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Abstract: We construct a family of stochastic growth models in 2 + 1 dimensions, that
belong to the anisotropic KPZ class. Appropriate projections of these models yield 1+ 1
dimensional growth models in the KPZ class and random tiling models. We show that
correlation functions associated to our models have determinantal structure, and we
study large time asymptotics for one of the models.

The main asymptotic results are: (1) The growing surface has a limit shape that con-
sists of facets interpolated by a curved piece. (2) The one-point fluctuations of the height
function in the curved part are asymptotically normal with variance of order In(¢) for
time t > 1. (3) There is a map of the (2 + 1)-dimensional space-time to the upper
half-plane H such that on space-like submanifolds the multi-point fluctuations of the
height function are asymptotically equal to those of the pullback of the Gaussian free
(massless) field on H.
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1. Introduction

In recent years there has been a lot of progress in understanding large time fluctuations of
driven interacting particle systems on the one-dimensional lattice, see e.g. [2,3,5,13-17,
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43,47,48,58,68-70,72]. Evolution of such systems is commonly interpreted as random
growth of a one-dimensional interface, and if one views the time as an extra variable,
the evolution produces a random surface (see e.g. Fig. 4.5 in [66] for a nice illustra-
tion). In a different direction, substantial progress has also been achieved in studying
the asymptotics of random surfaces arising from dimers on planar bipartite graphs, see
the review [50] and references therein.

Although random surfaces of these two kinds were shown to share certain asymptotic
properties (also common to random matrix models), no direct connection between them
was known. One goal of this paper is to establish such a connection.

We construct a class of two-dimensional random growth models (that is, the principal
object is a randomly growing surface, embedded in the four-dimensional space-time).
In two different projections these models yield random surfaces of the two kinds men-
tioned above (one reduces the spatial dimension by one, the second projection is fixing
time). We partially compute the correlation functions of an associated (three-dimen-
sional) random point process and show that they have determinantal form that is typical
for determinantal point processes.

For one specific growth model we compute the correlation kernel explicitly, and use
it to establish Gaussian fluctuations of the growing random surface. We then determine
the covariance structure.

Let us describe our results in more detail.

1.1. A two-dimensional growth model. Consider a continuous time Markov chain on
the state space of interlacing variables

n(n+l)
S(n) = {{x]in}kZI,...,m CZ 2
m=l1,.

L < =aph n=120 A
1,....n

x;' can be interpreted as the position of particle with label (k, m), but we will also refer
to a given particle as x;". As initial condition, we consider the fully-packed one, namely
at time moment ¢ = 0 we have x;"(0) = k —m — 1 for all k, m, see Fig. 1.

The particles evolve according to the following dynamics. Each of the particles x;"
has an independent exponential clock of rate one, and when the x;"-clock rings the

particle attempts to jump to the right by one. If at that moment x;" = x,i"*l — 1
then the jump is blocked. If that is not the case, we find the largest ¢ > 1 such that

0202 o0
T3 ¥ h .
.I% : ([
. \(,

Fig. 1. Illustration of the initial conditions for the particles system and the corresponding lozenge tilings. In
the height function picture, the white circle has coordinates (x, n, h) = (—1/2,0, 0)
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Fig. 2. From particle configurations (left) to 3d visualization via lozenge tilings (right). The corner with the
white circle has coordinates (x, n, h) = (—1/2,0, 0)

X = x,’(’fll =...= x,i'it‘;_ll, and all ¢ particles in this string jump to the right by one.

For any ¢ > 0 denote by M () the resulting measure on S at time moment 7.

Informally speaking, the particles with smaller upper indices are heavier than those
with larger upper indices, so that the heavier particles block and push the lighter ones
in order for the interlacing conditions to be preserved. This anisotropy is essential, see
more details in Sect. 1.4.

Let us illustrate the dynamics using Fig. 2, which shows a possible configuration of
particles obtained from our initial condition. If in this state of the system the x%-clock
rings, then particle x13 does not move, because it is blocked by particle xlz. If it is the
x%-clock that rings, then particle x% moves to the right by one unit, but to keep the inter-
lacing property satisfied, also particles x33 and xf‘1 move by one unit at the same time.
This aspect of the dynamics is called “pushing”.

Observe that S < S for n; < ny, and the definition of the evolution implies
that MV (¢) is a marginal of M "2 (¢) for any 7 > 0. Thus, we can think of M™’s as
marginals of the measure M = l{ln M® on S = Lln S®  In other words, M(7) are

measures on the space S of infinite point configurations {x;"}, _, mom=1

Before stating the main results, it is interesting to notice that the Markov chain has
different interpretations. Also, some projections of the Markov chain to subsets of S
are still Markov chains.

1. The evolution of x 1] is the one-dimensional Poisson process of rate one.

2. The row {x{'};;>1 evolves as a Markov chain on Z known as the Totally Asymmetric
Simple Exclusion Process (TASEP), and the initial condition x{"(0) = —m is com-
monly referred to as the step initial condition. In this case, particle x’f jumps to its
right with unit rate, provided the arrival site is empty (exclusion constraint).

3. The row {x)'},,>=1 also evolves as a Markov chain on Z that is sometimes called
“long range TASEP”; it was also called PushASEP in [13]. It is convenient to view
{x;n + m},,>1 as particle locations in Z. Then, when the x,’c‘ -clock rings, the particle
x,’f + k jumps to its right and pushes by one unit the (maybe empty) block of particles
sitting next to it. If one disregards the particle labeling, one can think of particles as
independently jumping to the next free site on their right with unit rate.

4. For our initial condition, the evolution of each row {x,’(” Ye=1,.m-m =1,2,.. . isalso
a Markov chain. It was called the Charlier process in [55] because of its relation to the
classical orthogonal Charlier polynomials. It can be defined as the Doob A-transform
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for m independent rate one Poisson processes with the harmonic function 4 equal to
the Vandermonde determinant.

5. Infinite point configurations {x;"'} € S can be viewed as Gelfand-Tsetlin schemes.
Then M(t) is the “Fourier transform” of a suitable irreducible character of the infi-
nite-dimensional unitary group U (00), see [22]. Interestingly enough, increasing ¢
corresponds to a deterministic flow on the space of irreducible characters of U (c0).

6. Elements of S can also be viewed as the lozenge tiling of a sector in the plane. To
see that one surrounds each particle location by a rhombus of one type and draws
edges through locations where there are no particles, see Fig. 2. Our initial condition
corresponds to a perfectly regular tiling, see Fig. 1.

7. The random tiling defined by M (¢) is the limit of the uniformly distributed lozenge
tilings of hexagons with side lengths (a, b, ¢), when a, b, c — oo so thatab/c — t,
and we observe the hexagon tiling at finite distances from the corner between sides
of lengths a and b.

8. Finally, Fig. 2 has a clear three-dimensional connotation. Given the random config-
uration {x;'(t)} € S at time moment ¢, define the random height function

h:(Z+%) x Zog x Rag — Zso,

(1.2)
h(x,n,t) =#k e {l,....,n}|x; () > x}.

In terms of the tiling on Fig. 2, the height function is defined at the vertices of rhombi,
and it counts the number of particles to the right from a given vertex. (This definition
differs by a simple linear function of (x, n) from the standard definition of the height
function for lozenge tilings, see e.g. [50,51].) The initial condition corresponds to
starting with perfectly flat facets.

Thus, our Markov chain can be viewed as a random growth model of the surface
given by the height function. In terms of the step surface of Fig. 2, the evolution con-
sists of removing all columns of (x, n, h)-dimensions (1, %, 1) that could be removed,
independently with exponential waiting times of rate one. For example, if x% jumps to

its right, then three consecutive cubes (associated to x%, xg, xj) are removed. Clearly,
in this dynamics the directions x and n do not play symmetric roles. Indeed, this model
belongs to the 2 + 1 anisotropic KPZ class of stochastic growth models, see Sect. 1.4.

1.2. Determinantal formula, limit shape and one-point fluctuations. The first result
about the Markov chain M (¢) that we prove is the (partial) determinantal structure
of the correlation functions. Introduce the notation

(ni,n) < (n2,12) iff ny <na, 11 = tp, and (n1, 1) # (n2, ). (1.3)
Theorem 1.1. Forany N = 1,2, ..., pick N triples,
nj = (xj,nj,t;) € Z x Lso x Rxp,
such that
n<t=<---<ty, ni>=ny>-->ny. (1.4)
Then
P{Foreach j =1, ..., N there exists a kj,

1< kj < njsuch that x; (1)) = x;} = det [K(Ga, )1,y (15)
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Fig. 3. A configuration of the model analyzed with N = 100 particles at time r = 25, using the same
representation as in Fig. 2. In [38] there is a Java animation of the model

where

1 dw e1—12)/w

K(xi,ny, 115 x2, n2, ) = T2 Sy weea T (1= wynom Liny.m)< 2.1

1 etl/w (1 _ w)m wxl 1
+—,f dw]{ dz ,
(2mi)? Iy I e/z (1 —z)n2 72+l — 7

(1.6)

the contours I, I'| are simple positively oriented closed paths that include the poles 0
and 1, respectively, and no other poles (hence, they are disjoint).

This result is proved at the end of Sect. 2.8. The above kernel has in fact already appeared
in [13] in connection with PushASEP. The determinantal structure makes it possible to
study the asymptotics. On a macroscopic scale (large time limit and hydrodynamic scal-
ing) the model has a limit shape, which we now describe, see Fig. 3. Since we look at
heights at different times, we cannot use time as a large parameter. Instead, we introduce
a large parameter L and consider space and time coordinates that are comparable to L.
The limit shape consists of three facets interpolated by a curved piece. To describe it,
consider the set

D={(,n,1) e R | (V1= <v < (n+VD)} (1.7)

It is exactly the set of triples (v, n, T) € R3>0 for which there exists a nondegenerate tri-
angle with side lengths (/v, /7, /7). Denote by (i, 7, 71 ) the angles of this triangle
that are opposite to the corresponding sides (see Fig. 4 too).

Our second result concerns the limit shape and the Gaussian fluctuations in the curved
region, living on a +/In L scale.

Theorem 1.2. For any (v, n, t) € D we have the moment convergence of random vari-
ables
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Fig. 4. The triangle of (3.3) on the /eft and its scaled version defined by intersection of circles on the right

h([(v —mL1+ 5. [nL], L) — Bh([(v — n)L]1+ 4, [nL], TL)

lim =&~ N(O,D,
L—o0 VrkInL 5
(1.8)
with k = 2n?)~ L.
We also give an explicit formula for the limit shape:
Ea([(v—nL]1+ 1, [nL], L
iy EAQQY —mLI+ 5. L. eL) B )
L—00 L
| . .
= — (—v7t,7+n(71 —nv)+tM) . (1.9)
b4 sin ¢

Theorem 1.2 describes the limit shape & of our growing surface, and the domain
D describes the points where this limit shape is curved. The logarithmic fluctuations
is essentially a consequence of the local asymptotic behavior being governed by the
discrete sine kernel (this local behavior occurs also in tiling models [42,49,63]). Using
the connection with the Charlier ensembles, see above, the formula (1.9) for the limit
shape can be read off the formulas of [7].

Using Theorem 1.1 it is not hard to verify (see Proposition 3.1 below) that near every
point of the limit shape in the curved region, at any fixed time moment the random loz-
enge tiling approaches the unique translation invariant measure Mz, r, », on lozenge
tilings of the plane with prescribed slope (see [27,50,53] and references therein for dis-
cussions of these measures). The slope is exactly the slope of the tangent plane to the
limit shape, given by

oh Ty oh Ty
— =1 — =1 (1.10)
av T an b4

This implies in particular, that (7, /7, 7, /7, 7, /7) are the asymptotic proportions of
lozenges of three different types in the neighborhood of the point of the limit shape. One
also computes the growth velocity (see (1.12) for the definition of £2)

oh
ot

lsin@ sinm, Im(£2(v,n, 'L’)). (L11)
T sinm, T

Since the right-hand side depends only on the slope of the tangent plane, this suggests
that it should be possible to extend the definition of our surface evolution to the random
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surfaces distributed according to measures My, 7, =, ; these measures have to remain
invariant under evolution, and the speed of the height growth should be given by the
right-hand side of (1.11). This is an interesting open problem that we do not address in
this paper.

1.3. Complex structure and multipoint fluctuations. To describe the correlations of the
interface, we first need to introduce a complex structure. Set H = {z € C|Im(z) > 0}
and define the map 2 : D — H by

[2(v,n, D) =+/n/t, |1 —82@w,n 1) =+v/t. (1.12)

Observe that arg 2 = m, and arg(l — §2) = —m,. The preimage of any £2 € H is a
ray in D that consists of triples (v, , T) with constant ratios (v : 1 : t). Denote this ray
by Rg. One sees that R;’s are also the level sets of the slope of the tangent plane to
the limit shape. Since h(av, an, at) = ah(v, n, T) for any o > 0, the height function
grows linearly in time along each Rg;. Note also that the map £2 satisfies

02 AR

—_— =, 1.13
an ot ( )

a2
1-2)— =%
av
and the first of these relations is the complex Burgers equation, cf. [52].
From Theorem 1.2 one might think that to get non-trivial correlations we need to

consider (h — [E(h))/+/In L. However, this is not true and the division by +/In L is not
needed. To state the precise result, denote by

G(z,w) = —% In (1.14)

Z—w
Z—w

the Green function of the Laplace operator on H with Dirichlet boundary conditions.

Theorem 1.3. Forany N = 1,2, .., letx; = (vj,n}, tj) € D beany distinct N triples
such that

N<n=<---<1y, N =n=---=1nN. (1.15)
Denote

Hy(v,n, 1) := /7 (h(((v = L1+ 3. [nL], tL) — Bh(((v — p)L] + 1, [nL], L)),
(1.16)

and 2; = 2, nj, t;). Then

N/2 .
D oeFy sz/l G(8252j-1), 262j)), N is even,
0, N is odd,

(1.17)

Lli_)moo E(HL(Ga) - HL(oen)) = [

where the summation is taken over all fixed point free involutions o on {1, ..., N}.
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The result of the theorem means that as L — oo, Hy (271(z)) is a Gaussian process
with covariance given by G, i.e., it has correlation of the Gaussian Free Field on H.
We can make this statement more precise. Indeed, in addition to Theorem 1.3, a simple
consequence of Theorem 1.2 gives (see Lemma 5.4),

E(Hp(a) -+ H(38)) = O(L?), L — oo, (1.18)

for any s¢; € D and any € > 0. This bounds the moments of Hy (5¢;) for infinitesimally
close points »z;. A small extension of Theorem 1.3 together with this estimate immedi-
ately implies that on suitable surfaces in D, the random function Hy (v, 1, T) converges
to the §2-pullback of the Gaussian free field on H, see Theorem 5.6 and Theorem 5.8 in
Sect. 5.5 for more details.

Conjecture 1.4. The statement of Theorem 1.3 holds without the assumption (1.15),
provided that $2-images of all the triples are pairwise distinct.

Theorem 1.3 and Conjecture 1.4 indicate that the fluctuations of the height function
along the rays Ry vary slower than in any other space-time direction. This statement
can be rephrased more generally: the height function has smaller fluctuations along the
curves where the slope of the limit shape remains constant. We have been able to find
evidence for such a claim in one-dimensional random growth models as well [30,39].

1.4. Universality class. In the terminology of physics literature, see e.g. [4], our Mar-
kov chain falls into the class of local growth models with relaxation and lateral growth,
described by the Kardar-Parisi-Zhang (KPZ) equation

0h = Ah + Q(dyh, 0yh) + white noise, (1.19)

where Q is a quadratic form. Relations (1.10) and (1.11) imply that for our growth model
the determinant of the Hessian of d;/, viewed as a function of the slope, is strictly nega-
tive, which means that the form Q in our case has signature (—1, 1). In such a situation
Eq. (1.19) is called an anisotropic KPZ or AKPZ equation.

An example of such system is growth of vicinal surfaces, which are naturally aniso-
tropic because the tilt direction of the surface is special. Using non-rigorous renor-
malization group analysis based on one-loop expansion, Wolf [77] predicted that large
time fluctuations (the roughness) of the growth models described by the AKPZ equa-
tion should be similar to those of linear models described by the Edwards-Wilkinson
equation (heat equation with random term)

d0sh = Ah + white noise. (1.20)

Our results can be viewed as the first rigorous analysis of a non-equilibrium growth
model in the AKPZ class. (Some results, like logarithmic fluctuations, for an AKPZ
model in a steady state were obtained in [67]. Some numerical results are described
in [45,46,54]). Indeed, Wolf’s prediction correctly identifies the logarithmic behavior
of height fluctuations. However, it does not (at least explicitly) predict the appearance
of the Gaussian free field, and in particular the complete structure (map §2) of the fluc-
tuations described in the previous section.

On the other hand, universality considerations imply that analogs of Theorems 1.2
and 1.3, as well as possibly Conjecture 1.4, should hold in any AKPZ growth model.
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1.5. More general growth models. It turns out that the determinantal structure of the
correlations functions stated in Theorem 1.1 holds for a much more general class of
two-dimensional growth models. In the first part of the paper we develop an algebraic
formalism needed to show that. At least three examples where this formalism applies,
other than the Markov chain considered above, are worth mentioning.

1. In the Markov chain considered above one can make the particle jump rates depend
on the upper index m in an arbitrary way. One can also allow the particles to jump both
right and left, with ratio of left and right jump rates possibly changing in time [13].

2. The shuffling algorithm for domino tilings of Aztec diamonds introduced in [37] also
fits into our formalism. The corresponding discrete time Markov chain is described
in Sect. 2 below, and its equivalence to domino shuffling is established in the recent
paper [59].

3. A shuffling algorithm for lozenge tilings of the hexagon (also known as boxed plane
partitions) has been constructed in [19] using the formalism developed in this paper,
see [19] for details.

Our original Markov chain is a suitable degeneration of each of these examples.

We expect our asymptotic methods to be applicable to many other two-dimensional
growth models produced by the general formalism, and we plan to return to this discus-
sion in a later publication.

1.6. Other connections. We have so far discussed the global asymptotic behavior of our
growing surface, and its bulk properties (measures an,,,n,m), but have not discussed
the edge asymptotics. As was mentioned above, rows {x{'},,;>1 and {x];};,>1 can be
viewed as one-dimensional growth models on their own, and their asymptotic behavior
was studied in [13] using essentially the same Theorem 1.1. This is exactly the edge
behavior of our two-dimensional growth model.

Of course, the successive projections to {x{"},;>1 and then to a fixed (large) time
commute. In the first ordering, this can be seen as the large time interface associated to
the TASEP. In the second ordering, it corresponds to considering a tiling problem of a
large region and focusing on the border of the facet.

Interestingly enough, an analog of Theorem 1.1 remains useful for the edge compu-
tations even in the cases when the measure on the space S is no longer positive (but its
projections to {x{"},;>1 and {x, },,>1 remain positive). These computations lead to the
asymptotic results of [13—17,72] for one-dimensional growth models with more general
types of initial conditions.

Another natural asymptotic question that was not discussed is the limiting behavior
of M™(t) when t — oo but 1 remains fixed. After proper normalization, in the limit
one obtains the Markov chain investigated in [76].

Two of the four one-dimensional growth models constructed in [35] (namely, “Ber-
noulli with blocking” and “Bernoulli with pushing”) are projections to {x{'},>1 and
{x;"}m>1 of one of our two-dimensional growth models, see Sect. 2 below. It remains
unclear however, how to interpret the other two models of [35] in a similar fashion.

Finally, let us mention that our proof of Theorem 1.1 is based on the argument of [31]
and [74], the proof of Theorem 1.3 uses several ideas from [51], and the algebraic formal-
ism for two-dimensional growth models employs a crucial idea of constructing bivariate
Markov chains out of commuting univariate ones from [34].

Outline. The rest of the paper is organized as follows. It has essentially two main parts.
The first part is Sect. 2. It contains the construction of the Markov chains, with the final
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result being the determinantal structure and the associated kernel (Theorem 2.25). Its
continuous time analogue is Corollary 2.26, whose further specialization to particle-
independent jump rate leads to Theorem 1.1.

The second main part concerns the limit results for the continuous time model that we
analyze. We start by collecting various geometric identities in Sect. 3. We also shortly
discuss why our model is in the AKPZ class. In Sect. 4 we first give a shifted version of
the kernel, whose asymptotic analysis is the content of Sect. 6. These results then allow
us to prove Theorem 1.2 in Sect. 4 and Theorem 1.3 in Sect. 5.

Finally, we report in Appendix B certain developments that originated from the pres-
ent work since the appearance of its preprint version on the arXiv.

2. Two Dimensional Dynamics

All the constructions below are based on the following basic idea. Consider two Markov
operators P and P* on state spaces S and S*, and a Markov link A : §* — S that
intertwines P and P*, that is AP = P*A. Then one can construct Markov chains on
(subsets of) S* x S that in some sense has both P and P* as their projections. There is
more than one way to realize this idea, and in this paper we discuss two variants.

In one of them the image (y*, y) of (x*, x) € &* x S under the Markov operator is
determined by a sequential update: One first chooses y according to P(x, y), and then
one chooses y* so that the needed projection properties are satisfied. A characteristic
feature of the construction is that x and y* are independent, given x* and y. This bivariate
Markov chain is denoted P, ; its construction is borrowed from [34].

In the second variant, the images y* and y are independent, given (x, x*), and we say
that they are obtained by parallel update. The distribution of y is still P(x, y), indepen-
dently of what x* is. This Markov chain is denoted P, for the operator A = AP = P*A
that plays an important role.

By induction, one constructs multivariate Markov chains out of finitely many univar-
iate ones and links that intertwine them. Again, we use two variants of the construction
— with sequential and parallel updates.

The key property that makes these constructions useful is the following: If the chains
P, P*, and A, are h-Doob transforms of some (simpler) Markov chains, and the har-
monic functions % used are consistent, then the transition probabilities of the multivariate
Markov chains do not depend on /. Thus, participating multivariate Markov chains may
be fairly complex, while the transition probabilities of the univariate Markov chains
remain simple.

Below we first explain the abstract construction of P4, Pa, and their multivariate
extensions. Then we exhibit a class of examples that are of interest to us. Finally, we
show how the knowledge of certain averages (correlation functions) for the univariate
Markov chains allows one to compute similar averages for the multivariate chains.

