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Arctic curves of the 6V model with partial DWBC and
double Aztec rectangles

Jean-Francois de Kemmeter?, Bryan Debin?, Philippe Ruelle?

! Department of Mathematics and Namur Institute for Complex Systems (naXys), University

of Namur, 61 rue de Bruxelles, Namur, B-5000, Belgium
2 Institut de Recherche en Mathématique et Physique, Université catholique de Louvain,
Louvain-la-Neuve, B-1348, Belgium

Abstract

Previous numerical studies have shown that in the disordered and anti-ferroelectric
phases the six-vertex (6V) model with partial domain wall boundary conditions (DWBC)
exhibits an arctic curve whose exact shape is unknown. The model is defined on a s x
n square lattice (s < n). In this paper, we derive the analytic expression of the arctic
curve, fora = b =1 and ¢ = V2 (A = 0), while keeping the ratio s/n € [0,1] as a free
parameter. The computation relies on the tangent method. We also consider domino
tilings of double Aztec rectangles and show via the tangent method that, for particular
parameters, the arctic curve is identical to that of the 6V model with partial DWBC. Our
results are confirmed by extensive numerical simulations.
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1 Introduction

In statistical physics, random domino tilings of Aztec diamonds (AD) provide one of the
most famous examples of systems whose bulk properties are strongly influenced by their
boundary conditons. In those models, the constraints induce by the boundary propagate
deep inside the domain, leading to an arctic phenomenon, which is characterised by a phase
separation between ordered (frozen) regions adjacent to the boundary and a central disordered
(entropic) region. In the thermodynamic limit, obtained by sending the mesh size to 0 while
keeping the size of the domain unchanged, this separation is the so-called arctic curve of the
model. Without being exhaustive, such an arctic phenomenon is observed in lozenge tilings
of hexagons [1], in domino tilings of Aztec rectangles with defects [2], in bounded lecture hall
tableaux [3]] or in configuations of the six-vertex (6V) with various boundary conditions [4].

As we shall be interested in the 6V model with particular boundary conditions, we briefly
review the main features of this model. The latter is defined on a two-dimensional square
lattice. A configuration of this model is obtained by drawing an arrow on each edge with
the restriction that the ice-rule and the boundary conditions be satisfied: at each vertex, there
must be exactly two ingoing and two outgoing edges, leading to 6 = (%) possible arrow
configurations around a vertex, hence the name of the model. Each local configuration around
a vertex is assigned a weight among the set {a1,a,b1,b2,c1,¢2}, see Figure The partition
function is the weighted sum over configurations C allowed by the ice rule and the boundary
conditions

2
Na., Ny, N,
Z= ;Hui b, e, (1.1)
i=1

where N;, N, and N, are the number of vertices of each type in configuration C. In the
following, we restrict our attention to the subset of weights that are symmetric under arrow
reversal, namely ay =a, =a,by =bp =bandc; =c, =c.
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Figure 1: Top: The six possible arrow orientations around each vertex. Middle: Osculating paths
representation of those six vertices. Bottom: Rules used in Figure [2] in the one-to-many correspon-
dence between 6V configurations and domino tilings [5]. Red segments indicate separations between
dominoes.

The 6V model is strongly affected by boundary conditions. This property was not a priori
obvious and was first substantiated in [6], where the free energy per site was computed for
the domain wall boundary conditions (DWBC). These boundary conditions are presented
in Figure [2| (see [7] for a review and Figure 6.10 therein for an explanation of the name
“domain wall”). The phase diagrams of the 6V model with DWBC and periodic boundary
conditions are identical, although the nature of the phases are different. The computation
shows that depending on the value of A = %, the model can be in three distinct phases:
ferroelectric (FE) when A > 1, disordered (D) for —1 < A < 1, and anti-ferroelectric if A < —1.
In the disordered and anti-ferroelectric phases, the 6V model with DWBC exhibits an arctic
phenomenon, namely a separation between ordered or frozen regions (in which all the arrows
have the same orientation) and an inner disordered or liquid region (where the 6 types of

vertices are found without any apparent pattern) [8-10].
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Figure 2: Left: Configuration of the 6V model with DWBC, along with its osculating paths description.
Right: corresponding tilings of the AD, obtained using the rules of Figure [I} The correspondence is
one-to-many as red edges may be rotated by 7.

The arctic curve of the 6V model with DWBC was derived for fully general weights in [11-13].
The first successful approach [11,12] was based on a non-local observable called the emptiness
formation probability (EFP), whose asymptotic was extracted using the technical assumption
that the roots of some saddle point equations condensate. The EFP technique yields an arctic
curve whose shape is the solution of F(x,y,z) = 0 and 9,F(x,y,z) = 0, which exactly de-
scribes the envelope of a family of curves parametrized by z, which moreover turned out to
be straight lines. This observation was then elevated to a universal geometric principle by



the development of the tangent method [13], which provides an alternative derivation of the
arctic curve and which has been applied to a large class of models [2,/3}[14-23].

Interestingly, configurations of vertex models with DWBC are related to domino tilings of the
AD, using the correspondence shown in Figure 1| [5]. The correspondence is not one-to-one,
due to the ambiguity in the c; vertex, but relates partition functions of the two models, when
a=b=1and c =2 (A = 0). Unsurprisingly, the arctic curve is found to be a circle at this
special point called the free-fermion point [24]. For other weights, the 6V model with DWBC
may be seen as an interacting version of the AD tiling model. There exist other boundary
conditions (all resembling DWBC in some way) for which the 6V model exhibits an arctic
curve [4]. The reflecting boundary conditions have been studied analytically in [20-22], but
the so-called partial domain-wall boundary conditions (pDWBC) have not been considered to
this day.

This paper is organised as follows. In Section 2} we compute, by means of the tangent method,
the arctic curve of the 6V model with pDWBC at the free fermion point and for particular
values of the weights (2 = 1,b = 1,¢c = ﬁ). The size of the rectangular domain yields an
extra free parameter. The core of the computation relies in the evaluation of the asymptotics
of a ratio of determinants, that is addressed by means of a LU decomposition. In Section {3} we
argue that the analytic continuation of this arctic curve should be the arctic curve of an other
model, namely a particular case of domino tilings of the double Aztec rectangle. We verify
that this is the case by computing the arctic curve via the tangent method, for the double
Aztec rectangle.. Our results are confirmed by extensive numerical simulations.

2 Six-vertex model with pDWBC

In this section, we study the 6V model on a rectangular s x n (with s < n) domain with
pDWBC. These boundary conditions are a mixture of fixed and free boundary conditions. In
the case of pPDWBC, arrows on the upper boundary of the rectangle are free, while they are
fixed as in DWBC on the other boundaries, see Figure Because of the ice rule, there are
exactly s down arrows on the upper boundary. Hence, for s = n, pPDWBC exactly reproduce
DWBC. A given configuration can equally well be described by osculating paths instead of
arrows using the dictionary shown in Figure[l] These osculating paths start from the s vertices
on the left boundary and end at s vertices on the upper boundary, whose positions are not
imposed. An arctic phenomenon occurs in the D and AF phases [4}[10]. In the FE case, the
partition function was studied in detail and as for DWBC, there is no arctic phenomenon.

For DWBC, one may impose that a; = ap, by = by and c; = ¢, without loss of generality.
Indeed, for fixed boundary conditions the number of horizontal and vertical steps is fixed,
and so is the difference between the number of left-turns and right-turns. This leads to four
conservations laws, namely it fixes Ny, + Ny, + Ny, + Ny, + N¢; + Ng,, 2Ng, + 2Ny, + N¢, + No,,
2Ny, +2Np, + N¢;, + N, and N¢, — N¢,, which allow to assume the aforementioned conditions.
In the pDWBC case, the number of horizontal steps is not fixed and imposing a; = a,, by = b
and ¢ = ¢ is a restriction. Asymmetric weights also lead to interesting arctic phenomena for
other boundary conditions [25,26]. For pPDWBC it was shown numerically that this asymmetry

4
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Figure 3: Left: Configuration of the 6V with pDWBC for s = 4 and n = 6. The arrows in red are fixed.
The upper boundary remains free and must contain s down arrows (in blue) due to the ice rule. Right:
Osculating paths description of this configuration.

deforms the arctic curve [4]. In this section, we use the tangent method [14] to compute the
arctic curve in the symmetric (free-fermion) case a = b = 1 and ¢ = /2.

2.1 Family of tangent lines

The tangent method applies to configurations that are in bijection with a set of directed non-
crossing random paths. This is the case of domino tilings and configurations of vertex models.
The tangent method relies on the reasonable assumption that the arctic curve is not influenced
by the displacement of a single random path. In the scaling limit, this displaced path is a
straight line that hits tangentially the arctic curve [27]. This property is at the core of the
tangent method. In its most usual form, the tangent method prescribes us to move outside the
original domain the starting point of a well-chosen path and to compute (in the scaling limit)
the equation of the corresponding straight line on the basis of the most likely entry point of
the displaced path in the domain. Varying the position of the starting point leads to a family
of straight lines whose envelope is a portion of the arctic curve. Recently a reformulation of
the tangent method that does not call for an extension of the domain was also proposed in [28].

The geometrical setting for the tangent method is identical to that of the DWBC case, see
Figure[d The two derivations differ in the only non-trivial part of the tangent method, namely
the computation of the asymptotics of the boundary one-point function H,(lks), encompassed in
a function called r,(z). For completeness and to introduce the notations, we briefly recall the
determination of the family of tangent lines F(x,y,z) in terms of r(z), which is identical to

that of [13].

