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Abstract

We introduce a family of Markov growth processes on discrete height functions defined
on the 2-dimensional square lattice. Each height function corresponds to a configuration of
the six vertex model on the infinite square lattice. We focus on the stochastic six vertex
model corresponding to a particular two-parameter family of weights within the ferroelectric
regime. It is believed (and partially proven, see Aggarwal [Agg20b]) that the stochastic six
vertex model displays nontrivial pure (i.e., translation invariant and ergodic) Gibbs states of
two types, KPZ and liquid. These phases have very different long-range correlation structure.
The Markov processes we construct preserve the KPZ pure states in the full plane. We also
show that the same processes put on the torus preserve arbitrary Gibbs measures for generic
six vertex weights (not necessarily in the ferroelectric regime).

Our dynamics arise naturally from the Yang-Baxter equation for the six vertex model
via its bijectivisation, a technique first used in Bufetov—Petrov [BP19]. The dynamics we
construct are irreversible; in particular, the height function has a nonzero average drift. In
each KPZ pure state, we explicitly compute the average drift (also known as the current) as a
function of the slope. We use this to analyze the hydrodynamics of a non-stationary version
of our process acting on quarter plane stochastic six vertex configurations. The fixed-time
limit shapes in the quarter plane model were obtained in Borodin-Corwin—Gorin [BCG16].
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1 Introduction

1.1 Overview

The study of models for surface growth is pervasive in many areas of science and engineering.
Some physical examples include front propagation in combustion and crystal growth [DRS16].

A large collection of surface growth models falls under the umbrella of the KPZ universal-
ity class, named after the Kardar—Parisi-Zhang stochastic partial differential equation [KPZ86].
Models in the KPZ class are formulated as randomly growing height functions hy(x), where z € R?
is the space variable, and ¢ € R>¢ is time. The models in the KPZ class have the following three
characteristic properties [Cor12], [HT15] [QS15]:

e Smoothing. The dynamics tends to force large fluctuations in the height function back
towards the mean.

e Slope dependent growth speed. The average velocity of growth of the height function
at a point only depends on its average slope around that point.

e Space-time uncorrelated noise. The randomness in the model comes from a random
environment which is space-time uncorrelated, such as the white noise in the KPZ equation.

For models in the KPZ class, and for growth models in general, it is often intractable to obtain ex-
act expressions for various observables. However, there exist integrable models in which algebraic
structure allows for a precise analysis of observables. In this work, we construct a new integrable
random growth model in two space dimensions, based on the six vertex model. The latter is
well-studied in statistical mechanics by techniques of quantum integrability (in particular, Bethe
Ansatz). We refer to the book [Bax07] for an introduction, and also to [Res10] for a more recent
survey of the six vertex model.

There are two basic questions in the study of a growth model: the identification of the
translation invariant stationary measures (that is, measures which are invariant both under space
translation and under the stochastic dynamics), and the computation of the current J(Vh). The
current is the velocity of the height function growth as a function of a particular interface slope
Vhi(z), where V is the gradient in space.

Further crucial questions include the identification of the scaling exponents «, 5 such that
in the translation invariant stationary situation, the size of the fluctuations of h;(x) — h¢(y) is
proportional to |z —y|® for large |x —y| (and fixed t), and the standard deviation of h;(x)—ho(x) is
proportional to t° for large t. Scaling exponents o = %, 8= % for models in the (1+1)-dimensional
KPZ class (corresponding to space dimension d = 1) are well-understood at a heuristic level
[KPZ86], [Spol4], and have been verified rigorously in several concrete situations, see [BF87],
[GS92], [BGI7], [IS04], [FS06b], [IS11], [BCFV15], [Aggl8], [IS19].

In the case of higher dimensions, the mathematical study of KPZ growth models is much more
limited (for example, see [HT15] for a discussion of applicable numerical and renormalization
group methods). In the (2+1)-dimensional situation (the case d = 2), the sign of the Hessian
of the current distinguishes between two different subclasses, isotropic (positive Hessian) and
anisotropic (negative Hessian), of the KPZ class, with very different large scale behavior. While
in the isotropic case there exist only numerical estimates of the (nonzero) scaling exponents,



for anisotropic KPZ models (AKPZ, for short) it is expected that & = § = 0. In particular,
the average fluctuation of the height function grows at a rate slower than any polynomial in ¢.
See also the recent results [CET20], [CET21] on scaling exponents and renormalization in the
anisotropic KPZ partial differential equation.

The first (2+1)-dimensional anisotropic KPZ model which was studied rigorously is related
to the dimer model on the hexagonal lattice (we refer to [Ken09] for details on this dimer model).
This Markov dynamics was introduced in [BF14] in the non-stationary regime (that is, for a
particular densely packed initial condition). After that, Toninelli [Ton17] showed that the Markov
dynamics on Gibbs measures on the full plane is well-defined (that is, almost surely it does not
make infinitely many jumps in finite time in a finite region) and preserves pure Gibbs states of
an arbitrary slope (s,t). A pure state is, by definition, a translation invariant and ergodic Gibbs
measure, and s and t may be interpreted as average densities of dimers of any two orientations
(out of three orientations on the hexagonal lattice). The existence of the dynamics and the
preservation of pure Gibbs states follows from a coupling of the dynamics on a large torus Ty,
with that on Z?2, and requires nontrivial probabilistic arguments.

An explicit formula for the current J(s,t) for this dynamics on Z? was conjectured in [BF14],
[Ton17] based on particular cases, and then proven in [CF17]. The negative Hessian of J(s, t) puts
the model into the anisotropic KPZ class. Under this dynamics, the height function fluctuations
should grow at most as y/logt as t — +o0o. This was shown in [BF14] for a particular initial
condition, and in [Ton17] under some conditions on the slopes. In a subsequent work on the AKPZ
class [CFT19], an analogous dynamics on dimer coverings of the square lattice is studied. The
current for this process is computed explicitly, and it has negative Hessian. Moreover, [CFT19]
presented a new simplified argument for the y/logt fluctuations for both square and hexagonal
cases, which in particular removes the technical assumption of [Tonl7].

It is known that the pure Gibbs states (with (s,t) away from a finite number of points in
the polygon of allowed slopes) for the hexagonal dimer model are all liquid [KOS06], that is, the
variance of the height function difference hi(x) — hi(y) grows logarithmically with distance |z —y|
(with time ¢ fixed and x,5 € R?). Moreover, the limiting fluctuation field is the conformally
invariant (massless) Gaussian Free Field [Ken08], [Pet15]. In other words, the Markov dynamics
on the hexagonal dimer model indeed displays scaling exponents a = 5 = 0.

We remark that the celebrated domino shuffling of [EKLP92], [Pro03] also fits into the frame-
work of [BF14] and thus belongs to the anisotropic KPZ class. We refer to [BF15], [CT19], and
[BT18] for details.

The stochastic six vertex model introduced in [GS92] may be viewed as a certain model of
interacting dimers. The presence of interaction introduces a new type of pure Gibbs states, the
KPZ pure states w(s), arising for a special one-parameter family of slopes (s,t) with t = ¢(s),

where
s

(1.1)
Here u € (0,1) is a parameter of the six vertex weights (i.e., it parametrizes the Gibbs property
which gives rise to various pure states) which we will usually omit in the notation. The KPZ pure
states exhibit scaling exponent o = % along a single direction in the plane, and % along all other
directions [Aggl8|. In particular, the limiting fluctuations cannot be described by a conformally
invariant field. The name “KPZ state” comes from the fact that this stochastic six vertex model

configuration in the plane may be viewed as a trajectory of a stationary Markov chain on particle

p(s) = o(s | u) = stu—su



configurations on Z (coming from the vertex model’s transfer matrix which is a stochastic matrix)
belonging to the (1+1)-dimensional KPZ universality class [BCG16], [CGST20].

It is believed (but not yet proven) that the stochastic six vertex model also displays liquid
pure Gibbs states arising for generic slopes (s, t) outside a certain region §) in the two-dimensional
space of slopes (see Figure 6 for an illustration). The slopes on the boundary of §) correspond to
KPZ pure states, and there do not exist pure states with slopes inside ). This was conjectured
in [SB94], [BS95], and proven recently in [Agg20b].

The main results of our paper are:

e We construct an irreversible continuous time Markov dynamics C(t), t € R>q, on six vertex
configurations in the full plane Z2. The dynamics preserves the KPZ pure Gibbs state 7(s).
More precisely, we show that the full plane Markov dynamics is well-defined (i.e., almost
surely does not make infinitely many jumps in finite time in a finite region) when started
from 7(s) (Theorem 5.7), and that 7 (s) is its stationary distribution (Theorem 5.8).

e We show that the current (that is, the average drift of the height function) under the
dynamics C started from = (s) is given by an explicit formula (Theorem 7.1),
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e In Section 8 we present an analogue of the continuous time dynamics C(¢) which lives on
six vertex configurations on a torus. This construction is independent of the full plane one.
Moreover, we are able to extend our Markov processes to the case of the most general six
vertex weights (traditionally denoted by aq, a9, b1, ba, ¢1, ¢2), and for pure states on the torus
with arbitrary average slopes (s,t) (in particular, away from the one-parameter family of
KPZ pure states). Our torus dynamics is structurally similar to the one of [BB17], but they
are different.

Let us make some general remarks on these results, and then in Section 1.2 below we formulate
them in detail.

Algebraically, both the construction of the full plane dynamics and the dynamics on the torus
come from the bijectivisation of the Yang—Baxter equation [BP19], which turns the equation into
a Markov map. Its action maps the random six vertex configuration into a random six vertex
configuration with swapped spectral parameters. Composing these Markov maps and passing to
a Poisson type continuous time limit following the approach in [PS21] produces the jump rates
in the full plane dynamics. In the torus case, we deform the six vertex graph on the torus by a
certain twist to define the Markov maps, and then observe that in the continuous time limit the
twist trivializes with probability going to one. We also present another proof of the fact that the
dynamics on the torus preserves the Gibbs distributions using an adaptation of [BB17], which
allows to generalize our construction to arbitrary six vertex weights and arbitrary average slopes.

For the full plane model, as in the dimer case considered in [Tonl17], we employ a nontrivial
probabilistic argument to prove that the Markov dynamics C(t) is well-defined. There are two
major obstacles which we overcome compared to the dimer case. First, instead of coupling the



full plane dynamics to the Hammersley process [Ham72], [AD95] to upper bound the probability
of long jumps, we need to consider a new particle system in which particles can jump and
annihilate one another. For this Annihilation-Jump process we are able to produce the required
estimates. Furthermore, unlike in the dimer case, the stationary measure 7(s) does not possess
a determinantal structure, so we have to restrict our analysis to KPZ pure states admitting an
explicit description [Aggl8] as trajectories of a (1+1)-dimensional system, see Section 2.3 below.

We compute the current (1.2) for all KPZ pure states of the stochastic six vertex model. One
in principle could employ our dynamics on the torus to get the current for general six vertex
weights and arbitrary slopes, but this computation seems out of reach with existing techniques.

We believe that our Markov processes on the torus (extended to the general six vertex weights)
should belong to the anisotropic KPZ class, at least for the weights a1, as, b1, ba, ¢1, co which are
“sufficiently close” to the dimer situation (cf. fluctuation universality for small perturbations
away from the dimer case in [GMT20]). The six vertex model corresponds to a dimer model for
several choices of parameters. Let us mention two cases:

e Settinga; =ao=by =by=1land ¢y =co = V2 maps six vertex configurations into domino
tilings [EKLP92], [ZJ00], [FS06a].

e Setting ag = 0 and bibs = cco forbids the vertex (1,1;1,1) and maps six vertex config-
urations into Gibbs ensembles of nonintersecting lattice paths. Here “Gibbs” means that
the measure is invariant under uniform resampling. Such nonintersecting paths are readily
identified with lozenge tilings, for example, see [BS10, Figures 2,3]. In this case we relate
our processes on the torus to the ones studied in [BF14], [Ton17], [CFT19], see Section 8.3.

Both these degenerations to dimer models, however, cannot be obtained by directly specializing
parameters in the stochastic six vertex model. For the latter, we know the current J(s, ¢(s)) only
along a one-dimensional curve of slopes, and so we cannot access the full Hessian of J(s,t) to
determine its sign.

Above we have outlined and briefly discussed our main results. In Section 1.2 below we define
the Markov dynamics C(t) on six vertex configurations and formulate the main theorems.

1.2 Main results

Fix two parameters 0 < §; < d2 < 1 which determine the weights of the stochastic six vertex
model, see Figure 1, top, and also Section 2.1 below for more detail. Another useful parametriza-
tion is in terms of the spectral parameter u = %:g;, and the quantum parameter ¢ = §1 /02, where
g,u € (0,1). The parameters (d1,02) (or (¢,u)) define the Gibbs property.

We define a Markov process whose state space is formed by collections of up-right lattice paths
in Z? which can meet at a vertex but cannot cross or share an edge. Allowed path configurations
are in bijection with height functions defined (up to a constant) on the faces of the lattice such
that around each vertex the differences of the height functions are of one of six types displayed
in Figure 1, top. An example of a state is given in Figure 1, bottom.

The Markov process C(t), t € R>g, is driven by a collection of independent Poisson clocks.
Each vertical edge of Z? has a Poisson clock, and the rate of the clock at an edge (z,y)— (x,y+1),
x,y € 7Z, is a function of the local path configuration around that edge, as shown in the table in
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Figure 1: Top: Local rules satisfied by a valid height function, and vertex weights of each local
configuration. Bottom: A path configuration in the full plane and its corresponding height
function (with some choice of the constant).



Figure 2. (Due to the memorylessness of the Poisson process, this is the same as attaching three
independent Poisson clocks with rates given in the table.)

Up jump Rate Down jump | Rate
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Figure 2: Jump rates for a given vertical edge, depending on the nearby path configuration.
Denote by (z,y) the coordinates of the lower of the two vertices.

When the local configuration at some (x,%) € Z? corresponds to an up jump (Figure 2, left)
and the clock rings, then the path passing through the edge (z,y) — (z + 1,y) jumps up by 1.
Instantaneously, each path through (z +i,y) — (z + i+ 1,y) jumps up as well, fori =1,2,... ¢,
where c is the largest integer such that foreach i = 1,2,... ¢, (x+1i,y)—(z+i+1,y) is occupied and
the horizontal edge immediately above is unoccupied. Then (z,y) — (z,y + 1) becomes occupied,
and we also remove the vertical path from the vertical edge (z+c+1,y) — (z+c+1,y+ 1) which
was previously occupied. Similarly, when the local configuration at (x,y) corresponds to a down
jump, then the path occupying the horizontal edge (z,y + 1) — (z + 1,y + 1) jumps down, and
again a maximal sequence of adjacent occupied horizontal edges also jumps down. In words, both
for up and down jumps we restore the path configuration to the allowed state using the most
possible horizontal edges to the right of (x,y). See also Figure 11 in the text for an illustration
of a jump.

The KPZ pure Gibbs state 7(s) is a translation invariant ergodic Gibbs measure on full plane
path configurations under which the average density of occupied vertical edges is s € (0,1), and
the average density of occupied horizontal edges is ¢(s).

Theorem (Theorems 5.7 and 5.8 in the text). Let 0 < s < 1. For a set Q of nitial states
(Definition 5.2 below) which is probability 1 under the Gibbs measure mw(s), there exists a Markov
process C(t) whose generator acts according to the jump rates defined above. Furthermore, m(s)
is stationary under C(t).

We can define the height change at a face under the Markov chain C(t) as follows. If a path
jumps up past a face, then the height at this face height decreases by 1, and if it jumps down past
a face, then the height increases by 1. Denote the resulting randomly evolving height function
by h¢(z,y). Define the current in the KPZ pure state m(s) by

T, 9(5)) = 7 Exge) (1e(0,0) ~ ho(0,0)). (13)

where the dynamics starts in stationarity from 7(s). Due to stationarity, the ratio in the right-
hand side of (1.3) is independent of ¢, so J(s, ¢(s)) is well-defined.



Theorem (Theorem 7.1 in the text). The current is given by formula (1.2).

Formula (1.2) for the current allows to predict a hydrodynamic limit equation (in two space
dimensions) for the height function in a non-stationary version of our dynamics acting in the
quadrant Zso X Z>1. (In fact, we defined the full plane dynamics after looking at the bulk
behavior of the quadrant dynamics.) Under this non-stationary dynamics which we denote by
Q(7), the edge Poisson clocks have rates depending on the lattice coordinate y and time 7, but
otherwise the dynamics is the same as C(t), see Section 4.3 below. The action of Q(7) changes
(in distribution) the Gibbs property of the stochastic six vertex model by continuously increasing
the spectral parameter from u to some terminal value u + n € (0,1), see Theorem 4.9 in the
text. We match the current (1.2) to a (heuristic) hydrodynamic limit of Q(7). The latter should
continuously transform the explicit limit shapes (obtained in [BCG16], see also [RS18], [Agg20al)
of the stochastic six vertex model in the quadrant with empty bottom and fully packed left
boundary conditions. See Figure 14, left, for a simulation of the stochastic six vertex model with
such boundary conditions.