2.1. Bivariate Markov chains. Let S and S8* be discrete sets, and let P and P* be
stochastic matrices on these sets:

D Py =1 xeS; > Pty =1, xfes”. 2.1)
yeS y*eS*

Assume that there exists a third stochastic matrix A = [|A(X*, x)|| x5+ yes such
that for any x* € S*and y € S,
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DAL OPE,Y) = D PO Y)AGT ). 2.2)
xeS y*eS*

Let us denote the above quantity by A(x*, y). In matrix notation

A= AP = P*A. (2.3)

Set

Sp=1{(x"x)eS* xS AKX*, x) > 0},
Sa={x"x)eS* xS|AK* x) > 0.

Define bivariate Markov chains on S4 and S by their corresponding transition proba-
bilities

POy P*(* Y AG*Y)  p 0

PA((x*, x). 5%, y) = Ay AW =0 gy
0, otherwise,
P(x, y)P*(x*, y")A(y*, x)

PA((x*,x), ", y) = - (2.5)

A(x*, x)

It is immediately verified that both matrices P4 and P, are stochastic.

The chain P4 was introduced by Diaconis-Fill in [34], and we are using the notation
of that paper.

One could think of P4 and P, as follows.

For P4, starting from (x*, x) we first choose y according to the transition matrix
P(x, y), and then choose y* using %W
of the middle point in the successive application of P* and A provided that we start at
x* and finish at y.

For P4, starting from (x*, x) we independently choose y according to P(x, y) and

y* according to W, which is the conditional distribution of the middle point

in the successive application of P* and A provided that we start at x* and finish at x.

, which is the conditional distribution

Lemma 2.1. For any (x*,x) € Sy, y € S, we have

> Palx), 0%, ) = P(x, ),

y*eS*:(y*,y)€S

(2.6)
> Pallx*,x), %, 3) = P(x, ),
yres*:(y*,y)eSa
and for any x* € §*, (y*,y) € Sy,
D AR DPAT, X)), (0 y) = PR Y AGE, y),
xeS:(x*,x)eSp 2.7)

D AN DPAE, ), 0 ) = PREE YA, ).

x€8:(x*,x)eSH

Proof of Lemma 2.1. Straightforward computation using the relation A = AP = P*A.
0
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Proposition 2.2. Let m*(x*) be a probability measure on S*. Consider the evolution
of the measure m(x*)A(x*, x) on Sp under the Markov chain P, and denote by
(x*(J), x(j)) the result after j = 0,1,2, ... steps. Then for any k,l = 0,1, ... the
Jjoint distribution of

(x*(0), x*(1), ..., x* k), x(k), x(k+ 1), ..., x(k +1)) (2.8)
coincides with the stochastic evolution of m* under transition matrices
(P*,...,P*", A, P, ..., P). (2.9)
~————— ———
k I

Exactly the same statement holds for the Markov chain P, and the initial condition
m*(x*)A(x*, x) with A replaced by A in the above sequence of matrices.

Proof of Proposition 2.2. Successive application of the first relations of Lemma 2.1 to
evaluate the sums over x*(k +1), ..., x*(k + 1), and of the second relations to evaluate
the sums over x(1), ..., x(k—1). O

Note that Proposition 2.2 also implies that the joint distribution of x*(k) and x (k)
has the form mj (x*(k)) A(x*(k), x (k)), where m is the result of k-fold application of
P* to m*.

The above constructions can be generalized to the nonautonomous situation.

Assume that we have a time variable ¢ € Z, and our state spaces as well as transition
matrices depend on ¢, which we will indicate as follows:

S, S*®), Plx,yln, P& y"|n), A" x|, P@), P (1), A@).
(2.10)

The commutation relation (1.3) is replaced by A(¢) P(t) = P*(t)A(t + 1) or

ASyln = D AGH xIDPE,yID = D PRy 0 AGS yli+ D),

xeS(t) y*eS*(1+1)
(2.11)
Further, we set
Sa(t) ={(x*,x) e S*(t) x S@t) | A(x™, x | 1) > 0}, (2.12)
Sa(t) ={(x*,x) e S* (1) x S+ 1) | Ax*, x |1) > 0}, ’
and
POy [DP* Gy [DAG Y D) 4 v1p) = ()
Pa(r*, ), 6% ) 1) = AGTTD (O VI =00 4
0, otherwise,
P(x,ylt+ )P (x*, y* ) A(Y*, x |t +1)
Pa((x*,x), 0%, ») |1 = . (2.14)

A(x*, x|t)

The nonautonomous generalization of Proposition 2.2 is proved in exactly the same
way as Proposition 2.2. Let us state it.
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Proposition 2.3. Fix 1y € Z, and let m*(x*) be a probability measure on S*(ty). Con-
sider the evolution of the measure m(x™*) A(x*, x | tg) on S A (ty) under the Markov chain
P (1), and denote by (x*(tg+ j), x(to+ j)) € Sa(to+ J) the result after j =0,1,2, ...
steps. Then for any k,1 = 0, 1, ... the joint distribution of

(x* (o), x*(to + 1), ..., x (o + k), x(fo + k), x(to +k + 1), ..., x(fg +k +1))  (2.15)
coincides with the stochastic evolution of m* under transition matrices
P*(tg), ..., P (to+k — 1), A(tg + k), P(tg + k), ..., P(to+k+1—1) (2.16)

(for k =1 = 0 only A(ty) remains in this string).
A similar statement holds for the Markov chain P(t) and the initial condition
m*(x*)A(x*, x | tg): Forany k,1 = 0, 1, ... the joint distribution of

(xX*(to), x* (to + 1), ..., x* (o + k), x(to+k+ 1), x(tog +k+2), ..., x(to+k+1+1))
(2.17)

coincides with the stochastic evolution of m* under transition matrices
P*(to), ..., P (to+k — 1), A(to + k), P(to+k +1),..., P(to+k+1). (2.18)

Remark 2.4. Observe that there is a difference in the sequences of times used in (2.8)
and (2.17). The reason is that for nonautonomous P4, the state space at time ¢ is a subset
of S*(r) x S(t + 1), and we denote its elements as (x*(¢), x(¢ + 1)). In the autonomous
case, an element of the state space S, at time 7 was denoted as (x*(¢), x(¢)).

2.2. Multivariate Markov chains. We now aim at generalizing the constructions of
Sect. 2.1 to more than two state spaces.

Let Sy, ..., S, be discrete sets, Py, ..., P, be stochastic matrices defining Markov
chains on them, and let A%, R Aﬁfl be stochastic links between these sets:

Sk x S — [0, 1], ZPk(xy)_l x eS8, k=1,

yeSk
(2.19)
A S xS > (011 D0 Af_(y) =1, xe&, k=2,....n.
YeSK-1
Assume that these matrices satisfy the commutation relations
Ak = AF Py = PeAk k=2
k—1 — A1 Lk—1 = Ly _q, =4Z,...,Nn. (2.20)
The state spaces for our multivariate Markov chains are defined as follows:
n
S(”) {(.XI, e ’xn) € 81 X X Sn | HAifl(xkv-xk—l) # O}s
k=2 2.21)

n
S = {(xl, X)) €8x xSy | [T Ak ok xen) ¢0}.
k=2
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The transition probabilities for the Markov chains P and P\" are defined as (we use
the notation X, = (x1,...,X2), Yn = V1, .-+, Yn))

Pe G O AR s ye—1) n P
_— o i=s A% (ks 1) > 0,

Pi(xr, yD) [Tien

P/(Xn) (Xn, Yn)= A]’z—l Xk, Yk—1)
0, otherwise,
(2.22)
n k
Pr (i, yi) A k> Xk—1)
Py (X, Y) =P, y0) [ | £l . (2.23)

k=2 Ai_l(xkv -xk—l)

One way to think of P{” and P\ is as follows. For P\”, starting from
X, = (x1, ..., x,), we first choose y; according to the transition matrix P (x1, y1), then
Pr(x2,y2) A2 (y2,y1)

Af(x2.y1)
point in the successive application of P> and A% provided that we start at x and finish
at yq, after that we choose y3 using the conditional distribution of the middle point in
the successive application of P3 and A% provided that we start at x3 and finish at y,, and
so on. Thus, one could say that Y, is obtained by the sequential update.

(n)
For P,",

choose y, using , which is the conditional distribution of the middle

starting from X, = (x1,...,x,) we independently choose yi, ..., y,
Pr (i, yi) A ke xe—1)
Ay (e, xk-1)
formula is the conditional distribution of the middle point in the successive application
of P, and A’,j_l provided that we start at x; and finish at x;_;. Thus, it is natural to say

that this Markov chain corresponds to the parallel update.
We aim at proving the following generalization of Proposition 2.2.

according to P;(xy, y1) for y; and , for yg, k =2, ..., n. The latter

Proposition 2.5. Let m, (x,) be a probability measure on S,,. Consider the evolution of
the measure

My (X)) A" (X, Xn—1) - -+ A (x2, x1) (2.24)

on le) under the Markov chain P/(x"), and denote by (x1(j), ..., x,(j)) the result after
j=0,1,2,...steps. Then for any k| > ko > --- > k,, > 0 the joint distribution of

(x,Q0), ..., x5 (kp), Xp—1(ky), Xp—1(kn + 1), ..., xp—1(kp—1),
Xn—2(kn—1), ..., x2(k2), x1(k2), ..., x1(k1))

coincides with the stochastic evolution of m, under transition matrices

(Pas ooy Py AP Pyt Pt AP AL P P (225)
—— N— — e ——
kn knfl_kn kl_k2

Exactly the same statement holds for the Markov chain PX’) and the initial condition
M) Ay (s Xn—1) -+ - AT (x2, 1) (2.26)
with A’s replaced by A’s in the above sequence of matrices.

The following lemma is useful.
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Lemma 2.6. Consider the matrix A : S,, X SE‘”*]) — [0, 1] given by
. 2
A, (51,0 xp—1)) 1= Ay (X, Xn—) -+ AT (x2, X1). (2.27)

Then APXHI) = P, A. If we denote this matrix by A then

P (X1 Yo 1) Pa (i ) AQin Yam1)
P (X, Y,) = ACin Yo 1) o A Y1) > 0.5 9g)
0, otherwise.
Also, using the same notation,
(n—1)
P Xn—1, Y )Py (xn, vi) Ay, X,
PXE)(X,,,Y,,)Z A (Xn=1, Y1) Pu(xn, yn) A(yn, Xn l). (2.29)

Axn, Xn—1)
Proof of Lemma 2.6. Let us check the commutation relation AP/(X"_U = P, A. We have
-1
AP V@ Yooy = D AL xno1) o AT (2, x1)

n—1

Pi ek, YA ks =)

X Py(x1, y1) , o (2.30)
kl:[z Ay (ks yh-1)

where the sum is taken over all xy, . .., x,,—1 such that HZ;% Aifl Xk, Yk—1) > 0. Com-
puting the sum over x| and using the relation A%Pl = A% we obtain
AP V(@ Yoy = D AL (o Xam1) - AJ (33, x2)

X25eees Xn—1

) " PG, YO AN O, yie1)
x Py(x2, y2) AT (2, y0) [ | (@31

k=3 Ai_l(xka }’kfl)

Now we need to compute the sum over xjp. If A%(xz, y1) = 0 then P>(x3,y2) =0
because otherwise the relation A% = PQA% implies that A%( 2, ¥1) = 0, which contra-
dicts the hypothesis that ¥, € Sﬁf_]). Thus, we can extend the sum to all x, € S»,
and the relation A%PZ = A% gives

—1
AP DV Vo) = D Al (o xam1) - AS (g, x3) P3(x3, ¥3)

n—1

P (e yi) Af_y k. ye—1)
x 4303, y) AT, 0 [ ] T :
kA Ay (Xks Yk—1)

(2.32)

Continuing like that we end up with

An Ty Gnts Yum2) - AT, D) D A (K X 1) Pact (G, yam1), - (233)

Xn—1
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which, by A} _| P, = P, Al,_, is exactly P, A(x,, Y,—1). Let us also note that
Alxp, Y1) = AZ_I(X,,, yn—l)AZ:é(yn—l s Yn—2) - A%(yZ, y1). (2.34)

The needed formulas for P/(‘”) and PX’) are now verified by straightforward substitution.
|

Proof of Proposition 2.5. Letus give the argument for P[(X") ; for PXL) the proofis literally
the same. By virtue of Lemma 2.6, we can apply Proposition 2.2 by taking

§ =8, §=8""" pP=p, P=P! "V k=k, =k —k, (235)
and A(x,, X,—1) as in Lemma 2.6. Proposition 2.2 says that the joint distribution
(0 (0), x5 (1), .., Xn(kn), Xn—1(kn), Xn—1(kn + 1), ..., Xp_1(k1))  (2.36)
is the evolution of m, under

(P, ..oy Py, A, PV PO, (2.37)

kn k1 —kn
Induction on n completes the proof. O

As in the previous section, Proposition 2.5 can be also proved in the nonautonomous
situation. Let us give the necessary definitions.

We now have a time variable ¢ € Z, and our state spaces as well as transition matrices
depend on ¢:

Sip(), Pr(x,ylt), k=1,...,n, Ai_l(xk,xk_llt), k=2,...,n. (2.38)
The commutation relations are
AN @) = A (OP () = Pk AN ¢+ D, k=2,...,n.  (2.39)

The multivariate state spaces are defined as

W) = {(xl,...,xn) €810 x - x Sy | [ ] Af_y G xxr 1) # 0}’
k=2

SM (1) = {(xl,...,xn) ESI(t+n—1)x - x S(0) |

n
[TAk kil 40—k # 0}.
k=2
Then the transition matrices for P/((') and Pé”) are defined as

n

Pi (i, yi | AKX ey ye—1 12+ 1)

(n)
PV (Xn, Yy 1) = Pr(x1, y1|1) (2.40)
L klzlz AR G k- 1)
if [T_p AF_ (xk, ye—11#) > 0 and O otherwise; and
PXl)(Xn’ Y,) =P, y1|t+n—1)
" Pl i |t +n — k) A JXp—p|t+n—k+1
XH e (Xks Vi | VA1 Ok 11 ) 2.41)

i A G xmr [t +n — k)
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Proposition 2.7. Fix ty € Z, and let m, (x,) be a probability measure on Sy,(ty). Con-
sider the evolution of the measure

My (%) Ay (s X1 1 10) - - AT (x2, X1 | 10) (2.42)
on SX’)(IO) under PX’) (t). Denote by (x1(to + j),...,xn(to + j)) the result after

j =0,1,2,... steps. Then for any ky > ky > --- > k, > ty the joint distribution

of

(X0 (t0), - -5 Xn(kn)y Xp—1(kp), Xp—1(ky + 1), ..., Xp—1(kn—1),
Xn—2(kn—1), ..., x2(k2), x1(k2), ..., x1 (k1))

coincides with the stochastic evolution of m, under transition matrices
Py(t0), - - oy Pulkn — 1), Ay (kn), Pu—1(kn), -, Pu—1(kn—1 — 1),
A (kne1)s + s ATk2), Pr(k2), ..., Pr(ky — 1).
A similar statement holds for the Markov chain PXl)(t) and the initial condition
m(x,,)AZ_l(xn, Xn—1|to)--- A%(xz, X1 |to+n—2). (2.43)
For any ki > ky > --- > k, > tq the joint distribution of

Xn(t0), - s Xp (k) xp—1(ky + 1), xp—1(kyy +2), .., X1 (k1)
Xn—2(kn—1+1), ..., x2(k2), x1(ka + 1), ..., x1(k1))

coincides with the stochastic evolution of m, under transition matrices
Pn(t())» e Pn(kn - 1)a AZ_I(kn)v Pn—l(kn + 1)» e Pn—l(kn—l - 1)’
Ay ka1, s Ak, Pr(ka + 1), Pk — 1),

The proof is very similar to that of Proposition 2.5.

2.3. Toeplitz-like transition probabilities. The goal of this section is to provide some
general recipe on how to construct commuting stochastic matrices.

Proposition 2.8. Letr oy, . . ., a, be nonzero complex numbers, and let F (x) be an ana-
Iytic function in an annulus A centered at the origin that contains all ozj_l ’s. Assume that

F(a;") - F(a; ") # 0. Then
1 yin xion

det[a;’]. . ,det[f(x; —y)I}._, =det[e;’]. . .,
F(afl)mF(a;l) y1<~~z<yneZ i dij=1 Jfxj =i i,j=1 i i j=1

(2.44)

where

27 Zm+1

1 F(z)d
Sfm) = —7{ ﬂ, (2.45)

and the integral is taken over any positively oriented simple loop in A.
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Proof of Proposition 2.8. Since the left-hand side is symmetric with respect to permu-
tations of y;’s and it vanishes when two y;’s are equal, we can extend the sum to Z" and
divide the result by n!. We obtain

+00

n
Z det [0 17, det [£(x; — 3l ,_ l:n'det[ D a,ff(xj—y)]kal.
Yoo Yn €L y=—00 '
(2.46)
Further,
+00
a; F(z)dz
y_z_oooekf(x,—)’) Z an%w
1 = o 1 il o)
=5 ]f F(2)dz _Zl T 3 7{ F(2)dz _Z_:OO o
lzl=c1 <lo |1 YR Jzl=c2>[otg |1 =
xi+l
= L 7{ Md _ L j{ —F(Z) X! F(ay )
2 1 —apz 2mri 1 —oaxz
|zl=c1<lag| ! z|=c2> o] !
O

Proposition 2.9. In the notation of Proposition 2.8, assume that the variable Yy, is vir-
tual, y, = virt, and set f(x; — virt) = ok foranyk =1, ...,n. Then

1 ’ .
Flay" - F(a, ') Z det [o y],j pdet [f(xj =yl -y = det[a; ]U -

V1< <yn-1€Z

(2.47)

Proof of Proposition 2.9. Expansion of det [ f(x; — yi)];f =1 along the last row gives

det [f(xj =y} _Z( D" ok - det [f(xj = y)li=1,..n—1

k=1 j=1,.., k—1,k+1,..., n'
(2.48)

The application of Proposition 2.8 to each of the resulting summands in the left-hand
side of the desired equality produces the expansion of det [a;j ]?J. along the last row.

O
Forn =1,2,..., denote
Xp={(x1,...,x) €Z" |x1 < -+ < xp}. (2.49)
In what follows we assume that the (nonzero) complex parameters oy, a2, ... are
. - n
such that the ratios det[af"]?}.zl/ det [al./ 1]l. j=1 are nonzero foralln=1,2,...and
all (xq...,x,)in X". This holds, for example, when all «;’s are positive. The Vander-

. . . . xXin
monde determinant in the denominator is needed to make sense of det[o; ! ]l. =1 when
some of the o;’s are equal.
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Under this assumption, define the matrices X, x X,, and X,, x X,,_1 by

n

det o' ;_y det [f (i = I}

Ty, ... an F)(X,Y) = , . X, Y €%,
n n det [a;(_/]ZJZI H’}:] F(Ol, 1) n
det[a’]" " det[f(x — y)I”
i i j=1 l JMi =1
Ty (@t oy )X, Y)=——— = XeX,, YeX, 1.
det [o; ]l.’j=1 Hj:1 F(aj )

where in the second formula y,, = virt. By Propositions 2.8 and 2.9, the sums of entries
of these matrices along rows are equal to 1. We will often omit the parameters «; from
the notation so that the above matrices will be denoted as 7,,(F) and T, | (F).

We are interested in these matrices because they have nice commutation relations, as
the following proposition shows.

Proposition 2.10. Let F and F> be two functions holomorphic in an annulus containing

a;l ’s, that are also nonzero at these points. Then

Tn(Fl)Tn(FZ) = Tn(FZ)Tn(Fl) = Tn(FlFZ),

2.50
T,(FOT,_(F>) =T, ((F)Tu—1(F>) =T, |(F1 F>). (2-50)

Proof of Proposition 2.10. Thefirstline and therelation T, | (F)T,—1(F2)=T," | (F1F2)
are proved by straightforward computations using the fact the Fourier transform of F F>
is the convolution of those of F; and F;. The only additional ingredient in the proof of
the relation 7, (F)T,_(F2) = T,' | (F1F2) is

n

D AG = A —vit) =D Al =y, = e, ey, (2.51)

YEZL yEZL
O
Remark 2.11. In the same way one proves the commutation relation
T ((FOT) ) (F) = T (F) T, ) (F) (2.52)

but we will not need it later.

2.4. Minors of some simple Toeplitz matrices. The goal of the section is to derive explicit
formulas for 7, (F) and 7,"_, (F) from the previous section for some simple functions F.

Lemma 2.12. Consider F(z) = 1 + pz, that is

p, m=1,
fm)y=1431, m=0, (2.53)
0, otherwise.

Then for integers x1 < --- < xpand y| < -+ < yp,

pzz}:l(’“"’yi), ifvi—x; € {—1,0}forall1 <i <n,
0, otherwise.

det[f(xi —ypI oy = [

(2.54)
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Proof of Lemma 2.12. 1f x; < y; for some i then x;y < y; fork < i and ! > i, which
implies that f(xx — y;) = O for such &, [, and thus the determinant in question vanishes.
Ifx; > yi+1thenx; > y;+1fork >iand! < i, which means f(x; —y;) = 0, and the
determinant vanishes again. Hence, it remains to consider the case when x; —y; € {0, 1}
forall1 <i <n.

Split {x;}?_, into blocks of neighboring integers with distance between blocks being
at least 2. Then it is easy to see that det [ f (x; — y;)] splits into the product of determi-
nants corresponding to blocks. Let (xg, ..., x;—1) be such a block. Then there exists m,
k <m < I,suchthatx; = y;+ 1 fork <i <m,andx; = y; form <i < [. The
determinant corresponding to this block is the product of determinants of two triangular
matrices, one has size m — k and diagonal entries equal to p, while the other one has
size [ — m and diagonal entries equal to 1. Thus, the determinant corresponding to this
block is equal to p™ ¥, and collecting these factors over all blocks yields the result. O

Lemma 2.13. Consider F(z) = (1 — qz)™, that is

f(m) = [qm’ m =0, (2.55)

0, otherwise.
(i) Forintegers x|y < --- < Xxpandy; < --- <y,

gZin Ty <y <x, 1< <

, " (2.56)
0, otherwise.

det [f (i — yp)I! ,_y = [
(The condition xo < y1 above is empty.)
(ii) For integers x;1 < --- < xp and y1 < --- < yu—1, and with virtual variable
yp = virt such that f(x — virt) = g%,

det [f(xi —ypI
_{en“hﬂéﬂzﬁ”,m<w<a%15i5n—L

; (2.57)
0, otherwise.

