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CONFORMALLY INVARIANT BOUNDARY ARCS IN DOUBLE DIMERS

MARCIN LIS, LUCAS REY AND KIERAN RYAN
(with an appendiz by Avelio Sepilveda)

ABSTRACT. We consider two different versions of the double dimer model on a planar do-
main, where we either fold a single dimer cover on a symmetric domain onto itself across the
line of symmetry, or we superimpose two independent dimer covers on two, almost identical,
domains that differ only on a certain portion of the boundary. This results in a collection
of loops and doubled edges that, unlike in the classical double dimer case of Kenyon, are
accompanied by arcs emanating from the line of symmetry or the chosen portion of the
boundary. We argue that these arcs together with the associated height function satisfy a
discrete version of the coupling of Qian and Werner between the Arc loop ensemble (ALE)
and two different variants of the Gaussian free field (with Dirichlet and Neumann boundary
conditions). We also show that certain statistics of the arcs (when the loops are disregarded
from the picture) converge to conformally invariant quantities in the small-mesh scaling
limit, and moreover the limits are the same for the two versions of the model, and equal
to the corresponding statistics of the arc loop ensemble (ALE). This gives evidence to the
conjecture of [7] (that concerns one of these models).

1. INTRODUCTION

Motivation. We consider two different but closely related versions of the double dimer
model defined on planar graphs, that give rise not only to a collection of loops and doubled
edges as in the original work of Kenyon [16] but also to a collection of arcs emanating from
and ending at a chosen piece of the boundary (see Figure . These arcs are a new feature
of the model that does not appear in the original double dimers, and our main goal is to
study their statistics (when the loops are disregarded from the picture). One of these two
constructions was described in [7], where a conjecture about the scaling limit of the arcs
was stated claiming that the full collection of arcs should converge to the so-called arc loop
ensemble (ALE) introduced by Aru, Septilveda and Werner in [4]. Here we develop the
methods of [16] to fit this setup and use them to give (partial) evidence for this conjecture.
To be precise, we compute the scaling limits of certain observables of the arcs themselves, and
they turn out to be conformally invariant and agree with the analogous quantities defined
directly for the ALE.

Our motivation (outside of the dimer model) comes from the theory of the continuum
Gaussian free field (GFF) and its level sets. The GFF with Dirichlet boundary conditions in
a domain D is a Gaussian field whose covariance kernel is given by the Green function g(z,y)
of Brownian motion in the domain with Dirichlet boundary condition. In this article we
assume that the Green function is normalised so that g(z,y) ~ (—27) llog|z —y| as 2 — y
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in the interior of the domain. We are guided by the construction of Qian and Werner [18]
who coupled two different versions of the GFF, with Dirichlet and Neumann (free) boundary
conditions (we refer the reader to [I8] for a definition of the latter), through a common set
of level lines that form an ALE.

Even though the GFF is not a function, but only a generalised function (a Schwartz
distribution acting on test functions), a beautiful theory of its level sets has been developed
in recent years [4, 3 2]. An important notion in this geometric representation of the GFF is
that of the two-valued sets A_,;, where a,b > 0, a +b > 2\, and where A = /7/8 is the
constant appearing in the height-gap phenomenon of Schramm and Sheffield [20]. Formally
they are thin local sets in the sense of [4] whose associated harmonic function takes only two
values —a and b. Heuristically they are random sets naturally coupled with the GFF that
could be seen as sets of those points in D that are connected to dD by a path on which the
values of the field (which is not defined pointwise) lie between —a and b. The ALE is then
the set of arcs given by the (restriction to D of the) connected components of A_y . In [I§]
a surprising coupling between the ALE and two different types of the GFF was given. In this
construction, the Dirichlet GFF (with zero boundary conditions) changes its value by 42\
across the arcs of the ALE in a deterministic and alternating fashion, whereas the Neumann
(free boundary condition) GFF changes its value by £2\ in an i.i.d. fashion.

Discrete models and couplings. In this article we consider a set of discrete arcs in two
different but related versions of double dimers that satisfy an analogous coupling when consid-
ered together with the associated height function (that is known to converge to the Gaussian
free field in a variety of settings [I5] [19] [6l [13]). To be precise, recall that the dimer model
is a random perfect matching (which in the setting of this work is chosen uniformly at ran-
dom) of a finite graph. We will assume that the graph is a finite connected subgraph of the
rescaled square lattice eZ? that is symmetric across the real line, and whose restriction to
the upper half-plane approximates a simply connected continuum domain U. We will denote
such graphs by G!.

In the first setup, referred to as folded dimers, that corresponds to the Neumann GFF
in the coupling of [I8], we consider the dimer model on G, and fold the resulting perfect
matching along the real line as in Fig. [I] This results in a collection of loops, doubled edges,
and arcs starting and ending on the real line. The associated height function on the faces of
the folded graph can be defined (up to a global additive constant) by assigning orientations
to each dimer in the folded dimer cover: each dimer coming from the top half of G is oriented
from a black to a white vertex (in a fixed bipartite colouring of the lattice), and each dimer
coming from the bottom half is oriented from a white vertex to a black vertex. This results
in a consistent orientation of each loop and arc, and finally one declares that the increment of
the height function from a face u to a neighbouring face is +1 (resp. —1) if there is a loop or
an arc separating the two faces such that u lies on the left-hand (resp. right-hand) side of the
oriented dimer in the loop or arc. Note each loop and arc can be oriented in the two possible
ways with equal probability and independently of other loops and arcs. This corresponds to
the increment of the height function being +1, and is analogous to the coupling of Qian and
Werner between the ALE and the GFF with mixed Neuman/Dirichlet boundary conditions.

One can see that the height function in this setting does indeed converge to the continuum
GFF with mixed Neuman/Dirichlet boundary conditions. Indeed, it is known from the orig-
inal work of Kenyon [I5] (and more recent generalisations [19, [6]) that if the dimer model on
G! has Temperleyan boundary conditions (which we assume to be the case in our arguments
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Ficure 1. Left: a (partial) dimer cover of G! is represented in red, and
the lower part is folded on the upper part in dotted red. A folded dimer
configuration appears on the upper part: loops and arcs alternate between
full red and dotted red. The graph G! has Temperleyan boundary conditions:
all its corners are black squares, and one of the black squares on the boundary
(in this case on the right-hand side of the intersection with the real line) is
removed. Right: (partial) dimer covers of GI N (R x Rx>g) and GZ N (R x R<p)
are represented in solid red. The lower part is superimposed on the upper
part in dotted red. A superimposed configuration appears on the upper part:
loops and arcs alternate between full red and dotted red. The upper part
has again Temperleyan boundary conditions, and the lower part has piecewise
Temperleyan boundary conditions with two white bullet corners.

The sets of vertices Wy and By are represented by white and black bullets,
W1 and Bj are represented by white and black squares.

as is shown in Fig. 1| and Fig. , then the centered height function of the dimer model on
GI, multiplied by 2\ to match the height gap across the continuum level lines, converges as
e —0to 1/ V/2 times the Dirichlet GFF in the symmetric domain U™ whose restriction to
the upper half plane is U (i.e. U = U UU U (0U N ({0} x R))). We note that here we take
into account the fact that the height function of a single dimer model defined in [I5] is 4
times the height function we are using in this article. From this definition it is clear that
the expectation of the height function on G! is antisymmetric across the real line, and that
the height function at a face u in the folded dimer model is by definition equal to the sum
of the height functions at v and at its reflection @ in the single dimer model on G!. Since
the continuum GFF in U with Neumann boundary conditions on the real line and Dirichlet
boundary conditions on the rest of U can be obtained in the same way from 1/1/2 times
the Dirichlet GFF in U" (as e.g. described in [I8] [7]), we can conclude that 2)\ times the
height function defined by the discrete loops and arcs converges to exactly the same GFF



4 MARCIN LIS, LUCAS REY AND KIERAN RYAN

with mixed boundary conditions as in the coupling of [1§].

In the second setup, which we refer to as shifted dimers, we first remove the row of vertical
edges of GI just below the real line (see Fig. (1) and then repeat the folding procedure as in
the first setup. This results in a number of differences compared to the previous case. The
first one is that now the arcs emanating from the real line cannot have arbitrary orienta-
tions. Indeed, one quickly realises that due to parity reasons the arcs must deterministically
alternate in orientation — just as in the part of the coupling in [I8] concerning the Dirichlet
GFF. Moreover, after the removal of edges the graph splits into two connected components
GI N (R x R>p) and GI N (R x R<p). One can check that the the upper component has
again Temperleyan boundary conditions, whereas the lower one has piecewise Temperleyan
boundary conditions (see Fig. introduced by Russkikh [19], who proved convergence of
2\ times the centered height function to 1/4/2 times the Dirichlet GFF. Later Berestycki
and Liu showed [8, Theorem 5.1] that the mean of 2) times the height function converges
to a harmonic function with piecewise constant boundary conditions with alternating jumps
of size +\ located at the points of the Temperleyan corners (in our case these are the two
extremities of U N ({0} x R)) plus a term that involves the winding of the boundary of U.
Since U and U have opposite windings of the boundary, they cancel out when the two height
functions are added, and we can conclude that the mean of 2\ times the height function of
the superimposed configuration converges to the harmonic function in U with A boundary
conditions on OU N ({0} x R) and zero elsewhere. Since the sum of two independent fields
that are both 1/4/2 times the Dirichlet GFF (coming from the upper and lower domains)
is (1 times) the Dirichlet GFF, we can conclude that 2)\ times the height function of our
model converges to the corresponding field described in [18], i.e. a GFF in U with boundary
conditions equal to A on U N ({0} x R) and zero on the rest of OU.

We conjecture that the arcs in both models converge to the ALE in U (emanating from
oU N ({0} x R) as in [I8]). This extends the conjecture of [7] which is the same statement
only for the first “folded” model. Our conjecture is strongly evidenced by the discussion
above. However, convergence of the height function is known not to be enough to conclude
convergence of interfaces in the double dimer model [16],[12],[5]. Finally let us mention that the
two models yield different measures in the discrete setting, when one forgets the orientation
of loops and arcs. Indeed, in the first model each nontrivial arc (that is not a single edge)
comes with a combinatorial factor of two corresponding to the two different orientations, and
it comes with a factor of one in the second model. The number of nontrivial arcs is not
constant (unlike the number of all arcs) and hence the measures are different. Nonetheless
we conjecture that the two collections of arcs have the same scaling limit.

Main results. The main observables of interest in both models will be n.(z) — the number
of arcs that surround a point z, i.e. arcs that separate z from the part of the boundary with
no arcs U \ ({0} x R), and o.(z) — the parity of n.(z). Our main result can be summarised
as follows.

THEOREM 1.1. In both models, ase — 0 the laws of n.(z) and o-(z) converge in distribution
to random variables n(z) and o(z) whose laws are independent of the model and moreover
are conformally invariant.

We refer to Theorem [3.4] and Corollary [3.5] for the general statements, and to Example
for a particular example of the infinite strip U" = [—o00, +00] X [—7/2,7/2].
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Moreover we give integral representations of the moments of n.(z), and compute its mean
explicitly. In particular, on the infinite strip we show that, as ¢ — 0,
1y 2
Eelne()] = 7 = 25 — = Insin(y)),
which agrees with the mean of the same random variable defined directly for the ALE (as
computed by Avelio Sepulveda in Appendix. We note that our methods could be extended
to analyse the distribution of the number of arcs separating two chosen points in the domain.

One of the main conceptual difficulties in approaching the problem of studying the arcs
themselves is the issue of separating the loops from the arcs in the counting arguments.
This is achieved by developing a novel variant of Kenyon’s formula for double dimers with
arcs, and afterwards choosing the right weights (or more precisely SL(2) connections) in this
formula. Afterwards an involved analysis of the scaling limit of the formula by means of
discrete complex analysis techniques is required.

We note that the works [16] 12 [5] study multi-point functions of topological observables
in the double dimer model. Basok and Chelkak [5] showed that these observables contain
enough information to identify the law of the loops. In our case, the fact that we want to
disregard all the loops from the picture restricts greatly the number of useful topological
observables, and we can only treat the one-point (or two-point) function. However, it will be
very interesting to develop the methods of [16], 12, [5] to study the full collection of both arcs
and loops, that (based on the conjecture of Kenyon [16]) and our conjectures should converge
to the ALE with an independent CLEy4 in its complement.

