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Abstract

We establish a symmetry in a variety of integrable
stochastic systems: certain multi-point distributions of
natural observables are unchanged under a shift of a
subset of observation points. The property holds for
stochastic vertex models, (1+1)d directed polymers in
random media, last passage percolation, the Kardar-
Parisi-Zhang equation, and the Airy sheet. In each
instance it leads to computations of previously inaccessi-
ble joint distributions. The proofs rely on a combination
of the Yang-Baxter integrability of the inhomogeneous
colored stochastic six-vertex model and Lagrange inter-
polation. We also show that a simplified (Gaussian) ver-
sion of our theorems is related to the invariance in law
of the local time of the Brownian bridge under the shift
of the observation level.
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1 | INTRODUCTION
1.1 | Preface

This work is about a simple-looking property of a variety of integrable probabilistic systems that
includes stochastic vertex models, (1+1)d directed polymers in random media and last passage
percolation with specific weights, as well as universal objects of the Kardar-Parisi-Zhang (KPZ)
universality class — the KPZ equation and the Airy sheet. The property says that joint distribu-
tions of certain multi-dimensional observables in the system are unchanged under a shift of a
subset of observation points.

It can be thought of as a far-reaching generalization of the following known feature of the
Brownian bridge: Fix a < b and let B(t), 0 < t < 1, be a Brownian bridge such that B(0) = a and
B(1) = b. Let L, denote the local time that B(t) spends at level c. Then as long as a < ¢ < b, the
distribution of £, does not depend on the choice of c.

While the above property of the invariance of Brownian local times under the shifts of ¢ admits
a bijective proof, we have not been able to find anything similar for the more complicated systems
that we deal with. Instead, our proofs rely on the much more advanced machinery of Yang-Baxter
integrable vertex models.

Beyond intrinsic interest, the shift-invariance property yields explicit formulas for certain
multi-dimensional distributions that were not accessible before. The basic idea is that shifts some-
times allow one to reduce complicated configurations of observation points to simpler ones, for
which exact expressions are already known.

Let us present an example that involves Brownian directed last passage percolation.

The Brownian last passage time 3,/ ;/)_(,,,) is @ random function of four arguments n,n’ € 7,
t,t' € R. Let {B,(t)},c, be a collection of independent standard Brownian motions on the real
line. For any n > n’, t > t/, we define the passage time as the maximum of the increments of the
Brownian motions over monotone grid paths between (n’,t") and (n, t):

n—n’

3(,,1/,[/)_)(",[) = max Z (Bi+n’(ti+1) — Bi+n’(ti)) . (11)

I — —
V=tg<ty <s-<ty_y =t [ &F

The law of 3,/ 1) (n,) is @ well-studied object. Kuperberg [50] and Baryshnikov [10] showed that
for fixed n, t,n’,t’ the one-dimensional distribution coincides with that of the largest eigenvalue
of a random Hermitian matrix from the Gaussian unitary ensemble (GUE). In particular, this
implied that the asymptotic behavior of 3,/ ;11— as points (n,t) and (n’,t") move away from
each other is governed by the celebrated Tracy-Widom distribution. Numerous subsequent works
yielded a fairly complete description of the joint distribution of 3, ..y and its asymptotic
behavior when the starting point is fixed and the ending one varies, and we refer to Johansson-
Rahman [42] for the most recent results.

Here is the simplest open question: Given a pair of points A and B in Z X R and a similar pair
of points C and D, what is the joint law of the passage times (3 4_5, 3c_p)? See the left panel in
Figure 1 for an illustration. Note that if the lattice rectangles with opposite vertices A, B and with
opposite vertices C, D are disjoint, then the random variables 3 4_, 5 and 3,_, p are independent
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FIGURE 1 Brownian LPP: We have (3,_5, 3c_p) = (34-5> 3c'—p)

and the question is trivial. We are able to provide an answer in an antipodal situation, when any
monotone path between A and B and any monotone path between C and D must intersect. The
key is the following property of shift-invariance.

Theorem 1.1. Let A,B,C,D be as above, take A € R, and set C' = C + (0,A), D' = D + (0, A).
Suppose that the following holds:

* The n-coordinates of points A, C, and C' are the same, while the t-coordinate of A is not larger
than those of C and C'.
e B>DandB > D/, where(n,t) > (n',t') meansn <n’, t > t'.

d
Then we have a distributional identity (345, 3c—p) = (Ba—=p> 3c'=p'); cf Figure 1.

Theorem 1.1 can be extended to more than two pairs of points and shifts in n-directions; see
Section 7.4 for details. Note that we can now choose C' = A. Then the joint law of the vector
(B4=p>34a_p) is explicitly known (as the starting points are the same); it can also be related
to the joint distribution for the largest eigenvalues of a GUE random matrix and its symmetric
submatrices evolving according to the Dyson Brownian Motion.

The shift-invariance of Theorem 1.1 is not restricted to the Brownian last passage percolation.
Far from it, the invariance extends to a whole class of related stochastic systems (all with spe-
cific ‘integrable’ weights, though). The chart in Figure 2 shows most of these systems and rela-
tions between them. Whenever two systems are linked by an arrow, we are able to deduce shift-
invariance for one system from a similar statement for the other one. Exact mechanisms of deduc-
tion vary: We use stochastic fusion, analytic continuation, deterministic limits, and functional
central limit theorems, as discussed in Sections 6 and 7.

Our central result is a master theorem that we prove for colored stochastic vertex models, and
we give its (simplified) formulation below. Not all of the implied statements are discussed in
this paper as it is already quite long. But we do consider the implications for polymer mod-
els, the KPZ equation, and the Airy sheet; we will offer a few details about those in a later
part of the introduction. A conjectural generalization of the proved shift-invariance will also be
mentioned.
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FIGURE 2 A chart of stochastic systems for which we can prove the shift-invariance

1.2 | Shift-invariance for colored stochastic vertex models

We start by describing a Markovian recipe to construct random colored up-right paths in the pos-
itive quadrant Z,,; X Z.,, with the colors labeled by natural numbers. In this section we assume
that no lattice edge can be occupied by more than one path, although that restriction will be
removed later.

The model depends on a quantization parameter g € (0, 1) and real column and row rapidities
denoted by u;, u,, ... and vy, v,, ..., respectively. The rapidities are assigned to the corresponding
rows and columns, and we assume that Uy > Uy > Oforall x,y > 1.

Along the boundary of the quadrant, we demand that no paths enter the quadrant from the
bottom. On the other hand, a single path of color i enters the quadrant from the left in row i for
eachi > 1. Once the paths are specified along the boundary, they progress in the up-right direction
within the quadrant using certain interaction probabilities, also known as vertex weights.

For each vertex of the lattice, once we know the colors of the entering paths along the bot-
tom and left adjacent edges, we decide on the colors of the exiting paths along the top and
right edges according to those probabilities. They are given by the table of Figure 4, where
0 < i < j denote the colors of paths on the corresponding edges, and color 0 encodes the absence
of paths.

These vertex weights represent a stochastic version of the R-matrix for the quantum affine
algebra Uq(éTN:) that goes back to mid-1980s works of Bazhanov [11], Faddeev-Reshtikhin-
Takhtadjan [36], and Jimbo [43, 44]. The stochastic version was introduced quite recently by
Kuniba-Mangazeev-Maruyama-Okado in [49]; see also Bosnjak-Mangazeev [22] and Aggarwal-
Borodin-Bufetov [4].

A less graphical way of describing the same random ensemble of colored paths is by introduc-
ing colored height functions. For each point (X,Y) € (Z,, + %) X (Z5o + %) of the dual lattice and

"In the rank 1 or colorless case, these objects are much older; the six-vertex model was introduced by Pauling in 1935 [54],
and its stochastic version was first considered by Gwa-Spohn in 1992 [39].
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FIGURE 3 A possible configuration of the colored vertex model
1 1 1
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FIGURE 4 When two paths of colors i and j with 0 < i < j (color 0 is identified with the absence of the
path) meet at vertex (x, y), they continue according to these weights

any k > 1, we define H>*(X,Y) as the number of paths of colors > k that pass below (X, Y); see
Figure 3 for an illustration.

Here is what the simplest instance of shift-invariance for colored stochastic vertex models
looks like.

Asin Theorem 1.1, for two points V" = (x¥', yV), ¥ = (xV,y") in the quadrant, we write U" > V
if xV" < xV and yV" > yY. In other words, V is in the down-right direction from V.

Theorem 1.2. In the above setting of the colored stochastic model in the quadrant, choose an index
t = 1, color cutoff levels k ..., k,, > 1, and a collection of points {U‘i}{‘zl. Set

T LT L (A
J k,+1, j=u, J U, +(0,1), j=u

0<k, <k, < <k, 0< Kk <k <<k,

Assume that

! / ! !
Vit Uy 2 U, 2 Uy Uy UL U 20 2V
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Then the distribution of the vector of colored height functions
(1 (V) PR (Vy), .., HP (1))

coincides with the distribution of a similar vector with shifted tth point and cutoff
(HZK @, W), .., @),

under the condition that in the vertex model used to define the second vector one swaps the row rapidi-
ties Vg, and vy, where y is the row in which 1/;/ is located.

A variant of Theorem 1.2 that allows for more general bottom-left boundary conditions that
restore the symmetry between horizontal and vertical axes will be proved in Section 4.10.

Arguably, Theorem 1.2 is not the most intuitive statement of all, and our path to both its for-
mulation and its proof was not straightforward.

It started with a special case, when in the homogeneous model (all rapidities are equal) it was
shown to be possible to shift a collection of points to two extreme positions — when all the cutoff
levels k; are equal, and when all the points U coincide. The coincidence of these two extreme dis-
tributions was proved by Borodin-Wheeler [21, Theorem 1.6.1]; see also Borodin-Bufetov [16, The-
orem 7.3] for a simpler proof and more general boundaries. The shift-invariance of Theorem 1.2,
however, is much more powerful than that; for example, the coincidence of the two extremes turns
into a tautology in the Brownian percolation limit of Theorem 1.1.

Next, in the Gaussian models (additive stochastic heat equation and colored stochastic tele-
graph equation in Figure 2; see Borodin—Gorin [18] for a description of the telegraph limit in the
colorless situation) we noted that shift-invariance reduces, still nontrivially, to that for local times
of Brownian bridges and numbers of intersections of two persistent random walks. This argu-
ment generalizes further to proving equality of second moments of the height function vectors in
Theorem 1.2. Alas, pushing beyond that in a similar fashion seemed prohibitively complicated.

This partial progress, however, turned out to be sufficient for inferring the complete statement
for vertex models. Its proof that we give in the present paper is an intricate verification argument
based on an induction in the size of the domain swept by the participating colored paths. The
induction is powered by two essential tools — the Yang-Baxter equation for the vertex weights
of Figure 4, and Lagrange interpolation for the distributions viewed as polynomials in the rapidi-
ties. Thus, the inhomogeneity of the model was essential for our proof, as it furnishes us with
sufficiently many interpolation points.

Another step for which the inhomogeneity was indispensable was extending Theorem 1.2 to
more general vertex models obtained from the one above by fusion. Fusion is a representation
theoretic procedure that constructs more complicated solutions of the Yang-Baxter equation from
simpler ones; it goes back to the work of Kulish-Reshetikhin-Sklyanin [48] in early 1980s. We
employ a stochastic version of this procedure whose detailed description can be found in the
Appendix; another exposition was earlier given by Kuan [47] generalizing the colorless statements
by Corwin-Petrov [26].

Fusion allows us to cluster adjacent L > 1 horizontal and M > 1 vertical lines of the lattice
together, generating ‘fat’ lines that can carry up to L, correspondingly M paths. Further, resulting
vertex weights in the fused model end up being rational in g* and g, allowing for analytic con-
tinuation in those quantities (they are the analogs of the spin parameters in the rank 1 case). We
remark that additional efforts are needed to ‘analytically continue’ the boundary condition; see
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Section 6.2 for details. Previously, such analytic continuations in the boundary parameters were
realized for the (colorless) six-vertex model in Aggarwal-Borodin [3], Aggarwal [2], and the ability
to handle inhomogeneous and fused models is also essential for that. In a certain special colored
situation, a similar procedure was performed in Borodin-Wheeler [21, Section 12.3.4].

At the end of this road we obtained a fully fused version of Theorem 1.2 (see Theorem 6.10
below), which finally allowed us to descend into the polymer world.

1.3 | Shift-invariance for directed polymers in random media

It has been known for some time that directed random polymers in (1+1)d arise as limits of vertex
models. One route to seeing this goes through the papers of Gwa-Spohn [39], Borodin-Corwin-
Gorin [17], and Aggarwal [1] which link the stochastic six-vertex model to the asymmetric simple
exclusion process (ASEP). The latter has a limit to the continuous directed polymer, as shown by
Bertini-Giacomin [12] and Amir-Corwin-Quastel [7]."

We follow another route, which leads to a much richer family of polymers. It is based on
a recently discovered fact (see Borodin [15], Corwin-Petrov [26], Borodin-Petrov [20]) that
g-deformed exclusion processes and Boson systems are special cases of the fully fused colorless
stochastic vertex models. This allows us to exploit numerous existing instances of convergence of
such processes to polymers. The one closest to our context is the appearance of Beta-polymer as
the ¢ — 1 limit of the g-Hahn particle system in the work of Barraquand-Corwin [9].

The role of the colors in the g — 1 limit transitions in the fully fused colored stochastic models
(first introduced in [49]) was not investigated before, and we are led to study it in this paper. It
turns out that the presence of colors translates into varying one of the end-points of the polymer.
This is a nontrivial statement, and it boils down to a certain degeneration of noise that takes
place — the multi-dimensional distributions at each vertex in the first approximation behave
as one-dimensional ones, with randomness in the perpendicular directions being of smaller
order.*

Different observation points {U;} of the fused version of Theorem 1.2 provide a variation of the
other end-point, and we thus gain access to information on polymers with both ends moving.
Furthermore, the exponentiated colored height function qH>l tends to the partition function of
the corresponding polymer, paving the way to joint distributions of those.

On this road we obtain in Section 7 shift-invariance for the following models:

* directed polymers in Beta-random environment, first studied by Barraquand-Corwin [9], see
Section 7.1;

* the Gamma or strict-weak polymer, first studied by Corwin-Seppildinen-Shen [28] and
O’Connell-Ortmann [52], see Section 7.2;

* the O’Connell-Yor semi-discrete Brownian directed polymer [53]; Theorem 1.1 is obtained as the
infinite temperature limit of the shift-invariance for this polymer; see Section 7.3 for details.

In each of these cases we prove a property that is very similar to what we described for the
Brownian directed percolation above — multi-dimensional distributions of partition functions

T Combining these two steps into a single (more general) asymptotic statement is also possible, see Corwin-Tsai [31],
Corwin-Ghosal-Shen-Tsai [25], and also Borodin—-Olshanski [19, Section 12].

#The authors are very grateful to Pierre Le Doussal, in discussions with whom in May 2018 such an effect showed up for
the first time.
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are invariant under a shift of the two end-points of one of the polymers under certain intersec-
tion conditions.

Taking a further limit to polymers in fully continuous space-time leads to the KPZ equation
discussed in the next section.

1.4 | Shift-invariance for universal objects

All the polymer systems from the previous section are very special; we can prove shift-invariance
for random directed polymers with specifically positioned independent Beta or Gamma weights,
but not for any other weight distributions. In fact, at this point we do not even know whether the
shift-invariance extends to (discrete) polymers with any other weights.

What we do know, however, is that the shift-invariance holds for two universal objects in the
world of random polymers and interacting particle systems: the KPZ equation and the Airy sheet.
Let us start from the former one.

Define a random function Z )(t, X), x € R, t > 0, as a solution to the stochastic heat equation
with multiplicative white noise and with §-initial condition at point y at t = 0:

2P =120 4929, t>0xer;  Z20%0,x) = 8(x - ). 1.2)

Here 7 is the space-time 2d white noise (the same for each y). The Feynman-Kac representation
for the solution to (1.2) leads to its representation as a (regularized) integral of exponentiated noise
over paths of Brownian bridges, thus clarifying the name continuum directed random polymer
for Z0)(x, t); see Alberts-Khanin-Quastel [6] and Quastel [57]. Computing the logarithm of Z,
one finds that H := —In(Z®) satisfies (formally) the KPZ equation:

H, = %Hxx - %(Hx)z -7 3)

The KPZ equation is a universal scaling limit for a large family of stochastic systems such as
directed polymers in intermediate disorder regime, cf. Alberts—Khanin-Quastel [5]; ASEP and its
relatives, cf. Bertini-Giacomin [12], Amir-Corwin-Quastel [7], Dembo-Tsai [35], Corwin-Shen-
Tsai [30], Corwin-Shen [29]; stochastic vertex models, cf. Corwin-Tsai [31], Corwin-Ghosal-
Shen-Tsai [25]; and several SPDEs, cf. Hairer-Shen [41], Hairer—Quastel [40]. We also refer to
Corwin [24], Quastel-Spohn [59] for reviews.

Our shift-invariance leads to the following statement for ZO) (or, equivalently, for H); cf. Fig-
ure 5 and see Section 7.5 for more details.

Theorem 1.3. Fix t >0, A>0, x,y €R. In addition, choose a collection of points (x;,y;),
i =1,...,n, such that for each i either x; < x, y; 2y + A, or x; 2 x + A, y; < y. Then we have the
following distributional identity:

(Z(y)(t,x); Z(yi)(t,xi),i =1, n) 4 (Z(y+A)(t,x + A); Z(yi)(t,xi),i = 1,...,n).

The large time limit of KPZ (as a function of x and y) is described, after proper centering and
rescaling, by another prominent object called Airy sheet A(x,y), see Quastel-Sarkar [58], Virag
[61], and also Corwin-Quastel-Remenik [27]. The same object is believed to serve as a universal
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Y y+A z

FIGURE 5 The law of continuum directed random polymer ZO)(t, x) coincides with the law of
ZU+8(t, x + A), even when taken jointly with the laws of other polymers in the same noise, as long as the
intersection condition holds

limit for directed polymers and last passage percolation models, with several rigorous result in this
direction established by Dauvergne-Ortmann-Virag [33] and Dauvergne-Virag [34]. If we focus
only on various marginals of .A(x, y), rather than on the full law of the function of two variables,
then much more is known. For instance, convergence to .4(0, 0) — the Tracy-Widom distribution
— is proved for a very large variety of (integrable) polymers and models of interacting particle
systems. Moreover, for the latter one also typically proves joint convergence to the function of one
variable .A(0, -) known as the Airy process.
The following statement can be found in Section 7.6.

Theorem 1.4. Fixt >0, A>0, x,y € R. In addition, choose a collection of points (x;,y;), i =
1,...,n, such that for each i either x; < x, y; 2y + A, or x; 2 x + A, y; < y. Then we have the fol-
lowing distributional identity:

d
(A, ) A,y i =1,.,n) = (AX + A,y + A); A(x, py),i=1,...,n).

One corollary of Theorem 1.4 is that it reduces a family of previously unknown joint laws of
A(x,y) to those of the Airy process. For example, take x; < x, < x5 and y; > y, > y3, as in Fig-
ure 6. Applying Theorem 1.4 twice and using translation-invariance of .A(x,y) with respect to
simultaneous shift of all arguments, we obtain

d

(A(x1,¥1), A(Xy, ¥2), A(X3,3)) = (A, 1 + X5 — Xp), A(X, ¥2), A(X,, Y3 + X5 — X3))
d
= (-A(O’ - xl)’ A(O’ Yo — x2)’ A(O’ V3 — x3))‘

The same computation can be done for n pairs of points satisfying x; < x, < -+ <X, ¥; >y, >
>V

1.5 | Additive stochastic heat equation

While the large time limit of the KPZ equation is given by the Airy sheet, the small time limit is
a much simpler Gaussian object, which is a version of the stochastic heat equation with addi-
tive noise’; see [7, Section 6.2] and Section 7.7. The same object can be also obtained as the

*This should not be confused with the multiplicative noise stochastic heat Equation (1.2).
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Ty T2 T3
Ys Y2 Y1
1K
X9 €3
Ys Y2 Y1+ To — 2
[ 4
T2
L J
Us + 2 — 3 Y2 Y1+ Ty — 1y

FIGURE 6 Airy sheet shifts: (A(x;, y;), A(x,, ¥,), A(x5,¥3)) < (A, y1 + x, — x7), A(x,, ¥,),
A(Xy,y5 + X5 — X3))

fluctuating profile of the density of particles in the diffusive scaling limit of the colored symmet-
ric simple exclusion process (SSEP), as outlined in Section 3.4. For the Gaussian processes the
shift-invariance of the distributions is equivalent to the shift-invariance of the covariances and,
therefore, it suffices to verify the latter. We show in Section 2 that shift-invariance of the covari-
ances for the stochastic heat equation with additive noise becomes equivalent to the invariance
of the expected intersection local times of two Brownian bridges under shifts of the end-points
for one of them. In turn, the last invariance can be reduced to invariance of the expected local
time at level c for the Brownian bridge traveling from a at time O to b at time 1. The law of such
a local time is known, see Ray [60], Williams [62], Borodin [14], Biane-Yor [13], and Pitman [55].
Its density is proportional to

(lc—al+|c—=b|+y)exp <—%(|c —al+ |c—b| +y)2> dy, y >0,

which is clearly independent of ¢ as long as a < ¢ < b, thus, giving the desired shift-invariance.

In Section 3 we show that the interplay between shift-invariance of the covariances and inter-
section local times is preserved up to the level of the homogeneous version of our master state-
ment for the colored stochastic six-vertex model. Our covariance computation is based on the
four-point relation for the model, which generalizes the colorless version in Borodin-Gorin
[18]. The Brownian bridges get replaced by a pair of discrete persistent random walks; it seems
that shift-invariance of the latter has not appeared in the literature before, and we prove it in
Section 3.2.
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FIGURE 7 Two pairs of the end-points for continuum directed random polymer can also be shifted, while
preserving the joint distribution with nonmoving polymers

1.6 | An extension

The shift-invariance holds in a greater generality than what we have stated so far. The first ver-
sion of this paper (posted on arXiv in late 2019) contained the following conjecture for the KPZ
equation, extending Theorem 1.3; cf. Figure 7. It is not hard to come up with similar statements
for all the other models mentioned above.

Conjecture 1.5. Fixt > 0, A > 0, two segments [X,X'],[Y,Y’] C R, and four collections of real
numbers (Xq, ..., X,), V155 V) (Rps oo s Xy 1y oo » Pi)- Assume that for each 1 < j < k, [fcj,)”cj +
Al C [X,X'] and [§;,7; + Al C [Y,Y]. In addition, assume that for each 1 < i < n either x; < X,

y; 2 Y, orx; > X', y; < Y. Then we have the following distributional identity:
(29906, %)), j = 1,....k; Z0(t,x),i = 1,...,n)
d -
= (299, %+ A),j = 1,k Z90(t,x,),i = 1,...,n).

Note that for %, < %, < --- < X, and J; > 7, > ... > J,, this statement is proved by k applica-
tions of Theorem 1.3. The conjecture says that such a k-dimensional shift-invariance also holds
without these inequalities.

In subsequent work Conjecture 1.5 and its generalizations were proven by three different meth-
ods, see Dauvergne [32], Galashin [37], Bufetov—Korotkikh [23], and Korotkikh [46].

2 | SHIFT-INVARIANCE FOR THE STOCHASTIC HEAT EQUATION

In this section we provide a proof for the shift-invariance in the simplest Gaussian case — for the
stochastic heat equation with additive noise. Two ways to obtain this equation by degenerating
other systems in the chart of Figure 2 are outlined in Sections 3.4 and 7.7.

2.1 | Statement

The central objects of this section are an (N + 1)-tuple of Gaussian fields (¢, y),i = 0,...,N,t > 0,

y € R, and an (N + 1)-tuple of deterministic fields pi(t, y). At each (t,y), the sum of the Gaus-
sian fields is identically zero, while the sum of deterministic fields is identically equal to 1. The
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deterministic fields solve the heat equation with prescribed initial conditions at ¢t = 0. The Gaus-
sian fields solve the stochastic heat equation with additive white (in (¢, y)) noises in the right-
hand side. At fixed (¢, y), the covariance of white noises can be identified with that of an (N + 1)-
dimensional vector of independent Gaussians with variances p'(t, y) conditioned on their sum
being zero.

One possible interpretation is that pi(t, ¥),i =0,..., N, represent macroscopic densitiesof N + 1
different species at time ¢ and position y. The densities are subject to the conservation law of
total density 1. Simultaneously, 5'(t, y) represent random Gaussian fluctuations linked to these
densities; as pi becomes larger, so does the white noise driving ni(t, ).

We now proceed to the formal definition. Take N + 1 nonnegative real functions pf)(y),
i=0,1,..,N, which sum up to 1: p0(») + p;(¥) + - + p) () = 1, y € R. Define the functions
p' i RyoXR = R,i=1,..,N, as the solutions to the heat equation

18

J i i i
—oi(t,y) — ==—pi(t,y) =0, >0, R, 0,y) = . 2.1
atp( y) 26y2p( y) yE P'(0,y) = py(¥) 21

Since the fundamental solution of the heat equation is given by the Gaussian kernel, the functions
p' can be expressed as partial integrals of this kernel. We further set

N
PPt y) = Pt Y,

a=i

so that
1=p20,y) = 01t y) = -~ = P”V V(L) = p*N(t,¥) 2 0. (2.2)

Since the heat equation is linear, functions p>i(t, y) are also its solutions.

Further, define N +1 random Gaussian functions ni(t, y), i =0,1,...,N, which solve the
stochastic heat equation
9 i 19% i i
=Y - s y)=P, t20,yeR,  7'(0,y)=0, (2:3)
ot 2 gy2
where P! are spatially uncorrelated centered generalized Gaussian noises with covariance given
by

_Pl(t,Y)PJ(t,J’)a l<],

‘ . (2.4)
P (L, y)A = p'(t,y), i=j.

IEpi(t’ y)p](t,: y,) = 5y=y’5t:t’ ’ {
Note that the noises P!(t, y) can be thought of as independent Gaussian white noises of variances
p'(t,y) and conditioned to have zero sum:

Po>t,y) + PH(t,y) + - + PN(t,y) = 0.

We also define

i=n 44N, PP=plypFle 4PN i=1,..,N,
so that
0 ity — 2 iy =P, t30,yeR, Pi0.) =0 25)
577 Y _Eﬁn ’y)_ ) = ’ye ) 77 ,y) =0, .
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FIGURE 8 Restriction on parameters in Theorem 2.1 and two intersecting Brownian bridges appearing in
its proof

where P> can be equivalently defined as spatially uncorrelated centered generalized Gaussian
noises with covariances for i < j given by

EPZ(6, )P,y = 8y 8imp - (1 = p7' (1, )7 (8, ). (2:6)

The covariance in (2.6) can be also given an interpretation. For that we use inequalities (2.2)
and think about o>V (¢, y), ..., p>!(t,y) as N times0 < s, < --- < sy < 1 for the standard Brownian
bridge, which travels from O to 0 in time 1. Then the right-hand side of (2.6) is the covariance of
the values for such a Brownian bridge.

FixT > 0, two indices 1 < i < j < N and two reals B; > B It Consider the two-dimensional ran-
dom vector

§ i >i(B;,Bj) = (nZi(T,Bi),n”(T,B-))-
Py Py J J
For A € R, let S, denote the operator of shifting the argument of a function by A:

[Saf1(x) = f(x + A).

Theorem 2.1. Fix A > 0. Suppose that for some i < j and A € R, p(fj(y) =0 on [—o0,A) and
p?i(y) =1on[A— A, +00); cf Figure 8. Then the following identity in distribution holds for every

B; > B;:
d
gpg",p(fj(Bi’Bj) = gpgi,SApij(Bi’Bj —4). 2.7)
In words, the simultaneous shift in the same direction and by the same A of the initial condition

pij and the observation point B; does not change the joint distribution of the two-dimensional
vector.
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Remark 2.2. Due to translation-invariance of the system in y-direction, the random variables of
(2.7) will also have the same distribution as & s 3 o7 (B; + A, B)).
—AFo »Fo

We can extend Theorem 2.1 to a statement involving N-dimensional vectors. Fix T > 0, A > 0,
and an index € {1,2, ..., N}. Take two real vectors A, B € RN, such that

A <A< <A_ 1 <A -A<A <A< <Ay, (2.8)

Bl""’Bl—l >Bl >BL_A>BL+1""’BN' (2.9)

(Note that By, ...,B,_; and B, ,, ..., By are not ordered.) Given these data, we construct the initial
conditions p*(y) = 1(y > A;) and consider an N-dimensional random vector:

£:(B) = (X (T, By), . ”N(T, By)).

Corollary 2.3. Take T,A > 0,t € {1,...,N}, and two vectors E,E € RN satisfying (2.8) and (2.9).
With the notation e, for the tth coordinate vector in N-dimensional space, the following distributional
identity holds:

£:(B) S¢ ;g_Ael(E — Ae)). (2.10)

Since the vector (2.10) is Gaussian, the distributional identity (2.10) of N-dimensional vectors
follows from the same identity for its pairs of coordinates, which is Theorem 2.1 when one of the
coordinatesist, and a tautological statement otherwise. Our choice of p>!(y) as indicator functions
of semi-infinite intervals guarantees that the conditions on the support of Theorem 2.1 holds. More
complicated choices for p>!(y) are also possible, but we will not pursue this direction further.

2.2 | Proofof Theorem 2.1

Note that the individual distributions of the first components of the vectors in (2.7) coincide by
the definition. Similarly, the individual distributions of the second components coincide. Since
we deal with Gaussian vectors, it remains to check that the covariances coincide as well.

Let G(x, y; t) denote the Gaussian kernel:

G(x,y;0) =

exp <_—(x ;ty)z )

The solution to (2.1) is written as
den= [ a@ceynd, 1)
zeR

and the solution to (2.5) is

t
it y) = / / P>i(s,2)G(z, y;t — s) dzds. (2.12)
s=0 JzeR
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Hence, the covariance of >/(T, B;) and »>/(T, B;) for the left-hand side of (2.7) becomes
En”'(T, B)n>/(T, B;)

T
= / (1= (6, D™ (6, )G, B, T — )Gy, Bj; T — 1) dydt
t

=0 JyeR
- [ [ a-eieeeie
Z€ER J z;ER
T
x/./ G(z.y:0G(z;, y: DGO, BT — DG, BT — dydr. (2.13)
t=0 JyeR

Making the same computation for the right-hand side of (2.7) we get a similar, yet different expres-
sion:

/ / (1 - 2@ )p7 (2, + A) dz,dz,
z;€R Jz;€R

T
x/ / G(z,y:0G(z,, i DGO, BT — G, B, - AT — t)ydydr.  (214)
t=0 JyeR

We shift z; by A to get

[ [ a-giae ez
z;€R Jz;€R
T
x [ | 6yin6E; - 85060 BiT - 060, By~ 8T = dyd. (219
t=0 JyeR

We need to show that (2.13) is the same as (2.15), which would follow from the A-invariance of
the double integral of the product of four Gaussian kernels in the last line of both formulas.