Proof of Lemma 2.13. (i) Let us first show that the needed inequalities are satisfied.
Indeed, if x; < y; for some i then det [ f (x; — y;)] = O by the same reasoning as
in the previous lemma. On the other hand, if x;_; > y; thenx; > y; fork > i —1,
[ <i.Leti be the smallest number such that x;_; > y;. Then columns i and i + 1
have the form

. . o T
0... qul_l_y’—| qxt_)’l—l X k...
[o 0 gt g ks } , (2.58)

where the 2 x 2 block with powers of ¢ is on the main diagonal. This again implies
that the determinant vanishes. On the other hand, if the interlacing inequalities are
satisfied then the matrix [ f(x; — y;)] is triangular, and computing the product of
its diagonal entries yields the result.

(ii) The statement follows from (i). Indeed, we just need to multiply both sides of (i)
by ¢*', denote y; (< x1) by virt, and then cyclically permute y;’s. O
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Lemma 2.14. Consider F(z) = p +qz(1 — qz)_l, that is

p, m=0,
fm)=14", m=>1, (2.59)
0, otherwise.

(i) Forintegral x1 < --- < xpand y; < --- < yp,
det [ £ (xi — yj)]?,jzl — ng’=1(xi*)ﬁ')p#{i lxi=yid(1 — pyHi lxi-1=yi} (2.60)

ifxi1 <yi <xjforalll <i <n, and 0 otherwise.
(ii) For integral x1 < --- < X, and y1 < --- < yu—1, and with virtual variable
yp = virt such that f(x — virt) = g~,

det [ £ (xi — yj)]l(ijzl — (_1)"*1612,":1 =Xy p#{i i =yi} (] — p)#{i | xi=yi}
2.61)

ifxi <yi <xiz1foralll <i <n—1, and 0 otherwise.

Proof of Lemma 2.14. (i) The interlacing conditions are verified by the same argu-
ment as in the proof of Lemma 2.13(i) (although the conditions themselves are
slightly different). Assuming that they are satisfied, we observe that the matrix
elements of [ f(x; — y;)] are zero for j > i + 2 because x; < y;j4+1 < yi+2 and
f(m) =0 form < 0. Further, the (i, i + 1)-element is equal to p if x; = y;4+; or 0
if x; < yj41. Thus, the matrix is block-diagonal, with blocks being either of size 1
with entry f(x; — y;), or of larger size having the form

gk p 0 e 0
qu+l—Yk qu+l—)’k+l p . 0
qu+2*y1\» qu+27yk+1 qu+27yk+2 . O (262)
qxl_yk qxl_ykJrl qxl_yk+2 .. qxl_yl
with X = Yr+1,...,X—1 = Yy, and xXk—1 < Yk, X; < Yi+1. The determinant of

(2.62) is computable via Lemma 1.2 of [9], and it is equal to
qx1—yk(l _ p)l—k — qu+<--+x1—()'k+~--+y/)(1 _ p)l—k‘ (263)

Collecting all the factors yields the desired formula.
The proof of (ii) is very similar to that of Lemma 2.13(ii). O

2.5. Examples of bivariate Markov chains. We now use the formulas from the previous
two sections to make the constructions of the first two sections more explicit.

Let us start with bivariate Markov chains. Set S* = X, and S = X,,_1, where the
sets X,,, m = 1,2, ..., were introduced in Sect. 2.3. We will also take

A=T" (a1,..., a0 (1 —a2)7h (2.64)

for some fixed «q, ..., o, > 0.



624 A. Borodin, P. L. Ferrari

The first case we consider is
P=T,_i(a1,...,on—1; 1 +B2), P" =T (a1,...,0n; 1+B2), B>0. (2.65
Then Proposition 2.10 implies that
A=AP=P*A=T (a1, ...,0n; (1 +B2)/(1 — ay2)). (2.66)

According to (2.22), (2.23), we have to compute expressions of the form

P*(x*, y)A(Y*, y) P*(x*, y)A(y*, x)
A(x*, y) ' A(x*, x)

for the sequential and parallel updates, respectively.
We start with the condition probability needed for the Markov chain Py .

Proposition 2.15. Assume that x* € S* and y € S are such that A(x*, y) > 0, that is,
x;‘ <y < xZ+1 forall 1 <k < n — 1. Then the probability distribution
P*(x*, y*) A", y)
A(x*,y)

. yresT, (2.67)

has nonzero weights iff
Vi =X (=10}, wa =y <w k=1,....n, (2.68)

(equivalently, max(x; — 1, yp—1) < y{ <min(x}, yx — 1) for all k), and these weights

are equal to
B xXp =y an I=xi+y§
2.69
H (an +8B an + B ( )

max (x; —1,yg—1) <min(x;, yg—1)
=1,...,n

with empty product equal to 1.

Remark 2.16. One way to think about the distribution of y* € S§* is as follows. For each
k there are two possibilities for y;: Either max(x; — 1, yx—1) = min(x}, yx — 1), in
which case y; is forced to be equal to this number, or max(x; — 1, yx—1) = x; — 1 and
min(x}, yx — 1) = x[, in which case y; is allowed to take one of the two values x;’ or
x; — 1. Then in the latter case, x; — y; are i. i. d. Bernoulli random variables with the
probability of the value 0 equal to o, /(o + B).

Proof of Proposition 2.15. The conditions for non-vanishing of the weights follow from
those of Lemmas 2.12 and 2.13, namely from (2.54) and (2.57). Using these formulas we
extract the factors of P*(x*, y*) A(y*, y) that depend on y*. This yields (an/,B)Z?zl i,
Normalizing these weights so that they provide a probability distribution leads to the
desired formula. O

Letus now look at the conditional distribution involved in the definition of the Markov
chain P,. The following statement is a direct consequence of Proposition 2.15.
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Corollary 2.17. Assume that x* € S* and x € S are such that A(x*, x) > 0, that is,
x,’: <x; < x;:+1 forall 1 <k <n — 1. Then the probability distribution
P*(x*, y*) A(y*, x)
A(x*, x)

. YresT, (2.70)
has nonzero weights iff max(x; — 1, xx—1) <y < min(x}, xx — 1), and these weights

are equal to
B xi =y an I—=xi+y¢
. 2.71
H (Oln +8 an + B ( )

max (x; —1,xg—1) <min(x,xx—1)
k=1,..., n

Let us now proceed to the case
P=T i@ ...,an1; (1 =y, P =Tyar, ..., (1—y2)™). (2.72)

We assume that 0 < y < min{ay, ..., a,}.
By Proposition 2.10,

A=AP =P*A = Tn"_l(oe], v 0 1/((1 — apz)(1 — yz))). 2.73)
Again, let us start with Py.

Proposition 2.18. Assume that x* € §* and y € S are such that A(x*, y) > 0, that is,
xXi_y <Yk — 1 < x{, for all k. Then the probability distribution
P*(x*, y*) A, y)
A(x*,y) ’

V< e 8, (2.74)

has nonzero weights iff
Xy <VESEXE, k=1 S<yi<w k=1,....n—1, (2.75)

(equivalently, max(x;_, +1, yr—1) < y{ < min(x}, yx — 1) for all k), and these weights
are equal to

f[ (o /)% 276
min(x,f,yk—l) 1 : :
k=1 Zl:max(x,’f71+l,yk,1) (@n/y)

Here max(xa< + 1, yo) is assumed to denote —o0.

Remark 2.19. Less formally, these formulas state the following: Each y;* has to belong to
the segment [max (x;/_,+1, yx—1), min(x;, yr—1)], and the restriction that A(x™*, y) > 0
guarantees that these segments are nonempty. Then the claim is that y;*’s are independent,
and the distribution of y; in the corresponding segment is proportional to the weights

(otn/ y)YE . In other words, this is the geometric distribution with ratio «,, /y conditioned
to live in the prescribed segment.
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Proof of Proposition 2.18. Similarly to the proof of Proposition 2.15, we use Lemma 2.13
to derive the needed inequalities and to single out the part of the ratio P*(x™*, y*) A(y*, y)/

A(x*, y) that depends on y*. One readily sees that it is equal to (e, / y)zz=1 Y, and this
concludes the proof. 0O

Let us state what this computation means in terms of the conditional distribution used
in the construction of Pa.

Corollary 2.20. Assume that x* € §* and x € S are such that A(x*, x) > 0, that is,
xi_y <xx— 1 < x{,, forall k. Then the probability distribution
P*(x*, y*) A(y*, x)
A(x*, x)

. yresh, (2.77)

has nonzero weights iff max (x;_; + 1, x,—1) < y < min(x;, xx — 1) for all k, and these
weights are equal to

n

H (an/y)yk (2.78)

min(x;,x;—1)

L
k=1 zl:max(xi‘71+l,xk,1) (Oln/y)

In the four statements above we computed the ingredients needed for the construc-
tions of the bivariate Markov chains for the simplest possible Toeplitz-like transition
matrices. In these examples we always had x > y;', or, informally speaking, “particles
jump to the left”. Because of the previous works on the subject, it is more convenient to
deal with the case when particles “jump to the right”. The arguments are very similar,
so let us just state the results.

Consider

P=Ty 1(@1,...,00-1; 1+ B27"), P*=Ty(ar,...,an; 1+pz7"), B>0.
2.79)

e For P4, we have max(x;, yx—1) < y{ < min(x; + 1, yx — 1). This segment consists
of either 1 or 2 points, in the latter case y; — x; are i. i. d. Bernoulli random variables
with the probability of 0 equal to (1 +a,8)~".

e For Ps, we have max(x}, x;,—1) < y{ < min(x; + 1, x; — 1), and the rest is the same
as for Py.

Now consider

P=T (1 ...,ap—1; (1 —yz )™, P*=Ty(ar,...,00 (1 —yz )™,
(2.80)

for0 <y < min{al_l,...,(xn_l}.

e For P4, we have max(x;/, yx—1) < y{ < min(x;,, yx) — 1, and y; are independent
geometrically distributed with ratio (o, ) random variables conditioned to stay in
these segments.

e For P4, we have max(x', xx,—1) < y{ < min(x},,, xx) — 1, and the rest is the same
as for Py.
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Thus, we have so far considered eight bivariate Markov chains. It is natural to denote
them as

Pa(l+ Bz, Pa(l+Bz5Y, Pa((1—yzEH)™h, Pa(d —yzEH™h.
(2.81)

Observe that although all four chains of type P4 live on one and the same state space,
all four chains of type P, live on different state spaces. For the sake of completeness,
let us list those state spaces:

Sa = {(X*sx) e X, x X |)C]><k +1 <x < X,t_'_] for all k},
Sa(l+Bz) = {(x*,x) € Xy x Xp—1 | x] < xi < x7,, forall k},
Sa(l+Bz7H = {(x", %) € Xy X X1 | X +1 < xp < xf,y + 1 forall k},
Sa((1—y2)™") = {(x*, %) € Xy x X1 | X]_; +2 < xx < x}, forall k},

Sa((—yzH™ = {(x*, x) € X, x X1 | %] +1 < x < x},, — 1 forall k}.

In the above formulas we always use the convention that if an inequality involves a
nonexistent variable (like xo or x;;, ), it is omitted.

2.6. Examples of multivariate Markov chains. Let us now use some of the examples
of the bivariate Markov chains from the previous section to construct explicit examples
of multivariate (not necessarily autonomous) Markov chains following the recipe of
Sect. 2.1.

For any m > 0 we set S, = X,;;, which is the set of strictly increasing m-tuples of
integers. In this section we will denote these integers by x{" < --- < x;.

Fix an integer n > 1, and choose n positive real numbers «j, .. ., «,. We take the
maps A’,ﬁ_l to be

A =T e, =)™, k=20 (2.82)

We consider the Markov chain PX'), i.e., the sequential update, first. Its state space
has the form

n
s = {(x‘,...,x") €8x xSl [T An_ ™ 2" > 0}
m=2
_ m n(n+l) m+l1 m m+l1
= ({xm=1,.0n CZ 7 |x{7 <xi <xp,y forallk,mg. (2.83)
k=1,....m
In other words, this is the space of n interlacing integer sequences of length 1, ..., n.

Let ¢ be an integer time variable. We now need to choose the transition probabilities
P,(t),m=1,...,n.

Let {F;(z)}:>1, be a sequence of functions each of which has one of the four possi-
bilities:

Fi(z)=(0+Bz) or (1+B7/2) or (1 —y )" or (1 —y /2) 1. (2.84)
Here we assume that

ﬂti, yti > 0, v, <minf{og, ..., ), ¥, < min{afl, e a;l}. (2.85)
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We set
P,(t) = Ty(ay, ..., an; Fi(2)), m=1,...,n. (2.86)

Then all needed commutation relations are satisfied, thanks to Proposition 2.10.

The results of Sect. 2.5 enable us to describe the resulting Markov chain on SXQ) as
follows.

At time moment ¢ we observe a (random) point {x;"(¢)} € Sgl). In order to obtain
{x,i” (t + 1)}, we perform the sequential update from level 1 to level n. When we are at
level m, 1 < m < n, the new positions of the particles x’ln < --- < x are decided
independently.

(1) For F;(z) = 1+ z, the particle x}" is either forced to stay where it is if x,ﬁ"__ll (t+1) =

x;'(1), or it is forced to jump to the left by 1 if x,Z"_I(I +1) = x]' (1), or it chooses

between staying put or jumping to the left by 1 with probability of staying equal to
1/(1 + e, ). This follows from Proposition 2.15.

(2) For Fi(z) = 1+ B; /z, the particle x;" is either forced to stay where it is if
x,':’_] (r+1) = x,i” (t) + 1, or it is forced to jump to the right by 1 if x,i”__ll (t+1) =
xp'(t) + 1, or it chooses between staying put or jumping to the right by 1 with
probability of staying equal to 1/(1 + B, o).

3) For Fi(z) = (1 — )/t+z)_l, the particle x;" chooses its new position according to a
geometric random variable with ratio «,, /y," conditioned to stay in the segment

[max (x; (1) + 1, x5 (¢ + D), minG' (0), 2 '+ 1) — D] (2.87)

In other words, it tries to jump to the left using the geometric distribution of jump
length, but it is conditioned not to overcome x;" ;(¢) + 1 (in order not to “interact”
with the jump of x;"_,), and it is also conditioned to obey the interlacing inequalities
with the updated particles on level m — 1. This follows from Proposition 2.18.

@) For Fi(z) = (1 — vy, /2)~ !, the particle x;" chooses its new position according to a
geometric random variable with ratio ¢, ¥, conditioned to stay in the segment

[max (x" (1), x5 (¢ + 1), min(xf%; (0), x[" (e + 1) — 11 (2.88)

In other words, it tries to jump to the right using the geometric distribution of jump
length, but it is conditioned not to overcome x,’?ﬁrl (t) — 1 (so that it does not interact
with jumps of x;, ), and it is also conditioned to obey the interlacing inequalities
with the updated particles on level m — 1.

Projection to {x{"'}n>1. A remarkable property of the Markov chain Pl(ln) with steps of
the first three types is that its projection onto the n-dimensional subspace {xl1 > xl2 >

- > x'} (the smallest coordinates on each level) is also a Markov chain. Moreover,
since these are the leftmost particles on each level, they have no interlacing condition
on their left to be satisfied, which makes the evolution simpler. Let us describe these
Markov chains.

At time moment ¢ we observe {xll(t) > xlz(t) > .-+ > x{(t)}. In order to obtain

{x]" (¢ + 1)}, _,, we perform the sequential update from xll to x7.

(1) For F;(z) = 1+ Bz, the particle x{" is either forced to jump (it is being pushed)
to the left by 1 if x{”_l (t +1) = x{"(t), or it chooses between not moving at all or
jumping to the left by 1 with probability of not moving equal to 1/(1 + 8/ «,, h.
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(2) For Fi(z) = 1+ B, /z, the particle x{* is either forced to stay where it is if
x{”fl(t +1) = x{"(¢) + 1, or it chooses between staying put or jumping to the
right by 1 with probability of staying equal to 1/(1 + B; «;,).

) For Fi(z) = (1 — y,+z)_1, the particle x{" chooses its new position according
to a geometrically distributed with ratio ;" /e, jump to the left from the point
min(x?" (1), x" (¢ + 1) — 1). That s, if x* (r) < x!"~'(t + 1) then x" simply jumps
to the left with the geometric distribution of the jump, while if x{* (z) > xI” - (t+1)
then x{" is first being pushed to the position x{"il(t + 1) — 1 and then it jumps to
the left using the geometric distribution.

(4) For the transition probability with F;(z) = (1 — v,/ z)~!, the particle x{" is con-
ditioned to stay below min(x5' (1), x{”_l (t + 1)) — 1, which involves x5, thus the
projection is not Markovian.

The Markov chains on {xﬂ > ... > x|} corresponding to 1+ 8z and 1+, /z are the
“Bernoulli jumps with pushing” and “Bernoulli jumps with blocking” chains discussed
in [35].

Projection to {x);},>1. Similarly, the projection of the “big” Markov chain to
{xll < x% < --- < xJ} is Markovian for the steps of types one, two, and four, but
it is not Markovian for the step of the third type F;(z) = (1 — y,*z)’l.
Let us now consider the parallel update Markov chain P, or rather one of them.
Choose a sequence of functions G;(z) = 1 + B,z with 8, > 0, and set

Put) =Ty, ..., o, Gi(2)), m=1,...,n. (2.89)

Incase B; = 0, P, (¢) is the identity matrix. As before, the needed commutation relations
are satisfied by Proposition 2.10.
The (time-dependent) state space of our Markov chain is

Sg”(t) = {(xl,...,x”) €SI X xS, HAﬁ_l(xm,xm_l |t +n—m) >O}
m=2

n(n+l) -1 .
= {{xlzn}?ﬁl ..... n CZL 2 |x]’(n < x]zn = x]’:i,l it Brin—m =0,
=1,...m
m—1 .
X< xS B > o}. (2.90)

The update rule follows from the analog of Corollary 2.17 for (1 + f;z~"). Namely,

assume we have {x;" (1)} € SXI) (¢). Then we choose {x}' (1)} independently of each other
as follows. We have

max (xJ" (1), X1 (0) < 1"t + 1) < minG' () + L he) — 1. (2.91)

This segment consists of either 1 or 2 points, and in the latter case x,T” (t + 1) has
probability of not moving equal to (1 + &, Br4n—m) ', and it jumps to the right by 1
kwith ]remaining probability. In particular, if B4, = 0 then x;' (¢ + 1) = x]' () for all

=1,...,m.
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Less formally, each particle x;" either stays put or moves to the right by 1. It is forced
to stay putif x () = x}" ' (r) — 1, and it is forced to move by 1if x" (1) = x}" "' (1) — 1.
Otherwise, it jumps with probability 1 — (1 + a Bran—m) .

Projection to {x}'};,>1. Once again, the projection of this Markov chain to {xl1 > >
x;’} is also a Markov chain, and its transition probabilities are as follows: Each particle
x{" at time moment ¢ is either forced to stay if x{' () = x{”fl(t) — 1 or it stays with
probability (14, Bs+n—m) " and jumps to the right by 1 with complementary probabil-

ity. This Markov chain has no pushing because x{"’s do not have neighbors on the left.

This is the “TASEP with parallel update”, see e.g. [16].

Projection to {x];}>1. We can also restrict our “big” Markov chain to the particles
{xl1 , x%, ..., x)}. Then at time moment ¢ they satisfy the inequalities

O S xp (@) i Bran-m =0, xpT{() Sxp () + 1 if Brnom >0,
(2.92)

and the update rule is as follows. If xfn"zll (t) = x)(t) + 1 then x| moves to the right by

L: x"(t + 1) = x;); (t). However, if x,’n"j (t) < x]'(¢) then x])! stays put with probability
(1 + &ty Brin—m) "', and it jumps to the right by 1 with the complementary probability.
In the special case when all ¢ =1,

, k>n—1,
'Bk:{g k<n-—1 (2.93)

and with the densely packed initial condition x;"(n — m) = k —m — 1, the Markov

chain PX') discussed above is equivalent to the so-called shuffling algorithm on domino
tilings of the Aztec diamonds that at time n produces a random domino tiling of the
diamond of size n distributed according to the measure that assigns to a tiling the weight
proportional to S raised to the number of vertical tiles, see [59].

2.7. Continuous time multivariate Markov chain. The (discrete time) Markov chains
considered above admit degenerations to continuous time Markov chains. Let us work
out one of the simplest examples.

As in the previous sections, we fix an integer n > 1 and n positive real numbers
oy, ..., q,, and take

Ak =T e, =), k=20 (2.94)

We will consider a limit of the Markov chain P/(‘”), SO our state space is

n(n+l)

SX“) = {{XIT}ZIZIIW’” /i |+ < < xmi ! for all k, m} (2.95)
=1,....m

In the notation of the previous section, let us take F;(z) = 1 + 87 /z for a fixed

B— >0andr =1, 2,.... Thus, we obtain an autonomous Markov chain on SX’), whose
transition probabilities are determined by the following recipe.
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In order to obtain {x;" ( + 1)} from {x;" (t)}, we perform the sequential update from
level 1 tolevel n. When we are atlevel m, 1 <m < n,foreachk =1, ..., m the particle
x! is either forced to stay if x,’c"_l (t+1) = x"(t) + 1, oritis forced to jump to the right
by 1 if x,i”__ll (t+1) = x'(t) + 1, or it chooses between staying put or jumping to the
right by 1 with probability of staying equal to (1 + 8~ a,,) . Note that, since particles
can only move to the right, it is easy to order the elements of the state space so that the
matrix of transition probabilities is triangular.

We are now interested in taking the limit 8~ — O.

Lemma 2.21. Let A(€) be a (possibly infinite) triangular matrix, whose matrix elements
are polynomials in an indeterminate € > 0:

A(€) = Ag+€A +€2Ar +..., (2.96)
and assume that Ao = 1. Then for any T € R,

lim (AN = exp(tAy). (2.97)

Proof of Lemma 2.21. For the finite size matrix the claim is standard, and the triangu-
larity assumption reduces the computation of any fixed matrix element of (A(€))[*/¢! to
the finite matrix case. 0O

This lemma immediately implies that the transition probabilities of the Markov chain
described above converge, in the limit 8~ — 0 and time rescaling by 7, to those of

the continuous time Markov chain on SX’), whose generator is the linear in 8~ term of

the generator of the discrete time Markov chain. Let denote this linear term by L. Its
off-diagonal entries are not hard to compute:

L™ ({x,z”}m L., n,{yk }Zn =1... )=1 (2.98)
m

.....

ifthereexists 1 <a <b,1 <b <n,0 <c <n — b such that

b+1_.“_ b+c

b
Xg = Xgy1 = = Xg4e =X,
Ve =y = =i =+,
and x;' = y;" for all other values of (k, m), and
L™ ({x,?}mzl,..‘,n, {y,@"}mzl,.‘.,n) =0 (2.99)
k=1,....m k=1,....m

in all other cases.

