (2.23)

i=1 i=1

=q (2.22)

—1
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Using the J = 1 version of (2.16) proved in Step 1 for the i-th vertex counting from
bottom (here, though the spectral parameter changes from a to ag’, it does not matter
under our scaling)

B[€2|Fia| = L7 + B)ALAL + L72(B, — B1)Bag™AL + TL™2(B1 - B2)Bia" Al + Ry(a, )
(2.24)

where AL = ¢ffi-1 —gHi-1 and Al = ¢Mi —¢Mi—1 and, also recall that F; = o (H;, Hit1, H).
By Step 1, there exists constant C' only depending on A, B such that
sup IRi(z,y)] < CL™*. (2.25)
ie€{l,...,J}
(z,y)€[0,LA]x[0,LB]
By conditioning, E[¢Z|F] =E {]E (€21 Fica]|F ] (note that here we are not using the tower
property but instead the sequential update rule). Using (2.23) and (2.24), we get

B[] = 30 (FE0L ) B[ (5 + ALy + L35 - A

i=1

+IL72(B1 — B2)Bia" A + Ra(w, )| F).

Note that under our scaling, limz_, 1+1”f;7'i =1, along with (2.25),

E[e|F| = ZE[ L(B1 + B) ALAY + L2(8 — B1)Baa AL + IL2(51 — B2) Bug" A} | F]

+ o). (2.26)

It is clear that
J

ZAz Z( . qu,l):qHJ_qHOZAy'

i=1
Furthermore, by Lemma 2.4,
]P(Elz' such that Al # AI|]-'> —1- 0@

Hence, we can simplify (2.26) and get

E[el7]

I
Mk

E[L71(81 + B2) Ar Al + L72(82 = B1)Bad® A + IL72(B1 = B2) A1 AL|F| + O(L ),

&
Il
-

E[L7N (81 + B2) Au Ay + TL (B2 = B1)Bag" Ay + TL72(B1 = B2) 1" A, | F| + O(L7),
LB+ Ba) DAy + TLT2(By — B1)Bag" Ay + IL72(B1 — B2)Brg" Ay + O(L™H).

The last line is because A, and A, and H are measurable with respect to F. O

—

Remark 2.6. The identity (1.10) which holds for stochastic six vertex model no long
works for the SHS6V model. For example, consider I = 2 and J = 1. For an arbitrary
vertex (z,y), if there exists three parameters ~;, 72,73 such that (1.10) is true. When
h = 0, referring to (2.15), we have

a(g—1)%¢*"(1 —¢")(1 + aq”)ng
(14 a)?

Ef¢(@+ 1,y + 17| F(z.y)] =
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Since A, = 0, the right hand side of (1.10) reduces to

V1A Ay + 12 0.¢™ + 138,¢™ = 128,¢™ = 72(¢7" — 1)

So forallv € {0,1,...,1},

alg — 1)2q:1(q+;)2 DA+ on g )M

Canceling the factor (¢~ — 1)¢*" on both sides, we get

alg—1)%¢"(1+aq”)
(14 «a)?

=72

Since v, does not depend on v, so the previous equation could not hold for v = 1,2
simultaneously.

The following corollary is a direct consequence of Theorem 2.5.

Corollary 2.7. Fix A, B > 0, there exists constant C s.t. for every x € [0,LA|NZ,y €
[0,LB]NZ and L > 1

B¢+ 1y + 1| F(z,y)| < CL™

Proof. 1t is clear that there exists C such that for any « € [0, LA|NZ and y € [0, LB]NZ,

(B1—=B2)h

A, = ‘qH(xH,y) _ @] = gl | B2 1‘ <crL .
Similarly, |A,| < CL~!. Referring to Theorem 2.5 (note that ¢(*¥) is bounded), the
corollary follows. O

3 Proof of the main results

Having established the four point relation, we move on proving Theorem 1.6 and
Theorem 1.7. Corollary 1.9 follows from a straightforward argument once we proved
Theorem 1.7. For the ensuing discussion, we will usually write C for constants, we
might not generally specify when irrelevant terms are being absorbed into the constants.
We might also write for example C'(n) when we want to specify which parameter the
constant depends on.