1.3 Outline

In Section 2 we define the stochastic six vertex model, describe Gibbs pure states, and review
the Yang—Baxter equation for the six stochastic six vertex model. In Section 3 we employ bi-
jectivisation to turn the Yang—Baxter equation into a Markov map, and introduce the resulting
discrete time Markov dynamics on six vertex configurations in the quadrant. In Section 4 we look
at its continuous time Poisson type limit leading to a Markov dynamics Q(7) in the quadrant,
and state the measure mapping property. In Section 5 we define the full plane dynamics C(t)
and show that it exists and preserves the KPZ pure state m(s). The proof of the main estimate
is postponed to Section 6, where we describe the coupling with the Annihilation-Jump particle
system. In Section 7 we calculate the current and discuss the hydrodynamic limit of the dynamics
Q(7) in the quadrant. In Section 8 we present the construction of the dynamics on the torus,
first using bijectivisation, and then using an adaptation of the proof in [BB17] to generalize our
Markov chain to general six vertex weights and arbitrary average slopes.

1.4 Notation

Finite subsets of Z are denoted as A = (A1 > ... > Ayy)), where £()) is the number of elements.
We also use letters like u, k, v, and so on, for such finite subsets. If all A; > 1, the subset A\ may
be viewed as a strict partition [Mac95, Example I.1.9] of the integer [A| = A1 + ... 4+ Ayn)-
Arbitrary (possibly infinite) subsets of Z are denoted by similar letters but in the upright font:
A, K, 1, v, and so on. For h > 1 and A C Z>(, denote the truncation ARl =N {0,1,...,h —1}.
Each A C Z may be written in a multiplicative notation A = (... (—1)™-10"m01"™12™2 ),
where m; = 1 if ¢ € A, and m; = 0 otherwise.
For an event or condition A, 14 stands for the indicator of A.
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2 Stochastic six vertex model

Here we define our main “static” objects — certain families of probability measures on configu-
rations of up-right lattice paths on edges of Z? given by the stochastic six vertex model.

2.1 Vertex weights

Throughout the paper we fix the “quantization” parameter ¢ € [0,1).

The six vertex model is a probability measure on configurations of up-right paths on the two-
dimensional discrete lattice Z2, such that there is at most one path allowed per edge. The paths
are allowed to meet at a vertex. See Figure 4 below for an example of a path configuration.

For a single vertex, let i1, j1,12,j2 € {0,1} be the number of paths entering and exiting the
vertex as shown in Figure 3, left. Due to the path preservation, it must be i1 + j1 = i2 + jo, which
leaves six possibilities for a vertex. We assign the following weights to these six possible vertices:

wy(0,0;0,0) = wy(1,151,1) =1,

q(1 —u) 1—u
1,0;1 =—" 1;0,1) =
wu( 707 70) 1_qu 9 'LUU(O, 707 ) 1_qu7 (21)
l—gq u(l —q)
1,0;0,1) = 0,1;1,0) = .
wu( s YUy Uy ) 1_qu7 wu( )y by ) 1_qu

Here u € (0,1) is the spectral parameter (also called the rapidity) which may change from one
vertex to another.

i a az by ba 1 C2
st i e
gl 1 1 &1 8 1—6 1-6,

Figure 3: Stochastic six vertex weights arise as a specialization of the general asymmetric six
vertex Boltzmann weights (a1, ag, b1,b2,¢c1,c2) asa; =ag =1,y =1—c; =0, and by =1—co =
d2. The general Boltzmann weights are listed above the vertices.

We will use the parametrization of the vertex weights by (¢, ) as in (2.1) interchangeably with
another one. This other parametrization involves two parameters (d1,0d2) with 0 < §; < d2 < 1,
see Figure 3 for an illustration. The two parametrizations are related by

1—u 1—u )
G R A T =3

51 = 61 (u) = (2.2)

1—qu’



In particular, the ratio d;/d2 is fixed throughout.
The weights (2.1) satisfy the stochasticity property at each vertex, namely,

> waliv, jrjiz, j2) =1 for all iy, ji. (2.3)

12,72

Thus, our model is a particular case of the general asymmetric six vertex model with weights
ai,ag, by, be, 1, co specialized as a; = ag = 1, by = 1 —c¢1 = 1, and by = 1 —cg = d2 (cf. Figure 3).
The stochastic case of the six vertex model was introduced by Gwa and Spohn [GS92] who studied
its hydrodynamics in 141 dimension. Asymptotic Tracy—Widom GUE fluctuations in this model
were obtained in Borodin-Corwin-Gorin [BCG16].

2.2 Gibbs property

Let us fix a finite rectangle A = {z, 2 +1,...,2+ R} x {y,y +1,...,y + R’} C Z%, and specify
boundary conditions, that is, the positions of entering paths at the bottom and the left boundaries,
as well as the positions of exiting paths at the upper and right boundaries (see Figure 4 for an
example).

_________

0 2

(N
7

(Ivy)r """""" Z

Figure 4: A rectangle with R = 4, R’ = 3, and a configuration of up-right paths with specified
boundary conditions. The boundary conditions are the positions of the incoming and the outgoing
paths, and are illustrated by arrows.
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Observe that the set of all up-right path configurations in A with specified incoming and
outgoing boundary conditions is finite. We consider a probability measure on these path configu-
rations depending on a sequence of spectral parameters u = (uy, Uy+1,- .., Uy+r) (With u; € (0,1)
for all [) given by

1 z+R y+FR 2 ‘
P{lect (path configuration) = = H H Wy, ( J1 —+—]2 ) (2.4)
k=z =y 1 (k> l)

The product in (2.4) is taken over all vertices (k,l) in the lattice, and for each vertex we pick
one of the weights from (2.1) (with the corresponding spectral parameter u = u;) depending on
the occupation numbers i1, j1, 72, j2 of the edges adjacent to that vertex. Here Z is the partition
function, that is, the probability normalizing constant which ensures that the right-hand side of
(2.4) sums to 1 over all possible path configurations with the given boundary conditions.

10



One can also consider a probability measure P on path configurations in the rectangle A
with free outgoing boundary conditions, for which the locations and numbers of outgoing paths on
the left and top boundaries of the rectangle are not specified. Due to the stochasticity condition
(2.3), the partition function of P{fee is simply equal to 1, and the measure P{{ee can be sampled
by running a row-to-row Markov chain based on the vertex weights w,, see Figure 5 for an
illustration. The conditional distributions of Pff*® with fixed locations of all outgoing paths are
precisely the measures Pect.

}

[ |
1
|
1
1

o
.
g |

Figure 5: Sampling of Pﬁee by the row-to-row Markov chain. At each step, we perform the sequen-
tial update (from left to right) in a single row, using the vertex weights wy,,,,, i =0, 1,2, and the
incoming paths from the left and from the row below. For example, after one step the probability
of getting the displayed configuration is equal to wy, (1, 0;1,0)wy, (1,0;0,1)wy, (0,1;1,0).

We use the measures PIE! (2.4) as a building block for random ensembles of up-right paths
in infinite regions of Z2.

Definition 2.1 (Stochastic six vertex u-Gibbs measures). Let u = {u; € (0,1): 1 € Z} be a
sequence of spectral parameters, and A C Z? a finite or infinite rectangular region. A probability
measure P on configurations of up-right paths in A is called u-Gibbs if for any finite rectangle
A= A{z,...,2 + R} x{y,...,y+ R'} C A, the conditional distribution of the up-right paths
in A with arbitrary fixed incoming and outgoing boundary conditions on all four sides of A is
Prect. Here u|a = (uy, Uy1, - - -, Uyt ) is the corresponding restriction of the spectral parameter

ula
sequence.

Remark 2.2. In Definition 2.1 it suffices to consider only the choices of boundary conditions for
A having nonzero P-probability.

Let A be finite. In this case the u-Gibbs measures of Definition 2.1 on up-right path ensembles
in A are mixtures of the measures PI** corresponding to taking random boundary conditions on
all four sides of the finite rectangle A. Since the set of all possible boundary conditions is finite,
the mixture is also finite. The measure ]P’ffee is a particular example of a u-Gibbs measure with
random boundary conditions (on the right and top boundaries only).

Definition 2.3 (Homogeneous stochastic six vertex Gibbs measures). The above Definition 2.1
deals with inhomogeneous (in the vertical direction) Gibbs measures for the stochastic six vertex
model. Setting u; = u € (0,1) for all [ € Z leads to the important subclass of homogeneous
stochastic six vertex Gibbs measures. The homogeneous Gibbs property is indexed by two pa-
rameters (g, u) (equivalently, (d1,02), see (2.2)).

Remark 2.4. The space of homogeneous Gibbs measures coincides with the space of the Gibbs
measures for the symmetric ferroelectric six vertex model. The symmetry means that a; = as = a,

11



b1 = by = b, and ¢; = cg = ¢ in the notation as in Figure 3, and the ferroelectric condition reads
A = (a® +b* — %) /(2ab) > 1. We refer to [Aggl8, Appendix A.1] for details.

Let us define a family of u-Gibbs measures on up-right paths in the quadrant Z>¢ x Z>1 which
are analogues of PI*® and can also be sampled by running a row-to-row Markov chain:

Definition 2.5 (Stochastic six vertex model in the quadrant). Fix a sequence of spectral param-
eters u; € (0,1), 1 =1,2,..., and take A to be the quadrant Z>g x Z>1. The stochastic six vertex
in the quadrant with step (also called half domain wall) boundary conditions [GS92], [BCG16]
has empty bottom boundary and an incoming path at each horizontal edge (—1,1) — (0,1), [ > 1,
along the left boundary. It is the unique u-Gibbs measure for which for any h > 0, [ > 1 the
marginal distribution of the configuration in a finite rectangle of the form {0,1,...,h} x{1,... 1}
is Pfre (with empty and packed incoming conditions at the bottom, respectively, the left bound-
ary). The uniqueness of thus described measure follows in a standard way from the Kolmogorov
extension theorem, since the marginals P in finite rectangles are compatible.

More generally, if the bottom boundary has paths incoming at locations encoded by a (finite or
infinite) subset A C Z>, and the left boundary is packed, then we call these the step-A boundary
conditions. If the left boundary is empty and the bottom boundary is encoded by A, we refer to
this as the empty-A boundary conditions.

We denote by P58V the distribution of the stochastic six vertex model in the quadrant (with
step-A or empty-A boundary conditions, which is specified in each case separately).

2.3 Pure states

Here we discuss homogeneous Gibbs measures on path ensembles in the full plane satisfying
certain natural assumptions.

Definition 2.6. Consider the homogeneous stochastic six vertex Gibbs property (Definition 2.3)
with some parameters (q,u). A translation invariant, ergodic Gibbs measure (also called a pure
state, for short) is a Gibbs probability measure on configurations of up-right paths in the whole
plane Z? which satisfies two additional properties:

e The distribution of the path ensemble does not change under shifts of the underlying lattice
72 by arbitrary elements of Z?;

e The measure is ergodic, which, by definition, means that the probability of any translation
invariant event (from the o-algebra associated with path configurations on Z?) is either 0
or 1.

In particular, each pure state admits a slope (s,t) € [0,1]?, where

s := P (the vertical edge (0,0) — (0, 1) is occupied by a path),

: : : (2.5)
t := P (the horizontal edge (0,0) — (1,0) is occupied by a path).

In other words, s and t are the average densities of the vertical and horizontal edges under the
pure state. If a pure state has slope (s, t), we denote it by s .
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Figure 6: Phase diagram of pure states in the stochastic six vertex model for u = % Remarkably,
the phase diagram does not depend on gq.

Let us recall known results and predictions about pure states mst. We refer to [Agg20b] for
details, and follow the notation of that paper. Let

t

_— t 1). 2.
t+u—tu’ €lo1] (26)

p(t) = p(t|u) =
We usually omit the spectral parameter u in the notation. Define the following subsets of [0, 1]2:

bri={(s,0(s)):s€[0,1]}, b2 = {(p(t),t): te[0,1]}.

Let ) be the open subset of [0, 1] between b1 and b, so that 95 = h1 U ha. See Figure 6 for an
illustration.

By [Agg20b, Theorem 1.2], for (s,t) € $), there are no pure states with this slope, and for
each (s,t) € 99, there is exactly one pure state with this slope. Since the phase diagram in
Figure 6 is symmetric in (s, t), it suffices to consider only 7(s) := Tlso(s)- For path configurations,
the symmetry (s,t) <> (t,s) is realized by the reflection across the line y = x.

The measure 7(s) is precisely the trajectory of the stationary stochastic siz vertex model from
[Aggl8]. Namely, under 7 (s) the joint distribution of the locations of the occupied entering vertical
and horizontal edges along the boundary of any quadrant {z,z+1,...} x {y,y +1,...} C Z? is
given by the Bernoulli product measure with density s for the vertical and ¢(s) for the horizontal
edges, respectively (that is, each edge is occupied independently with probability s for vertical
and @(s) for horizontal entering edges). Then given a boundary condition, we use the stochastic
weights depending on (g, u) to sample the configuration in the quadrant according to the measure
P56V, In other words, the row-to-row transfer matrix in the stochastic six vertex model defines
an interacting particle system in (141) dimensions (that is, a discrete time Markov process on
configurations in Z). The path configuration in Z? under 7 (s) is the trajectory of the evolution of
the Bernoulli measure of density s (on a horizontal slice) under this interacting particle system.

We refer to the part 0§ of the phase diagram as the KPZ phase of the stochastic six vertex
model, since in this phase the fluctuations of the height function live on scale N1/3 (in domains
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of size N) along the characteristic direction, and are described by the Baik—Rains distribution
[Aggl8] (the distribution was introduced in [BR00]). This asymptotic fluctuation behavior is
typical for stationary models in the KPZ universality class [Corl2].

We discussed pure states corresponding to slopes (s,t) from $ = § U d§). For (s,t) not on
the boundary of [0,1]? but outside of §, the pure states conjecturally exist and exhibit liquid
phase behavior in the sense of [KKOS06]. That is, the height fluctuations in a domain of size N
grow logarithmically with V. The liquid phase behavior for the stochastic six vertex model is a
major open problem. In the present paper we mostly deal with pure states in the KPZ phase,
and it would be very interesting to extend at least some of our results (besides the existence of
the irreversible dynamics on the torus) to the liquid phase.

2.4 Yang-Baxter equation

The vertex weights w,, (2.1) satisfy the Yang—Baxter equation which we now recall. Define the
cross vertex weights as follows:

J2

2 J
X (i1, 13 2, 12) = Xu ( X ) = wu(injiiing2), duinge € 0,1}, (27)
11
Proposition 2.7 (Yang-Baxter equation). For any fized iy,12,13, j1, jo2, js € {0,1} we have

Z KXuw(io, 115 ko, k1) wy (i3, k13 k3, j1) wo (K3, k23 73, j2)

ki k2,ks€{0,1
1,k2,k3€{0,1} (2.8)

= ) wylis, ini kb, Kh) wu(ky, i; s, k) Xuw (K, K1 ja, 1)
ki ,ky,k5€{0,1}
See Figure 7 for an illustration of the sums involved in both sides of (2.8).

Proof. There are finitely many choices of the boundary conditions 41, i, 3, j1, j2, J3, and for each
such choice the Yang-Baxter equation (2.8) (an identity between rational functions in u, v, and q)
is verified in a straightforward way. O

J3
i1 k/Q_I: J2 _ i1 ké' ’“/1./ J2
i2 / oy Ve i2 —I—/k:’2 J1

13 13

1

Figure 7: An illustration of the Yang-Baxter equation. The straight vertex in the lighter shade
has weight w,, and in the darker shade has weight w,. The cross vertex has weight X, ,,.

Remark 2.8. One can readily check that for any choice of iy,19,13,j1, j2,j3 the number of
summands in each part of the Yang—Baxter equation (2.8) is at most two.

14



2.5 Row operators

Let V = C? with the canonical orthonormal basis eg, e;. We think that the space V is associated
with the vertical direction at a vertex, and use the vertex weights w,, (2.1) to define four operators
Ay, By, Cy, and D,, in V. The operators A, and D, act diagonally:

Aveo = wy(0,0;0,0)ep, Ayer = wy(1,051,0)e;
Duep = wy(0,1;0, 1)eg, Duer = wy(1,1;1,1)ey,

and the other two operators act as

BueO = wu(oa 1, 17 0)€1a Buel = 07
Cuer = wy(1,0;0,1)eq, Cueo = 0.

Stacking the vertices horizontally, one can define the action of the operators A,, By, Cy, Dy in
finite tensor powers V®*. This can be done inductively:

Au(vl ® UQ) = A,v1 ® Ayve + Cuu ® Bywo, Bu(vl X UQ) = Byv1 ® Ayv2 + Dyv ® Byug,
Cu(vl b2y UQ) = Cuv1 ® Dyve + Ayv; ® Cyua, Du(vl & UZ) = Dyv1 ® Dyv2 + Byvy @ Cyua.

Here v; € VO™ vy € VO where m+ 1=k, m,l < k.