Below we include a table summarising the main properties of our two dimer models.

Folded dimer model Shifted dimer model

Measure notation ul 2
Height function b.c. in discrete Varies Alternates between 0 and 1
Limit GFF b.c. on bdry arc Neumann Dirichlet
Orientation of arcs in discrete i.i.d. Bernoulli Deterministic
Weight on arcs in discrete o#arcs 1#arcs
Conjectured limit of arcs ALE ALE

Organisation of the article.

e In Sect. 2] we give a new combinatorial interpretation and also generalise Kenyon’s
formula for double dimers from [16] to the setting that includes arcs. We note that
such formulas can also be obtained from the independent work of Douglas, Kenyon
and Shi [11I] who studied n-multiwebs on planar graphs.

e In Sect.[3| we define the two versions of the model described above, and state the main
result (Theorem for both of them.

e In Sect. 4| we prove the main theorem in the folded dimers model.

e In Sect. [5| we prove the main theorem in the shifted dimers model (we elaborate on
the differences with the proof in Sect. .

e In Sect. [6] we consider a case of a symmetric domain with two pieces of the boundary
from which the arcs emanate, and we compute explicitly the distribution of the arcs
that connect the two boundary pieces together.

e In App.[A] (due to Avelio Sepiilveda) a continuum computation of the expected num-
ber of arcs in ALE surrounding a point is presented.
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e In App. [B] we recall the asymptotic estimates of the inverse Kasteleyn matrix for the
dimer model in Temperleyan domains obtained by Kenyon in [I4]. We detail some
arguments concerning the behaviour near the boundary.

e In App.[C] we recall the extension of the results of App. [B|to piecewise Temperleyan
domains obtained by Russkikh in [19]. We also explain how to write the limit in
terms of the conformal invariant quantities that are useful to us in folded domains.

Acknowledgements. The authors extend their warm thanks to Avelio Septilveda for his
contribution of Appendix [A] ML and LR thank Misha Basok for useful discussions during
the program Geometry, Statistical Mechanics, and Integrability at TPAM, UCLA. ML and
KR were supported by the FWF Standalone grant Spins, Loops and Fields P 36298 and
the FWF SFB Discrete Random Structures 10.55776/F1002. KR was supported by the
Academy of Finland Centre of Excellence Programme grant number 346315 “Finnish centre
of excellence in Randomness and STructures” (FiRST). LR was partially supported by the
DIMERS project ANR-18-CE40-0033 funded by the French National Research Agency.

2. KENYON’S FORMULA

2.1. Setup and formula. We begin with some definitions. Let G = (V, F) be a finite, con-
nected, bipartite, planar graph. Its vertices V' are partitioned into white and black vertices.
Let O be a strict subset of the vertices incident to the external face of G, which contains the
same number of black and white vertices. We form a graph G* which can be described as
taking two copies of G, identifying the vertices in the two copies on 0 (and not the rest of
the graph), and then adding “diagonal” edges which join a vertex w in one copy of G to a
vertex v in the other copy, whenever u and v form an edge in G. One can think of the two
copies of GG being “folded” together along 9. See Figure [2| for a small example.

G, 0
® ® ®

G G*

FIGURE 2. A very simple example of the graph G* (right), given a graph G
(left). The set O is in this case the single red vertex.

Formally, we write G* = (V*, E*) for the graph with vertex set V* := 9U((V'\9) x{1,2}),

and edge set E* given by edges:

o {(u,i),(v,7)} for all 7,7 = 1,2 and u,v € V' \ 9 such that {u,v} € E;

o {(u,i),w} foralli=1,2and u € V\ 9, w € 9 such that {u,w} € E;

o {w,w'} for all w,w" € d and {w,w'} € E.
This graph is also bipartite, and we define the colour (white or black) of (u,i) as the colour
of u. We denote by p the projection from G* onto G: for all u € V> N9, p(u) = u, for all
(u,i) € VX, p(u,i) =u €V and for all {z,y} € E*, p({z,y}) = {p(x),p(y)} € E.

A dimer configuration on G* is a set of edges m C E* such that every vertex in V> is
incident to exactly one edge in m. The projection of a dimer configuration m is the set of
edges p(m) C E obtained by projecting all edges of m. In the case 0 = &, the projection of a
dimer configuration on G* is a configuration of disjoint closed loops and double edges on G:
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it is a double dimer configuration. In the case 9 # &, the projection of a dimer configuration
on G* is a configuration of disjoint closed loops, double edges, and also paths from 9 to 9,
which we call arcs (the arcs can be of length 1). Let € denote the set of such configurations
of loops, double edges, and arcs on G.

Let ® be some SLs(C) connection in the bulk of G. That is, ® assigns each directed edge
wv (u,v € V'\ 0) a matrix ¢, € SLa(C), such that ¢, = qﬁ;}}. For a loop C' = {ey,...,ea}
in G, define the monodromy of ® around C', ¢¢c to be the product ¢¢, o - - 0 ¢e,,. Note this
depends on the choice of e; and the orientation or the loop; tr(¢¢), however, does not. For
an edge {u,w} with w € d and u € V'\ 9, let ¢y, } € C2. Fix some basis of each copy of C?
so that each ¢, can be written as a matrix, and each 9y, ,,} as a column vector.

We say a set of Kasteleyn phases on the edges of a bipartite, planar graph G is a function
§: E — Cwith |{| =1 for all e € E, such that for every simple loop of edges e; ... e, in G,
one has

§€1§e3 . geQn—l — (71)71—4—1. (1)

562564 to £€2n

It is well known that such phases exist (see for example Theorem 4.1 of [10]) and in fact can
be taken to be real i.e. signs +1 on the edges. One can show that holds for all loops
surrounding an even number of vertices. Moreover if one replaces &, , by e(x)e(y)&,,, for
some function ¢ : V' — {41}, the new phases are also a set of Kasteleyn phases: this is called
a gauge transform. Let 0 be a connected, strict subset of the boundary vertices, with & C 0.
By using a guage transform, one can assume that the phases on the boundary edges (incident
to the external face) alternate between +1 and —1 in 0. We fix such real phases ¢ for the
rest of this section.

We assign weights v(e) to the (undirected) edges of G* as follows. If {(u,1%), (v,J)} is some
edge in the bulk of G*, with u white and v black, let v{(y ) (v,j)} = (Puw)ij, (the 4,7 entry
of ¢y If w € 9 and (u,i) is adjacent to w but not in 9, we set vy i) wy = (V{uw))i- If
w,w’ € J then let Viwwy = 1. Let K be an antisymmetric matrix whose rows and columns
are indexed by vertices of G*, defined as follows. For x,y € V* with x white and y black,
let

Kay = &p(a).ply) Vo
and let K, , = —K, ,, where § are the Kasteleyn phases.

We assign an ordering to V' which will be used in the Pfaffian of Proposition Let
the ordering be: first the boundary vertices, ordered as they appear clockwise in 0, then the
white vertices in some order such that each (u, 1) is directly followed by (u,2), and then the
black vertices, again in some order such that (v, 1) is directly followed by (v, 2). We can write
our assumption that the Kasteleyn phases alternate on the boundary as &, = (—1)1{w>b}
for all edges linking two vertices of 0.

A set of Kasteleyn phases satisfying this hypothesis is depicted in Figure [3, where 0 = 0
is the set of edges on the z-axis.

PROPOSITION 2.1. [Kenyon’s formula] We have that
PIK = Z H tr(éc) H YL, PAYb 4 (2)
we loops C arcs A

where ¢¢ is the monodromy of the connection ® around the loop C, by (resp. w,) is the black
(resp. white) endpoint of the arc A (note that the two endpoints of each arc have different
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colours), and ifey, ..., ey are the bulk edges of A ordered towards ba, pa = ¢e, - - - ¢e,. When
an arc is a single edge e, we interpret the factor corresponding to it as v, = 1.

A
. -1, o -1 Lo -1 -1,
-1 -1 -1 -1
-1 -1 -1 -1
-1 -1 -1 -1 -1
D S | -1 -1 1)
-1 -1 -1 -1
-1 -1 ] -1 -1
-1 -1 -1 -1 -1
. -1 ((;,10) O b -1 -

FIGURE 3. An example of a graph G, where we take 9 = 0 to be the edges
on the z-axis, and real Kasteleyn weights ¢ which alternate in sign along 0
as &up = (—1)"w>b} where the ordering on 9 increases clockwise. (We only
write the —1 phases in the diagram for clarity; the rest are 1).

REMARK 2.2. We note an independent work of Douglas, Kenyon and Shi [I1, Theorem
4.1] considers similar interpretations of double dimers as in our proof of this result.

REMARK 2.3. A version of the proposition above also holds for other Kasteleyn phases
(in particular complex ones) if they can be obtained from the real weighting £ above by a
gauge transformation (., = e(u)e(v)&y, for some € : V. — C. This corresponds, for each
u € V', to multiplying the row and column of K corresponding to (u,1) and (u,2) (or just u
if u € 9) by e(u), which multiplies the Pfaffian by €(u)? (or (u) if u € ). One then obtains
the right hand side of the proposition, multiplied by the scalar [],cy\ o e2(u) [T,epe(w).

Recall that the usual complex Kasteleyn phases adapted to discrete holomorphy for Z? are
given by
Cb,w =b—-w (3)
(thinking of b,w € C), that is, at each white vertex, the weights of the four adjacent edges
starting at the right-going edge and proceeding anticlockwise are 1,7, —1, —i respectively.
Using the gauge function S(U) — (_Z)]l{u has odd vertical coordlnate}(_l)]l{u is Whlte}’ and the real
Kasteleyn phases ¢ depicted in Figure 3| (,, = e(u)e(v)&y,n are the Kasteleyn phases of
discrete holomorphy of Equation (3)). Remark gives us the corollary of Proposition
which we will use in the following sections.
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COROLLARY 2.4. Let G have the conditions from the above, and be a simply connected
subgraph of the upper half of Z2. Then holds with K defined using the Kasteleyn phases
¢ (up to a global gauge factor of modulus 1).

2.2. Proof of Kenyon’s formula. We use the following formula for a Pfaffian. Place the
vertices of G* clockwise around the edge of a disc D, in the ordering given above. For a
pairing 7 of the vertices, draw curves in D connecting each of the pairs, producing a set of
intersecting curves D,. Define k() to be the number of crossings of these curves. The value
of k() depends on how one draws the curves, but (—1)*(™) does not. Then

PEK =Y (=)™ T Kuy, (4)

s TYycm
<y

where the sum is over all pairings of indices (in our case, the indices are vertices of G*).
In particular, if the pairing 7 is given by a dimer configuration m on G*, (—1)k(™) is well
defined.

Recall that p projects from G* to G. By extension, p projects a dimer configuration on G*
to a configuration p(m) := w on G of disjoint loops (which can be of length 2) and arcs from
0 to 0 (which can be of length 1). We write 2 for the set of all possible such configurations
w. A dimer configuration m is then specified by w = p(m), along with a certain list of indices
coming from the two copies for each loop, double edge and arc in w. The first part of the
proof, Lemma writes (—1)k(m) in terms of these loops, arcs, and indices.

Let us make this precise. A configuration w is a set of disjoint loops C' and arcs A. Take
a loop of length 2 (a doubled edge) in w, located on some edge e = {u,v} with u white
and v black. Take an index i, € {1,2}. One then has (part of) the corresponding dimer
configuration, given by the edges {(u, 1), (v,1)} and {(u, 2), (v,2)} if i = 2 and {(u, 1), (v,2)}
and {(u,2), (v,1)} if i, = 1.

For a loop C' in w of length larger than 2, label its vertices uy,v1,...,us, vx in counter-
clockwise order round the loop, where v; are all black, w; all white (See Figure . Let
i1, J1, -,k Jk € {1,2}. The dimer configuration corresponding to this list of indices is: for
each pair uy, vy, let the edge {(uy, 4;), (v, ji)} be in the configuration, and for each pair vy, w1,
let the edge {((vi, 3 —J1), (wi+1,3 —41+1)} be in the configuration. See Figure |5l In the figure,
the vertices on the upper row are (u1,2), (v1,2), (u2,2), etc. The vertices below those are
the same but with second coordinate equal to 1. The two dashed edges are the same edge.