Less formally, this continuous time Markov chain can be described as follows. Each
of the particles x;" has its own exponential clock, all clocks are independent. When
the xé’ -clock rings, the particle checks if its jump by one to the right would violate the
interlacing condition. If no violation happens, that is, if

xb < xPN 1 and xf < X0, (2.100)
then this jump takes place. If x = x — 1 then the jump is blocked. On the other
hand, if x? = xt! then we find the longest string x? = x’f! = ... = x2*¢ and move
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all the particles in this string to the right by one. One could think that the particle x;’ has
pushed the whole string.

We denote this continuous time Markov chain by P,

Similarly to P/(‘”), each of the Markov chains P,, on S, also has a continuous limit
as =~ — 0. Indeed, the transition probabilities of the Markov chain generated by
Tn(ay, ..., ay; 1+ 87 /7) converge to (x™, y™ € S),

(ﬁan(Tm @1 o 1+ ﬁ_/z))[”ﬂ_]) (", 3™

m m T— m
det [oz.y’ | det [t TV Ly — X = 0)/ ()" —x;»”)!]i’j=1 100
= m ] . .
detle)” 1, ,_, P 2 )

Thus, the limit of P, is the Doob A-transform of m independent Poisson processes by
the harmonic function h(xy, ..., x,) = det [o; ’]l =1 cf. [61]. Let us denote this con-

tinuous time Markov chain by Pm, and the above matrix of its transition probabilities
over time 7 by Py, (7).
Taking the same limit 8 in Proposition 2.5 leads to the following statement.

Proposition 2.22. Let m, (x") be a probability measure on S,,. Consider the evolution
of the measure

My (XM A" (" x" T AT xh (2.102)
on SX') under the Markov chain P™, and denote by (x' (1), ..., x"(t)) the result after
time t > 0. Then for any
25...5[5(2) =t?§ --~§tlc(l)

(2.103)

c(n 1) l‘O

_ .0 cn) _ .0
0_;5...51‘” _tnflf"— pol

(here c(1), ..., c(n) are arbitrary nonnegative integers) the joint distribution of

_ _ 1
X0y, ), @O, T, T T,

2.0 2,02 0 c(l
K@), x5, A @), ke
coincides with the stochastic evolution of m, under transition matrices

7Dn(l‘,i — l‘,?), ey Pa (tc(”) _ c(n)—l) A

n—1-

1 -1 —
’Pn—l(trLI_ 371)’ Py (c(n ) _ peln=D— )AZ—%’

n 1

AL P =), Py (Y = O,
Remark 2.23. Tt is not hard to see that if in the construction of P(n) we used F;(z) =
(1 — ¥~ /z)~" and took the limit y = — 0 then the resulting continuous Markov chains
would have been exactly the same. On the other hand, if we used F;(z) = (1 + f7z)
or F;(z) = (1 — y*z)~! then the limiting continuous Markov chain would have been
similar to P, but with particles jumping to the left.
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It is slightly technically harder to establish the convergence of Markov chains with
alternating steps, for example,

Fos(2) =1+ ()7,  Fagnn = 1+B7(5)/z, (2.104)

because the transition matrix is no longer triangular (particles jump in both directions).
It is possible to prove, however, the following fact:
For any two continuous functions a(t) and b(t) on Ry with a(0) = »(0) = 0, con-

sider the limit as € — 0 of the Markov chain P/(‘”) with alternating F;’s as above,
B~ (s) = eales), Bt(s) = eb(es), (2.105)

and the time rescaled by €. Then this Markov chain converges to a continuous time
Markov chain, whose generator at time 7 is equal to a(t) times the generator of pm
plus b(t) times the generator of the Markov chain similar to P but with particles
jumping to the left.

The statement of Proposition 2.22 also remains true, but in the definition of the Mar-
kov chains P, one needs to replace the Poisson process by the one-dimensional process
whose generator is a(7) times the generator of the Poisson process plus b(7) times the
generator of the Poisson process jumping to the left.

2.8. Determinantal structure of the correlation functions. The goal of this section is
to compute certain averages often called correlation functions for the Markov chains

P/(X") and PX” with Fy(z) = (1 + ﬂ,izil) or (1 — y,izil)_l, and their continuous time
counterpart P, starting from a certain specific initial condition.

As usual, we begin with P/(\"). The initial condition that we will use is natural to call
a densely packed initial condition. It is defined by

0 =k—m-—1, k=1,....m,m=1,...,n. (2.1006)
Definition 2.24. For any M > 1, pick M points
wj=(yj,mj,tj)) €L x{1,....,n} xZso or Zx{l,...,n} xR, (2.107)

j = 1,..., M. The value of the M correlation function py of PA") (or PX')) at
(511, ..., 2pm) is defined as
pm (e, ..., 2y) = Probl{For each j =1, ..., M there exists a kj,

1< kj < mj, such that 5’/ (1) = y;}.  (2.108)

The goal of this section is to partially evaluate the correlation functions corresponding
to the densely packed initial condition.
Introduce a partial order on pairs (m, t) € {1,...,n} x Zsgor{l,...,n} x R>q via

(my,t1) < (ma, ) iff my <my, t; >t and (my, 1) # (m2, ). (2.109)

In what follows we use positive numbers o7, .. ., o, that specify the links Ai_l as
in Sect. 2.6, and as before we assume that

B vE>0,  yf<minfar, ... @), ¥ <minfe;!, .. ) (2.110)
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Theorem 2.25. Consider the Markov chain P/(‘n) with the densely packed initial condi-
tionand Fy(z) = (1 +,Btizi1) or(1— )/,izil)_l. Assume that triplets »c; = (yj, mj, t}),

Jj =1,..., M, are such that any two distinct pairs (mj,t;), (m, ;") are comparable
with respect to <. Then
... n) = det [K Gz, 21 @.111)
where
1 dw t 1 Ft(w)
Ky, my, t1; y2,ma, 1) = —— 2 1
(y] 1,115 )2 2 2) 27 %’b wy2— yi+l H[ m|+1(1 _O(['U.)) [(m1,t1)<(m2,12)]

1 R w 1—aquw) w1
+ .2j{dwf dZtlt()Hll( 1w) 1
@ri)? I, ro VR 230 —az) 22 w—2’
the contours I, I,-1 are closed and positively oriented, and they include the poles O
and {al_l, sy 1}, respectively, and no other poles.

This statement obviously implies

Corollary 2.26. For the Markov chain P, with the notation of Theorem 2.25 and
densely packed initial condition, the correlation functions are given by the same deter-
minantal formula with the kernel

K(yr, my, w15 y2, m2, 72)
1 % dw elti—n)/w L
T o7i w2 yi+l Hl m1+1(1 —aqw) [(m1,t1)<(m2,1)]

1 T (1 — oqw) w 1
+ .2%dw7£ dz i Hlnjzl( ) ] .
Q2ri)? Jp, r, e/t T2, —ogz) 227 w—z
Remark 2.27. For the more general continuous time Markov chain described in

Remark 2.23 a similar to Corollary 2.26 result holds true, where one needs to replace
the function e!/¥ by ¢?®/w+bOw,

Proof of Theorem 2.25. The starting point is Proposition 2.7. The densely packed initial
condition is a measure on SX') of the form m,, (x") A7 _, (x", Xy A%(xz, x!) with
m, being the delta-measure at the point (—n, —n+1,...,—1) € S,.

This delta-measure can be rewritten (up to a constant) as

x" .
det[e; i, j=1.....n det[¥," (X)) Ik.1=1,....n With

v =5 f H(l—aw)w“ldulj) I—1.n @112
Iy

j=I+1

Indeed, Span(¥, , [l =1, ..., n) is exactly the space of all functions on Z supported
by {—1, ..., —n}.

We are then in a position to apply Theorem 4.2 of [13]. For convenience of the
reader, this theorem can be found in Appendix A. (In fact, the change of notation that
facilitates the application was already used in Proposition 2.22 above.) The computation
of the matrix M~ of that theorem follows verbatim the computation in the proof of
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Theorem 3.2 of [22], where 0 of [22] has to be replaced by oz;] forall j =1,...,n.
Arguing exactly as in that proof we arrive at the desired integral representation for the
correlation kernel. 0O

Finally, one can also derive similar formulas for the Markov chain PX’). As the state
space SZ” is now
SW @) = ("), x" e+ 1), x G +n = 1)), (2.113)

we need to define the densely packed initial condition differently, cf. the end of Sect. 2.6.
We set

x'n—m)y=k—m—1, k=1,....m,m=1,...,n, (2.114)
and assume that F;(z) = 1 fort =0, ..., n — 2. This means that
A" " —m)y = A XY, m=2,...,n,  (2.115)

and our initial condition is of the form (2.43).

Corollary 2.28. For the Markov chain PXE), with the above assumptions, notation of
Theorem 2.25, and densely packed initial condition, under the additional assumption
that for any two pairs (mj,t;j) < (mj, tj’) we have

Gty > my—mj, (2.116)

the correlation functions are given by the same determinantal formula as in Theo-
rem 2.25.

Proof of Corollary 2.28. Comparing the formulas for the joint distributions for P/(X") and

PX’) in Proposition 2.7 we see that with the densely packed initial conditions they simply
coincide. Hence, the correlation functions are the same. 0O

Note that according to the remark at the end of Sect. 2.6, the correlation functions
for the shuffling algorithm of domino tilings of Aztec diamonds can be obtained from
Theorem 2.25 and Corollary 2.28.

3. Geometry

3.1. Macroscopic behavior, limit shape. 1t is more convenient for us to slightly modify
the definition of the height function (1.2) by assuming that its first argument varies over
Z, and

h(x,n, 1) = |{k|x} () > x}| . 3.1)

Clearly, this modification has no effect on asymptotic statements.
We are interested in large time behavior of the interface. The macroscopic choice of
variables is

x=[(v—n)L], n=[nlL], t=rtL, 3.2)

where (v, n,7) € Ri and L > 1is a large parameter setting the macroscopic scale. For
fixed n and t, h(x, n,t) = n for v small enough (e.g., v = 0) and h(x,n,t) = 0 for v
large enough. Define the x-density of our system as the local average number of parti-
cles on unit length in the x-direction. Then, for large L, one expects that —L =94 /v ~
x-density. Thus, our model has facets when the x-density is constant (equal to 0 or 1 in
our situation), which are interpolated by curved pieces of the surface, see Fig. 3.
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Claim. The domain D C R}, where the x-density of our system is asymptotically
strictly between 0 and 1 is given by

VT = Vil < Vv < T+ (3.3)

Equivalently, x-density € (0, 1) iff there exists a (non-degenerate) triangle with sides
Vv, /1, +/T. Denote by m,, 7, and 7, the angles of this triangle as indicated in Fig. 4.
Claim 3.1 follows from Proposition 3.1 below.

The condition (3.3) is also equivalent to saying that the circle centered at O of radius
/1/7 has two disjoint intersections with the circle centered at 1 of radius +/v/7. In that
case, the two intersections are complex conjugate. Denote by £2 (v, 1, T) the intersection
in

H = {z € C|Im(z) > 0}. (34)

Then, we have the following properties:
2_ 1 2_ Y
|$2] = [1— £2] = arg($2) = my, arg(l — 2) = —m,. 3.5)
The cosine rule gives the angles m,’s in (0, ) by

T4+n—v
m, = arccos | ——— ),
Y 2./Tn

T+v—7 (3.6)
7, = arccos | ————— |}, .
K 2/tv

(55")
7, = arccos | ——— ).
2./vn
Proposition 3.1 (Bulk scaling limit). For any k = 1, 2, ..., consider
#j(L) = (xj(L),nj(L),tj(L)), j=1,...,k, (3.7
such that for any i # j and any L > 0 either (n;(L),t;(L)) < (n;(L),t;(L)) or
(n;(L),tj(L)) < (n; (L), t;(L)) (the notation < was defined in (1.3)). Assume that
. X . nj .1 .
lim -~ =v, lim — =7, Iim = =1, j=1,...,k (3.8)
L—oo L L—oo L L—oo L

we have (v, 1, 1) € D; and also all the differences x; — xj, n; — nj, t; — t; do not
depend on the large parameter L. Then the k-point correlation function py (5«1, . . ., »k)
converges to the determinant det[Kl.b/.“lk]lfi, j<k» where

xi—x]-+l ’ (39)

1 1-2v,n,7) 1—w nifnje(tjfti)w
KUk — _/ dw )
J 27 Jy

—£2(v,n,7) w

where for (n;, 1;) %A (nj,t;) the integration contour crosses Ry, while for (n;,t;) <
(nj,tj) the contour crosses R_. On the other hand, if (v, n, ) & D, then

Llim Pty ooy ) =0, ifﬁ>ﬁ+ﬁ,

—00

Jim peGer, a0 =0, iV <JT =1, (3.10)
Iim pr(rp, ..., 0) =1, lf\/;<\/_—\/?

L—o0
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Proof of Proposition 3.1. One follows exactly the same steps as in Sect. 3.2 of [62],
replacing the double integral (35) in there by (4.2). The deformed paths are then like
in Fig. 12 but with z. = w.. The degenerate cases when s; ¢ D are treated in the
same way with limiting kernel K; ; being either O (no residue in the contour integral
computation) or triangular (K; ; = 0 for x; < x;) with K;; = 1, when the integral in
(3.9) is over a complete circle around the origin. O

Corollary 3.2. Let p denote the asymptotic x-density. Then, in D, it is given by

p(w,n,7) = lim pi([vL], [nL], tL) = /7 € [0, 1]. (3.11)
L—o00
Consequently,
Eh —n)L), [nL], L 1 Wreym?
h(v,n,1) = lim (v =n)L]. [nL].7L) = —/ 7, (V' n, T)dv'.
L—o0 L T Jy

(3.12)

Below we perform the integral in (3.12) to get an explicit expression for the limit
shape h. Along the way we derive some interesting geometric relations. First of all, &
is homogeneous of degree one (since it is the scaling limit under the same scaling in all
directions).

Lemma 3.3. For any a > 0,

h(av, an, at) = ah(v, n, 1), (3.13)
from which it follows
0 0 a
v—+n—+t— )h(v,n,t) =h(,n,1). (3.14)
av an T

Proof of Lemma 3.3. It follows directly from the geometric property m;, (av, an, at) =
my(v,n, 7). O

Therefore, we just need to compute the partial derivatives of &, then the limit shape k
will be determined by the L.h.s. of (3.14).

Proposition 3.4. The partial derivatives of the limit shape h are given by

%z_ﬂ’ %=1_ﬂ’ %=M (3.15)
av T an T at 7 sin(7ry)

Remark 3.5. Another expression for the growth velocity is

oh 1

— = —Imf2©w, n, 7). (3.16)
it m

This can be understood using Proposition 3.1. The macroscopic growth velocity is equal
to the average flow of particles, J. It is computed in Sect. 5, see (5.34) with Q = O:
E(J) =—-0K(x,n,t;x,n,t). Then, by (5.40) wehave E(J) = K(x,n,t;x + 1,n,t).
Then, by Proposition 3.1 one gets IE(J) = Im(£2) /.

As a corollary of Lemma 3.3 and Proposition 3.4, the limit shape is given as follows.
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p(v,m,1)

T

Nl

il

SR
RN, " "l

% "‘l' 0""
% n‘,{"'

(b)

Fig. 5. (a) Limiting density of the particles with T = 1. (b) The associated limiting height function. Two
facets are visible

Corollary 3.6. For (v, n, ) € D, we have

sin(m,) sin(n,])) (3.17)

1
h(v,n, 1) = - (—wr,, +n(r —my)+71T SinGry)
T

Proof of Proposition 3.4. From (3.12) we immediately have the first relation: 0k /dv =
—my,/7. Inthe derivatives of h with respect to T and n we have one term coming from the
boundary term and one from the internal derivative. The boundary terms will actually
be zero, since the density at the upper edge is zero. We need to compute (Fig. 5)

oy 1 oy vV—n-—r1
m  JApr—(w-n—-v2 0t 2t /dpr—(v—n-1)2

(3.18)

Then, we apply the indefinite integrals

—Va?—x2+C. (3.19)

/ dr in(x/|al) +C / o
——— =arcsin(x/|a|) + C, —_— =
a2 — 2 /a2 — 2
For the derivative with respect to 7,

WO?
i =/ %dv’+(1+¢r/7)n,, ((\/ﬁ+«/?)2,77, T)

/2 + arcsin nrr_ v T — arccos nYr_ v (3.20)
T — | =7 - —), .
2./t 2./nt

the latter being . Finally,

T — =
at v

_ o 2
_ Ve (;t NZO” _ oz sin(my), 3.21)

(WD n,
/ %d\; + (1 +jo)m, ((ﬁ+ V2, r)

and by the sinus theorem for the triangle of Fig. 4 we have ,/77//T = sin(my)/ sin(7y).
]
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3.2. Growth model in the anisotropic KPZ class. For fixed t, the macroscopic slopes of
the interface in the v- and n-directions are given by h, := d,h and h,, := 0,h. The speed
of growth of the surface, d.h, depends only on these two slopes. Indeed, by (3.15), we
can rewrite

_0h _ 1sin(why)sin(hy,)

=— =— . 3.22
Tt T 7 sin(rhy +hy)) (3-22)
Remark that the speed of growth is monotonically decreasing with the slope
dv(hy, h ov(hy, h
M <0, M <0 (3.23)
oh, oh,

forh,, h,, h, +h, € (0, 1).
To see which universality class our model belongs to, we need to compute the deter-
minant of the Hessian of v = v(h,, h;). Explicit computations give

sin(hy)? sin(rh,)?
= —47? 7 0 3.24
STYCT R 324

Op, Op, v a,,va,,n v
On,,On, v On, n, v

for hy, hy, hy, +h; € (0,1), i.e, for (v,n, ) € D. Thus, our model belongs to the
anisotropic KPZ universality class of growth models in 2 + 1 dimensions.

3.3. A few other geometric properties. During the asymptotic analysis we will use a
few more geometric quantities, which we collect in this section. The key function to be
analyzed is

Gw)=Gwlv,n, ) =tw+vin(l —w) —nln(w), w e C. (3.25)
The critical points of G coincide with £2 as stated below.
Proposition 3.7. On C\{0, 1}, the function G has two critical points (counted with multi-
plicities). These two points are distinct and complex conjugate ifand only if (v, n, ) € D,

in which case the critical points are {2, 2.

Proof of Proposition 3.7. The derivative of G gives

—_u\2 _ N2
G’(w):;((w_”” ”) g ”)), (3.26)

ww —1) 27 472

and we have two distinct complex conjugate solutions iff 4nt — (n + 7 — v)? > 0, i.e.,
iff (v, n, t) € D. Also, from (3.5) and (3.6) we get

+T—v Vant — (n+1 —v)?

Re($2) = ”T Im($2) = o (3.27)

Thus, £2 and 2 are the two solutions of G’ (w) = 0, i.e., the two critical points. 0O
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The main formulas needed later are the partial derivatives of §2 as well as G”(£2).

Proposition 3.8. Denote k = 2tIm(2) = \/4nt — (7 + T — v)2. Then we have

—ik

G'(R2)= ———, 3.28
@ =citg (3.28)
which implies
IG"(Q) = —— . are(G'(2) = -~ —my 4+ (3.29)
1201 - 2)| 2 v ‘
Moreover,
02 12 092 i(1-2) 02 —i2(-R2)
== = = =__= = (3.30)
av K an K at K
Proof of Proposition 3.8. From (3.26) we get
G"(2) 2t (2 — Re(2)) 2itIm(£2) (331)
= — — — K€ = — . .
@2 -1 @2 -1

The modulus is immediate, while the argument is obtained using (3.5).

Since £2 is the intersection point of the circles |z| = /n/t and |1 — z| = /v/7,
the direction of 9, £2 is orthogonal to the vector §2 and 9,2 is orthogonal to 1 — £2.
Therefore, for some ¢y, c2 € R,

052 . 082 .
— =121, — =c(1 —N)i. (3.32)
av an
Looking at the real part of these equations, we get d,Re(£2) = —c1Im(£2), and
0y,Re(£2) = c2Im(£2). On the other hand,
n+t—v 1 1
Re(2) = ———— = 0Re(2) =——, 9Re(2) = —. (3.33)
2t 2t 2t

From this we conclude that
2 . i(1 — £2)

T 2tim(2) 7T 2eim() (3-34)

dy

To get 0,52, we can use the following property: §2(av, an,at) = $2(v, n, ) for any
a > 0, which implies

(vdy +ndy + 1) 2 =0. (3.35)
This equation leads to
i v n i2(1 —2)
0 2=——-2+-(1-02))=————, 3.36
! 27Im(£2) (1: " z( )) 27Im(£2) (3.36)

using |2)> = n/t and |1 — 21> = v/, see (3.5). O

Another important function appearing in the asymptotics of the kernel is the imagi-
nary part of G(£2) (and its derivatives).
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Proposition 3.9. We have
y(v,n, 1) :=Im(G(2)) = tIm(2) — v, — nm,. (3.37)

Its derivatives are
0Im(G(£2)) x Im(G(£2))

— , =7, 3.38
av 1 an T ( )
and
92Im(G (2 1
G _ 1 oim. (3.39)
avan K

Proof of Proposition 3.9. The relation (3.37) is a direct consequence of (3.5). The rest
are just simple computations. O

4. Gaussian Fluctuations

In this section we first state a couple of equivalent forms of the correlation kernel. In
particular, the kernel for a fixed (n, ¢) has a Christoffel-Darboux representation in terms
of Charlier polynomials. In the second part of the section we prove Theorem 1.2 on the
Gaussian fluctuations.

4.1. Kernel representations. For the analysis of the variance we will use a representation
in terms of Charlier polynomials. These polynomials are defined on Z, = {0, 1, 2, ...},
while our particles at level n live on {—n, —n + 1, ...}. Thus, it is convenient to shift
the position at level n by n, i.e., the positions of particles at level n will be denoted by
—n + x, x > 0. Finally, we also conjugate by a factor (—1)"!~"2. More precisely, the
relation between the shifted and conjugate kernel K and the kernel /C in Theorem 1.1,
is the following,

K(xi,ni,t1;x0,n2, ) = (D" (xy —ny,ny, t1;x20 —na,na, ). (4.1)

For later use, we give the explicit double integral representation of K which will be
used in the asymptotic analysis.