Multiplying two operators like A, A, (acting in V') corresponds to stacking two vertices verti-
cally, with the spectral parameters u and v in the lower and the upper vertex, respectively. Thanks
to the Yang—Baxter equation (Proposition 2.7), the operators satisfy a number of quadratic re-
lations. We do not need all of the relations, so let us list some of them which are used below in
the paper:

AuAy = AyAy, BuBy = ByBu, CuCy = CUCU7 DuDy = DyDy, (29)
1—g¢q 1—wu/v
A Cy = ——FAC + ———— CA,, 2.10
1—qu/v +1—qu/v (2.10)
1- 1-
CA, = W —uw/v) ) o /=) (2.11)
1—qu/v 1—qu/v
1-— 1-
D8, = /- p g A=W g o (2.12)
1—qu/v 1—qu/v
1—u/v 1—gq
B,D, = ——D,B, + ——— B,D,. 2.1
1—qu/v +1—qu/v (2.13)

By summing (2.10) and (2.11), we see that A,C, + C,A, is symmetric in (u,v), which together
with (2.9) implies that the operators A, + C, and A, + C, commute. Similarly, B, + D, and
B, + D, commute.

Note relations (2.9)—(2.13) hold not only when acting in V' (in a single-vertex situation, which
is Proposition 2.7), but also in each finite tensor power V®*. This is due to the fact that we
can iterate the Yang—Baxter equation and move the cross vertex horizontally through a row of
adjacent vertices.
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2.6 Row operators in the half-infinite tensor product

We need the half-infinite tensor product VI of the spaces V with the fixed vector eg. By
definition, the space V%% has the orthonormal basis indexed by finite subsets A C Z>q (recall
notation from Section 1.4), where

ex = €my Dem; Q€my @ ..., m; = L.

We see that all but finitely many of the m;’s are equal to 0. We do not need the Hilbert space
completion of V%) since all our expressions involving V%) below are in terms of matrix
elements.

Let us define how the operators A, and B, act in V10, Representing y10.00) — Do Vk[o’oo),

where Vk[o’oo) is the span of ey with ¢(\) = k, we have

Ay VIO plied) gyl 000,

Indeed, each matrix element (A,ey,e,) with £(\) = ¢(u) is the product of the vertex weights w,,
(2.1) over all vertices indexed by Z>g, and in this product all but finitely many of the vertices
have weight w,(0,0;0,0) = 1. This implies that the action of A, (in terms of matrix elements) is
well-defined, and similarly for (Byey, e, ), where £(v) = £(\) + 1.

Note that the other two operators, C, and D,,, do not act in the infinite tensor product V[0:2°)
due to the presence of infinitely many vertex weights w,(0,1;0,1) # 1 in the corresponding
products for their matrix elements.

Remark 2.9. The operators in V[0 allow to express probabilities in the stochastic six vertex
model in the quadrant (Definition 2.5) as matrix elements. For example, for the step boundary
conditions, the probability to observe a configuration A of occupied vertical edges at height [ > 1
from the bottom is given by

<€)\, Bul e BUQBul(eo XeygReyX .. )>

This probability is nonzero if and only if £/(A) = I.

3 Bijectivisation and transition probabilities

3.1 Bijectivisation of summation identities

We recall the notion of bijectivisation from Bufetov—Petrov [BP19, Section 2]. Suppose we have
two disjoint finite sets A, BB, so that each element z € A U B is equipped with a positive weight

w(z), such that
> wia)=> w(b). (3.1)

acA beB

Identity (3.1) defines probability distributions on A and B with probability weights proportional
to {w(a)}sea and {w(b)}pepn, respectively. A bijectivisation is a coupling between these two
probability distributions, expressed via conditional probabilities:

Definition 3.1 (Bijectivisation). A bijectivisation is a family of forward and backward transition
probabilities p™V4(a — b) > 0, pP¥4(b — a) > 0, where a € A, b € B, satisfying
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e Sum to one property:

Y pMa—b) =1 VaeA, S sa)=1 VbeB  (32)
beB acA

e Reversibility condition:

w(a) p™(a — b) = w(b) p""(b — a), Vae A, beB. (3.3)

For general A and B, a bijectivisation is not unique.

Remark 3.2. In the special case when |.A| or | B| is equal to 1, there is at most one bijectivisation.
More precisely, in this case the solution {p™4(a — b), p""4(b — a) }ac , ves to the family of linear
equations (3.2)—(3.3) is unique. When, moreover, this solution is nonnegative, then it determines
a bona fide bijectivisation (i.e., a stochastic Markov map).

Puy | A X b4 A | X

I || Tpg=1 +¥Lis—o0 | (1 —)lis—o0 1 0 1

1 1 0 1k3:0 + '}’1k3=1 (1 - 7)1193:1 1

X |1 B 1-8 a 1-a 1

Figure 8: The bijectivisation of the Yang—Baxter equation in terms of the forward transition
probabilities p&Yd ((k1, ka, ks) — (K{, k5, k%) | I, J) expressed through the quantities (3.5). The
row label is the cross vertex state on the left hand side, and the column label is the cross vertex
state on the right hand side. The cross vertex states determine iy, 19, k1, ko and j1,jo, k1, kb
(recall the labels in Figure 7). Throughout most of the table, the remaining states of the edges
are determined uniquely (otherwise I,.J are incompatible). However, in four cells additional
information is required, and it is provided in terms of the indicators 1;,—¢ and 13,—;.

3.2 Bijectivisation of the Yang—Baxter equation

Here we apply the general definition of the bijectivisation from the previous Section 3.1 to the
Yang-Baxter equation of Proposition 2.7.
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Denote I = {iy,i9,i3} and J = {j1,j2,73}. The combination of I and J encodes a choice
of the boundary conditions in (2.8). For each such choice, let A; ; and By ; index the nonzero
summands in the left, respectively, the right-hand side of (2.8). One can check that for any I, J,
we have one of the following three possibilities:

e Either the sums in both sides of (2.8) are empty For example, this happens when i1 +io+i3 #
j1 + ja2 + j3. Call this the incompatible case.

e Or one or both of |A; 7| and |Br, s

is equal to 1. Call this the one-to-two case.

e We have |Ar j| = |Br,7| = 2, but the Yang-Baxter equation (2.8) looks as w(a;) +w(az) =
w(b1) + w(b2), where w(a1) = w(b1) and w(az) = w(b2). In other words, we can always
match each of the two terms in the left-hand side to the corresponding term in the right-hand
side which has the same weight. Call this the two-to-two case.

For the one-to-two case, there is at most one nonnegative bijectivisation of the Yang—Baxter
equation (by Remark 3.2). In the two-to-two case, we make the natural choice and assign the
bijectivisation to be deterministic. That is, in the notation of the two-to-two case, set p™9(a; —
b1) = p™d(as — by) = 1, and all the other forward probabilities to zero (and similarly to the
backward probabilities). In this way, for any choice of the boundary conditions I,.J, we have
outlined a single solution to the linear equations (3.2)—(3.3). Denote this solution by

Piv,vqfl ((khk??k?)) — ( /17 évké) | I, J) y pg‘,’;f;d (( ia ,27ké) — (k17k27k3) ‘ Iv J) (34)

(when I and J are incompatible, by agreement, we set all these probabilities equal to 0). Here
u, v is the spectral parameter of the lower (resp. the upper) vertex in the left-hand side of the
Yang—Baxter equation (2.8).

Denote

(1-¢(d-v)u Y::(1*0)(1*%)
(1—u)(v—qu)’ (1—u)(1—qv)

Proposition 3.3. For all I,J, the solutions (3.4) are expressed through the quantities &, 3,y

and their complementaries 1 — «,1 — 3,1 —vy. The forward solutions prVS are given in the table

in Figure 8. When 0 < u < v < 1, the forward and the backward solutions are all nonnegative.

_ Q=g -qu)v ._
o= (1—qv)(v—qu)’ B =

(3.5)

Proof. The form of the forward solutions in Figure 8 is verified in a straightforward way for each
choice of I, J. The backward solutions are readily found from the reversibility condition (3.3),
but we do not need their explicit form in the present work.

Finally, conditions 0 < u < v < 1 together with 0 < ¢ < 1 ensure that «, 3,y belong to (0, 1),
which guarantees the nonnegativity of the forward probabilities in Figure 8. The fact that the
backward probabilities are then also nonnegative follows from the reversibility. ]

3.3 Two-row Markov operator

Take the two-row lattice Z>o x {1, 2} and consider a path configuration on it encoded by the triple
(K, pt, A) of finite subsets of Z>g. At the bottom boundary, paths enter according to k, at the
top boundary they exit according to A, and p encodes the occupation of internal vertical edges.
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M3 M2 H1

K2 R1

Figure 9: A path configuration in Z>g x {1,2} encoded by A = (5,4,2,0), p = (5,2,1), and
k = (3,2). In this example both left boundary edges are occupied.

We assume that no paths proceed infinitely far to the right, and that on the left the boundary
edges (—1,1) — (0,1) and (—1,2) — (0,2) are both occupied or are both empty. That is, either
L) =L(p) = £(K), or £(A) = () + 1 =£(k) + 2. See Figure 9 for an illustration.

Definition 3.4 (Two-row bijectivisation). Take a triple (k, i, A) as described above with ¢(\) =
() = U(k) or £(X) = £(p) +1 = €(k)+2. Let the spectral parameters u,v with 0 < v < v < 1 be
associated to the bottom and, respectively, the top row of the lattice Z>g x {1,2}. We sample a
new configuration (k, v, A), where v is random and depends on the old triple (k, , A), as follows:

e First, add an extra cross vertex at the left boundary of the lattice between rows 1 and 2.
Depending on the left boundary, the cross is fully empty or fully occupied. In both cases
its weight is equal to 1, see (2.7) and (2.1).

e For each i = 0,1,2,..., drag the cross past the i** vertical edge in the lattice. This is a

random operation involving the transition probabilities pfu"’vg from Figure 8. Since &, p, A
are finite subsets, this random procedure eventually becomes deterministic far to the right
because all edges are eventually empty. This corresponds to the forward transition prob-
abilities becoming trivial: prVS ((0,0,0) — (0,0,0) | {0,0,0},{0,0,0}) = 1. The resulting

state of the cross vertex is empty, and it has weight 1.

Denote the law of the resulting random v by U, ,(nx — v | &, A). We call U, ,, the two-row Markov
transition operator which takes p to a random v given the boundary conditions encoded by k, A.

3.4 Action on two-row Gibbs measures

Within the setting of the previous Section 3.3, let us show how the operator U, ,, (Definition 3.4)
swaps the spectral parameters u <> v in Gibbs measures on path configurations in the two-row
lattice Z>o x {1,2}.

Assume that the old triple (k,u, A\) with ¢(A) = ¢(u) + 1 = ¢(k) + 2 has the (u,v)-Gibbs
distribution. This means that the conditional distribution of y is

1
Pu,v(# ‘ R, )‘) = E<6)\7 Bveu> <e,ua Buen>7

where Z = Z(u,v) is the normalizing constant (the other case ¢(\) = ¢(u) = ¢(k) is similar,
but the operators B should be replaced with A). The Yang-Baxter equation (Proposition 2.7)

19



implies that Z(u,v) is symmetric in u,v. Indeed, after summing over u to get Z(u,v), we see
that the symmetry follows from the commutation of the operators B, and B,, see (2.12)—(2.13).
The Markov operator U, , extends this symmetry to the level of probability distributions:

Proposition 3.5. Let 0 < u < v < 1. For any triple (k,u, \) of finite subsets of Z>o, we have

Z<6)" Buen) (€, Buer) Uuo(it = 1| £, A) = (ex, Buey)(eu, Boew) (3.6)

i
The same identity also holds with the operators B replaced everywhere by A.

Proof. We prove the statement with B, the one with A is analogous. The action of U, , starts
by adding the full cross (having weight 1) on the left. Then it proceeds by dragging the cross
through the lattice, and sampling p given &, fi, A\ by a sequence of pgvj’;}i steps. Thus, we can
write the left-hand side of (3.6) as the product of local vertex weights and the local transition
probabilities pffj’f. The dragging of the cross and the summation over fi in the left-hand side of
(3.6) allows to repeatedly apply the local relation

> Xuolinyins by, b )wa(is, ki ks, j1) wo(ks, kos js, j2) Phve ((kt, ko, ks) = (K7, Ky, k) | 1,.7)
k1,k2,k3

from the LHS of the Yang—Baxter equation (2.8)

= > wyis iz K, k) wu(Ks, ins s, k) X (K, K1 G2y 1) Doty (K1, ko, k) — (ki ko, ka) | 1,.)
k1,k2,k3

from the RHS of the Yang-Baxter equation (2.8)

= wv(i37i2; kg? ké) wu(kéail;j?)’ kll) XU,U(kév /1;j2aj1)7

which follows from the properties (3.2)—(3.3) of the bijectivisation (recall that I = {i,1i2,13},
J = {Jj1,72,j3}). The term w,(ig,ia; k5, k) wy (k5,415 js, k}) in the right-hand side of the local
relation signifies the appearance of the local (v, u)-Gibbs distribution. The additional cross vertex
weight X, , (Kb, k1; j2, j1) participates in the next local relation in the process of dragging the cross.

Ultimately, one arrives at the configuration (x, u, A) whose weight has swapped spectral pa-
rameters. The eventual state of the cross vertex is empty because it is to the right of the rightmost
path. Since the weight of an empty cross is 1, we can remove the cross vertex weight, and we are
left with the right hand side of the desired identity (3.6). O

3.5 Action on infinite configurations

In the previous Sections 3.3 and 3.4 we defined the two-row Markov operator Uy, ,(fi — p | K, A)
acting on finite configurations of vertical arrows. Here we extend this operator to possibly infinite
subsets of Z>¢. Recall that for u C Z>p and h > 1, the truncation is ul<h = un{o,1,...,h —1}.

Pick k,A C Z>¢, and assume that u C Z>( has a (u,v)-Gibbs distribution on the two-row
lattice Z>o x {1,2}. That is, for any h > 1 and any choice of the occupations of the horizontal
edges (h—1,1) — (h,1) and (h —1,2) — (h,2) on the right boundary, the conditional distribution

of ul<hl is given by IF’EZCZ) with the corresponding boundary conditions.

For h > 1, denote by Uf,[ﬁ)h](ukh] — vI<H | kI<P AP the probability that by randomly
dragging the cross to the right past the horizontal coordinate h — 1 (using the probabilities pfffg

from Figure 8), the state of the internal edges at 0,1,...,h — 1 is given by v[I<hl| By the same
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computation as in the proof of Proposition 3.5, the distribution of vI<" is (v, u)-Gibbs. Moreover,
as h — +oo0, the distributions of vI<" are compatible. Thus, by the Kolmogorov extension, we
arrive at a random subset v C Z>( which has a (v, u)-Gibbs distribution.

Let us now take the stochastic six vertex model in the quadrant as in Definition 2.5, with
the spectral parameters u = (u1,ug,...) and step-A or empty-A boundary conditions. The full
configuration of the up-right paths in the quadrant can be encoded by a sequence A®, i > 0, of
subsets of Z>(, where A0 = (the bottom boundary condition), and each A represents which
vertical edges among {(h,i) — (h,i+ 1): h € Z>o} are occupied by paths.

Definition 3.6. Fix k£ > 1 and assume that u; < wup41. Let Lj, be the Markov transition
operator acting on the sequence ()\(i))izo by randomly changing A%) to v(¥) according to the
two-row transition probability Uy, u,_, (7\(’“) — v(k) | 7\(’“*1),7\(’”1)). For all i # k, the operator
Ly u leaves A intact.

Proposition 3.7. We have

6 6 —
Py L = P50 S = (Uly e oy Up—1, Ukt 1, Uk, Ukt 2y - - - ), (3.7)

where IP’f?VLk,u is the action of a Markov operator on a probability measure, s is the k-th el-
ementary permutation, and the boundary conditions of both stochastic six vertex models in the
quadrant in (3.7) are the same.

Proof. Let k = Ak=1), nL= AR o = AEFD and v = v(®). The subsets k, u, p encode the
configuration of the stochastic six vertex model before the application of Ly, and v is the result
of this application.

Under the step-A boundary conditions, for any truncation h > 1 the conditional distribution
of ul<h given k[<N pl<hl jg

[P?g"’v)(u[<h] ’ K[<h}7 p[<h]) — %<€p[<h]7 (BU + Dv) eu[<h]> <€H[<h]’ (Bu =+ Du) eK[<h]>.
For the empty-A boundary conditions, both operators B+ D should be replaced by A+ C with the
same spectral parameters, and the argument is analogous. Applying the operator Uq[ﬁh] which
maps p<M to a random subset vI<" and arguing as in the proof of Proposition 3.5, we see that
the distribution of vI<# is P¥6v | (vI<hl | k[<Fl p[<hl) Indeed, this follows from the commutation
of B, + D, with B, + D,, which in turn is a consequence of the Yang—Baxter equation, see
(2.12)—(2.13). This completes the proof. O

3.6 Two-row Markov operator via coin flips

Here we present another description of the Markov operator U, , which is adapted to taking the
continuous time limit in Section 4 below. Fix spectral parameters 0 < u < v < 1, and recall that
we are dragging a cross through the two-row lattice Z>¢ x {1, 2}, with spectral parameters v and
v on rows 1 and 2, respectively.