Proof of Theorem 1.6. Given Theorem 2.3, our proof is akin to [BG19, Theorem 5.1]. We
provide the detail for the sake of completeness. Recall q = q%, to prove %H(Lx, Ly) —
h(z,y) uniformly in probability for € [0, A] and y € [0, B], it suffices to show that
q1Ex.Ly) _ gh(=y) yniformly in probability. To this end, we write

g1Enly) — | {qH@w,Ly)} 4 gH(EaLy) _ E[qux,Ly)}.

It suffices to show that as L — oo,
(). E[¢HE=Lv)] — ¢B@=Y) uniformly for (z,y) € [0, A] x [0, B],
@i). ¢HE=Ly) — gt (Le.Lv)] — 0 uniformly in probability for (z,y) € [0, A] x [0, B].

We first demonstrate (i). By Theorem 2.3,

]E[qH(rJrl,erl)} — bllE[qH(‘"”’y*l)} — bQE[qH(rJrlyy)} + (by + by — 1)E[qH(rvy)} =0,
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1+o¢q‘]

where b; = 1+a iTa—- Summing this equation over x = 0,1,...,LX — 1 and
y=0,1,...LY — 1yields
LX-1 Ly — LX—1
—(=b) Y B[¢"C0] — (1 -by) Z E["O0] 4 (1-b) > BlgH =]
z=1 i y=1 =1

(1 by) Z E :qH(LX,y)} (b4 by — 1)E[th(oA,(J)} _ sz{qH(LX,O)] _ blE{qH(O,LY)}

I E[qux,LYY —0. (3.1)

H(LL)] = LF(L-,L- ] e

Since H is Lipschitz, the sequence of deterministic functions E[gq Elqz
C([0, A] x [0, B]) is uniformly bounded and equi-continuous. By Arzela-Ascoli Theorem, it
has a limit point q".

Under scaling (1.13), when L — oo,

by =1—-BUIL ' +O(L72), by=1-BJL +0O(L7?). (3.2)

Combining this with (3.1) and taking the L — oo limit, qf1 satisfies the integral equation

X Y X Y

— 15 / q" O da — I By / Q")+ 18, / a7 @) dz 4 T B / g dy
0 0 0 0

+ qh(070) _ qh(X70) _ qh(O,Y) + qh(X,Y) —0

In other words, any limit point q of E[q% (L“:’Ly)} as L — oo satisfies the telegraph
equation
82

~ a ~ a ~
h(z,y) 4 18, — 4b(z:9)  qh(zy)
8w8yq + ﬁlayq +J528xq 0.

By our assumption on the boundary, we also know that q*®0) = ¢X(*) and ¢q*O:¥) = q¥(¥),
This implies that h = h, which concludes (i).

To verify (i), we denote by U(z,y) = ¢/®¥) — E[¢*(:¥)]. Using Theorem 2.3, ¢*/(®:¥)
and E[¢/(®¥)] satisfy the discrete telegraph equation (1.5) with g given by ¢ and 0
respectively, hence by linearity,

Uz+1,y4+1)—0U(z,y+1) = bU(z+1,y)+ (b1 + bo — DU (z,y) = &(x + 1,y + 1).

Summing over z =0,1,...,LX —landy =0,1,... LY — 1, along with the fact U(z,0) =
U(0,y) = 0 yields

LX—-1 LY — LX LY
U(LX,LY)+ (1=b1) Y Uz, LY) + (1 - by) Z (LX,y)=>_ > &,y). (3.3)
x=1 y=1 r=1y=1

Since £(x,y) is a martingale increment, using Corollary 2.7

LA LB LA LB
E{(Zzg(x,y)} ZZE[ z,9) }SCABL_l.
z=1y=1 rz=1y=1

Applying Doob’s LP maximal inequality, it is clear that

LX LY

s 3N ey Bo (3.4)

(X,Y)€[0,A]x[0,B] ' 77 =1
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Observing that U(L-, L-) are uniformly bounded and uniformly Lipschitz on [0, A] x [0, B].
Therefore, their law are tight, any subsequential limit U has continuous trajectories
must solve the L = oo version of (3.3), which reads (the right hand side is zero by (3.4))

U(X,Y)—i—Iﬁl/ U(w,Y)dm—i—Jﬁg/ U(X,y)dy = 0.
0 0

According to [BG19, Prop 4.1], the only solution to the above equation is given by U=0,
which implies (ii). O

We move on proving the functional CLT for the SHS6V model. The proof of Theo-
rem 1.7 is composed of showing the finite dimensional weak convergence and demon-
strating the tightness, which is formulated into the following two propositions.