For that we note a stochastic interpretation of the double integral over ¢ and y. Recall that
the functions G are transition probabilities for the Brownian motion. Imagine for a second that
they were transition probabilities for discrete random walks instead. Then the product of four
probabilities under the double integral over y and ¢ in (2.13) can be interpreted as the probabil-
ity that random walk from (z i 0) to (B i T) intersects another (independent) random walk from
(z;,0) to (B;, T) at point (¥, t). The integral over all (y, t) (or rather a sum, if we speak about dis-
cretization) then counts the total expected number of intersections. We show in Section 3.2 (see
b, = b, case of Theorem 3.9) that the distribution of the number of intersections is unchanged
upon shifting z; and B; simultaneously by the same amount. It is crucial for the theorem that
our two random walks necessarily intersect with probability 1, which is implied by z; <z; — A

and B; > B; (the first inequality follows from our restriction on the supports of p? and 1 - pi h.
Taking the expectation of this distributional identity and performing a standard limit transition
between discrete random walks and Brownian motions we arrive at the desired A-independence
of (2.15).

If we wanted to avoid discretizations, then we could have argued with Brownian motions
directly. For that take two independent Brownian bridges Br;, Br;, where the first one is the
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FIGURE 9 Basic weights of the six-vertex model. Same weights are used in the colored version upon the
convention that the dashed (empty) edge corresponds to the lower of the two colors. Local changes of the height
function H(x, y) are shown in gray

standard Brownian motion conditioned to travel from z; to B; in time 1, and the second one is the
standard Brownian motion conditioned to travel from z; — A to B; — A in time 1. Then our dou-
ble integral computes the expected intersection time of Br; and Br;, or, equivalently the local
time at O for the difference Br; — Br;. The key property, which guarantees the A-independence,
is that z; + A < z; and B; > B;. Therefore, the trajectories of the Brownian bridges Br; and Br;
almost surely intersect, cf. Figure 8, while Br; — Bt ; starts below zero and ends above zero, so
that its trajectory necessarily intersects the zero level. Now a shift by A is a translation of one of the
Brownian bridges (equivalently, of their difference) by A. At this point, we can use a well-known
property of the local time of the Brownian bridge: the distribution of the local time at c for a Brow-
nian bridge traveling from a to b is independent of ¢ aslongasa < ¢ < b (or b < ¢ < a); see [55]
and references therein. Since the distribution is unchanged under shifts, so is its expectation, and
therefore, (2.15) does not depend on A, as desired.

3 | HOMOGENEOUS STOCHASTIC SIX-VERTEX MODEL:
COVARIANCE MATCH

Next, we switch to the homogeneous stochastic (N + 1)-colored six-vertex model with colors
0,1,2,...,N. Configurations of the model are colorings of all edges in (a part of) the square grid
into N + 1 colors, subject to the rule ‘number of incoming edges = number of outgoing edges’ for
each color and each vertex of the grid.

When N = 1, we have only two colors, and if we treat the color O as the absence of the edge
and color 1 as the presence of the edge, then we get the standard (colorless) stochastic six-vertex
model; cf. Figure 9. We deal with the model in the quadrant x > 1, y > 1, and sample the ver-
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FIGURE 10 Weights of 15 types of vertices in the two-colored model

tices sequentially in the up-right direction (that is, the first vertex to sample is in the corner of
the quadrant) according to probabilities of Figure 9. The probabilities depend on two parameters
0<b; <1,0<b,<1,andwealsosetq = 2—2. In the notations of Section 1.2, all the rapidities u,
and v, are taken to be independent of x and ; and, therefore, the weights b; and b, of Figure 4 do
not change throughout the quadrant.

When we have N + 1 colors, we still sample the vertices sequentially. Whenever we need to
sample the vertex at (x, y), it comes with the colors of two incoming edges: i and j. We assume
that 0 < i < j and make the sampling according to probabilities of Figure 4 in Section 1.2. Note
that if we treat the color i as the absence of the edge, and the color j as the presence of the edge,
then the probabilities are the same as those of Figure 9 for sampling.

For example, if N = 2, then we can think about absence of edges (color 0), narrow black edges
(color 1), and bold red edges (color 2). All 15 types of vertices and corresponding probabilities
(computed by the rule from the previous paragraph) are shown in Figure 10. We enumerate the
vertices by rows and columns, so that vertices Al, A2, A3 have weight 1, there is no vertex of type
A4, etc. The weights are stochastic in the sense that for each pair of inputs from the left and from
the bottom, the weights of possible vertices (outputs) sum up to 1.

‘We deal with the model in the quadrant, which means that the vertices have integer coordinates
(x,y) satisfying x > 0,y > 0. Along the borders of the quadrant we allow arbitrary (deterministic)
boundary conditions. This means that for each vertex adjacent to the left boundary, we choose the
color of the incoming edge from the left. Similar choices of color of edges are made for each vertex
adjacent to the bottom boundary. The model is then defined by stochastic sampling, treating the
weights of Figure 9 (or Figure 10) as probabilities: we first sample a single vertex with x + y =1,
then two vertices with x + y = 2, then three vertices with x + y = 3, tc.
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FIGURE 11 One possible configuration of the three-colored (N = 2, shown with bold red paths, narrow
black paths, and absence of paths) model in quadrant. The values of the vector of height functions
(H>'(x,y), H*?*(x,y)) are shown

Each color i comes with its height function H'(x, y), which is defined by setting Hi(%, %) =0
and

Hi(x,y +1)— Hi(x,y) = 1, thereisan edge of coloriat (x,y + %),
0, otherwise,

. ; —1, thereis an edge of color i at (x + =,y),
H'(x+1,y) = H'(x,y) = s 437
0, otherwise.

Note that in order to avoid ambiguities, the height function is defined not at vertices (x,y) €
Z X Z, but at vertices of the dual grid (Z + %) X (Z + %), which are in natural bijection with faces
of the original grid. We also set

HZ'(x,y) = H'(x,y) + H (%, ) + - + HY (x, ).
See Figure 11 for an illustration. Our definitions imply that
0<H N,y +1) = HN(x, ) <H VM (x,y + 1) = HV 1 (x, )
< SH Y+ D) =’ (0,y) S H(x,y + 1) - H(x, p) = 1,
and
0> HNx+1,y)— HN(x,y) > HN (x + 1,y) - V! (x, y)
> 2 W (x+1,y) = H (x,y) 2 H(x + 1,y) - H(x, ) = —1.

Note that specification of the boundary conditions is the same as specification of all the values of
the height functions HZ(x,y) fori=1,2,...,N, and either x = % ory = %
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‘We now produce analogues of Theorem 2.1 and Corollary 2.3. We start by specifying the bound-
ary conditions via the functions pli)(x,y), i=0,1,..,N, which are discrete derivatives of the

height functions H' along the boundary of the quadrant. Formally, for (x,y) = (%, N)yez,, and

6, 9) = (0, ez,

; ( 1 ) _ {1, there is an incoming horizontal edge of color i at (%, ¥),
2 9’

0, otherwise.

) 1, there is an incoming vertical edge of color i at (x, %),
0, otherwise.

We set o' (x, ) = p} (x,y) + -+ + o (x, ), so that

0<p L) <o Ty < <oy () < P (X ) = 1,

(x,y) € {(% ”)’ <”’ é) }n=1,2,...'

FixX eZ  + % two indices 1 <i < j < N, and two numbers B; > B; € Z + % Consider the
two-dimensional random vector

>i >j b
(BB = ("' X.B) HZ(X.B)) _b
gpfl,P;](B”BJ) (q 'q ' ) =3
For A € Zlet S, denote the operator of shifting the second variable (that is, y) of a function f(x, y)
by A:

[SAf](x’ y) = f(x!y + A)

Theorem 3.1. FixA € Z,yand A € Z.,,. Suppose that for somei < j, p?(x,y) =0fory < Aand
p? (x,y) =1fory > A—A; cf Figure 8. Then for every B; > B; the following two random vectors
have the same first and second moments:

1,2 moments

é'pb;i,p;j (Bi,Bj) = §p§i,SApi.f(Bi,Bj - A)- (3-1)

In words, the simultaneous shift in the same direction and by the same A of the boundary condition
p? and the observation point B/ does not change the first two moments of the two-dimensional vector.

Remark 3.2. Let us clarify the meaning of the boundary conditions S Ap? . Note that since there
are no edges of colors at least j underneath the liney = A 4+ A, we can simply shift down by A the
function o>/, that s, all horizontal incoming edges of colors at least j. Moreover, we can make this
shift without affecting p>(x, y), since it is equal to 1 everywhere where any changes happen, and,
therefore, no contradiction with inequality p>' > p>/ can occur. There is also no need to change
the quadrant x > 0, y > 0 in this transformation.
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Remark 3.3. Since the definition of the stochastic colored six-vertex model is translationally invari-
ant, we can also deal with §_ i »j(B; + A, B;), which is the same as § .; . >;j(B;,B; — A) by
S_aR}, P} J P, SARy, J

shifting everything (including the quadrant and the observation points B;, B;) by A in the verti-
cal direction.

Remark 3.4. In the current form (3.1) is an empty statement at ¢ = 1. However, subtracting 1 from
all coordinates of the vectors in (3.1), dividing by q — 1 and sending g — 1, we get a nontrivial
(and valid) statement at g = 1. We return to this in Section 3.4.

We are going to prove Theorem 3.1 by finding appropriate extensions of the two main ingredi-
ents of the proof of Theorem 2.1:

* Expression of the covariance of the height functions of different colors as a 4-fold integral with
the main part of the integrand being the product of four transition probabilities of the Brownian
motion.

+ Shift-invariance for the intersection local times for Brownian bridges.

Discrete analogues of these two steps are presented in Sections 3.1 and 3.2, respectively. While
for the heat equation, Theorem 2.1 immediately followed, for the discretization given by the col-
ored six-vertex model additional efforts are necessary and we finish the proof of Theorem 3.1 in
Section 3.3.

We can extend Theorem 3.1 to a statement involving N-dimensional vectors. Fix X € Z_, + %,

A=1,2,..,and an index: € {1,2, ..., N}. Take two vectors A € ZN, B € (Z + %)N, such that

0<A <A< <A_ 1 <A -A<A <A, < <Ay, (3.2)

By,..,B_1>B,>B,—A>B,_,,..,By > 0. (3.3)

(Note that there are no inequalities between By, ...,B,_; and B, 1, ..., By.) Given these data, we
construct the initial conditions pz"(%,y) =1y = A) i=1,..,N,set p>i(x, %) =0,i=1,..,N,
and consider an N-dimensional random vector:

= >1 >N
E4(B) = ("7, gt BN,

Corollary 3.5. Take X € Z . + %, A=0,1,2,.., an index 1 € {1, 2, ..., N}, and two vectors ﬁ,ﬁ
satisfying (3.2), (3.3). With the notation e, for the i-th coordinate vector in N-dimensional space, the
following identity of the first two moments holds:

1,2 moments

§B) =TT 65y (B e, (34)

Similar to Corollary 2.3 and Theorem 2.1, Corollary 3.5 is a direct consequence of Theorem 3.1,
and also more general choices of the boundary conditions are possible in the statement.

In fact, not only the first two moments, but the full distributions of the vectors in (3.4) coincide
and Theorem 1.2 is an inhomogeneous version of such a statement. However, checking this is
based on a different set of techniques (where the relation to intersection local times of random
walks is no longer visible); it will be discussed in Sections 4 and 5.
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3.1 | Four-point relation for the colored stochastic six-vertex model

The computation of the covariance for the vectors in (3.1) is based on the following relation gen-
eralizing [18, Theorem 3.1].

Theorem 3.6. Consider the stochastic (N + 1)-colored six-vertex model (with weights b,, b,, and
qg= % ) in the quadrant with arbitrary (possibly, even random) boundary conditions. For each x,
1

YEZyy+ % we have the identities for j = 0,1, ...,N:
qH>f(x+1,y+1) — b, - qHZJ'(x,y+1) —b,- qHZJ'(x+1,y) +(b, +b,—1)- qHZ-i(x,y)
=&/ (x+Ly+1), (3.5)
where the conditional expectation for fields ?J', j=0,1,..,N,is
[E[‘?j(x +1,y+1) | 2 (w,v), ..., H*N(u,v),u < x orv < y] =0, (3.6)
and the conditional covariance is computed for 0 < i < j < N through

E[£'(x+ Ly + D& (x+ 1,y + 1) | H>'(w,0), .., H*N(u,v),u < x orv <y
= b,(1 - b))AZ'AY + b,(1 - b)AZ AT
—b,(1=b)(1 = g™ VAT + b, - by - 9)g" VA, (3.7)
with

Aii - qH>i(x+1,y) _ qH>i(x,y)’ A;i - qH>i(x,y+1) _ qH>i(x,y), i=1,.,N.

Proof. The identity is checked by sampling one vertex at (x + % y+ %) with all possible configu-
rations of colors of two incoming edges.

First, suppose that N = 1. When i = j = 1, the statement of the theorem coincides with [18,
Theorem 3.1] for the colorless six-vertex model. The proof given there involved only the local
update rule (vertex weights) at (x + % v+ %). It remains to deal with the cases when either i
or j is equal to 0. Note that since each edge has some color, H? is a deterministic function,
which grows linearly with slope 1 in y variable and decreases linearly with slope —1 in x vari-
able. Hence, for j = 0, (3.5) gives identical 0 value for £2°. Therefore, £2° satisfies (3.6) automati-
cally. As for (3.7), note that whenever i = 0, the expression in the right-hand side of (3.7) vanishes
(as follows from b,A”° = b;(1 — q)g""”" and AJZ,O = (g —1)g"™") matching the vanishing of the
left-hand side.

The case of general N > 1isreduced to N = 1, since each vertex has edges of at most two colors,
which are sampled by the same rule as for N = 1. O

Remark 3.7. 1t is easy to see that there should be some formula for the conditional covari-
ance (3.7) because each vertex is being sampled from finitely many options. However, we do
not have any a priori reason for the formula to have the particularly simple quadratic form
of (3.7).
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We now recall how difference equations of the sort (3.5) can be solved. Consider the following
equation for an unknown function ®(x, y), x,y € Zyo+ %:

Px+1,y+1)—b;®(x,y+1)—b,®(x+1,y)+(b; + b, —1)P(x,y) =u(x+1,y+1) (3.8)
with a given right-hand side u and subject to boundary conditions
o(x1) = o(Ly)=v0) xy=122.. x(3)=v(}). 69

We take b, and b, to be arbitrary distinct real numbers satisfying 0 < b; # b, < 1.
Define the discrete Riemann function through

1
RIX,Y;x,y) = —
( x.y) 27{17{_ 1

14b,(1=b)z\* ™ /1+b,(1=b)z\'™

2(1-by)
% (b —b))dz
1+ b,(1 = b)2)A + b1 — by)z)’

X2x,Y2y, (3.10)

where the integration goes in the positive direction and encircles —[1/b,(1 — b,)], but not

—[1/b,(1 — b,)]. Note that we can also integrate in the negative direction around — for

1
b,(1—b,)
the same result. For convenience, we also set R(X,Y; x,y) = 0 whenever X < xorY < y.

Theorem 3.8 [18, Theorem 4.7]. The unique solution to (3.8) and (3.9) has the form

o, V) = x(3)R (X, v:4.1) + é RY(X,Y:4,) (90) - by - 1)

3
y=3

X X Y
+ Y RN Y% ) (r0) = bix(x =) + Y, ¥ RUX Yixpux,y), (A1)
3 3 3

=3 x=3¥=3

where all summations run over the lattices of mesh 1.

3.2 | Intersection local times for persistent random walks

The second ingredient of the proof of Theorem 3.1 is a result on shift-invariance of the distribu-
tion of intersection local times for persistent random walks. We could not locate the result in the
literature and present it here.

We deal with a pair of independent random walks. The trajectory of each walker consists of
straight segments and turns, its weight is the product of weights of elementary steps. The latter
depend on two parameters 0 < b; < 1,0 < b, < 1 and are given in Figure 12.

‘We would like to count the number of intersections for two random walks. By an intersection
we mean two paths passing through the same vertex. Since for each path there are four types of
passages through a vertex (as in Figure 12), there are 4 - 4 = 16 types of intersections — at some of
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)

by 1=y by 1— by

FIGURE 12 Weights for independent random walks

FIGURE 13 Intersections of two paths

them the paths intersect transversally, at others they just touch each other, or they can even share
the same edges of the lattice. We denote one of these 16 types by w.

We consider a rectangle S(A, B) drawn on the square grid with lower-left vertex A and upper-
right vertex B. Our fist random path 7, is a random walk, which starts by entering horizontally
from the left into vertex A and travels inside the rectangle until exiting horizontally through vertex
B to the right (this is a discrete version of the Brownian bridge of Section 2.2). The probability of a
trajectory of 77, is proportional to the product of the weights of Figure 12 corresponding to its steps.

In addition, we take a point C on the bottom side of S(A4, B) and a point D on the top side of
S(A, B), such that D is to the right (and up) from C. We consider the rectangle S(C, D), and the
second random path 7, starts by entering S(C, D) vertically through C and ends by exiting S(C, D)
vertically through D. We refer to Figure 13 for an illustration of 77; and 7,.

For w being one of the 16 types of intersections, let 7%(A, B; C, D) be the random variable,
which counts the total number of intersections of r; and 7, of type w; cf. Figure 13.

Theorem 3.9. Fix a type of intersection w and a rectangle S(A,B). The distribution of
I%(A,B;C,D) does not change when we shift C,D simultaneously and by the same amount in
(1,0) direction.

Proof. We argue by induction in the area of S(A, B). If A = B, then necessarilyalsoC =D = A
and the statement is empty.

For the general case, let x(A), y(A) denote the coordinates of A, and similarly for points B, C,
and D. We want to show that the dependence of 7% on C and D is only through the difference
x(D) — x(C). This difference can take the values 0, 1, ..., x(B) — x(A). If the value is maximal, then
necessarily A = C, B = D, and the statement of the theorem is empty. Hence, is suffices to consider
the case when x(B) — x(A) > x(D) — x(C). This implies that the area of S(A, B) is larger than the
area of S(C, D), which will allow us to use the induction hypothesis.

Let £ denote the random point where the path 7, enters the rectangle S(C, D). Formally, £
is the unique point with x(&) = x(C) such that the edge (€ — (1,0), £) belongs to 7. Similarly,
let F denote the random point where the path 7, leaves the rectangle S(C, D). Note that all the
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intersections of 77, and 7, necessarily happen inside S(&, F). Therefore, we can write
Prob(Z¥(A,B;C,D) = k)

-Prob(I®(C,D;E,F) = k), (3.12)

_ z w(—A - —E)w(—E —» F+)w(F+ — B+)
- ~ w(—A - B+)

where the summation goes over E and F representing all possible values for £ and F, respectively,
w(—A — —E) is the total weight of paths starting by (A — (1,0), A) and ending by (E — (1,0), E)
(that is, product of weights of involved vertices, including the one at A, but not the one at E),
w(—E — F+) is the total weight of paths starting by (E — (1,0), E) and ending by (F, F + (1,0))
(including vertices at both E and F), w(F+ — B+) is the total weight of paths starting by
(F,F + (1,0)) and ending by (B, B + (1,0)) (including B, but not F), and w(—A — B+) is the total
weight of paths starting by (A — (1, 0), A) and ending by (B, B + (1, 0)) (including both A and B).
Finally, Z7(C, D;E, F) counts the number of intersection points of a random walk from C to D
with another random walk from E to F.

Note that I% is a random variable of the same type as Z@ but for domains and paths reflected
with respect to the x = y axis (which, in particular, interchanges the probabilities b, and b,).
Hence, we can use the induction hypothesis and conclude that Prob(Z?(C, D; E, F) = k) depends
on E and F only through the difference y(F) — y(E).

We further perform the summation in (3.12) in two steps: first summing over E and F such that
Y(F) — y(E) = r and then summing over all possible choices of r. Hence, we write

y(B)=y(A)
Prob(I¥(A,B;C,D) = k) = Z Prob(y(E) — y(F) = r)Prob(Z?(C,D;E,F) = k), (3.13)
r=0

where as E and F in the last sum we can choose any two points on the vertical sides of S(C, D)
satisfying y(E) — y(F) = r. We are now ready prove the invariance with respect to the simultane-
ous horizontal shifts of C and D. Note that the second factor in the sum (3.13) is invariant by its
definition, and therefore, we only need to prove the invariance of the first factor. Following (3.12),
this factor is

w(—A - —E)w(—E —» F+)w(F+ — B+)
E% _ w(—A - B+) ' (314
yE)=yE)=r

By definitions, the factors w(—E — F+) and w(—A — B+) are shift-invariant. Hence, it remains
to prove the shift-invariance of

> w(—A - —E)w(F+ — B+). (3.15)
E,F:
YF)=y(E)=r

By translating the path going from F to B so that the edge (F, F + (1,0)) becomes (E — (1,0), E),
we see that (3.15) is the total weight of paths staring by (A — (1,0), A) and ending by (B, B + (1, 0)),
where B = B — (x(D) — x(C) — 1, r). This weight depends on C and D only through x(D) — x(C),
as desired. O
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FIGURE 14 Two sample cases for Theorem 3.10

The following extension of Theorem 3.9 is obtained by following exactly the same argument,
and we omit the proof. See Figure 14 for some of the cases covered by the extension.

Theorem 3.10. In the setting of Theorem 3.9, we can allow the direction of the incoming path at
A to be vertical and/or the direction of the outgoing path at B to be vertical. Moreover, point C may
be below the bottom border of S(A, B), and in this case, the incoming path at C is allowed to have
horizontal direction. Similarly, point D may be above the top border of S(A, B) and in this case, the
outgoing path at D is allowed to have horizontal direction.

In all these cases, the shift-invariance will hold, provided that the paths 7, and m, still almost
surely intersect both before and after the shift.

Let us formulate an analytic corollary of the probabilistic statement of Theorem 3.10. For two
points A, B € Z?, a monotone lattice path from A to B is a sequence of points x;, X,, ..., Xy with
X; = A, xy = B and each increment x; ; — x; being either (1,0) or (0,1). In particular, in order
for such a path to exist, B — A must be a vector with nonnegative coordinates and N — 1 must be
equal to the sum of these coordinates.

Definition 3.11. We say that two pairs of points A, B € Z? and C, D € Z? are in intersecting posi-
tion if every monotone lattice path from A to B intersects (that is, shares a vertex) with every
monotone lattice path from C to D.

Corollary 3.12. Take four points on the integer plane A = (Ax, Ay ), B = (Bx,By), C = (Cx,Cy),
D = (Dx,Dy)and let A = (A, Ay) be an integer vector. Suppose that A, B is in intersecting position
both with C,D and with C + A, D + A. Then

Y RUx,y; Ay, Ay)R%(By, By; x,y)R(x, ; Cx, Cy )R (Dy, Dy; X, y)
X,yEZ

= 2 RA(x, y; Ay, Ay )RU(By, By; X, YIRU(x, y; Cy + Ay, Cy + Ay)
X, yEZ

XRY(Dy + Ay, Dy + Ay; x, ). (3.16)
Note that since R¢ vanishes for nonordered arguments, both sums in (3.16) are finite: the

first runs over (x, y) € S(A, B) N S(C, D), while the second one runs over (x,y) € S(A,B) N S(C +
A,D + A).
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Remark 3.13. Using (3.10), the identity (3.16) becomes an equality of two four-dimensional contour
integrals. We are not aware of a more direct way for checking this equality.

The proof of Corollary 3.12 is based on the following stochastic interpretation of the function
R<. As before, we deal with persistent random walks, which travel in the up-right direction of the
grid according to the probabilities of Figure 12.

Proposition 3.14. The probability that a path that started horizontally at (x, + %, Yo), ends verti-
callyat X +1,Y + %) (that is, the path enters(X + 1,Y + 1) from below) is

P_ (%0, ¥0:X,Y) = (1 = b)RUX, Y; x5, ¥p)- (3.17)

The probability for a path, which started vertically at (xy,y, + %), to end horizontally at
X+ %, Y + 1) (that is, the path enters (X + 1,Y + 1) from the left) is

P _(x0,y0:X,Y) = (1 = b)RU X, Y; xy, ¥)- (3.18)

Proof. We consider a particular case of the stochastic six-vertex model in the quadrant (with

colorless weights) when we have only one path. In this case the expectation of the height function
has a simple probabilistic meaning: for (X,Y) € (Z, + %) X (Z5 + %)

1— gHXY)

E [ﬁ] = Prob( the path passes to the right from (X,Y) ) (3.19)

= Prob( the path passes below (X,Y) ).

Suppose that the path enters the positive quadrant through point (1, y,) coming from the left.
Then by Theorem 3.6, (3.19) denoted as F v (X,Y) (the superscript ~ indicates that the path enters
horizontally) solves

FL(X+1LY+1)=bF, (X,Y +1)=bF, (X+1Y)+ (b +b, - DF, (X,Y) =0, (3.20)

with the boundary conditions

1 1 0’ Y < yO - %’
FyO(X, 3)=0, Fyo(E’Y) = . (3.21)

1, Y > yO + E

Theorem 3.8 gives a closed formula:
Y
_ 1 1
Fo(X,Y) =RIX,Y; Ly + ) +A—by) Y RUX,Y;0,p). (3.22)
y:J’o"'%

Consider the difference in the X-direction:

. . 1 1 3 1
P_,|(0,y0,X, Y):= FyO(X + E’Y + 5) —FyO(X + E’Y + 5), X, Ye 220.
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Equation (3.19) implies that it computes the probability that the path, which started horizontally
at (%, ¥o), ends vertically at (X +1,Y + %) (that is, the path enters (X +1,Y + 1) from below).
Using (3.22) and invariance of R4 under simultaneous shifts of the first and third or of the second
and fourth arguments, we compute

Y
P_i(0,yp:X,Y) = D (RUX,Y;0,y) = RUX +1,Y;0,)) — by) (3.23)
y=yo+1
+R4X,Y;0,y,) — RUX +1,Y;0,¥,). (3.23)

Let us investigate the sum in this formula using the shift-invariance of R:

Y
Y (RUX,Y;0,y) - RUX +1,Y30,y))
y=yo+1
Y
= Y (RUX,Y -;0,0)— RUX +1,Y = y;0,0))
y=yo+l
Y—yo—1
= D (RUX,y;0,0) - RU(X +1,;0,0)). (3.24)
y=0

Using the definition (3.10) and omitting the third and fourth arguments being zeros, the R¢ func-
tion satisfies

RIX+1,Y)-bRIX,Y)—b,RUX +1,Y' —1) + (b, + b, - DRUX,Y' —1) = 0.

Summing this formula for Y’ =1, ...,Y — y,, we get
Y—y,—1
0=—(1-by) Y R X,y;0,0)— RX +1,y;0,0))
y=1
—b,RYUX +1,0) + (b, + b, — DRUX,0) + RUX +1,Y —y,) — b RUX, Y —y,). (3.25)
Hence, adding (3.25) to (3.23) and using (3.24), we obtain
P_,(0,yp;X,Y) = (1 - by)(R(X,0;0,0) — RU(X + 1,0;0,0)) — b,RU(X +1,0;0,0)
+(b; + b, — DRY(X,0;0,0) + R4(X +1,Y — y,;0,0) — b, RYX,Y — ¥,;0,0)
+RAX,Y —4;0,0) — RYX +1,Y — y;0,0). (3.26)
Using R4(X +1,0;0,0) = b; R4(X, 0;0,0), we arrive at
P_(0,yp:X,Y) = (1= b)RUX,Y — y,:0,0). (3.27)

By translation invariance, the same formula holds for the path which starts not by entering from
the left into (1, y,), but into an arbitrary point (x, + 1,y,), which yields (3.17). By symmetry, we
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B+ (1,1)
~D+(1,1)

FIGURE 15 Two paths sharing (x,y) — (x,y + 1) edge in the proof of Corollary 3.12

can also obtain similar formulas for the case when the path starts by entering from below into a
point (x,, y, + 1), arriving at (3.18). O

Proof of Corollary 3.12. The idea of the proof is to use Proposition 3.14 to interpret the sum in the
left-hand side of (3.16) (multiplied by (1 — b;)?(1 — b,)?) as the expected number of intersections
of two paths, and then to use Theorem 3.10 to match that to the similarly interpreted right-hand
side of (3.16). Since there are two ways to interpret the functions R¢ in Proposition 3.14, we have
some freedom, and different choices are necessary for different configurations of points A, B, C,
D; similarly, we use Theorem 3.10 for different types of intersections.