Let us argue in the setting of finite subsets. Assume that x, g, A with either £(\) = 4(u)+1 =
(k) +2or (N\) = £(n) = £(k) encode the configurations of occupied vertical edges as in Figure 9.
We aim to present an algorithm sampling v from the distribution U, (¢ — v | s, A). This
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algorithm involves independent random coin flips to initiate jumps at each horizontal coordinate
1. If a jump is initiated, then it propagates to the right according to certain rules. A jump can
be either up or down, let us describe them.

Denote the horizontal edges (i,1) — (¢ +1,1) and (4,2) — (i+1,2) by e;1 and e; 2, respectively.
The occupation of these edges changes after initiating a jump (and the vertical edge’s occupation
changes accordingly). Note that the occupation of the previous horizontal edges e;_1 1, €;—12 does
not change after a jump at ¢ is initiated.

Initiating up jump. An up jump can be initiated at ¢ if the local path configuration is one of
, .

After initiating an up jump, the path occupying e; 1 jumps up from e; 1 to e;2, and the vertical
edge (i,1) — (7,2) becomes occupied. For example, in the first case in (3.8) we have

(3.8)

1-T

Propagation of up jump. The up jump propagates as follows. Find the largest ¢ = ¢(i) =
c(i, K, A, 1) > 0 such that e; ;1 is occupied and e;4 ;2 is unoccupied for all j = 0,1,...,¢, and for
all these edges we swap the occupation status of ;4 ;1 and e;4;2. We also change the occupation
status of (i +c+1,1) — (i 4+ ¢+ 1,2) from occupied to unoccupied. This results in a well defined
configuration. See Figure 11 for an illustration.

Initiating down jump. A down jump can be initiated at ¢ if the local configuration is one of

Then the path occupying e; 2 jumps down from e;s to e; 1, and the vertical edge (i,1) — (7,2)
becomes unoccupied. For example,

T

Propagation of down jump. The down jump propagates as follows. Find the largest ¢ =
c(i) = ¢(i, k, A\, u) > 0 such that e;4;1 is unoccupied and e;4 ;2 is occupied for all j =0,1,...,c.
For all these edges, swap the occupation status of e;4;1 and e;4 ;2. Change the state of the last
vertical edge (i +c+ 1,1) — (i + ¢+ 1,2) from unoccupied to occupied.
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Sampling procedure. Having defined initiation and propagation of the up and down jumps,
we are now in a position to describe how the random finite subset v with distribution U, , is
sampled. Start by setting ¢ = 0. While ¢ < A\; (where \; is the position of the rightmost occupied
vertical edge), sequentially repeat the following steps:

1. If we can initiate an up jump at ¢, do so according to an independent coin flip with proba-
bility 1 —y,1 — &, or 1 — 3 (see (3.5)) depending on the local configuration as in the table

in Figure 10, left.

2. If we can initiate a down jump at ¢, do so according to an independent coin flip with
probability 1 —y,1 — «, or 1 — 3 (see (3.5)) depending on the local configuration as in the
table in Figure 10, right.

3. If we initiated an up or down jump, let ¢(i) be as described above, and propagate the jump
to the configuration at positions ¢ + 1,...,7 4+ ¢(i). Then set i =i + ¢(i) + 1.

4. If we cannot initiate any jump at i, set ¢ = ¢ + 1.

Up jump Probability Down jump Probability

M T

. 1B - |1-B

Figure 10: Coin flip probabilities for initiating a jump expressed through the quantities defined
in (3.5). Note that the probabilities for initiating up and down jumps are the same under the
inversion of occupation of all edges.

Proposition 3.8. The algorithm for sampling random v given k, u, \ indeed produces v with the
distribution Uy ,(p — v | K, A).

Proof. From the table of the forward transition probabilities pfu"f in Figure 8 we see that the
probability to change the occupation state of a vertical edge by dragging the cross is equal to
1—«,1—f, or 1 —vy depending on the state of the horizontal and cross edges around. Indeed,
the state of the cross before and after the dragging is determined uniquely by the initiated
jump. The jump is not initiated with the complementary probability «, 3, or vy, respectively,
which corresponds to another state of the cross vertex after the dragging. Next, the rules for
propagation of up or down jumps come from the parts of the table in Figure 8 where pi"f = 1.

This completes the proof. O
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Figure 11: A generic up jump with propagation. In this case an up jump was initiated at the
vertical edge with an asterisk. Note that the propagation can continue past vertical paths which
go straight up.

Let us extend Proposition 3.7 to infinite subsets k, u, A (the setup of Section 3.5). For each
h > 1, we may truncate the sampling algorithm by allowing the initiation of jumps only at
1=20,1,...,h—1. Reading the resulting vertical path configuration after all the jumps, we clearly
get vI<h from the distribution ULﬁh] (ul<hl — yI<hl | kl<hl X[<hl), For h — 400, these truncations
of the sampling algorithm are consistent. Therefore, Proposition 3.7 holds when the Markov

operator Ly, is defined as above in this subsection using jumps initiation and propagation.

Remark 3.9. When u = v, from (3.5) we see that « = 3 = y = 1. This means that no up or
down jumps can be initiated, so the Markov map U, ,, is simply the identity operator.

4 Continuous time limit in the quadrant

4.1 Moving u; up to infinity

In this section we construct a continuous time Markov chain on the homogeneous stochastic six
vertex model configurations in the quadrant Z>g x Z>;. The continuous time Markov chain
is a Poisson type limit of the discrete time Markov chain obtain by a repeated application of
the operators Ly, (Definition 3.6), as the inhomogeneous parameters u; become equal. The
Taylor expansion of the transition probabilities around the identity (cf. Remark 3.9) leads to the
desired continuous time dynamics. This Poisson type limit is analogous to the one in [PS21]. In
particular, we also get space-inhomogeneous jump rates linearly depending on the y coordinate.

Start with a sequence u = (ug, ug, .. .) of spectral parameters satisfying 0 < u; < ug < ... < 1.
Let (A¥),>0 be a sequence of subsets of Z>( encoding a state of the stochastic six vertex 5"
model with step-A or empty-A boundary conditions (see Definition 2.5). Here A(®) = A is the fixed
bottom boundary condition.

Definition 4.1. Denote by Ly, the one-step Markov operator which is the result of the application
of the infinite sequence of Markov operators L1 u, L2 s;u; L3,s5s1u; - - - (in this order). Here each s,
is the elementary permutation (k, k + 1), the first operator L y involves the spectral parameters
u1,uz, the next operator Lg 4, involves uq,u3, and so on.

Let (5\(1’) )y>0 be the random sequence encoding the result of the application of Ly to the
sequence (A(y))yzo we started with. The new random sequence is well-defined since for any
finite y, the first several layers (A())g<, <, are obtained from (A®)),~q by finitely many Markov
operators.

Denote by Su := (ug, us, ug, . . .) the one-sided shift of the sequence of the spectral parameters.

Proposition 4.2. The operator Ly acts on the measure Pysev as P{SVL, = PSS();‘J’.
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Uq

us

U2

Uy

Figure 12: Moving the spectral parameter u; in the stochastic six vertex model P$®V up to infinity
by applying a sequence of two-row Markov operators Ly s, . s u-

See Figure 12 for an illustration.

Proof of Proposition 4.2. Immediately follows by iterating Proposition 3.7. O

4.2 Poisson type limit and jump rates

Here we employ the description of the Markov operator Ly, in terms of independent coin flips
(Proposition 3.8) to obtain a Poisson type limit of the transition probabilities.

Lemma 4.3. The quantities &, P,y (3.5) depending on the spectral parameters 0 < u < v < 1
admit the following expansions as v — u:

a(u,v) =1 —a(u) - (v—u) + O —u)?

B(u,v) =1—06(u)- (v—u)+O0—u)?,

y(u,v) =1- C(U) ’ (’U - U) + O(U - ’LL)2,

where
(I—-u)q 1—qu l1—gq
a(u) = , b(u) = , c(u) = . 4.1
Wi ga-e T awa-ge YT aga-w Y
Proof. Straightforward Taylor expansion. O

We utilize the expansion from Lemma 4.3 together with the iterated moving of the bottom
spectral parameter up to infinity, as defined in the previous Section 4.1. In this subsection we
outline the main expansions, and in the next Section 4.2 we define the generator of the continuous
time dynamics, and show the existence of the dynamics.

Define

Qm :LULSULSQU"‘LS""*l]J) m = 1,2,....

(The order of the composition of Markov operators means that Ly, is applied first.) By Proposi-
tion 4.2, we have P$VQ,,, = Py .

Let us take spectral parameters close to each other. Fix real parameters v and n > 0 such
that w,u +n € (0,1). Let £ > 0 be sufficiently small, and define

u=u+(1—e @)y, i=12.... (4.2)
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Denote by 7 € R>¢ the rescaled time. Then we have

PVQpr e = P53 ufrli =u+ (1—e =0ty =12,

ulr]’

As ¢ — 0, the parameters u; (4.2) become all equal to u, and u[7]; become all equal to
u+ (1 —e~7)n. The difference of the spectral parameters u[r]; and u[r]x41 (which are exchanged
at horizontal layer k at the step Lg|+/j-1, in the chain Q|,/.|) has the form

u[7lpy1 —ufrl =ne (1 - e_ka) + 0(e?) = kene ™™ + O(£?), e—0. (4.3)

Therefore, the e — 0 limit of the Markov transition operators Q| /.| should lead to a continuous
time Markov chain with the transition semigroup (Q(7))rer.,, Which acts on the homogeneous

stochastic six vertex model in the quadrant as Pj" homQ(T) = Pfﬁiffr:,,)n. We see that from
7 = 0 to 7 = 400, the chain Q(7) continuously increases the spectral parameter u to u + 7.
The definition of Q(7) employs the probabilities a(u), b(u), c(u) (4.1), and is given in the next

Section 4.3.

4.3 Continuous time chain in the quadrant

Let us define the continuous time Markov semigroup Q(7) in terms of its generator Ggﬁi i. The

generator depends on u, 7, and also on the time variable 7. The latter means that the continuous
time Markov chain is time-inhomogeneous. First, recall a basic definition:

Definition 4.4 (Time-inhomogeneous Poisson process). A random locally finite point configu-
ration (11 < 72 < ...) C Ry is said to be distributed as an inhomogeneous Poisson process with
bounded rate function r(7) > 0 iff

e The number of points 7; in each interval [s, ] C R~ is a Poisson distributed random variable
with mean fst r(T)dr;

e For finitely or countably many disjoint intervals [s;,¢;] C Rso, the numbers of random
points in them are independent random variables.

For short, we say that the arrivals 7; in the Poisson process occur according to an exponential
clock with time-dependent rate r(T).

Definition 4.5. Let vy, v2 be a pair of vertices at vertically adjacent positions (j, k), (j,k+ 1) in
the quadrant. If the local configuration of the paths around vy, vo is one of the six configurations
in Figure 10, we call the pair (v1,v2) a seed pair.

We attach to each seed pair an independent exponential clock with the time-dependent rate
k1 Ry (u+ (1= e 7)), (4.4)

where k is the y-coordinate of vy, and Ry, 4, (u) is given in Figure 13. The rate (4.4) is the
coefficient by € in the expansion of 1 — &,1 — 3, or 1 — vy as in Lemma 4.3, where we took into
account the inhomogeneity coming from exchanging the spectral parameters, see (4.3).
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Up jump Rate Down jump | Rate

Figure 13: Jump rates Ry, o, (u) in the generator G%?,?fi, where a(u), b(u), c(u) are given in (4.1).

When the clock at a seed pair (v, v2) rings, this generates an up or down jump of the horizontal
path, as illustrated in Figure 10. This jump then instantaneously (at the same time moment,
without any waiting) propagates to the right according to the rules given in Section 3.6.

Thus defined jumps lead to the following infinitesimal generator of a time-inhomogeneous
continuous time Markov chain:

Definition 4.6 (Generator). Let o denote a configuration of up-right paths in the quadrant. If
(v1,v2) is a seed pair for o, denote by o(,, .,) the result of initiating an (up or down) jump of the
horizontal path at (v, v2), and the propagation of this jump according to the rules in Section 3.6.
Let f(o) be a cylindric function. That is, f depends on ¢ only through the restriction of o to a
finite window inside the quadrant (this window depends on f). The generator of the dynamics
on the stochastic six vertex model in the quadrant is, by definition, the operator acting as

(GEne o) =ne" > Y(v1) Ry (u+ (L= e7)0) (f(O@0,00) — f(0)) . (4.5)

(v1,v2) is a seed pair

Here the sum is over all seed pairs (v, v2) of 0. While the number of seed pairs may be infinite,
the action of Gy, (i (4.5) is well-defined on cylindric functions.

We aim to define a Markov semigroup Q(7) with generator (4.5) which can start from config-
urations belonging to a certain space of reqular initial configurations Q9% This makes sure that
Q(7) does not make infinitely many jumps through a finite space in finite time. Let us define the
space of initial configurations, and then prove that the semigroup Q(7) and the corresponding
Markov process o(7) exists.

Definition 4.7. Let Q92 be the set of up-right path configurations ¢ in the quadrant with the
following condition: For each R’ > 0 there exists an R = R(R’) such that the configuration in the
region [0, R'] x [R,00) either is fully empty (each vertex has state (0,0;0,0)) or is fully packed
(each vertex has state (1,1;1,1)).

Lemma 4.8. For the homogeneous stochastic sixz vertex model with step-A or empty-A boundary
conditions (Definition 2.5) we have Piﬁv’hom(ﬁquad) =1 forany 0 <u<1.
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Proof. In the step-A case, the configuration in the region [0, R'] X [R, 00) is stochastically monotone
in A. That is, when one adds an extra occupied initial edge to A, the probability that the
configuration in [0, R'] x [R, c0) is fully packed does not decrease. This follows by considering the
stochastic six vertex weights (Figure 3), and observing that for fixed j1, the probability that is = 1
increases when i; = 1. When A = @, the probability of Q9"#d is equal to 1 thanks to the Law of
Large Numbers established in [BCG16]. Indeed, the latter states that the bottom boundary of
the fully occupied region in the quadrant is linear, see Figure 14, left, for a simulation.

Figure 14: A simulation of the stochastic six vertex model in the quadrant with step-& (left) and
empty-Z>o (right) boundary conditions.

Similarly, for empty-A boundary conditions, the probability that [0, R'] x [R,00) is empty of
paths does not increase when adding extra occupied edges to A. When A = Z>(, the probability
of Quad is also equal to 1. Indeed, since &; (the probability of going up) is smaller than d, the
whole region which is slightly above the diagonal of the quadrant is empty, see Figure 14, right,
for a simulation. O

Theorem 4.9. Assume that o(0) € QI There exists a continuous time Markov chain o(7),
7 € R>o, on configurations of up-right paths whose generator at time T is G%fl,?fi given by (4.5)
(here we use the convention around time-dependent rates, cf. Definition 4.4). Moreover, the
transition operator Q(7) of this Markov chain acts on the homogeneous sixz vertexr model (with
step-A or empty-A boundary conditions for arbitrary fized N C Zx¢) as follows:

5 6v, hom
PO QL) < B (9

Proof. Recall the truncation of the bijectivisation Markov operator U to U<"

, see Section 3.5.
Since the jump rates in our generator Gy, 4 are Poisson limits of the ones in the operators U,
the generator is compatible with these truncations, too. That is, Gi " (i preserves the space of
cylindric functions f(o) which depend on ¢ only through the restriction of ¢ to a finite vertical

strip {0,1,..., R’} x Z>1 (where R’ > 0 is fixed). In other words, due to the very construction
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Figure 15: The top path crossing the right boundary of the vertical strip jumps up three times.

uad

of the jump rates in Gi s, the dependence does not propagate from {R' +1,R +2,...} X Z>y
into {0,1,..., R’} X Z>1. Therefore, it suffices to show existence of the process o(7) restricted
to an arbitrary vertical strip {0,1,..., R’} x Z>1, and the full quadrant process then arises by
Kolmogorov extension.

Consider the following collection of independent time-inhomogeneous Poisson processes:

(W I=a,b,c;j >0,k >1}.

Here (j, k) are the lattice coordinates, and the Poisson process W][ k= W][ 1(7) has time-dependent
rate kne™"[(u+ (1 —e™7)n), where [ is one of the letters a,b, or ¢, see (4.1). We think of the
Poisson process W][k as attached to the vertical edge (k,7) — (k,7 + 1).

Fix an initial condition ¢(0) € Q2 and R', R = R(R') > 0 such that ¢(0) is empty in the
region [0, R'] X [R, c0) (see Definition 4.7). The case when ¢(0) is full in [0, R'] x [R, 00) is treated
analogously.

We can define the evolution o(7) restricted to {0,1,...,R'} X Z>1 as a function of all the
Poisson processes WJ[ ;> in the spirit of the Harris graphical construction [Har78]. That is, for each
seed pair (v1,v2), if there is an arrival in one of the Poisson processes attached to the edge v; —vo,
then it triggers the corresponding jump of the horizontal path up or down, which propagates to
the right. We call such an arrival in a Poisson process the seed arrival.

To complete the construction of the process in {0,1,..., R’} x Z>1, we need to show that in
any finite time interval, there are almost surely finitely many seed arrivals in the Poisson processes
W;7k, where 0 < j < R’, k > 1. Note that this is not obvious since the jump rates depend linearly
on the vertical coordinate k, and hence are unbounded.