Denote by

Up(z,y) := ﬁ(qH(Lz’Ly) — E[qH(L””’Ly)}> = \FLU(Lx,Ly).

Proposition 3.1 (Finite dimensional convergence). With the same setup as in Theorem
1.7, we have the weak convergence in finite dimension as L — oo,

UL(z,y) = ¢(z,y).

Recall that we linearly interpolate H(x,y) for non-integer z, y, thus H is a function in
C(R%,), sois Ur(x,y).
Proposition 3.2 (Tightness). For each fixed A, B > 0 and n € N, there is a constant C'
(only depends on n, A, B) such that for all L > 1 and (X1,Y1), (X2,Y2) € [0, LA] x [0, LB,

2n
]E[(UL(Xl,Yl) - UL(X27Y2)> } < C(1X1 — Xa| + V1 — Ya|)". (3.5)

Consequently, the sequence of random function Uy (-,-) € C(R,) is tight.

Proof of Theorem 1.7. The proof is a direct combination of Proposition 3.1 and Proposi-
tion 3.2. O

We first prove the finite dimensional weak convergence.

Proof of Proposition 3.1. Recall that in the proof of Theorem 1.6, we set U(z,y) =
q1@v) —E[g"(=v)]. As shown earlier, we have

U+1,y+1)—0U(z,y+1) —bU(z+ 1,y) + (by + b — U (z,y) =&(z + L,y + 1).

Furthermore, since H(z,0) and H(0,y) are deterministic, we have U(xz,0) = U(y,0) = 0.

By (1.6), one has
X v

UX,Y) =Y > RYX,Y;2,y)é(x,y). (3.6)

r=1y=1

Here R is defined through (1.7) with b; = i‘i&’ by = ll%afy].

We need to show that U(-,-) = VLU(L-,L-) converges weakly to ¢(-,-) (given
by (1.15)) in finite dimension. As in the proof of [BG19, Theorem 6.1], we use the
martingale central limit theorem [HH14, Section 3] for the martingale (note that
Ur(X,Y) = Mp(L?XY))

(Mmf) = S VERULX, LY, (i), y(i))(a(i), y(), 1 < t < L2xy), 3.7)
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where we linearly order points in [1, LX] x [1, LY] by sequentially tracing the diagonals
T +y = const

(@(1),y(1) = (L1), (@(2),5(2) = (21), (@B3),y(3):=(1,2), (2(4),y(4)):=(3,1)...
(3.8)
Note that we will only deal with the one point convergence M (L?XY) = ¢(X,Y)
for simplicity, the finite dimensional convergence can be proved by invoking multi-
dimensional version of martingale CLT (see [ST19, Theorem 3.1]) for a multi-dimensional
version of the martingale in (3.7).
The key for the proof is to study the conditional variance of M (t) att = L2XY. We
show that as L — oo, it converges to the variance of ¢ (1.15) in probability. In other
words, we need to prove

LX—-1LY -1
LY Y RULX, LY,z + 1,y + I)QE[f(er Ly + 1)2|.7:(x,y)}
=0 y=0
X ’ Y
2 / / Ry (X, Y., ) (81 + B)alal + T (B — B1)Baaa + (B — B)Bra"al ) ey,
0 0

(3.9)

where the RHS above is the variance of ¢(X,Y’), see Remark 1.8.
To prove this convergence, we first use Theorem 2.5,