Let us give more details for the cases when Ay = Cy, By = Dy, and Ay = 0, that is, we
shift in the vertical direction, cf. Figure 15; all other cases are studied in the same way. The
product (1 — b;)(1 — by)R%(x,y; Ay, Ay)R%(By, By; x,y) is the probability that a path which
started by entering vertex A from the left, passes through the edge (x,y)— (x,y +1) and
further enters B + (1, 1) from the left. Similarly, (1 — b;)(1 — b,)R%(x, y; Cx, Cy)R4(Dy, Dy; X, ¥)
is the probability that a path which started by entering vertex C from the left, passes through
the edge (x,y)— (x,y +1) and further enters D + (1,1) from the left. Hence, (1 — b;)*(1 —
b,)*R4(x,y; Ay, Ay)R4(By, By; x,y)R4(x, y; Cx, Cy)R4(Dy, Dy; x,y) computes the probability
that two paths share an edge (x,y) — (x,y + 1), which is one of the allowed types of intersec-
tions in Theorem 3.10 (paths enter and exit (x, y) vertically). Therefore, the sum over all x and
y computes the expected number of such shared edges (equivalently, intersections). Since the
right-hand side of (3.16) admits the same interpretation as the expected number of intersections,
Theorem 3.10 implies (3.16). O

3.3 | Proofof Theorem 3.1

The basic idea of the proof is similar to that for Theorem 2.1. The expectations of each coordi-
nate and each squared coordinate of the vectors in (3.1) coincide (by the definition of the system)
between the left-hand side and the right-hand side, and we only need to show that the expecta-
tions of the product of coordinates are the same. For that we will write these expectations as a
large sum, using Theorems 3.6 and 3.8. The invariance of this sum with respect to the shifts even-
tually will be a corollary of Theorem 3.10 (to be more precise, we rely on Corollary 3.12), yet the
reduction to this theorem needs some efforts.
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We fix A > 0 and study the covariance of the coordinates of the vector in the right-hand side of
(3.1). Our aim is to show that this covariance does not depend on the choice of A. By Theorems 3.6
and 3.8, the covariance is

X Bj-A

DY E[E L 3)E(x,y)] - RUX, B x, ) - RUX, B — Asx, y). (3.28)
x=3/2 y=3/2

We further use (3.7) to express the expectation in the last formula. Note that the colors at least
j are distributed according to the boundary conditions SA,oi] , which implies that H>/(x, y) is
identically O for y < A — A — 1/2. Hence, the right-hand side of (3.7) vanishes at such points, and

—A
=A-A+1/2"

The right-hand side of (3.7) is a sum of four quadratic expressions in q”zi, qHZj . We shift the
(x,y)-coordinates by 1 and rewrite E [&' Zi(x, y)E>I(x, y)] as the expectation of the sum of two prod-
ucts:

we conclude that the y-summation in (3.28) is Zy

(1-b))E [(bqu>f(x,y—1> _ bqu>i<x—1,y—1>) . <qH>j<x—1,y> _ qH>j<x—1,y—1)>] (3.29)
and

1-b,)- [E[<b1qH>f<x—1,y> _ bqu>f<x—1,y—1>> ) <qH>j<x,y—1> _ qH>j(x—1,y—1>>]‘ (3.30)

The first factors (1 — b;), (1 — b,) in (3.29) and (3.30) do not depend on A, and we will be ignoring
them. We split the expectation of the product in (3.29), (3.30) into two further parts: product of
expectations and covariance of the factors. We will first deal with the product of expectations and
represent them as sums involving the boundary conditions pii, p?.

Lemma 3.15. Foreach (x,y) € (Z., + %) X (Zso + %) we have

1) E quZJ(x—l,y) - qsz(x—l,y—l)] = Zi’zA—A+1/2 l,bf(y’)Rd(x,y; %,y’);
2) E :qsz(x,y—D _ qsz(x—l,y—l)] — Zi’=A—A+1/2 sz(y/)Rd(x’y; %’yr);
®E :b2qH>i(x’y_l) B bquZi(x_l’y_l)] - zj/jl_% (V" IR(x, y; %’yl)
+ Zﬁ,:% X3(DRAx, ys 1, 2); 2

A-A-1

R NCALECRERD

r=1
y=3

@ E 7b1qH2"(x—1,y) _ bquZi(x—l,y—l)] — Z
+ 301 xR ys X, D).
2

The boundary functions z,blA, ¢2A depend in an explicit way on p>/; in particular, their dependence on
A is in the linear shift of the argument: ¢1A/2 = Spy(¥y/2). Other functions Y5, Y4, X3, X4 depend on

o' and do not depend on A.

Proof. The identity (3.6) implies that each of the expectations in the left-hand sides of (1)-(4)
satisfies the homogeneous four-point relation (3.8) with u = 0. Hence, Theorem 3.8 says that it
can be written as a sum over boundaries of the quadrant (Z, + %) X (Z5y + %). What remains
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to show is that contributions of some parts of the boundaries vanish. For the first two cases
involving ;blA and ¢2A this is immediate, as the remaining boundary conditions for the colors > j
lead to identical H>/ = 0, and hence identically zero expectations E[q/>/(X*~1¥) — g/>j(x~1y-1)]
and E[q">/y—1) — ¢7>i(=1.y=1] near the boundaries. For the fourth case we need to show
that E[b, g =19 — p,q"*'*=1y-1)] vanishes at x = % and y > A — A. This immediately fol-

lows from pii being equal to 1 for such points, as then H>i(%, ¥) linearly grows in y with slope 1

and two terms under the expectation cancel (recall that ’;—2 =q).
1

The third case needs a bit more care. Looking at the y-sum in (3.11), we conclude that we need
to show

>i >i >i >i ?
[E[bqu/ (xy-1) _ bqu (x—1,y—1) _ bqu (x,y-2) + blbqu (x—l,y—2)] =0 (3.31)

atx = % and y > A — A. Recall that the four-point relation (3.6) yields that for the same choice of
x and y:

E [qHZ"(x’y—U — by g" YD g CY=D (b 4 b, — 1)qH>"<x—Ly—2>] =0. (332
Multiplying (3.32) by b, and subtracting from (3.31), it remains to show
>i >i ?
E [—b1<1 —by)g"" YD 4 by (1 - by)g" <x—1’y—2>] =0, (333)

and the last identity holds at x = % y > A — A due to linear, slope 1 growth of H>' in y for such
boundary points. O

We continue the proof of Theorem 3.1 and deal with the first part of (3.29) — product of the
expectations of the factors. Combining (3.28) with the result of Lemma 3.15, we get the expression

X Bj-A

>y [E[bzqn/%x,y—l) _ bqu/‘(x—l,y—l)][E[qHaj(x—Ly) _ qsz(x—l,y—l)]
x=3/2 y=3/2

XRUX,B;;x,y) - R4X,B; — A; x,y)
X Bj-A y 3
= 2| D #oHrd (x,y; E,y’)

x=3/2 y=3/2| y'=A-A+1/2

1
A-A—3

X
3 3
x| X B0R (x5 )+ X GOR (xyx3)
y//zE x/:E
X RYX,B;;x,y) - RYUX,B; — A; x, ). (3.34)

Note that we can extend the summation in y” up to +oo, as the added terms do not contribute due
to vanishing of the R¢ function on unordered arguments. Similarly, we can extend the summation
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in x” up to +oco. We can also think about the summation domain in y”’ to be A-independent, as 1,
(and the areas where it vanishes) actually does not depend on A.

At this point we can replace y’ by y’ — A in (3.34), and for any fixed values of y’, x’, y"" apply
Corollary 3.12 to the remaining sum in x and y to show its A—-independence. Note that z,blA(y’ -
A) = 1,(y") is A-independent; cf. Lemma 3.15.

In the same way we deal with (3.30) and show that

X Bj—A » .
Z Z E xbquZ’(X—LY)_bquZ'(X—LY—l)][E[qsz(x,y—l)_qHZJ'(x—l,y—l)
x=3/2 y=3/2
XRUX,B;;x,y) - RYX,B; — A;x,y) (3.35)

also does not depend on A.

Hence, it remains to deal with the covariances of the factors in (3.29), (3.30)". These covariances
are linear combinations of the covariances of qHZl and qHZl at points (x,y — 1), (x — 1,y), (x —
1,y —1). At this point we can iterate the previous procedure and use Theorems 3.6 and 3.8 to
write the covariance as a sum similar to (3.28). For instance, the covariance of qHz" (=1.y=1) and
g7 =1y=1) js written as

COV(qH>j(x_1’y_1), qHz"(x—l,y—l))
x-1 y-1
= Y Y E[EEHEI )] R - Ly -1%,5) RIUx — 1Ly - LL5). (3.36)
£=3/2 y=3/2

Proceeding as above, we express E [5 (%, P)EZI(%, )7)] using (3.7) as the sum of the expressions
(3.29), (3.30) with (x, y) replaced by (%, ¥), and further split each expectation of the product into
the product of expectations and covariance. Next, we again use Lemma 3.15. As a result, the part
of (3.28) involving the covariance in (3.36) and the product of expectations in the expansion of this
covariance is transformed into

X Bj-A
Z Z Rd(X’Bl’x’y)Rd(XrBJ_A1x9y)
x=3/2 y=3/2
x-1 y-1
x Y Y RUx-1Ly-1%5) Rix—-1y-1%75)
%=3/2 y=3/2
- 3
x| Y nbf(y’)Rd(f,i; E,y’)
V'=A-A+1/2
_A—A—% N
3 3
X 21 zp3(y”)Rd<x,y;§,y”> + 21 )(3(x’)Rd<x,y;x’,§> . (3.37)
y//:E xlzE

TThis is the new part, compared to Theorem 2.1 dealing with the stochastic heat equation. In the limit transition from the
stochastic six-vertex model to the SHE such covariances vanish.
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(X,B; —A)

e

A)/)>

(%71// -

(59"

FIGURE 16 The relevant points (arguments of R¢-functions) in summation (3.38). For the subsequent
iterations, the middle part becomes more complicated, but only these four pairs of points are relevant for the
A-independence

The A-independence of the last expression reduces to the A-independence of the sum of prod-
ucts of six R4-functions; cf. Figure 16:

. o~ 3 .~ 3
5 wi(es 2 o))

XYE
XxRUx -1,y - 1;%9) R4 x -1,y — ;%)

X RUX,B;;x,) - RYX, B; — A; X, y) (338)

and a similar expression involving x’. In order to see the A-independence of (3.38), we do the
summation in two steps: first, we fix the differences éx = x — X, §y =y — J and sum over all
four-tuples with such differences, then we sum over all possible values for §x, §y. Due to the
invariance of the R9-function with respect to simultaneous shifts of the first and third arguments
(as well as the second and the fourth arguments), the first summation already leads to A-invariant
expression by Corollary 3.12. Hence, (3.38) is A-invariant, and so is (3.37).

It remains to deal with the covariance of qHZl and qH% at points (%,y —1),
(% -1,9), (¥ — 1,9 — 1), and we can again iterate the previous arguments. In general, when we
do k iterations by computing k times covariance until reaching the product of expectations, we get
a combination of (2k + 3)-fold summations (as in (3.37) for k = 1), and its A-invariance reduces
to the A-invariance of the sum of products of (2k + 2) R9-functions (as in (3.38) for k = 1).
This is schematically shown in Figure 16. For the A-invariance, only four of these R4-functions
matters, as the rest is a translationally invariant factor (as in the second line of (3.38) for k = 1).
We conclude that the A-invariance follows from Corollary 3.12.

It remains to show that we only need finitely many iterations. For that note that when we passed
from (x, y) to (X, y), at least one of the coordinates decreased; the same will happen in each next
iteration. Hence, we will reach the boundary of the domain in finite number of steps, and there
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the statement becomes obvious, as the height functions become deterministic and the covari-
ances vanish.
This finishes the proof of Theorem 3.1.

3.4 | Degeneration of the six-vertex model into SHE

In this section we outline how the shift-invariance results for the colored stochastic six-vertex
model degenerate into those for the stochastic heat equation in Section 2.

The first step is to degenerate the six-vertex model into the ASEP. For that we set b; = ¢p,
b, = £q, and observe the system in a finite neighborhood of the diagonal (¢~'t,¢~'¢), where ¢
plays the role of time. For the colorless (N = 1) version in the limit ¢ — 0 one encounters the
ASEP which is an interacting particle system on the integer lattice Z with each particle jumping
to the right with intensity p and to the left with intensity q; jumps to the sites already occupied by
the particles are prohibited. We refer to [1, 17] for the details on this limit transition.

The next step is to remove asymmetry by setting p = q = 1. The result is the SSEP. If our initial
model had particles of N + 1 different colors, then so does the SSEP. The evolution in this particle
system on Z is quite simple: at each time each lattice spot m € Z has one of the colors 0, 1, ..., N,
so that the configuration space of the model is {0, 1, ..., N}?. Each lattice edge (m, m + 1) has an
exponential clock of rate 1 attached to it. Whenever the clock rings, the colors at m and at m + 1
are swapped. One can treat color O as the absence of particles, and in this interpretation the N = 1
case gives rise to the usual colorless SSEP. Note that our colored version is different from that of
[56].

Finally, one can consider the large time diffusive scaling limit in the colored SSEP. The functions
o' of Section 2 then arise as asymptotic (deterministic, but still evolving in time) densities of each
of the colorsi = 0,1, ..., N. The fields ni are Gaussian fluctuations of these densities. In particular,
the conditions p° + p' + - + p¥ =1 and ° + ' + --- + »N = 0 are direct consequences of the
fact that in the colored SSEP each lattice spot is necessarily occupied by exactly one of N + 1
colors.

The limit transitions mentioned above are straightforward to prove in the model with one path,
that is, for the persistent random walks of Section 3.2. For the full system in the quadrant and
with infinitely many paths additional efforts are needed. The full proof of the transition from the
stochastic six-vertex model to the colorless ASEP can be found in [1]. The limit transition from
another colored version of the SSEP to another colored version of SHE was proven in [56]. We
expect that these proofs can be generalized to provide a rigorous justification of the limit transi-
tion from our colored stochastic six-vertex model to our version of the stochastic heat equation
of Section 2. Therefore, we treat Theorem 2.1 and Corollary 2.3 as simplified Gaussian versions of
Theorem 3.1 and Corollary 3.5.

4 | INHOMOGENEOUS COLORED STOCHASTIC SIX-VERTEX
MODEL AND SHIFT THEOREM

The aim of this section is to introduce the notations and give the statement of the general shift
theorem for the colored six-vertex model, generalizing Theorems 1.2 and 3.1.
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4.1 | Stochastic Uq(?a/IN:) vertex model

To begin, we recall the form of the Uq(é/lj_\,:) R-matrix [11, 36, 43, 44]. It acts in a tensor product
W, ® W, of two (N + 1)-dimensional vector spaces, and takes the form

N

Rap@ = Y, (R, 50, DES” @ B

i=0

+ Y (RO DED @B + RGBS @ )

0<i<j<N
+ Y (RZ( it DEY @ VY 4 R, j3 j.DEY El()ij)>, (4.1)
0<i<j<N

where Eéij ) e End(W,) denotes the (N + 1) X (N + 1) elementary matrix with a 1 at position (i, j)
and 0 everywhere else, acting in W, = CV*+!1. The matrix entries are rational functions of the spec-
tral parameter z and the quantization parameter q; they are given by

R,(i,i;i,i))=1, ie{0,1,..,N}, 4.2)
1-2) 1—z
RGij =L Rjii)) =72
l—qz a _qqz)z i,je{0,1,..,N}, i<]j. (4.3)
RZ(]al;lyj)z l—qz’ Rz(laj;,]yl)zﬁ

All other matrix entries R, (i, j; k, ¢) which do not fall into a category listed above are by definition
equal to 0. The model described above differs slightly from the one listed in [44], since its entries
R,(j,i; j,i)and R,(i, j; i, j) are not symmetric for i # j. The asymmetric form that we use preserves
the integrability of the model, and makes it stochastic':

Proposition 4.1. The R-matrix (4.1) satisfies the Yang-Baxter equation and unitarity relations

Rab(y/x)Rac(Z/x)Rbc(z/y) = Rbc(z/y)Rac(Z/x)Rab(y/x)s (44)

Rup(¥/X)Rpo(x/y) = 1d, (4.5)

which hold as identities in End(W, ® W, ® W,) and End(W, ® W), respectively.

Proposition 4.2. Forany fixed i, j € {0, 1, ..., N} there holds

N N

> Y R jik£) =1. (4.6)

k=07¢=0

Equivalently, all rows of the matrix (4.1) sum to 1.

T The weights that we use are nonnegative for 0 < ¢ < 1, 0 < z < 1, but might be negative for other values of parame-
ters. In particular, in (4.5) one of the matrices necessarily has negative matrix elements, as otherwise we would have a
contradiction with (4.6): two nondegenerate stochastic matrices cannot be inverse to each other.
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7 7 (2
7 i 1 i T J
i J J
L q(1—2) l—gq
1—gqz 1—gqz
i J
J J J i
1—=z (1—-q)z
1—qz 1—gqz

FIGURE 17 Five types of vertices and corresponding weights. We assume that 0 < i < j < N. These are the
pictorial representations of the five types of weights in (4.2), (4.3)

The proofs of the above two propositions are by a direct computation. Their equivalent forms
are also contained in [11, 36, 43, 44].

‘We shall denote the entries of the R-matrix pictorially using vertices. A vertex is the intersection
of an oriented horizontal and vertical line, with a state variable i € {0, 1, ..., N} assigned to each
of the connected horizontal and vertical line segments. The R-matrix entries are identified with
such vertices as shown below:

R, jk£) =, ¢r LikZ €01, N}, (4.7)

where the dependence on the spectral parameter’ z is implicit on the right-hand side. One can
interpret the above figure as the propagation of colored lattice paths through a vertex: each
edge label i > 1 represents a colored path superimposed over that edge, while the case i =0
indicates that no path is present. The incoming paths are those situated at the left and bot-
tom edges of the vertex; those at the right and top are called outgoing. The weight of the ver-
tex, R,(i, j; k,?), vanishes identically unless the total flux of colors through the vertex is pre-
served, that is, unless the ensemble of incoming colors is the same as the ensemble of outgoing
colors:

R,(i,j;k,#)=0, wunlessi=k, j=¢ and/or i=¢, j=k. (4.8)

This gives rise to five categories of nonvanishing vertices, as shown in Figure 17.

TWe will use both terms spectral parameter and rapidity in this work, but for slightly different purposes. The variable
attached to a lattice line will be termed ‘rapidity’ whereas the argument of an R-matrix, which is the ratio of the vertical
and horizontal rapidities passing through that vertex, will be termed ‘spectral parameter’.
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Having set up these vertex notations, the relations of Propositions 4.1 and 4.2 then have simple
graphical interpretations. The Yang-Baxter Equation (4.4) becomes

Js Js

i ka key J

X — Ja X — i
& I3
- R is
k k. .
0<ky Joo ks <N - ' 0k, Jo ks <N > (4.9)
iy 1
1 )
z z

for all fixed indices iy, i5, i3, j;, j,. j3 € {0, 1, ..., N}; the unitarity relation (4.5) becomes
ky

x>
0<ky k, <N

K, = l‘|=/1 1‘z=!:’ (410)

—

for all fixed indices iy, i5, j;, j, € {0, 1, ..., N}; and the stochasticity relation (4.6) reads

D=
N
I

N
k=0

(4.11)

N
]
o

for all fixed indices i, j € {0, 1, ..., N}. We will use these graphical identities frequently throughout
the text.

4.2 | Vertex splitting

A basic property of the R-matrix (4.1) is that when its spectral parameter is set to 1, it reduces
to a permutation matrix. More precisely, analyzing the matrix entries (4.2) and (4.3), we see that
both R,(j,i; j,i) and R,(i, j; i, j) vanish at z = 1, while all remaining entries assume the value 1 at
z = 1. From a graphical point of view, this can be understood as a ‘splitting’ of the vertex:

k

RiG.jikt)=1_p-1, = ; ss ik, 2 €{0,1,...,N}. (412)

4.3 | Reflection symmetry of vertex weights

Another elementary property of the Uq(gTN: ) vertex model is the invariance of its Boltzmann
weights under the combined operation of (i) reflecting the vertex about its SW-NE diagonal, and
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(ii) replacing all colors i that appear by their conjugate N — i. More precisely, one has the symme-
try

J ¢ = N-i N-ks bk, 2€{0,1,...,N}. (4'13)

This is immediately verified by consulting the table of Figure 17 of vertices that have nonvanish-
ing weights.

4.4 | Color-merging

Let us now discuss an important property of the colored six-vertex model with weights of Figure 17
which will be indispensable in our future proofs. We will refer to it as color-merging; it can be
viewed as a refinement of the stochasticity property (4.11).

In what follows, let C = {c,c + 1,...} C {0,1, ..., N} denote a contiguous subset of colors, where
0 < ¢ < N and the number of elements in C is arbitrary. We denote by C the complementary
set:

C=1{0,1,..,N}\C.

Given such a subset C, we define an associated color projection:

c, ke,
k] = {k, kec (4.14)

forallk € {0,1,...,N}.

Proposition 4.3. We have the following vertex relations, obtained by constraining the value of the
color at one of the outgoing edges to lie in the complement of C, while summing the color at the remain-
ing outgoing edge over all values in C:

S emme e T mw e

i lile i lile

By summing both the outgoing edges over values in the set C, one has
k ¢
j ¢ = Ul ¢ = lige - Ljec: (4.16)

keC reC

i lile

For the proof it suffices to note that in each sum in (4.15) there is a single nonzero element in
the left-hand side. Similarly, in (4.16) there are at most two nonzero elements in the left-hand side.
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FIGURE 18 Left panel: a down-right path P of length 9, given by the sequence

P=(-3,2)->(-2,2) > (-2,1) » (=2,0) - (-1,0) - (0,0) - (1,0) = (1,-1) — (2,-1) — (2,—2). The
anti-diagonals of the lattice are indicated on the picture. Right panel: two down-right paths, P (shown in green)
and Q (shown in red), beginning and ending at the same points, and satisfying P > Q. The region cut out by the
two paths is the down-right domain P — Q

In what follows, we use two variants of the notation (4.14). Fix an integer 0 < m < N. When
C={m,m+1,..,N} we define

k, ke{o,1,..,m—1}
[kl = (4.17)
m, ke{im,m+1,..,N}
In a similar vein, when C = {0, 1, ..., m} we define
0, k €{0,1,..,m},
[k]™ = (4.18)
k, ke{im+1,..,N}

4.5 | Down-right paths and domains

Definition 4.4 (Down-right paths). A down-right path P of length M is a sequence of lattice points
P =(ay,b;) = (ay,by) = -+ = (apr41, bpyrer), such that for all 1 < k < M one has

(@415 1) = (a + 1,by), or (k415 bis1) = (ag, b — 1). (4.19)

In any down-right path, an edge of the form (ay, b;) — (a; + 1, by) is called horizontal, while
edges of the form (a, by) — (ay, by — 1) are called vertical.

For each coordinate (a;, by) of a down-right path, the quantity a; + b, tells us on which anti-
diagonal of the lattice we are situated; see the left panel of Figure 18. Given two down-right paths

P =(ay,by) = (ay,b;) = - = (apr415 bpryr)s
P =(ay,b,) = (a5, b,) > -+ = (Apr415bpryn)

with the same starting point, (a;,b;) = (d;,b,), we say that P > P if a, + b > d, + b, for all
1 < k < M + 1; that is, path P can never move to an anti-diagonal which is strictly below that
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of path P. Equivalently, P and P are allowed to touch or overlap along edges of the lattice, but
never to cross each other. See the right panel of Figure 18 for an illustration.

Definition 4.5 (Down-right domains). Let M > 2 be a positive integer. Fix two points in the lattice
(a,b)and (c,d)suchthata < c,b > d,andc — a + b —d = M. We denote the set of all down-right
paths beginning at (a, b) and terminating at (¢, d) by *B,,{(a, b) — (¢, d)}; the index ‘M’ is due to
the fact that any such path has length M.

Choose two down-right paths P, Q € B,,{(a,b) — (c,d)} such that P > Q. The corresponding
down-right domain is the region framed by paths P and Q, we denote it by P — Q; see the right
panel of Figure 18.

Definition 4.6 (Concatenation). Let P; € B Ml{(a, b) - (c,d)}and P, € B Mz{(c, d) - (e, f)} be
two down-right paths of length M; and M,, respectively, which share (c, d) as a common end/start
point. We define a down-right path of length M, + M, by concatenating the two paths, and denote
this by P, U P,.

4.6 | Partition functions on down-right domains

Given a down-right domain P — Q, we now put some decorations on the paths P and Q which
will allow us to view the cut-out region as a partition function in the colored six-vertex model
with weights of Figure 17.

Definition 4.7 (Colored down-right paths). Let P be a down-right path of length M. A coloring of
P is an assignment of a nonnegative integer i;, 1 < k < M, to each of the M edges traced out by P.
We denote such a coloring by

i i i
[P5 GGy s in)] = (@1,51) = (a3,by) = -+ = (@yg41, bygin)- (4.20)
Definition 4.8 (Rapidity assignments). Let P be the down-right path

P =(a;,by) = (ay,by) = - = (@p41, by,

and fix another down-right path Q € *B,{(a;,b;) — (ap;41, bar4+1)} such that P > Q.

For each vertical edge (a;, b;) — (a;,;, b;,;) € Q, there is a well-defined row of squaresin P — Q
which lie to the right of this edge (with the same vertical coordinate). We assign that row a complex
rapidity x;. Similarly, for each horizontal edge (a i b j) - (a 15 b j+1) € Q, there is a well-defined
column of squares in P — Q which lie above this edge (with the same horizontal coordinate). We
assign this column a complex rapidity y;.

Performing this assignment for all edges in Q, every square in P — Q acquires a unique horizon-
tal and vertical rapidity. We call the resulting labelled domain the rapidity assignment of P — Q;

see the right panel of Figure 19 for an illustration.

Definition 4.9 (Partition functions). Let P and Q be two down-right paths of length M which form
a down-right domain P — Q. We place vertices in the centers of the elementary squares of the lat-
tice on which P and Q are defined, thus forming a subset of the dual square lattice (see the right
panel of Figure 19). Assume that P and Q carry the colorings [P; (i1, ..., ix;)] and [Q; (jy, .- » ja)]-
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FIGURE 19 A down-right domain P — Q (on the left), and its conversion to a collection of vertices (on the
right) with the rapidity assignment described in Definition 4.8. The spectral parameter at any given vertex in
P — Qs the ratio y; /x; of the rapidity variables passing through it

The domain P — Q (viewed from the dual lattice perspective) then bears a color i, at its kth outgo-
ing edge and a color j, atits kth incoming edge, for all 1 < k < M, and has a well-defined rapidity
assignment for each horizontal and vertical line; it can thus be viewed as a partition function in
the colored six-vertex model by choosing in the weights of Figure 17, z = y; / x ; for the intersection
of the lines with rapidities x; and y;. We denote this partition function by

Zp 0| G, 03 iy s 1| G jM)] = Zp/0 [il, - jM]. (4.21)

4.7 | Probabilistic interpretation

In view of the stochasticity (4.11) of the weights in Figure 17, in the case when g and rapidities are
so that all the weights are positive, we can interpret Zp o[iy, ... , iy |y, - » Jar] @s the probability of
seeing the color sequence (i, ..., i,) as one walks along the down-right path P, given that the color
sequence (ji, ... , j;) Was previously observed by performing a similar walk along Q. We have

Z Zp/qQ [il"”’iM|j1""’jM] =1, (4.22)

(iy5sipg)

where the sum is taken over all vectors (i, ..., iy;) € (Z>0)M . On the other hand, it follows from the
local conservation property (4.8) that Zp oliy, ..., iyl j1, - » jar] i zero unless the outgoing color
sequence (i, ..., iy;) is a permutation of the incoming sequence (j, ..., j;)- We can therefore sim-
plify (4.22) as follows:

Zpso [il,...,iM’jl,...,jM] =1,
(P15 i VES (i sndig)

where the summation is over all elements in the set &(j,, ..., j,), defined as

(s s jup) = {(il,...,iM) € (Zo) : 30 € &) such that o(iy, ..., iy,) = (jl,...,jM)}. (4.23)
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4.8 | Colored height functions

The key random variables in the setting of the colored six-vertex model with weights of Figure 17
are the colored height functions:

Definition 4.10 (Colored height functions). Let [P; (i, ..., ij;)] be a colored down-right path

i i i
[P; (i1, s ipg)] = (@1, by) = (a3, by) = - = (@415 barsr)-

Fix two integers 1 < k < M and m > 0. We define the height function H>™(P; k) of level m, situ-
ated at the lattice point (a;, by ) € P, as follows:

H>™(P;k) = |{¢ >k : i, > m}|. (4.24)

In other words, H>™(P; k) counts the number of colors i, with value m or greater assigned to the
edges (a,, b,) = (as,1,b,,,) € P, where ¢ ranges over all values k < £ < M.

Given an initial, colored down-right path [Q; (j;, ..., j;)] and another down-right path P > Q,
we will be interested in the probability that H>"(P; k) = h, where h > 0is some fixed nonnegative
integer. This is computed as

PPk = h] = 3 Zojgivs st e[ LOC B R) = ). (425)
(i1 50rip VES (1 seenfipr)

More generally, one can consider multi-point versions of such probabilities:
P[Hzml(P;kl) =hy,.., H”" (P;k,) = hp]

p
(1150 rip VES (1 5+0nfipr) =1

4.9 | Color-merging of partition functions

The result of Proposition 4.3 naturally extends to partition functions on down-right domains. Con-
sider the Uq(QTN\H) vertex model on a domain P — Q, where P and Q are down-right paths of
length M. Fixasubset.A C {1, ..., M}; this subset will indicate the positions along the path P where
its associated colors assume some definite value. Write A = {1, ..., M}\ A for the complementary
set.LetC = {c,c +1,...} C {0,1,..., N} be a contiguous subset of the colors, and C = {0, 1, ..., N}\C
its complement, as before.

Proposition 4.11. Foralla € A, leti, € C. One then has the equality

Z ZP/QI:ll,,lM|J1asJM:| =ZP/Q[al,...,aM‘[jl]c,...,[jM]C], (427)

(iae./{)ec



224 | BORODIN ET AL.

where (on the left-hand side) each color i, such that a € A is summed over all values in C, and where
(on the right-hand side) we have defined

i,, pPEA,
=4 P - 4.28
o {c, peE A (4.28)
Proof. Straightforward induction on the number of vertices in P — Q. O

Remark 4.12. When A is chosen to be equal to the empty set, we have A = {1, ..., M} and (4.27)
becomes

M
Z ZP/Q [ilw--,iM|j17~--,jM] =ZP/Q [c7"'sc|[j1]C7"'7[jM]C] = Hljaec- (4-29)
a=1

(i1 ming)EC

If, in addition, C = {0, 1, ..., N}, this reproduces the stochasticity result (4.22). In this way, one
can view (4.27) as a generalization of the sum-to-unity property (4.22), where we restrict which
outgoing indices are summed (via the set .A) and the colors that the sum is taken over (via the set
0).

4.10 | Shift theorem

The Shift theorem is about the equality of two different partition functions in the colored six-vertex
model. These partition functions are built from the following data:

* a nonnegative integer m < N, which labels a distinguished color in the vertex model with
weights of Figure 17;

* anonnegative integer h, used to specify the value of certain height functions that appear;

* two down-right paths P and Q of length M (with the same beginning/ending points)
such that P > Q, used to specify the down-right domain on which the partition functions
live;

» twointegers 1 < k,# < M such that the kth step of path P and the #th step of Q are both down-
ward";

* twosets. A C {1,...,k —1}and B C {k + 1, ..., M}, used to label positions along the path P where
the outgoing colors assume definite values;

* their complements, denoted by A = {1,...,k —1}\Aand B={k + 1,..., M}\ /3;

* two vectors (iy, ..., iys) and (jy, ..., jps) Which specify the outgoing and incoming colors of the
down-right domain, respectively.