Since the configuration in [0, R'] x [R, 00) is initially empty, infinitely many seed arrivals might
arise only when up-right paths perform infinitely many up jumps. More precisely, the top of the
paths crossing the vertical line with z-coordinate R’ must jump up infinitely many times. See
Figure 15 for an illustration.

The process of up jumps of the top path is bounded from above by the pure birth process with
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rate(k — k+1) = Ck, for some constant C' > 0. (This process is also called the Yule process.) It
is well-known (e.g., [KM57]) that this pure birth process does not run off to infinity in finite time
because the sum of its inverse rates diverges: Y oo, (Ck)™! = +o00. This implies that the desired
process o(7) restricted to {0,1,..., R’} x Z>; does not perform infinitely many jumps in finite
time, and hence completes the construction of the dynamics o(7) (with the Markov generator
Q(7)) in the quadrant.

Formula (4.6) for the action of Q(7) on the homogeneous stochastic six vertex model follows
as a Poisson limit of Proposition 4.2, as explained in Section 4.2. U

5 Markov process preserving full plane Gibbs measures

5.1 Bulk limit of the quadrant dynamics. Heuristics

In this section we discuss the full plane continuous time dynamics arising in the bulk of the
process Q(7) constructed in Section 4 above. Consider running Q(7) with an initial configuration
sampled from the stochastic six vertex model PSY'1™ with, say, step-@ boundary conditions.
Let € > 0 be small, and consider a rectangular part of the lattice around a point with coordinates
(lz/e], |y/e]). Assume that the limit ¢ — 0 preserves the lattice scale, that is, the rectangular
part of the lattice turns into the full plane Z? as ¢ — 0.

The local statistics of the path configuration around (|z/e|,|y/e]) are described [Agg20al
by the pure state of a slope (s,t) belonging to either the KPZ phase or the frozen phase, in
the terminology from Section 2.3. See also Figure 14, left, for a simulation. In the rest of the
discussion we ignore the frozen part and focus on the KPZ phase.

Slowing down Q(7) so that it runs at speed ¢, the transition rates (for initiating jumps) around
(lz/e], ly/e]) in a finite time interval [0, 79] have the form

20 | 2] Bopn (44 0(0)) (14 O(E)) = Ry () + O),

Here O(e) may depend on 79, but 7y is fixed. Since y is also fixed, we see that as € — 0, the jump
rates converge to finite values proportional to Ry, v, (u). In other words, we arrive at a (so far,
hypothetical) full plane continuous time Markov chain with homogeneous rates const - Ry, 4, (u).
Throughout this section we denote the full plane chain by C(t), t € R>o.

Therefore, if there is reasonable locality in the original process Q(7) in the quadrant (more
precisely, if we can turn off jumps outside of a large enough box around (|z/e], |y/e]) without
affecting the process in a smaller box), then in the bulk limit regime the mapping of the measures
(4.6) turns into the statement that C(¢) should preserve the local distribution, the pure Gibbs
state with slope (s,t) in the KPZ phase.

In Sections 5 and 6 we prove the existence of the process C(t) together with the preservation
of the KPZ pure states. We obtain C(t) directly from the jump rates, and not as a bulk limit of
the dynamics in the quadrant. However, we employ the dynamics in the quadrant to show that
the full plane process preserves the KPZ pure Gibbs state.

5.2 Admissible configurations of up-right paths

We aim to construct a continuous time Markov process C(t) on up-right path configurations in
the full plane Z? with the following dynamics. Recall that to each path configuration we associate
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its seed pairs (v1,vy) of vertically adjacent vertices, see Definition 4.5.

Definition 5.1 (Jumps in the process C(t)). Each seed pair (vi,v2) has an exponential clock
with rate Ry, 4, (u), see Figure 13. When the clock at (vi,v2) rings, the horizontal path passing
through this seed pair jumps up or down. This jump then instantaneously propagates to the right
until it finds a vertical edge where it can stop (see Figure 11 for an illustration, and Section 3.6
for the definition of jump propagation). Note that in contrast with the dynamics in the quadrant,
in the full plane case all rates are time-independent and are homogeneous throughout the plane.

Since the jumps may potentially propagate very far to the right, it is not immediately clear
how to define the process C(t) with the jump rates from Definition 5.1 even locally. Indeed, a new
jump can be initiated anywhere along a very long horizontal path, and close to its right end there
could be infinitely many propagated jumps in finite time. In other words, defining the generator
of this process formally as

(Guf)(o) = > Rt () (f(O 0 ,0)) = f(0)) (5.1)
(v1,v2) is a seed pair

similarly to (4.5), where the sum is over all seed pairs (v1,v2) of o, may lead to divergence for
some configurations o. Therefore, let us first define the space of admissible configurations of
up-right paths:

Definition 5.2. Fix real R, A > 0. Let Ap := [~ R, R]> N Z? be the finite square with side 2R
around the origin. Let Ep 4 be the event (i.e., a subspace of up-right path configurations) such
that there exists a horizontal sequence of vertices (zg,y), (zo + 1,y),...,(zo + n,y) =: (z1,9)

where the path configuration around (xo + j,y) is not equal to d for any 0 < j < n, wheren > A
and (z1,y) € Ar (here d is a shorthand for the vertex (0,1;1,0)). In words, configurations in
Er 4 have horizontal strings of occupied edges of length > A in an R-neighborhood of the origin.
Clearly, for B > A we have Eg p C ER 4.

Define the set of admissible configurations to be

Q= U U ﬂ (ER,(logR)p)c' (52)
p6221 ROGZzl RZRO, REZ

In words, configurations in €2 are such that for some p > 1 and all large enough R, every horizontal
string of adjacent vertices of length larger than (log R)P ending in Ar contains .

Next, let us show that under pure states in the KPZ phase, almost surely the configuration
of up-right paths in admissible. Fix the parameters of the model ¢, u € (0,1), and the density of
vertical occupied edges s = p € (0,1). Let m(p) = 7, (,) be the corresponding KPZ pure state
(Section 2.3). Denote this measure by 7, for short.

Lemma 5.3. Let ¢ > 0. There exists a constant Cc > 0 such that for all R > 0,
T(ERC logR) < CeR™C.

Proof. It suffices to show that for some constant 0 < 6 < 1, the probability under 7 of a particular
sequence of vertices (z,y), (z+1,y), ..., (z+n,y) not having a vertex equal to - is upper bounded
by ™. Indeed, then we have by taking union bound:

7(ER,C.l10gR) < const - R29Cclogs F — opgt - g2~ Cclos(1/0)
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which may be made less than C’CR_C by a choice of Cf.
Now, conditioning on the configuration up to the vertex (z+i—1,y), we have two possibilities
(recall the vertex weights in Figure 3):

e The horizontal edge exiting from (z + i — 1,y) is occupied. Conditioning on this, the
probability of 1 at (x + ¢,y) is at least (1 — p)(1 — J2).

e The horizontal edge exiting (x + i — 1,2 + i) is not occupied. Conditioning on this, the
probability of (x + i+ 1,y) being 1 is at least p(1 — p)(1 — d1)(1 — d2).

Taking # = max (1 — p(1 — p)(1 —01)(1 — d2),1 — (1 — p)(1 — J2)), leads to the upper bound of
the probability that no vertex in the sequence is 1 by 6l"/2] | This completes the proof. ]

Proposition 5.4. We have w(Q2) = 1.

Proof. Follows from Lemma 5.3 by a Borel-Cantelli type argument. Indeed, taking ¢ > 1 in
Lemma 5.3, we have

o0
S GRS <00 = w(m U ER,CCIOgR):o.

R=1 Ro€Z>1 R>Ro, REZ

Since Erc.logr O ER 10g r)? for all R large enough, we see that m(Ur, Nr>R, ER (1og r)2) = 0.
This implies that 7(Q¢) = 0 as Q¢ is the intersection for all p > 1, and the part with p = 2 already
has zero probability. O

5.3 Formulations

We construct the full plane dynamics C(t) as a limit of the truncated processes, which exists for
admissible configurations.

Definition 5.5 (Truncated process). Let R > 0, and define C*(t), t € Rxg, to be a continuous
time Markov process on configurations of up-right paths with the jumps described in Defini-
tion 5.1, with the modification that new jumps can be initiated only by seed pairs (v1, v2) inside
the finite square Apg.

The truncated processes C* are clearly well-defined.

Remark 5.6. For a fixed initial configuration C¥(0) = Cy the distributions of {C%};cr., can be
coupled for various values of R. Indeed, a natural coupling of C® and Cf' R’ > R, corresponds to
using the same Poisson clocks for both C® and C®' inside Ag, and turning on additional Poisson
clocks for all seed pairs in Ap \ Ar for cr.

We aim to show that when the initial configuration Cy belongs to 2 (5.2), then the restrictions
of the processes {C®(t)}o<i<i, to Ak for fixed Kty stabilize as R — +oo. This would lead to
the two main results of this section which we now formulate.

Theorem 5.7 (Existence). For all Cy € Q, there exists a Markov process {C(t)}er., started
from C(0) = Cy, which evolves according to the jumps described in Definition 5.1. That is, the
action of the generator (G, f)(o) (5.1) is well-defined for o € Q, and corresponds to a continuous
time Markov process. Moreover, for all t we have C(t) € Q.
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Recall that m is the KPZ pure Gibbs state with density p of the occupied vertical edges, where
0<p<l.

Theorem 5.8 (Preservation of KPZ pure states). The Markov process C(t) from Theorem 5.7
preserves the measure w. More precisely, for any cylindric function f we have

/Q E¢, [f(C()](dCo) = [f], (5.3)

where B¢, is the expectation with respect to the Markov chain C(t) started from Cy, and w[f] is
the integral of f over the measure .

Note that in (5.3) we could integrate over the set of all up-right path configurations instead
of admissible configurations 2, but this is the same since 7(2) = 1 by Proposition 5.4.
The proofs of Theorems 5.7 and 5.8 occupy the rest of Section 5 and also Section 6.

5.4 Proof of Theorem 5.7

The following is the first and main lemma in our argument. Recall the sets Er 4 from Defini-
tion 5.2 in which there are long horizontal paths leading to far propagation of jumps. Throughout
the rest of the section we assume the following lemma.

Lemma 5.9 (Main estimate). Fiz real numbers ¢ >0, pg >0, C >0, T >0, and R > 0. There
is a constant C' = C¢ such that the following holds for all R > R > 0. If we start the truncated

dynamics Cé(t) from a configuration Co & ER c(0g Ryro, then for some p > po,
P (Eit € [0, 7] such that CR(t) € ER’é(logR)p) < CRC.

In words, if there is initially a bound on the length of jump propagation, then at each finite
time a slightly worse bound holds with high probability. The proof of Lemma 5.9 utilizes a
nontrivial coupling and is postponed till the next Section 6.

Given a path configuration C, for e an edge in Z2, denote by 8. = 6.(C) the path occupation
indicator variable for that edge. For a trajectory of the truncated process Ci(t), denote the
corresponding edge indicator at time ¢ by 8f(¢). The random variables §f(t) are naturally
coupled for various values of R, see Remark 5.6.

Lemma 5.10. Let (,T > 0, and e be a fized edge of Z?. Let the initial condition Cy belong to .
Then there exists a constant C = C¢ > 0 such that for any sufficiently large R', R with R’ > R
we have

P (5§(t) £ 8% (1) for some t € [0, T]) < CRS.
In words, the probability that two truncations diverge on a fixed edge is small.

Proof of Lemma 5.10. We closely follow the proof of Proposition 7.6 of [Tonl7], adapting it to
our setting.

Suppose that e is the vertical edge ((0,0), (0,1)). This does not restrict the generality since
a change in a horizontal edge is accompanied by a change of a vertical edge which is sufficiently
close (since Cp € Q).
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Plug in the constant py from the fact that Cy € Q and C' = 1 into Lemma 5.9. Let p, C be
the constants from Lemma 5.9. Let F; denote the event that either CE(#') € E, Ge(log R)» OF

ct) e Ep é(log R)» for some time ¢’ € [0, 7]. In words, under E; there exists a time ¢’ when in

CR(t") or CT' (') we see a horizontal string of vertices of length C¢(log R)?, none of which are .
By Lemma 5.9, P(E;) < CR~¢, which means that in the rest of the proof we may assume that
F4 did not happen.

Suppose 8% (t) # 8§E(t) for some t € [0,T] and E; did not happen. Denote this event by
Ey. Let t; < T be the first time at which 8% (t7) # §%(t]"). (Throughout the proof, t* mean
one-sided limits.) Then, there must have been a clock that rang at time ¢; which caused e to
change in one but not the other of the configurations C** and C¥'. Note that in both processes C%
and C% the jumps cannot propagate by more than C’(log R)P. Thus, there must be an edge e;
touching the rectangle [-C(log R)P, 0] x [0, 1] such that 62/ (t7) #8E (t). Let to <ty be the first
time at which 65{ (t3) # 8 (¢3), and there must be another edge e; to the left of e; such that
65 (ty) # 8% (t;), and the first time ¢35 when the occupations of e diverged in two processes.
We continue this argument, and obtain a sequence of edges and times, which terminates with an
edge e, outside of Ag. We see that C* could not ever change the state of e,, and it might have
changed under C*'.

To summarize, in Fs there exists a sequence of clocks that ring in Ag, at times 0 < ¢, <
tn—1 < -+ < ty < t1 and positions (z1,y1), (z2,92), ..., (Tn,Yn), such that |y; — y;—1| < 1 and
x; —x;_1 < C(log R)P. This implies that n > R/(C(log R)?). Let us bound the probability of Es
from above. We use two more observations:

e We choose n locations in [0, R] where the clocks must ring such that the distance between
two consecutive locations is < C(log R)P. Therefore, each next location chooses from at most
3C(log R)? available locations, and thus the total number of ways to choose the locations
is upper bounded by (3C (log R)?)".

e There are at least n clock rings in [0, 7], and we know that the rate of each clock ringing is
bounded by a constant. Therefore, the total number of clock rings during [0, 7] is stochas-
tically dominated by a Poisson random variable with mean 67 for some 0 < 6 < 4o0.
Therefore, P(Poisson(67) > n) < const - (e6T)"/(n!).

Therefore, we have

(C)"(log Ry

P(E;)< Y. (3C(logR)P)" - P(Poisson(fT) >n) < Y. -

n>R/(C(log R)?) n>R/(C(log R)?)
For fixed R, the sum over n is, up to a constant, bounded from above by its first term (C”)"° (log R)P"° / (no!),
where ng = R/(C(log R)P). As R — +o0, one readily checks that this first term goes to zero
faster than any power of R, and so is of order o(R~¢). Combining the bounds on the probabilities
of F1 and F» yields the result. ]

Lemma 5.11. Fiz an admissible initial configuration Co € Q, and an edge e. Recall that 5% (t)
is the occupation of e under the R-truncated process. With probability 1, the limit

5e(t) = lim §%(1) (5.4)

R—o00
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exists uniformly on compact intervals of R>g.

Since there are countably many edges, the almost sure limit in (5.4) also exists simultaneously
for all edges e.

Proof of Lemma 5.11. Let At > 0 be fixed. If Rlim (8E(t),t € [0, At]) does not exist in the sense
—00

of uniform convergence, then for infinitely many positive integers R, there exists a time ¢ € [0, At]
for which 8%(t) # §5+1(t). However, by Lemma 5.10, for arbitrary ¢ > 1 and a constant C' > 0
depending on ¢ but not on R, we have

> PSF(t) # 85 (t), for some t € [0,At]) <C > R < oo,
R>1 R>1

By the Borel-Cantelli lemma, for any At, we get, on a probability 1 event, the uniform conver-
gence of the paths {(8%(¢),t € [0, At])} as R — oo. Taking the intersection of these events as At
ranges over positive integers yields the result. O

Lemma 5.9 and the proof technique of Lemma 5.10 imply the following bound on the propa-
gation speed:

Lemma 5.12. Let Ry and Ro > 0 be truncation radii, let B > 0 be an integer with R <
min(Ry, R2), and let k < R be finite (i.e., not thought of as large). Fix time At > 0.

Let C1(0) = C1, C2(0) = Co € Q be configurations that agree inside Ar. Then there exists
a coupling of the trajectories of Cfl (t) and CfQ (t), under which they agree inside Ay for all
t € [0, At] with probability at least 1 — CR™S for C independent of R, Ry, Rs.

Let us now show that the edge random variables 8. () indeed lead to a Markov process, which,
moreover, stays admissible throughout the whole time.

Lemma 5.13. For any admissible C(0) = Cy € Q, the joint distribution of the edge occupation
trajectories {8¢(t) }+>0 over all edges e defines a Markov process C(t) with values in § started from
C(0) = Cyp.

Proof. The fact that the stochastic process C(t) (coming from the limit in Lemma 5.11) stays in
the space Q of admissible configurations once started in § follows as R — oo limit of the estimate
in Lemma 5.9.