LX—-1LY -1
LY Y RULX, LY,z + 1y + 1)%E[¢(x + 1,y + 1)2|f(x,y)}
z=0 y=0
LX—-1LY -1
=> > RULX,LY,z+1,y+1)?
=0 y=0
X ((51 + B2) Ay Ay + JL7H (B2 — B1)BagT VA, + TL7H(By — ﬂ2)ﬁ1qH(m’y)Ay)
LX—-1LY -1
+L Y Y RULX, LY,z + 1Ly +1)°R(z,y).
=0 y=0

By (2.14), sup,c(o,z.4]yep0,25 |R(z,y)] < CL™*, together with the fact R¢ is uniformly
bounded in [0, LA] x [0, LB], we have almost surely,

LX—1LY—-1
LY > RULX,LY,z+1,y+1)*R(z,y) >0
=0 y=0

uniformly in (z,y) € [0, LA] x [0, LB]. As a result, to demonstrate (3.9), it suffices to
prove that as L — oo

LX—-1LY -1 X Y
LY Y RULX, LY, 2+ 1,y + 1)2" A, B / / Ris(X,Y, 2, )% q" dady
=0 y=0 0 0
(3.10)
LX—1LY -1 X Y
L7V Y0 Y RULX, LY,z + 1,y + 1)%¢7 ¥ A, ﬁ>/ / R1s(X,Y, 2z, y) qbq"dwdy
&=0 y=0 o /0
(3.11)
LX—-1LY—-1 X Y
>y Rd(LX,LY,x+1,y+1)2AxAy£>/ / R1s(X,Y,z,y) g2 g dzdy
z=0 y=0 0 0
(3.12)
EJP 25 (2020), paper 148. https://www.imstat.org/ejp
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To demonstrate these approximations, as in the proof of [BG19, Theorem 6.1], we split
the the interval [0, LX] x [0, LY] into squares such as [L Xy, L(Xo + 0)] x [LYy, L(Yo + 0))
(where 6 is small) and apply the discrete to continuous approximation in each square.

We first demonstrate (3.10), for « € [LX,, L(Xo + 6)] and y € [LYp, L(Y, + )], it is not
hard to see that RY(LX, LY, Lz, Ly) — R;(X,Y,z,y) uniformly for 0 < 2z < X < A and
0<y<Y < B (see[ST19, Eq 2.9]for I = J =1 case). Thus,

RULX, LY, 2,y) = Rps(X,Y, Xo,Yp)+O(0) +o(1), g7 O = ghX0¥0) +.0(0) +0(1),

(3.13)
where o(1) represents the term converging to zero as L — co. Using these expansions,
we have

L! > RULX, LY,z + 1,y +1)2¢" VA,

z€[LXo,L(Xo+0)]
y€E[LYo,L(Yo+0)]

= L™'R1s(X,Y, Xo, Yp)?q" X0 10)
« ( Z (g EXot00) _ qH(LXo,y))) +O(0%) + 60%0(1). (3.14)
y€[LYo,L(Yo+0)]
Using law of large number proved in Theorem 1.6, uniformly for y’ € [Yy, Yy + 6]

qH(L(XD+0),Ly') _ qH(LXmLy/) — qh(Xo+9,y/) _ qh(XOJ/) +o(1).

Consequently, it follows from (3.14)

Lt > RULX, LY,z + 1,y + 1)2¢"@vA,

z€[LXo,L(X0+0)]
y€[LYo,L(Yo+0)]

Yo+6
= L7 'R1y(X,Y, X, Yp)* g0 o) /
Yo

= L7'R17(X,Y, Xy, Yy)2qh Ko Yo) gh(XoYo) g2 1 g6(1) 4 O(6°) 4 6%0(1). (3.15)

(qh<Xo+9vy> —~ qh(XO’y)>dy +00(1) + O(6%) + 6%0(1)

Note that in the last line, we used the property that the solution gq" to the (1.14) is
piecewise C'! (since we assume additionally the boundary x and v are smooth). By (3.15),
LX-1LY—-1
L7 Y > RULX, LY,z + 1,y + 1)%¢" v A,
=0 y=0
= D) Ru(X,Y,00,05)°q" 00D hE0002 1 (1467 )o(1) + O(6).  (3.16)
0<i <X/60<j<Y/8