The outgoing and incoming colors, (i, ..., i) and (j;, ..., jas), require further specification. In
both partition functions that we consider, we will assume that the outgoing colors satisfy

f f
€{0,1,..,m—1}, a€e A, lefm+1,m+2,.. N}, B € B,
i i (4.30)
“Is } As )
e{m,m+1,..,N}, a€E A, €{0,1,...,m}, B € B,

TWe could also consider the scenario where the kth step of path P and the #th step of Q are both rightward, as we discuss
in Remark 4.14.
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FIGURE 20 Left panel: the partition function @, . A vector of colors (jy, ..., jy), satisfying the constraints
(4.31), enter the lattice along the edges traced out by Q. Colors (i, ..., i), satisfying the constraints (4.30), exit the
lattice along the edges traced out by P; some of these colors, namely (i e 4) and (ize3), assume fixed values, while
the rest are summed over. The shaded part of the path P indicates the extra height function constraint that we
impose; there must be exactly & colors of value m or greater passing through these edges. Right panel: the
partition function ¥y . The sole difference is that now the shaded part of P is extended by one additional vertical
step, and we require that there are exactly h colors of value m + 1 or greater passing through these edges

with the remaining color i, satisfying i é {0,1, ..., N}, where we write ‘f’ or ‘s’ over the ‘€’ sym-
bol to keep track of which indices will be kept fixed, and which ones will be summed over the
corresponding set, respectively. In a similar vein, in both partition functions to be considered we
assume that the incoming colors are chosen such that

f
e{m+1,m+2,..,N}, aefl,..,Z—1},
Jay=m, a=¢2, (4.31)
f
€{0,1,...,m —1}, a€e{+1,..,M}

We now introduce our two partition functions.” They are defined formally below; for a pictorial
representation; see Figure 20. The first partition function is denoted ®p ; it depends on a vector
of incoming colors (ji, ..., j,;) which satisfy the constraints (4.31), two sets A C {1,...,k — 1} and
B c {k + 1, ..., M} which label positions along P where outgoing colors are fixed, and two vectors
(ize ) and (igep) satisfying (4.30) which specify the colors at those locations. We define

®p o (A, B; (ige s (igep)s U oo s ar))

_Z Z ZP/Q[ll,.. 1M|]1,..., ] (H?™(P;k +1) = h), (4.32)

I (lo(EA
Oﬁeﬁ)

where i) is summed over all values {0, 1, ..., N}, while (i,c 1) and (ige3) are summed according
to the constraints (4.30). In the summand, Zp /0 denotes the partition function of Definition 4.10,
while H>™(P; k + 1) is the level m height function situated at the (k + 1)th lattice point of P.

To save space when writing these functions, we will not write the explicit dependence on m, h, k, or #, treating these
integers as fixed in all quantities.
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The second partition function, denoted ¥p /0> is defined in a very similar manner. In fact, it
differs from ®p, only in the way that we condition on the value of the height function in the
summand. We define

lI]P/Q (A’ B; (iqe ) (iﬁeB); (s e jM))

=Y Y z [il, .- ,jM] 1(H>™ (k) = h), (4.33)
i (iaeA)
(iﬂeB)
where i is summed over all values {0, 1, ..., N}, while (i,c ;) and (iﬁ,e ;3) are once again summed
according to the constraints (4.30). This time, in contrast, H>"*1(P; k) is the level m + 1 height
function situated at the kth lattice point of P (both the position and the level were shifted).

Both quantities ®; ; and ¥, depend implicitly on a collection of horizontal (x) and vertical
rapidities (y), and we will usually suppress this dependence. Two of these parameters, however,
will play a distinguished role in the sequel. Since (by assumption) the kth step of path P and #th
step of path Q are both downward, it follows that @5, and ¥p , both depend on the horizontal
rapidities x, and x,, where x, is the rapidity that passes transversally through the kth step of
P, and x, is the rapidity passing transversally through the #th step of Q. The rows where these
variables appear are indicated in Figure 20.

Theorem 4.13. Let P and Q be two down-right paths of length M, which frame a down-right domain
P — Q. Fix two integers 1 < k,Z < M. Then for all sets A C{1,..,k—1}and BC{k+1,...,M},
Jfixed outgoing colors (iyc 4) and (igep) satisfying (4.30), and fixed incoming colors (jy, ..., jy) satis-
fying (4.31), we have

@p/Q (A, B; (ige ), (i,@eB); (.jla“"jM)) = lPP/Q(.A,Bi (igen)s (iﬁeB);(.jl""’jM))I ) (4.34)

X, X

where we have permuted the two rapidity variables x, and x, on the right-hand side of the equation.

Remark 4.14. There is a direct analogue of Theorem 4.13 which applies in the case where the kth
step of P and the #Zth step of Q are both rightward (instead of downward). In that situation, the
rapidity variables that get switched are no longer associated to horizontal lattice lines, but rather
vertical lattice lines. In particular, letting y, be the rapidity that passes transversally through the
kth step of P and y, the rapidity that passes transversally through the Zth step of Q, we have

®p o (A, B; (ige a)» (ige)s Uis > ) = Wp o (A, Bs (ige 1) (iﬁeB)§(j1’-"ajM))‘yoHy , (435
where @, o and ¥y, are still given by (4.32) and (4.33), respectively.

The statement (4.35) about rightward steps is an easy corollary of the statement (4.34) about
downward steps. Indeed, one may easily check that the statement (4.35) transforms under the
reflection symmetry (4.13) to a statement of the form (4.34). Therefore, in what follows, we will
focus on proving the version of Theorem 4.13 that applies for downward steps; we may do so
without any loss of generality.

Remark 4.15. Theorem 4.13 is our ‘Shift theorem’, referring to the shift in the position where we
measure the height function (from the (k + 1)th to the kth position along P) combined with the
shift in its level (from m to m + 1), as we compare @p ,, and ¥p .
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The small difference between (4.32) and (4.33) appears innocuous at first glance, and it seems
as though it could be understood via some local transformation mapping ®p,, to ¥p . In fact
this turns out not to be the case, and that the match of Theorem 4.13 is a fundamentally nonlocal
phenomenon. One way of seeing this is to note the switch of rapidities x, « x, that accompanies
the statement, since these variables can in practice belong to two rows which are widely separated
in the lattice.

4.11 | Shift-invariance of height function joint distributions

Before moving on to the proof of Theorem 4.13, we examine one important corollary of it which
will be essential in Section 6 and the shift-invariance results for polymers in Section 7. Up to a
slight change in notations, this is the same result as Theorem 1.2.

Theorem 4.16. Consider the stochastic six-vertex model with inhomogeneous weights of Figure 17
in the top-right quadrant, choose an index t > 1, color cutoff levels m, ..., m,, > 1, and a collection of
points {Uj };.’:1. Set

m/= mj’ J#L U’: U} J#L’
J m+1, j=u, 1 U, +(0,1), j=u
Assume that
o<m <my < <my, 0<m <my<-<m,

and

/ / !/ !
Vs Uy 2 U, 2 Uy Uy UL UL 2V 2 0

+1°

/
UL

where we recall that for two points U" = (aV',bV), V = (aV,b") in the quadrant, we write U" > V if
aV < a¥ and bV > bY. Then the distribution of the vector of colored height functions

(™M), HZ™2(V), ..., H™(U5)) (4.36)
coincides with the distribution of a similar vector with shifted tth point and cutoff
(HZ™ ), HZS(UD), o P (U)), (4.37)

under the condition that in the vertex model used to define the second vector one swaps the row rapidi-
ties x,, and x,, where p is the vertical coordinate of U}

Proof. Throughout the proof, assume that P and Q are down-right paths that both begin at the
lattice point (0, N) and end at (M — N, 0), for some M > N.

We examine the constraints imposed on colored height functions which are measured at each
of the M edges of the down-right path P in Theorem 4.13. In both quantities ®5,, and ¥p , by
virtue of the conditions (4.30) that we impose on the colors exiting through P, we see that all of
the height functions

H>%(P; 1), ..., H*%(P; k), 0

N
Q
VA
B

and

HZ (P k + 1), ..., H>P(P; M), m+1<b<N,
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have their values completely specified. Further, they assume identical values in both ®;,, and
¥p /- In ®p o we additionally condition on the value of H>"(P; k + 1) (via the indicator function
present in (4.32)), while in ¥p , we additionally condition on the value of H>"L(P; k) (via the
indicator function present in (4.33)).

Now choosing the lower (colored) down-right path Q to be of the form

N N-1 1 0 o 0
(0O,N) — (N =1) — - = (0,0) > (1,0) > - => (M — N, 0),

(so that Q frames a truncated version of the top-right quadrant) the match (4.34) from Theo-
rem 4.13 implies that the distribution of the vector

(H?>*(P; 1), ..., H>%(P; k), HZ™(P; k 4 1), H>%+1(P; k + 1),..., HZWM (P; M)) (4.38)
coincides with the distribution of the vector
(H?4(P; 1), ..., HZ%(P; k), H>™ 1 (P; k), H?%+1(P; k + 1), ..., HZ*(P; M)), (4.39)

forany 0 < a; < - < a; and m such that a; < m < a;,, where in the vertex model used to pro-
duce the vector (4.39) we have made the switch of rapidities x, <« x..

To conclude the proof, we wish to upgrade the distribution match of (4.38) and (4.39) to a more
general collection of points {U'j};?:l, which do not all necessarily lie on a down-right path. By
assumption, we know that for all j < ¢ — 1 we have U'J > U,andforall j > t+ 1wehave U, > ‘Ifj
Furthermore:

+ all the points U7, ..., U,_; must have a vertical coordinate strictly greater than the vertical coor-
dinate of U;, for if not, the assumption 7/, ..., U‘l’_ = U would be violated;

* since m/ < ml’+1, we know that m, < m,; < m, < -+ < m,,. Then without loss of generality,
each of U, ..., U, should have vertical coordinate m, + 1 or greater, as any point ¥’; which

violates this condition leads to the deterministic result H>" (Uj) =0.

The collection of points {U'j};.’:l can then be illustrated by the following picture:

A
*
* *
*: points U7, ..., U,
p
" e: point U,
* * *:points Uy, ..., U,
m,+1
m/
1
Vv
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We draw a down-right path P (shown above) which can be realized as the concatenation of three
shorter paths: P = P; U {l} U P,. Here | is the path of length 1 which passes through both points
U, and U}/; P, is any down-right path which begins on the vertical axis of the quadrant and ends
at U, while passing under each of the points U7, ..., U,_;, and P, is any down-right path which
begins at U, and ends on the horizontal axis of the quadrant, while passing under each of the
points V4, ..., U}, and not attaining a vertical coordinate less than m, until the path has passed
to the right of all of these points. Assume, without loss of generality, that P, has length k — 1 and
P itself has length M.

Now (by the color-conservation property of the underlying vertex model) it is easy to see that the
distribution of 7> (U),1 < j <t—liscompletely determined by the distribution of H>Yi(P; j),
a;<m,1<j< k (which lie along P,), while the distribution of H>mf(1/'j), t+1<j<niscom-
pletely determined by the distribution of H>% (P; j), a ;> m, k+1< j <M (whichlie along P,).
Furthermore, once one conditions in this way on the values of the height functions along P, and
P,, the distribution of the height functions H>m1(1fj), 1<j<t—1and H>™i Up,i+1<j<n
is unaffected by switching the rapidities x,, and x,. It follows immediately that the distribution
match of (4.38) and (4.39) implies the distribution match of (4.36) and (4.37). O

5 | PROOF OF THE SHIFT THEOREM 4.13

Our proof of the Shift theorem is long, and so we divide it into three parts.

5.1 | Partone: Proof for two-row partition functions

In this subsection we prove Theorem 4.13 in the case of down-right domains that consist of two
rows. The result remains highly nontrivial even at this simplified level; in fact, the proof of the
two-row case is essentially the ‘kernel’ of the proof for generic down-right domains.

As previously, fix an integer M and two other integers k, £ such that 1 < k,#Z < M. Introduce
two subsets A C {1,...,k — 1} and B C {k + 1, ..., M}. Our two-row partition functions are inher-
ited from the previous definitions. We write

(Dlwo—row (‘A’ B; (iaeA)’ (iﬂEB); (jl EREER JM))

i 1 1 1 1 1
v, Y Yem Ve Ve Yar
i R
5 5 4 5.1)
= X = Ik ,
Xe = m Ip
- ——— "
Je in Q

where (ji, ..., jy) is a fixed vector of colors satisfying (4.31), and the outgoing colors (iy, ..., i) are
either summed or fixed, as specified by (4.30). We also require that the number of colors of value
m or greater passing through the shaded edges is equal to k.
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Similarly, we write

lIllwofrow (A’ B; (iaEA)’ (iﬁeﬂ); (j] LR jM))

1 T 1 1 1 T
Y2 Ye—1 Vewr Yirr  Vis2 Ym
i T
: . (5.2)
= X7 : : "k ’
X, = m iym
Jes v O

where (ji, ..., jp) is a fixed vector of colors satisfying (4.31), and the outgoing colors (i, ..., i) are
either summed or fixed, as specified by (4.30). This time we require that the number of colors of
value m + 1 or greater passing through the shaded edges is equal to h.
Theorem 5.1. There holds

q)two—row (A’ B; (icxe.A)’ (iﬁeB); (]1 (AR ]M))

= ¥iyo—row ('A’ B; (iaeA)’ (iﬁeB); s wees ]M))

X19Xyp

Proof. Let us consider the outgoing colors (i, ...,iy) (in both partition functions). Color
conservation stipulates that these colors can only assume values in the set {m} U {j, .1, ..., ju}-
Given the constraints (4.31) on (jz4 1, ..., jp), it follows that (i 4, ..., iy;) can only assume values
in {0, 1, ..., m}. Therefore, both @, 0w aNd ¥iyo.r0w vVanish identically unless B = @; we will
assume this throughout the rest of the proof.

Now given that B = @ we have B = {k + 1,..., M}, and consulting (4.30), the outgoing colors
(ikq1> - » ipg) are all summed over values in {0, 1, ..., m}. Of these colors, only color m can contribute
to the height function H>™(P;k + 1) in @, While none of these colors contribute to the
height function H>"*1(P; k) in Wy, row- It follows that both quantities vanish identically unless
h =1 or h = 0; we now focus on these cases separately.

The case h = 1. We begin with @, ,..» assuming that H>"(P; k + 1) = 1. With the height func-
tion thus fixed, we can more precisely specify the values of the outgoing colors:

f
e€{0,1,..,m—1}, a € A, S
iy { } ip€{0,1,...m}, Befk+1,...M}, (53)

s _
e{im+1,m+2,..,N}, a€ A,

s
and i, €1{0,1,..,m —1}U{m +1,m + 2,..., N}. Several simplifications of @, then ensue.
Noting the possible values of the indices (5.3), the color m can only exit the partition function
(5.1) via one of its shaded edges. This leads to the freezing of a portion of the partition function
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(5.1), as shown below:

q)lwo—row (A’ (%5 (iae_A); (j] LA 7]}\4))

i iy

x = i G ol
_ : CJes1 e Jk+1

- — —p
Jevi Ji+1 Ju QO

In all the vertices of the frozen (gray) area the edges of color m are necessarily horizontal. Comput-
ing the weight of the frozen portion (it is simply a product of bottom middle weights in Figure 17,
sincem > j, foralla € {£ + 1, ...,k + 1}), (5.1) factorizes into two disjoint one-row partition func-
tions:
k+1 X, —y
D 0—TOW A, 2; i daeas (s ovvsd = L
two ( (x)eeas Uh JM)) al;IH X, —ay,

i [} Lt

x| x> i || xe > m v |’

jf—l jf+1 jk+l’ jk+2 JM
54
where the indices (i, ..., ij;) are specified by (5.3). Let us refer to these one-row partition functions

S
as the x; piece and the x, piece. Given that i, ...,i; €1{0,1, ..., m}, we can invoke Equation
(4.29) with C = {0,1, ..., m} to conclude that the x, piece is equal to 1, irrespective of the values

f
of jiy2s s jyr €10,1,...,m — 1}. Considering the outgoing indices iy, ..., i, of the x; piece we see
that they satisfy the necessary criteria to invoke Proposition 4.11 with C = {m + 1,m + 2,...,N}.
We thus have, after performing everywhere the color relabeling m + 1 — m,

i i)

X =

Jeot Jen Tk

(5.5)

D1 ... e e .. Di-1

=X = m pk’
3)

jt’+1 fk+l

where we have replaced each of the incoming indices j,, ..., j,_; €{m + 1,m + 2,...,N}bym and
have defined

_ Iy a €A, S
P = {m, a g A, and  p, €{0,1,..,m}. (5.6)



232 | BORODIN ET AL.

Examining the right-hand side of (5.5), by color-conservation arguments we see that it vanishes
identically unless p, = --- = p,_, = m (equivalently, 1,...,# — 2 € A). Provided that these crite-
ria are met, we have

i ip—1 m m Pr— Di—1
X = i = X1 m : : m P
\\( B B \\(
i o Tert m ot oot
Pr-1 Pr—1
=X m Py -
\
jf+| jk+1
(5.7)

Combining all these results in (5.4), we have shown that

Pr-1 Pi—-1
¢-2 ML
. ) . ¢
<I>tw(,_mw(A,®;(l‘,EA);(11,..~,JM)) =H1aeA H —| x> m P |- (5.8)
a=1 a=£+1 X = 4YVa \ 2
Jevi T ks

Now let us compare this against Wy,,,_,ow» assuming that H>"*+1(P; k) = 1. This leads to the
following specification of the outgoing colors:

f

€40,1,..,m—1}, a€E A,
al's _

e{m,m+1,..,N}, a € A,

S
i iﬁe{o,l,...,m}, Beik+1,..,M},

and iy, é {m+1,m + 2, ..., N} (note that, in particular, we cannot allow i é {0,1, ..., m}, since for
such values of i; the height function constraint H>"+1(P; k) = 1 is violated). We observe that
the outgoing indices iy, ..., i), satisfy the necessary criteria to invoke Proposition 4.11 with C =
{m+1,m+2,...,N}, and we thus have

‘leo—row(A’ %5 (iaE.A); (.]1 LA ’jM))

r Fro

X — m+1 %m+l (5 9)

m+1 ij

: 3
ot v O

where we have replaced each of the incoming indices j, ..., j,_; €{fm +1,m+2,..,N}bym + 1

and have defined
=i, aEeA,
Fad s _ (5.10)
e{m,m+1}, aé A.
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By color-conservation arguments, we see that (5.9) vanishes unless r; = =7, ,=m+1
(which stipulates that 1, ..., # — 2 € A). After performing this replacement, # — 1 of the outgoing
edges have already been assigned the value m + 1; on the other hand, exactly # — 1 of the incom-
ing edges assume the value m + 1. It follows that none of the indices r,_;,...,r,_; can take the
value m + 1 (this would violate color conservation). Taking into account the preceding require-
ments, the x,-dependent row of (5.9) freezes, as shown below:

lylwn—mw("‘t’ 23 (iaEA); (J] LA ’jM))

m 1 m+1 Pe o Pid
X = m+1 m+1
_ : S Ppoy e Drei % (5.11)
= ! . . . ,
ml g .
X, — m : : iy
Jew1 Ju O

where the indices p,_;, ..., p,_; have the same definition as in (5.6). The gray area splits into
the left part where both horizontal and vertical edges are of color m + 1 and right part where
horizontal edges are of color m + 1. The weight of the frozen row can be easily computed (it is
a product of top left and bottom middle weights in Figure 17, since m+ 1> p, foralla € {¥ —
1, ...,k —1}), and we thus obtain the equation

k+1

=2
. . . X1 7Y
leo—row(-"t’ (%4 (laeA); (7T >JM)> = H laE/{ H —_—
a=1

a=1 X1 7 Vo

Dy Dr— i
-1 k—1 k+1 (512)
X| x, > m iy
S v
We conclude by dividing the remaining one-row partition function into two segments:
=2 k+1 X y
. . . 1~
lleu—mw (A’Q;(I(IEA);UI"" ’JM)) = HlaE/{ H _—ﬂ
a=1 a=r+1 X1 4V
Po- S e i
” ‘-1 k—1 k+1 (5'13)
X Z X, =~ m Dk X Pk in
Pe=0 4 R4
Jes T e Jew2 T Jm

Now since the indices iy, , ..., iy; are summed over all values {0, 1, ..., m}, we can use (4.29) with
C ={0,1, ..., m} to conclude that the right segment is equal to 1 irrespective of the values of p; and
Jk42s > Jyr- We have thus shown that

Pr-1 Pi-1

k+1

=2
. . . X1 = Vo
Promron (485 (ae): G odi)) = [[laea [T 2| 50~ m | (514)
a=1

a=t+1 X1~ DVa

Jes Ji+1
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where p,_,, ..., Dy are given by (5.6). Comparing (5.8) and (5.14), we see that they are indeed equal
up the exchange x; < x,.

The case h = 0. We move on to study @, 0w Of (5.1), assuming that H>™(P; k + 1) = 0. Fixing
the height function to this value leads to the following specification of the outgoing colors:

£
— S
€{0.1,...m—1} a€A, ig €{0,1,...,m~1}, fefk+1,...,M} (515

(o4

S _
e{m,m+1,..,N}, ae A,

s

and i, €{0,1,...,N}. (Note that we have used the fact that H>™(P;k + 1) = 0 to eliminate the
possibility thatig = mfor § € {k + 1, ..., M}.) We begin by subdividing the bottom row of @,
as follows:

q)two—ruw<"4’ ®; (iaEA); (jlv 7JM))

i iy

met | X1 7y i )
_ LS|

Xy = m Teet X Tpt iy

Jew Jis1 Jis2 Jm

S
The rightmost segment of this expression has outgoing colors iy 1, ..., iy € {0,1,...,m — 1}; we
can thus employ (4.29) with C = {0, 1, ..., m — 1} to show that it is equal to 1 regardless of the

f
values of the incoming colors 7y 1, jr42, - iy € 10,1, ..., m — 1}. Deleting this segment, we are
led to the equation

X1 = Ji
<I)Lwn—mw('A’ Q;(iaEA); (jls st)) =

Xy = m Tis1

jf+1 jk+1

S
where we note that the outgoing colors iy, ..., i, and r;; €{0,1,...,m — 1} allow us to invoke
Proposition 4.11 with C = {m,m + 1, ..., N}. We obtain

Py Pp—a Pro Pi-1

X = m Pk
(tho—row (A’Q;(iaeA); Urseee st)) = n > (516)

Xp = m Pt

. e . »
Jett Jk+1
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where we have replaced each of the incoming indices ji, ..., j,_; €{m+1,m+2,...,N} by m,
and have defined p,, ..., p; in the same way as in (5.6). Examining the right-hand side of (5.16),
by color-conservation arguments we see that it vanishes identically unless p; = - =p,_, =m
(equivalently, 1, ...,7 — 2 € A). Provided that these criteria are met, we have

m m Pr-1 Pi-1
X~ m 5 : m Pk
(s (s . _ e e T om
Prgomron (A B (. U ) ) =
Xp = m s
j/+1 jk+1
Pr-i Pr-1
X~ m P
Xp = m Pt
\ 2
Jewi T ke

S s
At this stage, we observe that p, €{0,1, ..., m}, whiler, ., €{0,1,..., m — 1}. We will replace r;

S
by a new summation index p;,; € {0,1, ..., m}, at the expense of subtracting away the p, ., = m
term that was not present before:

q)twn—row ('A’ Q; (iaeA); (jl’ ’jM)>

Pr-y Di-1 Pr-1 Pi-1
Xp = m P Xp = m P (5 17)
Je i |
X, = m Diat X, = m +1 : : k+1 m
\ : : 2
Jewt B Jesi Tk

where the bottom row of the subtracted term is frozen (it gives rise to a product of bottom middle

s
weights in Figure 17, since m > j, foralla € {¢ + 1,...,k + 1}). Since both p;, p;.; €1{0,1,...,m},
the first term on the right-hand side of (5.17) is symmetric under the interchange x; < x,,” and

"The symmetry in x;, x, follows from a standard idea in integrable lattice models, namely, the Yang-Baxter Equation
(4.9) applied to rows of vertices:
R | DPr_y o Proq
Xy~ m Pk Xy~ m Pk

- ’ (5.18)
Xy = m Pi+1 Xy = m Pi+1

jf+1 jk+1 jt’+1 jk+1

where on both sides of the equation we take py, py4, é {0,1,..., m}. The diagonally placed vertices in (5.18) can both be
dropped from the equation; on the left-hand side this is possible because this vertex is frozen to the top left type in Figure 17,
while on the right-hand side this is possible by invoking the stochasticity property (4.11). After dropping the diagonally
placed vertices, the claimed symmetry in x;, x, is immediate.
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we thus have
(I)two—row(A’ @; (iaGA); (jls 7JM))
Pr1 Pi—1
X, > m » Pr-1 Pi-1
¢ k k+1
Xt = Vo (5.19)
= - Xy —4qy o )
—f+1 V0 T a
X = m Pr+1 e - T >
Jest Jie+1
Jest Tk

Finally, let us compare this against ¥,,_,. Of (5.2), assuming that H>™*+1(P;k) = 0. In this
case the outgoing colors are given by

f

~lefo,1,....,m—1} a€E A, s

iy S lﬁE{O,l,...,m}, Beik+1,..,M},
e{m,m+1,..,N}, a € A,

s
and i, €{0,1,...,m}, noting that i; cannot assume any value greater than m (this would violate

the assumption that H>"*+1(P; k) = 0). Similar to the calculation that we just performed, we begin
by subdividing the bottom row of ¥\, ,_,ow as follows:

¥iworow (A’ D (laea); Ursvevsdm ))

i

X1 =

-y 7y
Pr+1=0

Xp = m Pi+1 X Pi+1

\ 4 \ 2
Je+1 Jit1 Jk+2 ’

im

S
The rightmost segment of this expression has outgoing colors i, ..., iy; €{0,1, ..., m}; we can
therefore use (4.29) with C = {0, 1, ..., m} to compute it as 1 regardless of the values of the incoming

f
colors py,; €1{0,1,...,m}and j,»,..., jyr €10,1,...,m — 1}. Deleting this segment, we have

i SUUR P

X =

oo (A B3 (e ) Grs o)) =

X, = m Pit

jt’+l jk+1
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s
where we note that the outgoing colors iy, ..., i, and p,,; € {0, 1, ..., m} allow us to invoke Propo-
sition 411 withC = {m + 1,m + 2, ..., N}. We thus have

r ... Fe_p Fe_q Fr—1

X — m+1 iy

W (A e G = ©(5.20)

X, = m Pr+1
\

Jewt T e

where we have replaced all incoming colors ji,...,j,_, €{m+1,m+2,...,N} by m +1, and
where the outgoing indices ry, ..., r;_; are given by (5.10). Examining the right-hand side of (5.20),
by color-conservation arguments we see that it vanishesidentically unlessry = - =r,_, =m+1
(equivalently 1, ..., # — 2 € A). If these criteria are met, we have

m+1 m+1 Tp—1 Fi-1
X, = m+1 m+ 1 iy
lIltwo—row('A"Q;(iore.A);(jl’""jM)> = o
Xp = m Di+1
\ 2
Jes Jie+1
L7 Fr-1
X, = m+1 ik
Xp = m Di+1
A
Jesr T ke

S S
Now let us replace the index i}, € {0, 1, ..., m}byr; € {0,1,...,m + 1}, at the expense of subtracting
away the m + 1 term:

Wiomton (A B3 e ) Ui o))

Fe—1 we T Fe1 eee P

X| = wi Ty Xy = omn mt (5.21)

Xp = m Pi+1 Xp = m Di+1

Jest T Tk Jes1 7 ks
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Both objects appearing in (5.21) can then be simplified further. The object on the left has outgoing
indices which allow us to invoke Proposition 4.11 with C = {m, m + 1}. The object on the right
has alone m + 1 among its incoming colors, and it follows that none of r,_, ..., r,_; can assume
this value (since m + 1 already exits the partition function via the right edge of the top row). We
conclude that the whole top row of the second term is frozen, and its weight is computed as a
product of bottom middle weights in Figure 17:

¥ iwo—row (-’4’ D (lgea): Ups oo ajM))

Pr-1 Di—1 Pr1 Pi—1
Xy = m Pk X = m+1 m+1
_ _ Pr-y Dr-1
Xp = m Pie+1 Xp = m Pr+1
y y
. “ee . . e . [l
Jett Ji+1 Jest Ji+1

where the indices p,_j, ..., p are given by (5.6). More explicitly, we now read the identity

Promron (A B3 (e )1 G o))

Pr-1 Pr-1

Dr1 Pr—1
X1 = Ya (5.22)

= - | X7 m Pr+1 |
a=Fr+1 X1 =4y,

Xp—=> m Pk k+1

Xp = m Pi+1 - -
\Z Je+ Jik+1

jfﬂ jk+1

and we see that (5.19) and (5.22) are indeed equal up to the exchange x; < x, (note that both
S s
Dk €10,1,...,m}and p;,; €{0,1,...,m}). This completes the proof of Theorem 5.1. O

5.2 | Part two: Proof for Z-shaped domains

We now elevate our proof of Theorem 4.13 to a more general class of domains. We call these
domains ‘Z-shaped’ because of their appearance; one may view them as coming from the par-
tition functions in Section 5.1 by inserting ‘internal’ rows that now drive apart the two rows that
were initially present.

Recall that the two-row partition functions in Section 5.1 depend implicitly on two integers
k,?; knowing these integers, as well as M (the number of steps of the two down-right paths
P and Q), allows one to draw the precise down-right domain that one is dealing with. The
Z-shaped domains in this subsection will be specified in terms of k, # and a supplementary inte-
ger 2 < ¢ < 7. The extra integer allows us to keep track of the number of ‘internal’ rows in our
domain; we assume that there are # — ¢ such rows. When ¢ = ¢, we return to the case studied in
Section 5.1.
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The two quantities that we study are phrased in terms of the following class of partition func-
tions (a subclass of the partition functions in Definition 4.9):

1 1 1 1 1 1

Y2 Ye—1 Ye+1 Yd Yd+1 Ym

i i1

xXp =g J)ik

Xe = Jje it

sz[il,...,iM)jl,...,jM] = E ; ,

Xp_1 = Je-1

Xp = Je im
A\
ot o 0

(5.23)
where (i, ..., iy,) and (j;, ..., jps) are colorings of the down-right paths P and Q, respectively; we
have also introduced the shorthandd =k + 7 —c + 1.

For the proof of the Shift theorem we use induction in # — c. The main idea is to treat the
equality of two partition functions as a polynomial identity in rapidities, which then holds true
as soon as we can prove it in a large enough collection of values for the rapidities. For the values
we are going to choose points x; = y;, for which the vertex splitting of Section 4.2 occurs. The
partition functions for the split domains can be then modified using the Yang-Baxter relations to
the ones for which the Shift theorem is already known by the induction assumption.