(u1,2) (v1,2) (u2,2) (v2,2) (u3,2) (v3,2)

Y Y Y

\ >4 \>4 \>4

(ug,1) (v1,1) (ug,1) (v9,1) (us, 1) (vs3,1)

FIGURE 4. The vertices of G* in a loop, with all the edges of G* joining
them.

For an arc A in w, label its vertices along the arc ba,uy,v1,...,us, Uk, w4, where u; and
w4 are all white, v; and by all black (see Figure @ Then let r1,81,...,7%, Sk € {1,2}. The
dimer configuration corresponding to this list of indices is defined as in a loop, plus the two
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(v1, 1) (usg,19) (v2, j2) (v, Ja)
/O oO—@

&—O ./

(uy,11) (us,i3)

FIGURE 5. The vertices and edges of G* in a loop.
edges {ba, (u1,3 — 1)} and {(vg,3 — sk),wa}. See Figure[7l An arc of length 1 needs no
indices, as there is just one (boundary) edge in G* that can produce it.

(u1,2) (v1,2) (u2,2) (v9,2) (u3,2) (vs,2)

O oY

(u1,1) (v1,1) \Z’Ug, 1) (vg,1) \Zu& 1) (vs, 1)

FIGURE 6. The vertices in G* in an arc, with all the edges of G* joining
them.

(u1,71) (va, 52) (u3,73)

SN

(1’17 81) (U27 T2) (U37 83)

FIGURE 7. The vertices and edges in G* in an arc.

Using this notation for a dimer configuration, we have the following lemma.

LEMMA 2.5. Let m be a dimer configuration on G*, written as w = p(m) and a list of
indices as above for each loop, doubled edge and non-trivial arc. Then

(_1)k(m): H (_1)1'5 H (_1)1+i1+j1+~~+ik+jk

doubled edges e cycles C'
o I (e,
non trivial arcs A

where the inequality in the final exponent is the order on the vertices of G*.

Proof. Let m be a dimer configuration on G*, and let D,,, be the intersecting curves given by
m as described above. The vertices of G* are arranged clockwise on the boundary of a disc
D according to the order <, and each pair of vertices in an edge of m are joined by a curve
in Dy,. Recall k(m) is the number of crossings of these curves. One can permute the pairs
of bulk vertices (v,1), (v,2) with each other in D,, and preserve (—1)*(™). For example, if
the vertices (v, 1), (v,2), (u, 1), (u, 2) appear consecutively on the boundary of D,,, permuting
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them so they appear in the order (u,1), (u,2), (v,1), (v,2) preserves (—1)¥(™) . We will use
this property several times in the rest of the proof. The curves connecting these vertices now
only cross each other and no other curve in D,,, as the vertices are consecutive.

Let e = (u,v) a doubled edge in w = p(m) with u white and b black. Using the per-
muting operation described above, one can permute the vertices of D,, so that the vertices
of p~1(e) appear consecutively, in the order (u,1), (u,2), (v,1), (v,2). Now the two curves
in D,, corresponding to the two edges in m projecting on e do not cross the other curves,
and they cross each other once if and only if i, = 1, hence the contribution to (—1)Fm is (—1)%.

Let C = (uy,v1,...,ug,vx) be a loop in w = p(m). Using the permuting operation de-
scribed above, one can permute the vertices of D,, so that the vertices of p~!(C) appear
consecutively, in the order: (ui, 1), (u1,2), (u2,1), (u2,2), ..., (ug, 1), (ug,2), (vg, 1), (vg,2),
(vk-1,1), (g=1,2), ..., (v1,1),(v1,2). See Figure 9| in which the ordering starts at (uq,1)
and proceeds clockwise. The curves connecting these vertices now only cross each other in
D,,, and not other curves, as the vertices are consecutive. Write k,, ¢ for the number of
these crossings. We claim that

(_1)km,c — (_1)1+i1+j1+"'+ik+]‘k. (5)

Let mg be a dimer configuration such that on the loop C, it takes the values i; = j; = 2
for all [ =1,...,k. This configuration has no diagonal edges in C; see Figure

(Uhil) (Uhjl) (U27i2) (U27j2) (Uk,lk) (Uk7jk)
o———© o————© o———e
—0 e —o© o —0 o

FiGURE 8. The dimer configuration myg.

One sees that (—1)'*a+iit+itis — 1 in this case. Meanwhile, the portion of D,
corresponding to C' can be drawn as:

(u1,1) (u1,2) (ug,1) (uz,2) (ug, 1) (ug, 2)

/O

o

(vh 2) (vlv 1) (/027 2) (U27 1) (vkv 2) (Ulw 1)

FIGURE 9. The vertices and edges of mg arranged in some part of D,,,; the
ordering of the vertices here is given by <.

and one can see that there are exactly 2k — 1 crossings, hence k,,,, c = —1, and holds.
Note that in Figure [9] the vertices are ordered in D,,, according to <, whereas in Figure
they are arranged as in G*.
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Now let m be some dimer configuration with some loop C' in p(m), and let v be some
vertex in C. Let m’ be the same as m, with the edges incident to (v,1), (v,2) swapped - that
is, the edges {z, (v,1)}, {(v,2),y} changed to {z,(v,2)}, {(v,1),y)}. This changes the sum
i1+ 1+ +ip+ jr by exactly 1. Meanwhile, the swapping changes the number of crossings
km,c by exactly 1. Hence the equation holds for m/ if it holds for m. Inductively, (5))
holds for all dimer configurations m and all loops C of m.

Let us turn now to arcs. Let m be a dimer configuration, and A an arc of w = p(m). As
with loops, we can permute the bulk (non-boundary) vertices of p~1(A) in the graph D,, so
that they are consecutive, and in the same order as described above with a loop, without
changing (—1)’“(7”). The curves between these bulk vertices in D,;, can now only cross each
other. The curves in D,, incident with b4 and w4 (the boundary vertices of A) may still
cross the bulk curves of A (and the curves of other arcs). Assume that A is non trivial and
let Ky, 4 be the number of crossings in D,,, between curves connecting vertices of p‘l(A). We
will show that k;, 4 satisfies

(_1)km,A _ (_1)r1+51+---+rk+8k (_1)1{bA>’LUA}' (6)

Recall that the ordering of the boundary vertices in D, is the order they appear on the
boundary of G. Taking mg analogously to above, with r; = i =2 for alll =1,...,k, we can
draw the portion of D,,, corresponding to A as:

(ug, 1) (ug,2) (ug, 1) (us,2) (ug, 1) (ug,2)

n o LR

(v1,2) (v1,1) (v2,2) (v2,1) (vr, 2) (v, 1)

FIGURE 10

The case drawn is the case where w4 < ba, and there are 2k — 1 crossings. In the case
w4 > by, the positions of wy and by are exchanged, and there is exactly one more crossing.
Hence @ holds. By the same inductive argument as used for loops above, @ holds for all
dimer configurations m and all arcs A in w = p(m).

It remains to count the crossings between curves corresponding to different arcs (including
trivial arcs). We claim that this number is always even. Indeed, in G, arcs are planar and
non-crossing. The curves for each arc in D,, can be seen as a deformation of the actual arcs
in G, obtained by identifying the bulk vertices of each arc A (using the fact that we can
permute these vertices out of the way as above), and then deforming. Deforming the arcs
in this way does not change (—1)k(m), so the number of crossings produced must be even.
Taking this result, and @ together, one obtains the lemma.

O
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Proof of Proposition[2.1. We have that
PfK =Y (—-1)F™ T] Kuy

TyEmM

<y
_ k(m
=> > v I I ey IT II %o T1 11 e
wemep—1(w) doubled edges e xy€e loops C zyeC arcs AzycA
<y <y <y (7)
_ le 1421 4-+Jg
=> > I vl Kew T =) I #eo
w€ indices doubled edge e Tyce loops C' zyeC
x<y <y
514 Aret+se+1{ba>
II I Kew II (ynremesstbomd Ik,
trivial arcs A zycA non—trivial rycA
<y arcs A <y
where the sum over “indices” is the sum over choices of indices i for doubled edges, i1, j1, - - -, ik, jk
for loops and 71, s1, ..., 7k, Si for arcs, respectively, and the second equality uses Lemma

First of all, for a doubled edge e = {u, v},

Z (—1)% H Ky = K)o Kw2),w2) = Kw),w2) Kw2),w1) = det(ge) = 1.

1e=1,2 TY€E€e
<y

For a trivial arc A = waby,

1 >b
H Koy =(-1) fwa A}gwmbAVwA,bA = Vwabs = 1

TYEA
<y

by the assumption on the Kasteleyn phases.

Now, for a loop C', we show that

14ig 445 14
§ (=1) Tk H Kyy = (1) 2 tr(oc), (8)
01,0150 0k 5Tk zyeC
<y

where, recall, ¢¢ is the monodromy of the connection ® around the loop C, and by |C| we
mean the number of edges in C. Recalling that in the ordering of vertices, all white vertices
are before all black vertices, the product on the left hand side is

H Kay = K(Ul,i1)7(v17j1)K(u2,3—i2),(v1,3—j1)K(U2,i2),(’U27j2) T K(Ukaik)7(Uk»jk)K(uhS—il)v('Uka?)_jk)
zyeC
<y

= H oy (¢U1,v1)i1,j1 (¢u2,v1)3*i2,3*j1 T (d)Uk,vk)ika (¢U1:”k)3*i173*jk'

zyeC
<y

We now use that for matrices ¢ € SLz(C), ¢3-i3—; = (—1)"*7(¢~");;, which one can verify
by hand. We replace each factor (¢u, v )3—i1,3—5 With (=1)77F"41 (g, w1 )jrire,» and the
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above becomes:

H gx,y 1 e +]k) (qbul,vl)il,jl (¢v1,u2 )j1,i2 T (¢uk,vk)ik,jk (¢vk,u1 )jk,il'

zyeC
<y

Now the factor (—1)“%TJk in the above cancels with the same factor on the left hand side
of , and the sum over all i1, j1,..., i, jr produces the trace. The product of factors &

€]
around a loop C'is (—1) 2 + by the Kasteleyn phases; the +1 in this exponent cancels with
the remaining factor —1 in the left hand side of . Hence holds.

It remains to prove the analogous formula for arcs:

Z (_1)r1+81+"'+7"k+5k+1{b14>wA} H K;py—( )%(lA‘ Y T ¢Awb’4’ (9)

71,81,--,Tk,Sk TycA
<y

where by |A| we mean the number of edges in A, and where, recall, ¢4 is the product of the
connection along the bulk edges of A, directed towards bs. The proof is very similar to the
loop case. We obtain:

H Koy = H Coy | (Vbaur)3—r1 (Pur o )i, (Duz,vn)3—r2,3-51

TzyeA TyeA
<y <y

e (gbulmkal )3*%73*%71 ((ﬁm,vk)rk,sk (,(/)wA’Uk )3*81@

- H Cay (_1)T1+81+m+m+8k (Vwa,01)3=s1. (Puug )3—si3=rp (Pug o1 )3—r4 3—s11

Ty€A
<y

o (¢u27v1 )3—7“2,3—81 (¢v17u1 )3—51,3—7“1 (1/}5,47%1 )3—7"1

(where in the last line we also reorder the factors for notational convenience). Similarly to the
loop case, the second equality is obtained by using the formula ¢y, v, (r1, 51) = (—1)" 51y, 0, (3—
s;,3—m) for each [ = k,...,2. Now the factor (—1)"$1TT7k+sk cancels with the same ap-
pearing on the left hand 81de of @D and the sum over all indices 71, s1, ..., 7, S produces

the product wqusAwa, where QbA ¢vk,uk gbuk,vk [ d)ug,m qb'ul,ul-
1
One then only needs that [[zyea ey = (—1 1)1ba>wal(—1)204=D " Recall that we con-
<y
structed § to be a set of Kasteleyn phases such that &, = (—1)ﬂ{w>b} on boundary edges

{w, b} (apart perhaps from some edge e). Let C'4 be the loop in G made up of an arc from w4
to ba, and then the boundary edges from w4 to b4 (not in the direction including eg), which we

1
denote 9C4. One can show from the above that [ [,ycac, &oy = (—1)]1{bA>wA}(—1)§(|8C““+1).
<y
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Then
H Say = H Say H Say
TycA zyeCy zyeodCap
<y <y <y

_ (_1)%|CA|+1(_1)ﬂ{bA>wA}(_1)%(|8CA|+1)
— (—1)Hea>wa}(_1)304l-D)

We now have both nd @D, which, upon substituting into |7, produces the right hand

1 1
side of the Proposition multiplied by the factor HC(_1)§|C‘ HA(—1)§(|A|_1). This final
factor disappears on seeing that (3. |C| 4+ > 4(JA| — 1)) is half the number of vertices of

V'\ 0, which we assumed to be even.
O

3. FOLDED AND SHIFTED DIMERS

3.1. Introduction of the models.

3.1.1. Temperleyan and piecewise Temperleyan approximations. We will use as much as pos-
sible the notation of [16]. Let U C C be a simply connected (bounded) set with a smooth
boundary. We say that (U:)cso is a sequence of graphs approximating U if the following
holds:

DEFINITION 3.1 (Approximating sequence). For every € > 0, U, is a graph with vertex set
V(U.) C UNeZ? and edges connecting points at distance e: if u,v € V(U.), u ~ v in U, if
and only if u ~ v in eZ?. For every € > 0, U, is simply connected: if we cover every vertex of
U. by a square of side € centered at the vertex, we obtain a simply connected set. The vertex
boundary of U (i.e. the vertices of U. which are connected in Z? to at least one vertex not
in U.) is within O(g) of OU.