By first letting L. — oo then § — 0, we conclude the desired (3.10). The approximation
for (3.11) is similar, we omit the detail.
Things become more involved for (3.12), note that

L(Xo+6) L(Yo+6)
S RULX,LY,z+1,y+1)°A,4,
z=LXo y=LYp
L(Xo+6) L(Yo+6)
= RYLX, LY, LXO,YO)( >y Asz> + O(6%),
r=LXo y=LYpy
L(Xo+0) L(Yo+0)
=L *(logq)*Rrs(X, Y,Xo,Yo)QO(XO’YO)< Z Z VIH(x,y)VyH(x,y)>
z=LXo y=LYy
+0(1)0(6?) + O(6?), (3.17)
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where we denote by V, H(z,y) := H(z+1,y)— H(z,y), VyH(z,y) = H(z,y+1)— H(z,y).
In the last equality, we used the approximation in (3.13) and

Am = qH(erl,y) - qH(m,y) = Lilva(mv y)qh(XO)YO) IOg q-+ L710(1)7
Ay = gt — gHew) — 1719, H (e, y)g™ o) log g + L™ 'o(1).

Note that -V H(z,y), VyH(z,y) indicate the number of lines entering into the vertex
(z,y) from bottom and left.

For a vertex associated with four tuple (i1, j1; %2, j2), we say this vertex is unusual if
i1 # @9 Or j1 # i5. Let O denote the square [LX, LX( + LO] x [LYy, LY, + L6] and suppose
that there are respectively n and m lines entering inside [J from bottom and left. Let C
be the number of unusual vertices in the square. If C = 0, it is clear that

L(X0+0) L(Yo+0)

Z Z V.H(xz,y)VyH(z,y) = —nm.

m:LXo y:LYO

Each unusual vertex might change the LHS summation at most by 2/J6L. As an analogue
of [BG19, Eq. 93],

L(Xo+0) L(Yo+0)
> > VeH(z,y)V,H(z,y) +nm| < TJOLC.

z=LXo y=LYp

It follows from Lemma 2.4 that the probability that a vertex is unusual is upper bounded
by CL~', where C is a constant. Thus,

S Y VeH(@y)V,H(ey) + nm‘ < const - §3L2, (3.18)
w:LX(] y:LYU

with high probability as L. — oo. Noting that
H(L(Xo+6),LYy) — H(LXy,LYy) = —n, H(LXy,L(Yo+Y)) — H(LX,,LYy) = m.

Combining (3.17) and (3.18) (together with Theorem 2.3) yields

L(Xo+0) L(Yo+0)
YooY RULX, LY,z + 1,y +1)°A,4,

z=LX, y=LY,

= L™ %(log q)*R1(X,Y, Xo, Yo)q*2 X0 Y0 (H(L(X, + 0), LYy) — H(LXo, LY)))
x (H(LXo,L(Yy +0)) — H(LXo, LYy)) + o(1)O(6%) + O(6°)

= R1(X,Y, Xo, Yp)(log q)2q*X0-¥0) (h(X, + 6, Yy) — h(Xo, Yo)) (h(Xo, Yo + 6) — h(Xo, Yp))
+0o(1)O(6?) + O(6).

Using similar approximation as in (3.16), by first letting I — oo then 6 — 0, we demon-
strate (3.12). Having proved (3.10)-(3.12), we simply obtain the desired (3.9).
We conclude the theorem using martingale CLT [HH14, Section 3]. Recall that

¢
Mp(t) = VLY RYLX, LY, x(i),y(i))&(2(i), y(i)),  t€ [1,L*XY].
i=1
We want to show U (X,Y) = M (L2XY) — ¢(X,Y) in law as L — co. By Theorem 2.3,

M, (t) is a martingale with respect to the its own filtration. The proof of Theorem 1.7
reduces to verify the following conditions for martingale CLT:
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(i). The conditional covariance of My (¢) at t = L> XY, which equals
LX-1LY -1
LY S RULX,LY;z+1,y+1°E|é(z + 1,y + 1)2|f(x,y)},
=0 y=0
has the same L — oo behavior as its unconditional variance, in the sense that their
ratio tends to 1 in probability.