Let us show the Markov property of the stochastic process C(t). Let F({C(t)}iep.s) =
F({8¢,(t), ..., 8¢, (t)}tefo,5)) be a bounded continuous functional on the space of right continuous
paths in 2, which depends only on the evolution of finitely many edges eq,..., ek, and only on
their values up to some time s. Let F, be the o-algebra generated by the random variables & (t)
with ¢ < tg3. Then we have

ECO [F({C(t + tO)}tE[O,s]) ‘ tho} = Rh—I};o ECO [F({CR(t + tO)}tE[O,s]) ’ tho]

5.5
= Ecr i) [F ({C7(1) }epo,q))]- >

In the final expression above, C%(tg) is a random configuration obtained from running the trun-
cated dynamics started from Cy for time ty3. The first equality is by the bounded convergence
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theorem, and the second is by the Markov property for the truncated dynamics. We claim that
the final expression in (5.5) is equal to E¢)[F({C(t) }iefo,5)]-

First, with high probability we have Cf(tg) = C(tg) on a large square Ag, for large but fixed
Ry < R, as R — oo. Indeed, by Lemma 5.10, for a constant Cg, ¢ independent of R we have

P(CT(to)|ar, = C(to)|ar,) < CrocR™.

As a result, almost surely

Rh_{%o 1C(¢O)|AROZCR(150) =1.

AR,

Now let us apply Lemma 5.12, or, more precisely, its limiting version as Ry — +oo. Condi-
tioned on the fact that the configurations C(tg) and C*(t() agree inside Ap,, we can upper bound
the probability that the edge indicators for eq,. .., e are different in C(¢) (which is the limit of

CRi(t) as Ry — +00) and C(t) for some time ¢ € [0, s]. Namely,

Ecr(o)[F({C7(8) heo.5)] — EC(to)[F({C(t)}te[O,s])]’ < || F||CoRy ©

Le(to) a g, =CR (o),

for some Cj independent of Ry. Thus, with probability 1 we have
im sup (B ) (7 ({C7 (1) Hefo1)] = et [F({C(0) et )] < IPICORS"
—00

Taking Ry — oo through the positive integers gives the Markov property. ]

Proof of Theorem 5.7. To finalize the proof of Theorem 5.7, it remains to verify the correct jump
rates in the generator G, (5.1), as the existence of the process in the space 2 of admissible
configurations follows from Lemma 5.13.

Take a finite box Ay and a large integer R > k. We approximate the dynamics of {8 () }eca,
by the truncated dynamics {82 (¢)}eca, . Keeping track of the error terms in Lemmas 5.9 and 5.10,
we see that the probability that {8¢(t)}eea, 7# {85 (t)}een, for some t € [0, At] is upper bounded
by CAtR~¢ for any ¢ > 0 and for some C' depending on (.

Let f be a cylindric function depending only on the occupation of the edges in Ag. Denote
by GE the generator as in (5.1), but with with Poisson clocks outside of Ap turned off. Let
fo = f(Cy) be the value of f at the initial configuration Cy € Q2. We have

B (18(A0 een,) — fol = 57 (el USEAD een,) — fol + ALO(R™))

= G ({8(0)}een,) + O(At + R7€).

Then, taking At — 0 we have

. 1 _
lim sup | = Ec, [f<{6€(At)}€EAk) - fO] - fo({ée(o)}eel\k) <CR ¢
At—0 At
for some constant C'. Sending R — oo gives the desired generator. O
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5.5 Proof of Theorem 5.8

We now show that the Markov process C(t) preserves the KPZ pure Gibbs state m = m(p) with
density p of the occupied vertical edges, where 0 < p < 1. For this, we utilize the dynamics in
the quadrant constructed in Section 4.

Definition 5.14. Fix a large positive integer N. Let vy, be the stochastic six vertex measure
with parameters u, ¢ (cf. Section 2.1; and we suppress the dependence on ¢) in the quadrant with
the empty-A boundary conditions (Definition 2.5), where A C Z>¢ is a random subset defined as
follows. For each % <i< %, independently toss a coin with probability of success p. When the
coin is a success, include ¢ into A. There are no incoming vertical paths at the bottom boundary

outside the interval [%, %]

Let M = M(N) be such that the ratio M /N converges to a positive constant < 1532, where
8o is in a small neighborhood of d2(u) (2.2). For any k < M, define the k x k box AY =
[N—k,N+k|x[M—k,M+k] C Z>oxZ>;. For a cylindric function f on full plane configurations
such that f € o(A) (i.e., depending only on the path configuration in Ay = [k, k]?), we denote
by fn its pullback under the shift by (—N,—M). That is, fy is a function depending only on
the configuration in the shifted k£ x k box Aiv .

Denote by Cn(t) the process in the quadrant (Definition 4.6 and Theorem 4.9) started from
VN and run at the (slowed down) speed 1/M(N). Take R < M, and let C{(t) be the truncation
of the process Cn(t) corresponding to turning off the Poisson clocks outside of the shifted lattice
square [N — R, N + R] x [M — R, M + R]. We assume that C{(¢) also starts from vy .

Recall that we denote by C(t) and C®(t) the usual and the truncated full plane processes,
where for C®(t) we turn off the Poisson clocks outside the lattice square Agr = [~ R, R]?. Let C(t)
and Cf(t) start from the pure state 7.

To establish Theorem 5.8, it suffices to show that E. [f(C(t))] = n[f] for any bounded cylindric
function f € o(Ag). Recall that E, is the expectation with respect to the process started from
the pure state 7, and 7[f] is the integral of the function f against 7.

We will approximate f(C(t)) by fn(Cn(t)) employing a sequence of couplings coming from
the bounds on information propagation (established in Section 5.4), and also from a coupling
lemma and the local statistics theorem of [Agg20a] applied to vx,. The result will then follow
from the mapping of the stochastic six vertex measures under the dynamics on the quadrant
(Theorem 4.9), and continuity of vy, in .

We proceed by establishing several lemmas.

Lemma 5.15. We have |E[f(C(t))] — Eﬂ[f(CR(t))H <epR, withegr — 0 as R — oo.

Proof. For large enough C' we know that 7(C(0) € Er ciogr) < CR~¢, see Lemma 5.3. Further-
more, given an initial configuration C(0) such that C(0) ¢ ERr c1og r, under the standard coupling
of the full plane process C(t) with its truncated counterpart C(t), the configurations C(t) and
CT(t) agree on A (the subset determining the values of f) except on an event with probability
at most O(R™¢). O

Lemma 5.16. We have |Ex[f(C(t))] — Euy , [fN(CR(t))]| = 0 as N — oo with R arbitrary but
fized.

37



Proof. This is a statement about finite state space Markov chains. It suffices to see that the
jump rates of Cﬁ, converge to those of C®, and that VN’u|A% converges to 7|y, (if we identify the
two boxes). The former claim is established by the computation in Section 5.1. The latter claim
follows, for example, from an application of Proposition 2.17 of [Agg20a). O

Note that the events Er 4 (Definition 5.2) make sense for quarter plane configurations, so
long as we replace the box Ag centered at (0,0) with the shifted box A% , where R is fixed, and IV
is sufficiently large so that R < min(/N, M (N)). Denote the corresponding shifted event centered
at (N, M) by E 5.

Lemma 5.17. There ezists C such that for all positive integers R < min(N, M(N)) we have
P (there exists ¢ € [0, At]: Cn(t) € E%ClogR) < CRS,
where Cn(t) is the quarter plane process started from v ..

Proof. This is established similarly to Lemma 5.9, see also Lemma 5.12. O

Lemma 5.18. We have

limsup [Evy , [fx(CH ()] = Evy,, [N (Cn(0))]] < er,

N—oo

with erg — 0 as R — o0.

Proof. This follows similarly to Lemma 5.10. Indeed, one can bound the probability that, at any
time in some compact time interval, either CR(t) or Cx(t) develop long sequences of consecutive
horizontally adjacent vertices which are not 1. These bounds are provided by Lemma 5.17 and
an analogue of Lemma 5.9 (proved in the same manner by coupling, see Section 6 below). O

Lemma 5.19. We have ‘VN’u+t/M(N)[fN] — 7r[fH —0as N — oco.

Proof. Here we use the fact that the map ¢(p) (2.6) is continuous in u. Namely, for each N > 0
let M = M(N) = %N for some € > 0 small enough. Note that we can couple the boundary
conditions of a six vertex configuration Cy sampled from vy, with those of C sampled from
7 such they agree with probability 1 on [N/2,3N/2] x {0}. Therefore by Proposition 2.17 of
[Agg20al, for some constant ¢ independent of N, there is a coupling of the configurations C and
C such that they agree on the set of edges in [N — M, N + M] x [0,2M] with probability at least
1 —c te=M_ We apply this with u replaced by u + ¢t/M and 7 replaced by the Gibbs measure

#M with 2 slope p and spectral parameter u + t/M. Then we note that 7~rM|A]1€v can in turn be

coupled with 7|, (the marginal of the Gibbs measure with spectral parameter u on Ay, where
the edges in A, are identified with those of A{X ), such that they agree with probability 1 — ey,
with epy — 0 as M — oco. Therefore, we get a coupling of VN7u+t/M’A{CV with 7|5, such that the
configurations agree with probability lower bounded by 1 — ¢ le™™ — ¢;;. Since M — oo as
N — 00, this implies the claim. O

Now we can finish the proof of Theorem 5.8. Using Lemmas 5.15, 5.16 and 5.18, the measure
mapping property of the quarter plane dynamics (Theorem 4.9), and then Lemma 5.19, we get

E-[f(C(t)] = Ex[f(C(t)] + er
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= Euy, [INCR ()] +en +er
=Ky, [fN(CN ()] + e + €R
= UNutt/mIN] + e +€R
=7[f] + el + R

where €, — 0 as N — oo with R fixed, and € — 0 as R — co. So taking N — oo first, then
R — o0, yields the result.

6 Proof of Lemma 5.9 via coupling

Recall that Eg 4 is the set of up-right path configurations which have horizontal strings of occu-
pied edges (i.e., no vertices of occupation type ) of length > A, in an R-neighborhood of the
origin. Under the truncated full plane dynamics C%(t), configurations in Er 4 might lead to jump
propagation of length > A. In this section we prove Lemma 5.9 which states that if the initial
configuration was not in Eg c(og R0, then with high probability it will never be in ER@(log R)p

with some p > pp under the dynamics CR(t), up to time ¢ < T. Here R > R is an arbitrary
integer (and we keep the notation R throughout the section for consistency with Lemma 5.9).
We achieve this bound via a monotone coupling of the dynamics C®(¢) on a given horizontal slice
with a particle system which is easier to analyze.

6.1 Annihilation-Jump particle system

We start by defining the jump rates of the Annihilation-Jump particle system (AJ). Its state
space consists of a sequence of @ particles a; € Z<p, and a sequence of © particles b; € Z<o,
which satisfy either -+ < by < ag < by < a1 <0,0r --- < as < by <a; <b; <0. Pickm >0,
this parameter is the overall time scaling factor in the AJ dynamics. The possible jumps and
their rates are as follows:

e Any particle at position z, with the closest particle to its left at position y < z, jumps to
position x at rate m for any y < < z. This rule does not distinguish @ and & particles,
and is like in the Hammersley process [Ham72], [AD95].

e Take any © particle b; and let the closest @ particle to its right be a; (so j =i ori—1). The
pair (b;, a;) disappears at rate 2m, and the sequences of remaining particles {a }rz;, {0k }ri
are relabeled. If ¢ = 1 and b is the rightmost particle, then b; simply disappears.

e Take any @ particle a; and let the closest © particle to its right be b; (so j =i or i — 1).
The pair (a;,b;) disappears at rate 2m, and the remaining particles are relabeled. If i = 1
and a; is the rightmost particle, then a; simply disappears.

Similarly to the full plane dynamics C(t), a priori it is not clear that the AJ particle system is
well-defined. Indeed, there may be initial configurations leading to infinitely many jumps through
a finite space in finite time. However, we only need to analyze a truncated version of AJ.

Definition 6.1 (Truncated AJ particle system). Let R, Ny > 0 be positive integers which deter-

mine the truncation. Given an initial configuration, define a;(t) = af*(t),b;(t) = bﬁ(t) to evolve
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according the following rules. Put an independent rate m Poisson clock P,(t) at each lattice site
z € L<o. It Py, |2| < R, rings at time ¢, then we take the leftmost particle to the right of z
(regardless of whether it is @ or ©) and place it into z. If the clock P, rings at a particle z = a;
or z = bj;, ignore this ring.

Also take a collection of rate 2m Poisson clocks P?(t) and PP(t) for each integer i > 1. For

these clocks,

o If P’ rings at time ¢, and 4 < Ny, then b;(t”) and the @ particle to its right, a;(¢7),
annihilate each other and disappear, and we relabel the particles. If ¢ = 1 and by is the
rightmost particle, then b; simply disappears.

o If P? rings at time ¢, and ¢ < N, then a;(t7) and the © particle to its right, b;(t7),
annihilate each other and disappear, and we relabel the particles. If i = 1 and a; is the
rightmost particle, then a; simply disappears.

In the truncated dynamics we ignore all other clock rings.

6.2 Stochastic domination

Here we describe in which sense the AJ system dominates the full plane dynamics.

Let A© A be two infinite interlacing signatures, that is, 7\1(-1) > 7\2( ) > 7\5_131 for all ¢ € Z.
This pair represents a six vertex path configuration on a one-row lattice Z x {1}, by encoding the
positions of occupied vertical edges entering (7\(0)) and leaving (7\(1)) this row. By analogy with

the AJ system, below we also refer to occupied vertical edges as particles.

Definition 6.2. Given A® A1) define sequences {A;(A(?),AM)1 2 (B (A A}, as fol-
lows:
A= max{?\gl)' (1) <0, ?\(»1) # ?\(0) (-1) # ?\52)1};
Airr = max{A < Ay Al £ A0 AW 230

VIR
In other words, the sequence A = (A > Ay > ---) indexes the positions of the particles in AL
with no particle at the same position in A(©). Similarly,

B; = max{A”: A < 0,A1 # )\(1) A(O) A0
Bjy1 = max{Al") < B;: Al” £ A £

In other words, the sequence B = (B; > By > ---) indexes the positions of the particles in A(0)
with no particle at the same position in A1),

For two consecutive horizontal rows (at the 0-th and the first slice) of a full plane six ver-
tex model configuration evolving under some Markov dynamics, denote by A(t), B(¢) the time-
dependent random variables corresponding to this dynamics.

If s=(s1>s2>83>---),7r=(r1 >ry>r3>---) are two decreasing sequences of numbers,
then we say s < rif s; < r; for all ¢ = 1,2,3,.... We are now in a position to formulate the
lemma on stochastic domination.
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Lemma 6.3. Let Cé(t) denote the trajectory of the full plane six vertex model under the truncated

dynamics, which gives rise to the quantities A(t), B(t). We can couple Cé(t) with a truncated AJ
particle system (a(t),b(t)) with initial configuration a(0) = A(0),b(0) = B(0) and suitable R, Ny,
and m, in such a way that with probability 1, for allt > 0 we have

alt) < A(t),  b(t) < B(t). (6.1)

In words, the AJ particles are always further to the left compared to their six vertex model coun-
terparts. We say that (6.1) means that the AJ system stochastically dominates this slice of
the full plane dynamics. See Figure 16 for an illustration.

Al Ay A=A, AV =4,

A A =B, Ay A =B,

[ J O O O O O O @ O [ ] @
by a2 b1 a1

Figure 16: Putting the six vertex and the AJ configurations together. In the figure, the configu-
rations are ordered as in (6.1).

Proof. We couple the Poisson clocks in the truncated full plane six vertex model dynamics C¥(t)
with the clocks in a suitably truncated AJ particle system. For the truncation in the AJ system
we take the same R, and let let Ny be the maximum integer such that A, (0),By,(0) > ~R.

We may realize C*(t) by putting independent rate m Poisson clocks at each vertical edge in
the finite square Ay, where m = m(u) = max {a(u), b(u), c(u)}, and a(u), b(u), c(u) are the rates
in the full plane dynamics defined in (4.1). When a clock at an edge rings (almost surely, there is
at most one ring in finite time in the truncated process), depending on the current configuration
and possibly on the outcome of an independent coin flip, this ring initiates a jump in C%, or we
ignore it. Here coin flips are needed to model smaller jump rates. For example, if m = a > b,
then we model rings at rate b from the Poisson clock of rate m and the coin with probability of
success b/m.

At time ¢~, denote the six vertex configuration on rows 0 and 1 by A0 = A=) A =
A (¢7), and the AJ system configuration by a = a(t~),b = b(t~). We first define an auxiliary AJ
like particle system which is a function of the Poisson clock rings in C%. It then will be evident
that this auxiliary dynamics is dominated by the AJ system in the same sense as in (6.1), which
will lead to the desired statement. We refer to this auxiliary particle system as the “AJ system”
to simplify the wording.

Pick z € Z with |z| < R, and consider the configuration of occupied edges around z. There
are six possible configurations corresponding to the allowed configurations under the six vertex
model (cf. Figure 3). We denote vertical edge locations corresponding to the configurations at
horizontal levels 0 and 1 by (z,0) and (z,1), respectively. In the six cases below we assume that

41



a clock rings at one of these edges, and define how the particle system changes as a result of this
ring.

1. Let the path configuration around z be (0,0;0, 0), which means that 7\51) <z< 7\2@1. From
Figure 13 we see that only the clock at the bottom vertical edge (z,0) may ring. In this
case, we let the leftmost AJ particle to the right of z (if it exists) jump into z, provided
that z is not occupied by another AJ particle. If no such AJ particle exists, ignore this ring.
From now on, we will simply say “the particle to the right of z attempts to jump into z”.