An example is drawn on Figure the vertices of the graph U, are the black squares
enclosed by U. Its edges are not drawn, they link nearest neighbours.

From now on, let U” be a simply connected open set with smooth boundary which is
symmetric by reflection along the horizontal axis. For such symmetric sets U”, we denote by
U =UN(RxR<g) the restriction of U" to the strict upper half plane. Let z € U be fixed. For
technical reasons, we assume that there exists zg € OU" and § > 0 such that the boundary
of U" is horizontal in the neighbourhood B(zy,d). We also assume that U” is contained in
the half-plane below this flat horizontal boundary.

REMARK 3.2. This technical hypothesis is necessary for the results of Appendices[B| and
[ to hold. It could be lightened a bit by using the comments after Lemma [B.3; 6 could go
to zero with ¢ (but we must have € = 0(9)).

Consider an approximating sequence (U)s>¢ of U" which is symmetric by reflection along
the horizontal axis and such that for every € > 0 the vertex boundary of U! is horizontal in
the neighbourhood B(zg, ).
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Symmetric Temperleyan approximation of U”. We define the bipartite Temperleyan
domain G associated with U which has two types of black vertices: B;(Gl) corresponds to
the vertices of U! from which we remove the rightmost vertex on the horizontal axis by, and
By(Gl) corresponds to the inner faces of U.. The graph G has two types of white vertices
Wo(GL) corresponding to the vertical edges of Ul and W1 (GL) corresponding to the horizontal
edges of Ul. There are no edges between vertices of the same colour (G! is bipartite), and
there is an edge between b € B(G!) = Bo(Gl) U B1(G!) and w € W(G!) = Wy(GL) U W1 (GL)
if and only if the edge w is incident to the face or vertex b in U (see Figure [1)). We also
denote by By, By the vertices and faces of €Z? and by Wy, W, the vertical and horizontal
edges of €Z?, so we can write for example By(G) C By. By Temperley’s bijection [22] [17],
perfect matchings of G are in bijection with spanning trees of U] rooted at by (see Kenyon).
The sequence (Gl)e>o is a symmetric Temperleyan approzimation of the open set U”. Dimer
configurations of G! are in bijection with spanning trees of U rooted at by.

Temperleyan approximation of U. For every € > 0, let U, be the graphs obtained by
removing from U! the vertices in the strict lower half plane and the edges incident to them.
The sequence (Ge)z>0 = (G1)e=0 obtained by restricting G” to the upper half plane (removing
all vertices of G in R x R, and the edges incident to them) is a Temperleyan approximation
of the open set U. Dimer configurations of G. = gg are in bijection with spanning trees of
U, rooted at by.

Piecewise Temperleyan approximation of U. The sequence (G2).~¢ obtained by re-
stricting G to the strict upper half plane (i.e. removing all vertices of G in R x R<¢ and the
edges incident to them) is a piecewise Temperleyan approzimation of the open set U. Indeed,
it has exactly two convex white corner, v; and v; respectively on the left and right of the
horizontal axis, see the definition in Section 5.1 of [19].

3.1.2. Loops and arcs on a Temperleyan approrimation. We say that a subset of edges w C
E(G.) is a loops and arcs configuration if it is made of non-intersecting loops in the bulk, arcs
connecting points on the horizontal axis and doubled edges, such that every vertex of E(G.)
lies on a loop, arc or doubled edge. We denote by ©(G.) the set of loops and arcs configurations
on G.. There are two natural ways to obtain a random loops and arcs configurations:

e Folding a random uniform dimer configuration on G! along the horizontal axis
e Superimposing a random uniform dimer configuration on G! with an independent
random uniform dimer configuration on gg

In both cases, we obtain a random loops and arcs configuration w C F(G.) of G. (see Figure
which we call a folded or shifted dimer configuration. We denote by !, u? their respective
probability laws on Q(G.) and by E!,[E2 the expectation with respect to these laws.

Given w € (G.), we say that an arc A of w encloses a point z € U if any continuous
path in U from z to zy crosses the arc A. For every € > 0, define two integer-valued random
variables: n.(z) is the number of arcs enclosing the fixed point z € U, and o.(z) is the
indicator that there is an odd number of arcs enclosing the point z (that is the parity of
ne(z)). Our main result describes the joint law of n.(z) and o-(z) in the scaling limit for the
folded and shifted models.

3.1.3. Discrete and continuous Green function. In this paragraph, we recall the notation and
results of [I6] on continuous Green functions. Let g : uw,v € U" — g(u,v) € R be the
continuous Green function with Dirichlet boundary conditions on U". Let g : u,v € U" —
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g(u,v) € C be the analytic function of v whose real part is the Dirichlet Green function.
Define its Wirtinger derivatives

_ 95(uw)
vu,veur,d F-(wv) " oty - (10)
Fi(u,v) = =5~

The holomorphic derivative F; is an an analytic function of (u, v) while the anti-holomorphic
derivative F_ is an analytic function of (u,v). Lemma (which adapts Theorems 13 and
14 of [14] to our setting) of the appendix gives the asymptotic of the inverse Kasteleyn matrix
on GI in terms of F; and F_, while Lemma (which adapts Theorem 6.1 of [19] to our
setting) of the appendix gives the asymptotic of the inverse Kasteleyn matrix on G! and G2
in terms of Fy and F_

REMARK 3.3. Recall that the boundary of U" is horizontal in the ball B(zy,d/2) and that
U™ is contained in the half-plane below this horizontal boundary. Denote by s the reflection
along this horizontal boundary. Since the Green function g has Dirichlet boundary conditions,
i.e. it is 0 on the boundary of U", the Schwarz reflection principle (see for example Section
6.5 of [1]) implies that ig(u,v) as a function of v extends to an analytic (except at u and
s(u)) function on U™ U s(U"). Hence Fy and F_ also extend analytically (as functions of v)
to this domain, in particular they are well-defined at zy and they remain bounded near zg
(and so do their derivatives). In the proof of Lemma we will detail a discrete version of
this argument developed by Kenyon in the proof of Theorem 14 of [14].

Let v be a path from z to zg, v C U except for the endpoint. Our main theorem expresses
n-th moments of random variables in terms of n-fold integrals along v of F; and F_. In
particular, note that F_ is an analytic function of (u,v), F4 is an analytic function of (u,v),
F_ is an analytic function of (u,) and F is an analytic function of (u,v). Hence, to have
n-fold integrals of analytic functions along v, for o € {£1}", we will be looking at terms of

the form .
/ / H F_Ualmz-»—l Zi+1, Zi) H dzi(gi)’ (11)

where dz,E/, ) — = dz, and dz,E/, D _ 4z -, and similar for Fy and F_, and where the subscript
—0i0i+1 should be read as + when —0i0;+1 = £1, respectively. This is well defined since the
integral of an analytic function does not depend on the path.

3.2. Main result and examples. For all n € N, let

cn(z,29) = 20" Z / /1_[0Z oo (Zit1, 2i) Hdz (03)
=0

oe{£1}n

For example,

c1(z,z9) = —4%{] F_(z, z)dz}
ca(z, 29) —4§R{ff F (71, 20) Fy (%0, 21)dzod 2, — ff F_(z1,20)F- (%,zl)dzodzl}
(12)
Note that ¢,(z,25) = cn(z,29,U) is a conformally invariant quantity, in the sense that if
f:U = U’ is a conformal map, then ¢,(z,25,U) = ¢, (f(2), f(29), f(U)). This follows from

two facts: that each integrand is analytic (resp. antianalytic) in z; when o; = 1 (resp. o; =
—1), and that the functions Fy = Fy y satisty Fy y(u,v) = (f’(u))(i)Fivf(U)(f(u),f(v)),
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where the superscript (4) again denotes whether we take the complex conjugate or not. See
Proposition 15 of [14], as well as the discussion after Proposition 20 of the same paper.

Note also that ¢,(z,z9) is always real, since the terms in the sum corresponding to o
and —o are complex conjugates. Moreover, since F; and F_ are analytic on U and remain
bounded near zy, the ¢,(z,29) grow at most exponentially in n: there exists an absolute
constant C' (depending only on v and U) such that

Vn € Z>o, cn(z,29) < C™. (13)

To state our main result, we need to introduce the complete Bell polynomials, defined by

n X]z;k
=nl _ Tk
Bn(X1,...,X,) =n! o > | 11 Gl
J1+2j2+-+njn=n k=1
For example By =1,B1 = X1,By = X12 + Xo.
Recall that n.(z) and o.(z) are respectively the number of arcs enclosing z, and the parity
of the number of arcs enclosing z.

THEOREM 3.4. Let w € (G:) be a folded or shifted dimer configuration, with law p. =
or pe = p2, and expectation with respect to this law denoted by E.. For all n € Z>, for all

o€ {0,1},

E, (W)OM] = S B (22 - Dt 20)

n (2n + o) 1§k§2n+a> '

The proof of this theorem given in Section ] The theorem gives the following corollary:

COROLLARY 3.5. The asymptotics of all joint moments of (n.(2), 0:(z)) can be computed
explicitly: more precisely, for alln € Z>o and o € {0,1}, E.[n.(2)"0-(2)?] converges towards
a polynomial in the (cx(2,29))1<p<onte- For example,

Eofo-(2)] =¥ —e1(2, 29)
E.[n.(2)] “—g2c2<z,za>—cl<z,z8>2—cl<z,za> (14)
E— 2 4

var[ne(z)] =5 —2c} — 3¢} —3cf — o1 + Ry — 4ck + oo + Loz — 16¢y,

where in the last line we write ¢; = ¢;(z, zg) for brevity. The parity of the number of arcs
enclosing a given point o.(z) and the number of arcs surrounding a given point n.(z) converge
in law towards random variables o(z),n(z) which are conformally invariant.

We explain how Theorem [3.4] implies Corollary

Proof. We first observe that since o-(z) € {0,1}, 0-(2)* = 0.(z) for all k > 1, it is enough
to compute E¢[n:(2)*] and E.[n:(2)*¥o:(2)] for all k € Z>g. Theorem applied with n =
0,0 =1 gives

Eclo-(2)] =3 —Bi(c1(2, 20)) = —c1(z, 29).

Theorem applied with n = 1,0 = 0 gives
Ec[n:(z) —o0:(2)] = —Ba(c1(z, 29), —2¢2(z, 29)) + 0.—0(1) = —c1(z, 29)2 +2¢2(2, 29) + 0-—0(1).

By induction, it is possible to obtain all joints moments of (n.(z),0-(z)) in the same way.
Assume that for some n, for all 0 < k < n and o € {0,1}, E.[n.(2)*0.(2)] is a polynomial
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in the ¢;(z, z9) for 1 <i < 2k + 0. Developing the binomial coefficient, we can write

ne(z)—o0:(2)
Ek nt1 )]:M Belne(2)"1]+ D arole[ne(2) 0-(2)"]

0<k<n

oce{0,1}
where the ay, are explicit coefficients. By induction, the E.[n.(2)¥o.(2)?] are explicit poly-
nomials in the (cxto(2,28))1<2k+o<2n+1 (Up to 0.-0(1), and by Theorem applied at
n+ 1,0 = 0, the left-hand side is an explicit polynomial in the (crto(2,29))1<2n+2 (Up
to 0:0(1)), so E.[n.(2)""!] is also an explicit polynomial in the (cxi,(2,28))1<2n+2 Up to
0:0(1).