We begin the argument by proving some properties of the partition function (5.23).

P

Proposition 5.2. Fix an integer c such that 2 < ¢ < £ — 1. The partition function Z,_, satisfies the
following properties.

(i) The quantity

d
z, [il, - jM] = ] G- vz, [il, - jM]
a=r+1
is a polynomial in x...

(ii) Theindices j.and i, are the left and right edge states of the row of the partition function that
carries the parameter x... If j. < i1, thepolynomlale Alivs e iyglj1s e ] has degreed — ¢
inx. If jo > i1, 2 ligs ey ipglins o jul has degreed — € — Lin x..

(iii) Setting x. =y,,y €{¢ +1,...,d} produces the following recursion:

=y, Z Z g}’[]l"“’JMiJl""’JM]

(] seesipg) Gseensdg)

z, [il,...,iM|j1, ...,jM]

Xy i1y il ity | ZE50 s 1 | 529)
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Yy omitled
) ot Tt 1 )
y2 yc_l y,y yf+l"' yd y,y yd+1... yM
., :/
Zl Zk71
1 — g A : : li/
1= 1 I A
-/ : : -/
Tet1 =7 Jet1 : : (e
Tp1 — Jo1
Jeg1 Im

FIGURE 21 The quantity Zf:;,l [i]s s i1 J75 e s J3y ] in Which the vertical rapidities have a modified labeling

1) N T 71 T
Yo o0t Ye-1Yer1 ot Yd Ydv1 oYM
11 e e e U—1
€Tq %jl jc—l lzk‘
Tet1 — Jet1 : Tkt2
Te—1 = Jo—1
Ty — Jeg M
- — P
je+1 e .. e .. e .o ]MQ

FIGURE 22 The quantity Z; ,  [ij, . iy s iagld1s oo s Jemts Jes1s -+ » Ju]; ONE may view this as the

partition function obtained by deleting the x-bearing row from Z;' ,[iy, ..., i |j15 > ]

where ZIC:L} is a partition function of the type (5.23), whose rapidity assignment needs to be mod-
ified from the canonical conventions; see Figure 21. The coefficients §y and n,, are independent
of x.. and satisfy certain color-conservation properties, detailed in (5.33)—(5.36).

(iv) If j. < ij41, then setting x. = 0 we have Z]c{,f[il’ s ipgl s ...,jM]|xC=0 =0.

) If j. = i}, then sending x, — oo we have

lim Z,‘Qf[il,---,iM‘ 1o J-M] = g #inii)> el =[# e el
X,— 0 >

X7, [il,...,ik,ik+2, syt s ems s o ]M] (5.25)

where the right-hand side of (5.25) denotes the partition function obtained by deleting the x,
row from Z}i f[il, wesipgl 15 - Jar]; see Figure 22.
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sl s e

Y2 o Ye—1 Y1 o
11 C e
I —>j1
Te — Je KKk
Te—1 — Je—1
Ty — ]g
Je+1
FIGURE 23 The partition function Z“é([il,...

marked by * are the ones which depend on the parameter x,

T 1
Yd Yd+1 -
k-1
i
*o Ul

Ym

Jm

M

, jm], expressed in terms of vertices. The vertices

Proof. We establish the five properties using the vertex description of the Z-shaped domain; see

Figure 23.

(i) We note that the only vertices in Z]c(’f[il’ weesipgl 1 -+ s jar] Which depend on x, are thed — ¢
vertices marked by * in Figure 23. From Figure 17 (recalling that z = y/x, where x and y are
the horizontal and vertical rapidities passing through a vertex, respectively) we see that the
Boltzmann weights of these vertices are given by the table

1 q(x, = y,) (1 —g)x,
Xe = 4Y, Xe = 4Y,
1 J
J J J
1 1l
Xe = Yy (1-q)y,
Xe = 4qY, Xe = 4Y,

forall0<i< j,and where a € {£ + 1, ...

(5.26)

,d}. After multiplying Z7 [i, ..., iyl j1s - Ju] bY

ng 241X — qy,) and distributing the d — ¢ terms in this product over the d — ¢ vertices
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) T 7 T 7 )
Y2t Ye—lWerl ot Y Yar1 ot UM
11 cee e k-1

1 — iy

re = i it

Tg—1 = Je—1
Ty — Je M
j£+1 .« .. o« .. .« .. o« .. .« .. o« .. j]\[

FIGURE 24  The partition function Z} ,[i;, ..., iy |y, - » js] after setting x, = y,. The vertex at the

k.t

intersection of the x, and y, lines gets split, in the same sense as in Section 4.2

(i)

(iii)

marked by  in Figure 23, we effectively clear the denominators present in the weights (5.26),

and it is then clear that Z]‘;f[il, weesipglJps - s Jar] i @ polynomial in x...

To compute the degree of Z,if[ip---,iMUp---,jM] in x,, we simply count the number

of starred vertices in Figure 23, since each of these vertices has a weight which (after

the above change of normalization) is a polynomial in x. of degree at most 1. We con-

clude that Z]‘;f[il, weesipglJps - Jar] has degree at most d — £ in x,., which is the best bound

we can obtain for j. <i,,;. We can obtain a slightly sharper bound for j, > i, since
J

in that situation at least one of the starred vertices must take the form J i with
i

j > i, and these vertices (after the change in normalization) are constant with respect to

x.. Hence for j. > i, we see that chf[il, weesipgl 1 5 Jar] has degree at most d — £ — 1

in x,.

‘We begin from Figure 23 and observe that after setting x, = V),V € {¢ +1,...,d}, we produce

a vertex splitting of the form (4.12) at the position where the x, and y, parameters cross; see

Figure 24.

After creating this splitting we reposition the affected lattice lines; by the Yang-Baxter (4.9)
and unitarity (4.10) relations of the model, these lines may be repositioned in any way that
preserves their starting and ending points. One such repositioning is illustrated in Figure 25;
this repositioning is obtained by dragging one of the split lines as far upwards as possible,
and the other line as far downwards as possible.

Examining the partition function in Figure 25, it is clear that an expansion of the form
(5.24) must exist; it remains only to compute the coefficients fy and 7,.. These coefficients
come from expanding over all possible configurations of the vertices marked by %, & and
& in Figure 25; we may compute them explicitly in terms of single-row or single-column
partition functions. For our purposes, it will be useful to note the following factorized form
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) )
) ) Yor1 - oy, T T 7T )
Y2 Yo Yd Yy Yar1 oYM
11 Up—1
* *
T1 = j1 ik
Je T+1
Tep1 — Jet1 *
&
Te—1 — Je—1 *
Ty — Je i
) L] )
jew e e
PR

FIGURE 25 The partition function Z{ [iy, ..., iy, -, ja] after setting x, = y,, followed by repositioning

the lines affected by the splitting. If we neglect all vertices marked by x, # and &, we see that this effectively leads
to a Z-shaped domain with £ — ¢ — 1 internal rows; one less than we started with

of the coefficients:

A -

= gy []ia ---;.j,f_1|j1’ ’jf—l] : <1jf=j’f=m) : gy [j;+1’ "~’j],\/[|jf+1’ ajM:|a (527)

where
-1
Nl ./ . . _
£, []1,... ’-]f—l)-]l’ ...,]f_l] = H 1 _jr, (5.28)
a=1
and
T l
Yy+1 Ya
y—1 , M
. . . . i i/
5y[J}+1~~-’JHJf+1~~’JM] = H L= Iy Ja |- H V=i
a={+1 a=d+1
Yy = - - . .
J, is
(5.29)

In a similar vein, we have

. . Nl ./
ny [11, - lM‘ll, s lM]

_ . . ./ N . . ./ ./
=1, [11, ...,lk_l‘ll,...,lk_l] . <1ik:i;(> "7y [lk+1, ...,lM'lk+1,...,lM], (5.30)
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where
=2
n, [il, ,ik_l’i'l, ,zk_l] =11v.-
a=1
and

1
Yer1
le1
* *
)
Yy
s
X - i’
e+l lepr — #
&
[
Xpo1 = : L3

"
Yy-1
_ k=1
lj—dy-1 H 1,
a=k—d+y ‘
*
i
k=d+y-1 ]
(5.31)
M
Tt (5.32)
a=d
fg-1

From the explicit form of the coefficients (5.28), (5.29), (5.31), and (5.32), we immediately see
that they satisfy the basic conservation properties

£, [j;,...,j;_lijl,...,jf_l_ =0, unless (jl,o, i) €@ sy, (533)
E il diglizsts o dna | =0, unless (155 dp) € ©€Upyrs s inr)s (534
+ | +
7, [il,...,ik_lyi;, il =0, unless @il ) € @iy igy), (5.35)
n, [im, ...,iM|i,’{+1, il =0, unless (@, e0il) € Gligrssi).  (5:36)
Note that all coefficients f}, and 7, are also manifestly independent of x...

A

(iv) When j. < i, 4, at least one of the starred vertices in Figure 23 must take the form ¢ J
Je k+1 g
J

withi < j. Ascan be seen from (5.26), the weight of this vertex vanishes when x, = 0; since no
other weight is singular under the limit x. — 0, we immediately conclude that Z |, _, = 0.
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(v) When j, =i, there are two possibilities for the ensemble of starred vertices in Figure 23.
J
The first is that a vertex of the form J i appears among them, for some j > i. The
weight of this vertex vanishes after taking the limit x, — oo; since all other weights in the
table (5.26) have a well-defined and nonvanishing limit as x, — oo, we can neglect all lat-
tice configurations which feature this vertex among the ensemble of starred vertices. We
J

are left with the second possibility, that the vertex J i and (consequently) the vertex

i 7 do not appear among the starred vertices, for any i < j. The absence of these vertices
J

causes the row of starred vertices to have a frozen configuration; if we label the colors of the

d — ¢ bottom and top edges of this row by (ji, , ..., j;) and (i}, |, ..., i’} respectively, we find

that
/R iy , iy iy
A, e jo = T ey - Jim_j, Jeo e e e (537)
¢ a=£+1 ¢
p g PN, "
J
We see that every vertex that appears on the right-hand side of (5.37) is of the form J 7,
J
i J
J Jori i,withi < j. As x, — o0, the weights of these vertices have the limits 1, 1,
@ J

and g, respectively, and we thus have

il il
L cee oo d

d
. . . (AR A A
am, e jo =TT ey - o220, (5.38)

a=£+1

., ,
Jes1 Ja

The net effect of taking the limit x, — oo is thus the deletion of the starred vertices from
the lattice in Figure 23, at the expense of an overall power of gq. To match with the power
of g appearing in (5.25), we note that because of color conservation through the top row of
vertices in Figure 23, we must have

#[(l;p_'_l, ceey l(,i) > Jc] = [#(ll’ cee s lk) > ]c] - [#(Jl7 7jc—l) > ]C]’

substituting this into (5.38), we then immediately recover (5.25). O
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Next, we state a simple auxiliary result that we need at various stages in the rest of the
argument.

Lemma 5.3. Consider a quantity Ay [i,, ..., iy;] which depends on a set of colors (i1, ..., iy;). Suppose
that, for any partitioning AU A ={1,...,.k — 1}and BU B = {k + 1, ..., M} there holds

2 Z Apliy, i =0, (5.39)
be (iged)

(igen)

where the summation being performed satisfies

s _ s _ s
iy€e{mm+1,. ,N}, forae A, iﬁe{O,l,...,m}, forB € B, i €{0,1,...,N}

all other colors are fixed, with

f f
i, €{0,1,....,m—1}, forae A, iﬁe{m+1,m+2,...,N}, forp e B.
Also suppose that the coefficients C(iy, ..., iy) satisfy

C(iyy s ipg) = CLig s - > L1 1o 05 Lo 1™ e s Lig]™) (5.40)

foralliy, ..., iy = 0, where we use the notations (4.17) and (4.18). Then

| Y Cliyy s i)l ey ] = 0, (5.41)

with unrestricted summation over (iy, ..., iy;).

Proof. The summation over (ij,...,i) in (5.41) can be broken up in the following way.
Focusing on the indices (i}, ...,ix_;), we choose a subset of these (with labels in A C
{1,...,k —1}) to be summed over {0,1,...,m — 1}, while the remainder are summed over
{m,m+1,...,N}; we also sum over all ways to choose such subsets .A. Likewise, focusing
on the indices (i;,;,...,iy), we choose a subset of these (with labels in B C {k +1,...,M})
to be summed over {m + 1,m + 2, ..., N}, while the remainder get summed over {0, 1,..., m};
again, we sum over all ways to choose such subsets 5. This leads us to the following
equation:

N Cliys s in)ALiy, ey

m—1

N N m
= ) DD YD VD WD Y el (T Y5V, V4 | 93
0 m 0 i

Ac{l,...,k—1} Bc{k+1,..,.M} . m+1 iy
(laen) (e 1) (igen) (iﬁel?)

where we do not refine the sum over i, in any way. Using property (5.40), we find that it is effec-
tively possible to interchange the order of the coefficient C and the sums over iy, (iyc 1), (igep)-
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More precisely, we have

Y Cligy s ian)A i s ]

m—1 N
> oY Y cna) Z 2 ZAk iy, iyl,  (5.42)
Ac{l,...k—1} Bc{k+1,...M} O m+1 iy
(iaeA) (iﬁgr)’) (locE.A) (lﬁeﬁ)
where we have defined
ips pEAUBZB,
a,=qm, pEA, )
0, p € {k}u B.

By assumption (5.39), the final three sums in (5.42) satisfy

Z Z ZAk ifyosip] =0,

(lae) (pe)

for all subsets A and /3. Hence the right-hand side of (5.42) vanishes term-by-term, and the proof
of (5.41) is complete. O

We are now ready to prove Theorem 4.13 in the case of Z-shaped domains. Let us first restate
it in terms of the notation being used in this section. Fixing two sets A C {1, ...,k — 1} and B C
{k + 1, ..., M}, and a vector of incoming colors (ji, ... , jp,) satisfying (4.31), we quote from Equation
(4.32) to define

@, (A, B; (iae ), igep); G- du))

= z z [11,.. LM’h,...,]M] 1(H>™(P;k +1) = h), (5.43)

ik (laeA)
(igep)

where i; is summed over all values {0, 1, ..., N}, while (i, 1) and (ige 3) are summed according to
the constraints (4.30). Similarly, quoting from (4.33), we define

lpz,f (A’ B; (ioceA)’ (iﬁeB); (jl’ e JM))

=Y D 7 s ] 1(H>" 1 (P;k) = h), (5.44)

ik (igeq)
(igen)

where i) is summed over all values {0, 1, ..., N}, while (i, ;) and (ige3) are summed according to
the constraints (4.30).
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Theorem 5.4. Let tbi p and lPZ p be defined as in (5.43) and (5.44). For all 2 £ ¢ < ¢, we have

q)i,f(A’B;(icceA)7(i,6’eB);(j17"'rjM))=qji’f(-A’B;(iaeA)’(i,@eB);(jlﬂ'"’jM))| o’ (5.45)

X1
Proof. We proceed by induction on the number of internal rows in the Z-shaped domain.
In Section 5.1, we proved that (5.45) is true when ¢ = £; that is, when there are no internal
TOWS.

Now assume that the claim is true for all Z-shaped domains with # — ¢ — 1 internal rows. We
shall consider the quantity

Y]i,f = q);f (-A’ B’ (io(eA)s (lﬁGB)a (jl’ eery ]M)) - lpi’f (A’ B’ (io(eA)a (l[j’eB)’ (jl, seey JM))

X]HXK

with the goal of showing that it vanishes. Using the definitions (5.43), (5.44), and property (i) of
Proposition 5.2, we see that

d
Y]C{’f = H (xc - qya)Y,C{f (-Aa Ba (iO(EA)’ (lﬁeB)ﬁ(Jl’,JM))

a=~£+1

is a polynomial in x,. We will show that this quantity vanishes at sufficiently many interpolating
points, and is therefore identically zero. To determine how many points we require, there are two
separate cases to consider:

S
(1) k+1 ¢ B, which implies that i; ; €{0,1, ..., m} is summed;
f
(2) k+1 € B, which implies thati,,; € {m+1,m + 2, ..., N} is fixed.

Casel:k+1 ¢ B.

In this situation, i, is summed over the values {0, 1, ..., m}. Using property (ii) of Proposi-
tion 5.2, we see that in this case (since j. > m > i, irrespective of the value of i, ;) YZ’ , has
degree d — ¢ — 1 in x,. We therefore need d — ¢ interpolating values for x_, and these are pro-
vided by property (iii) of Proposition 5.2, which allows us to compute Yf{’ , at each of the points

xc = yf+l""’yd:

Xc=Yy = 2 Z 2 2 gy[j;,-..»jj,w)jl"“’jM]Uy[il,.--,l'M’i{,...,i]/VI]

W ) Glmdly) Tk (e )
(igen)

c
Yk,f

) ZEE i s ifg s g | 1[G e 13) 3 ) = )

‘1([#(ik, oy zm+1] = h)}. (5.46)

X1 Xy

c+1|;/ ! -/ -/
_Zkf [ll,...,lM’jl,...,jM]

Now we use several of the properties of the coefficients §y, 1, First, in view of the factorization
(5.30) of n,, and the conservation property (5.36), we are able to replace the two indicator functions
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appearing in (5.46) by

1([#(iy 1o ipg) = m] = h) = 1([#(, 150 y,) = m] = h),

(5.47)
V([#(igs - »ipg) =2 m + 1] = h) = 1([#(i}, ..., i),) > m+ 1] = h).

Hence the sums over iy, (izc 1), (igep) that appear on the right-hand side of (5.46) localize over
the coefficients 7, [i;, ..., iMli;, s M] Second, using again the factorized form (5.30) of these coef-
ficients, we have

z 2 ny[ll,..., |1,.. lM]

i (laE/l)
(igep)
— : . ) ./ 1
= 77}, ll’ lk 1 weey k 1 n}’ lk+1""’lM lk+1,...,lM ik:l’]/{.
(aed) (igen) I

These sums can be computed using the color-merging result of Proposition 4.11. We find that

2 2 ny[ll,..., |1 zM]

i (igeq)
(igep)

=7, [al, SOV 14 P [il’c_l]m]n}, [akﬂ, S (LA L [i]’\/I]m], (5.48)

where

ip, pEAUDB,
a,=4qm, pef_{,
0, p EB.

Substituting (5.47) and (5.48) into (5.46), we obtain

= Z ny[al,...,ak_1|[i1]m,...,[il’{_l]m]ny[akH,...,aM
Xe=Yy

@

X Z §’y []1,...,]M’]1,...,]M] {ZC“[ il IM‘]l,...,jl’w]l([#(il’{ﬂ,...,il’w) >m] = h)

—Zzi;l [li 11/\/1|Ji ]I’V[] x}ﬂ/l([#(il’{,...,i&) >m+1]=h) } (5.49)
We may now apply Lemma 5.3 (with all indices appearing in that result replaced by primed ones)
to the right-hand side of (5.49). In order to do this, we need to make some identification with the
quantities appearing in the statement of Lemma 5.3.

We identify the terms in the second and third lines of (5.49) with the quantity Ak[i{, s i]’VI]
from Lemma 5.3; this is justified by noting that for any partitioning AU A ={1,...,k — 1} and
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BuUB={k+1,..,M}, one has

2 2 AP, s in, ] = Z §y[j{,...,jj’w|j1,---,jM]
i @D i)
()

BeB

X Z(Z {ZCH[ lM']l,...,JM] #(lk+1""’i1,\/1) >m]= h)
L

O(EA

()

peB

—ZC“[ lM’jl,...,jM]

1([#(y, ..., iy) > m+1] = h) } (5.50)
19Xyp
Factorization (5.27) and conservation properties (5.33) and (5.34) of the §y coefficients then ensure
that the nonzero terms in the sum over (ji, ..., jj,) satisfy ji, ..., j,_ € {m+1,m+2,..,N}, j, =
m, and j’fﬂ, ,j]’V[ €10,1,...,m —1}; the (j{, ,j]’V[) values are therefore constrained to the form
(4.30). We can thus write (5.50) as

Z Z ARli, iy, = g, []1,...,]M|]1,...,]M]
i ., .

wed) (i)

!
(i /36/3

x {cp;f; (A B Qe s G G i)

=0,
X1 X,

where the vanishing of the sum is ensured by the inductive assumption (for Z-shaped domains
with # — ¢ — 1 internal rows). Hence the quantity Ak[ii, satisfies the required sum-to-zero
property (5.39).

Similarly, we identify the terms in the first line of (5.49) with the coefficients C(ii, s il’w) from
Lemma 5.3; that is, we define

— W (A B (e s s Gl )

]

CCEs o ify) = 1 @ s @[] T |1 s s @ [ 17 L 17

These coefficients clearly obey the requirement (5.40). With these identifications, we may thus
apply Lemma 5.3 to the right-hand side of (5.49), yielding

c

P =0, Vye{f+1,..,d}.

Xe=Yy

Hence Y,i , = 0atd — 7 independent values of x., and we conclude that Y;i , = Oidentically.

Case2:k+1€ B.
In this situation, i, assumes a fixed value in the set {m + 1,m + 2,..., N}. Depending on
which value it takes, all three outcomes j. > ij ., j. =iy Or j. <y, are possible. As we
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saw in the analysis of Case I, j. > i, means that Y , has degree d —# -1 in x., and
we may proceed in exactly the same way to show that ch , vanishes at the d — ¢ values
Xe € Wt Vab ]
On the other hand, recalling property (ii) of Proposition 5.2, for j. < i;,; we conclude thatY;
has degree d — ¢ in x,; we therefore need one additional interpolating point. This extra point is
either x. = 0 or x, — oo, supplied to us by the properties (iv) and (v) of Proposition 5.2. When
Je < i1, from property (iv) we see directly that Y; |, _, = 0. When j, = i}, from property (v)
we see that
1 c  _ [#(i ’’’’’ i )>jc]_[#(j """ jc— )>jc]
x{gank,f - Z Z g ! !
s (iotE/i)
(iﬁeB)

x {Zf{f_l [11@ sy s ,jAC,...,jM]l([#(ikH, wriy)) > m] = h)

—

¢ . < . o~ .
_Zkf_1 [ll,...,lk+1,...,lM|_]1,...,_]C,...,jM]

uw@me>m+u:m}

X1Xp_

(5.51)

It turns out that the g-dependent factor which stands in the summand of (5.51) is actually a con-
stant with respect to the summation. To demonstrate this, we note that

(#ys o) > Jel = [#U1s s ) > Jel = [#grs -0 i) > el (5.52)

S
by color conservation through the original Z-shaped domain. Furthermore, since iﬁ €{0,1,..,m}

for all B € B and Jes1s - Jm €10,1,...,m — 1}, none of these colors can exceed the value j,
(because j, > m + 1); we may therefore exclude them from the count in (5.52), yielding

(#(ys oo i) > Jeol = [#U1s 5 Jom1) > Jel = [#(igep) > jels (5.53)
which is now clearly independent of the summation being taken in (5.51). We conclude that

lim chcf — ql#(jc+1 ’’’’’ Je—1)>Jel=#(igep)>Jc]

X =00

xYy ¥ {Z;,L,_1 [il,...,ik+1,...,iM’jl,...,jc,...,jM]l([#(ikH,...,iM) >m] = h)
ik (iaE/{)
(igen)

—

¢ . < .. o~ .
_Zkf_1 [ll,...,lk+1,...,IM‘_]l,...,_]C,...,]M]

uw@me>m+u:m}

X Xp_

(5.54)

f
Color i;,; only appears in the indicator functions in (5.54), and since i, € {m+1,m+
2,...,N}, it contributes equally to the two height parameters appearing in that expression.
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We deduce that
lim YC =q [#Ueq1rde—1)>Jel=[#(igep)>Jc]
X, =00 ke
xY ¥ {Z,‘;f_l [il, cosBats o g e T ,jM]l([#(ik+2,...,iM) >m]=h—1)
i (iorE/i)
(iﬁeB)

1([#(iy g s ipy) > m+ 1] = h—1) }

c . P . . -~ .
_Zk/_1 [11,...,1k+1,...,1M Jl,...,JC,...,]M] e

or equivalently,

hm YC’ = q[#(j“l ’’’’’ jt)_l)>j6]_[#(iﬁeﬁ)>jc] X { k,/— I(A B (lOCEA) (lﬁEB/) (Jl’ aj/;a 1JM)>

X.—>00

W 1<A B (ige s (sep; (h,...,fc,...,jM))

I
XXy }

where B’ = B\{k + 1} and with h replaced by h —1. The final quantity vanishes by the
inductive assumption (about Z-shaped domains with # —c — 1 internal rows), and therefore
lim, _ Y]i , = 0. Hence YC =0atd — ¢ + 1 independent values of x,, and we conclude that
Yk =0 1dentlcally

This concludes the proof that (5.45) holds in the case of # — c internal rows, and therefore gener-

ically, by induction on the number of internal rows. O

5.3 | Part three: Proof for generic down-right domains

We conclude the proof of Theorem 4.13 by upgrading from Z-shaped to generic down-right
domains. Generalizing the statement turns out to be relatively straightforward; the key is to rec-
ognize an underlying Z-shaped domain embedded within a generic down-right domain, as illus-
trated in Figure 26. We are going to show that the distinction between @/, and ¥p/; can be
attributed to the changes inside this Z-shaped domain.

Consider the partition function Z, /Q=Zp /Q[il, wosipglj1s -5 jar ], inherited from the down-
right domain P — Q, where P, Q are down-right paths of length M. Label the outgoing edges of
the domain by colors iy, ..., iy, as usual, where the kth of these, iy, is assigned to a down step of P.
Assume that the opposing edge on Q carries the label j. Label the incoming edges of the domain
by colors ji, ..., jur, where the £th of these, j,, is assigned to a down step of Q. Assume that the
opposing edge on P carries the label i; . The two distinguished horizontal rapidities of our domain
are thus x, = xx and x, = x,. As usual, the incoming colors (jy, ..., j,;) are chosen according
to the conditions (4.31), while the outgoing colors (i, ..., iy;) are fixed/summed according to the
rules (4.30).

Proceeding as in Figure 26, we then subdivide into five smaller partition functions. We do
this by extracting the largest possible Z-shaped subdomain which takes the x, and x, carry-
ing rows as its ‘outer’ rows; this then naturally isolates four disjoint down-right subdomains
(labeled A, u, v, x). We end up with the following, brute-force expansion of Z, /o over these five
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11
1 L
JK—I; : ' T—1
To— b
JK+1 Hrapll
o) 17
Slie—a § : g g SRR (P
Te = 4 +iL
et LL+1

M

Jm

FIGURE 26 A generic down-right domain can always be deconstructed in terms of a Z-shaped domain and
four other down-right domains 4, u, v, x (shown in grey). Starting from a generic down-right domain, one begins
by identifying the subset of boxes that form the unique Z-shaped domain that (i) takes the x, and x,-bearing rows
as its ‘outer’ rows, and (ii) completely saturates those rows. After identifying this underlying Z-shaped domain,
the remaining boxes are then split into four disjoint down-right domains. Importantly, none of the subdomains
A, 14, v, x depend on X, or x,

subpartition functions:

Zojg= 3 Xl[il,...,ik_lljl,...,jK_l,ig,...,i,’{_l]

primed
indices

./ ./ . . . . ./ i
xX, []K+1,...,]f_1|JK+1,...,]f_1]XV [lk+1,...,lL_1 lk+1,..‘,lL_1]
=/ A . . .
X X, []Lpﬂ,...,]L,1L+1,...,1M|Jf+1,...,]M]

./ ./ ) ./ . . ./ ./ . ./ ./
XZ[IK,...,lk_l,lk,lk_H,...,lL_l,lL|]K,]K+1,...,]f_l,]f,jf+1,...,]L], (5.55)

where the summation is performed over all primed indices that parametrize the colors along the
boundaries of the cut-out subdomains and the Z-shaped one.
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53.1 | Analysisof @,

We begin by considering ®p , which is given by

D= D Y Y U([#igsy. o i) > ml = B)X, [il,...,ik_1|j1,...,jK_l,i%,...,il’{_l]
i (igeq) primed
(igep) indices

XX, [j;<+1,...,j;_1|j,<+1,.._ ,jf_l]xv [ik+1,...,iL_lji;m,.._,ig_l]

x X, [j’m,... ,j]'_,iL+1,...,iM|jf+1,...,jM]

xZ[i}o SRS Y RS R P ...,j;_l,jf,j;H,...,ji], (5.56)
where we have introduced summation over iy and (ix¢ 1), (ige3), subject to the constraints (4.30).

As we will now see, it is possible to apply the color-merging result of Proposition 4.11 to two of the
pieces in (5.56); namely, X, and X,.

f
Starting with the indices i,, o € {1, ..., k — 1}, recall that they either satisfy i, € {0,1, ...,m — 1}

S _
ifa € A,ori, € {m,m+1,..,N}if a € A. This leads to a color-merged version of X:

. . . . ./ ./
Z X, [11,...,lk_lyh,...,]K_l,lK,...,lk_l]

= X/l [al’ ceey ak—l‘[jl]ma eeey [jK—l]m’ [l],(]mi eee s [l;{_l]m:l

=X; [al, . T |m, OG0 1148 P [il’{_l]m], (5.57)
where we have defined
ig aeA,
= _ 5.58
fa {m, a €A, (5.58)
) f
and noted thatsince j, ..., jy_; € {m+ 1,m + 2,...,N},wemusthave [j;],, = - = [jx_1],, = m.

Next, given that j,,q, ..., ji; € {0,1, ..., m — 1} and using the color conservation of
Xk[j{/+1’ ’jza iL+1’ ceey iMljf+1’ ajM]a

S _
we see that necessarily i, 1, ...,iy; € {0,1,..., m — 1} (which means that L + 1,...,M € B). This
means that none of the colors i;_,...,i); can contribute to the value of the height function
H>™(P; k + 1). Combining this with the color conservation of X, [i 1, ...,i;_; |i1,<+1’ s i£—1]’ we
deduce that

1([#(r 1, oo ipg) 2 m] = h) = V([ #(igg1s 0 1p) 2 m] = h) = V([#(y, 1500 0p_,0p) = m] = h).
(5.59)
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Equation (5.59) turns out to be important in obtaining the color-merged version of X, as we will
now show. Turning to the indices iﬁ, Befk+1,..,L—1} letusrecall that they can either satisfy

f S _ L
ig € {m+1,m+2,..,N}ifg € B,orig € {0,1,...,m}if 8 € B.WritingB=Bn{k+1,..,L —1},
we use (5.59) and Proposition 4.11 to deduce that

3 1([#i 1. s ip) = m] = H)X, [ik+1, A ii_l]
(ige/é)

= 1([#(], 1, i) 1) > m] = B)X, [ka, wsbp |l 07 [i]’__l]m] (5.60)

where we have defined

_ lﬁ’ ﬁ (S B,
b {0’ e n (5.61)

We now combine our two color-merged results (5.57) and (5.60) in Equation (5.56):

®p /o = Z Z Z X/l[al,...,ak_1|m,...,m, [i%]m,...,[i,’(_l]m]

i (iﬁe’f)) primed
indices
XX, [j;m, A ,jf_l]XV [ka, N (A [ii_l]m]
X ./ g . . . 1 [#(/ ) i) ]_ h
XX [ Jhpys s o inits oo ing|dpans oo g |[L([#CYy 1 oe s B 15 0p) = m] = h)

N ./ ) ./ P ./ ./ . ./ ./
XZ[IK,...,lk_l,lk,lk+1,...,lL_l,lL|_]K,jK+1,...,]f_l,]f,]f_'_l,...,jL], (5.62)

where we have defined D = {L 4+ 1,...,M}inthecase L € B,and D = {L,L + 1,..., M} in the case
L € B. Crucially, we note that in this final equation, the only dependence on x, and x, is via the
Z-shaped domain.