On the six vertex side, after this clock ring the edge (z,0) might stay empty if A0, A(=1)

locally do not look like the configurations in Figure 13, left, or if the coin flips do not produce
an actual jump initiation in C®. In the remaining situation when the edge (z,0) becomes
occupied, one of the vertical occupied edges at (2/,0), 2’ > z, must instantaneously become
empty due to the jump propagation. If 2’ is not one of the B;’s, then this corresponds to
a right jump in the six vertex model (namely, a “creation” of a new pair Ay, By to the
right of z, and relabeling of A, B). Alternatively, 2z’ could be equal to the leftmost of the
B,’s which are greater than z, and this is the furthest left jump that may occur under ch.
Clearly, in all these cases the domination (6.1) is preserved by the jumps in the two systems.

Here is an illustration of the moves in the six vertex model and the AJ system, with the
furthest possible left jump of (A, B) under C*:

Ax(t7) A7)

(T T — | | | | | | |

The remaining five cases are considered similarly, and we discuss them in less detail. One
readily sees that in each of the remaining five cases, the domination (6.1) is preserved.

2. Let the path configuration around z be (1,1;1,1), which means that z = ?\El) = Aﬁg)l. In
this case, only the clock at the bottom edge (z,0) may ring, and in the AJ system we define
that the particle to the right of z attempts to jump into z. In the illustration below we
display the furthest possible left jump of (A, B) under C®, which arises when the edge (z,0)
becomes empty, and the furthest possible edge to the right becomes occupied:
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3. Let the path configuration around z be (0, 1;0, 1), which means that }\1(0) <z< ?\El). In this
case, only the clock at the top edge (z,1) may ring, and in the AJ system we define that
the particle to the right of z attempts to jump into z. In the illustration below we display
the furthest possible left jump of (A, B) under C*:

As(t) As(t7) Aq(t7)

. Let the path configuration around z be (1,0;1,0), which means that z = ?\1(-1) = ?\EO). In this
case, only the clock at the top edge (z,1) may ring, and in the AJ system we define that the
particle to the right of z attempts to jump into z. In the illustration below we display the
furthest possible left jump of (A, B) under C¥, which arises when the edge (z,1) becomes
empty, and the furthest possible edge to the right becomes occupied:

. Let the path configuration around z be (0, 1;1,0), which means that ?\Z(-O) <z= ?\El) < )\50)1.
Then, by definition, z = Ay for some k£ < i. Here the clock may ring at either (z,0) or
(z,1) (which corresponds to the double rate 2m of annihilation in the AJ system). In both
situations, we define that a; and the particle to its right annihilate (or a; disappears if it
was the rightmost of the AJ particles). Here are the illustrations of both cases:
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B, (t) Bi(t7)
annihilate

o O O O O O O e O e e

by az b1 ai

In CR, both clock rings might lead to no change, or to a right jump of Ag, or to an
annihilation of Ay and By_; (and relabeling of the remaining particles in A, B). In all
these cases, the domination (6.1) is preserved.

. Let the path configuration around z be (1,0;0, 1), which means that )‘z('l+)1 <z= ?\EO) < 7\51)

Then, by definition, z = By, for some k < 4. Here the clock may ring at either (z,0) or (z,1)
(again, this corresponds to the fact that the annihilation rate is 2m). In both situations, we
define that by and the particle to its right annihilate (or b; disappears if it was the rightmost
of the AJ particles). Here are the illustrations of both cases, and we similarly see that the
domination (6.1) is preserved:

Ax(t7)  Ag(t7)

|
e T
annihilate_____.- B B.(t7)
e 0O O o o o0 OTe o e e
b2 a2 b]_ ajy

We have thus constructed the auxiliary AJ like particle system on Z which is a function of the

rate m Poisson clock rings in C®, and which dominates the dynamics of (A, B). In the auxiliary
system, particles indeed annihilate at rate 2m per pair (a,b) or (b,a), but the auxiliary system

lacks some of the AJ system’s left jumps. Namely, if a clock from C® at z ¢ {a;}i>1 U {bi}i>1
contributes to an annihilation event, then it did not produce a jumping event in the auxiliary
system. Therefore, adding extra independent jump events at rate m produces the full AJ system,
which clearly jumps to the left more often than the auxiliary system. We see that the coupling we
constructed indeed satisfies the domination (6.1), which completes the proof of Lemma 6.3. [

6.3 Completing the proof of Lemma 5.9 via an estimate in the AJ system

To finalize the proof of Lemma 5.9 we need to show that, given that the initial configuration was
not in Ep (1o r)ro for some R, C' (that is, it did not have long strings without vertices of type ),
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then with high probability the configuration will not be in Fj G (log R)r UP 1O time ¢ < T, where

p > po and R > R. Due to the Z? translation invariance of the dynamics, we may consider the
event that a long string of vertices without - starts at (0,1), and then take a union bound over
all vertices in Ag (there are const - R? of them).

By the stochastic domination shown in Lemma 6.3, it suffices to upper bound the following
probability under the AJ system:

P47 (a1 (T) < —C/(log R)P). (6.2)

Here the AJ particle system is truncated at R, Ny, and starts from the configuration a(0) =
A(0),b(0) = B(0), as described before Lemma 6.3. Note that since the AJ system jumps only
to the left, (6.2) also is an upper bound for PA7(3t € [0,T]: a1(t) < —C(log R)P). The latter
quantity is an upper bound for the corresponding quantity in the dynamics C*. The constants
C >0and p > po>0in (6.2) will be determined later to make the probability (6.2) sufficiently
small, namely, of order R~ for any ¢ > 0 (as R grows).

Let n be such that a,(0) < —C(log R)P. Observe that n is large for large R because the initial
configuration is not in Er c(1og r)ro , namely,

Ql

n > — (log R)P™P0. (6.3)
Moreover, a,(0) cannot be too large in the absolute value because the initial configuration is not
in ER c(log Ryro , Namely,

lan(0)] < Cn(log R)P°. (6.4)

To determine if the event in (6.2) occurred, we may only look at the behavior of the particles
started in (a,(0),0] up to time 7. Moreover, by taking a,(0) sufficiently small, we may assume
that the event in (6.2) is due entirely to a combination of annihilations, and jumps caused by
Poisson clocks in the interval (a,(0),0] up to time 7'. Moreover, a1(T) < —C(log R)? implies that
there are no particles left at time 7' between —C'(log R)? and 0. We treat separately the cases
when this absence of particles is mainly due to annihilations or mainly due to particles jumping
out.

Denote by K(n) the (random) number of particles out of the ones started at time ¢ = 0 in
(a5 (0),0], and which did not get annihilated up to time ¢t = 7. Fix r € (3,1). If a1(T) <
—C(log R)? and K(n) < n”, then there were many annihilations, while if K (n) > n", then there
should have been many jumps. First, we estimate the probability of many annihilations:

Lemma 6.4. For some ¢ > 0 we have
PAY (K (n) < n") < exp{—cn"}
for all large enough n.

By (6.3), exp{—cn"} decays to zero faster than any power of R as R — 400 provided that
(p — po)r > 1 (which is ensured by choosing p large enough).
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Proof of Lemma 6.4. We need to bound the probability that at least n—|n" /2] particles disappear
during time 7'. This is upper bounded by

n
P( > E;<T),
i=|nr /2]
where {E;} are independent exponential random variables, where the rate of E; is equal to 4i
(the rate is 4 since particles can annihilate with their left or right neighbors). This expres-
sion is bounded using [Janl8, Theorem 5.1.(iii)] with as, = 4|n"/2] (minimum of the rates of
the E;’s), p = 1% logn + O(1) (mean of the sum), A = T'//p < 1, and the bound is of the form
e~ a#(A-1-10gd) - The dominating term in the exponent (going fastest to —oo as n — 400) is
—a*plog(1/)\) ~ —const - n" (logn)(loglogn), which leads to an estimate < e~“"", as desired. [J

N

...................................................................... T

\
4

ar(0) 0

Figure 17: Semi-discrete Poisson percolation and an up-right path of percolation length 5. The
environment consists of independent rate 1 Poisson processes on [0, 7| placed at integer locations.
The last passage percolation length is the maximal number of Poisson points collected by an
up-right path from (a,(0) 4+ 1,0) to (0,T"), where we count at most one point per lattice site. In
terms of jumps in the AJ system, the Poisson points collected by the maximal up-right path are
the times when particles jump into the corresponding locations. We count at most ony point per
lattice site since several clock rings at one site might not lead to actual jumps in the AJ system.

Lemma 6.4 bounds the number of annihilations. Let us now consider the case K(n) >

Then the main contribution to the event a;(7) < —C(log R)? comes from having many
jumps. Without annihilations, the AJ system is simply the Hammersley process on Z, a natural
analogue of the Hammersley process on R introduced in [Ham?72], see also [AD95], [Sep01]. The
Hammersley process on Z (which is essentially the same as the PushTASEP via the particle-hole
involution) is coupled to the semi-discrete Poisson last passage percolation [Tonl7, Section 5.
We thus observe that when K (n) > n', the event a;(T) < —C(log R)? may occur only if there
exists an up-right path of percolation length at least n” in the (rate 1) semi-discrete Poisson last
passage percolation in the space-time region (a,(0),0] x [0,7] C Z x R (see Figure 17 for an
illustration). Denote by E,, the event that such a path exists. We upper bound its probability as
follows:

n’.
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Lemma 6.5. Let n be such that a,(0) < —C(log R)?. Then we have for some & > 0:

AJ , Elan(0)eT|™
P (Enﬁ{K(n)Zn})SW
Proof. We first estimate the probability that the maximal (in the sense of last passage percolation)
up-right path has length M, where M > n". The existence of such a path means that there are
M Poisson points picked up by the path (see Figure 17 for an illustration). The number of

configurations of such points is equal to the number of sequences 1 < z3 < ... < zjr with
M
an(0) < x1 and xp; < 0, which is upper bounded by %. For a fixed sequence {z;}, using
the strong Markov property, we see that there must be at least M points in the rate 1 Poisson
M
process on the segment [0, 7]. This probability is bounded from above by (6AT/[). . Thus, we have
0)eT|M
P (the maximal up-right path has length M) < %

We see that these quantities decay in M faster than the terms of a geometric series, so their sum
over M > n" (coming from the union bound) is bounded by a constant times the first term. This
produces the desired estimate. ]

To finalize the proof of Lemma 5.9, we pick the constants C and p to bound the desired
probability P4 (ay(T) < —C(log R)P) from above. We use Lemmas 6.4 and 6.5 and a union

bound over n > ny = L% (log R)P~"0 |, so that a,(0) < —C(log R)P:

~ —enr . Elan(0)eT|™"
P (1) < ~Clog APy < 3 (e + A (65)

n>ni

The first series in (6.5) is bounded from above by
(power of np) - exp (—const - n}) = (power of log R) - exp (—const - (log R)r(”_po)) . (6.6)

Indeed, one can bound the tail anm e~ by e~ f:lo e~ dx. The integral is equal to a
constant times an incomplete Gamma integral of the form [ t*~'e~'d¢t. For fixed a and large z
(which is our case), the behavior is of the form e~ times a power of z (e.g., see [DLMF, 8.11(i)]).
We thus see that by (6.6), the first series in (6.5) decays faster than any power of R as R — 400
as long as (p — po)r > 1.

For the second summand in (6.5) we have, using (6.3) and (6.4):

~ n T nT
log <C|CL(L(()2J6')2|> < const - (nT log |an(0)| + n" log(eT') — 2rn"logn + 2n" + O(log n))
n|!
< const - (nr((l —2r)(p — po) log(log R) + po log(log R)) + lower order terms)

Since r > %, by taking p large enough we may make the first term dominate as R — +oo. This
leads to an overall decay of the second sum in (6.5) as R — +oo, faster than any power of R.

To conclude, the desired probability (6.5) is O(R™¢) for any ¢ > 0. Taking the final union
bound over all vertices in Ag, as discussed in the beginning of this Section 6.3, multiplies our
estimate by const - R2. With this factor the probability still decays faster than any power of R,
and so we arrive at the estimate in Lemma 5.9.
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7 Current and hydrodynamics

7.1 Computing the current

Recall that with each path configuration of the six vertex model in Z? we associate the height
function h(z,y) (defined up to a constant), see Section 1.2 in the Introduction. The full plane
dynamics C(t) gives rise to the time-dependent random function h¢(z,y). For the KPZ pure state
7(s) (we recall its definition in Section 2.3), we define the corresponding current (average change
of the height function) by

T, 9(5)) = 7 Exge) (1e(0,0) ~ ho(0,0)). (71)

where the initial height function hgy corresponds to the configuration distributed as 7(s). Instead
of (0,0), we could take an arbitrary face of the lattice (by translation invariance of the measure
and the dynamics). The right-hand side of (7.1) is independent of ¢, so we may send ¢ — 0, and
write

0
J(s,0(s)) = aEn(s) h(0,0) ‘t:O‘

Therefore, we may compute the current by looking at the Markov generator G, of C(t) given by
(5.1). Namely, we have

J(s, (P(S)) = Z %m U2 (u) IETr(s) [1(111, v2) is a seed pair for hg Avl,w hO(Ov 0)] ) (7'2)

(v1,v2) is a vertical edge

where Ay, 1,h0(0,0) is the (signed) change of the height function at (0,0) triggered by initiating
the jump at the vertical edge v; —vo. In taking the expectation, we assume that hg is distributed
according to m(s). Recall Ry, v, (u) is equal to either of the quantities a(u),b(u), or ¢(u) (4.1)
depending on the surrounding paths, see Figure 13.

We are now in a position to compute the current:

Theorem 7.1. We have
s(1—s5s)

(s+u—su)? (7.3)

J(s,0(s) = —

__ (1=9)(e(s)?

Using the function ¢(s), see (2.6), we can also write J(s, ¢(s)) < = a%gp(s).

Proof of Theorem 7.1. We use (7.2) and the description of 7(s) as a trajectory of the stationary
stochastic six vertex model, as discussed in Section 2.3. Throughout this proof, we denote t :=
©(s), for short, and use the notation 1, d9 for vertex weights, see (2.2).

We compute the average change of height at the face (0,0) by assuming that this change
comes from a jump of a horizontal path of a specified structure to the left of (0,0). Namely, to
the left of (0,0) we find the rightmost pair of vertices of one of the following six kinds (here we
use the traditional names for the six vertices, see Figure 3):

(c1,a1), (b2, c2), (c1,¢2) (for up jumps, which contribute —1 height change);
(b1, c1), (c2,a2), (b1, a2) (for down jumps, which contribute +1 height change),
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which is at position ((z,0),(x,1)) for some x < 0. (Note that (ci,c2) is not a seed pair, but
the others are). Our horizontal path starts from this initial pair of vertices, crosses n > 0
vertical paths (i.e., formed by three occupied vertical edges in a single column), and contains
n + 1 uninterrupted horizontal strings of by vertices of lengths kg, k1, ..., k, > 0 in between the
vertical paths. The contribution from vertices in the region {z + 1,2+ 2,...,0} x {0,1} to the
probability of such a two-layer path configuration in Z x {0, 1} is (sé1)™ ((1 — 5)52)“(', where we
denote |k| = ko + k1 + ... + k. Note that this contribution is the same in the two cases when
the horizontal path goes through the bottom or the top layer.

The rate of the height change contains a term involving the vertex weights of the pair at
(2,0), (x,1) times the rate of initiating jump at this pair (this term is equal to zero for (ci,c2)
because it is not a seed pair). Moreover, for up jumps, we also need to add a term accounting for
|k| extra seed pairs along the horizontal path where a jump may also be initiated.

Overall, we obtain the following expression for the current:

=> > (s01)" (1= 5)3)"

7=0 k=(ko,k1,....kn)€ZLF"
X [—s(1 — t (1 —=01)(a(u) + |k|c(u)) — (1 — s)t262(1 —92)(b(u) + |k|c(u))
—st(1 —t)(1—0d1)(1 — d2)|k|e(u) +s(1 — t)251(1 —01)b(u)

+ (1 = s)t?(1 — da)a(u) +st(1 — t)drc(u)].

First one can compute the sum over k, using

W_ 1
Z ¢ = (1= &n+l”

k=(ko,k1,....kn) €ZLE!

and

0 (n+1)¢
= E : k| — E : I — A2 S

k=(k0,k17~--,kn)€ZgJ61 k=(7€0,k17---7/€n)627;51

Employing these identities leaves only the summation over n, which is readily computed. After
necessary simplifications, we arrive at the desired formula (7.3). O

7.2 Heuristic hydrodynamics in the quadrant

This subsection presents a heuristic discussion of some hydrodynamic Burgers type equations in
one and two space dimensions related to the stochastic six vertex model in the quadrant.