The one-point function H,(lks) is the probability that the only type c vertex on the bottom row is

in the k-th column (with 1 < k < n), see Figure [3| To its left there are k — 1 type b vertices and
to its right (n — k) type a ones. In the osculating paths description, H,Sks) is the probability that
the lowest path takes its first step upwards at position k. It is given by

7()
HY = pFlean kel (2.1)
Zn,s
where Z ;(1],(5)71 is the partition function of a 6V model on a (s — 1) x n grid with slightly modified

pDWBC, in the sense that the bottom line has a down arrow at position k. A natural quantity
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Figure 4: Left: Tangent method set-up, on the lattice. Right: Rescaled domain picture superposed with
a finite size configuration. The red portion is the only one accessible using this extension.

to consider when dealing with inhomogeneous models is—as will become clear with (2.18)—the
generating function of the one-point function

hs(z) = ) Hy 271 (2.2)
k=1

All we need to know about its asymptotics is captured in

T Y
re(z) = n1_1>rJrr100 P loghys(z), (2.3)
where the aspect ratio ¢ = £ is kept fixed. Indeed, r,(z) can be used to compute S,({) =

lim, e 1 log H,(lks) , for k = n{. The link is established by studying the asymptotics of (2.2),
1
s (2) = / A7 e"lSe(@)+Z10gz] oy onlSe()+¢" log2] (2.4)
’ 0

with the notation a4, ~ b, < lim,_,e % log(‘g—z) = 0 and with {* solution of the saddle point
equation. We then have

S’ (") = —logz,

(&) ~log (2.5)

rU(Z) = C ’
so that S, ({*) is related to r,(z) through some kind of Legendre transform. The two relations
(2.5) may also be seen as being the inverse of each other. It will turn out to be sufficient to only
have an explicit expression for r,(z); computing S, ({) is not required for the present purpose.
Notice that in (2.4), we have assumed that the saddle point solution * is in [0,1], which can
be verified a posteriori using the explicit formula r,(z) derived below.

To apply the tangent method we extend the domain as shown in Figure 4 and let the lowest
path start on the left side of the extension, at the point (0, —¢) = (0, —un). The partition func-
tion of the extended domain Z&* can be expressed as a sum over the entry point k of two in-
dependent partition functions. If we parametrize the weights as t = % and £ = V1 —2At+t2,
we get

zext 1 (k) w1 1 (k)
Zn,s - Z,s ;Zn,sflyk,l = P 07 1 /71 oAt L 2 Hn,s Yk,él (26)
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where Y} ¢ is the partition function in the ¢ x n extension that includes all vertices below the
dashed line in Figure 4} with a prescribed exit point at column k. To evaluate Y}, we simply
notice the identity N., = N, + 1 in this extension. The enumeration for a fixed m = N,, is
straightforward, and we find

PN k=1 (0—1) foy2mt
w=(G) L ()06 @)

Injecting this last expression into (2.6), we obtain:

zet L k=1 (€1 [1—2At+£2\"
Ln _ on(0-1) 401 (k)
e g GG e
With k = nx and m = ny, the asymptotics is given by
ext 1 K
Zn o gDyt | [ agenstam, (2.9)
Zznﬁ 0 0
where, using the Stirling formula,
2 —2At+1
S(061,1) = S5(0)+ £(8) = £07) = £06 =)+ £(0) = £07) ~ £ =) +y10g (=2,
(2.10)

with £(x) = xlog(x). To find the most likely entry point «* in the rescaled domain, we
perform a saddle point analysis. The saddle point equations are

Si(x*) +log(x*) —log(x* —n*) =0, (2.11)
2 —2At+1
—2log(n*) +log(x* — ") +log(u — n*) +log <t2+> =0. (2.12)
Using 2.5), we deduce from (2.11)) that
Dk K* — K * —
Sy (k") = —log (K* _17*> = z= mpr K" (z) = ry(2). (2.13)

We now have all the ingredients—with the exception of a formula for r,(z)—to compute the
family of tangent lines. We could solve the implicit equation to find #*(x*) and then
inject this solution into to find x*(u). Instead of doing that, we choose to parametrize
the family of tangent lines by z instead of u. In those terms the family of lines is

F(x,y,z) = x — K*ff(lg))y —14(z) = 0. (2.14)
x* (u(z))

In order to express —: @) asan explicit function of z, we solve the quadratic equation (2.12).

Usingz ! =1- Z—:, one gets after elementary manipulations

k*(u(z))  z(P—2At+1)
Wz = 1)(Pz—2At+1) (2.15)
Hence, we conclude that
2 _
F(x,y,z) =x— 2t — 28t + 1) y —1,(z) = 0. (2.16)

(z—1)(2z —2At+ 1)

In what follows, we compute r,(z), which strongly depends on the specific model at hand.

7



2.2 Almost homogeneous limit

The computation of r,(z), defined in (2.3), will be achieved by considering the vertically
inhomogeneous 6V model with pDWBC where vertices on line j (numbered from 1 to s from
top to bottom) are assigned the weights

aj = 1, b] = t]', Cj = £ /1= 2At]' + tJZ, (2.17)

in such a way that A; = A. The original partition function Z, s is recovered by taking the limit
t; — t. In the present case, an almost homogeneous limit, by which the inhomogeneity is kept
in the last row only, is enough to make contact with the one-point function,

Zns(t,' -t ts) Cs & (k) b k=1 Cs
: == H,: | = = —hys(ts/t). 21
Zy,s ¢ k; ’ b ¢ s(ls/4) 219

From now on we consider the free-fermion point A = 0. In that case, the fully inhomogeneous
partition function has been computed in [29], with the following result,

s loF 1+ tit]'

Zn,s(tlr"' /ts) :Hl—t

i=1

i—1 n+s—i

B S ST e R v A A R
Let us first evaluate the homogeneous limit where ¢t; — t = 1. For the DWBC, the analogue of
(2.19) is the Izergin-Korepin determinantal formula, for which the homogeneous limit can be
taken stepwise, by evaluating the limit over one inhomogeneity at a time. In this case, zeros
coming from Taylor expanding the determinant are exactly cancelled by poles contained in the
prefactor [30]. In the case at hand, the homogeneous limit of formula (2.19) can be evaluated
in a similar way, with only poles of odd order appearing in the prefactor. The result of the
homogeneous limit is

S
Zn,s(l,---,l):—ch(SWZ( 1) det (Ay), (2.20)

where the entries

(i—1)! (n+s—1i)!

_ @1y =
A= £ = (—-1-Q2j-1) (n+s—i—(2j—1)

(2.21)

are the derivatives of f;(t) = t~! — t"*={, We use the (standard) convention that if the
factorial of a negative number appears in a denominator, the corresponding term is set to
zero. A rigorous derivation of is presented in Appendix The almost homogeneous
limit is taken in a similar fashion and yields

1 oaeeney (144)° (52 1 -
Zus(1, -+, 1,t) =cle2 2 A 2.22
ol L) = e et Uy gL e

where the matrix A only differs from A in the last column, with A;; = H1 — ST We
define t; = 1 4 ¢ and permute the lines of A and A, therefore working with

Bij = ASHfi,j ’ Bi,j = Aerlfi,j- (2.23)

8



Putting (2.20) and (2.22) into (2.18) one gets

M s(14 &) = 2175(25 — 1)! <é> (2;§>Sljz§. (2.24)

We have to evaluate the asymptotics of a ratio of determinants that only differ in their last col-
umn, a typical situation in the application of the tangent method. In [12,[13], the asymptotics
of a ratio of determinants is evaluated directly by using random matrix model techniques [5].
An alternative is to look for the LU decomposition of B and use techniques of [14] to find a

finite size expression for gg—tg, whose asymptotics is then straightforward to evaluate.

2.3 LU decomposition

The general strategy is that if one can find a lower triangular matrix L with unit diagonal
entries and an upper triangular matrix U such that B = LU, then since B differs from B only
by its last column we have B = LU, with the same matrix L. The matrix U differs from U by
its last column and can be computed from B using L~'B = U. We then obtain

detB _ Uss
detB Uy’ @.2)
with
s = 2 L, Bys = Z L [ 1487 -(1 +§)”+P‘1} . (2.26)

The LU decomposition of B is given below, and proved in Appendix

Proposition 2.1. The matrices L~ and U that appear in the LU decomposition of B have matrix
elements

1
1 iy (1 T n—s+i+l s
= (T iz

. (2.27)

u; = —(i—l)!H(i’l—i—l—S),

I=i

Using we now have a (very explicit) finite size formula for /1, 5(1+ ¢). It takes the form of
an alternating sum, not well-suited for an asymptotic evaluation by the saddle point method,
but can be turned into a non-alternating sum; the technical details of this computation are
again gathered in Appendix One finds that

- n—1\""ME s =1\ (k=5 4
() E TN e
=2s5—1
so that (2.24) and (2.25) yield

o= G R (N e

k=2s—1




with
o 2ss—1eh
(s—ITE M (n+1—s)
The precise value of C does not matter, since it is independent on ¢ and disappears in the
logarithmic derivative in (2.3). A similar observation shows that the only important input of

the LU decomposition is actually L;jl.