53.2 | Analysisof ¥}

Now we perform a similar analysis on ¥, which is given by

o= Y Y W[#Gpw i) > m+1] = BX, [il,...,ik_1|j1,...,jK_l,ig,...,i,’c_l]
i (igeq) primed
(igep) indices

./ ./ . . . . ./ ./
XX, [jKH,...,]f_l’jKH,...,]f_l]Xv [lk+1,...,lL_l‘lk+1,...,lL_1]
XX ./ Y 2 . . .
x| Jpgrr o Jpoina1s s vt deats s

./ N . ./ N . . N ./ . ./ N
XZ[lK,...,lk_l,lk,lk_H,...,lL_l,lL‘jK,]K+1,...,]f_l,]f,]f+1,...,]L] (5.63)
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where we have introduced summation over iy and (iy¢ 1), (ige3), subject to the constraints (4.30).
Not much changes in the analysis, except that the height function whose value we condition is
now H>"*+1(P; k). This means that (5.57) and (5.58) still hold as stated; on the other hand, the
height function relation (5.59) gets replaced with

1([#(gy e s ip) 2 m+ 1] = h) = 1([#(y, .. ip) 2m+ 1] = h)
= 1([#(iy, iy, o oenip i) 2 m+1] = h), (5.64)
meaning that in place of the color-merged relation (5.60), we now have
B Uiy in) > m+1] = DX, [ik+1,...,iL_l’il’{H,...,ii_l]
(ges)
= 1([#o 1], osi]_ppi) 2 m+1] = R)X, [bk+1,...,bL_1|[i,;+l]M, " [ii_l]'"] (5.65)

withB=Bn{k+1,..,L —1}as previously, and by, ..., by _; as defined in (5.61). We then com-
bine the color-merged results (5.57) and (5.65) in Equation (5.63):

Wp 0 = 2 Z Z Xl[al,...,ak_lym,...,m, [ig]m,...,[i,’{_l]m]

i (lﬁeD) primed
indices

XX, [j;m,...,j;_l]jml,... ,jf_l]xv [ka, wsbp |l 0 [ig_l]V"]
XX, [j;+1,... ,ji,iLH,...,iM|jf+1,...,jM]l([#(ik,il’{H, il i) >m+1]=h)

./ ./ - ./ . . ./ ./ . ./ ./
XZ[lK,...,lk_l,lk,lk+1,...,lL_l,lLin,]KH,...,]f_l,]f,]fﬂ,...,]L], (5.66)

with the same definition of D as in Equation (5.62). Once again, x, and x, appear only via the
final Z-shaped domain.

53.3 | Equality of @, , and ¥}
To conclude, we compute

®p/o = ¥r/q

Xy X,

using formulae (5.62) and (5.66). We find that (after a change of summation indices) we can write

=1 =1 =1
o, Z z C(l seers D s I

/ i
l

Ly A 14

Pr/0 = ¥r/0

<1 — =/ <1 /) /Ay " 1 <1
{ ([#(lk+1,...,l )>m]=h)x Z[IK,...,lk_l,lk,lk+l,...,lL '_]K,...,jf l,j[,jf+1,...,jL]

—1([#G),...i) >m+1] = h) X Z[i Y S 1 O

" " 1 =1
S /I F v }
XX,
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where the coefficients C(i;{’, ..., ") are given by
C(iy,..,i ) =X; [al, ey Qg |m, N 1144 [illc,—l]m]
X X [b S O ]m] (1 )
v|[Yk+1> > YL-1| LY gqd oo i1 i'<m
if L € B, and by
C(iy,..,i ) =X; [al, ey Qg |m, N 1144 [illc,—l]m]
XX.V [bk+1’ weey bL—1|[l.’,(,+1]m, ey [ii’_l]m] (liZ:iL>

if L € B. The coefficients D(j;{’, s ]L) are given by

O 9= (s Pl 5]

m—1

V) T c s .

() S i ]
L4150l =0

The precise form of these coefficients is not of essential importance. What chiefly concerns us is
that they satisfy

COULs i T 1) = CAE s [ s O [ 17 e [

for all ig, s ii’ >0, and

]K’ "’jf 1 m,
D(jy, ...,j’ff_l,j;f,j’ffﬂ, e J1) =0, if either j:,f + m, (5.68)

We may therefore invoke Lemma 5.3 with

AliY, .. 1] = D(js s iD{U([#G, s 1)) 2 m] = h)
+
Ty
) /! / !/ /A -1/
X Z[ k LS R 1 ...,Jf_l,]f,jf+1,...,]L]
— 1([#(], .. >m+1]=h)

/) A 1/ /A -/
X Z[lK,... AT ) K ,lL‘]K,...,]f_l,]f,jf+1,...,]L]x - }

The fact that this choice obeys the sum-to-zero requirements (5.39) is immediate from (5.68)
(which ensures that the incoming colors of the Z-shaped domain fall into the category (4.31),
for which we proved all our statements) and Theorem 5.4. We may thus employ Lemma 5.3 to
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FIGURE 27 A possible vertex for the higher spin colored model with N = 2. Here A = (2,1), B = (1, 2),
C=(3,0,D=(0,3)

conclude that the quantity (5.67) is identically zero. This completes the proof of Theorem 4.13 for
arbitrary down-right domains.

6 | HIGHER SPIN COLORED SIX-VERTEX MODEL
6.1 | Finite spin model

The inhomogeneous six-vertex model can be turned into its higher spin version by a procedure
known as (stochastic) fusion. The basic idea is to take an array of vertices lying at the intersections
of adjacent L rows and adjacent M columns, and to replace it by a single vertex with the same
collections of incoming and outgoing colors. Before explaining the procedure in more detail, let
us write down the resulting weight of the fused vertex (cf. Figure 27).

There are two groups of colored paths on the incoming edges. A collection A = (A, ..., Ay)
enters from below, which means that there are A; paths of color 1, A, paths of color 2,..., Ay
paths of color N. We are not keeping track of paths of color 0 explicitly, but we assume |A| =
A; + -+ Ay < M, which corresponds to the fact that the model arose from fusing M columns
with paths of colors from {0, 1, ..., N}. A second collection of colored paths B = (B, ..., By) enters
from the left, and this time |B| < L.

Similarly, there are two groups of colored paths on the outgoing edges: C exists vertically and
D exits horizontally. We use the following mnemonic rule in the notations: the colors on four
edges adjacent to a vertex are always listed in the clockwise order, starting from the bottom edge.
Projecting on the alphabet, we get precisely the A, B, C, D notation.

With coordinate-wise addition operation, the conservation law says

A+B=C+D. (6.1)
In addition, there are exactly M outgoing paths in the vertical direction (including paths of color

0) and L outgoing paths in the horizontal direction (including paths of color 0). Since we do not
keep track of paths of color 0, this implies |[C| = C; + -+ + Cy < M and |D| < L.
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The weight of a vertex of type (A, B; C, D) satisfying (6.1) depends on two (generally speaking,
complex) parameters z and q. Following [22, 49], it is given by

W 0(2 q; A, B; C, D) = z/PI-IBlglAlL-IPIM

X Z ®(C—-P,C+D-P;q"Mz,gMz)®(P,B;q 7" /z,g7"), (6.2)
P

where the summation goes over P = (P, ..., Py) with 0 < P; < min(B;, C;), and

;@) 12O/ U D121 70\ A1 i
(2, s u, V) = 2 qRie A ( > : (6.3)
CHOIM (u) 1 11;! Ai/ g

We use the g-binomial coefficient defined for a > b > 0 through

(v _(1-g90-¢"NH0-q""") (&9
b/, 1-g)(1—g*»)--1-gb) (DG Doy

Note that the number of colors N does not enter directly into the formula (6.2), and as long as |A]|,
|B|, |C|, D] are finite, we can assume without loss of generality that N = co.

It is also important to note that if we plug M = N = 1 into (6.2), then we get the weight of
the stochastic colored six-vertex model of Figure 17, but with z replaced with 1/z. Our notations
include this inversion of z in order to better match the conventions of the previous articles, espe-
cially [21]. Later in the text the same inversion appears in Definition A3, where 1/z is explicitly
present in the right-hand side of (A8).

Remark 6.1. An important feature of (6.2) is that if we make paths of two neighboring colors i and
i + 1 indistinguishable (combine them into a single color), then the formula remains the same.
More precisely,

Z WL,M(Zy qa Aa B: C’ D) = WL,M(Z9 q’ Aa B’ C, f))’ (64)
Ci = 0, 1, ey Ci’
Cinn=C -G,
D=A+B-C,

where

A = (A19A2’ ’Ai—l’Ai + Ai+1’Ai+2’ ’AN)’

and similarly for B, C, D. A direct proof of this fact can be obtained by applying summation iden-
tities for the g-binomial coefficients; cf. Lemma 6.15. Another way to deduce (6.4) is by combining
the following two observations.

* For the colored six-vertex model this is immediate, cf. Section 4.4. Indeed, by the definition,
whenever paths of colors i and j enter a vertex, the stochastic rule of their evolution depends
only on the order of i and j, but not on the exact values of i and j.

* Equation (6.2) is obtained from the colored six-vertex model by fusion, which commutes with
combination of two colors into one.
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color 3 =

color 1 =
color 0

FIGURE 28 Boundary conditions for the fused vertex model in the quadrant and with L = 2, M, = 3,
M =1,M,=2

‘We would like to consider the model in the quadrant with rows 1, 2, 3, ..., and columns 0, 1, 2, ...
Later on, column 0 will become special, while the rest of the system will be set to be homogeneous.
The boundary conditions are as follows: along the bottom of the quadrant there are no entering
paths of positive colors, that is, all incoming paths are of color 0. Along the left boundary of the
quadrant, all L left paths entering row i are of color i; see Figure 28. The integral parameter L, as
well as 0 < g < 1, are assumed to be fixed throughout the system. On the other hand, we allow
the number of paths on vertical edges, M, to vary across columns. We thus choose a sequence of
positive integers M,, M, M,,... and set M = M, for the vertices in column x. Similarly, we fix
spectral parameters z,, z;, 2,, ..., corresponding to the columns of the quadrant.

The model is sampled sequentially, starting from the vertex at (0,1), then proceeding to (0,2) and
(1,1), then to (0,3), (1,2), (2,1), etc. At each step we use (6.2) to sample the colors of the outgoing
paths given the colors of the incoming paths. For any choice of spectral parameters the probabil-
ities sum up to 1, see [21, (C.1.5); 22], and we tacitly assume that z,, z;, ... are chosen so that all
probabilities are nonnegative.

As for the colored six-vertex model, we use height functions to describe the configurations.
For each color i > 1, the height function H>!(x,y) describes colors > i. It is defined by setting
H>i(—%, 1y=0and

H?'(x,y 4+ 1) — H*'(x,y) = number of paths of colors > i at (x,y + %),

H?(x +1,y) — H*'(x,y) = number of paths of colors > i at (x + %,y).

In other words, H>!(x, y) counts the total number of paths of colors > i below point (x, y).
The following theorem explains how the higher spin version can be obtained from the ordinary
six-vertex model.

Theorem 6.2. Consider the inhomogeneous colored six-vertex model in the quadrant Z .,y X Z,,
with the following specialization of the parameters.
* The row rapidites vy, U,, U3, ... are periodic with period L and are given by

1’ q’ qz’ st qL_l’ 1’ qa qz’ qL_ly LTS
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 The incoming paths along the left boundary are split into adjacent groups of L paths of the same
color. From bottom to top it reads:

1,..,1,2,..,2,...

* The column rapidities u,, u,, us, ... form subsequent geometric sequences of lengths My, M, ...and
are given by

My—1,-1 1— M11 1— Mll -1 -1
0 ,ql ,q2

q AN A Z e, qZ] 2] SN VA S

* Incoming paths along the bottom boundary all have color 0.

>i

Let H;f (x,y),i =1,2,... denote the height functions of the resulting vertex model and let H d(x y),
i =1,2,... denote the height functions of the higher spin model defined above the theorem Then we
have an identity of finite-dimensional distributions for the height functions:

>0
fused

(—% +x,3 +y> = H§l< +(My+M; + - +M,_)),1 +Ly) i €7Z,0;%,y € Zy,.
Proof. We shall present the proof in the case of one-dimensional distributions, as the proof for
joint distributions is the same.

The proof for one-dimensional distributions boils down to equating two partition functions;
the first one in the unfused six-vertex model with weights of Figure 17, and the second one in the
doubly fused model with weighs (6.2). By its very definition, we note that the distribution of H>l
can be computed as follows:

ky, k, k
‘o
i 1 1 2
P[H;;<E+(M0+M1+...+Mx_1),§+Ly)=h]= 5 P
2
1
1 23
1 7
0000 000 000
(6.5)

where we have defined M = M, + M; + --- + M,._,, and where the outgoing indices (ky, ..., ky;)
and (¢, ..., ¢y ) are summed over all colors, subject to the constraint [#(¢1, ..., £,;) > i] = h. We
recall that the row rapidities are periodic with period L and set to a geometric progression in q with
base 1; the column rapidities in the jth cluster of vertical lines are given by g™~ .‘ y ooy qz z; z 1,
where0 < j <x—1.
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On the other hand, Hfuise 4 can be computed as follows:

KO KO K&=D
L-e, LY
P[Hfu"sed (—% +x,3+ y) = h] = Lee 1 (6.6)
L-e LM
0 0 0

where e J denotes the jth Euclidean unit vector, while each LY is a composition whose total
weight is at most L and each KU is a composition whose total weight is at most M j- Here the
outgoing compositions KW, L) are assumed to be summed over all possible choices, such that
the total number of colors of value i or greater present in the compositions LV, ..., L% is equal
to h. The spectral parameter associated to each vertex in the jth column of the lattice is z;,
0<j<x—-1.

We can now fuse each M, X L block of vertices in (6.5) into a single vertex in (6.6). This is done
sequentially in the order of growing x and y coordinates. So we take M, X L block of vertices, fix
some distribution of M, + L of colors of the incoming (from below and from the left) edges, and
sample all the vertices in the block. As a result we get a new distribution on M, + L colors of the
outgoing (to the right and up) edges. The procedure is now based on two ingredients:

* Suppose that the distribution of colors of incoming M, + L edges is g-exchangeable, which
means that if we interchange colors of two incoming from below edges, then the probability of
such configuration of colors is multiplied by q if we increase the number of inversions (from
positions to color numbers) and is multiplied by g~! if we decrease the number of inversions;
and similarly for the incoming from the left colors of edges. Then the distribution of colors
of outgoing M, + L edges is also g-exchangeable. This is proven by applying the result of [21,
Proposition B.2.2] in both horizontal and vertical directions.

+ Ifthedistribution of the incoming colors is g-exchangeable and we ignore the positions of edges
of different colors, but only keep track of the number of incoming/outgoing edges for each color
and vertical/horizontal directions, then the transition from incoming colors to outgoing colors
is given by the higher spin weight (6.2). This is a certain summation identity, which we prove
in the Appendix.

Note that for our boundary conditions in the quadrant there is no way to exchange the positions of
incoming colors on the border of M, X L block in a nontrivial way. Hence, the deterministic dis-
tribution of incoming colors is g-exchangeable and we can proceed with sampling M, X L blocks
one by one, establishing g-exchangeability along the boundaries of the blocks and identifying with
higher spin model on each step. O

We can now state the shift-invariance theorem for the higher spin model. For two points
U =Y, yY), ¥ =(xV,yY) in the quadrant, we write V" > Vif x¥" < x¥ and yV > yV. In other
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V/A)
V/A)
=~

words, V is in the down-right direction from V. Fix a collection of numbers 0 < k; < k,
and a collection of points in the quadrant {U;}.

Theorem 6.3. In the above setting of the fused colored stochastic model in quadrant with vertex
weights (6.2), with z and M parameters depending on the column in {0, 1, 2, ... } (but not on the row)
and with fixed q, choose an index 1 < t < n and an integer A > 0. Set

J k+4, j=u J U, +(0,4), j=1t

Suppose that

0<k <k, <<k,  O0<Kkl<kl<- <k,

!/ !/ ! /
V0 Uty 2 U 2 Uiy Uy, UL UL 2V 2

!
L e, UL

Then the distribution of the vector of the height functions
(H ), Ry, ..., (1))
coincides with the distribution of the vector with shifted tth coordinate
(HPU)), D), . 1 W))).

Remark 6.4. The chosen ordering of points guarantees that the segments (0, k;) — U intersect
with (0, k,) — U, for each j # t.

Remark 6.5. It is natural to ask whether one can make the statement of Theorem 6.3 inhomoge-
neous in the vertical direction in the sense that the parameter L will not be fixed, but will vary
with the row number. We do not know, as our proofs do not extend to such generality. However,
computer simulations indicate that this should be the case.

Remark 6.6. If we restrict our attention to a rectangle, then the state space of the fused col-
ored stochastic model is finite, and, therefore, Theorem 6.3 is an identity between two finite
sums.

Let us draw a vague analogy here. If we think about the colored six-vertex model as being an
analogue of a Bernoulli random variable, then the fused version is an analogue of a binomial
random variable, as we obtain the fused model by taking several instances of the vertices of the
six-vertex model and then ignoring a part of the data (cf. taking several Bernoulli random variables
and looking only at their sum to get the binomial distribution). The binomial distribution has an
analytic continuation in which the state space is no longer finite — this is the negative binomial
distribution. Similarly, in the following sections we are going to study analytic continuations of
Theorem 6.3 leading to an infinite state space and culminating in Theorem 6.10.

Proof of Theorem 6.3. 1t suffices to prove the theorem for A = 1, which we do. Consider the col-
ored six-vertex model appearing in Theorem 6.2. It can be obtained from the six-vertex model with
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rainbow boundary condition 1,2,3,4, ... along the left boundary of the quadrant (as in Theo-
rems 1.2 and 4.16) by merging the colors:

. i—1
i |—|+1.
bl

Recall that merging the adjacent colors leads to the model of the same kind and with the same
rapidities, cf. Section 4.4 and Remark 6.1. Hence, the distributional identity of Theorem 6.3 is
obtained through the following five steps:

(1) The vector (H>k1(1f1), HZ2(1), ..., H (U'n)) is replaced by a vector of height functions
in the six-vertex model of Theorem 6.2.

(2) The six-vertex model of Theorem 6.2 is identified with color merging of the six-vertex model
with rainbow boundary condition.

(3) We apply Theorem 1.2 (or Theorem 4.16) L times to the latter. As a result, the observation
point is shifted by L in the vertical direction. Note that since L was the length of the period
for the row rapidities, after L swaps of rapidities, we get the same periodic sequence of length
L geometric series.

(4) For the vector of height functions with shifted observation points, we again do color merging,
arriving back at the six-vertex model of Theorem 6.2.

(5) Applying Theorem 6.2 second time, we get (H>ki(1f1’ ), szé(Uz’ ), oo, HZK ). O

6.2 | Analytic continuation

In the setting of Theorem 6.3 the total number of colored paths on a horizontal/vertical lattice
edge is bounded by L/M. It turns out that we can get rid of this restriction through an analytic
continuation of the weight (6.2) in g* and g™. This procedure, however, requires some care due
to the boundary condition we use: densely packed collection of paths enters the quadrant from
the left, which would not make sense if we naively put L = 0.

We start from the analytic continuation in M. Note that the expression (6.2) is a rational func-
tion in g™™. The restrictions |A|, |C| < M become irrelevant as long as M is large enough, since
our boundary conditions imply that a vertex at (x,y) can have at most yL paths of positive
colors.

Hence, we can simply replace g~ by a complex number m and get a formula for the weight:

W} co.m(2:4; A, B; C, D) = zIPI=IBlgIAlL DI
X E ®(C —P,C+ D —P;mgtz, mz)®(P,B;q*/z,q7 %), (6.7)
P
where oo in the subscript indicates that there are no restrictions on the number of vertical edges

(of positive colors, with multiplicities, and we are only keeping track of those). The following
statement is a direct analytic continuation of the identity of Theorem 6.3; cf. Remark 6.6.

Corollary 6.7. With weights (6.7) and with parameter m depending on the column through an
arbitrary sequence m,, m,, ..., the statement of Theorem 6.3 remains valid.
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The next step is to analytically continue in g~. Let us start from the analysis of the Oth column,
which is based on the following observation.

Lemma 6.8. Take the weight of (6.7), assume that A has only colors no larger than N and that B
has L paths of color N, that is, B = (0,0, ...,L). Then foreach 0 < q < 1 and z € C we have

lim W o, m(z/m,q;A,B;C,D)
m— [

(20" D@75 @
= (2 D@ Py
0, otherwise.

(zg)4, D=(0,..,0,d),d>0, and A+ B=C+D,

(6.8)

Remark 6.9. The sum (over d = 0, ..., L) of the probabilities in the right-hand side of (6.8) is 1,
as follows from the g-binomial theorem. For0 < g < 1, L = 1,2,..., and z < 0 the expressions in
(6.8) are nonnegative, and hence they give a bona fide probability distribution.

Proof of Lemma 6.8. We have

W eom(z/m,q; A, B; C, D) = zIPI7[BlgIAIL Bl

X Z d(C-P,C+D-P; qu, z)®(P, B; mq_L/z, q_L).
P

Since 0 < P < B, the summation goes over P = (0, ...,0, p) with 0 < p < L. As m — 0, we have

gO+1++(BI=IPI=1)

®(P,B;mq L /z,q75) ~ (=1)/BI7IPI. 5

1

N
PP, B
I (z/m) Pl g B P, < ‘)
(@19 H q

0+1+4--+(L—p-1)
- (—1»4 S L<L> . 6.9
v (@ 59) =/m) r/g (69)

Also

<I>(C—P,C+D—P;qu,z)

_ (qu; q)|C|—p(q_L; q)|D| (q—L)|C|_pq2i<j(Di)(C_P)j ﬁ <(C +D-— P)i> . (6.10)
(Z: @ ¢+ p|-p o\ (C=P) /g

We now assume that L = 1. In this case we get

lim W) o, i (2/m, q; A, B; C, D) = 2”1 gA!
m— T

_(qz; Q)|c|(q_1§q)|])| (q—1)|c|q2i<j D;C; l_N[ <Ci + Di) 1 Z<1>
(Z;Q)|C|+|D| i=1 G q(l—q_l) 0 q

1
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CERIIRIC IR

(Z; D\c|+p|-1

q_l)ICI—lqziqu(C—(o ..... 0,1));

N
(C+D-(0,..,0,1)), 1 1
XE( (C—(0,...,0,1)); >q(1—q‘1)z<1>q]'

The factor (¢~%; @) p| in both terms within brackets leads to vanishing of the expression unless
|D| = 0 or [D| = 1. In the former case, we get

(qz; Q)¢ il 1
lim W, _ .(z/m,q;A,B;C,0) = z7 gl [—— q ) —z
m—p oM (z;9)c| (1-gh)
= glA-ie_1

(qZ§Q)|C|71 _1\ICl-1 1 2
1—2z

(z39)c)-1 (1-g™)

Due to the condition A + B = C + D, the power of g vanishes, and the result matches (6.8).

For the case |D| = 1 we have two subcases. Either D = (0, ..., 0, 1), that is, the outgoing path
has color N, or it has smaller color. In the former case,

|Al-=IC]
lim0 Wi eom(z/m,q;A,B;C,(0,...,0,1)) = 9 l_ (CN + 1> + q< Cy ) ]
m-—
q q

1—Z CN CN_l
_ Zq|A|—|C| _1—ch+1 +q1_qCN _ 7
1-z 1-g 1—g 1-2’

which matches (6.8). In remains to study the case when the outgoing path in D has color u < N.
In principle, since the contributions of the first two cases sum up to 1, if we know the positivity

and stochasticity of the weights, then the third case must give zero contribution. Nevertheless, let
us make the computation:

1im0 Wi eom@/m,q;A,B;C,(0,...,1,0,...,0))
m— T

= _Z_gACl| TG <Cu+1> +q-qZmCiT, <Cu+1> —0.
1-2z C, q C g

u

We proceed to the L > 1 case,” We start by taking D = (0, ..., 0, d). In this case we have

limo Wi om(z/m,q;A,B;C,(0,...,0,d))
m-

_ qu(d—L)L(q—L; Da i(—l)L_pqwqu (qu; q)|C|—p(qCN_P+1; q)d(qL—p+1; q)p
Ca VICH ) (Z:Dycj+a-p(@ Dp

(6.11)

 An alternative way to perform the following computation is by using the symmetry of the weight W under interchange
A < B, C < D with simultaneous adjustment of the parameters of the distribution; see [21, Proposition C.1.3]. This way
avoids the hypergeometric identities that we need to use in the present approach.
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We would like to use hypergeometric identities and for that we transform the sum into more
standard form:

L—p+1.

i (_DL_pqwqu (@"2; @)1 p@N P q)4(q D),

p=0 (Z:Dicira-p(@ D)y

ICRETUNIC N )y < Z( i-pg s e (@NP*Y ), (- P ) (2q €145 ),
(2 @jcj+d (qn—PHIFd; q) (gL HICI=PZ; q) (45 @),

1-|C|—d.

_ @z ) g™ 1:Q)d g Z qp N9, 59),(z7"g S Dp

6.12
(Z@)\c|+d (@4 9), (271 g 115 9) (g5 @) €12

where in the last identity we used

(xq P;q), =1 —xq )1 —xq"P) - (1—-xq7")
= (-1)PxPq 7 TP(L = q/x)(1 = ¢*/x) -+ (1 = ¢P /x) = (=1)PxPq PPV (q/x; q),,.

For the last sum in (6.12), we use the transformation of ;¢, given in [38, (IIT.11)]:

_ (de/bc; @), ((be\" dd,, de
n . . — —-h Zz =
3¢2(q ’b’ c,d,e, q, Q) - (e; q)n d 3¢2 5 b’ P d, be —4,q

with n:=L, b:=q N, ¢c:=z"1g"7 164 4 :=qg 4 e:=z1q'"L-IC Hence, (6.12)

becomes

1 (@"2,9),c (@ Dala™ 5 )
(Z@cj+a(z g L7I% q),

Cy—1+|C|. ,—Cn—d
N ||,q N

(L 1

( 1)L ( —lql |C|)

X 3$,(q7" g% 2q” .q7%q.9).

Since g~ appears twice in the parameters of the last ;¢,, we can remove it and replace ;¢, with
»¢1, at which point we can use the g-Chu-Vandermonde identity [38, (1.5.3)]

(c/a;q)q al.

¢$1(a,q7%cq:9) =
2 (¢ 9)q
Therefore, (6.12) transforms into

L(L-1)

(_1)Lq > ( —1q1 |C|)
(@2 Qi) @ Qal@ ™ @)L (z71g79+1-1C15 ),
(Z:Qic+a(z7 1 ICh ), (7N 459),

( q—CN—1+|C|)d, (6.13)
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and the limit in (6.11) is the last expression multiplied by

z9q@DL(g7L; q),

6.14
G )ICH DR, (619

Simplifying the product of (6.13) and (6.14) we arrive at

@t q)q Ind
A ACH P 24

5

which matches (6.8).

It now remains to show that only D of the form (0, ..., 0, d) give nonzero limit in (6.8). There
should be a direct formulaic way to prove it, but instead we use a shortcut. We note that for the
L =1 case we proved that only D = (0, ...,0) and D = (0, ..., 0, 1) lead to nonvanishing limits. The
vertex weights for general L are obtained from the L = 1 weights by collapsing L rows in the fusion
procedure (cf. Theorem 6.2 and Appendix). Clearly, if no paths of colors less than N exit to the
right before fusion, then this is still true for the fused rows, and this completes the proof. O

For the vertices in columns 1, 2, ... we do not need any limit transition. Instead we will simply
set z = 1in (6.7). Then the two last arguments in the second @&(-) coincide, which leads to u = 1
in (6.3) and then ®(-) = 1." Hence, the weight simplifies. After noting that C — B = A — D and
C+ D — B = A, we can write

WL,oo’m(l, q;A,B;C,D) = q|A|Lm|D|<I>(A —-D,A; qu, m)

L. L. N
— m/DlgLD (g™ @ja-p|(q"5 Dpp| qzkjni(Aj—Dj)H( A > '
(M)A -1 \A; =D/,

(6.15)

The next step is to note that both formulas (6.8) and (6.15) are analytic (meromorphic) functions
of the argument g~~. Hence, we can replace g~ with a new complex number . We are also going
to ignore completely the paths on the vertical edges in column 0, and only keep track of what is
happening in the quadrant Z_, X Z.. The final description is as follows.

* We deal with configurations of colored paths on the edges joining vertices in the integral quad-
rant{(x,y) | x,y € Z.,}. Eachlattice edge has finite (but allowed to be arbitrarily large) number
of paths of different colors. There might be more than one path of each color and the colors are
from{1,2,...}.

* The local configurations at the vertices are sampled sequentially in the direction of growing
x and y. The distribution depends on the parameters 0 < g <1, [, z, and a sequence m,
x=12,...

* At the bottom boundary, no paths of positive colors enter the quadrant (that is, into the vertices
(x,1), x € Z).

In this argument it is important to restrict the values for m so that the first @(-) factor in (6.7) would not explode because
of the denominator (y; q)), in its definition. Since y in the last g-Pochhammer symbol needs to be set to m, the choice
0 < m < 1 works well.
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* Along the left boundary, the only paths entering (y,1), y € Z., have color y. The number of

such paths = 0,1,2..., is distributed according to the law

@/Lde Gy (g)d.