Recall the Markov dynamics Q(7) with the infinitesimal generator GE%4 (4.5). The dynamics
Q(7) acts on path configurations in the quadrant Z>o X Z>1, with step-A or empty-A boundary
conditions. Recall that the subset A C Z>( encodes the locations of incoming vertical arrows along
the bottom boundary, and this subset stays fixed throughout the dynamics. By Theorem 4.9, Q()
changes (in distribution) the Gibbs property of the stochastic six vertex model by continuously

increasing the spectral parameter from u to some terminal value v + 7 € (0,1). Namely, we
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have P52V o™ Q(7) = ]P’iivélhf?_f) ,» Where PE0¥- o™ denotes the homogeneous stochastic six vertex
model with spectral parameter v and our fixed step-A or empty-A boundary conditions. Denote

the evolving spectral parameter by
u(t)=u+(1—eT)n. (7.4)

Now consider the limit when the lattice coordinates are (|z/¢], |y/e]) for some (z,y) € R2207

and € \, 0. Assume that the subset A = A®) depends on ¢ and behaves regularly in the sense
that its height function is

#{1e N 1< |x/e|} = e A ()]

for all € and = € R>o, where A is a fixed nondecreasing function with slope < 1. For each 7,
consider the (random) height function h,(k,1), where k > 0, [ > 1, of the stochastic six vertex
model Pff:’)hom, which is defined as the (signed) number of up-right paths crossed between (k,1)
and (0,0). The height function increases by crossing a path going north or west, and decreases
otherwise. See Figure 1 from the Introduction for an illustration.

From [Agg20a, Theorem 1.1] we know that the random height function h;(k,[) admits a limit
shape

;E}I})EhT(Lx/EJ,Ly/&“J) :H(Tvxay)v xvyE]RZO?

with convergence in probability. Here H(7,x,y) is a nonrandom function with boundary condi-
tions for all 7:

0, empty-A boundary conditions;

H(r,z,0) = 5\(3:), H(7,0,y) = {

y, step-A boundary conditions.

Also denote P
p(T,z,y) = —%/H(T,x,y), (7.5)

this is the density of the occupied vertical edges near the global location (z,y). As our discussion
in the current Section 7.2 is heuristic, we assume that the derivative (7.5) exists in a suitable
sense (and similarly for all other derivatives below).

There are two types of differential equations the function H (7, z,y) should satisfy:

e For each fixed 7, the density p(7,z,y) should satisfy a version of the Burgers equation in

(141) dimensions [Agg20a, Theorem 1.1]:

r )+ 2 (olp(ray) | u(r)) =0, (7.6)

9
3y oz

This equation corresponds to the slice by slice evolution under the transfer matrix of the

stochastic six vertex model. Here y plays the role of time, and ¢(p | u(7)) is the particle
current in stationarity on Z at density p.

e The height function should satisfy:

;H(T,m,y) =e nyJ (—i%(T,@g),(p(—aaxH(T,x,y) ] u(7)>> . (7.7)
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This equation corresponds to the fact that the H’s are the limit shapes of the random height
functions h,(k,l). Indeed, the latter are obtained from ho(k,l) (by means of increasing 7)
using the Markov dynamics Q(7). Finally, the average velocity of the height function in the
bulk around (z,y) under Q(7) is e " "nyJ(p, ¢(p | u(7))), where p = p(7, x,y) is the density
of the occupied vertical edges, and the factor e "ny is due to the inhomogeneity of the edge
Poisson clocks, cf. (4.5).

The two equations (7.6)—(7.7) are consistent in the following sense:

Proposition 7.2. Let H(z,y) be a family of limiting height functions for the stochastic six
s6v, hom

vertex models Pqu(lie,T)

. in the quadrant. If

0 =

5, Hmay) = e Ty (p(r,2,y) | u(7)) (7.8)
for some function J(p | u) (and with p given by (7.5)), then we must have

. o 0
7,70 10 = 55,00 1 0) (7.9)
for all 7,2,y for which 6%p(T,CC, y) # 0.

In words, if the time-dependent limiting height functions satisfy any (2+41)-dimensional hy-
drodynamic equation of a certain form (corresponding to inhomogeneous edge rates), then the
right-hand side is the same as in (7.7), up to a constant depending on p. Clearly, the velocity J
given by (7.3) satisfies (7.9).

Proof of Proposition 7.2. Throughout the proof we denote derivatives by lower indices like p,,
and also sometimes by 0,p when convenient. Differentiating (7.8) in =, we get

pr=—e nypaJy(p| ul(r)). (7.10)

Assuming that the Burgers equation (7.6) holds at time 7, we use (7.10) to write down the same
equation at time 7+ Ar:

0y (0= e nypadplp | u(r)AT) + 0, (0 (= e Tnypu Jylp | w()AT [ulr + AT)) ) = 0.
(7.11)
In (7.10), (7.11) we use the shorthand p = p(7, z,y), so this is the quantity at time 7. Equating
the coefficient by A7 in (7.11) to zero, and multiplying by €7, we obtain

=0y (9 Jo(p | u(r))) + 05 (—omypaJplp | ulr) + "oty ) = 0. (7.12)
We have e"u, = 7. Dividing (7.12) by (—n), we continue as

0= jppx + yjpppxpy + yjpp:cy + y@pppijp + yﬁpppmcjp + y(pppijpp — PupPzx- (713)

Substituting the expression for ¢ (2.6) and using the Burgers equation (7.6) at time 7 to express
py through p,, we see that (7.13) reduces to

Jppx — PpuPx = 07
as desired. O
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8 Dynamics on the torus

In this section we define an analogue of the full plane dynamics C(¢) constructed in Section 5
which acts on up-right path configurations on the torus. Our dynamics preserve the six vertex
model Gibbs measures with arbitrary slopes (s, t). We present two proofs. The first immediately
follows from the Yang—Baxter equation and its bijectivisation, and involves a certain discrete
twist of the six vertex graph on the torus. For simplicity, in the first proof we only consider the
stochastic six vertex weights for which we already have explicit jump rates. For the second proof,
we mimic the argument of [BB17] involving symmetry of jump rates, and this allows to generalize
our torus dynamics to arbitrary six vertex weights a1, as, b1, b, c1, Ca.

8.1 Bijectivisation on the torus

Suppose we have an M x N torus Z/MZ x Z/NZ denoted by T = Tjs n. Consider the set Sg, ,
of configurations of up-right paths on the torus with fixed overall height change k; and ks in the x
and y directions, respectively. Let jix, 1, denote the Gibbs measure on Sy, , given by a choice of
six vertex Boltzmann weights aq, ag, b1, ba, c1, co (see Figure 3 for an illustration of the weights).
We index the vertices by (z,y) where z € {0,...,.M — 1}, y € {0,..., N — 1}. If z or y is outside
of this range, we reduce these coordinates modulo M or N, respectively.

First, we consider the special stochastic case a1 = a9 =1, b1 =1 —c¢1 =61, by =1 — cg = do,
where 91,92 depend on ¢ and wu, see (2.2). Let us define a continuous time Markov chain on
up-right path configurations on the torus. We employ the notion of seed pairs (Definition 4.5)
and the jump rates Ry, 4, (u) from Figure 13.

Definition 8.1 (Continuous time Markov dynamics on the torus). Each vertical edge (vi,v2)
which is a seed pair has an exponential clock with rate Ry, 4, (u). When the clock at (vq,v2)
rings, the horizontal path passing through this seed pair jumps up or down depending on the
local path configuration around the edge v; — vo. This jump then instantaneously propagates to
the right. The jump propagation may stop in two ways:

e Either there exists a configuration to the right where the jump may stop in the same way
as in the full plane dynamics, according to the rules described in Section 3.6. See Figure 11
for an illustration.

e Or there is no stopping configuration, and the jump propagation has to make a loop around
the torus, leading to a jump of a full straight horizontal path. See Figure 18 for an illus-
tration.

We denote by £(7) the continuous time Markov semigroup of thus defined process.

We will show that in the case of the stochastic six vertex weights, the Markov chain £(7)
preserves the Gibbs measure py, g, for any ki, ko. We achieve this by constructing £(7) as a
Poisson type continuous time limit of a discrete time Markov chain coming from the bijectivisation
of the Yang—Baxter equation for the stochastic six vertex model defined in Section 3. In the torus
case it turn out to be very convenient to define the discrete Markov chain not on the straight
torus T, but on its suitably twisted version.
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Figure 18: An example of a jump where the propagation goes all the way around the torus,
and the full straight horizontal path jumps up. The identification of the horizontal edges is also
shown.

Definition 8.2. Let the (discretely) twisted torus T= ’]NI‘M7N be the graph displayed in Figure 19.
We associate the spectral parameters u,u + ¢, ..., u + € with the horizontal strands as shown in
this figure, where 0 <u <land 0 <e <1 —u.

u—+e u-+e
u+e u+e
u+e U+ €
u—+e u+e
u-+e u-+e
U U

Figure 19: The twisted six vertex graph on the torus with M = 4 and N = 6. The identified
edges are indicated in bold, and note that on the very left we also identify the pieces of a diagonal
cross. The spectral parameters associated to the horizontal strands are u,u +e,u+¢,...,u+ €.

Since the graph T is embedded into the usual torus, on T the height function is still well-
defined (up to a constant) on the faces of the fundamental domain. The horizontal and the vertical
height change along a generator of each homology class are also well defined. See Figure 20 for
an example of a path configuration and the height function. Denote by S,E‘;“,zg the six vertex

configurations on T where the horizontal height change is k1, and the vertical height change is ks.
Denote by fic i, k, the Gibbs measure restricted to six vertex configurations in S,tcvlvfg, where we
use stochastic vertex weights parameterized by the spectral parameters u on the bottom row and
u+-¢ on every other row. For cross vertices, we take their weights equal to Xy ute = Wy /(ute) (2.7),
which are the weights entering the Yang-Baxter equation. Note that all these vertex weights on

T are nonnegative.

Definition 8.3. For s,s" € S,tcvlv‘,f; we define the Markov transition probability L.(s — s') by
starting from s and performing the following sequence of N random updates:

e First, drag the cross vertex between rows 0 and 1 through the lattice until it is to the
right of + = M — 1. Each step of dragging the cross is a random update coming from
the bijectivisation of the Yang—Baxter equation, see Figure 8. After this, the spectral
parameters on rows 0,...,N —l areu+¢c,u,u+¢€,...,u+ €.
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Figure 20: An up-right path configuration and the corresponding height function which is well-
defined (up to a constant) on faces of the fundamental domain. Here k1 = 2, k2 = 3.

e Then drag the cross between rows 1 and 2 through the lattice using bijectivisation until it is
to the right of x = M —1. After this, the spectral parameters are u+e¢, u+e,u, u+te, ..., ute.

e At the last step, drag the cross between rows N — 1 and 0 through the lattice. After
this step, the lattice returns to the original state, and the spectral parameters are back to
U,U+E,UFE,...,UTE.

The following statement ensures that L. is well-defined:

Lemma 8.4. The random updates described in Definition 8.3 preserve S,tc‘lmlj;

Proof. At each step of dragging the cross the path configuration and the associated height function
only change locally, so the height change over the whole torus is preserved. O

Proposition 8.5. The Markov chain L. preserves the measure ik, k,-

Proof. This follows from the fact that each step of dragging the cross through the whole torus
maps the current Gibbs measure into a Gibbs measure with swapped spectral parameters (see
Propositions 3.5 and 3.7). After all N steps, the spectral parameters are back to the original
sequence u,u + €,u +¢€,...,u + €, and hence the Gibbs measure is preserved. ]

Let us now discuss the limit as € — 0.

Proposition 8.6. In the limit as € — 0, the Gibbs measure i i, k, on the twisted graph can be
identified with the measure piy, r, on the straight torus T.

Proof. As ¢ — 0, the cross vertex weights become X, , = wi, and place zero weight onto the
vertices (1,0;1,0) and (0,1;0, 1), see (2.1). With this restriction on the cross vertex types, we may
identify path configurations on T with those on T, see Figure 21 for an illustration. Therefore,
the measure fic g, k, for € = 0 is determined only by the usual vertices and not the cross vertices,
and thus coincides with pi; ,. O

Consider the Poisson type continuous time limit as ¢ — 0 of the iterated Markov transition
operators L‘LT/ EJ, where 7 € R>¢. We know from Section 4 that muliple dragging of the crosses
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Figure 21: A path configuration under . j, x, for € = 0. In this case, the state of a cross vertex
is completely determined by the paths to the right of it. Cutting the cross vertices out and
identifying the strands as shown by the dashed lines leads to the straight torus graph T.

should be replaced by jumps of the horizontal paths initiated by Poisson clocks placed onto
vertical edges. One readily sees that in this limit we have

lim LL7/¢) =

lim L L(),

where £(7) is the Markov transition operator (over time 7) from Definition 8.1. This convergence
together with Propositions 8.5 and 8.6 implies the following result:

Theorem 8.7. The continuous time Markov process L(T) on stochastic six vertex configurations
on the torus T preserves the measure puy, i, for arbitrary ki, k.

Remark 8.8 (Comparison with a similar process from [BB17]). In [BB17], the authors introduce
a continuous time Markov process (denote it by ﬁ) preserving the measure i, 1, on the torus.
Rotating L by 7/2 counterclockwise and reflecting along the z direction makes the jumps in L
move the horizontal paths by jumps triggered by vertical edges. That is, we may describe both
£ and £ in similar terms. Moreover, after a scalar time renormalization, some of the jumps and
their jump rates exactly coincide in £ and L. However, this transformation does not make all
the rates in both processes equal, which shows that the two processes are not the same.

The processes £ and £ share another common feature, namely, that one can prove the preser-
vation of the measure pi, 1, under both using a certain symmetry of the jump rates. We present
such an argument for our processes £ in Section 8.2 below.

8.2 Dynamics on the torus for general six vertex model

Up to an overall constant 1 > 0, the jump rates a(u), b(u), and ¢(u) (4.1) in the Markov chain £(7)
from Definition 8.1 can be written in terms of the general six vertex weights a1, ao, b1, b, c1, co
(recall Figure 3) as follows:

c=T

c162 a:n\/blbg b:n\/m (8.1)
Vhibsaras’ Jataz’ Vbiby '

Extending the definition, let £(7) denote the Markov process on configurations on the torus
with the jump rates depending on the generic six vertex weights aj,ag, b1, be, c1,co as in (8.1).
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Similarly, let ug, x, be the six vertex model on the torus T determined by these generic vertex
weights (and horizontal and vertical height changes ki, k2). We can extend Theorem 8.7 to the
general weights.

Theorem 8.9. The process L(T) preserves the measure iy, , for arbitrary ki, ko, and for general
six vertex weights a1, ao, b1, bo, c1, co.

Proof. For brevity, we will not reproduce here the details from [BB17], and simply follow the
argument and notation of that paper. The main ingredient is to check that [BB17, Lemma 2] (a
symmetry of the jump rates under the flip transformation) applies to our Markov process L£(7).
This is indeed the case, as can be seen by a direct inspection of all the jump rates.

Then the preservation of ik, i, under £(7) follows similarly to [BB17, Theorem 5]. We need
to show

ZMkLkQ (s)Rate(s — s0) — k1 ks (S0) ZRate(so — 89)

52
= [k, &y (S0) (Z Rate(5p — 5) — Rate(sop — s)) .
S
The sum on the right is equal to

c(N(al, bg) — N(bg, al)) + a(N(al, CQ) — N(Cl, al)) + [J(N(Cl, bg) — N(bg, CQ))
+ C(N(CLQ, bz) — N(bg, CLQ)) + Cl(N(CZQ,Cl) — N(Cg, ag)) + b(N(CQ, bl) — N(bl, Cl)),

N(X,Y) is the number of vertically adjacent vertices in the torus where the lower is of type X
and the upper is of type Y. By [BB17, Lemma 4], we see that this sum vanishes, which completes
the proof. O

8.3 Degeneration to five vertex model and lozenge tilings

Let us set the weight ag of the vertex (1,1;1,1) to zero. This turns the six vertex model into the
five vertex model, which may be viewed as a certain model of nonintersecting (but interacting)
paths, or, equivalently, lozenge tilings on the triangular lattice (with interacting lozenges). The
five vertex model admits a more detailed asymptotic analysis than the general six vertex one by
means of the Bethe Ansatz, for example, see the recent work [dGKW21].

Further letting b1bo = c1co makes the five vertex model free fermion by removing the inter-
action. The free fermion five vertex model is equivalent to a dimer model, and may be analyzed
asymptotically through determinantal point processes, see, for example, [ABPW21].

Let us consider the degeneration of our Markov dynamics on the torus at ao = 0. Under a
suitable renormalization, the rates (8.1) for as = 0 reduce to

C1C9
= : =/biby, b=0. 8.2
¢ ble a 192 ( )

Because as = 0 and b = 0, out of six possible seed pairs in Figure 13 only two may lead to
a jump. Both these seed pairs correspond to up jumps, so our Markov process becomes totally
asymmetric. By Theorem 8.9, the dynamics on the torus with rates (8.2) preserves the five vertex
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model (in particular, the one considered in [{GKW21]). Determining the particle current of the
dynamics preserving the five vertex model could be simpler than in the general six vertex case,
but this is outside the scope of the present work.

In the free fermion case b1by = c1co we see that ¢ = a. After mapping nonintersecting paths of
the free fermion five vertex model to lozenge tilings, one readily sees that our dynamics reduces to
the totally asymmetric case of the interacting Hammersley processes studied in [Ton17], [CF17]

[CFT19).
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