Corollary 4.1. The extended kernel K can be expressed as
K (xi,n1, t1‘ X2, n2,12)
t "l tzw(l_ )xz 1
(2711)2 fl‘l dz f]‘o dw ez (l— Z)‘l’rl "2w w—z’ (1, 11) £ (n2,12)

I tzu. 1 X9 1 °
(2711)2 ffl dz fl}) €1z (1 z)*l‘rl ( "Zw) w—z’ (1, 1) < (n2, 1)
4.2)

Proof of Corollary 4.1. The kernel (4.2) is obtained by substituting into (4.1) the expres-
sion for C from (1.6), and applying the change of variables z — 1/(1 — w) and w —
1/(1—2). O

It is instructive to see the structure of the kernel that leads the above integral repre-
sentation.
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Proposition 4.2. The extended kernel K is given by

n2
K (i, n, s x1,n, 1) = =022 () 4" @00 ()02 (x)
k=1
(4.3)
with
1 e (1 — w)k
o) = i Gl
27 o wrt
_ er—tz
o (x) = — = 4.4
= e 4
ew(1—12)

¢((ﬂ1 J1), (2, lz))(x1 x2) =

27i T dw w12+l (yy — 1ym2—m Bt < -

where 101 and I are any simple anticlockwise oriented contours that include poles
{0, 1} and {1}, respectively.

Proof of Proposition 4.2. Using the integral representations for ¥ and @ one checks
that

D W @@ () = g ) (), (4.5)
k>0

Thus (4.3) becomes

it ot
e Y i@ R (x),  (n1, 1) £ (2, 1)

S U G @ (x2), (n1, 1) < (n2, 1)
(4.6)

K(x1,n1,t1;x2,n2, ) = ’

This new expression is good because in (4.4) we never have the case when the pole at
= lin lIJI? " survives. Then, one has just to take the sums inside the integral. For
example, for (n1, #1) 4 (n2, r2), we first take the sum inside the integrals and then we
extend it to k = oo. This can be done provided |1 — w| > |1 — z|. Then, to get the
formula (4.2), one just has to rename the variablesz - 1 —wandw — 1 —z. O

For the computation of the variance, we will need only the kernel at fixed (n, 7). Itis
given in terms of the Charlier polynomials, C, (x, t), given by

n! 1 1 — X ,wt
Coen =" qpzwre? 4.7

" 271 [, whtl
Wthh satisfy C,, (x, t) = Cy(n, t), and are orthogonal with respect to the weight w; (x) =

e~ !t

, hamely

D Calx, HC(x, Hwy (x) = nts Spm, 1> 0. (4.8)

x>0
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Corollary 4.3. The kernel K(x,n,t;y,n,t) is equivalent (conjugate) to the kernel
K 1 (x,y), given by

th—l(xs Dan(y, 1) — gn(x, )gn-1(y, 1)

Ky (x,y) = </nt 4.9)
x—y
where
5 tn/2
gn(x, 1) = w,(x)"/ ﬁcn(x,m. (4.10)
Proof of Corollary 4.3. Consider ny = np =nandt; = tp, =t in (4.3). Then,
n—1
K(x,n.t;y.n0)= > & 0@ (). (4.11)
k=0

For all k > 0, w = 1 is not a pole in the integral representation of ¥,' ! Using (4.7)
and Cp,(x, 1) = Cy(n, t), we get J/,:”t(x) = %Ck(x, t). Also, by the change of variable

. . . . k
z — 1—w in the integral representation @, we obtain &' (x) = e~ 7 Cr(x, 1). Thus
the kernel is written

n—1
t
K(e,n t5y,m,10) = wi(x) D =Ci(x, )Ci(y, 1), (4.12)
k!
k=0
which is conjugate to the kernel
n—1
Kt 3) = D aq(x, Dai(y, 1) (4.13)
k=0

From C,,(x,t) = u,x™ + - -- with u,, = 1/(—1)", we have g, (x, 1) = v,x" + - - - with
v, = (=1)"*/+/t"n!. Then, (4.9) follows from the Christoffel-Darboux formula. O

Remark 4.4. For later use, we rewrite ¢, as

e—t/2tx/2 \/’?

qn(x,1) = B 1 (x)In,1(x),  Bp:(x) = Nl (4.14)
and
1 (1 — w)*e!
],,,,(x) = 2_7'[1 T dwT (415)

4.2. Proof of Theorem 1.2. In this section we look only at the height function at a
given time. Therefore, it is convenient to set A = v/t and ¢ = n/t so that we have
n = [nL] = [ct] and x = [vL] = [Af]. In these variables, the equation for the bulk
region given by (3.3) is rewritten as

(1 =02 <r < (1++/0). (4.16)
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First we compute the variance of the height.
Proposition 4.5. For any 1 € (1 — /¢)?, (\/c + 1)),

Var(h([(A — o)1], [ct], 1)) 1
m = —.
=00 In(t) 272

4.17)

With this we can prove Theorem 1.2.

Proof of Theorem 1.2. It is a consequence of Proposition 4.5 and [74]. More precisely,
in Sect. 2 of [74] the convergence in distribution (a generalization of the result for the
sine kernel of [31]) is stated. However, following the proof of the theorem, one realizes
that it is done by controlling the cumulants, i.e., also the moments converge. 0O

Proof of Proposition 4.5. The variance can be written in terms of the one and two point
correlation functions p; and p,. Namely,

2
Var(h([(. — o)l fetl, ) = D pale, )+ D pl(x)—( > pl(x)) ,
x,y>[At] x>[\t] x>[\t]
(4.18)

where pz(-xv y) = Kn,t(xax)Kn,t(y’ )’)_Kn,t(x’ )’)Kn,t(y’x) andpl(-x) = Kn,t(x’x)-
Using K,%!, = K,; on £2(Z+), we have

Var(h([(x — o)t], [et], 1) = D Kui(e,x) = D Kui(x, ) K (3, %)

x>[At] x,y>[At]

= D D K, DKns (o X) = D Kt 0, 9K (v, )

x>[At] y=0 x,y>[rt]
= > > (K w) =Ll (4.19)
x>[rt] y<[Art]

We use the expression (4.9) for the kernel K, ;. We decompose the sum in (4.19) into
the following three sets:
M={x,ye Zz|x > [At],y < [M],y —x < et}
Ri={x,ye Z3_|x > [At],y < [M], 61t <y —x < &at}, (4.20)
Ry ={x,y € Zi|x > [M], y < [M], 62t <y — x},

where the parameter &) = % min{(1 + ﬁ)z —AA—(0-= ﬁ)z} is chosen so that R is
a subset of the bulk. Thus

Var(h([(x — o)t], [et], 1)) = M; + Ry 1 + Ry 2, @21)
with
2
M= 2 |Kn, Rix= > |Knix. 0] . (4.22)
x,yeM X,YERy

Remark. The parameter &1, small, will be chosen 7-dependent in the end.
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(1) Bound on R, ».Forx, y € Ry, weuse y —x > &¢, and extend the sum to infinities

Ry < 8— > (ldren e O lgen—1(vs OF + lgen—1(e, 0 Plgren (v, O]

2 x>At y<it

4
+21q1en—16, DG1en (x, D1lgren—1(y, Dgren (v, H1) < oL (4.23)

2

The last inequality follows from Cauchy-Schwarz and the property
D laite, 0 @) =1, forall k. (4.24)

x>0

(2) Bound on R; ;. Since this time x, y € R; are always in the bulk, we just use the
bound of Lemma 6.8 and get

2!]
1
R; 1 < const xyze‘;el ——y)2 = const ; z
= ¥([e2t] + 1) = ¥ ([ert]), (4.25)

where ¥ (x) is the digamma function, which has the Taylor expansion at infinity
given by

V(x) =In(x) —1/(2x) + O(l/xz). (4.26)
Thus
R;1 < const In(1/e1), “4.27)

with const 7-independent, as long as z,# — oo ast — 0.
(3) Limit value for M,. This time we need more than just a bound. Recall that n = ct
and setx = [At]+ &1, y = [At] —&. We have | <& +& < g1t. Lemma 6.4 gives

—1/2

\/_ i (1+c )2

+cos [tot(c, A+E/D) + Ble, M) — Ldeale, x)]]. (4.28)

Qler)—e (Mt +&, 1) = [O(r—”z) +O(e1)

We use it with £ = 0, 1, together with the trigonometric identity
cos(by + 8) cos(by) — cos(by) cos(by + 8) = sin(§) sin(by — by), (4.29)

with§ = —d.a(c, A), by = ta(c, A\ +&1/t)+B(c, L), by = ta(c, A—&1/t)+B(c, A).
The factor sin?(8) cancels the </~ term exactly. We obtain (using (4.9))

[e12] &1—1

1
M, = [(9(;1/2) +0O(e))

+sin’ [z (@(c, h— E2/1) — e,  + sl/z))ﬂ. (4.30)
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The contribution of the error terms can be bounded by In(eq NOG"Y2 ¢1), and the
remainder is

le1t] §1—1 1 1
>3 in? [1(a(e, k= &2/D) —ate. i+ &1/0)]. (@31

— = S1
£=1 6=0 72 (61 + &)

Let b(A) = —a(c, L), then

b’ (\) = arccos (u) € (0,7), for(1—+0)> <i<(1++/0)>.
2Vh
4.32)

By Lemma 4.6 below (one needs to shift the argument of b(A £&;/¢) by A to apply

it), for large ¢ the leading term in the sum is identical to the one where sin(---) is
replaced by its mean, i.e., 1/2. Thus

[e1t] &1—1
_ 2 /-1 A1
4.31) = (1+ Oer, (67v1) );1 EZ_O T G T E)
1=182=
= Lln(sg)(l +O(eq, (e3VD) 7). (4.33)
272
Thus,
M; = In(e11) (% +O@ 12 g, (efﬁ)l)) : (4.34)
2

Now we choose ¢; = 1/1In(¢). Then,

Var(h([(» — o)t], [et], 1)) = # In(r) + O(1, In(In()), (n(t))* /1), (4.35)

which implies (4.17). Modulo Lemma 4.6, the proof of Theorem 1.2 is complete.
O

Lemma 4.6. Let b(x) be a smooth function (C? is enough) on a neighborhood of the
origin with b'(0) € (0, ). Then

[et] &1—1 [er] [et]—1

sin? [th(§1/1) — th(—&2/1)] 1 1
2.2 & +6,) =2 2 aar (1 +0(e gzﬁ))

§1=1&=0 &1=1 &=0

(4.36)
uniformly for ¢ > 0 small enough.

Proof of Lemma 4.6. We divide the sum into two regions
L={&>1,6>01<&+& <1}, (4.37)
L=1{&>1§&>0e/t <& +& <et).

Let us evaluate the contribution to (4.36) of (§1, &) € I1. We set z = £ + &> and get

[ev/1] 2 1
2. 2 sin b /0 = 1h(& = /D], (4.38)

z=1 &=1
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Taylor expansion around zero leads to

th(&1/1) — th((§1 — 2)/1) = zb'(0) + O(?). (4.39)
Thus
(4.38) = [im ! (sin? [/ @] + O(e?)) . (4.40)
Z

4

The sum with the sine squared can be explicitly evaluated:

P sin2(oz) 1
Z =S In(P)+ O(1), as P — oo, (4.41)
Z

z=1

provided 0 < o < 7. Since Zle 1/z=In(P)/2+ O(1/P), we have
P 2
PP sin (GZ) = Z - (1+04/P)). (4.42)
z=1 z=1
Using P = [e+/t] and going back to the original variables (£, &) we have

sin? [tb(&1/t) —tb(—&/1)] Z 1 ( 1 R )
Z = — 1+ 00—, ¢ .
&1.E)eh 1 +82)° 6y, 26 +8)? (gﬁ )

(4.43)

Now we evaluate the contribution to (4.36) of (§1, &) € I,.Let (X, Y) € I, then we
have X + Y > e./7. We consider a neighborhood of size M = [¢2/7] around (X, ¥),
namely the contribution

M

1
2 Frrer ey S IR/~ () /0).

x,y=0

. ) 1
Since sin“(---) > 0 and (X+Y)2 T X2 =

in (4.44) the error made is bounded by

1 1
Tavar? oY xary?

> 0, if we replace

M 1 1
x; ((X+Y)2 B (X+Y+x+y)2)

1 M

1
- Z (X + Y)2 ( 1+ 0(8))2) = xéom(’)(e), (4.45)

x,y=0

because (x + y)/(X +Y) < 2¢. This relation can be inverted and we also get

M M

! 1
xéo e EO Krveaey? (1O (4.46)
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Therefore we have

M M .
_ O(e) sin? [tb((X +x)/1) — th(—(Y +y)/1)]
@44 = xéo (X+Y +x+y)? Xéo (X +7)? '

(4.47)

Now we apply the Taylor expansion to the argument in the sine squared. Denote
k1 =th(X/t) —tb(=Y/t),0; = b'(X/t) and 0 = b’'(—Y/t). Then the argument in the
sin?(- - ) is k1 +01x + 62y + O(e2). The &2 error term is smaller than the O(g) in (4.47),
thus

M M )
O1x +6
@4n =" o S > H Ly + LTy 1 (4.48)
520 X+Y+x+y) o (X+7Y)

Since b is smooth and »'(0) € (0, ), in a neighborhood of 0 we also have " € (0, 7).
Thus, for ¢ small enough, 0 < 61,6, < 7 uniformly in ¢, because |Y|/t < ¢ and
|X|/t < e. The second sum in (4.48) can be computed explicitly. For 0 < 61,6, < &
we have the identity

M
> sin® [k +61x + 62y]
x,y=0
(M +1)? cos(2ky + 61 M + 6, M) sin(01 (M + 1)) sin(62(M + 1))
-2 2sin(0)) sin(6,)
|
=> S+ o1/M?)). (4.49)
x,y=0

We replace (4.49) into (4.48) and finally obtain

i sin [th((X +x) /1) — th(—(Y +y)/D)]

2
xy=0 X+Y+x+y)

- 2
=0 2X+Y+x+y)

( 1+ 0, (g4z)—1)) . (4.50)

This estimate holds for all the region /5, thus

sin? [1b(§1/1) — th(~&/1)] ! -
- 1+ 0, .
2 €@ +5)? Ry gy (06 ™)

é1,.62)€h
4.51)

The estimates of (4.43) and (4.51) imply the statement of the lemma. O

5. Correlations along Space-like Paths

In this section we present an extension of Theorem 1.1 to the three types of lozenges
(see Fig. 6). Then we explain the three different ways of computing height differences.
These are then used in the proof of Theorem 1.3.
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Facet’s types

I

Type / related angle 1/ I/ 1 / m

Fig. 6. Facet’s types of Fig. 2, their associated lozenges and angles. The gray circle is at position = (x, n)

5.1. Joint distribution of the three types of lozenges. As we saw in the Introduction, par-
ticle configurations can also be interpreted as lozenge tiling (see Fig. 2) of a half-plane.
One can draw the corresponding triangular lattice by associating to the three types of
facets three lozenges made by one black and one white triangle as indicated in Fig. 6. We
define the position of a black / white triangle to be an (x, n)-coordinate on the mid-point
of its horizontal side.

(NN

Thus, in our system of coordinates, these positions are pairs of integers (x, n) with
x €Z,ne{0,1,...}forblack and n € {1, 2, ...} for white triangles. We first state the
result in the common way from the tiling point of view, and then we will reformulate it
by using the kernel K defined in (4.2).

For any pair of black and white triangles with space-time coordinates (x, n, t) and
(x',n’, t"), define the kernel

K Gen, 0): NG, 0, 1) = (=)™ e n, b x50l 1), 5.1
where /C is the kernel defined in (1.6).

Theorem 5.1. Consider a finite set of lozenges at time moments t; < tp < --- < ty,
consisting of triangles

(biy wi) == (W (xi, ni, 1), N (X, 1}, 1), (5.2)
Assume thatn; > nj ift; < t;. Then

IP{There is a lozenge (b;, w;) at time t;,

foreveryi = 1,...,M}=det[l€(bi,wj)] (5.3)

I<i,j<M~
Proof of Theorem 5.1. We prove the statement by induction on the number of lozenges
(b;, w;) which are not of the form Q When this number is zero, then the statement is
Theorem 1.1, which is the base of the induction.
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Consider any set S of lozenges at any time moments, plus another lozenge. Then,
the L.h.s. of (5.3) obviously satisfies

P(SUN)+PSUN)+P(SUN)=P(S), (5.4)

where in the Lh.s we either keep the white triangle fixed, or we keep the black triangle
fixed (and we assume that S does not contain the fixed triangle). Next we verify that the
same relation holds for the r.h.s. of (5.3).

Case (a): the fixed triangle is white. From the explicit formula for the kernel, we get

KO\ Geon, 1) <)+ KO (e,n — 1,0, <) + KO (x+ 1,0 — 1,1); 5])

_ L i =XN(x, n, 1), (5.5)
|10, otherwise.

This implies relation (5.4) for the r.h.s. of (5.3).

Case (b): the fixed triangle is black. There are two possibilities: (i) the black triangle
is on the lower boundary {(x, n, t) | n = 0}, or (ii) it is not on the boundary. In case (ii),
the relevant relation on the kernel is

Ko<, n, o) + K ST, + 1,0) + K S — 1,2+ 1,1))

_ 11 lfk :k(-x/vn/yt)’ (5'6)
— 10, otherwise.

In case (i), our assumption n; > n; whenever #; < t} implies that we are considering
the last time moment, #3;. Then, in the formula for the kernel (1.6), the first residue term
drops out and the second term vanishes on <] (x’, 0, ¢) (since at z = 1 there is no pole
anymore). Thus (5.6) still gives the needed relation:

PSUN)+P(SUN) =P (S). (5.7)

With the relation (5.4) verified (which, in one case, degenerates to (5.7)), let us explain
the induction step. Let us take a lozenge in the set {(b;, w;), 1 <i < M} which is not
of the type N. For example, consider Nand denote by S the set of remaining M — 1
lozenges. Then

PSUN)=P(S)—P(SUMN)—P(SU), with <] fixed. (5.8)

So, we have a linear combination of two terms with one less lozenge of type different
from 5, plus the third term with “\ whose black triangle is one position on the right
with respect to the K. For this term we use

PSUN) =P (S) —]P(su*ﬁ) —P(SU"N), witha fixed.  (5.9)

So, the third term in (5.8) is rewritten as a linear combination of two terms with one less
lozenge of type different from Q, plus a third term with a lozenge of type W, and this
lozenge is one position to the right from the initial N in the Lh.s. of (5.8). This can be
continued iteratively. A similar argument holds for lozenges of type W with (5.8) and
(5.9) applied in the opposite order.
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Thus, we can represent the r.h.s. of (5.3) as a linear combination of those with fewer
lozenges of type A\, N, plus an expression of the same kind but with one of the ~\ or
N lozenges far to the right.

We still have to verify that the formula with one more lozenge of type “\ or N agrees
when such a lozenge moves to +0o. Since the determinant in (5.3) is invariant with
respect to conjugation, consider the kernel 2V (x, 1, 1); (¢, n’, ') instead.
Then, one verifies that

2 (x,m, 1) (X, 0, 1)) — 0 as x’ — +oo,

'~ (5.10)
2R (x,n, 0); N (0’ 1) > 0 as x — +oo,
and also for a lozenge (b, w) far to the right (i.e., when x — +00) we have
x—x' & . 17 lf(b,w)zil,
2V K(b; w) — [0’ if (b, w) = "\ (5.11)

Therefore, if in the r.h.s. of (5.3) there is one lozenge “\ that is far to the right, the
determinant tends to zero, which agrees with

PSUWN) >0 as~\ — +o0. (5.12)

On the other hand, if in the r.h.s. of (5.3) there is one lozenge Nthat is far to the right,
the determinant tends to the determinant of its minor corresponding to S, which is in
agreement with

P(SUKN) - P(S) asN — +oo. (5.13)
This completes the induction step. O

In the next section we will describe height function differences as a sum over loz-
enges of type Qor .. To each lozenge one can associate a position. We decided to set
the position of a lozenge to be equal to the position of the white triangle, see Fig. 6.
Now we restate Theorem 5.1 in a slightly different form.

Theorem 5.2. Forany N = 1,2, ..., pick N triples
nj = (xj,nj,tj) € Z x Z=o x Rxg

such that x; +n; > 0 and

h=th<---=<ty, ny=ny>--->ny. (5.14)
Then
P{Foreach j =1,...,N at (xj,nj, t;) there is a lozenge
of type 0 € {111, III}} = det [Ky (55, 6;; 5, Oj)]l].?’jzl, (5.15)
where
Ko(x1,n1, 11,015 x2,n2, 12, 62)
K(x1+n1,n1, 05 x2+n2,n2, 1), ifo =1,
=1 K@i +n,n —1,t1;x2+n2,n2,02), if6) =11, (5.16)

K&xi+ny—1Lny— 1, t1;x0+np,n2,12), if0) =111,

with K as defined in Sect. 4.1.
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Proof of Theorem 5.2. The proof is simple. One just applies the correspondence

Typelat (x,n,t) & (W (x,n,t), N (x,n,t)), 5.17)
Typellat (x,n,t) & W&x+1,n—1,1),N(x,n,t)), (5.18)
Type Il at (x,n,t) & (W (x,n—1,1), N (x,n,t)) (5.19)

to (5.3) and then rewrites K in terms of K. Then, using the relation (4.1), we get the
expression in terms of K. Finally, one conjugates the kernel by (—1)*~*2 and obtains
the desired kernel Kg. O

5.2. Height differences as time integration of fluxes. To determine the height function
at a position (m, n) at a given time ¢, one can act in three different ways:

(a) Sum along the x-direction:

h(m,n,t) = z 1 (lozenge of type I at (x, n, 1)) . (5.20)

XxX>m
(b) Sum along the n-direction: for n’ > n,
h(m,n,t) = h(m,n’, 1)+ Hy ,(m, 1), (5.21)

where

n/

H,(m,t)=— > 1 (lozenge of type Il at (m, p, 1)) . (5.22)

p=n+1
(c) Integrate the current over time: for ¢ > ¢/,
h(m,n,t) = h(m,n,t')+ Jy (m, n), (5.23)

where J/ ;(m, n) is the number of particles (= lozenges of type I) which jumped
from site (m, n) to site (m + 1, n) during the time interval [¢/, £].