Prob(d = d) = .
rob( ) D (@G PDa

(6.16)

* At each vertex (x, y), the configuration of incoming from below paths A and from the left B is
transformed into the outgoing paths going up C and going to the right D. We use the notation
A = (A, A,,...), where A; stands for the number of paths of color i. We also set |[A| = A; +
A, + ..., and similarly for the other three groups. The transformation is done by the stochastic

rule with probability of outgoing configuration C, D given by

WI,mx,q(A’ B;C,D)

[ (M3 Q)

subject to the conservation of colors condition A + B = C + D.

L L; had
_ <&>IDI (mx/ q)|A—D|( ?Dip| qZKjDi(Aj—Dj) H <A Az‘D > . (6.17)
i=1 i~ i/ g

* The parameters [, z, m, x = 1,2,..., are assumed to be chosen so that (6.16) and (6.17) are
nonnegative and (6.16) is summable over d = 0,1,.... For instance, this is the case when

0<zll,m,z/[,m /I <1lforall x =1,2,.., butother choices are also possible.

One way to think about (6.17) is that all paths entering a vertex from the left deterministically
turn up. On the other hand, the paths entering from below might either turn to the right or proceed
straight up. In particular, (6.17) implies that if A is empty, then so is D. Hence, for our boundary
conditions, no paths of positive colors lie below the diagonal x = y, so that the only nontrivial

vertices in the system are (x, y) with x < y.

Theorem 6.10. In the above setting of the analytically continued fused colored model in quadrant
with vertex weights (6.17) and incoming probabilities (6.16), choose a set of positive integers k ; and a
set of points in the quadrant U}, j = 1,...,n. Fixan index 1 < t < n and an integer A > 0. Define

vl ire (Y J#e
J k+4, j=u J U, +(0,A), j=t
Suppose that
0<k <k,<- <k,  O<kl<kl<- <k,
V0ot Uy 2 U, 2 Upyyy o, Uy, UYLV 2V 2V LU

Then the distribution of the vector of the height functions

(@), HR ), - (W)

(6.18)
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coincides with the distribution of the vector with shifted tth coordinate
(HZ WD, HSWD), . HR(U))). (6.19)

Remark 6.11. It is natural to expect that an addition of vertical inhomogeneities, that is, replace-
ment of by [, should preserve the statement of Theorem 6.10 with proper interchange of param-
eters as in Theorem 1.2. However, our proofs do not allow to claim this generalization.

Proof of Theorem 6.10. Introduce a complex variable u := [~!. The distributions of both vectors
(6.18) and (6.19) (that is, the probabilities that they attain certain values) are functions of u, which
are holomorphic in a complex neighborhood of u = 0. Indeed, while the positivity conditions fail
for complex u, yet the formulas for the distribution of the number of incoming paths (6.16) are
still converging uniformly in u, while the formulas for the vertex weights (6.17) only involve finite
sums. Hence, the distributions of the vectors (6.18), (6.19) are represented as converging sums
involving products of the expressions (6.18) and (6.19). For small u # 0 the holomorphicity is clear
from the definitions. On the other hand, as u — 0 (equivalently, as [ — o0) the formulas (6.18),
(6.19) remain bounded and, in fact, converge to a finite limit. Hence, the singularity at u = 0 is
removable, and the functions of interest are holomorphic there.

Foru = g%, L = 1,2, .., the coincidence of the two holomorphic functions describing the prob-
ability of attaining some value by (6.18) and (6.19) is the content of Corollary 6.7. Since {g"};_, ,
has a limiting point 0 and is, therefore, a uniqueness set for holomorphic (in u) functions, we con-
clude that the coincidence of the distributions of vectors (6.18) and (6.19) extends to all complex
values of u, such that the sum (over d) in (6.16) remains uniformly convergent. O

6.3 | Auxiliary g-identities and limit transitions

This section collects some results on g-Pochhammer symbols and g-binomial coefficients, which
will be useful in our asymptotic analysis later on.

Lemma 6.12. For any a,b € R and complex-valued function u(-) defined in a neighborhood of 1
and such that

limu(q) =u
g—1
with 0 < u < 1, we have

CRZCU )
m —_—

=(1— b—a.
a-1 (gPu(q); @)oo -w

Proof. See [8, Theorem 10.2.4]. [l

We define the g-Gamma function through

R CH S

= @0 Q- x#0,-1,-2,...
’ o0

I(x)
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Lemma 6.13. Forany x € C\ {0,—1,-2,...} we have

(lli_r)r% Fq(x) =T'(x).

Proof. See [8, Corollary 10.3.4]. O

Recall the definition of dilogarithm:

Liy(x) = Z x—2
‘We have
3 ln(l x)

—Li = _
0x () X

Lemma 6.14. Forany 0 < a <1 as q — 1 we have the following asymptotic expansion valid for
eachK =1,2,..:
In(a; q)o le(a) + = ln(1 —a)+ z Cr(@)(n)*7! + o(In(g)* ), (6.20)
k=1

where C;(a) is a polynomial in a multiplied by (a — 1)'=2%, and the remainder o(-) is uniform as
long as a is bounded away from 1.

Proof. See [45, Corollary 10]. ]

Lemma 6.15. For nonnegative integers M, N, K, we have

K K
kM-K+k) (N M _ (N=k)K—k) [ N M _(N+M
Zq ’ <k>q<K_k>q_2q <k>q<K_k>q_< K >q. (621)

k=0 k=0

Proof. The g-binomial theorem reads

N N
H(l +q7) = Z gkk=D/2 (IZ ) £k (6.22)
i=1 k=0 q
Changing the variables and replacing N by M, we also have
N+M
H (1 + ql lt) _ Z qk'(k' 1)/2+Nk' < ,> lk,. (6.23)
i=N+1 k
Multiplying (6.22) and (6.23) and comparing the coefficient of tX with the one arising from
N+M N+M N+ M
[[a+dn= 3 ¢/ 2( i ) t, (6.24)
i=1 K=0 L

we obtain the result. O
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6.4 | A continuous limit

Our next aim is to send g — 1 in the vertex model of Theorem 6.10, rescaling the system so that
in the limit we obtain a vertex model with continuous (rather than integral) number of paths on
each lattice edge. For the colorless (N = 1) model, such an asymptotic transition was previously
performed in [9].

The phenomenon that we will observe is that asymptotically the N-dimensional distribution
(6.17) (where N is the number of colors) in the leading order is concentrated on a one-dimensional
subspace, and its law is related to the classical Beta distribution. On the other hand, the second
order (N — 1)-dimensional fluctuations are Gaussian. There is a certain ambiguity in formulating
a precise mathematical statement, because there is no canonical choice of the aforementioned
one-dimensional subspace. But as soon as we fix one, we can no longer observe the smaller order
Gaussian component in the direction parallel to the subspace (the weak convergence of the ran-
dom variables does not distinguish between a random variable and a sum of the same random
variable and an asymptotically vanishing Gaussian correction) — we can only track the orthogo-
nal directions.

The choice that we make is to look at the total number of paths of all colors (equivalently, on
the evolution of the underlying colorless model), for which the Beta distribution appears asymp-
totically. We further observe the lower order Gaussian fluctuations as asymptotic corrections to
the (deterministic in the first order) splitting of the paths between the colors.

In more detail, we take a small parameter ¢ > 0 and concentrate on the following limit regime:

€—>0, g=exp(-¢), [=¢g°, z=q%, m, =q%, (6.25)

where 0 < p < 0,,x =0,1,2,..., are arbitrary.

The first result of this section describes the limit of the boundary condition. Recall that the
Beta distribution B(a, b) with parameters a > 0, b > 0 is absolutely continuous with respect to
the Lebesgue measure on (0,1) with density

I'(a)L'(b)

M1 =x)P1, 0<x<l.
I'(a + b) ( )

Proposition 6.16. Under (6.25), the random variable exp(—ed), with (6.16)-distributed b, weakly
converges as € — 0 to the Beta random variable with parameters (o, — p, p).

Proof. For d = x /¢, the right-hand side of (6.16) transforms into

(@@ (@7 Drse
(@7 D (G Pye

Go—p- I°R 1+x/e.
- e EZM/JZ;% SPete — ) 02

exp(x(p — 0p))

Using Lemma 6.13 for the first fraction (three times) and Lemma 6.12 for the second fraction, we
see that the asymptotic behavior of the last expression is

I'(op)

€- m(l — exp(—x))P ! exp(—x)°0~F. (6.27)
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Hence, this expression (with e-factor removed) gives the asymptotic density of eb. Therefore, the
asymptotic density of exp(—ed) at a point0 <y < 1is

1—‘(UO) _ o—1,,00—p—1
Tore, g0 T 0

We proceed to analysis of the distribution at a general vertex (6.17). We start by transforming it
into a more convenient form.

Lemma 6.17. Ifwe fix A, then the distribution of D given by (6.17) can be sampled through a two-step
procedure. We first sample an integer |D|, 0 < |D| < |A|, from the distribution

(6.28)

(&>|D| (m, /L) a1 (LD <IAI>
[ (Mmy; Q)a DI/

Given the vector A and the number |D| we further sample the vector D with prescribed sum of the
coordinates |D| from the distribution

-1 0
<|A|> qu<j Di(Aijj) H <Al>
D q i=1 \Di

Proof. We start from (6.17) and sum over all nonnegative integral vectors D with prescribed
sum of the coordinates |D| using Lemma 6.15 to get (6.28). Dividing (6.17) by (6.28), we arrive

at (6.29). O

. (6.29)
q

The limit of the distribution of |D| can now be computed; cf. [9, Lemma 2.4].

Proposition 6.18. Suppose that as € — 0, the number |A| scales so that |A| = as™! for some real
a staying in a compact subset of (0, 00). Then for |D| distributed according to (6.28), in the regime
(6.25), the random variable ¢|D| weakly converges as € — 0 to a continuous random variable 8, such
that

exp(=5) = exp(—a) + B(o, — p, p)(1 — exp(-a)),
where B(o,, — p, p) is a Beta random variable.

Proof. For0 < § < a, setting |D| = £~1§ and bringing all the g-Pochhammers in (6.28) to the form
involving only (u; q),, we get

Q"D (@7 Do
CHOMNCEEH )N

(@7 exp(=a); @) (gexp( —a);q)s  (gexp(=8); @)
(gexp(—a);@)ey  (q%Pexp(6 — a); Qs (qP exp(—6); @)oo

exp (0 —0,)9)
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We use Lemma 6.13 for the first fraction (three times) and Lemma 6.12 for the next three fractions.
The resulting asymptotic behavior is

') )
© e, —p) PP =009 (6.30)
X (1 —exp(—a))' =% - (1 —exp(§ — @) #~" - (1 — exp(—8))"~". (6.30)

Dividing by ¢ we obtain the asymptotic density of |§|. Making the change of variables, we find

. exp(—8)—exp(—a) . .
that the density of o) atapoint0 <y <1is

I'(o,) oyplpy _ ol
e, —p * AT (631
O

The next step is to study asymptotics of the conditional distribution (6.29).

Suppose that we are given N positive real numbers «;, ..., @y and an additional number § such
that0 < § < |a| = a; + -+ + . Then we define N-dimensional vector (3, ..., §p) through &, +
8, +--+dy=1|56|=35and

N N N
exp <— 2 5j> = exp <— Z oc]-) + <1 —exp (— Zocj>)n, i=12,..,N, (6.32)
=i j=i j=i

where 7 is the constant found from the i = 1 condition. In addition, we define real numbers v,
by

2
L1+ 9 |Liyexp(—x) + Lisexp(x —a)| . i=1,...N. 6.33)
v; ox? x=5;
Allv;,i=1,...,N, are positive, as follows from the inequality
52
a2 [Liz(exp(—x)) + Li,(exp(x — ocl-))] >-1, 0<x<aq;. (6.34)
X

Proposition 6.19. Suppose that as e — 0, the numbers A;, i =1, ...,N, and |D| scale so that A; =
a;e7L, |D| = 87! for some a; staying in a compact subset of (0, +c0) and & staying in a compact
subset of (0, }; ;). Then thelaw of D;, i = 1, ..., N, given by (6.29) satisfies the law of large numbers
and central limit theorem as € — 0: For §;, v; given by (6.32) and (6.33), the vector

_e1sA\N
<§i = Dl—851> (6.35)
i=1

c—1/2

weakly converges to the (degenerate) N-dimensional centered Gaussian vector, which is supported on
the hyperplane &, + --- + &y = 0 and whose density is proportional to the restriction to this hyper-
plane of the density of the vector with independent Gaussian components of mean 0 and variances
Ul', i = 1,... ,N.
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Remark 6.20. The computation below leading to (6.32) is quite involved. Another way to see the
result (which is how we originally arrived at this formula) is to make the computation recurrently,
reducing it to the N = 2 case. At each step k =1,2,...,N — 1, one looks at the distribution of
the pair (Dy, Dy 1 + Dy, + -+ + Dy) conditional on Dy, + D;,; + --- + Dy, in order to determine
8iq1 + -+ + dy. (For instance, at the first step, k = 1, we study the asymptotic of (D;,D, + -+ +
Dy) given the fixed sum of all coordinates, |D| = D; + --- + Dy.) Using Lemma 6.15, one notes
that this conditional distribution has the form of (6.35) with N = 2 and two coordinates given by
Dy and Dy + Dy, + -+ + Dy (the sum of these coordinates is fixed by to the conditioning).

Proof of Proposition 6.19. Using Lemma 6.14, as a function of all D;, subject to the condition of the
fixed |D|, (6.29) is proportional to

qZ< AP TT@ D@ P @) = exp(—s-1 > (eD))(eA; — D))

i=1 i<j

—¢! Z [Liz(exp(—EDi)) + Li,(exp(eD; — EAi))]

+ % In(1 — exp(—eD,)) + % In(1 — exp(—<(4; — D)) + O(£)>. (6.36)

We are interested in s‘l—part of this expression as a function of Dy, ..., €Dy subject to the condi-

tion of the fixed sum of the coordinates. We are going to show that this function is strictly concave
and has a critical point inside the domain 0 < eD; < €4;,i=1,...,N, Zfi 1(le-) = ¢|D|. Hence,
this critical point is a (unique) maximum of the function inside the domain and, due to ¢! pref-
actor, the measure is concentrated near this point, which leads to the law of large numbers. For
the central limit theorem, we Taylor expand the density near the critical point up to second order
and the quadratic approximation gives the desired Gaussian limit.

We remark that in order for the asymptotic expansion (6.36) to be valid, we need g”i and g“i~P:
to be bounded away from 1, which means that eD; and €(A; — D;) should be bounded away from 0.
For boundary values, that is, for small eD; or e(4; — D;), the ¢! part in the exponential of (6.36)

exp(—a_1 Z(EDi)(EAJ- —eD;) — g ! Z [Liz(exp(—ED,-)) + Li,(exp(eD; — sAl-))] + O(l))

i<j i

becomes an upper bound for the probability (6.29), as follows from the unimodality of g-binomial
coefficients (Z)q as a function of k. This upper bound implies that the boundary values of D; give

negligible contribution in the asymptotics and we can (and will) ignore them.

We proceed with more details of the argument. For the law of large numbers, that is, the con-
vergence of ¢~1/2¢; from (6.35) to zero, we assume that A and D are large by setting A; = ¢~'; and
D; = ¢716;. We further seek the maximum of the e71(...) part of the exponent in (6.36), subject to
the condition }’; §; = |6] = J. Introducing a Lagrange multiplier 4, we need to maximize

_Zai(aj—é Z[le(e %) + Liy(e® —0)] +/1< 5+2 )

i<j i
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Differentiating in J;, we conclude that the following expression needs to be equal to 0:

In(1 - exp(~4,) In(1 — exp(3; — )
- ;(aj —8)+ ; 5 — exp(—5i)—exp(_5i) +exp(8; — a;) 26— )
=1+6- (Z ocj> —; —In(1 — exp(—6;)) + In(1 — exp(6; — ;)
j>i
_ exp(—§;) — exp(—a;)
_/1+5—(;aj>+1n< T oxp(=3) > (6.37)

Thus, the extremum is found by solving the equations

1 —exp(=9;) .
=exp|A+6— a: ), i=1,2,... (6.38)
exp(—3,) — exp(—a) JZ J

Dividing ith and (i — 1)st equations by each other, we get rid of A and get a system of N — 1 equa-
tions on exp(—6,), ..., exp(—dy), which is supplemented by §; + --- + d = &. We claim that the
solution (its uniqueness follows from the strict concavity that we prove below) is given by the
following equivalent form of (6.32):

exp(—8s;) = exp(—as;) + (1 — exp(—as;))y, i=1,2,.. (6.39)

whered,; =6; + 6,1 ...;ay; = a; + ;41 +...; and 7 does not depend on i, that is, it is found from
the i = 1 case of (6.39). Indeed, (6.39) gives

exp(—a;) + (1 — exp(—a,;))n

exp(—9;) = . (6.40)
Y exp(—asiy) + (1 —exp(—az; 1))
This implies
_ exp(—a;)+(1—exp(—as;)n
1-— exp(—éi) _ exp(—ay41)+(1—exp(—as; 1))
exp(—8;) —exp(—a;)  _ exp(—az)+1—exp(=a)n

—exp(—a;)

exp(—asjt)+(1—exp(—asip1))n

_ (1 = n)exp(—a,;41)(1 — exp(—a;)) _1-7
B n(1 — exp(—a;)) -

exp(—at;11), (6.41)

which matches (6.38) with 2 = ~8 + In(=2).
For the strict concavity, as well as for the central limit theorem, we need to compute the Hessian
matrix of the e71(-) part of (6.36). We rewrite this part in the coordinates &; = eD; as

) N 2N §2 N
- 2 S — 5(2‘{ 5i> + z‘; S z‘; [Liz(exp(—éi)) + Li,(exp(8; — a,))|. (6.42)
i<j i= i= i=

The first term in (6.42) is linear and does not contribute to the Hessian. The second term is con-
stant due to the constraint. We conclude that the Hessian matrix is the diagonal matrix of second



SHIFT-INVARIANCE FOR VERTEX MODELS AND POLYMERS | 277

derivatives of the last two terms restricted to the hyperplane Zfi 1 6; = 6. This diagonal matrix
is negative-definite, as follows from the inequality (6.34). We conclude that its restriction on the
hyperplane is also negative-definite. This implies the desired strict concavity.

For the central limit theorem, we need to Taylor expand (6.36) up to second order in a neigh-
borhood of eD; = §;. The zeroth order cancels with the normalization constant of the probability
measure, the first-order term vanishes, as we are expanding near the maximizer. The quadratic
form appearing in the second order terms gives the desired Gaussian approximation. Our Hessian
computation implies that in the &;-variables the quadratic form is given by

1 s 8 .
exp E(gl + o+ &) — zl: 2\ 52 [le(exp(—x)) + Li,(exp(x — ocl-))] o +1] )
Since &; + --- + £y = 0 deterministically, the last formula matches the description in the state-
ment of the theorem. L

Let us summarize the continuous model which we obtained as ¢ — 0 limit of the vertex model.
At this point we ignore the smaller order Gaussian component — it can be readily reconstructed
by utilizing Proposition 6.19.

We first combine the results of Propositions 6.18 and 6.19:

Corollary 6.21. The vertex weight Wy ., ,(A, B; C, D) of (6.17) treated as a stochastic sampling rule
for (C, D) given (A, B), weakly converges in the limit regime

g

€e—>0, g=exp(—¢), [=g°, m=¢g°,

EA—->a, eB—-f, e -y, eD->, || > 0,

to the following sampling procedure for the outgoing masses of colors y;, 8;, i = 1,2, ..., given the
incoming masses a;, 8;, i = 1,2, ... entering the vertex from the left and from the bottom. We take a
Beta random variable ) ~ B(o — p, p) and define §;, 0 < §; < a; for all 1 < i < max(i* : a; > 0)
through

exp (—8,;) =exp (—ay;) + (1 —exp (—ay;))n, i=1,2,..,
where 6,; = Y52, 8;, o = Y77, ;. We also set

Vi =8,  i=12...

Hence, the resulting continuous model has the following self-contained description.

* Each lattice edge of the positive quadrant has a random real-valued vector (u,, u,, ... ) attached
to it. Coordinate u; > O is interpreted as the (real) mass of color i.

* For edges entering the quadrant from below all masses are zero.

 For the edge entering the quadrant from the left at ordinate y only the color y is present. To find
its mass, we sample (independently for each y) a Beta random variable ) ~ B(c, — p, p) and set
the mass to be — In(%).
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* Given the incoming masses of colors «;, 8;,i = 1, 2, ... entering the vertex (x, y) from the bottom
and from the left, we define the outgoing masses y;, §; using (independently over x and y) a
Beta random variable  ~ B(o,, — p, p) and set 0 < §; < «; through

exp (—85;) =exp (—ay;) + (1 —exp (—ay;))n, i=1,2,...,
where 8,; = Y77, 8, a; = ¥ 72, ;. We also set

Vi=a,+B—6, i=12..

* The definition implies that only colors at most’y pass through a general vertex (x,y), and no
colors at all pass through (x, y) with x > y.

We can also define the height functions H>!(x,y), i = 1,2,... of the continuous model. As
before, we assume that x,y € % + Z in this definition. In words, H?!(x,y) counts the total mass
of paths of colors at least i below point (x, y). Equivalently, the height function is defined by setting

il 1y _

HZ( > 2) =0and
H?'(x,y +1) — H?'(x,y) = total mass of colors > iat(x,y + %),
H>(x +1,y) — H*(x,y) = total mass of colors > i at (x + %,y).

Corollary 6.21 immediately implies the following statement.

Corollary 6.22. Consider the analytically continued fused colored model in the quadrant, as in
Theorem 6.10, in the limit regime

€—>0, g=exp(-¢), [=¢°, m,=q%, x=0,1,2,...

Let H? '(x,y) denote the height function of this discrete model. Then in finite-dimensional distribu-
tions

lim e (x,y) = H'(x,y), X,y € 5+ Zs,

where H>'(x, y) is the just defined height function of the continuous vertex model.

7 | DIRECTED POLYMERS
7.1 | Beta polymer
Following [9] (who considered the colorless case) we identify the model of Section 6.4 with ran-

dom directed polymers. Another possible interpretation (which we do not pursue in this text) is
that of a random walk in random environment.



SHIFT-INVARIANCE FOR VERTEX MODELS AND POLYMERS | 279

Let us present an alternative definition of the height function H>!(x, y) of the continuous vertex
model. For that, we start with a sequence 7(x, y), X € Z,, y € Z., of independent Beta random
variables with distributions B(c, — p, o).

Proposition 7.1. H>!(x, y) vanishes for x > y, while for x < y it can be found by solving the follow-
ing recurrence:

exp(—H>(x,y)) = n(x D 2 %) exp(—H>(x,y — 1))
+<1—77(x—%,y—%))exp(—HZi(x—l,y—l)) (7.1)

with boundary conditions

y=1/2
H?' (x,x) =0, H>l<%,y) = Z In(—7n(0, ), X,y = % % %
u=i

Proof. The boundary conditions are checked in a straightforward way. For the recurrence we note
that, by definition of the system:

H>(x,y) = H* (x,y = 1) + 0si(ag, ap,..0), (7.2)

where 6,;(a;, @, ... ) stands for the mass of the colors > i leaving the vertex (x — % y— %) to the
right (this is a (random) function of masses (a;, «,, ... ) entering from below). Corollary 6.21 reads

exp(—=8,) = exp(—a) + (1 - exp(—a )y (x = 3,y = 1).

Exponentiating (7.2) and using ar; = H>'(x — 1,y — 1) — H>!(x,y — 1), we get
exp (-H>'(x,y)) = exp (-H>'(x,y — 1))<eXp(H>i(x,y -1 -H'(x-1,y-1))

+<1 —exp(H*'(x,y —1) = H* (x -1,y — 1))>n<x - %,y - %))

= exp(—H>'(x,y — 1))77(x - %,y - %)

+exp(—H>i(x—1,y—1))<1—77(x—%,y—%)). (7.3)

The recurrence (7.1) can be solved in the language of directed polymers:

T In this construction one can also allow vertical inhomogeneities Py, SO that the Beta random variables have distributions
B(o, — py, py). One would expect, as in Remark 6.11, that the shift-invariance still holds in such an extended setting, but
we do not have a proof at this time.
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B
(0,0)—(2,4)

7/
Bo1 »* Bi1 >/ Ba1 N/ B3y

FIGURE 29 Continuous vertex model treated as a directed polymer in the quadrant. The first few diagonal
edges (until the first up step) do not collect any weights

* We consider the grid Z,, X Z,, with diagonal and vertical edges, that is, the edges link (x, y)
with (x + 1,y + 1) and with (x,y + 1).

* Each edge has a weight w(edge) assigned to it. For vertical edges (x,y — 1) — (x,y) the weight
is an independent Beta random variable B, whose parameters are allowed to depend on x via
B(o,_; — p, p) for asequence of real numbers o, o5, ..., and p < min,,; o,_;,asin the previous
section. For diagonal edges (x — 1,y — 1) — (x,y) we set w(edge) = 1 — B, ; cf. Figure 29.

* For two points (x’, "), (x,y)in Z, X Z,, withx > x" and y > y" + (x — x’), we define the par-
tition function Sfx,’y,)_) ) of the delayed Beta—polymer as a sum over all lattice paths joining
(x",y") with (x, y)

y=y'

?X’,y’)ﬁ(x,y) = Z H w(7y_y = ), (7.4)

(x’,y’)=n0—>7rl—>---—>ﬂy7y/=(x,y) k=f(x)
where each edge 7, — 7;_; is either (1,1) or (0,1), and f(x) = min{i : m; — m;_; = (0, 1)}.

The empty product in (7.4) is taken to be 1, so that 3 ) (x+k,y+k) = 1,k =0,1,2,.... The appear-
ance of f(7r) in (7.4) means that in the computation of the weight we ignore the initial segment of
diagonal edges starting from (x’, »’) and only multiply the weights starting from the first vertical
edge on the path. One can also interpret such a partition function as a point-to-half-line, rather
than point-to-point polymer; see [9].

Proposition 7.2. The joint law of the Beta polymer delayed partition functions

B
[ (O,y’)—>(x,y)]x>0,y>y’>0

is the same as that of the exponentiated height functions of the continuous vertex model from Sec-
tion 6.4

[exp (—H>(y/+1)<x + %,y + %))]

X20,y>y'>0
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675000

FIGURE 30 Another way to interpret the continuous vertex model as a directed polymer, following [9]. For
the computation of Z ;,_,, ) the weights along the y = x + 1 line are all treated as 1

Proof. Let us identify the random variables 7(x, y) of Proposition 7.1 with B, in the definition
of the polymer. Then the partition functions 3 ,/)_. () satisfy the same recurrence in (x, y) and
boundary conditions as the corresponding exponentials in Proposition 7.1. O

We remark that [9] was using slightly different notations for the Beta polymer. Their polymers
live on transposed and shifted by (0,1) grid, as in Figure 30.

We now restate the shift-invariance in the language of polymers. Recall that for two points
U = (u,u,), Y = (v;,0,), wewrite U" > Vifu; <v; andu, > v,.

Theorem 7.3. For the Beta polymer of Proposition 7.2, choose a set of positive integers k ; and a set
of points in the quadrant U, j = 1,...,n. Fixan index 1 < ¢ < n and an integer A > 0. Set

e[l ire (Y j#e
J k,+4, j=u J U, +(0,4), j=1
Suppose that
0<k <ky<--<k,,  0<k;<k;<- <k,
V0t Uy 2 U, 2 Vi Uy UL U 2 U 2 UL U

Then the distribution of the vector of the polymer partition functions

( B B B )
(0,k1)=U7’ Y(0,ky)=15 77 V(0,k,) =1y,

coincides with the distribution of the vector with shifted tth coordinate

( B B B )
! /9 ! IR ERLLE] ! ).
OK)=V* DO k)-V] AR
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Remark 7.4. As in Theorems 6.3 and 6.10, one can expect the possibility of the extension of the
theorem to the case of different p, (which need to be interchanged together with shifts). Also, it
should be possible to move end-points of the polymer in the horizontal direction as well, as long
as the intersection of the polymer trajectories is not impacted.

Proof of Theorem 7.3. We start from Theorem 6.10 and send g — 1 in the regime (6.25). As a result,
we get a similar theorem for the continuous vertex model of Section 6.4. Proposition 7.2 recasts
the vertex model as a directed polymer. Theorem 7.3 is then a direct restatement of the ¢ — 1 limit
of Theorem 6.10. O

7.2 | Gamma polymer

In this and five subsequent sections we degenerate the Beta polymer to several other proba-
bilistic systems. From now on we only consider homogeneous case when all o, are the same.
Inhomogeneous versions are certainly possible to consider, but we leave them out of the present
text.

Recall that a random variable £ has Gamma distribution with parameter x > 0 if its density
with respect to the Lebesgue measure on the positive semi-axis is

ﬁx"_l exp(—x), x>0.

The Gamma distribution with parameter x can be obtained from the Beta distribution as the limit
lime 'B(x, e ).
e—0

Hence, setting p = ¢!, 0 = p + x and sending ¢ — 0, the polymer of the previous section con-
verges to the following one.

* We deal with square grid Z, X Z, with vertical and diagonal edges.

* Each vertical edge (x,y —1) — (x,y), x > 0, y > 1, is equipped with a weight w(edge) =T,
which is an independent Gamma random variable with parameter x.

* Each diagonal edge (x — 1,y — 1) — (x,y), X,y > 1, has the weight w(edge) = 1.

» Foreachx > x/,y > y' + (x — x’) we define a partition function of the polymer as the sum over
lattice paths linking (x’,y") to (x, y):

y=y'
r —
8(X’,Y’)—>(x,y) - Z H w(7y_y = ), (7.5)

' Y=mg—my ==, a=(xy) k=1

where for each k > 1 the difference 7, — 7;_; is either (1,1) or (0,1).

Note that, as opposed to the Beta polymer, we no longer need to deal with delayed partition
functions; this is because diagonal edges already have weight 1 and, therefore, changing weights
of diagonal edges to 1 does not change anything; see Figure 31 for an illustration. This polymer
was studied under the name ‘strict-weak polymer’ in [28] and ‘random polymer with gamma-
distributed weights’ in [52].
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3?O,O)—)(Q,él)

Coa Tig Foq T34
Tos P13 a3 33
To2 Ti2 Tag D)

o1 IR oy FBV

FIGURE 31 Directed polymer with independent Gamma weights I';; with parameter x on vertical edges

By a straightforward limit transition, Theorem 7.3 leads to the same shift-invariance statement
for the Gamma polymer (7.5).