(2.30)

2.4 Asymptotics and arctic curve

The last step is to compute the asymptotics of (2.29) and evaluate the following sum

nts—1 _1 o 1+0
L
k=2s—1 2

where

R(o,u,8)=L(1+0)—L(u)—LA+0c—u)+L(u—0)— L(u—20)—L(c) +ulog. (2.32)

The saddle point equation

oR CA+o—u)(c—u)\
ou log < u(20 —u) ) =0 (233)
yields two solutions
2 2
us(o, &) = E+20(1+8) & V2 +407(1+ () (2.34)

2(1+¢) ’

of which we keep the solution in [20, 1 + ¢]. We notice that ¢ € [0, +oo[, sincez =1+4¢ = K*Kjﬂ*

and 0 < 77* < «*. Hence, we exclude the solution u_(c,&) < 0. We also check that u, (o, )
spans the whole range [20,1 + ¢] when ¢ € [0, o|.

Using (2.32) and 3—5 ‘m = 0, we obtain %R(a, uy,é) = % We hence have

re(1+¢) = (1+2) [W+Lg} , (2.35)
which upon substitution in specialized at t = 1 and A = 0 finally leads to the equation
F(x,y,¢)
21498 1+0) —0(4+¢)  EH+20(1+E) + /B2 +402(1+¢) (2.36)
@+e)” (@+7) 2(1+8) |

The arctic curve is the envelope of this family of straight lines and satisfies F(x,y,¢) = 0 and
a%F (x,y,¢) = 0. Solving these equations leads to a parametrization of the arctic curve

x(f) = L4 2EH) +E2+ER+E))
2 2Q+8Q+0)VE+42(1+¢)
B 2(2+¢)°
22+ 22+8)V/EZ +402(1+¢)

(2.37)

y() =0

10



where ¢ € [0,00[. The curve (2.37) can be shown to be a degree six algebraic curve, whose
exact expression is not very enlightening. As an example, for ¢ = 1/2, the curve is given by:

43 , ., 816l , 2145 225
E A T B N B P
2 VOV T o5V T 56 Y T 256
311 135 373 471 295 1157
(" =88y Tyt - Sy ) (e 88y - Syt Shy = )

+ % (80y* — 80y + 72—3) + x*( — 40y* + 40y — %) +36x° —12x° = 0.

— 16y° + 48y —

(2.38)

The algebraic character of the arctic curve turns out to be a typical property of free-fermion
models [31,32]. Although our computation is only valid for the south-east portion of the
arctic curve, we conjecture that the remaining portions of the arctic curve also satisfy the
same algebraic equation. Figure |5/ shows that this conjecture is well supported by numerical
simulations. The latter were generated by a Metropolis algorithm similar to that of [4] and
exploits parallelization techniques inspired from [33]. A description of the algorithm, adapted
to deal with pDWBC, is provided in Appendix [C| When ¢ = 1 an arctic circle is recovered
from , which is expected since the boundary conditions then reduce to DWBC [24].
Finally, let us mention that the south-west and north-west portions are also recovered from
the parametrisation but the the north-east portion, although it can be obtained from the
north-west portion by symmetry, cannot be recovered from (2.37) (even for complex values of

&

3 Arctic curves of double Aztec rectangles

The real section of the algebraic curve of degree 6 discussed in the previous section covers
the entire arctic curve but can in fact be shown to be symmetric under a reflection with
respect to the horizontal axis y = ¢. This means that it has a second lobe which is the
reflection symmetric of the arctic curve of the 6V with pDWBC att = 1 and A = 0. The
whole algebraic curve, with its two symmetric lobes, can be viewed as the arctic curve of a
larger but equivalent model, defined on a 2s x n grid, and obtained by reflecting the s x n
configurations with respect to the dashed line, see Figure |6} and then reversing all arrows in
the upper copy. Although the upper and lower halves are deterministically related to each
other, they actually contain different vertices because the two transformations, the reflection
and the arrow reversal, exchange the types of vertices (a; <+ by, a> <+ by and ¢; <+ ¢2). However
the frozen and entropic regions of the two halves are reflection symmetric. Relaxing the strict
relation between the upper and lower parts defines a new model, which may or may not have
the same arctic curve. It is however tempting to conjecture that the new model does have in

IThe north-east portion can be recovered from the following slightly different parametrization:

1 2%+ 1) +8(2+8(2+7))

=2 et vE AT (239)
i .
u(E) =t r2+d)

22482+ )V +402(1+2)

which satisfies the same algebraic equation as the other portions of the arctic curve.

11



n=1000, s =250

n=1000, s =750

1 b2 1 C2

Figure 5: Configurations of the 6V model with pDWBC fora =b=1landc =2 (A =0and t = 1)
for n = 1000 and s = 750,500,250 from top to bottom. The colors distinguish the 6 types of vertices
defined in Figure[l} The black curve is the analytic continuation of the arctic curve obtained from the
parametrisation (2.37).
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(a) (0) (©) (d) (e)

Figure 6: The steps establishing the correspondence between configurations of the six-vertex
model with partial DWBC and domino tilings of double Aztec rectangles, illustrated for
my = 2,my = 3,nm = 4,np = 5 and k = 1. The first step is obtained by reflecting the
s X n configuration with respect to the dashed line and then reversing all the arrows in the
upper copy. The second step is the relaxation of the strict relation between the lower and up-
per parts: we allow all the arrows of the upper part, except those belonging to the boundary,
to be reversed, as long as the ice rule remains satisfied, see green edges in panel (c). The third
step shows the one-to-many mapping between 6V configurations and domino tilings, based in
Figure|ll Red edges may be rotated by 7. In the last step, we remove the forced unit squares.

fact the same arctic curve, namely the algebraic curve found in the previous section for the 6V
model and pDWBC. In this section, we check that this is indeed the case, and in fact compute
the arctic curve for a generalisation of the doubled domain.

Using the one-to-many mapping between 6V configurations and domino tilings [5] given at
Figure (1} this new model can in turn be put in correspondence with a particular case of
domino tilings of double Aztec rectangles defined in [34]. In the notation of [34], this domain
corresponds to k = 1,m; =s—1,n = n—1,my = s and np = n. This domain is obtained
by matching the southeast side of an Aztec rectangle of order (m,n;) with the northwest
side of an Aztec rectangle of order (m,ny), with an offset of k unit squares, see Figure
This double Aztec rectangle is denoted by DRZ?Z?,{ for which we assume m; < n; and
my < np. Although these domains are reminiscent of double Aztec diamonds and skew-Aztec
rectangles investigated in [35,36]; they give rise to a completely different arctic phenomenon,
as illustrated by the numerical simulations shown in Figure

The aim of the following analysis is to compute the arctic curve of double Aztec rectangles, for
general values of the parameters my, 11, my, n; and k, with the constraints that ny —m; = np —
my and k < min(my, n, — 1). Horizontal and vertical dominoes will be assigned respectively

weights & and . However since the probability measure associated to the set of tilings only
B

o
discussed above (k = 1,m; = s—1,ny = n—1,my = s, np = n and B = 1), which came
from the 6V model with pDWBC, our results show that the arctic curve is identical whether

or not we relax the symmetry between the two halves. In order to compute the arctic curve,

depends on the ratio ', we will without loss of generality consider &« = 1. In the special case

it will be useful to describe domino tilings in terms of non-intersecting lattice paths. To this
end, let us consider a checkerboard coloring of the double Aztec rectangle, as indicated by the
red dots, see Figure [§(a). We use the convention that the right topmost square contains a red
dot. A domino being the union of two unit squares, this enables to distinguish four types of

13
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Figure 7: Bijection between dominoes and elementary steps of lattice paths.

P,
A
P:,P4 ‘ — A 5
PENON A 0
N 1 Y IFI
Tff*fQFEFQGQ °
P8 \_Fés !
Py Qo
Pro Q10

Figure 8: (a) The double Aztec rectangle DRi;?lz corresponding to m; = 4,n; = 7,mp =
3,np =6 and k = 2. (b) A domino tiling of DR%,Z with its equivalent description in terms of
non-intersecting lattice paths. (c) The extended double Aztec rectangle DR?L:;ZG Dominoes
in red are necessarily frozen due to the shape of the boundary at the point (I,0).

dominoes, as depicted in Figure [/} each of them but one being assigned an elementary step,
(2,0), (1,1) or (1,-1).

Applying this construction produces a set of 11 + my paths that may be seen as starting from
{Qi} and ending at {P;} for i = 1---,ny + my, see Figure [§(b). These paths are in bijec-
tion with the underlying tiling. They can neither intersect nor have kissing points because
dominoes cannot overlap.

Throughout the following analysis, we will use an orthonormal coordinate system whose
origin is the point Q,,, +1 and such that a diagonal elementary step is of length one, see Fig-
ure (b) Let us denote by Z>* () the partition function of the double Aztec rectangle
DR?Z?,{ with B the weight attributed to vertical dominoes (without loss of generality, hori-
zontal dominoes are assigned a weight 1). Let us observe that Z:’;Z Zz +(B) remains unchanged
if we replace the bottom Aztec rectangle of size (12, 12) by an extended Aztec rectangle of size
(my, ny +1) (I € INg) whose lower boundary is slightly modified so that the part outside the
original domain DR"” 2 * ¢ can only be filled by horizontal dominoes void of paths, see Figure
‘C) We denote by DR?/Z?M this extended double Aztec rectangle. Let us stress that after
this extension procedure, the boundary of the initial double Aztec rectangle was kept except
for the northeast side of the original bottom Aztec rectangle which was deleted and delimits

partly the brickwall of the extended double Aztec rectangle (thick red curve).