(ii). The Lindeberg’s condition, i.e.

L?XY
Lh_{fgo ; E[(ML(i) — Mp(i - 1))21{(IWL(i)fML(ifl))2>6}} =0.
Using Corollary 2.7, it is clear that the conditional variance on the LHS of (3.9) is
uniformly bounded. By the convergence in (3.9) together with dominated convergence
theorem, we know that both the conditional and unconditional variance of M (¢) at
t = L2XY converge to the RHS of (3.9) (which equals to variance of »(X,Y) given in
Remark 1.8), this concludes (i).

The Lindeberg’s condition (ii) follows directly from how ¢ is defined: By straight-
forward computation, there exists constant C such that |[¢(x + 1,y + 1)| < CL~! for all
x € [0, LA] and y € [0, LB]. In addition, R*(LX, LY, z,y) is uniformly bounded. So when
L is large enough,

{(M(0) = My = 1)) > ¢} = {LRULX, LY, 2(0), () % (2(0),y(0))* > ¢} =0,
which implies that for every i € [1, L2XY],

B[(My (i) = Mi(i = 1)L (ar, (- aa, (- 1y2sey | = 0.

Having verified (i) and (ii), we conclude our proof using the martingale central limit
theorem. O

We move on proving Proposition 3.2. Before presenting our proof, we require the
following result.
Lemma 3.3. Fixed A,B > 0 and n, {1, ...¢, € N, there exists constant C (only depends
on A, B,n) such that for all L > 1 and arbitrary distinct points (z;,y;) € [1, LA] x [1,LB],

1=1,...n,
n

E[H |£(xlvyz)|€i| <CL™ E?:l(fi-ﬁ-l).

i=1

Proof. It suffices to prove that for (z,y) € [0, LA — 1] x [0,LB — 1],
E“f(m F1,y+ 1)|f\f(x,y)] <oL. (3.19)

We first finish the proof of the lemma by assuming (3.19). Consider the ordering (3.8)
of integer points in [1, LA] x [1, LB], without loss of generality, we assume (z;,y;) =
(z(s;),y(s;)) so that s; < -+ < s,,. Recall that F(z,y) = o(H(i,j) : i < xzorj <y), so
&(xi,y:) € Flxy — 1y, — 1) fori =1,...,n — 1. By (3.19) and conditioning,

B[] letosul®] - E[H1 €, 90) | B[l (2, ) 2 | F (2n — 190 — 1)]
i=1 =1
< CLe"lE{ﬁ [SEZNTD) l}

Iterating the above inequality, we conclude the lemma.
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We move on showing (3.19). Denote v, v’ to be the vertical input and output for the
vertex (z,y) and h to be the horizontal input, i.e.

vi=H(z,y)—H(x+1,y), v :=H(x,y+1)—H(x+1,y+1), h:=H(z,y+1)— H(x,y).
It is evident that we can rewrite {(x + 1,y + 1) in (2.5) as

Ea+Ly+1)=gT@ (" —big" —bog " + by + by — 1), (3.20)

recall b; = (5% and by = 1;‘:‘2]. Since ¢ = q= where q is fixed, so for (z,y) € [0, LA] x

[0, LB], there exists C such that % < ¢"=¥) < C. In addition, by (3.2),

¢ —big" —bag 4 by by — 1

=" =" 1+ (1 -b) (" - )+ (1 —ba)(g" = 1)
=Inqv—v)L7 '+ O(L?%)
Referring to (3.20), we conclude that for fixed A and B there exists a constant C' such
that for arbitrary L > 1, (z,y) € [0, LA] x [0, LB,
€z +1y+ 1| <CL™?  if (h,v) = (K, 0)

21
St Lyt 1)< CL"  if (ho) £ (1, 0) 520

Note that
E[l¢( + Ly + V| )] =B[lé@ + Ly + DI|o(H(z,y), h,v)