Similarly, Theorem 3.4 with n + 1,0 = 1 enables to express E.[n.(z)""10.(2)] in terms of

the (ci (2, 29))1<p<on3, Which concludes the induction step.

We obtained that the moments of n.(z) converge: for all n, E.[n:(2)"] =29 1. To deduce
the convergence in law of the random variable n.(z), we only have to check the conditions of
the moment problem, that is find a bound on m,,. Bounding crudely the binomial coefficient
from below, we find that

ne(z)—1
(o)
n

ne(z)—oe(2)
2
(o)

and taking the limit in Theorem [3.4] with n, o = 0 gives

‘Bgn (((—Q)kfl(k — Dle(z, za))1§k§2n>
(2n)! ‘

Since the ¢ (z, z5) grow at most exponentially by Equation , using the explicit expression
of the Bell polynomial, we obtain

(B (=207 (k — 1)lei(2:20)) e )| 2 (20) k)i

oo < 2 gy

J1+2j2++2njop=2ni=1

1
= (20)™ > Gl
14250+t 2njzn=2n JE)’

< (20)*" [{(1s -+ d2n) 5 1+ 242+ o+ 20jan = 20}
2n (2n)2n

(2n)!”’
since there are at most n choices for ji, n/2 choices for jo etc. Using Stierling’s formula, we
conclude that m,, < C™n™ for another absolute constant C', hence Carleman’s condition is
verified and n.(z) converges towards a random variable n(z) which is uniquely determined
by its moments m,,. Since these moments are conformally invariant (they are expressed as
integrals of conformal quantities), the law of n(z) is also conformally invariant. O

E. > K.

> E. {]lns(z)z%(nf(z)m}

ALY

(Eelne(2)"] = (4n)").

ne(2)" 1
> E. |:]1n6(z)24n qnp] } > 4np)

my, < (4n)" +4"n!

< (20)

In the particular case U = [—00, +00| X [—7/2, /2] where the Green function has a simple
explicit expression, the computations turn out to be particularly simple.
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REMARK 3.6. The infinite strip does not fill the technical hypothesis of our theorem since
it is not a bounded open set, although it fills the other conditions: it is symmetric and
has a horizontal boundary. Nonetheless, since the formula for the moments depends only
on conformally invariant quantities, the moments can be computed in any simply connected
open set, and the computations transferred to any other domain by a Riemann map. Besides,
if we take Ul = 2% N ([-1/e,1/¢] x [-7/2,7/2]), the proof of Theorem still holds, at
least for the folded dimer model: for the proof to extend to this folded case on U, the only
part of the proof that has to be modified is Lemma [B.3 of the Appendix. The proof of this
lemma still works because, to show that K~!(b,w) is close to the partial derivative of the
Green function g, we only need that gr2 (the full-plane Green function) or gy (the half-plane
Green function) and g are O(g) on the boundary of GI to apply the Harnack lemma. This is
also true here.

ExXAMPLE 3.7 (The infinite strip). Let U" = [—o0,+o0] X [-7/2,7/2]. We give a par-
ticularly simple expression for E.[o.(z)] and E.[n(z)]. To apply Corollary (3.5, we need to
identify F_ and F. The conformal map from this strip to the half plane is

¢:U" — H,u— exp(u+in/2) = iexp(u).
On the half plane, gy (u,v) = —% log == with log denoting the principal value of the complex
logarithm (see the footnote in Section 6.3 of [16]). Hence, on the strip

(u,0) = Gu(6(u), 6(v)) = —5- log (—6“ - ) |

el 4+ ev

By definition, for u,v € U",
1 e 1 e

Felwv) =—gro—w  Flv=gamro

Let z =z + iy (with x € (0,7/2)), z9 = x + imw/2. For y, we choose the vertical straight line
from z to z5. We first compute the probability that there is an odd number of arcs enclosing
z: forall z € U, F_(%,2) = . so

$+i7r/2 1 1
]

0 1
B.fo:(2)] = —e1(z,20) = 5 — 2.

To obtain the expected number of arcs in the limit, we first need to compute

ca(z, 29) :4%{//F+(,2'1,ZO)F+(ZO,21)dZOdzl—//F_(zl,ZQ)F_(zQ,zl)dzodzl}.
¥ ¥

For all zg = = + iyg, 21 = = + ty1,

and by Corollary[3.5,

Folas) =hofn  —dofle =& (it (050)
— z -y .
Folaa) =l = —d b = (L+icot (050)).

After some algebra, we get

2l 70) =~ In(sin(y),
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F1cURE 11. A path 7 from z tp zy drawn as a dotted line. The associated
zipper E.(7) is drawn in red (arrows indicate directed edges).

so Corollary[3.5 implies

2
Bulnel)] =3 - Zniein(o) + (5 - % ). (15)

REMARK 3.8. This is coherent with what we expect of the continuous model: when z
approaches the real axis, the number of arcs enclosing z explodes and it is odd or even with
probability 1/2. When z approaches the boundary of the strip, the probability that there
is at least one arc enclosing z goes to 0, and so does the probability that there is an odd
number of arcs. Besides, the number of arcs above a point is always positive and explodes
when this point approaches the real axis.

4. PROOF OF THE MAIN THEOREM: THE FOLDED CASE

In this section, we prove Theorem when p. = pl, that is in the case of folded dimers.
In the spirit of [16], the proof consists of choosing a connection on the graph G. and analysing
its properties.

Proof. Let v be a path in U from z to zg. The associated zipper E.(y) is the set of oriented
edges of G. crossing the path ~ from left to right. An example of a zipper as a specific
polygonal path is drawn in Figure

Let € > 0 be fixed. As in the preceding section, for every « > 0 we can define a connection

on G. associated to the zipper by setting, for any directed edge e € E.(7), ¢e = <(1) ?)

and ¢,-1 = ¢, 1, and ¢, = I on all other bulk edges. We also define 1), = 1 for all
edges e linking a boundary point with a bulk point. Denote by K, the Kasteleyn matrix
associated with this connection and the usual Kasteleyn phases ( of discrete holomorphy
given by Equation (3)). We drop the dependency in e of the Kasteleyn matrix to lighten
the notation. The Kasteleyn matrix associated with the trivial connection is K = Ky. By
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Corollary [2.4]
PiKo =Y [ tr(ée) [ ¢i,6atuwa (16)

weN loops C arcs A
From here, the proof follows three main steps:

e Show that the right-hand side of Equation can be expressed as a power series in
« involving the moments of n.(z) and o.(z).

e Show that the left hand side can be expanded as a power series in « with coefficients
tr((K—19)") where K~ ! is a discrete holomorphy matrix (see Appendix [B| for more
details on the discrete holomorphy theory on the square lattice), and S is a matrix
encoding the zipper.

e Use the asymptotic expression of K~! in terms of the continuous Green function
obtained by Kenyon in [14] (see Appendix [B)) to show that tr((K ~15)") converges to
an n-fold holomorphic integral.

First step: the right-hand side of Equation (16). Let a > 0. Given w € Q(G.), we
denote by c. its total number of loops and n. its total number of arcs (which is constant and
equal to the number of white boundary vertices). We can write:

PfK =) 202",
weN

which is the partition function of the loops and arcs model. Now let @ > 0. The possible

. L 1 - .
monodromies for loops are I, and its inverse < a), which all have trace 2.

1 «

0 1> 0 1

Hence each loop contributes a factor 2 to the right-hand side of the Kasteleyn formula. For
an arc A with endpoints w4 and b4, we say that the arc is clockwise if w4 is left of b4. By
definition of the zipper E(vy), there are three possibilities for the monodromy along an arc. If
A does not enclose z, then ¢4 = I and ng GaYy, = 2. If Ais clockwise and encloses z, since

¢4 is computed by orienting the edges towards wa, ¢4 = <(1) ?) and ng PAVw, = 24+ a.

If A is counterclockwise and encloses z, we get ¢IIA¢A1/)wA =2 —a. Given w € Q(G.), we
denote by r-(z) (resp l:(z)) its number of clockwise (resp counterclockwise) arcs enclosing z.
These quantities are random variables whose laws depends on e. For fixed ¢,

PfKQa _ Z 9ce 2ns—rs(z)—ls(z)(2 + 2a)re(z)(2 o 2a)l5(z)
we

=) 2%t (14 ) B (1 — o)),

weN
Recall the definition of n.(z) and o.(z). We claim that

Ve >0, { ne(z) =le(2) +re(z)

0:(2) =l:(2) —re(2)
The first equality is clear: an arc is either oriented clockwise or counterclockwise. We explain
why the second one holds. For w € Q(G.), the arcs enclosing z are alternating in orientation.
To see this, assume that two arcs A; and Ao both enclosing z have the same orientation, say
clockwise w4, < wa, < ba, < ba,, and that there is no other arc enclosing z between them.
This cannot happen because there is an odd number of boundary vertices between w4, and
w4, so they cannot be matched together. For the same reason, since the leftmost corner on
the boundary is black while the rightmost is white by definition of the Temperleyan domain,

(17)
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there is always 0 or 1 more counterclockwise than clockwise arc which encloses z. Hence,
0e(2) :=1c(2) — re(2) = 1{n.(2) is odd} € {0,1}, and

PfKao = Z 2¢=Fme (1 — o2)<() (1 — )%= ) = Z 20+ (1 — o)) (1 — 0. (2)a).
wel we
Dividing by PfK, we get

Pf Ko,
PfK

=E.[(1—a?)=® 1 —o.(z

f} e )a%(l—oe(z)a)]

k=

Srom(O] el o

k=0 k=0

00 . ok ne(z)—o:(2) 00 L kil ne(z)—oe(z)
:Z(—l) a“"E, < z ) —Z(—l) o, ( lf: >05(z) :

k=0 k=0

For every fixed € > 0 and every « > 0 small enough, the sums converge because the number
of (counterclockwise) arcs surrounding any given point is bounded.

Second step: the left-hand side of Equation . To lighten the notation, we write
E. := E.(v). By definition, the zipper is a set of directed edges: we also say that an
undirected edge wb € FE(G.) belongs to the zipper and we write wb € E. if (w,b) € E. or
(b,w) € E.. We also say that a (white or black) vertex = € G. belongs to the zipper and we
write x € E. if there exists y € G, such that zy € F.. If wb is an undirected edge in G., we
define its sign by sgn(E:),p = 1{(w,b) € E.} — 1{(b,w) € E.}. We write the vertices of
Gl as (z,1) with x € G., ¢ € {1,2} where ¢ indicates whether z is in the upper or lower half
plane. We use the convention that ¢ = 1 for the vertices on the horizontal axis. We note that
Ko is skew-symmetric, (K2a)(w,q),wj) = (K20)5),1,5) = 0 for any (w, ), (w',j) € W(GL)
and (b,1), (b, 7) € GT, and that for two vertices (w,i) € W(GZ), (b, ) € B(GY),

(KQCM)(w,i),(b,j) = Cw7b]l{w ~ b}(]l{’t = ]} + 20{11{2 =2,7= l}sgn(Ee)wyb)
= K(w,i),(b,5) T 205 (w,3),(b.5)

where
Stw,i),bg) = H{w ~ b7 = 2,5 = 1}y psgn(Ee )w

is defined by the previous equation (and S is also skew-symmetric, zero on W (GL) x W(GI)
and on B(G!) x B(G!)). The key observation is to interpret Ko, = K +2a.S as a perturbation
of the usual discrete holomorphy matrix K if we “unfold” the graph G i.e. if we identify
(7,2) € GF with Z € €Z?. This is almost true, but when the graph is unfolded the vertical
edges on the lower half plane have the opposite orientation, see Figure This is fixed by
performing a gauge equivalence (on the weights this time, and not on the Kasteleyn phases
as in Remark : we multiply all columns and rows by

; {_1 ifi=2and x € WoU By
(z,0) =

1 otherwise. (19)

Hence for all (w,1i), (b, 7),

Clwi),(bg) = Ewi)Eb.)Cwd > (K20) (w,i),(b,5) = E(w,i)E(b,5) (K 20) (w,i),(b.)-



24 MARCIN LIS, LUCAS REY AND KIERAN RYAN

—-

i

(b1)

=2
-i -1 i -1 i

) e
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(w,2)

FIGURE 12. The phases ¢ associated to K (on the left) and ¢ associated to K
(on the right). The orientations differ only for vertical edges in the lower half
part of the pictures. We marked a point b on the reflection axis and a point
(w,1) and its reflection (w,2) identified with the complex conjugate. The
vertex crossed in red is by removed by the Temperleyan boundary conditions.