3.1 Tangent method

As for the 6V model, we will take advantage of the description in terms of non-intersecting
lattice paths to compute the arctic curve of the model using the tangent method. Let us first

14
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Figure 9: Left: A 1-refined configuration Z>72, () corresponding to my = 4,11 = 7,mp =

3, =6,k =2and | = 6. Right: The 1-refined configuration Z">"? (B) can be decomposed

my k1

into a path from (I,0) to (0,d) and the 1-refined configuration Z™>™(B) of the double Aztec

my,nyk

rectangle (here d = 3).

recall that the displacement of one random path is not expected to change the arctic curve
of the corresponding model. Moreover we know that an isolated random path travelling
between two lattice points converges, in the scaling limit, to the straight line between these
two points [27]. When combined, these properties are the set-up of the tangent method and
allow in principle to obtain the arctic curve as the envelope of a family of straight lines.

For the case of interest, we consider the 1-refined partition function ZZZkal( B) obtained by
inserting two monomers centered at (—1/4,1/4) and (I +1/4,—1/4), see Figure 0l As a
consequence, the starting point of the (m; + 1)—th path is now (/,0) instead of (0,0). The
displaced path can only enter the double Aztec rectangle by crossing the thick red curve at

some point whose coordinates are (1/2,d —1/2) with 1 < d < m;, see Figure @
Let us introduce the following rescaled coordinates:

d l k X Y
4)::7/AZ*IKzilo—lzﬂlo—Z:@/x:i/yzi (3-1)
np ny ny np np np

In the scaling limit obtained by dividing all the lengths by n, and sending n, — +oo, the
displaced path is a straight line segment that crosses the domain at some point (0,¢*(A)) and
reaches the arctic curve tangentially [27], see Figure

By varying A, we obtain a family of tangent lines parametrized by A whose equation is given
by:

N ). (62)

FloyA) =y+"—

and whose envelope is the desired arctic curve.

15



\

Figure 10: (Left) 1-refined configuration of the extended double Aztec rectangle DRZ?Z?H
and its bijection in terms of non-intersecting lattice paths (Right). Configurations were rotated
by —7. The four types of dominoes are distinguished by distinct colors. The displaced path,
starting in the original domain at (,0), becomes, in the scaling limit, a straight line that hits
tangentially the arctic curve. For small enough values of I, the entry point within the (non
rescaled) domain has coordinates (0,d). These configurations were obtained using the Jan-
vresse algorithm which is a generalization of the shuffling algorithm that allows for vanishing
weights and hence provides a way to generate tilings on domains that can be embedded in an

Aztec diamond .

3.2 Refined partition functions

The most likely entry point (0, ¢*) will be obtained from the saddle-point analysis, by maxi-
mizing over d the following quantity:
’ ’ fd
Znapa®) 2 2o Py, e (3.3)
Mo, N mo,n / : :
Zngmk(B) 20 Zoni i (P)

where

. ZZZ’”Z’,‘f( B) the refined partition function of the double Aztec rectangle with horizontal
1M1,

(resp. vertical) dimers having a weight 1 (resp. ) and with two monomers centered at
(—1/4,1/4) and (1/4,d — 1/4), see Figure [9|b).

* Y 4(B) the weighted sum over paths between (,0) and (0,d) using steps (0,1), (—1,0)
and (—1,1), in the coordinate system (X,Y), with respective weights B, 8,1 and such
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that the last step is either (—1,0) or (—1,1). Hence, Y; 4(8) = D;_14-1(B) + B - D;—14(B)
with Dy, (B) giverf| by:

min (m,n) m+n—
Dun(B) = Z e (p,m —pn ' p)' G4

The computation will rely on the following result, which is a generalization of the results
obtained in [34]. For the sake of clarity, the proof —which is essentially graphical and exploits
similar arguments as those presented in [34]— is presented in Appendix

Theorem 3.1. The refined partition function Z!*"* d( B) is given by:

my,ny,k
M2, ny—mq)(m (mlH)JF(mZ)
Zzinf,li(ﬁ) :3( 1—m1)( 1+k)+d(1 + ﬁ ) )
d (3.5)
My =71 —2y7 (r)
Z() ( d—r > (1 + IB 2) T(,Hnlfml,m2fk+l,ml+k)’
where T(’H(l) g — k-1 Lx) is the refined enumeration of lozenge tilings of a regular hexagon of

side lengths ny — my, my —k +1, my +k, ny —my, my —k + 1, my + k in clockwise order with the
horizontal sides of length ny — my and such that the unique left tile along the southeast side belongs to
the r-th row, starting from the bottom.

Using (3.5) and the expression of the non-refined partition function of double Aztec rectangles
(see Theorem 4.1 of [34]):

) ml +l) + (m22+1

)T(Hnlfm1,msz+l,m1+k)/ (3.6)

with T (Hnl_mllmz_k+1,ml+k) the number of lozenge tilings of a regular hexagon of side lengths
ny—my, my—k+1, my+k ny —my, my—k+1, m + k, we deduce:

AT (:B) _ ﬁ(nl my) (my+k) (1 —|—,B

my, 711k

sz:;lf:]‘j(ﬁ) —m ) —my,my—k+1 Wl]-‘rk) mpy — 7 O\

Zml:nl,k(:B) n1 my,my—k+1 mﬁ—k) d—r

We are now ready to extract the likeliest value ¢*(A).

3.3 Saddle-point analysis

Let us now perform the saddle-point analysis of (3.3). One has:

My ZZ?’Z]Z’Z([%) min ( 1S(4, )
;WYM / dqb/ dp/ Pty oS (3.8)
with
S(¢.p.1m) =
—oolog(1+ B%) + ¢log B+ (A +¢ —21)log B+ plog(1+ B2) + L(02 — p) (3.9)

—L(p—p)—L(2—¢)+LA+¢—n)—L(7) =LA —n) = L(§—1) + Sey 00/

2The quantity Dy, ,(8) (m,n € IN) gives the weighted enumeration of paths between (m, —1) and (0,0) made
up of steps (0,1), (—1,0) and (—1,1) of respective weights B, B, 1. In particular D;, (1) is known as the Delannoy
number.

17



where

d r p [ k my My
=, =— , ==, A=—,K=—,0=—,0=—,
? 12 3 12 1 12 na n' T T mp (3.10)
L(x) = xlogx
and
S (p) _ llm l log ( 1(1:)*Tﬂ],m2*k+1,WZ1 +k) (3 11)
ot ny—+eo 1o T(Hnl—ml,mz—k+1,m1+k) . .
The saddle-point equations read
9ySlg=g: = 0 B2 (o2 = ¢ ) A+ 9" —1") = (¢" = 1")(9" —p"), (3.12a)
* (1+B2)(9" —p")
9pSlo=p = 0 S}y (%) = — log ( e ) (3.12b)
Sly=y =0 (A=n")(@" =n") = Bn"(A+ 9" —1"). (312)

From these equations, we wish to obtain ¢*(A) in order to derive the family of tangent lines
given in (3.2). From (3.12a) and (3.12c), we obtain:

oy — ¢*
o — p*

nt=A (3.13)

The function Sy, ¢, «(p) can be computed explicitly based on the results given in [13] where it
is shown that:

(r) _
T (o maymy—krim k) _ <m1 +my — r) (nl —mtr— 1) <n1 + mz> !
T(Hnl—ml,mz—k+l,m1+k) my —k ny—mp—1 my +k

(3.14)

We obtain:

Sov,o(p) = L(o1+ 02 —p) — L(02 —x) — L(o1 + Kk —p) + L(1 =02+ p) — L(1 - 02) — L(p),
(3.15)
from which we deduce:

(+x—p)(1—02+p)
p(o1+ 02 —p)

Se. i (0) = log : (3.16)

To extract the likeliest value ¢*(A), it is convenient to introduce the following new parametri-
sation:

1 -2 ¥ %

oy —p
The domain of definition of the parameter z is included in the interval [0,1+ B72] since
0 <p < ¢ < 0y In addition, we must also have A > 0, which requires z > 1.

From eq. (3.12b), we obtain a quadratic equation for p* whose solutions are:

. —oi—on+z(k+o+0o—1)
P = 2(z—1)

> (3.18)
\/—42(2 —1)(op — 1) (01 +x) + (01 +o+z(l—0m—0 — K))

* 2z=1)
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We must keep 0* since p* (z) is negative for z > 1 and thus not acceptable.
P O+ Y & P

Let us also notice that p% (z) is well defined when z = 1 and takes the value p,(1) =
(1=0o) (1 4x)

1-x
Combining (3.13), (3.17) and (3.18), we get :

o =128 ), 619%)

= ¢ @1 (z) —0)(9*(2) —p1(z) + B2(97(2) — )
(¢*(2) = 02 (2)) (¢*(2) — ) (1 + B2).
Let us notice that 0 < p* < ¢* as required by the saddle-point analysis. However, we must
also ensure that p* < 03, which requires:

(3.19b)

Kz + 012
01+ 2z

<m<l1 (3.20)

In addition if 1 — 07 < ¥ < 1, we must also have z < min(#, 1+ B~2). Two additional
constraints come from the fact that 0 < #* < A and 0 < 5* < ¢*, as imposed by equation
(3.8). Both constraints are satisfied, as follows from an explicit computation. If some of the
aforementioned constraints are not satisfied, it means that the saddle-point equations don’t
admit a local interior extremum and consequently the arctic curve has no contact point along
the southwest boundary {(0,y)} with 0 < y < 0». In this case, the displaced path will cross
the domain at the point (0,02) and then reach the arctic curve tangentially.