= > L) (hyos b ) E(z + 1,y + )Y (3.22)
(h'w'):h'+v'=h+v

Using Lemma 2.4 and (3.21), we know that for each term in the summation: Either
(W', v') # (h,v), which implies LY (h, v; W’ ,v') < CL~! and |¢(z + 1,y +1)| < CL~L; Either
(h,v) = (W,v"), which yields |{(z + 1,y + 1)| < CL™2. Hence, the absolute value for each
term in the summation (3.22) is upper bounded by CL~ %1, As the summation is finite,
we conclude (3.19). O

Proof of Proposition 3.2. Using the Kolmogorov-Chentsov criterion, the tightness of
UL(-,-) follows directly from (3.5). To prove (3.5), it suffices to show that there exists
constant C' such that for X € [0,LA]and 0 <Y; <Y, < LB,

E[(Un(X. 1) - Un (X, YQ))Q"} < CIYi - Ya|™ (3.23)

Since we linearly interpolate H(X,Y) for non-integer X,Y and U (X,Y) is expressed in
terms of H(LX,LY ), we can assume Yy — Y7 > L=t Referring to (3.6), we know that

LX LY
UL(X,Y)=VLY Y RULX,LY,x,y)(x,y), (3.24)
rz=1y=1
which implies
LX LY
Up(X,Ys) —Up(X, Y1) = Z Z VL(RULX,LY:,z,y) — RYULX, LYs,2,y))&(x, y)
r=1y=1

LY;

LX
+>0 ) VIRYLX, LYs, z,y)¢(z,y)

z=1y=LY;+1
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Taking the n-th power of both sides in the above display and apply the inequality
(a+ b)?" < 22"=1(g?" + ") to the RHS, we have

E [(UL(X,YQ) —UL(X, Yl))z"}

LX LY n
<22 1B (YN VEI(RULX, LY, ,y) — RULX, LYz, o, z/))f(ﬂw))2 ]
r=1y=1
L)Z LY; 2n
+22 B (Y Y VIRULX, LYz, @,p)é(e,y)) | (3.25)

r=1y=LY1+1

Denote the first and second term above (without the constant multiplier) by M; and M-
respectively. We proceed to upper bound M; and M, respectively.

For M,, since £(z,y) is a martingale increment, by Burkholder-Davis-Gundy inequal-
ity, we have

LX LY,
M, < C(n L”E{(ZZ (RULX, LYy, z,y) — RYLX, LY27x,y))2§(x,y)2> ]

where the constant C'(n) only depends on n. Under scaling (3.2), there exists a constant
C such that for L > 1, X € [0,LA] and Y;,Y> € [0, LB] (one can see this from the
expression of R? in (1.7)),

|RULX, LYy, z,y) — RYLX, LYs, 2,y)| < C|Y1 = Yal,
this implies

LX LY:
] (3.26)

My < ClYi - v B[ (L D€ ?)

rz=1y=1

We claim that for all L > 1, the term L"E [( ZLX LYl 1€(z,y)? )n] is uniformly upper

bounded for (z,y) € [0, LA] x [0, LB]. To see this, we expand the n-th power of the double
summation in the expectation above. It is not hard to see that there exists a constant C
such that

LX LYy £(N)

eef ) eorg el

rz=1y=1 Abn o (z4,y,)€[1,LX]|x[1,LY7]
i=1,...,(X\),(z;,y;) are distinct

Here, the summation above is taken over the partition A of n, that is to say, A = (A\; >

- > Ag) € 2%, with 377, A; = n, £(\) = s is the length of the partition \. We want to
upper bound the right hand side in the above display. By Lemma 3.3, we know that
the E[HZ(A) &(xy, yl)”"} can be upper bounded by a constant times L~2"¢\)_ In addi-
tion, it is clear that #{(z;,v;) € [1,LX] x [1,LY1],i = 1,...,€(\), (2;,y;) are distinct} <
(LQXYl)e()‘) (#A denotes the number of elements in the set A). Consequently

LX LY; n
L"F |:< Z Z f(l’, y)Q) :| <CL™ Z(LQXYI)Z()\)L—Z’VL—Z()\) <C.
z=1y=1 AFn

Inserting the above upper bound into (3.26) implies

M, < C(n)|Yy — Y1|*". (3.27)
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We proceed to upper bound M. Again, using Burkholder-Davis-Gundy inequality, one

obtains
LX LY,

MQSC(n)LnE[(Z Z Rd(LX7LYQ,m,y)2§(x’y)2)n:|.

r=1y=LY1+1
Expanding the n-th power for the double summation and upper bounding the square of
R? by a constant,

o)

M, < C(n)L" Y 3 B[ ] € v0™).