In principle, one could use (a) alone to determine the height. However, this turns out
to be not very practical when dealing with joint distributions of height functions at dif-
ferent points (m1, n, t), ..., (mg, n, t). The reason is that the height functions are linear
functions of lozenges of type I but the same lozenges appear in several of them. The
result is a very tedious computation. This can be avoided by using (b) and (c) depending
on the cases, see Fig. 7 for an illustration.

Therefore, the expression

N
E( [T thene, nx, 50) = Ehmy, s, tk»]) (5.24)

k=1
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Fig. 7. The black dots represent the space-time positions where we want to study the height functions. They
live on a space-like surface (i.e., for any two points (x1, n1, 1), (x2, np, tp) onit, either (ny, t1) < (np, ) or
(np, 1) < (ny, t1)). The white dots represents the projection of the black dots onto the (n, t)-plane

can be expressed as a sum of terms of the form

M
E( [T thGne, ne, 1) = BhGmg, ne, 1))

k=1

R
X H |:Hnl,n2 (mg, tg) — E(Hng,nz (myg, tﬁ))]
=M+1

N
< TT [V, 0m50m) = By 1 0mjon )] ) (5.25)
j=R+1
We now derive a formula for (5.25).

Lemma 5.3. Assume that the following paths do not intersect and lie on a space-like
surface:

{('x’nk7tk)|x>mk}7 k=1""’M’
{me, p.t)lp=ne+1,....0}}, £=M+1,... R, (5.26)
{(mj,nj,l)|t€[t},fj]}, jJ=R+1,...,N.
Then
”}WH n/R
ORI YD RS
X1>mj XM>MM pyy1=np41+1 PR=NR+I1
1R+l tN Al Arp Ay
/ dsg+1 / dsy det A2’1 Az,z A2,3 s (5.27)
TRe1 1 Az A3zp Az

with the matrix blocks A; j as follows:

Ay = [(1 =8 DK (xi +ni,ni, 15 X +nj,nj’fj)]15i!j5M’

Az = [KGmi+piopi = Ltinxj+njong )]y ez
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Az = [K(mi +ni,ni, si; x; +nj,nj7tj)]RHSiS/\,,lSjsM,

Aip = [K(xi+ni,ni ti;m; +pj,pj,lj)]lsiSMyMHijR,

Az = [(1 =8 )K(mi + pi, pi — 1, ti;mj + pj, pj, [j)]M+1§i,j§R’ (5.28)
Az = [K(mi+ni,ni siimj+pj. pj. tj)]R+]§i§N, M+1<j<R’
Az = [—3st(Xi +ni,ng, ti;m; +nj,nj,Sj)]1<i<M‘R+l<j<N,

Az = 3, K (m; + pi, pi = 1, tim +nj,nj,Sj)]MHfiﬁR,RHSjgN-

A3’3 = [—(1 — 8,-,]-)8S_/K(m,» +n;,n;, s, m; +nj, nj’sj)]R+l§i,j§N'

Proof of Lemma 5.3. Below we prove that

M R N
E(Hh(mk,nk,tk) [T Hiwmeto T] J,;_,,j(mj,nj)) (5.29)

k=1 L=M+1 Jj=R+1

is equal to (5.27) but without the 1 — §; ; terms in Ay 1, A2 2, and A3 3. The fact that
the subtraction of the averages is given by putting zeros on the diagonal is a sim-
ple but important property, which was noticed for example in [51] (see the proof of
Theorem 7.2).

For N = R, (5.29) is a direct application of Theorem 5.2 to the formulas (5.20) and
(5.22). The absence of the minus sign in A , is a consequence of the minus in the defi-
nition of the H’s in (5.22). Next we extend the result when N > R, by first considering
N = R + 1 for clarity. Denote by n(x, n, t, 6) the random variable that is equal to 1 if
there is a type 6 lozenge at (x, n, ¢) and O otherwise. Recall that lozenges of type I are
exactly what we call particles. The flux of particles can be written as

D

Jt’,[(ms n) = Dh—r>nooz 77(ma n,t-i, I)(l - T](mv n,t, I)) (530)
=1

witht; =t +iAt,i =0,...,D, At = (t — t')/D.

The quantity n(m, n, ti—1, ) (1 —n(m, n, 7;, 1)) equals 1 iff the site (m, n) was occu-
pied by a particle at time 7;_; and empty at time ;. Each particle tries to jump indepen-
dently with an exponential waiting time. Every time a particle moves, it can also push
other particles, but no more than one on each (higher) level n = const. In any case, since
on each level there is a finite number of particles, the probability that a particle has more
than one jump during time At is O(At?). Thus, the limit AT — 0 is straightforward.

To obtain (5.29) we have to determine the expression at first order in At of

0
E n(m,n,ri_l,l)(l—r;(m,n,ri,I))Hn(mj,nj,tj,@j) . (5.31)
j=1

Then, in the At — 0 limit we will get an integral from ¢’ to 7.
Set Kynti;n) = S50@"(x + )@ (x + n). Remark that in (4.3),
(1) (0Ti-)) (¢ x) = 1. Then, since 7; > 7;_1, from (4.3) we obtain
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Kun(mici;tiz1)  Kma(tioi;w)  Keo(m,n, 11,1 q)
(53D =det| 1 —Kpn(tistic) 1= Kpa(tisw) —Ke(m,n,t,1;q) |,
Kg(gim,n,ti1,1) Ko(g;m,n, 7, 1) K(q,q)

(5.32)

where by ¢ we denoted the quadruples (m;,n;,t;,0;), for j € {1, ..., Q}. The kernel
Ky is a simple function of the kernel K, see (5.16). The second line is just one in the
diagonal minus the entries of the kernel (cf. complementation principle in the Appendix
of [25]). Written in terms of K it becomes as above, since the (2, 1) entry has a 1 coming
from ¢. Next we perform two operations keeping the determinant invariant:

Second row — Second row + First row
Second column — Second column — First column.

We get that (5.32) is equal to

Knn(ti—1;ti—1) AT Kpa(tio1; ti1) + O(AT?) Kg(m,n, 11, 1; q)

det 1 — O(AT) O(AT?) O(AT)
Ko(qgim,n, ti—1,1) AthKo(g; m,n, 11, D+O(AT?) Ko(q.q)
? T K T
— _Ardet |: 02 m,n(fl 1:Ti—1) o(m,n, 71, L; CI):| + O(A‘L’z), (5.33)
0 Ko(g;m,n, ti_1,1) Ko(q,q)

where d, means the derivative with respect to t;_; in the second entry of the kernel.
This formula and (5.30) imply

[Y
E <Jﬂ,z(m, n) [ [ nmj.nj.t; ep)

j=1

:/tdsdet —0Kog(m,n,s,I;m,n,s,1)  Ko(m,n,s,,mj,nj, t;,0;)
1% —0 Ko(mi,ni, t;,60;;m,n,s,1) Kg(m;,ni, t;,6;;mj,nj, t;,0;) 1<i.j<0

(5.34)

The case of several factors J is obtained by induction. Expressing Ky for 6 € {I, II} in
terms of K only, and considering the fact that H is minus the sum of lozenges of type
II, we obtain the result. O

5.3. Proof of Theorem 1.3. Consider the expectation

N

E(H [h(m, nx, ) — B(h(me, ni, rkm). (5.35)

k=1

Our goal is to determine its limit as L — oo under the macroscopic scaling: #; = ¢ L,
n = (L], my = [ — no) L], with v € (VT = VT, (Vi + /7))

The expression (5.35) is a linear combination of expressions from Lemma 5.3. The
r.h.s. of (5.27) contains an N x N determinant; let us write it as the sum over permu-
tations o € Sy of terms each of which is sgn o times the product of matrix elements
(i,0i),i=1,...,N.
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The contribution of all permutations with fixed points is zero (because the diagonal
matrix elements are zeroes). All other permutations can be written as unions of several
cycles of length ¢ > 2. The contributions of the permutations with only cycles of length
2 lead to the final result, i.e., to prove the theorem we first need to show that the sum of
the contributions of permutations with cycles of length £ > 3 vanishes in the L — o0
limit.

Consider a cycle of length £ > 3 and use the indices 1, . .., ¢ for the corresponding
points (m;, n;, t;). Let us order them so that

nm=m=>--->n, 7171 <17 =<---<71, nodouble points, (5.36)

ie., j, 7)) < Mj—1,Tj—1).

For an ¢-cycle we need to take the product of the kernels (or their time deriva-
tives depending on the case), and do the summation over x; > [(—nk + vi)L], or over
pe € [[neL] + 1, [, L]], or the integration over [z/L, 7; L] depending on whether in
(5.27) we have a sum or an integral.

We first collect all the factors related to a fixed index i. There are three possible cases:

(a) The index i is related to a sum over [(—n; + v;)L, 00). Then we have to analyze

Z K(x,[niL], tiL; »5,)K (3¢ 15 x, [n; L], T; L); (5.37)

x>[v;L]

(b) The index i is related to a sum over [[n; L] + 1, [nlfL]]. Then we have to analyze:

[} L]
> K(wiLl+p—InLl p—1.%L; %)
p=[niLl+1
XK (s, -1: [vil]+ p —[niL), p. wiL); (5.38)

(¢) The index i is related to an integrated variable. We have in this case
5L
/ drK([viL], [ni L1, t; 5,) K (3¢, 15 [vi L1+ 1, [ L1, 7). (5.39)
/L !

The second kernel has a shift by one in the second x-entry. This comes from the
identity

—3gK(m,n,s;:m',n',s"y=K@m,n,s;m +1,n,s), (5.40)
which immediately follows from (4.2).

We analyze these three expressions in the L — oo limit using results of Sect. 6.3.
First of all, since w, — z. remains bounded away from zero all along the integrals/sums,
the bounds of Sect. 6.3 imply that the contributions of the error term O(L~!/8) in (6.56)
are of the same order, namely O(L~!/3). Therefore we can get rid of them immediately
and we will not write them explicitly in what follows.

Case (a) We divide the sum in three parts for which we use Propositions 6.9-6.13.

Case (a/1) Sum in the interval

I ={x eN,x > (JT +m)?L — L3}, (5.41)
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Then, by Propositions 6.12—-6.13,

D K@.[miL). wiLs 52K (2,15 . [ni L], r,'L)‘

xely
2
const x — (JTi+.Jni)°L
< ——=exp| —2 (Vi i) X terms in s, »_—1
L2/3 (‘L'iL)l/3 i’ o;
xelp
const .
< T X terms in z,, oyl (5.42)

Therefore, as L — 00, the contribution of this sum goes to zero.

Case (a/2) Sum in the interval

L=1{xeN, (Ju+m)’L—L"? <x < (Ju+ )L — (L3}, (5.43)

By Propositions 6.11-6.12,

D K@ [niL) 1L: 306K (2, -1 x. [0 L], 11 L)
xelr
const

S Lynin - Y e — x/L)?

X terms in s, , ¥, -1
1

const

< Ti/6 X terms in g, > _—1. (5.44)

9;
Therefore, as L — 00, this contribution is also infinitesimally small.

In the following (Cases (a/3), (b), and (c)) we will assume that all the entries ;s of
the kernel are in D and apply Proposition 6.9 and its Corollary 6.10. Let us justify it.
The variables corresponding to time integration (Case (c)) and sum over the p variables
(Case (b)) in (5.27) are always in D. Therefore, the only s¢;’s which are not in D corre-
spond to Cases (a/1) and (a/2) above. From Propositions 6.9—6.12, the contributions in
the s variable are of order

o)

L\/nifi — i+ 7 —v)?

(5.45)

if 5¢; € D. The sum in Case (a/3) is then bounded by O(1) because the sum is over O(L)
sites and the square-root singularity is integrable. Even simpler is Case (b) where we
never come close to the singularity and the sum is over O(L) sites. Finally, in Case (c),
the integration is over a time span O(L). Therefore, the contributions of the terms of
Cases (a/3), (b), and (c) are O(1), and for every sum reaching the edge we get a factor
O(L~1/9). Thus, in the following we need to determine the asymptotics of Cases (a/3),
(b), and (c) in the case where all the entries s ’s are in D.

Case (a/3) Sum in the interval

I ={xeN,[yL] <x < (JT+m)*L — L*3}. (5.46)
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Define the functions
1
27 |G (82(v, n, T))|/V/T

AW, 1, T) = (5.47)

and
F(w,n,t) = LIm(G(2(v,n, 1))). (5.48)

Then, by Proposition 6.9 we have

D K@ [niL), 1iL: 52K (2,150, [ni L1, 1 L)

xel3
> A(x/L, n;, Ti)I: P RIY0)
= L ®(0;) — () w(i) — oo, ")

0 0

xel3

e 2F (x/L,ni.)

+ ;
w(07) — (@) &) — w(o; ")

£iB1() etf2 ) QUF /L)

+ —
w(07) — &) w(i) — w(o, ")
SBID) o—iB2(0)

+ — T+ O ] X terms in >, , -1, (5.49)
w(o;) —w(l)d)(i)—a)(al._ ) i

where we used the notation w(i) = $£2(v;, n;, t;) and O means the other 12 terms
obtained by replacing w(o;) by @(o;) and/or a)(ai_l) by c?)(ai_l).

First we want to show that the terms with F in the exponential are irrelevant in the
L — oo limit. For that, we sum over N = L!/3 positions around any vL in the bulk.
Then, for 0 < x < L!/3,

Fw+x/L,n,7) =Ly, n,7)+xdyw,n,17)+OL"3)holds, (5.50)

where y (v, , ) = L~ F(v, , 7). All the other functions (A, 81 (i), 2(i), and w(i))
are smooth functions in v;, i.e., over an interval L'/3 vary only by ~ L~2/3. Therefore
we have to compute an expression of the form

N-1
1 )
5 > AT Dg (s x /Ly, 1), (5.51)
x=0
where ¢ is a smooth function given in terms of A, 81(i), B2(i), and w(i). Thus

N—1
. 1 .
(5.51) = ¢ (v, n, r)eZILy(”’"’T)N > o) (5.52)

x=0
with b = 29,y (v, n, ). Then, for 0 < b < 27, we use

1 N-1 " eibN 1
10X
N Ze TN - 1)’ (5-53)
x=0
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In our case, b is strictly between 0 and 7 as soon as we are away from the facet. When
we reach the lower facet, b — 0. However, in the sum over /3 we are at least at a distance
L2%/3 from the facet, i.e., b > const L~ 1/°, Therefore

|(5.53)| < const /(bN) < const L™/, (5.54)

Since this holds uniformly in the domain /3, we have shown that the contribution of the
terms where the exp(42iF) is present is at worst of order L~!/%. Therefore the only
non-vanishing terms in (5.49) are

S AL ) [ TP eifr)

L 0(01) — (i) w(i) — w0, ")

xelz

(iB1(0) e—iba(i)

+ — + O | x terms in s, >¢_—1. (5.55)
w(01) — &) (i) — w(o; ) ] o
All the functions appearing now are smooth and changing over distances x ~ L. Thus,

defining x = vL, the sum becomes, up to an error of order (’)(L_l/ 3 ), the integral

/<ﬁ+ﬁ>2 e 1B1(0) eiB2 (D)

dvA(v, n;, Ti)[a)(o‘i) —w() w(i) — a)(ai_l)

P10 e ip2(0)

Vi

+ — + O | x terms in sz, >¢_—1. (5.56)
w(07) — &) @) — w(o; ") ] o
The final step is a change of variable. For the term with w (i), we set 27 = w (i) = £2(v,
ni, T;). Denote the new integration path by Fj ={2W,n;, T),v: (ﬁ+ﬁ)2 — i}
The Jacobian was computed in Proposition 3.8, namely

dw (i) _ iw (i) .

v ok

For the term with @(i) we set z; = @(i) = 2(v,n;, %) and I'" = I'.. Then (5.56)
becomes

—1 : 1 1 . _
I z & /ri dzlg[|:zl. +©i| x terms in 0y, o; ' (5.58)
&= &

A -1 ;
g — w(0i) w(o; ) — z,

27iA P2 =110 (5.57)

The factor —1 comes from the orientation of F;l_ , see Fig. 8.

Case (b) We sum in the n-direction from [n; L] + 1 to [} L] for some n; > n;. While
doing this, we do not exit the domain D remaining in the bulk. Therefore, the compu-
tations are just a small variation of the sum over I3 of Case (a). The minor difference
comes from the —1 shift in p in the entries of the first kernel. By changing the variable
o = p/L, we then obtain
[n;L]
lim > K(@iLl+p—[niLl. p=1. 4L 56) K (2, 1: i L1+ p—[ni L], p, tiL)

L—o0
p=[n; L1+1

I:eiﬂl(i)w(i)l eih2()

n;
= daA(vi —mi+o, 0, 7 '
/ aA( —ni+a,a,7) w(o;) —w() w() —60(01'_1)

ni
APl i)

w(01) — o) o) — (1)(0,»71)4- O :| X terms in %a,." (5.59)
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\

Fig. 8. The image of paths of Fig. 7 under the map 2

with w (i) = 2(v; — n; +«, «, t;). For the term with w (i), we set z?’ = w(i) and denote
the new integration path by Fl ={Vv; —ni+ao,a 1), : nl’. — n;} (we set the
orientation of the path as in Fig. 8). By Proposition 3.8 we get

00 _ 1 _ rin o)1) )~1. (5.60)
Jda K

The change of variable for the term with @(¢) is similar. The result is the same formula
as (5.58) (of course, with the new 17 ’s).

Case (c) The last case is when we do an integration over a time interval. Similarly to
Case (b), we do not have to deal with the edges, since, by assumption, we remain in the
bulk of the system. We need to compute

‘E,‘L
/ deK([viL], [niL], t; 55,) K (3¢, 15 [vi L1+ 1, [n; L], 1)

i/L
5 e—iB1D) eiB2(0)
= [ drAQi i, r)[ . (I —w@®)
/f; P o) — o) wi) — o)
—i1 (i) —ia (i)
L Pl - el _— — a(i))e BF i)
w(0i) — (@) &) — w(o; )
(iB1(0) B0

1 — w(i))e2Fini. o
w(0;) — () w(i) — w(di_l)( w(i))e

P e iB2(0)

+ — (l—d)(i))+©] X terms in ¢, , >_-1. (5.61)
(1) — o) (i) — wio; ) B

The only rapidly changing function is F, which, as for the sum, makes the contri-

butions of the term with it vanishing small as L — oo. We do the same change of

variable as above, i.e., z;’ = w(i) = £2(v;, ni, 7). Denote the new integration path by

Fj = {2(v;,ni, 1), T € [t/, ;]}. The Jacobian is computed in Proposition 3.8, namely

86;5’) _ TeOUZel) ) p b0 —m0 0wy, (5.62)
K

Thus, we obtain again (5.58).
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Thus, after summing / integrating all the £ variables, we get the contribution of the
£-cycle, namely

¢ ¢
ﬂ E I I & d L2 d &y 1
(27-[1)5 ! 1 “ rt e & o’
&1 e=Hi=1 1 e i=1 % ~Zoi
¢ ¢

(-1t . . |

- (2771)l Z Hgi 1 dzl o re dZE a; goj_1”’ (5.63)
€1,....,&0=% i=1 &1 ) i=1 Zo; — Zoj_,

where we set o( := oy. By Lemma 7.3 in [51], which refers back to [28],

4
Z H # =0, fort>3. (5.64)

o={l-cyclein Sy i=1 %i Gi-1

Therefore, the sum of (5.63) over all possible £-cycles on the same set of indices gives
zero for £ > 3.

We have shown that we have a Gaussian type formula (sum over all couplings) for
points macroscopically away. We still need to compute explicitly the covariance for such
points. The covariance is obtained from (5.63) for £ = 2. We need now to consider the
signature of the permutation, which for a 2-cycle is —1. We thus obtain a sum of 4 terms
which can be put together into (see the end of Sect. 7 in [51] too)

1 2@rn,7) £2(v2,m,72) 1
I
(27[1)2 21,n1,71) 22,m,12) (Zl - Z2)2
= L (E20me 1) — 2, m, ) (Wi, m, T1) = 22, M2, )
4m? T\ (R, 1) — 202, m2, )21, N1, 1) — (02,2, T2))
(5.65)
O

5.4. Short and intermediate distance bounds. Let us first prove the short distance bound
(1.18).

Lemma 5.4. For any »;j € D and any ¢ > 0, we have
E(HL(5a) - HL(3en)) = O(L), L — oo. (5.66)
Proof of Lemma 5.4. Theorem 1.2 implies, for any integer m > 1,
E(HL(%j)zm) = O(In(L)™). (5.67)
By the Chebyshev inequality,

P(|Hy ()| = X In(L)) = O(1/X*™), P(Hp(3))| > Y) = O(In(L)"/Y*™).
(5.68)

The final ingredient is that | Hz (s¢;)|] = O(L), since on level n = L we have only L
particles. Therefore, for any Y, we can bound
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IE(HL (3) - HLGen))| < P(HLGe)| < Y, ... [H Gew)| < V)Y
+P(3j st |HL(3))] > Y)OL)N
=0 +0o@N In(L)"/Y*m). (5.69)
Taking ¥ = L¢/? and m >> 1 large enough, we obtain
|E(H (3¢1) -+ - HL(5en))| = O(L?), for any given ¢ > 0. (5.70)
O

Next we give an intermediate distance bound, extending the result of Theorem 1.3.

Lemma 5.5. Consider the setting as in Theorem 1.3. If the points 2;’s are not closer
than L=YB®N)then the difference between the expectation E(Hp (5¢1) - - - Hy (3¢x)) and
the r:h.s. of (1.17) is O(L~V/ 12Ny,

Proof of Lemma 5.5. Itis a small extension of Theorem 1.3. For N = 1 the two expres-
sions are identically equal to zero. So, consider N > 2. We have [£2; — £2] > L_1/16,
so that the estimate of (6.56) can still be applied in the proof of Theorem 1.3. All
the error terms collected are O(L~1/9) (see (5.54)) times at most N factors of order
1/12; — 2,1 = OLY®N)). This accounts into an error O(L~'/2*). Now, since the
£2;’s are not away of order one, when one O(L~'/3) in (6.56) is used, it has to be
multiplied by at worst N — 1 factors of order 1/]£2; — £2;| = O(LYBN)y_ Therefore
the error is at most O(LN=D/GN =178y — O(L=1/BN))_Similarly, the contribution
where O(L~1/8) is used n times is O(LWN /BN [, =7/8) 'which is maximal at n = 1.
Thus, for N > 2, we get all together O(L~'/2%) + O(L=V/B8N))y = O(L~1/(12N)y

5.5. Gaussian Free Field. The Gaussian Free Field on H, see e.g. [73], is a generalized
Gaussian process (i.e. it is a probability measure on a suitable class of generalized
functions on H) that can be characterized as follows. If we denote by GFF the random
generalized function and take any sequence {¢y } of (compactly supported) test functions,
the pairings {GFF(¢y)} form a sequence of mean 0 normal variables with covariance
matrix

E(GFF(¢x) GFF (1)) Z/HIdZIZ(Vm(Z),Vsz(Z))

= [ el g 2,

where

1
Gz, w) = ~3 In

(5.71)

I—w
Z—w
is the Green function of the Laplacian on H with Dirichlet boundary conditions.