3.4 Family of tangent lines and arctic curve

Taking into account (3.19a)), (3.19b) and (3.18), one obtains the family of tangent lines:

_ (1P -D)
o) =Y+ e 1) -
A= FE-1) 1) =14 e = D)= 1)+ (=14 F = 1) 1) + Yo ()

201+p%)(z—1) G 21’)

with

Yoy,mx(2) = \/(01 + ) = 2(01 — o+ 012+ 02+ k(24 01— 02))z+ (14K + 01 — 02) 722
(3.22)
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From this, we deduce the parametric equations of the arctic curve:

B 1 ko~ +1P — (ko - +2)+of+oi+ (2 —No)
¥ _2(1+ﬁ2(z—1)2)){<X(2) ¥(z) et
Bz 1)(or— az>) (2 1)+ ¥(z) + (k- 1>z}
_ 1 2 _
Ve 2 (2)(1+ ) (1 + Pz - 1)2)) {X (Z) ((Z Dot e

~ 20102 + 201 (K + 1) + 01 ¥(2) ) + 0 | (1+ B2 ¥(z) — (1+1)B'2°

+ p222 (2(1 ) (k+1)+2¥(z) + ,32‘1’(2)) —(1+ ﬁz)z(l x4 (1 +x) +2,82‘Y(z)>] }

(3.23)
with
Y(z) =Yo,00(2) (3.24a)
x(z) = -1+p*z—1) (3.24b)

The arctic curve given in depends on four parameters, three of them, namely o1, 07, x,
being related to the size of the domain and the last one, B, being the ratio between the weights
attributed to a vertical domino and a horizontal domino. In this subsection, we give the
expression of the arctic curve for the double Aztec rectangle in correspondence with the 6V
model with pDWBC, which is the case when o7 = 07 and x = 0, see Figure @

e x=001=0=0m
In this case, we have:

¥(2) = Yoo0(z) = /22 —402(z — 1) (3.25)
We thus obtain:
1 +2(7 (1—2)+z+ Bz —1)*(z —20?)
222 —402(z — 1) (1 + B2(z — 1))
o*(z - )(1 —132( 1)’
(1482 (1+ Bz —1)2) /2 —402(z — 1)

(3.26)

y(z) =0+

s x=001=0=0m,p=1
This is a particular case of the previous point, obtained when horizontal and vertical
dominoes have the same weight. As stated in the beginning of this section, we expect,
in this case, the arctic curve to be identical to the one of the 6V model with pDWBC and
symmetric weights @ = 1 = b and ¢ = v/2. Making the change of variables x — —x and
z — —(, we obtain:

_1 0 208+ 1) +E2+E(2+9)
2 2242+ +42(1+8)
2(2+¢)’
22+ E2+8)/E+42(1+¢)
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which is exactly the equation obtained for the 6V model with pPDWBC at A = 0 and
t =1, see (2.37).

e x=00=1=0
This is a special case for which ¥(z) = |z — 2|: Let us recall that 1 < z < 1+ 2. We
thus obtain, for 1 <z < 2:

2 _1)\2
X(Z) - _1 f ‘B(j(z 1)1)2
222 (3.28)
y(z) = ’ ) 2
(1+p2) (142 (z = 1))
while for z > 2, we have:
1
X(z) = ———7——
( ) 1 +'BZ(Z _ 1)2 ,
o) = BHBE=2 426 1) .
(1+p2) (1+ 2z ~1)°)
The analytic continuation is an ellipse whose algebraic equation is given by:
B+x -y +(x+y)’ + 282 (x+x2+12 —y) =0 (3:30)
for 0 <z <2and
Br+x—y) + (-1 +x+y) +28 (24 x4+ 22+ —3y) =0 (3.31)

for z > 2. When B = 1, we recover two Arctic circles, centered respectively at (—%, %)
and (—1,3)
272)-

Figure [11| shows a few configurations generated using the Janvresse algorithm. Let us recall
that the above computations give a portion of the arctic curve, the one for which the parameter
z satisfies the constraints mentioned previously, namely:

KZ + 012

, 3.32
o +z 7 ( )

Vz e [1,1+p7%if 0 <x <1-0yand ¥z € [I,min(1+ B2, ;)] if « > 1 — 07. Since the
Lh.s. of eq. increases with z (z > 0), the arctic curve will have a contact point (0, ¢*) if
oy > ‘171;;’1‘ In particular, for 3 = 0> = 0, this condition is met when 0% > x. The three bottom
configurations shown in Figure [11]and corresponding to ¢ = 1/2 corroborate this fact. In this
case, the arctic curve has a contact point (0,¢*) provided ¥ < 1/4. Nevertheless, Figure
suggests that the parametric equations remain valid Vz € R. Indeed, the black curve
shown in Figure [11] was obtained from eq. (3.23), relaxing the constraints on z. As for the 6V
model with pDWBC, not all the portions of the arctic curve can be recovered from eq. (3.23);

we took advantage of the symmetry of the domain to infer the remaining portions.
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ny =999 , ny = 1000 , m; =499 , mo = 500
ny =999, ng =1000, my =874, me =875, k=1, =1 k=1,p8=1

n1 =999, np =1000, my =749 , my =750, k=1, B=1 n1 =999, np =1000, my =749 , my =750, k=1, B =2

=500 = ng , my = 250 =
ny =500 = ng , my = 250 = my T B

ny = 500 = ny , my = 250 = my k=125, f=1
k=50, =1

Figure 11: Configurations of the double Aztec rectangle model for several values of the parameters.
Configurations were generated using the Janvresse algorithm [37]. The black curve was obtained from

eq. .
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4 Conclusion

Using the tangent method, we have derived the analytic expression of the arctic curve of
the six-vertex (6V) model with partial domain wall boundary conditions (pDWBC) and for
particular values of the weights (2 = 1,b = 1 and ¢ = v/2). The computation relied on a
LU decomposition of the determinant involved in the partition function and on techniques
to deal with alternating sums of products of binomial coefficients. Large configurations gen-
erated with a Metropolis Monte-Carlo algorithm for several sizes of the domain are in very
good agreement with the predicted arctic curve.

For the particular weights considered, configurations of the 6V model with pDWBC are related
to domino tilings of double Aztec rectangles, in the same way as the 6V model with DWBC
is connected to the Aztec diamond. We also computed the arctic curve of double Aztec
rectangles using the tangent method. The computation was done for generic sizes of the
domain and was confirmed by means of configurations generated with a generalized version
of the shuffling algorithm. For particular sizes of the double Aztec rectangle, the arctic curve
was found to be identical to that of the 6V model with pDWBC and weights a = 1,b = 1 and
c=V2

We conclude by giving a few research perspectives we think are promising. First, it should
be possible to generalise the computation of the arctic curve of double Aztec rectangles to
the case where the measure keeps track of the area under the paths. In this case, the arctic
curve would be recovered as the envelope of a family of tangent geodesics [2,[16]. Secondly,
it would be of clear interest to extend the computation of the arctic curve of the 6V model
with pDWBC to generic values of the weights (in the disordered regime for which an arctic
phenomenon is found). Thirdly, it would be interesting to investigate the statistics of domino
tilings of double Aztec rectangles as it was done for double Aztec diamonds and skew-Aztec
rectangles [35,36].
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A Technicalities of the 6V model with pDWBC

In this appendix, we gather some technicalities in the computation of the arctic curve of the
6V model with pDWBC at A = 0 and t = 1. The core issue is the evaluation of sums involving
factorials. There are several ways to deal with these sums. We will use generating functions
and make use of the following lemmas, in the spirit of what is done in [14].