The matrix K is the usual discrete holomorphy operator on the Temperleyan graph G!, see
Figure In particular, it satisfies the asymptotic estimates of Appendix [Bl This depends
crucially on our definition of ¢ on the boundary. We have

(K2a) (w,i).(b) = Kwi) (b) + 205w (b.5) (20)
with
Stwinmg) = i =2,j = 1,w ~ b}y psgn(E)yp(—1)“0. (21)

By multi-linearity of the determinant,

~ 2 ~ ~
det(Ka):< 11 E(m,i)) det(K) = det(K).

(z)€Gz

Since the discrete holomorphy matrix K is invertible (see Appendix, Equation implies

9 - 2
(PfK2a> _ (PfK2a> = det(I + 225K 1), (22)

PIK PfK

By using the identity (which holds for any finite matrix M and a < p(M)~! the inverse
spectral radius)
o0 (_1)kz—1
log (det(I +aM)) = Z Taktr(Mk)
k=1
and taking the logarithm and square root in Equation (22)) (using that the Pfaffians are
positive for a < 1 due to Equation (17))), we get that

X 14\k-1 o
Va e (0, p(SE1)D), P;g? — oxp (1 3 (112(2a)ktr((51(1)k)> @)
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Combining this with Equation (I8)), we obtain for all a € (0, p(SK~1)™1),

o L ok ne(2)—0e(2) o k okal ne(2)—0e(2)
S (-1)faE, ( : ) 3 (—1)kaPHE, ( : )og<z>

k=0 k=0

(24)

o (_q\k—1 .
= exp (; Z (1]2(204)]%1"((5[(_1)’“)) .
k=1

This concludes the second step of the proof: we can see from this equation that the moments
of ne(z) and o.(z) can be computed in terms of the tr((SK _1)k) by algebraic manipulations
(this will be detailed at the end of the proof).

Third step: the asymptotic of the trace terms. The next step of the proof is to
compute tr((SK *1)”) for all n. Our asymptotic will imply in particular that the spectral

radius p(S’f( ~1) is uniformly bounded. Let n > 1 be fixed. Using the convention that
(Wp, i) = (wo,ip), we can write
n—1

tr((SK_l)n) =2 Z H(gk_l)(wkyik)v(wkﬂvik+1) (25)

(w0,80)5++»(Wn—1,in—1) k=0

since SK ! is symmetric (explaining the factor 2, coming from the black vertices) and zero
from black to white and white to black. The factors in the product are computed as follows:
for all u,v € W(Gl), for all 7, j € {1,2}, using Equation (21)),

&1 & 1
SE Dwinwn = D Swdon Kk ws)
(b,k)EB(GE)

S {Z}: Cupsgn(Be)uy (1SRG
b:{ub}€eFE,

Developing the product in Equation yields

n—1
tr((SKil)n) =2 Z Z H ka:bksgn(Eé)wk,bk(_1)H{WkGWO}K(_bi,I)v(wkﬂﬂ)

WO,y Wn—1 bg,yerrsbp—1: k=0
{wpbgleBe

1 (26)
=2 Z H ka,bksgn(E6)wk7bk<_1)]l{w}ceWO}K(_bi,l),(wkH,Z)'
€0,..-,en—1€H: k=0
ep={wgbg}

From here, the rest of the proof consists of replacing K~ by its asymptotic expression
from Lemma and identifying an n-fold Riemann sum that converges towards an n-fold
holomorphic integral. Since the asymptotic expression of K (Zi,l),(wkﬂg) varies according to
the type of wi11 (Wo or W1) and the type of by, (By or By), we must split the computations
into many pieces.

We choose a specific path v in U (except for its endpoint zg € OU) for which the com-
putations are tractable. More precisely, we choose v from z to zg polygonal with slope +1
consisting of a finite number of line segments, and we denote by E. = E.(v) the associated
zipper. For each line segment of + in one of the directions NE, NW, SW, SE, the correspond-
ing portion of the zipper E.() consists of a zig-zag path of edges, alternately horizontal and
vertical. Starting from here, C' = C(U,~) > 0 is a positive constant depending only on 7 and
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dz =e(1+41) dz=¢e(—1+1i) dz=-¢e(1—1) dz =¢e(—1—1)

0 0 0
W1 OWy 14 W
7 —1
1 -1
1 Tz i _q
o—e

w) wy W1 Wi
FiGURE 13. The four possible directions for a zig-zag portion of the zipper
E.(k). The Kasteleyn phases of the (undirected) edges are indicated in black.

the open set U that is allowed to change from line to line. The number of edges in the zipper
is |E(y)| = lvle™! +O(1) < Ce™l.

The edges of the zipper can be grouped in N = |y|e™! + O(1) < Ce~! packets of four
edges (except the edges near the changes of direction of «, of which there are < C'). We have

=< | | E€<k>>qu,

1<k<N.

where for 1 < k < N, the k'" packet E. (k) is a zig-zag path between vertices (w?, b2, w}, b, w k+1)
with w € Wo, w}, € Wi, b} € By, b}, € By asin Flgure and where |F.| < C. More precisely,

E.(k) = {wgbo, bkwéa wq bka bkwk+1}

If we write for all 0 < k < Ng, z, = wk and dzy, = dxy, +idyy, € {e(£1+£ z)} the displacement
of the corresponding portion of the zipper (NE,NW,SE or SW), b2 = w? + (dzy/2,0), wi =
bY+(0, dyr/2), by, = wi+(dxy/2),wi, | = bp+(0,dyx/2). Observe that 211 = wj_, = z)+dz;
except for at most C(v) values of k (corresponding to the last w) before each change of
direction of 7; recall that + is made of a finite number of straight segments) for which we still
have |zx41 — 2] < 2v/2e.

We check the technical hypothesis of Lemma[B.3] Recall that by assumption, the boundary
U is flat in a é-neighbourhood of the endpoint zg of 7, and that except for its endpoint - is
a path in the open set U. This implies that there exists §' = ¢’(y) < 0 such that for all w,b
belonging to some edges of E., |b — w| > §'/2 and both b and w are either in B(zy,d’/2) or
at distance at least ¢’/2 of the boundary of U".

On the one hand, by Lemma and in particular the weaker consequence Equation ,
there exists C' = C() > 0 such that

-1
Vb, w € Ex, ’K(b,l),(w,2)’ < Ce. (27)

On the other hand, upon increasing C' we have |F.| < C and |E.| < Ce™!, so we can neglect
the edges of F; in Equation and group the remaining edges by packets:

tr((Skil)n) ~ 2 Z H Cuop b S8 (B oy, (— )]I{WkGWO}K(_E;k, 1),(wgy1,2)

€0,--+,€n— 1€E5\F€k 0
ep={wgbr}

~ 2 Z Z H Cwl,b Sgn w“ 1( )ﬂ{w EWO}K(;ZJ) (wiy1,2)?

1<k, kn <Ne ez—{wzb }EEE( z)
V1i<i<n

(28)



CONFORMALLY INVARIANT BOUNDARY ARCS IN DOUBLE DIMERS 27

where the = really means

& -1 1{w,eWo} fr—
tr(<SK )n) -2 Z Z H Cwlvb Sgn wzv z< ) fw D}K(bzyl) (wit+1,2)
lgklmn,anNE €;= wlb GEE(kZ)
Vi<i<n
< C?e.
(29)
From now on, we fix 1 < ky,--- ,k, < N and take the corresponding term sy, ..., in the

sum on the right-hand side of Equation

n—
1 W, 1
o= Y T GBI,
Ei:wibieEg(ki) =0
vi<i<n

and show that it is equal (up to an error of order o(¢)) to

(04)
k... Z le ,UUH (Zhir» 2k Z.)dzki .

oe{+1}m i=0

Write r; = 1 if w; € Wy, and r; = —1 1f w; € Wy, and s; similar for b Then we have,
firstly: (—1)1{w¢€WO} = —r;; secondly K (b 1), (wi11,2) < Ce by Equation (27)); thirdly Lemma

gives us that there exists ¢;(e) =29 0 such that
‘K (1) (wisn2) — €3 B+ 1t Fo 4 siF_ 4 rigasiFy] ‘ < e¢s(€)

(where we omit the argument (g, 1, 2x,) for each of the functions Fiy, F_, F_, F). Actually,
we could take ¢5(¢) = C(d)e due to Lemma but we stay at a higher level of generality
for further reference. Finally one can verify that

Cwi,bisgn(EE)wmbi = 5_1(_7:)[%(1 - Tisi)dxk'i + %(1 + risi)idykiL

indeed, use that (1 — r;s;) = 1{r; # s;} and (1 + r;s;) = 1{r; = s;}, and the values of
Cu ;58N (Ee ), p, in Figure It follows that

Cwi,bisgn(EE)wubi(_1)ﬂ{wi€WO} = 6_1%7:[Tidzki - SidiiL
and so we have, up to an error 4"C" c"¢s(e),
Skvvka = O || 1ilrider, — sidZ) [Fr +rip P+ siF- +riasiFy |
r,se{x1}" i=0

We multiply out this product. Recall that dz,(g? = dz, and dz,(ﬁzl) = dzy,, and similar for F,
and F_. The above is equal to

Z Z Z rﬁil [Til_ Sz) i (( 1)¢ )] |:7‘§+(11_ﬁ)+ms?iFT(i(_l)Ki)

r,se{£1}" k,0€{0,1}™ TE{:I:l}” i=0

S TR B e i g,

T
r,s,7e{£1}" i=0
k,0€{0,1}"
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If for some i = 0,...,n — 1, we have k; + 6; = 1, then summing over s; = +1 gives zero.
So the only terms that remain have 0; = x; for all ¢ = 0,...,n — 1, and then the product is
independent of s, so the above is

m 1—k; (1 Ti)+Ki oy —1)ki
S T dirsrt e )

rire{£1}" i=0
~€{0,1}"

_ l M 1— Rit1+Ri+5 (1 Ti) (( 1)%i )d (( 1))
: : | | 2 )
rare{£1}" i=0

ke{0,1}"
after reindexing r;11 = r;. Now similarly to the above, if for some i = 0,...,n — 1, we have
that 1 — Kkip1 + K + %(1 — 7;) is odd, then the sum over r; = +1 gives zero. Hence the only
terms that remain have, for all i =0,...,n — 1, that 1 — x;41 + K; + %(1 — 7;) is even, which

is the same as 1{k; # kit1} = 1{7 = 1}, which is the same as 7, = —(—1)"(—1)"+1. The
sum is then independent of r, and we obtain

—1)Fi 1)ri
Sy Z HZ ) )F((( 1)) )( it

k€{0,1}™ =0

Finally, reparameterizing as o; = (—1)" gives

n—1
Z H iUiFS?i)oiﬂ (m’ zki)dzl(ﬂciri)’
oe{+1}n i=0

as desired. Hence, Equation (28)) becomes

w((SEH) -2 Y 3 H 10 F7 (Fy o )dey) | < Ces(e). (30)
1<k, kn<N. oe{£1}n i=0

for some new constant C' > 0. Recall that for all 1 < k < N, 2, = w), |dzx| = V2¢ and
Zk+1 = 2k +dzy, (except for at most C values of k for which we still have |zx1 — 2zx| < 2\/58).
We obtain the sum of 2" (one for each o € {£1}") n-fold Riemann sums approximating n-
fold integrals along the path v of an analytic function when ¢ — 0. For each of these terms,
the error can be bounded in terms of bounds on the derivatives of F\y and F_ around 7 (by
Remark these bounds also work near zy): we can find a constant C' depending only on
F.,F_ and their derivatives (i.e. depending only on U and -y) such that

2 Z Skl?"' 7kn - C?’l(27 Za) S 2”0”5.
1<k, ,kn<Ne

Upon increasing C, the triangle inequality gives
tr((SK™H)") — cn(z, 29)| < C¢s(e). (31)

for some new constant C' > 0. We are ready to conclude: since the ci(z,z5) grow at most
exponentially in k (see Equation (13))), the power series

X 1\k—1 .
(e = 3 32 G (SR
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has radius of convergence at least C~! for some absolute constant, and Equation implies
that for all k,

tr((SK1)%) = ex(z, 29) + o(e). (32)
Since this power series has no constant coefficient, its exponential exp(S:(«)) is also a power
series with radius of convergence at least C~'. The complete Bell polynomials enable us to

express the coeflicients of the exponential of a power series: for all k¥ > 0, for all power series
with no constant term,

o0 o0

> Xk > X"
exp < akk'> = Bn(al,...,an)ﬁ.

k=1 ) n=0 )

Using Equation (32), we obtain that the n-th coefficient of the power series exp(S:(a)) is

1 ﬂ r((SK1)k
[exp(Se(@))](n) = — Bn << k w{(5K™) )>1§k§n>

n.