7.3 | O’Connell-Yor polymer
Let us consider the Gamma polymer in a thin vertical rectangle. For that we take a large L — oo,

set the parameter of the Gamma distributions to ¥ = L and consider the following limit for the
polymer of Section 7.2:

r r
=y ) . &NLyN—>(6ly) < y=y' ) . (".Ly")—(x.Ly)
exp ( 2 Lh—glo LLO—Y) &P = Lh—>nolo LLO—Y)—(x—x") . [x—x'" (7.6)

The factor LEO—Y)~(=x") can be absorbed into the Gamma random factors which polymer collects
(there are precisely L(y — ") — (x — x') of those on each path from (x, Ly) to (x/, Ly")). Gamma
random variables as their parameter x = L — oo have the following asymptotics:

iy M
L \/Z

where 7);; are centered i.i.d. random variables, which asymptotically become standard Gaussians

N(0,1). (For integral L this can be seen by identifying I';; with the sum of L independent Gaussian

distributions and using the Central Limit Theorem.) Hence, moving the noise into the exponent,
we can write

2
L VI 2L\

At this point, we can use functional central limit theorem for the sums of logarithms of T e The
prefactor L¥'~* Jeads to conversion of the (Riemann) sums into integrals, while the products them-
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selves turn into the exponentials of increments of Brownian motions. For the term —% > 171.21. we
can apply the Law of Large Numbers, resulting in the factor that precisely cancels the exponential

prefactor in (7.6).

The L — oo limit of (7.6) is known as the O’Connell-Yor polymer or semi-discrete Brownian
directed polymer, first introduced in [53]. We rename the variables x and y into n and ¢, respec-
tively, to match the standard notations.” Here is the resulting object:

* We deal with semi-discrete grid Z., X R, with coordinates (n, t).
* Each vertical line has independent standard Brownian motion B, (t), t > 0, attached to it.
» Foreachn > n' > 0,t >t/ > 0 we define a partition function of the polymer as the integral over

monotone grid paths linking (n’,t") to (n, t):

ov _ /
,,[, N -
(n"t7)=(m1) t'=ty<t;<---<t

n—n'+1=t

exp

n

1

—n'
(Biw (tip1) = By (t) [dby -+ dty .
=0

Recall that for V" = (u;,u,), ¥V = (v;,v,), we write U > V ifu; < v; and u, > v,.

Theorem 7.5. In the above setting of the semi-discrete Brownian directed polymer in the quadrant,
choose a set of positive reals k; and a set of points in the quadrant U, j =1,...,n. Fix an index

1<it<nandA > 0. Set
kK = kj»
J k,+A,

0<k, <k, <<k

i #1,
j=[,

Suppose that
ne

VU 2 U, = U, U,

n»

J#u

/ U;
Ul = J
/ U, +(0,A), j=t

/
< < kn’

v,

n»

v,. v =U' =V

17

Then the distribution of the vector of the polymer partition functions

( oy
0,ky)-17’°

oy )

oy
(0k)=1" ™ P(0ky) =y,

coincides with the distribution of the vector with shifted tth coordinate

( oy oy

! Al
(0,1{1)—>'I/'1

’ 7y eee
(0,1{2)—>‘U'2

oy )
>0k

We refer to Figure 1 for an example. The proof of Theorem 7.5 is a direct limit transi-
tion from the similar shift-invariance statement for Gamma polymer mentioned at the end of

Section 7.2.

" Note, however, that usually the continuous coordinate ¢ is drawn in the horizontal direction. We direct it vertically, in
order to keep all the shifts vertical, as was the case throughout the paper.
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Theorem 7.5 deals with vertical shifts along the continuous coordinate of the polymer. Can we
also shift in the discrete horizontal direction? The answer is positive, but we then need to deal
with delayed partition functions as we did for Beta polymer.

Foreachn >n’' >0, t >t > 0 we define the delayed partition function of the O’Connell-Yor
polymer as the integral over monotone grid paths linking (n’,t") to (n, t):

n—n'
0Y;del
3=/ exp| 3 (B tis1) = B (1) [dty -t .
=ty<ty<-<t,_ s =t i=1
where we emphasize that the noise B, (t;) — B, (t,) is not being collected.
Theorem 7.6. In the setting of the delayed semi-discrete Brownian directed polymer in the quadrant,

choose a set of positive reals k; and a set of points in the quadrant U, j =1,..., n. Fix an index
1<it<nandA=1,2,...Set

P (T T N
J k,+4, j=u J U, +(7,0), j=ut

Suppose that

0<k1<k2<"'

VA
=~

/ / /
n 0<k1<k2<"'<kn’

UV, U 2V, 2V, Uy, VO VAN VAl VAl Vi

1
Then the distribution of the vector of the polymer partition functions

(SOY;delay SOY;delay 80Y;delay )
(k1,0)-17° V(ky,0)-15" 77 V(k,,00- T,

coincides with the distribution of the vector with shifted tth coordinate

(SOY;delay SOY;delay SOY;delay )
(k.00-V7” V0~V T Pk 015

Note the reverse inequalities for points U’; compared to Theorem 7.5.

Proof of Theorem 7.6. We take another limit from the Beta polymer to a version of the Gamma

polymer by taking a limit of 1 — B;; (instead of B; ;) to the Gamma random variables. The resulting

polymer is like in Section 7.2, but the Gamma random variables are placed on diagonal rather

than vertical edges of the grid. Note that for this modified Gamma polymer, we prove the shift-

invariance only for the delayed partition functions 379¢/2, We then consider the limit of this

polymer as its end-points move far away, while staying in a finite neighborhood of the diagonal
X =y

3F;delay
0Y;dela —y' (Lx',Lx"+y’)—(Lx,Lx+Yy)
Bty = EXP (yTy) P

(7.7)
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Note that the coordinate system (x, y) is transposed to the one we used for 3°Y above, that is, the
first rather than the second coordinate is now continuous. Taking the limits of Theorem 7.3 first
to the shift-invariance for 359¢12Y and then for 3°Y:4¢2Y we arrive at the desired statement. [

Remark 7.7. Is shift-invariance in the discrete (horizontal) direction also true for 3°¥? In other
words, is it necessary to pass to the delayed partition functions 3°Y:9¢12Y? Our proofs do not give
any answer.

7.4 | Brownian last passage percolation

For the next limit transition we consider large ¢t — ¢’ in the definition of the semi-discrete Brow-
nian directed polymer; more precisely, we multiply ¢t and ¢’ by L and send L — co. If we use the
scale-invariance of the Brownian motion, we can write

n

—n'
/ exp (Bi+n’(ti+1) - Bi+n/(ti)) dtl dtn—n’
Lt'=ty<ty<---<t,_,r =Lt i=0

n—

n/
o
= Ln n eXp \/Z N Z (Bi+n’(ti+1) - Bi+n’(ti)) dtl i dtn_n!. (7.8)
! —
t'=to<t;<--<t =0

n—n'+1=t i=

Almost surely, the integrand is a continuous function of ¢, ..., f,,_,,. Hence, as L — oo, the inte-
gral is dominated by the points where the exponent E:’Z_O”/ (Biyn (ti41) — By (1)) is maximized
(cf. standard proofs of the convergence of L, norms to L., norm as p — o). Rescaled logarithm
of the integral converges (in law, jointly over finitely many (t', n") and (¢, n)) to the Brownian last
passage time, defined as follows.

* We deal with semi-discrete grid Z., X R, with coordinates (n, t).

* Each vertical line has independent standard Brownian motion B, (t), t > 0, attached to it.

e Foreachn>n">0,t>t >0 we assign the passage time as the maximum over grid paths
linking (n’,t") to (n, t):

n—n’

BLPP
By = t’:t0<t12-a<)§ o=t Z (Bign (ti41) = Biyw () | (7.9)
n-n i=0

Direct limit of Theorem 7.5 yields the same shift-invariance statement for the passage times
(7.9). If we introduce a delayed version of (7.9), in which we ignore the noise B, (t;) — B,/(t;),
then Theorem 7.6 also yields the same shift-invariance statement for the delayed Brownian last
passage times.

7.5 | Continuous directed polymer and KPZ equation
Another limiting object can be obtained from the O’Connell-Yor polymer by considering large

n—n'. In this regime the n-indexed sequence of white noises (derivatives of the Brownian
motions B,,(t)) turns into the two-dimensional white noise. The polymer collecting such noises is
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known as the continuum directed random polymer (see, for example, [6, 57]), and its logarithm
can be identified with a solution to the KPZ stochastic partial differential equation.

In more detail, let us introduce the normalized version of the semi-discrete Brownian polymer
through

~0Y = exp <_f—_t'> . Q0¥ (7.10)

', t")—(n,t) = (t — t’)”_”' 2 n' tH—=(n,t)"

The first factor is introduced to compensate for the volume of the simplex {t' =t, < t; < -+ <
t,_, =t} in the definition of the polymer, while the second one compensates the expecta-
tion of the exponential of the Brownian motions (which can be computed using the identity
Eexp(y/c - £) = exp(c/2) for Gaussian & ~ N(0,1)). Thus, we have [E?,?;,/ Nomy = L

We have the following convergence result for the Brownian directed pélyme}:

. < 1 Gy
lim | Q%Y . e <__Y) =z, %), 1
L—> [S(O,y)ﬁ(”_,t\/zﬂ)] ’_27'['t Xp o ZV(t, x) (7.11)

where Z%)(x, t) is the solution to the stochastic heat equation with multiplicative noise started at
t = 0 time from d-function initial condition at y:

2P =1z204929, tx0xeRr; Z¥(0,x)=8(x-y). (7.12)

Here 7 is the space-time 2d white noise (the same for each y). We remark that the literature (see [5,
51]) typically states the convergence result (7.11) only for fixed y (usually y = 0), yet the technique
extends to the joint convergence in law for finitely many ys."

The Feynman-Kac representation for the solution to (7.12) leads to its representation as an
integral of exponentiated noise over paths of Brownian bridges, thus clarifying the convergence
(7.11) and the name ‘continuum directed random polymer’ for Z&)(x, t).

Computing (formally) the logarithm of Z, one finds that H := —In(Z®) satisfies the KPZ
stochastic partial differential equation:

H, = sHy = 5(H)* = . (7.13)

Taking the limit of Theorem 7.5 we arrive at the following statement for Z) (or, equivalently,
for H); cf. Figure 5:

Theorem 7.8 (modulo making convergence in (7.11) joint in xs and ys). Fix t > 0, A > 0,
X,y € R. In addition, choose a collection of points (x;,y;), i = 1,...,n, such that for each i either

T Let us follow the approach of [51]. In that paper, the author introduces a coupling between the 2d white noise 7 in
the definition of Z®(x,t) and Brownian motions B, (t) in the definition of the Brownian directed polymer. Using the
Wiener chaos series expansion, [51, Section 2.5] then shows the convergence (7.11) for fixed values of x, y, and ¢ in the
L, space of random variables on the probability space where the white noise 7 is defined. The L,-convergence implies
the convergence of joint distributions, if we use the following abstract statement. If for random variables X, Y,,, X, Y
on the same probability space, we have lim,,_, , E|X,, — X|? = lim E|Y, — Y|?> = 0, then the distribution of the vector
(X,,,Y,) converges as n — oo to that of the vector (X, Y), and similarly for k > 2-dimensional vectors.

n—oo
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X;<x,y;>y+Aorx; >x+A,y; <y. Then we have an identity in distribution:

d

(Z(y)(t,x); ZO(t,x,),i =1, s 1) (Z(y+A)(t,x +A); ZO0(t, x;),i = 1,..,n).

Remark 7.9. While Theorem 7.5 allowed for different time coordinates ¢;, there is only a single
t in Theorem 7.8. This is because of the nature of rescaling in the limit transition (7.11), which
collapses all points U; of Theorem 7.8 onto a single line.

7.6 | Airysheet

We proceed to the universal object in the KPZ-universality class known as the Airy sheet. It was
recently proven in [33, Theorem 1.3] that the Brownian last passage times admit the following
limiting behavior:

8(0,2xn2/3)—>(n,n+2yn2/3) —2n-— 21’12/3()) - X) + (X - y)2n1/3
nl/3

- A(x,y), Xx,y €R. (7.14)

The formula (7.14) can be taken as the definition of the Airy sheet .A(x,y). Let us mention a
notational subtlety on whether to add (x — y)?n!/3 in the definition, as we did. In keeping with
the traditional usage of the stationary forms of the objects in the Airy, process and the Airy line
ensemble, and also following [27], we chose the definition such that .A(x, y) has the Tracy-Widom
distribution for each x,y € R. The article [33] does not have the (x — y)?n!/3 terms and proves
that the whole two-dimensional field 3y /). ) converges to a four-dimensional extension of
the Airy sheet that the authors called the Directed Landscape’. Note, however, that our result
deals only with the function of two variables .A(x, y).

It is believed that the Airy sheet appears universally in scaling limits of directed percolation
models, polymers, and many interacting particle systems. Quastel-Sarkar [58] and Virag [61] (see
also Corwin-Quastel-Remenik [27]) show that it also governs the large time scaling limit of the
KPZ equation.

Taking the limit of the shift-invariance statement for the Brownian last passage percolation, we
arrive at a similar statement for the Airy sheet.

Theorem 7.10. Fixt >0, A> 0, x,y € R. In addition, choose a collection of points (x;,y;), i =
1,...,n, such that foreach i either x; < x,y; >y + Aorx; > x + A, y; < y. Then we have an identity
in distribution:

d

(AGLY); Al y) i =1,.,n) = (AKX + A,y + A); A(x, p),i=1,...,n).

7.7 | Back to additive SHE

We end the discussion of degenerations by a remark that the small time limit of the KPZ equation
is Gaussian and is given, after proper recentering and rescaling by the stochastic heat equation

1f we follow the notation of [27] and add the parabola, as in (7.14), then the limiting object has been known under the
name of ‘space-time Airy sheet’.
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with additive noise, as

Sjgy) = %5&{3 + L exp (—%) -, t>0,x ER, .Sj(y)(O,x) =0,

\ 27t

where 7 is the 2d white noise; see [7, Section 6.2] for the discussion on how the small time limit can
be readily obtained from the Wiener chaos expansion. The shift-invariance for the last equation
is essentially equivalent to the shift-invariance for the colored SHE of Section 2 and can be proven
directly in the same way.

APPENDIX: FUSION

In this section we explain the fusion procedure, which produces higher spin/higher rank vertex
model from the colored six-vertex model. Our aim is to obtain the weight (6.2) as a result of the
summation of the products of weights of all vertices in M X L rectangle (over all possible choices
of such vertices) for the colored six-vertex model.

A.1 | Row-vertices

We follow the notations of Section 4.1.

The key combinatorial object in the fusion procedure is the row-vertex. It is obtained by hor-
izontally concatenating M of the R-vertices (4.7), and specializing the spectral parameters to a
geometric progression ¢¥ 'z, ..., qz, z. More specifically, for two fixed integers b,d € {0,1, ..., N}
and two vectors of integers (a,, ..., @y;), (¢q, ... ,Cpy) € {0, 1, ..., N}, we define

R,((ay,....ap), b;(cy, ... cpp), A)

N N
= ) ) Rgu-,(ay, bie, iDRgu-2,(a5, 1500, 1) o Ry(@pg g5 Can ), (AD)
H=0  iy_1=0
or graphically,
] ) ‘M
Ro((@ o san)bi(erven)id ) = o (A2)
a1 aQ am

where the spectral parameters of the vertices are given by g™~z (with i increasing as one reads
from left to right), and each internal horizontal edge is summed over all possible values in the set
{0,1,...,N}.

A.2 | M-fused vertices

Definition A.1. Let M >1 and consider a vector of nonnegative integers (ai,...,ay) €
{0,1, ..., N}*. From this we define another vector,

C(al,...,aM) :=(A1,...,AN), Al=#{] . aj=i}, VlSlSN,

which keeps track of the multiplicity of each color 1 < i < N within (a,, ..., ay).
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Let usfix two vectors A = (4,, ..., Ay)and C = (Cy, ..., Cy) whose components are nonnegative
integers, such that |A| < M and |C| < M. We define the weight of an M-fused vertex as follows:

AbCd) = = Y VOO (), e, ay), bi (e s )y d), (A3)
Z,(M;A) .
(ag,....ap)=A
C(cq,e.cp)=C

where the summation is over all vectors of integers (a, ..., ay), (¢, ..., ¢p) €{0,1,...,N M such
that C(ay, ..., ay;) = A and C(cy, ..., ¢;;) = C. The exponent appearing in the sum is given by

inv(a;,..,ay) =#{i<j: ai>aj},

while the normalization takes the form of a g-multinomial coefficient:

- (4 D S
Z,(M;A) = ginv@ran) = , Ay =M= A,
1 C(alng):A (G Da, (@ Da, - (@D, Z{ l
We shall represent the M-fused vertex (A3) pictorially as
C
EiM)(A,b;C,d)Z , 4, bde{0,1,...,N}, A, CeNV, (A4)

A

where the spectral parameter of the vertex is equal to z.

Probabilistically, one should think that the distribution of incoming colors satisfies
g-exhangeability’. Then (A3) computes the partition function of M vertices under such distri-
bution.

A.3 | Evaluation of M-fused vertices
The following result is taken from [21, Theorem B.4.1].

Theorem A.2. Fix two vectors A,C € NN such that |A| <M, |C| <M, and two integers b,d €
{0,1, ..., N}. The M-fused vertex (A3) has the following explicit evaluation:

(1 — gAaz)gMa+1n1, b=d,
(1 — gAa)gtiann, b<d, (A5)

M
[:g )(A’ b; C’ d) = 1(A+eb:C+ed) : 1—
z(1 — gAd)gharN b > d,

qMz

where Ay, Ny = Adg1 + Agyo + -+ + Ay. Or more compactly,

1 — gAdzlb=d
E(ZM)(A’ b;C,d) = Late,=Cey) zhd 1=, gRasN, (A6)

1—gMz

where by agreement A, = M — Zi 1A

¥ Proposition B.2.2 of [21] then yields g-exhangeability also for the outgoing colors.



SHIFT-INVARIANCE FOR VERTEX MODELS AND POLYMERS 291

A.4 | Column vertices

We begin by defining column vertices by taking towers of height L of the M-fused vertices (A4):

C

by d,

E(ZM)<A,(b,,...,bL);C,(dl,...,dL)) = (A7)

by dy
by dy

A

where the spectral parameters of the vertices are given by g'~!z (with i increasing as one reads
from bottom to top).

A5 | (L.,M)-fused vertices

Now we fuse the horizontal lines, to produce (L, M)-fused vertices. Fix two more nonnegative
integer vectors B = (B, ..., By) and D = (Dy, ..., Dy).

Definition A.3. In a similar vein to Section A2, we define

Won@ABCD) = ——— Y gt Mp (b b )€, (dy e dy), (AS)
Z,(L;B) . _ /2
(by,.by )=B
C(dy,d; )=D

where the normalization takes the form

i (@) ol
Z,(L;B) = gL = , By:=L-) B,
a c<bl,§L>:B (@ Ds,(@ Dp, @ Dp,” l; ’

Note that, in this definition, we reverse the order of the entries of the vector (b,, ..., b;) before
applying the inv function.

Note the presence of 1/z, rather than z in the right-hand side of (A8). The same inver-
sion of z is responsible for the appearance of z; L zl‘l, ... in the column rapidities of
Theorem 6.2.

The main result of this section is Theorem A5, which identifies (A8) with (6.2). For now we take
(AS8) as the definition.



292 | BORODIN ET AL.

A.6 | Recursion relation

We write a recursion for the (L, M)-fused vertices (A8), by peeling away the bottom-most vertex
from the column (A7):

W m(z;A,B;C,D)

N N

1 B _ o _

ol py > D —gPghi . gPv W (2 A, e Al e)W; 1 (gz: Al B3 C, D)) (A9)
i=0 j=0

where we defined B, = B—e; and A'~ = A + ¢; — e; and e; is the ith basis vector. Equivalently,
in terms of the M-fused vertices (A3), we have

W, m(z;A,B;C,D)

N N

__1 B;\Bi By p(M)p i ad— i At B D

= W;;(l_q )q . q Nﬁl/z(A,l,Aij s IWr-1m(qz; A7 B3 C, DY), (AlO)
A.7 | Explicit formula for (L,M)-fused weights

For any two vectors a = (¢, ..., ay) and 8 = (B4, ..., By ), define the function

pla.B)= D ap;

1<i<j<N
For any two vectors A = (4,...,Ay) and u = (U, ..., up) such that A; < y; forall 1 < i < N, define
further

(A, 5 x, ) = g*H AV (y /)1 (Al1)

6 D0/ % Dpep) (ui>
O3 Dy im1 \Ai q.

4

Proposition A.4. Note the following recursive properties of the function ®:

L@ =y)(x—yg“ )
(x=y)a-yg")

S n A=A = g4
(x — y)(1 - g*1)

where j > 1. Both these are immediate from the definition (AlL).

(A, u;x,qy) = q D(A, 4 x,y),

DA, u—ej;x,qy) = xq (4, u;x,y),

Theorem A.5. Fix two integers M, L > 1, and four vectors A, B, C,D such that 0 < |A|,|C| < M
and 0 < |B|, |D| < L. The (L, M)-fused weights are given by the following formula:

WL,M(Z; A,B;C,D)

= 1(a+B=c+D) X ZDBgAL=DM o Z ®(C—-P,C+D-P;q" Mz,gM2)®P,B;q % /z,q71),
P

(A12)

where the sum is taken over vectors P = (Py, ..., Py) such that 0 < P; < min(B;, C;) forall1 < i < N.
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A.8 | Proof of Theorem A5 for L =1

Because of the constraint 0 < |B| |ID| < L,when L = 1 the vectors B, D must be of the form B = e;
and D = ej,for some 0 < i,j <

In the case B = e, the summation in (A12) reduces to a single term, namely P = e,. After some
simplifications, we find that

W1ip(Z: A, €0;C,e,) = Lia_cie,®(C,C + €4 Mz, g M2)D(ey, ;97" /2, g )z%gA M

1-M . —1.
=1(a—Crey) (g "z q)IC|(q ,Q)sb (Cb + 9b> Zebq(C[b+1’N]—M+l)6b’
q

(@Mz;9) )46, Cy
where we have introduced the notation
0, b
,=14.
b { 1, b
Analyzing separately the cases b = 0 and b > 1 of the above equation, we see that

1-q°"z q*—q"/z
Wi e Coeo = oo (Y= ) =Yoo (T

\V I|

for b = 0, and

qu+1 -1

_ 1—g%
W1,M(Z;A, e);;C,e) = 1(A:C+eb) <1_q—_Mz>ZqC[b+1,N] M _ 1(A=C+eb) (m>qA[b+1,N]

for b > 1. The expressions obtained are in agreement with the weights LZ(M)(A 0;C,0) and
E(M)(A 0;C,b), respectlvely, asis easﬂy verified using (A5).

In thecase B=e, for1 N, the summation over P is constrained to P € {e,, e,}, and we
obtain

Wim(z;: A e.5C e,) = Liate —Crey) (®(C,C+ey;q" ™Mz, g Mz)D(ey, e /z,g7 ") +

P(C—-e,,C—e, +e; ql_Mz, q_Mz)dJ(ea, e,; q_l/z, q_l)) DAL qA_Meb.

This can then be divided into two distinct cases, namely (i) a # b and (ii) a = b.
Using the definition (All), in case (i) one finds that

@ hae, /C, +0
Wl,M(Z;A, ea;c’ eb) = 1(A+ea - < b b)
q

=C+ep) (1 _ —1) 1-q) C,

1-M . 1-M .
(@ ™Mz; )¢ (1 2) 4 g5l @™z 9)c-1 (qz—1) \ 201 g(Clorin=M+18,—8
(@ V2:9)c)s0, @MzQ)c-140,
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This can in turn be subdivided into three cases, (i1) b = 0, (i2) 0 # b < a and (i3) a < b. In case
(i1), we calculate

Wim(z:Ae,;Ce)

1 1— qC—MZ 1— qC—l—MZ 1
=1(A+eu=C)(1_q—l){ 2 (1—Z)+W(qz—l) zZ q

1—gM 1
1— qC—M—l 1— qM—A LA
=1 —— =1 _ —_ |z .
(A+e,=C) 1—q Mz (A+e,=C) 1—gM/z q

In case (i2), we calculate

1—qu+1 1—2z -1 gz—-1 C
Waa(ai €51 Ce0) = ave,mera) Tog | Tgs + 9 To gy SO0

1—g%*\ ) ¢ -1 1—q™ \ | A
= 1(A+ea=C+eb) < 1— qM/Z Z q [b+1,N] = 1(A+ea=C+eb) —1 — qM/Z z q [b+1,N]

Both (i1) and (i2) agree with Cglyz) (A, a;C,b) for a > b. In case (i3), we calculate

l_qcb+1 1—2z qZ—l c
WLM(Z;A, e;;C.e) = 1(A+ea:C+eb) 1—gq 1—q Mz + 1—q Mz qlb+1NI-M

1 _ qu+1 c 1 - qAb A
= 1(A+ea=C+eb)<1—_ 7z q N = 1(p 40 —Ciey) T—ov/; e g+,

which agrees with 41\//12) (A,a;C,b)fora < b.
Similarly, in case (ii), we obtain

ot 1> @Mz ) (1-2)

()
Wim(z;A,e,5Ce,) = 1 ¢ < -
: o (A=) Co /Jo@Mzq)ic1n1

1-M .
+ < Ca > (q;&(qz — 1) qCIaJrl,Nl_M.
Co—1/4 (@Mz;q)c

a

This we can readily simplify as

la-c

W,v(z;A,e ;Ce,) =
oM CTTY T A- g — g Mz)

{a =g = 2)= (1 - )1 - g2) gl ™

c A
qge—2z C -M 1—q%/z A,
=1A_ _— [a+1,N] =1,_ - 7= [a+LN]
(AC)<1 —q‘MZ>q (AC)< 1 —qM/Z>q

in agreement with the form (A5) of £(11>42)(A, a;C,a).
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A.9 | Proofof general case in Theorem A5

So far we have proved that (A12) holds for L = 1. We now show that (A12) obeys the recursion
relation (A9), which is sufficient to show that (A12) holds in general by induction on L. We can
assume that

~6b MOy +1(0=0;)~C ;D-B (AL-DM

Wi 1m(@z: A% B3 C. D)) = 8p4p-cyp X 27 q

Y ®(C-P,C+D—e, —P;q"Mz,g M 2)0(P,B—e,;q " /z,g7) (A13)
P

holds for some L > 2, where the summation is over all P such that 0 < P; < min(B;, C;) for all
i#a,and 0 < P, < min(B, —6,,C,).

Up to prefactors and slight modifications of the arguments of ®, this very closely resembles
the form of W ,,(z; A, B; C, D). Substituting (A13) into (A10), and requiring this to be equal to
(A12) leads to the identity stated in Lemma A6. The proof of that lemma completes the proof of
Theorem AS5.

Lemma A.6. Let A = (44,...,Ay) and p = (Uy, ..., uy) be two vectors of arbitrary variables, and
write |A| = Zfi L Aand |u| = Zf\i 1 M; for their sums. Let x and y be two further arbitrary parameters,
and let a be an integer satisfying 0 < a < N. We define the following function:

A [l _
xq"*! - yq 1-y

’ =0
< 1—yql#l ><x—y> ¢

Pa(d, 3%, y) = | abata /1
xqz;l:l/li( —4 >( —y>, a>1.
1—gta x—y

Fix four vectors of variables A, B, C, D such that A + B = C + D. Let P be a further vector of arbi-
trary variables. Fix two further parameters M and L, and define Ay = M — Zf\i 1A; and By =
L- Zf; 1 Bi. The following summation identity holds:

-C

N N
q - - M _
33 ({5 )i - g b A b
a=0b=0

X 0,(P,B;q L /2,7 F)p,(C—P,C+D—-P;qg- Mz, g Mz) =1. (A14)
Proof. The summation over a and b can be broken down into six cases. These are 1. a = b =0,

2N>a>b=0,3.N>a>b>1,4. N>a=b>1,5.1<a<b<N,6.0=a<b<N. Let
S, » denote the summand of (A14), that is, we write the left-hand side as

N N
2 2 Sai
a=0b=0

One can write down the summand explicitly in each case. In what follows, we use the notations
B, := Y. andB,, := Y, B;. The six cases read:
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Case 1:
_ @"—a")q%z - ¢")(q" — ¢*2)
YT (=21 - gh) @M —q+Pz)]
Case 2:
L _ D) gM+B — gA+B)(1 — gBa—Pa
Sa0=zan_Ba(q q°)(q g* )1 —gq ) as1.
’ (1 — Z)(l — qL)(qM+P — qC+DZ)
Case 3:
— gPv)(gBp—Pv — g€b)(1 — gBa—Pa
Sa p= qu,a_Bb,a+Db,N (1 q )(q q )(1 q ), a>bh > 1
’ (1 —2)A — gb)(gcp*Py — gPb)
Case 4:
—_aD — ~By—Py\(Bp—Dp » _ ~C,
5,, = gfo-BDoy L= d A =g 0GRz =g )
' (1 —2)1 — gb)(gCp*Ps — gPb)
Case 5:
—gP — gC»+Dp=Bp)(gPa—Ba —
Sa,b = qua,b—Pa,b—1+Db+1,N a q ) gt bc b)D(q . 1)’ 1<a<b.
1 =2)1A — gE)(gcp+Ps — gPb)
Case 6:
Sop = q Po-17BeNtDon 1 -g™)g" ™™ —g%)g"z—q") > 1.

(1 —2)(1 - gh)(g“e*Pr — gPb)
We can then perform some partial summations over the index a, keeping b fixed. These sums

telescope, and we easily find (summing Case 1 and 2 terms) that

N
So0 + Z Sa0 =

a=1

(g —q°)
(1 —-2)1 — gh)(gM+P — qC+Pz)

((q%z — ¢")(@™ — ¢*2) + z(¢" — q*)(g" — ¢®))

(@ —g™)(@**Bz - ") (@ -qb)
(A -gl)(@M*P —qCtPz)  (1-gb)’

and on the other hand (summing Case 3-6 terms)

b—1 N
Sop + 2 Sap +Spp+ 2 Sab
a=1 a=b+1

_ gN (1 —gq™)
(1 -2)1 - gb)(gS+Pe — gPb)

+2(q% 7 — g)(A = g 7Pe) + (g — 1)(gP Tz — g)

(q PPN (g™ — g)(q"z — ")

qPr+1N (1 — gPb)

+ gPo7Bo(gPo=Po — gCb)(gPorinBorin — 1)) = =)

Finally one can sum over all 0 < b < N. The remaining terms then telescope to give 1. O
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