Lemma A.1. Let f(x) and g(x) be two generating functions. We denote by f(x)|x = f the coefficient
of x* in f(x) and similarly for g(x). We have

k
f<x>g<x)‘xk = Zf(x)’xlg(x)‘xk—l' (A1)
1=0
Lemma A.2. The binomial coefficient can be represented in four different ways by generating series or
polynomial

1

- (A.2)

(Z) = (1+2)" =1 +%)"] 0 =

xn—k

A.1 Homogeneous limit

In [29], they show that in the free-fermion case (A = 0), the partition function of the vertically
inhomogeneous 6V model with pDWBC is

. SO 1+tit]' m
Zns(t, ,ts)—Hl_t I (1—tit]-)(t]-—t1-)15325[fl(t1)]’ (A3)

i=1 1 1<i<j<s

where the inhomogeneous weights are a; = 1, t; = b; and ¢; = , /1 + t]2 and
filty) = ¢ 1 — 4 (A4)

Let us show how to take the homogeneous limit t; — t = 1. When we successively take the

limits t; — 1, t, — 1, t3 — 1, efc. the prefactor develops poles of odd orders ﬁ, ﬁ,

ﬁ, etc.. We will show that these poles are exactly matched by zeros of equal orders,
coming from the dominant contribution in the determinant once the corresponding column is

Taylor expanded

@
i) = @+ £ -+ Iz (a5

where . )
f‘(m)(l): (-1 (nts—i) (A6)

(i—1—-m)! (n+s—i—m)

The (unusual) cancellation of zeros of even order stems from the identity

(m) m— (m—k)
fi (1) 1 21(_1)k+1 (n—{'s_m_l_k)fi <1) (A7)

2 = k (m —k)!
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that holds when m is even. This relation follows from

(b))

<1 + x)n+sfi _ (1 + x)ifl
[ )

m
Z 1+xn+sm

=0 xm—k

xk

(A.8)

1
|:1_|_x1 m_(1+x)n+s m— 1+1]

{2~

that is valid for any m. When m is even, the relation can be used to get (A.7).

xm

Identity (A.7) states that any fl.(m) (1) with even m is a linear combination (with coefficient that
do not depend on i) of fi(g)(l) with ¢ < m odd. When m is odd however, since fl.(m)(l) is a

polynomial in i of order m, it cannot be written as a linear combination of fl.(g) (1) with £ < m.
Using these properties, it is now easy to evaluate the homogeneous limit and one gets

B TRETY:) o SR S 2j-1)
Zns(1,-- 1) = =2 kljl(z,(_l)!lggtgs[fl (m)]. (A9)

A.2 Proof of the LU decomposition

The matrix we want to decompose has matrix elements (s < n are positive integers)

(s =)t (n+i—1)! N
_ B L |
B;; (s+1—i=2/)! (n+i-2j)V 1<i,j<s (A.10)

The lower triangular matrix L has been conjectured as well as its inverse, which is given by
[l = (Z1)i i—1\ (mn—s+2i—1)I(n—s+j—1)! .
gl j—1) n—s+i+j—1)!(n—s+i—1)!

The proof of the conjecture reduces to show that U = L~ !B is upper triangular. Using ele-

mentary operations, the elements of U can be expressed as:

(A.11)

Uy = (21 = 1)! <n _24__’; - 1> 71(Ck,l — Dx1), (A.12)
with . ’ ’
Cor = Jg (—1)FHiH (n 4}—(2_k]'—_sl— 1) (n ;i—:]> <52—l]_—11> (A13)
and - ‘ ‘
Dy — ];) (—1)kHH (n +kz_k]_—_sl— 1) <n ;ij]) (2111 1) (A14)

We wish to show that Cx; = Dy, for k > 1. To this end, we will use the following representa-
tions of binomial coefficients:

_ 1
(1 o x)k+1

1

ok (1 _ x)n—k+1

(}) = @+l = o

(A.15)

xn—k =

xk
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Let us first treat the term Cy ;. Using the above representations, we have:

(n +2k—s— 1) (14 ) (1 4 x)nst2

k—j—1 e xk=1 ’
x~/
i (n—s+] 1
(_1)J.< , > I A6
i) e, o
(S —j— l) . 1 _ 1
21-1 (1—2)% o (1 2)% L
Inserting the latter relations into equation (A.13)) leads to
co . k41 k—1 (1 +x>n—s+2k—1 1 1
k,l (_ ) Z k1 n—s+1 _o o 21 ;
=0 (1+y) 7721 -2) ()
1)k K1 xz i (14 x)" st 1 1
- ( ) (?) k=1 1 n—s+1 o o 21 (A-17)
j=0 (1+y) z572(1 —z) 201020
k
G e 1
1 _ % xk—l (1 + y)?’l—s-‘rl ZS*ZZ(l _ Z)Zl xoyozo
Using the Cauchy theorem, the previous resut can be expressed as:
k
okl 1 dxdydzl-— (%) (14 x)" T2 1 1
Cri = (—1) 3 Xz k-1 n—st1 5 (A18)
Qmi) xyz 1-%  x L+ 21—z

where the contours are positively oriented circles centered at the origin and of radius strictly

. . . . ko .
smaller than 1 so that we only pick up the residues at the origin. The term (%) brings no
contribution since the corresponding residue at x = 0 vanishes. Hence, we have:

n—s+2k—1
— k+1 1 dxdydz 1 (142x)" 5" 1 .
Cry = (-1) % N oxyz 1-— % k-1 n—st+1 _s o 57 (A19)
J(27ti) y v X (1+y) z5-2(1 — z)
Expressing the residue at x = 0 in terms of that of y/z leads to:
Cri(y = 0,z—=0) = (_1>k+17{ 1 dydz (14y/z)" 1 1 .
, (27TZ)2 yz (y/z)kfl (1 + y)nfsﬁ*l 25721(1 o Z)2l
_ (_1)k+1j{ 1 dydz (y+z)nfs+2k71
(2711’)2 yz gntk-21(] — Z)zlyk,l(l n y)n—s+1’

(A.20)

where the notation Cy;(z — a) indicates that the we extract the residue at z = a. By Cauchy’s
theorem, Cy;(z — 0) + Cy(z = ) + Ci;(z — 1) = 0. Let us now observe that the residue at
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z = oo vanishes. To see this, we make the changeE] of variables w = 1/z:

Cri(z = 00) = —(-Ukﬂj{ 1 dydw (y+1/w)" !
, (271'1)2 yw (1/w)n+k—21(1 N 1/w)21yk71(1 +y)n—s+l
_ (-1 % 1 dydw (1+4yw)" St stk (A.21)
(27i)? Y@ (1-w)yt(1+y)"

=0,

the last equality being obtained since the expansion of the integrand around w = 0 is a
polynomial of degree non-negative since s +1 > k. Hence, we deduce that Cy;(y — 0,z —
0) = _Ck,l(y — 0,z — 1)

Making the change of variables z = 1 — u leads to:

1 dydu  (1+4y—u)" st
<27TZ)2 yk u2l (1 . u)n+k—21+1(1 +y)n—s+l’

Cos(u = 0,y = 0) = (~1)"*" f (A22)

where now the two contours are both positively oriented circles around 0 and of radius smaller

u)

than 1. Let us now make the change of Variableﬂ y= (1{% This brings us to:

1 dodu 1
(271_1)2 Uk uZl (1 o u)5+1721(1 o U)k(l - uv)n75+l :

i1t — 0,0 — 0) = (—1)k*! f (A23)

We can choose suitable contours for u and y to guarantee that the contour for v is centered
around 0 and of radius smaller than 1.

We deduce:

1
Cii = (-
(1 - M)S+1—21(1 - U)k(]. o uv)i’l—s-l-l
Let us investigate the powers in the denominator. We first notice that n —s+1 > 1 and
k>1.If s +1—2I <1, then the coefficient Cy is exactly 0 since the last binomial coefficient
appearing in (A.13) vanishes (because s —j—1 < 2[ —1,Vj = 1---k —1 in this case). For
s — 21 > 0, using the fact that:

(A.24)

k=121

1 q+7\ .
=
we obtain:
Cr = (-1 ). <k - 1 +]> <n D i) (S —al m> uitmyit
i,jm>0 / ! m ok—1,21-1 (A.26)
_(_1)k+1min(kizll) n—s+i\ (2k—2—1\[(s—1—1i
- = n—s k—1 21-1—1i)°

3The computation of the residue at z = oo requires to consider a clockwise-oriented contour whose interior
englobes all the other residues. The change of variables z = 1/w transforms this contour into a counterclockwise
oriented contour the origin, excluding all the other poles.

“Under this change of variables, we have dydu = (11:;‘)2 dudo.
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In the latter expression, the upper bound guarantees that the binomial coefficients have non-
negative integer entries and obey the definitiorﬂ
|

n!
—— for0<k<mn,
<n> —{ kl(n—k)! - - (A.27)

k
0 otherwise.
We observe that C; = 0 as soon as s — 2/ < 0.

Let us now proceed similarly for Dy ;. Using the fact that:

n+jy _ 1
(21 - 1) C (g2 (A.28)
Z
we obtain:
D, — (_1)kt1 Kl (14 x)nst2kd 1 1
= (1" ) - e |
j=0 x (1+y) Znt1-21(1 — ) (=)
k
= 1)k+11 - (;7) (14 x)" st 1 )
= (— e a _ |
e S Gl A v (A.29)
_ (_1)k+1 7{ 1 dxdydz 1 (1 —I—x)”—5+2k—1 1 .
(2mi)® x¥yz 1-g Xkt (14y)"*H znr1-2(1 — )
— (_1)k+1j{ 1 d]/dZ (1 +yz)nfs+2k71
(27rz')2 yz gnk-21(] — Z)Zkafl(l N y)”_sﬂ

As before, using Cauchy’s theorem, we have Dy;(y — 0,z — 0) + Dy;(y — 0,z — 1) +
Dy;(z — o0) = 0. The residue at z = oo vanishes. Indeed, using the change of variables
z = 1/w, we have:

n+2k—s—1
Dyi(z — o) = (—1)% L . ‘iyo}ff (wty) — =0, (A.30)
(2mi) Yyt (14y)"

because k < s. Hence Dy ;(z — 0) = —Dk;(z — 1). Under the change of variables z =1 — 1,

we obtain:
n—s+2k—1
Dii(y — 0,1 — 0) = (—1)**" 7{ L d{d; (a +ykjﬂ”y1) . (A31)
(27_[1) yku (1_u)n+ + (1+y)n s+1

In the above expression, the contours are positively oriented circles centered at the origin and

of radius smaller than 1. Setting y = ﬁ, one obtainsﬁ
1 dovdu 1
Dey(u— 0,0~ 1) = (1) ¢ , (A3
k'l(u v ) ( ) (27_“)2 'UkMZI (1 _ M)S—Zl-i-l(l o U)k(]. . MU)n_s+l ( )
Let us note that we must pick the residues at u = 0 and v = 1. Indeed, we have v = W%uy
with u and y close to the origin. Let us set v = 1 — t such that we get:
1 dtdu 1
Dyi(u = 0,t — 0) = (—1 "“]{ . (A33)
( ) < ) (27_”)2 tkMZZ <1 - u)5721+1(1 o t)k(]. - M(l . t)>n75+l

We now distinguish two cases depending on the value of s — 21.