The value of GFF at a point cannot be defined. However, one can think of expectations
of products of values of GFF at different points as being finite and equal to

IE[GFF(z1) - - - GFF(z,,,) ]
B 0 if m is odd,

_[zpairingsag(zd(l)’ZU(Z))"'g(ZG(m—l)’ZU(m)) ifmiseven. 72
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The justification for the notation is the fact that for any finite number of test functions,
m
E(GFF(¢1) - - - GFF(¢)) = /H [T 1dz41?¢x cOE[GFF(z1) - - - GFR(zy)] . (5.73)
" k=1

The moments (5.73) uniquely determine the Gaussian Free Field.

To state the convergence results, we consider any (smooth) space-like surface
U c R3 in the rounded part of the surface. Namely & C D, and for any two triples
i, mi, i) eU,i =1,2,n < ny implies 11 > 17.

Clearly, the mapping 2 restricted to I/ is a bijection. Consider any smooth parametri-
zation u = (u1, uz) of U. Denote by £2;, the map from u to H, which is the composition
of the map from u to (v, n, ) and §2. Then, for any smooth compactly supported test
function f on U, we define

(f, HL) :== /u duf(u)H (u), (5.74)
where Hy (u) is as in (1.16). Then

(f. HL) = /H |z 7 (2) £ (2 @) HL (82, (2)). (5.75)

where J (z) is the Jacobian of the change of variables z — u by §2;, L

Theorem 5.6. For any m € N, and any smooth compactly supported functions
fi.ooos fmonl,

lim E[Hm,m] = /H 1142l i @OEIGFFG)) -+ GFF@m)] . (5.76)
k=1

L—o0
k=1

where f(z) 1= J(2) f (2, (2)).

Remark 5.7. Since moment convergence to a (multidimensional) Gaussian implies con-
vergence in distribution, Theorem 5.6 implies that the random vector ({fx, H.)){_,
converges in distribution (and with all moments) to the Gaussian vector with mean zero

,,,,,

Proof of Theorem 5.6. We have

E [Hm, HL)} = /H T e eor [He@y @) Husy @)
k=1 k=1
(5.77)

Theorem 1.3 and Lemma 5.5 allow us to determine the last expected value as soon as
|zi — z;| are away at least of order § := L~1/Bm) Denote by

HY ={(z1,....2m) e H" sit. |z; —zj| < 8,1 <i < j <m}. (5.78)
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Then, as L — oo, we have

/ H|dz,k| S OB [ Hy (2 @)+ Hu(92y )|

Skl

= / [ 1z £ (z0)E [GFF(z1) - - - GFF(z,)] + O(L™ /2™ (5.79)
H =y

Then, since the logarithm is integrable around zero (in two but also in one dimension),
the L — oo limit is simply given by

lim (5.79) = / [T 142 OB IGFF) - GFF@]. (5.80)
— 0 Hm k=1

We still need to control the contribution coming from H™\Hj'. Using Lemma 5.4,
this is bounded by

< const 82L°,

‘ /H iy H|de| OB [ Hy (2 @)+ Hu(82 )

(5.81)

where const depends only on the functions fi, ..., f,.Since 8> = L~V/@ and g > 0
can be chosen smaller than 1/(4m), in the L — oo limit this contribution vanishes. 0O

We actually have a stronger result. Indeed the same formula holds also for smooth
functions living on one-dimensional paths. Consider now any simple path y on U/ and
denote by s a coordinate on y. Denote by £2, the composition of the map from s to
(v, n, 7) and £2, and by yg C H the image of y by £2,,. Then, we define

(f,Hp)y = / dsf (s)Hr(s) (5.82)
14
and we get
(f,HL)y = / dzJy () f (2, () HL(2; ' (2), (5.83)
YH

with Jy, (z) the Jacobian of the change of variables from z back to s by £, I

Theorem 5.8. For any m € N, consider any smooth functions fi, ..., fin of compact
support on y. Then

lim E|:H<fkaL } /Hleklfk (z)E[GFF(z1) - - - GFF(z)],  (5.84)

L—o0o iy YH k=1
where f(2) = T, (2) f (2, 1(2)).

Proof of Theorem 5.8. The strategy is the same as in the proof of Theorem 5.6. The main
difference is that the contribution at small distances will be of order § L¢. However, this
is fine, since we can choose ¢ < 1/(8m). O
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6. Asymptotics Analysis

In this section we do the asymptotic analysis of the functions g,’s at the (upper) edge
and at the bulk. These are used to obtain the Gaussian fluctuations in Sect. 4. Then, we
do the asymptotic analysis of the extended kernel in the bulk and provide some bounds
at the (upper) edge, needed to prove the Gaussian Free Field correlations in Sect. 5.

6.1. Asymptotics at the edge. First we will determine the upper edge asymptotic of /,, ;
defined in (4.15), for which we apply exactly the same strategy as in previous papers
(Lemma 6.1 and 6.2 are almost identical to the computations of Propositions 15 and 17
in [16]). We first explain the strategy and then give the relevant details.

Lemma 6.1 (Upper edge). Let n = ct and x = (1+ /c)*t +st'/3, for any ¢ > 0. Then,
(=0)"
e Ver(l + /o)*

uniformly for s in bounded sets, with ky =c'/0(1+./¢)™%/3, and iy = (1+/c)'3c=1/3.
Here Ai(-) is the classical Airy function.

Jim 130, () = B2 Ai(K29), (6.1)

Proof of Lemma 6.1. The strategy is the following. With the replacements n = ct and
x=(1+ ﬁ)zt + 5113 in (4.15), we have an integral of the form

dze!fo@+*7 fi@+'7 fr+ f3(2) (6.2)

ZJTi Iy
for some functions fi(z), k = 0, 1, 2, 3. The s-dependence is in f2(z).

Step 1: Find a steep descent path! for the function fy(z), passing through the double
critical point z. given by the condition fj(zc) = f(z¢) = 0. In particular, the steep
descent path will be chosen so that close to the critical point the descent is the steepest.
Then, uniformly for s in a bounded set, the contribution coming from the integration
path away from a §-neighborhood of z. is of order O(e™"!) with ju ~ &3

Step 2: Consider the contribution of the integration only on |z — z.| < §, with § which
can still be chosen small enough, but z-independent. In a neighborhood of the critical

point, we can use the Taylor expansion of the functions fy, ..., f3 and get
exp(tfo(ze) + 177 fize) + 117 foze) + f3(ze)
1
X>— dzexp(tro(z — 20)* /3 + 17 k1 (z = 20)* +1'Pia(z — 20))
271 J rynjz—zc|<6
x exp(O(t(z — 2% 17 (2 = 2%, 1P (2 = 200, (2 — 20)). 6.3)

Remark that we do not have a term £2/3 (z—z¢) in the exponential. If such a term remains,
then the edge scaling in x is not the right one.

Step 3: Estimate the error terms. We do the change of variable t13(z — z2) = w and

choose § small enough, so that the error terms are much smaller than the main ones.

! Foran integral I = /, y dze'T @) we say that y is a steep descent path if (1) Re( f (z)) reaches the maximum

at some z € y: Re(f(z)) < Re(f(zp)) forz € y \ {z0}, and (2) Re(f(z)) is monotone along y except at its
maximum point zg and, if y is closed, at a point z; where the minimum of Re( f) is reached.
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Subsequently, taking ¢ large enough, the cubic term dominates all the others. Applying
le¥ — 1| < |y|el?! with y standing for the error term O(- - - ), and changing the variable
t13(z — z.) = w, one sees that the difference between the integral with and without the
error term is of order O(+~1/3).

Step 4: For the integral without errors, we also do the change of variable /3 (z — z.) = w

and then we extend the integration paths to infinity. This accounts for an error of order
O(e~™). The final formula is then

17 B exp(tfo(ze) + 123 fi(ze) + 13 fr(ze) + f3(20))

% E/dwekow3/3+lqw2+l(2w +O(f_l/3 e—;u,‘) (64)
2mi ’ ’
where the integral goes from e~"/300 to ¢™/300 if kg > 0 and, in case ko < 0 it goes

—2mi/3 2mi/3

from e oo toe oo. The sign £1 depends on the position of the critical point:
we have +1 if z, > 0 and —1 if z. < 0. Finally, the integral can be rewritten in terms of
Airy functions using the following identity:
1 emfoo 2 33,2
— /3 e — VBB 1P — cja 1) P bela (5
271 J o730

Specialization to our case. In our specific situation, the critical point is z. = —/c, and
the functions fy, ..., f3 are
fo(2) = 2+ (1 +/0)? In(1 — 2) — cIn(z),
=0,
f1(2) 6.6)

f2(2) =sIn(1 —2),
f3(z) = —In(2).

The steep descent path used in the analysis is made of pieces of the two following paths,
¥p and yioc (see Fig. 9), given by

Vp = {—pe'? ¢ € (—m, w1}, Vioe = (= + e T3EW x| x € [0, Ve/21).

(6.7)
For p € (0, \/cl, v, is steep descent path for fy. In fact, we get
dR = pel? i
e(fole=pe?) _ _p sm¢2 (c — p? +2Jc = 2pcosd). (6.8)
do 11—zl

The last term is minimal for ¢ = 0, where it equals

(Ve=p)p++/c+2) =0, (6.9)

for p € (0, \/cl. y, is a steep descent path for fy because the value zero is attained only
for p = 4/c and, in that case, only at one point, ¢ = 0. However, close to the critical
point it is not optimal, because the steepest descent path leaves z. at angle + /3 (there
are rays where Im(z — z.)* = 0). By symmetry, we need to consider only x > 0,

dRe(fo(z = —/c+e™Px) ¥ 0®x)

dx 2P =2

(6.10)
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Tp

Noc

Fig. 9. The steep descent path used in the asymptotic analysis is the bold one

with Q(x) = /c(1 +4/c) —x(1 +x)/2 — /cx. Q(0) > 0, and the computation of the
(at most) two zeros of Q(x) shows that none are in the interval [0, 1/c/2]. Thus Yo is
also a steep descent path for fy. Since this is the steepest descent path for fy around the
critical point, we choose as path I in ,, ; (x) the one formed by yj,¢ close to the critical
point, until it intersects y,_ /377 , and then we follow y /3:73.

The Taylor expansions near the critical point z. = —./c of the functions f; are given
by
Fo@) = fo(—v/A) + Loz + /0 + O((c + V). k0= m
£(D) = fr(=O) + 12z + /D) + Oz + VD), 12 = ———, (6.11)
1+.4/c

£(2) = —In(—/c) + O(z + /c).

Thus in our case we have

a=ko=1/(/c(1+0), b=0, c=-s/(1+c), el =—-1//c.

6.12)
This, together with the relation
(1+ o) e Vel
exp(tfo(ze) + 17 fize) + ' fa(ze)) = f— (6.13)
(=v0©)
proves (6.1). O
Lemma 6.2. Fix ¢ > 0 and consider the scaling of Lemma 6.1. Then
_ n
Y301, 4(x) (V) < conste™, (6.14)

e Ve (1 + /o)*

uniformly for s > —{, where const is a constant independent of t.
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Proof of Lemma 6.2. For any finite £, the bound for s € [—¢, £] is a consequence of
Lemma 6.1. The value of ¢ can be chosen large but independent of ¢. The strategy for
s > €is just a small modification of the computation made in Lemma 6.1, and was
already used for example in Proposition 17 of [16] and in Proposition 5.3 of [13]. Let
us explain it.

In Lemma 6.1 we have seen that y, is the steep descent path for fy, for any p €

(0, \/c]. Sets = (s +0+0):723 > 11723 > 0and fo(2) = fo(z) +5In(1 — z). For any
s > 0, y, is also a steep descent path for fo(z). However, for § > 0 there are two real
critical points for fo, say at ch with |zf| > |z7|. For § small, we have at lowest order

in §, zf ~ —JcF «/?«/KQ/K , with k¢ and x» given in (6.11). To get the best bound
we should pass through z_". However, this precision is not needed to get the exponential
bound and we can choose the integration path passing through

L, [ — e+ Gl /)2,

fO<
- 6.15
—JC+ (eka ko), if§ > (©.15)

With this choice, for & small enough, we have —/c < —p < z_ and in particular, for
small 5, —p is very close to the position of the critical point. As in Lemma 6.1, we use
the fact that y, is steep descent to control the contribution away from |z + p| < §, while

the contribution close to z = —p is controlled by the Taylor expansion of Re( fo(z)),

leading to a Gaussian bound. By choosing ¢ large enough, all the terms coming from
Re(fix(2)), k = 1,2, 3 are dominated by the leading term of Re( fp(z)). The final result
is that

(=)

131 _
n)t(x)ef\/a(l +\/E)x

< const Q(p), (6.16)
with

0(p) = expRe(t (fo(—p) — fo(ze)) + 123 (fi(=p) — f1(z)) +1' 3 (fa(=p) — f(z))).
(6.17)

Q(p) is decreasing for —p from z. to z; and —p — z. is at most of order /¢. Thus,
we can easily bound Q(p) by using Taylor expansions. Simple computations lead to the
desired exponential bound. O

To get the needed bound on g, (see (4.10)—(4.14)) around the edge, we use the bound
of Lemma 6.2 on I, ; which has still to be multiplied by B, ;(x) given in (4.14).

Lemma 6.3. Let n = ct, x = (1 +/¢)’t +st'/3 and fix ¢ > 0. Then
Ign(x, )| < constt™ /3™, (6.18)
forany s > —{, and const is a t-independent constant.

Proof of Lemma 6.3. This result follows from Lemma 6.2 if

eVl + /o)

By (x) = | By, (x) —y

< const. (6.19)
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For the factorials we use the Stirling formula, namely

n! = V2mn (f)"efn L <L (6.20)
’ e o1+ 12n 0" T 1207 ’
‘We obtain
) c 1/4
Ber (1 +4/0)*1) = (m) (I+0/1)). (6.21)

For x = &1, & € [(1 + /)%, 00), we compute

Ber i (E1) _CHJW
£

1/4
3 a L+0(1/1)e™®, 6.22
Ber i (14 /0)%1) ) (I+0dd/0)e (6.22)

with
hE) =161 —In@E) +2In(1 + v/0)) — $(1 + /0)2. (6.23)

Since ' (§) =0at& = (1 ++/c)? and h"(§) = —1/(2&) < 0, we have ¢"™ < 1. 0O

6.2. Asymptotics in the bulk. In this section we derive a precise expansion of I, ;(x) for
x = At, with & € (1 = /¢)?, (1 + /¢)?). For any fixed ¢ > 0, set n = ¢t and x = Af.
Then

I _ =Gwlr,c, 1 6.24
n,t(x) 27_[1 w e 5 g(w) (w| , Cy )» ( . )
Iy

see (3.25) for the definition of G. Recall a few results from Sect. 3. For A € ((1 — ﬁ)z,
(1+\/E)2), g has two complex conjugate critical points, w. and w., withw, = 2 (X, ¢, 1).
In particular, |we| = /¢, |1 — we| = VA, and |g”(we)| = fry”c —(1+c—1)2
When (, v, ) = (¢, A, 1), we denote by 7. the angle 7;, and by m; the angle 7,,. Then

R _1+c—)»_c1 +)\1)\

e(g(we)) = — "> n(c) 5 n(d),

Im(g(we)) = Im(w,) — Ame — cm;,, (6.25)
arg(g(we) = 3 +7c = .

Lemma 6.4. Set « = a(c, )) = Im(g(w.)) and B = B(c, ) = —%(71C + ) + 7/2).
Then, ast — o0,

e'Re(g(we)) 2 i
Ier (A1) = TZOAT, [ E cos(ta + B) + O(¢ )}. (6.26)

For any ¢y > 0, the errors are uniform for A € [(1 — ﬁ)z +e&p, (1 + \/5)2 — &o).
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Remark 6.5. In fact, we prove the bound of (6.26) with error term

0) + O(VIg we)lre <o 8 o ©27

for some 0 < § < |g”(w.)|. In Lemma 6.7 we will have to be careful with the second
term of the bound, since g” (w.) goes to zero at the edge.

Proof of Lemma 6.4. The critical points of g, the points such that g’(w) = 0, are w,
and its complex conjugate w.. Close to w. the Taylor expansion of g has a first relevant
term which is quadratic,

gw) = g(we) + 1g" (W) (w — we)? + O((w — we)?). (6.28)

Now we construct the steep descent path used in the asymptotics. By symmetry we
consider only Im(w) > 0, the path for Im(w) < 0 will be the complex conjugate image
of the first one. Let y, = {w = pe'?, ¢ € [0, 7]}, then

4 R —id’—‘[k—l} 6.29
@( e(g(w = pe®))) = psin(e) m . (6.29)

This is positive if |1 — w| < +/A, and negative otherwise.
Locally, consider the path yjoc = {w = w, +60x, x € [-4§, §]}. Then

g(w) = g(w) + 38" (w)Hx* + O(Y), (6.30)

where we choose

N it i ”
b = exp (— -5 e (wc») - exp(

- 37 im — 7 m) . 6.31)

+
4 2

For —6 < x < 0, the path yo is closer to 1 than /A, while for 0 < x < § the path yioc
is farther from 1 than +/A. This is the case since our yjoc has an angle between 7 /4 and
377 /4 to the tangent to the circle |1 — w| = v/A.

So, the steep descent path used is the following: we extend yjo. by adding two cir-
cular arcs of type y,, for adequate p, which connect to the real axis; finally we add the
complex conjugate image, see Fig. 10 too.

In this way, we have a steep descent path. Thus,

1 d
Ly (x) = eReEWD O (e =1y 4 IRe (— / —we’g“")) (6.32)
27i Jy. W

with & ~ |g”(we)|82, as soon as |g”(we)| > 0, i.e., as soon as the second order term
dominates all higher order terms in the Taylor expansion.
The second term of (6.32) is given by

s A
! dw ey _ 1[0 40 8 et = 3118 ol 06 0y
271y, W 271 J_s  we
1 é s _l " 2
= ——— [ dxe8WI 28I 4y (6.33)

21 we J_g
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e

Fig. 10. Illustration of the steep descent path

where

1 é ) _l " 2
E| = T dxe8@We) p= 118" (we)lx eO(tx3)@(tx3’ X). (6.34)
cJ=4§

Here we used |e* — 1| < |x|el*|. Changing the variable y = x+/7, we get that

1 [ovi e _
B4 < const R / dee—'g @I 20(y, v //1)e QO VD
—38/t

e'Re(g(we))
13/18" (we)|

for § small enough, i.e., for0 < § < |g” (w)|. In this small neighborhood, the quadratic
term controls the higher order ones. The final step is to extend the integral on the rest of
the r.h.s. of (6.33) from £6 to +00. This can be made up to an error e/Re(EWe)) O (e=11)
as above.

Resuming we have (counting the contribution from both critical points)

I = RECD [0 + O/ (1187w |

1 6 1,
+2Re(ﬁw_ /Rdxefg(w% 2"l (W)xz)- (6.36)
c

The error terms are the ones indicated in (6.26), and the Gaussian integral for the last
term gives

< const (6.35)

2e!Re(g(we)) Re ( ~|wel

—i@—ei”m(g(wf))) ) (6.37)
V2w |g" (we)| We

We then set 8 = arg(—ié/wc) = —mw/4 — (7. + m,)/2, so that —ié% = ¢'#_ For A in

a compact subset of ((1 — /¢)2, (1 ++/¢)?), |g" (w)| is uniformly bounded away from
zero and infinity. Thus the lemma is proven. O
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The bound of Lemma 6.4 can be easily extended until a position away of order O (¢%/3)
from the upper edge.

Lemma 6.6. Ser « = Im(g(w.)) and B = —%(nc + m, + w/2). Then, for
Aoe [(1 =) +ep, (1+4/c)? —1t713], for any fixed g9 > 0, we have the uniform
estimate

e!Re(g(we) 2 o
Ter i (1) = [ cos(tar + B) + Ot~ /%) + O(/re e }
" g7 wolt LV P g ( )

(6.38)

Proof of Lemma 6.6. The analysis of Lemma 6.4 can be made also for this case, with
only minor differences. Indeed, for (1++/c)>—A ~ t~1/3, wehave |g" (w.)| ~ t~!/% and
this time we choose & going to zeroas t — oo, setting § = ¢~ !/4. With this choice, (6.32)
and (6.35) are still valid because at the border of integration the quadratic term domi-
nates the cubic one. Indeed, with y = 8/ = t1/4, y3//t ~ t1/* « 113 ~ |g"(we)|y?
holds. Also, the error term coming from steep descent in (6.32) will vanish as t — oo
but slower than before, with pt ~ 3. o

The results of Lemma 6.4 and Lemma 6.6 imply the following asymptotics for the
functions ¢,,.

Lemma 6.7. Set @ = Im(g(w.)) and B = —%(nc + 77 +7/2) and fix any &9 > 0. Then,
uniformly in A € [(1 — /©)? + g0, (1 + /c)? — t71/3], we have
172

_ 1 —172
1) = =~ — |:Cos(ta + )+ O )}. (6.39)
7

Proof of Lemma 6.7. We just have to compute the prefactor B, ,(A1)e'ReE€®) We
have (6.25) and applying the Stirling formula for the factorials in B, ;(At) we get that

Ber, i (M)eRE@e) — (/o)A (1 + O(1/1)). (6.40)

O

Now we need to fill the gap between the bulk and the edge. In this region we do not
need precise asymptotics, just a bound. Approaching the upper edge, g’ (w.) goes to
zero, but then everything can be controlled by the cubic term, because |g”’ (w.)| # O at

the edges.