— %Bn <<(_2)k—1(k — 1)!ck(z,za)>1 > + 0:0(1).

<k<n

This concludes by uniqueness of the coefficients in Equation ([24)). O

5. PROOF OF THE MAIN THEOREM: THE SHIFTED CASE

In this section, we prove Theorem when p. = ,ug, that is in the shifted case. The proof
is very similar in spirit to the proof of the last section, but we have to use the estimates
of the inverse Kasteleyn matrix in piecewise Temperleyan domains obtained by Russkikh in
[19] (see Lemma of the Appendix) instead of those of Lemma which only work for
Temperleyan domains. We follow the same steps and indicate the main changes.

Proof. As in the preceding section, let 7 be a path in U from z to zg and E. = E.(y) be the
associated zipper, see Figure Let € > 0 be fixed. For every o > 0, we define a connection

on G. by setting for any directed edge e € E.(7), ¢e = <1 Zgﬁ 1__0[4?2), b1 = ¢ L,
and ¢, = I» on all other bulk edges. We also define 1, = (é) for all edges e linking a

boundary point with a bulk point. We denote by K, the Kasteleyn matrix associated with
this connection and the Kasteleyn phases of discrete holomorphy given by Equation , and
by K = Ky. Corollary [2.4] writes.

PiKo = [ tr(ec) [] 41,040, (33)
we loops C arcs A

The proof now follows the same three steps as the preceding section.

First step: the right-hand side of Equation . Loops get a weight 2, arcs enclosing
z get a weight 1+ /2 according to their orientation, so we obtain, using the same notations
as in the preceding proof,

PfKyo = » 2%(1—a®)"®)(1 -0 (2)); PIK =) 2%
weN we
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and dividing by PfK we obtain

00 ne(2)—o0: (2) 00
k 2k+1
< ]33 )] - § (_1) «Q e

PfK.
20 _ Z(—l)ka%Ea
=0 k=0

PfK

<na(z)zoa(2) > OE(Z)] (34)

which is exactly Equation , and concludes the first step of the proof.

Second step: the left-hand side of Equation . We use the same notations as in the
preceding proof: E. for the zipper, sgn(E:),; for the direction of an edge of the zipper. For
i € {1,2}, we write the vertices of G as (v,i) with z € G- if i =1, x € G. \ (R x {0}) if i = 2.

Contrary to the last section, the matrix K is a block matrix since ¢ = é t Kw,i),b,5) = 0

as soon as ¢ # j. On the ¢ = j = 1 block, it is the Kasteleyn matrix on the Temperleyan
domain G!: it has Dirichlet boundary conditions everywhere. We write K(w1),6,1) = Ki?b.
On the ¢ = j = 2 block, it is the Kasteleyn matrix on the piecewise Temperleyan domain
gf: it has Dirichlet boundary conditions everywhere, except on the horizontal axis where
it has Neumann boundary conditions (see [19] for a general discussion of mixed boundary
conditions for Kasteleyn matrices). We write K (,2),(b,2) = K i,b. The asymptotic of (K!)~1
and (K?2)~! when ¢ — 0 were obtained in [19] and are recalled in Lemma Note that
contrary to the last section, the vertical orientation is correct for K and K?, hence we do
not need any gauge change. We can write

(K20) (1,0),(b,5) = K (w,),(b,) T ¥S(aw,i),(b,9)
with
Sty (b) = T{w ~ b} psgn(Ee)wp(—1)" 1. (35)

In other words, K3, = K + oS and as in the preceding section Equation becomes, for
all a € (0, p(SK—H71),

e koK "s(z)gos(z) B o0 ok 2ktl ”E(Z)gos(z)
Z( 1)*a“"E, Z( 1) B, 0s(2)
k=0 k k=0 k (36)
1 o (_1)k—1
= exp (2 Z kaktr((SK_l)k)> s
k=1

which concludes the second step.

Third step: the asymptotic of the trace term. We only need to prove, as in the
preceding section (up to a factor 2™) that

n—1
w((SET) -2t 3T 3 [T G e | < 0Mos(e). (37)
1<k, kn<Ne UE{:‘:l}” =0

for some C' = C(v) > 0, ¢s(e) =9 Indeed, if this holds, the proof of the last section carries
through. We prove it using the same general strategy as in the third step of the last section.
Let n > 1 be fixed. Using the convention that (wy, jn) = (wo, jo), we can write

n—1

tl“((SK_l)n) =2 Z H<SK_1)(wkvjk)v(wk-‘rlvjk’-H)' (38)

(wO’jO)v"'v(wn—lzjn—l) k=0
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The factors in the product are computed as follows: for all u,v € W(G?), for all 4,5 € {1,2},
using Equation , and the fact that K (_w 1i) (b.7) vanishes when i # 7,

SE Nwiwn = D Swines Kok ey = DT D Cupsgn(Ee)up(E7)y .
(b,k)eB(Gr) b:{ub}eE.

Developing the product in Equation yields

n—1
w((SKTH) =2 > Yo T Gunbesen(Be)uy b (1) (K)o (39)

J0y--esJn—1€{1,2} €0y--sen—1€E: k=0
ep={wgbg}

(note that we also reindexed ji11 = jx). We choose the same path v in U as in the preceding
section and we group the edges by packets as before, see Figure and the corresponding
paragraph. We use the same notation:

E. = (1§|E|NE Ee(k)> U Fr.

Here we need to be more careful than in the last section when neglecting the edges in Fg,
since the terms are no more O(e) when wy41 and by are getting close. By Lemma and
in particular the weaker consequence Equation (51)),

(B sy — Alwpg, by)| < Ce

bi, Wk 41

for some constant C' = C(d). In Equation , the error A(wgy1,bx) cancels between the
terms j = +1, so we can rewrite it as

n—1
2 Z Z H ka,bksgn(EE)wmbk(_l)jk <(Kjk+1)b_kl7wk+1 — Awky1, bk)) )

70y jn—1€{1,2} €0y--sen—1€E: k=0
ep={wgby}

Now, we can neglect the edges in F;: since |F.| < C (upon increasing C'), it holds that up to
C"¢e (upon increasing C' again),

w(SE Y =2 Y Y% H{cwz,bsgn D (—1)7

1<ky,....kn <Ne ,]16{1 2} ei=w;b;€E. (ki) ©
V1<i<n V1<i<n (40)

X ((Kjiﬂ)l;:wﬁl — A(wi+17bi)> }

From now on, we fix 1 < ky,--- ,k, < N, and take the corresponding term sy, ... x, in the
sum on the right-hand side of Equation (140):

Sk Z Z H sz,b Sgn wl, z( )]l_l <(Kji+1)b_i,1w¢+1 - A(wi+1a bz)) )
ji€{1,2} e;=w;b; € Ec (k;) 1=0

Recall that w;, b; are within distance 2v/2e of 2. We show that (up to an error of order

o(¢))
d (0'1)
8]61,...,]6 ZO—Z 7O'O'+1 Zkz+17 ’L) zki .

oe{£1}m i=0
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Note that in this expression, F are the functions defined in Equation and appearing in
Lemma and Ff) for 0 = +1 denotes complex conjugation (in particular Fi(ro) is not the

F1{, j € {1,2} appearing in Lemma though they are related as we will see).
Let r;,s; € {£1} be such that w; € Wi—r;,b; € Bﬁ. By Lemma
2

(KF), = Awig, b) = § [Ffﬂ(zkm» DA i F (2 s 2k

3, Wi41

+SiF£i+1 (Zk¢+17 ) + Ti18; F]Z 1<zk1+17 )} + 5¢6( )

where ¢s(¢) =29 0. We will omit the argument (Zk;1> 2k;) and the dependence in j;;1 for
each of the functions F,, F_, F__ F. Recall that this implies (see Equation ) that

’(Kji+1)_1 _ A(wﬂ_l,bz’)’ < C(5>5'

bi,wit1
Moreover, one can verify that
-1, _
C’whbisgn(EE)wi,bi = 7TiETZ[T’L'de‘i - Sidzk‘i]v
and so we have, up to an error C"e¢s(e) (upon increasing C),

n—1

Ski,kn = > [ 252 ilridz, — sidzy) [Fy +ripn P+ siF- 4 rivasiFy]
rse{£1}n,jie{1,2} =0

We multiply out this product. Recall that dz,g) = dzy, and dz,(%_l) = dz,, and similar for Fly
and F_. The above is equal to

Sy T g )
jie{1,2} r,s,re{£1}™ =0

k,0€{0,1}"™
If for some i = 0,...,n — 1, we have k; + 6; = 1, then summing over s; = +1 gives zero.
So the only terms that remain have 0; = x; for all ¢ = 0,...,n — 1, and then the product is

independent of s, so the above is

S Tl g

Gi€{1,2} rre{£1}" i=0

ke{0,1}"
after reindexing r;4+1 = r;. Now similarly to the above, if for some ¢ = 0,...,n — 1, we
have that 1 — k41 + K; + 3(1 — 7;) is even (contrary to the last section), then the sum over
r; = £1 gives zero. Hence the only terms that remain have for all ¢ = 0,...,n — 1 that

1—Kig1+ ki + %(1 —7;) is odd, which is the same as 1{x; # ki+1} # 1{7 = 1}, which is the
same as 7; = (—1)"(—1)%+1. The sum is then independent of r, and we obtain

Sk1,... kn Z Z H I{Zdzl(cg_l)ni)F((Ez)lfzj(iil)”i+1'

ji€{1,2} ke{0,1}" =0

Finally, reparameterizing as o; = (—1)" gives

S Y e, il

ji€{1,2} ce{£1}" i=0
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The last step of the argument is specific to the shifted case. It is time to recall the dependence
of the i-th term in j; 41, 2, Zk, ., which was hidden in the notation for a while. For j € {1,2},

oe {1}, (F1)@) is (FL)@) if j =1, (F2)() if j = 2 (recall that the exponent (¢) denotes
complex conjugation). Using the explicit expression for F}{ and F? (defined on U) in terms
of Fy (defined on U"), see Equation of Appendix |C| s, . %, can be written as

> e [FL), (o1 20) + (FIP G, (o1, 3)] a0,
jie{1,2},0e{£1}n i=0
Developing the product yields

n—1

. ri—1 . . Ki oi
3 [T~V ios(~1)" 5 31 FG), (21, 28 d=(70.

ji€{1,2},oe{L1}n ke{E1}n i=0

If for some ¢ = 0,...,n — 1 we have k; = 1, then summing over j;;1 = 1 gives zero, so the
only terms remaining have x; = —1 for all ¢+ and then the product is independent of k, so the
above is

— =\ 7.(03)
S e -2 Y Tior, e

jie{1,2},0e{£1}m i=0 se{+1}n =0

which concludes the proof. ]

6. THE EXAMPLE OF A RECTANGLE: COMPUTING THE NUMBER OF ARCS CROSSING IN
THE VERTICAL DIRECTION

In this section, we consider a specific example of a domain - a rectangle, with ¢ given by
two opposing sides. This is strongly inspired by section 9 of [16]. This setup doesn’t fit the
precise definition of our folded or shifted dimers model, but, as in [16], we can compute new in-
teresting quantities by directly diagonalizing the Kasteleyn matrix and using Proposition

Let G be the subgraph of Z? with vertex set [0,n] x [1,m]. We define its boundary to be
0 = {0,n} x [1,m]. We define a graph G" by taking two copies of G with vertices labeled
s (z,y,1) and (x,y,2) for (z,y) € G and by identifying (z,y,1) = (z,y,2) for (z,y) € 0G.
In other words, G" is the cylinder Z/(2nZ) x [1,m] if we identify (z,y,1) = (z,y) and
(z,y,2) = (—z,y), with the slight abuse of notation that we identify = € Z with its projection
T € Z/(2nZ) so that in particular, for all y, (n,y,1) = (n,y) = (—n,y) = (n,y,2). A
uniformly random dimer configuration on G" gives a random configuration of disjoint loops,
doubled edges and arcs, obtained by superimposing the two layers. Arcs link two boundary
vertices that can be on the same side or on opposite sides of the cylinder.