5Throughout this analysis, we will always consider this definition.

— d
Wehawe -y = it 1y Land =
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e s—2/>0

In this case, since we extract the residues at u = 0 and ¢ = 0, we have:

Dy = (=1)F! y (n —is + i> <s - 2'l +f> W1 — )ik

i>0 J w211
J'>0
R 3P) (Ps Y (T2 (Y
i=0 j>0 ] m 2l =1pk=1
m>0
o0 _ . o . ) ) l*k . .
+(_1)k+1 Z Z (l’l S+ 1> <S 2l +]> uz+] Z (_1)m (l k> N
i=k+1;j>0 ! J m=0 m u2l-1pk—1
_ (_1)k+1min(kiﬂ_1) n—s+i\/(s—1—i\[2k—i—-2
B = i 20-1—i)\ k-1
21-1 . . )
n—s+1i s—1—1 i—k
+i_§1< GG
(A.34)

In the last sum, the summation starts at i = 2k — 1, otherwise the binomial coefficient

(;(:'i) vanishes and ends at i = 2] — 1 because (;l:lliii) = 0 for i > 2] — 1. In particular, if

k > 1, thist last sum is empty and Dy ; = Cy,;, which implies Uy ; = 0 as expected.
e s—2/<0
In this case, a similar computation leads to:

1— lel

e
Dk,l = ( 1) (1 t)k(l _ u(l t))n_s+l 42-14k—1

_ (_1)“1 Zl_i:_l 2l—§—1> ]Z ( S+z> W —t)ifk

j=0 J i>0 y2l-1 k-1
_ (_1)k+121_s_12 <n—§+z> (21—5—1> i ]+m< k>ui+ft’”
j=0 i>k ! J m=0 m 121-1pk—1
I—s—1k— , .
n (_1)k+12 ZS: ! 1(_1)j<n—§+z> <21—§—1> y <k—z—1~|—m>ui+jtm
j=0 i=0 ! ] m>0 m 42111

S | e Ty
+ (_1)": (- )i<n _Z-S +i> @:j:D <2kk_—21_ i)
B (TESTE -

The last equality was obtained because s > k — 1. When k > [, Dy; = 0 because the last
sum is empty. It follows that Uy; = 0 because the term Ci; also vanishes when k > .

—_

Bringing all the pieces together, we have shown that Uy ; = 0 as k > . For k = [, we have:
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e s—2k>0
From equations (A.12), (A.13), (A.26) and (A.34), we obtain:

n—s—+2k—1\ /s—2k\ [k
= )

(n—s+2k—1)!(k -

2k—1

1)!

(n—s+k—1)!

which is exactly the result given in equation (2.27).

e s—2k<0

In this case, we have Cy; = 0 and Dy

as expected.

U = —

= ("
(n—s+2k —1)1(k -

4

!

(n—s+k—1)!

A.3 Computation of alternating sums in U,

7

-1
k—1

“52%71) and thus:

We now show how to get rid of the alternating sign in (2.26)). We rewrite

)

and

s—1

=

n-+1

S
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[1+§)5‘

— @+

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)



and treat both terms separately. We start by U

U=y ————|  (Q+2"™" @+

z57P

zp—1

(14 (148)z)" !

z57P

zp—1
=y — (1+ (1+&)2) !
=0 (1 + Z)n s+1 - zP

(1+z+z&)" 1
(1 +Z)n75+1

71 (A41)
S mts—1 I 2%5—2-1
='r ("D ass)

0
<n +;¥ — 1> (zé)l(l n 2)257271 3

nds—1\ ;4 5& ! (2s—2—1
< ; >z§ ) " z"

m=0

_ slo (n +; — 1) (2(55_—11)_—1 l> al

| -
=l

zs—1

S

n o=
[
_- O

zs—1

—~

= s—p p
s
_ n+s—1 1 n+s—1 —(p-1)
= (1+€) ;;1 (1+Z)n—s+1 Zsp (1+Z) Zp—1 (1+€)

(A.42)

2521 /451 (s 1)k ntsel /g1 1
et e W

k=2s—1
= n+s—1><2(s—1)—k>k STl s — 1\ (k—s\ 4
: e [
k;;( k s—1 k:%q k s—1
Hence, at the end of the day we get

- =\ s 1 (ks
o ()R

k=2s—1

zs—1
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Figure 12: Left: the double Aztec rectangle DRZ% corresponding to my = 4,n = 7,my =

3,ny = 6,k =2 and d = 3. Right: a domino tiling of DRi'g’g with its equivalent description in
terms of non-intersecting lattice paths.

B Refined partition functions in double Aztec rectangles

In this appendix, we extend the derivation of [34] and compute the 1-refined partition func-

tion Z > * () of the double Aztec rectangle DR, M2 o obtained by inserting two monomers

centered at (—1/4,1/4) and (1/4,d —1/4), see F1gure u We recall that ny — mq = np —my
and k < min(my, ny — 1).

The goal of this appendix is to prove the following result:

Theorem B.1. The 1-refined partition function Z,'>"> d(ﬁ) is given by:

my N,k

Zm2/”2/d(lg) IB('H ml)(ml“'k)"‘d(l_’_‘g )(1n1+1)+(22)x

ml,nl,k
d (B.1)
My =7 —2y7 (r)
2 (1)) BT im0
r=
where T(?—[(l) AR Lx) is the refined enumeration of lozenge tilings of a regular hexagon of

side lengths ny —my, my —k +1, my +k, ny —my, my —k+ 1, my + k in clockwise order with the
horizontal sides of length ny — my and such that the unique left tile along the southeast side belongs to
the r-th row, starting from the bottom.

To prove Theorem it will be useful to use the bijection between domino tilings of double
Aztec rectangles and perfect matchings of their dual graphs, see Figure |13l As for dominoes,
dimers of perfect matchings are assigned a weight 1 or B depending on their orientation.
We consider here a slightly broader model where the m, dimers adjacent to the bottom right
boundary have a weight w instead of §, see Figure The interest of doing this is that

"2 (B, w) of this broader model can be computed explicitly and is

the partition function Z, **,

related to the 1-refined partition functions Zzz Zz ,‘f( B) through the following relation:
my
o
Zyi(Bw) =Y Zyie(B) o, (B2)
d=0

32



My, 1y
my nyk

3,ny = 6,k = 3. Red edges have a weight w, black edges oriented SW-NE carry a weight p and
the other edges (oriented along the SE-NW direction) have a weight 1. The Aztec rectangle of
size (m1,n1) is located above the dashed horizontal line d, while the Aztec rectangle of size
(my,ny) is located below this line.

Figure 13: Dual graph of the double Aztec rectangle DR (Bw), formy =4,nm =7,my =

The remaining of this section will be devoted to the proof of the following lemma, which is a
generalization of the results obtained in [34].

Lemma B.2.

712,11 (,B,(U) :’B(nl—m1)(m1+k)+d(1 + ﬁZ)(mlzﬂ)+(";2)

M],Vll,k
mo (L Sy — N () d
Z Z d—r (1 + ,3 ) T(%m—ml,mz—k—&-l,ml—&-k) w,

d=0 \r=0

X
(B.3)

From Lemma B.2] and (B.2), one obtains the result stated in Theorem Lemma [B.2] will be
proved using the same techniques as the ones used in [34], based themselves on the following
preliminary lemmas that we recall for the sake of completeness.

B.1 Preliminary lemmas

Lemma B.3. (Vertex-splitting lemma, see Figure Let G be a graph and v one of its vertices. Let
N (v) be the set of neighbors of v. Suppose N (v) = A(v) U B(v) with A(v) N B(v) = @. Let G’
be the new graph obtained by introducing two new vertices vy and vy such that N'(v) = {v1,v2},
N(v1) = A(v) U{v} and N (vp) = {v} UB(v). Then T(G') = T(G) where T(G) is the weighted
enumeration of perfect matchings of the graph G.
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graph G’

Figure 14: Vertex-splitting lemma.

C C
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graph G graph G’

Figure 15: Spider lemma.

Lemma B.4. (Spider lemma, see Figure[I5]) Let G be a graph containing the subgraph K where the
weights are indicated along the edges (Figure[I5|Left). The four inner vertices have no other connection
while vertices A, B, C and D can be connected to other nodes of graph G. If we replace the subgraph K
by the subgraph K’ (Figure[15 Right) with A = ef + gh, then T(G) = AT(G').

Lemma B.5. (Star lemma) Let G be a graph and v one of its vertices. Let G' be the new graph obtained
by multiplying the weights of all the edges incident to v by x # 0. Then T(G) = 1T(G').