AFn (Ii,yi)e[l,LX]X(Lyl,LYQ] =1
i=1,...,0(\),(x;,y;) are distinct

Using Lemma 3.3 and by similar argument for upper bounding M;, we have

M, < C(n)L" Y (L2X(Yy — Y1) L2
AFn
< CmLO™ (% - )@ < CmIY, - 1" (3.28)

The last inequality in the above display is due to our assumption Y, — Y; > L~1.
Referring to (3.25), we have

E[(UL(X’YQ) —UL(X, Yl))ﬂ < 22 1(M,; + M,).

Combining (3.27) with (3.28), we conclude (3.23). O

Remark 3.4. It is worth remarking that the classical theory for martingale functional
CLT, e.g. [Bro71, Section 6], might not be helpful for proving our tightness. In order to
get the tightness, the classical theory requires U (X,Y) to be a martingale in (X,Y’) in
order to control (using martingale inequalities) the modulus

sup |UL(X1,Y1) = UL(X2,Y3)],
[X1—X2|+[Y1-Y2|<6

for small § > 0, and then apply the Arzela-Ascoli. See [Bil13, Theorem 7.3]. In our
case, though £(z,y) is a martingale increment, Uy, (X, Y) fails to be a martingale due to
dependence of R¢ on X,Y in (3.24).

Proof of Corollary 1.9. It suffices to prove the weak convergence for arbitrary interval

[0, A] x [0, B]. Note that U(z,y) = ¢/@¥) — E[¢"(@¥)], then

U(Lx, L
H(Lz, Ly) = Llog, (qH(Lm’Lw) — Llog, E[qH(L‘”’Ly)] + Llog, <1 + M)

(3.29)

Since H(x,y) is Lipschitz and ¢ = q% (where q is fixed), there exists constant C' such
that for (z,y) € [0, LA] x [0, LB],

< gH10eLly) < ¢ é < E{QH(Lz,Ly)} <C.

Qlr-

For the second term on the right hand side of (3.29), we taylor expand the function
log,(1 + ) around x = 0,

LU(Lx, Ly)
IOg q- E [qH(Lx,Ly)]

H(Lw,Ly) = Llog, IE [qH(LI’Ly)} + + Lrp(z,y),
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where |rp(z,y)| < C’U(Lx,Ly)Q/(IE[qH(Lg”*Ly)])2 < CU(Lz,Ly)?. Consequently, since
E[U(Lm,Ly)] =0,

H(Lx, Ly) — E[H(L%Ly)} VLU (Lz, Ly)
VL - E{QH(LQJ,LZI)} igq ’ \FL(TL(% y) - E[TL(x’y)])'

By Proposition 3.2, we know that U (-,-) = VLU(L-, L-) is tight. Thus, for any fixed
A, B>0,as L — oo,

sup  L2U(Lz,Ly)* — 0 in probability.
z€[0,A]x[0,B]

Since |rz(z,y)| < CU(Lz, Ly)?,

sup \FL‘rL(m, y) — E[rp(z,y)] ‘ — 0 in probability.
(z,9)€[0,A]x[0,B]

Therefore, we have the weak convergence in C([0, 4] x [0, B]),

Hle Ly -E[H@eLy)|  VIU(eLy) _ pla)
lim = lim (Lo Ly) = B ] .
L—o0 VL L= Elq Jlogqg q 0g q

To get the second equality above, we apply Theorem 1.6 and Theorem 1.7 to the denomi-
nator and numerator respectively. By straightforward computation, ¢(z,y) := %
solves (1.17), which concludes the corollary. O
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