Lemma 6.8. For g9 > 0 fixed but small enough, and € > 0 large enough, we have the
bound

—12

o T (e
¢ 7

uniformly for A € [(1 + /c)* — g9, (1 + /©)> — tt7%/3].

|ger (At, )| < const (6.41)
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Proof of Lemma 6.8. Consider the gg-region close to the upper edge with g > 0 small
enough. We can compute explicitly the direction 6, see (6.31). It is a continuous function
of Aand,as A 1 (1 + ﬁ)z, 0 0 eP7/4 (because 7;, 4+ m and 7, | 0). We need just a
bound, so we choose 6 = ¢157/4 and set the local path as

Yiee = {w = we + 2 4x, x € [—8, Im(we)V/2]}. (6.42)

The path yjoc reaches at x = Im(wc)ﬁ the imaginary axis and this is the reason for the
upper edge of yjoc. We have

g(w) = g(we) + 18" (W) (w — we)? + 2" (W) (w — we)® + O((w — we)™).

(6.43)
In a §-neighborhood of w,, along the direction 0 chosen,
Re (38" (we)(w — we)?) = — 31" (we) [x*(1 + O(ep)) (6.44)
and
Re(£g” (we)(w — we)?) = £g" (we)lx? /V2(1 + O(Jep)). (6.45)

Therefore, for &g small enough, the quadratic term helps the convergence. For x < 0,
the cubic term helps the convergence, while for x € [0, Im(wc)\/i] we will need to
control it by the quadratic term. Thus,

1 d
L, (x) = 'ReGWD O (e =1y 4 IRe (— / —wefg<w)) , (6.46)
271y, W

with >~ |g"” (w¢)|83, where g"” (we) — 2//c(1 +4/c) as A — (1 +/¢)>.
Consider then the contribution coming from the integral over yj,.. We have

dw oRe(g(we)  plm(we)v/2
/ O] < —/ dx exp (—%tlg”(wc)lx2)
o W |we| )

X exp (%t|g’”(wc)|x3/\/§ + O(x4t)) (1+0x), (647)

the last 1/+/2 coming from Re(e~ /%) = 1//2. A simple verification gives

— 3t1g" (we)lx® + £elg” (wo) | V2 < —tlg" (we)lx?, 0 < x < Im(we)v2,
(6.48)
So, for x € [0, Im(wc)\/i], the quadratic term is still dominating higher order terms,
including the cubic one (the quartic term can be bounded by replacing % by % in the
above estimate).

On the other hand, for —6 < x < 0, we have that the cubic term is negative and
dominates all higher order terms. More precisely, for § small enough,

lexp (41" wolx/ V2 + 06 D) | = exp (ftlg” wol’) <1, (6.49)

in the region x € [, O].
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Using (6.48) for positive x and (6.49) for negative x, we get

Im(w.)v/2
(6.47) < const e’Re(g(wf))/

o dxew (g wale?)

1

Vg wolt

Replacing the value of |g” (w.)| into this expression ends the proof. O

< const ¢'Re(&we)) (6.50)

6.3. Asymptotics of the kernel. In this section we obtain the precise asymptotics of the
extended kernel in the bulk first and a bound to control the behavior starting from the
upper edge. Here we use several notations introduced in Sect. 3.

Asusual, it is convenient to conjugate the kernel before taking the limit. For the upper
edge (cf. Lemma 6.2) set

Wi = exp (—./n,-ri +x; In(1 +/m /) — i In(—/ni /5;) — t,-) . (651)
and, in the bulk (see Lemma 6.4) set
Wip = exp (3t +ni — x;) — gni In(n; /t;) + 3x; In(xi/t;) — ;). (6.52)

Then, define the conjugation as

. T 72 . - )2
Wi:{w,,h, for (v/i; — )? < xi < (Vi + /)7, 653

Wi, forx; > (Vi +ni)>.

Remark that W; is continuous. Moreover, |W;, — W;p| = (’)(L’l/ 3) for
lx;i — (VTi+ \/n_,-)2| = O(L™'73). Therefore in such a neighborhood it is actually irrel-
evant which formula to use.

Proposition 6.9. Let us consider two triples (x1, n1, t1) and (x2, na, t2) parameterized
by

xi =[vLl, ni=[nL], ti=r1L. (6.54)
Assume that they are in the bulk of the system, namely, that &y > 0 exists such that

(VT — ) +e0 <vi < (JT +ym)* — L713, (6.55)

Denote z. = 2(v1, n1, T1), we = §2(v2, N2, 72), and assume that these points are not
too close: |ze — we| = L™Y10 Then, the asymptotic expansion

1
(Wi/W2)K (x1,n1, 115 X2, n2, 1) =
27 LG (W) |G (2011 = zc
1 PLIM(G(we)+B2 1 ILIM(G (we))+ifa
x [wc e SMGEOTE |, — 7, e LImG )T
1 e~ ILIm(G (we))—ifa 1 e~ ILIm(G (we))—ifa |
o eImGER g, =7, emtmGey—m T OE )] (6.56)
holds, with the error uniform in L for L > Lo >> 1. The phases | and B, are given by
St omw b4 37 &w b4

pr=—" AL _ TN g2 TR (6.57)

4 2 2
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Fig. 11. Illustration of the steep descent paths

Proof of Proposition 6.9. The analysis relies on the double integral representation (4.2)
of the kernel. The analysis for the cases (n1, t;) 4 (n2, ) and (ny, t1) < (n2, ) are
very similar. Let us explain the first case, corresponding to n; > 1y, or 711 < 12,
or (1, 11) = (n2, 72). The asymptotics employs several ingredients already used in
Lemma 6.4 and Lemma 6.6. Thus, we introduce the notations

¢ =i/t = n; =[citil, A =i/t = x; = [Aiti]. (6.58)

The conjugation factor e’ =2 in the kernel representation (4.2) will not appear in the
following computations, since it appears automatically in the factors W;/ W,. Thus, we
have to analyze

l. j{ dw]{ dze82W)—ngi () —1 (6.59)
(27[1)2 ) I (1 _Z)(w_Z)

with g;(w) = w+ A; In(1 — w) —¢; In(w) = G(w|Ari, ¢, 1),i =1,2.
The critical points of g2(w) and g1(z) are given by

wC = Q()"zs 629 1) = Q(VZ» ’727 7:2)’ Zc = Q()"ls Cls 1) = Q(Ul, nls Tl)' (660)

The integrals over w are, up to the factor w/(z — w), as in Lemma 6.4. Therefore,
the steep descent path I is chosen as in Lemma 6.4 and the steep descent path I7 is
chosen in a similar way. We illustrate these paths if the critical point is ¢., see Fig. 11.
In particular, |w.| = +/1n2/12 and |z.| = +/n1/72. In our case, we have |w.| < |z¢|
and |we — z¢| = L~Y16, The steep descent paths described above actually intersect.
Therefore, we have to correct (6.59) by subtracting the residue at z = w, as indicated in
Fig. 12. We call the “main term” the contribution of the integral with I and I crossing,
while we call the “residual term” the contribution of the residue.

Notice that the integral with the paths I and 17 crossing is integrable in the usual
sense, because the divergence term 1/(w — z) is integrable. The contribution of the main
term is the following.

Both integrals can be divided as the part in H and its complex conjugate. Therefore,
in the final expression we get the sum of four terms. Now, we restrict our attention to
the integral over the path Iy and It on H. The analysis of the integral over [ is the
same as in Lemma 6.4 except for the missing 1/w, factor and that instead of 2Re(: - -)
we just have (- - -) in (6.36). The integral over I is similar.
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Fig. 12. The subdivision of the integration (6.59). We have |z.| > |w.| and when |z.| = |w¢|, they are not at
the same position

This time we choose the cutoff for the evaluation of the term with the steep descent
path equal to § = L~!/*. There are two reasons. The first one is that we want to get
the expansion valid also for v; up to L~!/3 away from the upper edge, compare with
Lemma 6.6. The second reason is that we have the extra factor 1/(w — z). The contri-
butions of the steep descent path do not create problems, since the factor is integrable in
the usual sense (just need a bound). However, with our choice of §, in the contribution
of the §-neighborhoods of z, and w. we have

1/ (w—2) = 1/(we — z) + O@/ |we — z¢1*) = 1/(we — z0) + O(L™3),  (6.61)

with 8 = L~V* and lwe — z¢| > L~1/16 Tn the end, the contribution of the main term
is given by

1 e2Re(g2(we))

We ™ Ze 21 g5 (we)]

[etZIm(KZ(wc))éz(wc) +0 (L—l/z) }

—t1Re(g1(z¢)) ine
% e 1 81z el [e_tllm(gl(ZC))él (zc)+(9 (L—I/Z)]
J2mnlgl ol 11—l
e2Re(ga(we))  ,—niRe(gi(zc)) 1
OL™1/%). (6.62)

" 1
Jamnlgiwol 2 g ol 1T~ %l

The term ™1 is the phase of 1/(1 — z.), while 6; are the directions of the steepest
descent paths at the critical points. Explicitly,

01(ze) = exp(i(r — arg(g”(z0)))) = exp(i37/4 +i(mr, — 7,)/2),
0> (we) = exp(i(Z — L arg(g”(we)))) = exp(57/4 +i(m, — 7,)/2).

Putting together the four terms (two times two critical points) we get the complete
contribution of the main term as

(6.63)

e2Re(g2(we))—11Re(g1(z0))
|:O(Ll/8)
21 [l 1 — ze2lgf wo)llg] 20|
1 eitIm@ o)+ 1 einIm(@ )+

+ - — + - -
We — Ze eit1Im(g1(ze))+ipi We — Ze e—inIm(gi(zc))—ipfi

1 e iIm(g(we)—ify 1 e iIm(g2(we)—ify ]
+ 9

(6.64)

- - + - -
We — 70 eittIm(gi(ze)+p We — Ze e~ inIm(g1(ze))—ip
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with B = —arg(él (z¢)) — 7w, and B = arg(éz(wc)). Finally, we replace
gi(w)ti = G(wlv;, ni, w)L, my, = my;, 7 = my;, and

e2Re(g2(we))—1iRe(g1(ze)) pt1 =12 Wa/ W, (6.65)

to get (6.56).
The final step is to estimate the contribution of the residual term (the last case of
Fig. 12). It is given by

1 [t e@—tLlzyn—m)LinE)

2ri ¢ dz (1 — 7)—v)L+l 7 (6.66)

where ¢ and ¢ are the two intersection points of the steep descent path Iy and 1. Since
7o —11 >0,n1 —n2 > 0,and |1 — z| = const along the piece of I'| inside Iy, we have
Re(z) < Re(¢) and Re(In(z)) < Re(In(¢)). Therefore,

1(6.66)| < e2Re(82(8))—tiRe(g1(£)) < et2R€(gz(u&-))—t1Re(gl(Zu))(f)(e—lutle—ltztz)7 (6.67)

for some positive 11, 112 and at least one larger than L~'/8, This follows from the fact
that either one (or both) critical points are away of order L~'/1® from ¢, and ¢ lies on
the steep descent paths of g (w) and —g1(z), with local quadratic behavior. O

While doing time integration we will also need the following corollary.

Corollary 6.10. Consider the same setting of Proposition 6.9. Then

(a) the formula for K (x1,n1, t1; x2 + 1, ny, t2) is the same as (6.56) but with an extra
factor (1 — wy), resp. (1 — W), to the terms with P2, resp. e=1F2.

(b) theformulafor K(x1,ny — 1,11; x2, ny, ) is the same as (6.56) but with an extra
factor zC , resp. (Ze) ™Y, to the terms with e "P1, resp. e'P1.

Proof of Corollary 6.10. The proof is almost identical to the one of Proposition 6.9. The
only difference is that in (6.59) we have for (a) an extra term (1 — w) and for (b) an extra
1/z. O

At this point we have all the needed estimates in the bulk. However, since our system
develops facets, we need to have control at the upper edge. We will just need some bounds
and, since the integrals are the same as in Sect. 6.1, apart from the factor 1/(w, — z.),
which we will assume bounded away from zero.

Proposition 6.11. Consider the setting of Proposition 6.9, but with one or both of the v;
close to the upper edge,

(VT + 1) = L7V3 < v < (YT + i) —eL™?3. (6.68)

Moreover, assume that |z, — w¢| is bounded away from zero uniformly in L. Then, there
exists £ large enough, such that

t
(W1/ W) K (x1. 1, 115 %2, 12, 12)] < o (6.69)

LTI, {/mfi — 3@+ —wi)?

uniformly in L for L > Lo > 1.
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Proof of Proposition 6.11. The proof follows the same argument as Lemma 6.8 for the
variables which are close to the edge. For the one which is away from the edges, it is a
consequence of the analysis of Proposition 6.9. 0O

When one or both positions are at the edge, we need a different bound.

Proposition 6.12. Consider the setting of Proposition 6.9, but now with v, at the edge
or in the facet, i.e.,

v > (VT + M) — e (6.70)
for any fixed €. Assume |z, + /12/ 12| is bounded away from zero uniformly in L. Then,

const

ﬁ(/nm — 3@+ — )2
1 -+ ’L
exp(_Xz (VT + /) )

1/3 (T, L)1/3

(Wi /Wo)|K (x1,n1, t1; X2, 02, )| <

X

(6.71)
uniformly in L for L > Lo > 1.

Proof of Proposition 6.12. The proof is obtained along the same lines as Lemmas 6.1
and 6.2. With respect to those cases, the integral has however an extra factor 1/(w — z).
Since we need just a bound, it can simply be replaced by 1/(w. — z.) as follows. In
Lemma 6.1 w, is replaced by —+/12/72, while in Lemma 6.2, we need to replace w. by
p as given in (6.15). Notice that in the last case we can take |w. + +/12/72| as small as
desired. The assumption |z, ++/12/72| > O uniformly in L ensures then that 1/(w. —z.)
remains bounded as L — oo. O

The last case to consider is when both v; and v; are at the upper edge.

Proposition 6.13. Consider the setting of Proposition 6.9, but now with vy and v at the
edge or in the facet, i.e., with

v > (VT + ) =L, i=1,2, (6.72)

for any fixed €. Assume that |\/12/T2 — /1n1/71] is bounded away from zero uniformly
in L. Then,

(W1 /W)|K (x1,n1, t1; X2, 02, 12)| < const

1 X2 — (Y72 + yM)’L x1 — (T + 1)L
TR (_ (raL)'/3 )eXp (_ (il)'/3 . 673

uniformly in L for L > Lo > 1.

Proof of Proposition 6.13. The proofis like Proposition 6.12. We will have |w, + /12 /72|
and |z, + 4/n1/71] as small as desired. The assumption |+/172/72 — +/n1/71| > 0 uni-

formly in L allows us to easily bound uniformly in L the term 1/(w, — z,). O
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A. Determinantal Structure of the Correlation Functions

Let Xy, ..., Xy be finite sets and c(1), ..., c(N) be arbitrary nonnegative integers.
Consider the set

X=F Uu---uXpu---uEXyu---uxpy) (A.1)

with ¢(n) + 1 copies of each X,,. We want to consider a particular form of weight W (X)
for any subset X C X, which turns out to have determinantal correlations.
To define the weight we need a bit of notations. Let

d)n("'):%nflxxn—)(c, n=2,...,N,
¢n(virt, ) 1 X, = C, n=1,...,N, (A.2)
wN():xXy—>C,  j=0....N—1,

be arbitrary functions on the corresponding sets. Here the symbol virt stands for a

“virtual” variable, which is convenient to introduce for notational purposes. In applica-

tions virt can sometimes be replaced by +oo or —oo. The ¢, represents the transitions

from X,,_; to X,,.

Also, let

<...< tl

= = "e(D)
(A.3)

N-1 _ N-2 2 _
S Sty Th TS Sk =h

be real numbers. In applications, these numbers refer to time moments. Finally, let
Zg,z;fl(',')ian%n—’C, n=1,...,N, a=1,...,c(n), (A4

be arbitrary functions. The 7;n, i, Tepresents the transition between two copies of X,
associated to “times” ¢_, and 1);.

Then, to any subset X C X assign its weight W (X) as follows. W (X) is zero unless
X has exactly n points in each copy of X,,, n = 1, ..., N. In the latter case, denote the
points of X in the mth copy of X, by x,’c’ @), k=1,....,n,m=0,...,c(n). Thus,

X={x{)lk=1,....,n;m=0,....,c(n);n=1,...,N}. (A.5)
Set
N
wx) =] [det A A NE AL G )) R
n=1 -
c(n)
< [ ] det [T o gy, 7 (tg_l))]lfkylfn] det [Wx_ (o (0N ]| o<
a=1
(A.6)
where x"~!(.) = virt foralln = 1,..., N.

In what follows we assume that the partition function of our weights does not vanish:

Z:=> W(X)#0. (A7)

XcXx
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Under this assumption, the normalized weights W(X ) = W(X)/Z define a (generally
speaking, complex valued) measure on 2% of total mass 1. One can say that we have a
(complex valued) random point process on X, and its correlation functions are defined
accordingly, see e.g. [26]. We are interested in computing these correlation functions.
Let us introduce the compact notation for the convolution of several transitions. For
any n =1,..., N and two time moments ;; > ;) we define
Ty =Toar_ % Ty xeox Ty ns T =" g, (A.8)
where we use the notation (f * g)(x, y) := >__ f(x,2)g(z, y). For any time moments

ta,‘ > t"2 with (ay, n1) # (az, n2), we denote the convolution over all the transitions

between them by ¢ a3

np np
¢(lal lay) = Tny % ¢n|+1 * T"1+1 c K ¢n2 * T”2 ny. (A9)
lay +y Le(ny) las
o . . n n
If there are no such transitions, i.e., if #;! < #,7 or (a1,n;) = (az,n2), we set

¢(Ianll ta3) _ 0
Furthermore, define the matrix M = || My ||Y,_, by

Mg = (e * T 5w gy« TV 5 W) (virt) (A.10)

and the vector
=) W 1=1,... N. (A.11)
The following statement describing the correlation kernel is a part of Theorem 4.2 of [13].

Theorem 6.14. Assume that the matrix M is invertible. Then Z = det M # 0, and the
(complex valued) random point process on X defined by the weights W(X) is determi-
nantal. Its correlation kernel can be written in the form

nyp np
tay 51,
K(ta] s l‘gzz, X2) = _¢(a1 az)(xl’ x2)
N

12 nj n
ni,ly — ! 2 .
3w T e M (¢ % @0 ) (vint, x).
k=1 I=1
(A.12)

The proof of Theorem 6.14 given in [13] is based on the algebraic formalism of [26].
Another proof can be found in Sect. 4.4 of [44]. Although we stated Theorem 6.14 for the
case when all sets X,, are finite, one easily extends it to a more general setting. Indeed,
the determinantal formula for the correlation functions is an algebraic identity, and the
limit transition to the case when X,,’s are allowed to be countably infinite is immedi-
ate, under the assumption that all the sums needed to define the x-operations above are
absolutely convergent. Another easy extension (which we do not need in this paper) is
the case when the spaces X ; become continuous, and the sums have to be replaced by
the corresponding integrals over these spaces.

B. Further Developments

Here is an overview of the developments related to this paper since the appearance of
the preprint version.
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Growth models and random matrices. This paper provided the first example of a com-
pletely analyzed two-dimensional growth model in the so-called Kardar-Parisi-Zhang
(KPZ) universality class in both the mathematical and physical literature. While some
results were anticipated by physicists (logarithmic fluctuations of the height function at
a fixed space location), others were not (Gaussian Free Field fluctuations with respect to
a hidden conformal structure on the limiting surface). Results were reported in a physics
publication [12].

This paper also delivered an overarching probabilistic structure for a number of results
in (1+1)-dimensional surface growth [13,15—18] that provided a conceptual probabilis-
tic explanation for the appearance of random matrix statistics in the large time limit. The
growing interface and the random matrix evolution were realized as two marginals of
the (2+1)-dimensional object. This was the starting point of two further works relating
minor processes of (perturbed) GUE random matrices, interacting particle systems and
diffusion processes [40,41].

Combinatorics and exact sampling. The sole previously known member of the men-
tioned class of growth processes was the celebrated domino shuffling algorithm (1992)
that gives rise to uniformly distributed domino tilings of the Aztec diamond. The gen-
eral construction of this paper was used in [19] to construct lozenge shuffling — a long
sought analog of the domino shuffling on the hexagonal lattice. This lead to an efficient
exact sampling algorithm for uniformly distributed lozenge tilings of hexagons (a.k.a.
boxed plane partitions). This was further extended to more generally weighted plane
partitions related to classical hypergeometric polynomials from the Askey scheme [21]
and bi-orthogonal elliptic special functions [6,21].

Another development of these ideas lead to a general construction of Markov chains
preserving the class of the Schur processes, in particular, to an exact sampling algorithm
for plane partitions with arbitrary back wall and for random Gelfand-Tsetlin patters
related to irreducible characters of the infinite-dimensional unitary group [8].

Two-dimensional Gaussian Free Field (GFF). The 2d GFF may be viewed as a two-
dimensional analog of the classical 1d Brownian Motion. This paper developed a new
approach of proving the convergence to GFF. It applies to domains with facets, and
one such domain was analyzed with complete details. Later the approach was success-
fully extended to growth models with reflecting wall in [57], to growth models with
non-smooth limit shapes [36], to random surfaces described by Pfaffian (rather than
determinantal) point processes [75], and to random surfaces arising from lozenge ti-
lings of certain polygons drawn on the hexagonal lattice [64,65]. The simplest result
of the latter work covers lozenge tiling of the hexagon, thus proving a basic conjecture
advertised a few years years ago by Kenyon [51].

Representation theory and infinite-dimensional Markov processes. One property of the
construction of Markov dynamics presented in this paper is the fact that it preserves a
certain class of Gibbs distributions. In a special case described in the paper, these Gibbs
distributions are in one-to-one correspondence with characters (finite central traces) on
the infinite-dimensional unitary group. One thus obtains a dynamics on the space of
such characters. This dynamics may be deterministic or stochastic, and in the latter case
one obtains a Markov process with an infinite-dimensional state space. In [24] and [20]
properties of such Markov processes were investigated in detail. These processes remain
the only proven examples of Feller processes that preserve infinite-particle random point
processes similar to those that arise in random matrix theory.
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Other root systems. From the viewpoint of representations of simple Lie groups, this
paper dealt with the case of root systems of type A (unitary groups). The construc-
tions have been partially extended to the cases of orthogonal and symplectic groups
in [23,32,33,56].

Random polymers in random media. In a very recent development, the abstract formal-
ism of the discussed paper was carried over to a new ground of the so-called Macdonald
processes and applied to difference operators arising from the (multivariate) Macdon-
ald polynomials [10]. This lead to a conceptual new understanding of the asymptotic
behavior of (1+1)-dimensional random polymers in random media and finding explicit
solutions of the (nonlinear stochastic partial differential) KPZ equation [10,11]. The
development of the construction from this paper provided an alternative, analytically
more powerful approach to earlier results of [1,29,60,71].
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