B.2 Proof of Theorem

Applying successively the preliminary lemmas to the dual graph of the double Aztec rectangle
will enable us to decompose ZZfok( B, w) as a sum involving refined enumerations of lozenge
tilings of hexagons, for which exact expressions are known. Let us illustrate the procedure
for the dual graph shown in Figure As stated in [34], it is convenient to cut the dual
graph into two parts —one part, G'P, being above the horizontal line d;, the other one, Gdown
being below d,— and to apply consecutively the vertex-splitting, spider and star lemmas to
each of the two parts. We give the details for the part below d;, since the part above d; is
treated similarly. Let use the notation GUP#GY°"™ to indicate that the graphs G'P and GIown
are connected through the nodes belonging to d, [34]. The first step is the application of the
vertex-splitting lemma to all the nodes below d,, see Figure [16[a). This does not modify the
partition function. In the second step, we use the spider lemma, see Figure b), leading to
an overall multiplicative factor A™2("2"DA’™ with A = 1+ 2 and A’ = 1+ Bw. We also
remove the forced edges of degree 1 along with the vertices attached to them. In the third
step, we use the star lemma and multiply, by the factor A, the weights of all the edges incident
to the remaining mjy(ny — 1) nodes (below d»), see Figure C). This leads to an overall factor
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(c) (d)

Figure 16: Steps to transform the dual graph of a double Aztec rectangle into the dual graph
of regular hexagon. The vertex-splitting lemma (a), the spider lemma (b) and the star lemma
are successively applied to all the vertices below the horizontal line d>. Edge weights are
indicated on the rigt. Applyig again those lemmas to the vertices below the horizontal line
e, and so on, enables to relate the partition functions of double Aztec rectangles to those of
regular hexagons.

. In summary, we obtain:

(l)mz(nz—l)
A
mz(nz—l)

T(Gdown#Gup) — (%) Amz(nz—l)A/ mz T(Gnew#Gup)

= AT (Gpew#G"™),

(B.4)

with Gpew the new graph obtained after the successive applications of the operations described
above, see Figure d).

We repeat the process, considering now the part below the horizontal line e, see Figure [16(d).
Proceeding recursively and doing the same for the part above d;, we eventually get:

mq+1

Zyr2 (Bw) = A )+(mzz)(A,)sz(ﬂnlfml,mszﬂ,mﬁk (“J 2 )>’ (B.5)

my,ny,k A

with A =1+ 82, A" =1+ Bw and T(?—lnl,mllmrkﬂlmﬁk (w%)) the partition function of the
regular hexagon with the m; edges along the bottom right side, starting from the bottom,
having weight w%, see Figure This is a regular hexagon since we assume n; —m; =
Ny — Mmo.

Let us now develop the term T(Hn17m1,m27k+1,ml+k (w%)), conditioning on the number of

edges of weight w4;. Each tiling of a regular (a,b,c)—hexagon can be put in bijection with a
set of a non-intersecting lattice paths, each of these paths containing ¢ oblique steps SW-NE
and b oblique steps SE-NW. Hence, we have:

A S r ny—my)-(m —r ANT
T(Hnlfml,mZ*kﬂLl,mle (wE)> = ;)T(Hil)rn1,mzk+1,m1+k)ﬁ( 1) (mi+k) <wE> , (B.6)
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Figure 17: Applying successively the vertex-splitting, spider and star lemmas transforms the
dual graph of a double Aztec rectangle into the dual graph of a regular (17 — mq, my — k +
1,my + k) hexagon (since by assumption ny —my = np — my). Blue edges (Left) are forced
edges of weight 1 that can be removed. Red edges (Right) have a weight w<;.

where T(?—l(]) m1,m2—k+1,m1+k) gives the number of lozenge tilings of a regular (ny — my,my —

k +1,m; + k)-hexagon such that the righmost path leaves the southeast boundary at position
r starting from the bottom. Inserting this relation into (B.5) leads to

Zf:fk(ﬁ w)

_ A(n112+1)+(m22)IB m1+k mz

A
5)
m n m A Tt - ]
:A( 12+1)+(22):B ) Z —my,my— k—l—lml—l-k)wr(E) Z (mz. r) (ﬁw)]

j=0 /
o (m1+1)+(m2) m +k - é Re My =7 d=r 4
= A\ 2 2 [3 1 Z — 1y iy — k—|—1,m1+k) (ﬁ> — d—r ,3 w
— A(mlzﬂ)Jr(n;z)‘B(nl ) (m1+k) Z {,Bd Z T —my,my—k+1 m1+k> (7;;2__:) <%>r} wd

(B.7)
This proves Lemma Extracting the coefficient in front of w“ leads to the proof of the
Theorem B.1l

C Simulation of the 6V model with pDWBC

In this appendix, we briefly explain the algorithm used to generate configurations of the 6
vertex model with pPDWBC. Configurations of the 6V model with pDWBC were obtained using
a Markov chain Monte-Carlo algorithm in the same spirit as the ones discussed in [4}9,38].
Starting with an initial configuration Cp, the idea is to generate a sequence of successive
configurations Cq,Cy, - - - such that the probability Py (Cy — C) of observing the configuration
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C after N steps converges to the Gibbs measure

7(C) = =+, (C.1)

as N — 400, independently of the choice of the initial configuration Cy as long as it satisifies
the ice rule. The Gibbs measure is expressed as the ratio between the weight w(C) associated
to the configuration C and the partition function Z. We use the description in terms of non-
intersecting lattice paths. At each iteration, we select randomly a plaquette whose center is
(i,7) and, if allowed by the ice rule, we apply a local move among the 4 possibilities [ = — _1,
=T, =1, — _]. Notice that the last two moves only imply vertices belonging to
the upper boundary. The new configuration C’ is then accepted with a Metropolis acceptance
probability given by [39]:

(C.2)

A(C = C") = min <1, Wi’j(C/)) :

W;,(C)
where C is the older configuration and W; ;(C) is the product of the weights of the 4 vertices
attached to the corners of the plaquette centered at (i, j) in the configuration C. This procedure
defines a finiteﬂ Markov chain since the probability p(C — C’) to move from a configuration
C to a configuration C’ only depends on the current configuration C. This Markov chain is
moreover ergodic since every configuration is accessible from any other one, after a finite
number of local moves. Those properties guarantee that limy_, yoc P(Co — C) = P(C) with P
a unique distribution [40] satisfying:

P(C) =) P(C')p(C — ). (C.3)
=

Using the fact that Yo, p(C — C’) = 1, equation (C.3) is equivalent to the global balance
condition:
Y. P(C)p(C—C")=)_ P(C")p(C" —C). (C4)
C'#C C'#C

The latter equation is itself satisfied if the detailed balanced condition is met, that is:
P(C)p(C = C") = P(C"p(C" — C). (C.5)

One can check that the detailed balance condition is satisfied if we choose p(C — C') =
N%,A(C — ('), with N, a constant, corresponding to the number of plaquettes of any config-
uration.

Although the algorithm guarantees the convergence to the desired distribution, in practice
we must interrupt the algorithm after a finite number N of iterations, such that Py(Cyp —
Cn) = m(C). We decided to stop the algorithm when the arctic curve is stabilized, as done
in [9]. The drawback of this algorithm is that the expected number N of required steps
increases rapidly with the size of the lattice. One way to speed up the algorithm is by using
the parallel computing capabilities of modern computers. Indeed a local move applied to a
plaquette (i,) has only an impact on its nearest plaquettes [33]. Hence we can subdivide
the lattice into 4 sublattices such that within a sublattice all the plaquettes are surronded by
plaquettes belonging to the other sublattices, see Figure [I8| Then, at each iteration, one of the

The number of possible states corresponds to the number of distinct configurations which is finite for a finite
domain.
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four sublattices is randomly chosen (with a probability 1/4) and the local moves are applied
simultaneously to all the plaquettes within this sublattice. This enables to take advantage of
parallelization techniques [33].

C C’

Figure 18: Subdivision of the lattice into 4 sublattices. Local moves are applied simultaneously
to all plaquettes of the same sublattice with a Metropolis acceptance probability A(C — C’),
which, for the example shown (two local moves, on the same sublattice, are performed), is
given by A(C — C’') = min(1, lc’—;) -min(1, z—;)

For each plaquette, if a local move is allowed by the ice rule, it will be accepted with the
Metropolis acceptance probability given by (C.2), which ensures that the detailed balanced
condition is met. Indeed, let us suppose that the configuration C’ can be obtained from the
configuration C after n local moves, involving n plaquettes belonging to the same sublattice.

Then, we have:
P(C’) 1 £ Wplaq (C/)
== —_—, (C.6)
P(C) 4 p&;[:l Wplaq(c)

where the product runs over the set of plaquettes p and the prefactor } is the probability
to select the appropriate sublattice. At the same time, since the local moves are performed
independently from each other, we have:

n . Wla (C/)
C—(C)= 1,1“1), C.7
o= 1 me (1 <

p(C—=C') _ P(C')

from which we deduce that §(0=C) = P(C)

To check the validity of the algorithm, we ran the algorithm a large number of times for a
small domain corresponding to s = 2 and n = 4 and compared the observed frequencies to
the theoretical probabilities, computed from eq. (2.20), see Figure
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Figure 19: Observed frequencies for the 6V model with pDWBC for s = 2,n = 4 and weights
a=1=band c = v/2, compared with the theoretical probabilities. Averages were performed
over 100000 configurations sampled after 100 operations.
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