REMARK 6.1. Note that this is an example where 0 has two connected components. It
complements the strip from Example where 0 has one connected component.

The arcs always have one black and one white endpoint since the vertices along the bound-
ary (blue bullets and circles on Figure are alternating in colour. We define the random
variable N, ,, to be the number of arcs traversing from one vertical boundary to the other.
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(0,m) \\_/—’_\

]

0,1) (1,1 (n,1)
0,1) (1,1) 0

F1GURE 14. The graph G" on the left, with (z,y,1) in black, (x,y,2) in red
and the boundary vertices in blue. On the right, a loops and arc configuration,
with some of the arcs drawn in red (the loops are not drawn) and with N, ,, =
2.

THEOREM 6.2. Let 7 > 0 be fixed, ¢ = e™™". When n,m — oo with their ratio ;- — 7,
the characteristic function of N,,, converges to an explicit limit

- . . ,
1+q% —2¢7 +4Y2¢§
P[N,,,, = k]YF =5 : : .
; [ m,n ] 31;[1 1 + q2] + 2qg
j odd

Proof. We choose complex Kasteleyn phases ¢ by putting ¢ = 1 on all horizontal edges and
¢ = 1 on all vertical edges. These complex Kasteleyn phases can be obtained by a gauge
transform from the ones of Figure |3, so Proposition [2| holds with the complex phases ¢ by
Remark Then, for any choice of connection ¢ on G, if K, is the Kasteleyn matrix
associated to the connection ¢ and the phases {, Proposition holds. We now turn to
the choice of the connection. Let p € C be fixed and a € C such that a™ = p. We can
define a connection on the bulk by setting, for any horizontal bulk edge e (pointing right),

be = (8 ?) and ¢_. = ¢-'. For any vertical bulk edge, we define ¢, = I,. We also

a

define ¥, = (?) for all (horizontal) edges e pointing right linking a boundary point with

a
1

a bulk point and 1, = <g> for all (horizontal) edges e linking a boundary point with a

bulk point pointing left. Denote by K, the Kasteleyn matrix associated with this choice of
connection and orientation as in the preceding section and K = K; the Kasteleyn matrix
associated with the trivial connection. We can now analyse the formula of Proposition [2.1
The loops have monodromy I so they get a weight 2, and the arcs that come back to the



CONFORMALLY INVARIANT BOUNDARY ARCS IN DOUBLE DIMERS 35

same boundary also get a weight 2, while the arcs that go from one side to the other get a
weight z/JgAchwwA =a"+a " =p+p L Hence,

#arcs traversing
PfKa _ Z 2#loop32#arcs <P +p > 7

2
weN
SO i
PfK, p+pt
PNy =k . 41
e = S PN = (2 (a1)
keN
We are left with computing the left-hand side, or rather its square %. We define the

matrix K, by K,(w,b) = Ky(w,b) for all b black and w white in G": it is the symmetric
version of K, (which is by definition antisymmetric). Using the block structure of K, and
K, we get det(K,) = —det(K,) so the ratio of determinants is left unchanged. We now
observe that the matrix K, that we have constructed is exactly that of Kenyon. Writing
A = p? (which satisfies a®" = \, X = p? + p%), and since K corresponds to a =1 and X = 2,
if m is even, the results of Section 9 of [I4] imply

det(Ko) _ det(K,) 1> (14 ¢% + X¢P)?
det(K)  det(K) 27 ey 1 + ¢/ + ¢%)?
j odd

Combining this with Equation [41] gives

ZP (Y 1> [ e + X )
e 2 A S G Il

n
m —

J

L1
For p € C, such that ¥ = pQP >0, Y2 =% 50 X > —2 and all (squared) factors on both
sides are non-negative so we can take the square root:

14+¢% +X¢ 1—2¢7 + ¢% +4Y2?¢§
S PN = Y’“HOOH 1 2q_H G S
1 + q] + q J 1 + q] + q J

j odd j odd

APPENDIX A. COMPUTATION IN THE CONTINUUM (BY AVELIO SEPULVEDA)

The objective of this section is to compute the expected values of the random variables
n(z) and o(z) for the ALE. These random variables are clearly conformally invariant, as the
ALE itself is. It therefore suffices to compute them in a specific given domain, which we do
below. Recall that the ALE has the same distribution regardless of the Dirichlet/Neumann
boundary conditions of the accompanying GFF - this follows from the coupling of [I8]. To
be precise, we plan to show the following.

PRrOPOSITION A.1l. Let A be an ALE in the strip R x [0,7/2] with arcs emanating from
the lower boundary, n(z) the number of arcs of A that separate the upper boundary from z
and O(z) = (—1)™?). We have that
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Note importantly that these moments exactly coincide with Example Note that n(z)
is almost surely finite as the ALE is locally finite (any compact set intersects finitely many
arcs almost surely). Unfortunately while we have formulae for all the moments of n.(z) and
0¢(2) in the ¢ — 0 limit by Theorem higher moments in the ALE are not currently
available to us.

Before showing the proposition, let us define the strips St = R x [0,7/2] and S = R x
[—7/2,7/2]. Note that the conformal radius of these strips is given by

CR(z,85) = 2cos(3(2)),
CR(z,5") = sin(23(2)) = 2sin(3(2)) cos(J(2)).

In what follows A = \/7/8. Let D C H be a domain with 0D = 9, U d,, &1 N d2 = () and
d an interval of R. We also define D to be the domain obtained by reflecting D on H. We
take ® to be a GFF in a domain D with boundary condition A on d; and 0 on 9y, and &
be a GFF in D with boundary condition 0 on d; and free on d5. We couple ® and ® such
that A_j  of ® coincides with A — the ALE of ® as in [18] (See Figure . Furthermore,
we denote by u(z) the harmonic function in D with boundary values A1p, so that ® — u(z)
is a GFF with 0 boundary conditions in D.

Pp_y,(2) = A du(2)=0

FIGURE 15. Representation of A_j y and A in ST. The harmonic function
associated to Doy takes alternating values in 42\, on the other hand i
starts with value 0 on top and each time it crosses a curve changes values of
42X\ independently in each connected component.

Proof of Proposition[A.1 Let ®. and ®. denote the e-circle average of ® and ® respectively.
A straightforward computation yields that (see for example Theorem 1.23 of [9])

E [(®.(2) — u(2))?] - % log(1/2) — % log(CR(2: D)) as & — 0. (42)

Furthermore, as I' = %(@ — u + ®) has the law of a GFF with 0 boundary conditions on D

restricted to D, we have that
. 1 1 . 1
E [(®.(2))%] - o log(1/e) — —log(CR(z; D)) — o log(CR(z; D)) ase — 0.
T 7r T

Now, note that the strong Markov property of the GFF implies that
D=, + P and & = Dy + P4,
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where @5, , and ® 4 can be represented by harmonic functions thanks to [21], and condi-

tional on A, ®*-*» and &4 are 0 boundary GFF on D\ A (conditionally) independent of
(®a_, \, P4). Furthermore, it is possible to check that

n(2)
Py, (2) = A0(z) and by = 22)\&,,
k=1

where (&;)72, are Rademacher random variables independent of A.
We compute now the expected value of O(z). To do this, we use the strong Markov
property of the GFF ® with respecto to A_) ) to see that

u(z) =E [®a_,,(2)]-
From the above we obtain that
E[O(z)] =u(z)/\ and when D =S5, P[O(z) =-1]=1/2—-3(z)/7.

We now need to compute the expected value of n(z). To do this, we study the square of
both I and I'. For the first one the Markov property implies that

wA(2) = E [(2:(2))%] = E [((@a_,,)P (2))?] + B[ (#*2).(=))?] -
Thus
WA(2) = E[(Da_,,)e(2))] +E [(224)o(2)) = (@(2) — u(2))?]

S A2 %E [log (CRg;zif‘i);*’*)>] as € — 0. (43)

On the other hand, using A instead of A_) ) and ® instead of ® we have that

E[(®:(2))"] = E [((®.4):(2))?] +E [((Y)=(2))?] - (44)

From here we obtain that

0=E[(24):(2))*] +E [((21):(2))* — (9=(2))°]

n(z) 2
—E [(m Z gk) ] + %IE [—210g(CR(z; D)) + log(CR(z; D)) + log (CR(z; D\A))]
k=1

1 .
=4N’E [n(2)] + 2—E [—21log(CR(z; D)) +log(CR(z; D)) + log (CR(z; D\A))] .
™
As A= A_, ), we have as a consequence

1 2u%(2) 2
4 T w2

(log(CR(z; D)) — log(CR(=; D).



38 MARCIN LIS, LUCAS REY AND KIERAN RYAN

APPENDIX B. INVERSE KASTELEYN MATRIX IN TEMPERLEYAN DOMAINS

In Appendices [B]and [C] we present proofs of the behaviour of the inverse Kasteleyn Matrix
in the small mesh limit - that it can be written as a sum of functions expressed in terms of the
continuum Green function. These are technical proofs and are similar to computations in, for
example, [14]. In this section we deal with ordinary Temperleyan domains, which is needed
for our folded dimer model, and in particular show that the statement of the behaviour of the
inverse Kasteleyn matrix extends to certain neighbourhoods of the boundary. In Appendix
[C] we deal with piecewise Temperleyan domains, which is needed for our shifted dimer model.

In this section, the inverse Kasteleyn matrix on Temperleyan domains will often be called
the coupling function as in [14]. We use the notation and setting of Section |3] We start by
recalling some well-known facts on the coupling function and discrete holomorphic functions.
The acquainted reader can jump directly to the statements of Lemma and Lemma

Let U be an open set, U, an approximating sequence as in Definition [3.1] and G. the
associated Temperleyan approximation with a boundary vertex by removed as in Section 3.
Note that these results are applied to U = U" in Section [dl To simplify notations, we will
write B = B(G.), Bo = Bo(G:) etc. We use the usual Kasteleyn phases of discrete holomorphy
described in Equation and denote by K the associated Kasteleyn matrix as in the proof
of Theorem [3.4l It can be checked that

K*K = A,

where the Laplacian has Dirichlet boundary conditions on By and Neumann boundary condi-
tions on Bj except at by where it has Dirichlet boundary conditions. The determinant of the
right hand side counts tiling of a Temperleyan domain which are in bijection with spanning
trees of By rooted at by, hence it is positive, so det K is also positive and K is invertible: we
call its inverse K ! the coupling function.

In this section only, we use the operator notation K (w,b) instead of the matrix notation
K, to align with the notation of Kenyon. Let us fix w € Wy (the same holds for w € Wh).
We first recall how the coupling function b — K (b, w) can be seen as a discrete meromorphic
function: we call the real part the restriction to b € By and the imaginary part the restriction
to b € By. This is justified by the following:

_ (b,w+;>—G(bw—2>+z[G<b,w—i§> —G(bjw+i§>},

where G = A~! is the Green function. The function G takes real values because the Laplacian
A takes real values. Further, since the Laplacian has a block structure (it is non zero only
from By to By and Bj to Bp), G has the same block structure. Hence, since w € Wy,
w+ £ € By whilew=+ % € By, so K~1(b,w) is real for b € By and pure imaginary for b € B;
(justifying the terminology “real” and “imaginary” part).

Let us define 9°“‘By (the full red and blue circles on Figure to be the vertices in
Bo(eZ?) \ By (where By(¢Z?) are the vertex of the dual graph of Z? i.e. the faces of £Z?) at
distance e from a vertex of By (see Kenyon, section 4.1) and 0°*By = {by} (full red square
on Figure . Define By = By U 0°“* By, By = B, U0°“B; and B = By U B;. If we extend
be By — K L(b,w) by 0 on the vertices of 9°“! By, it is a harmonic function on By except
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at two points: Af(_l(-,w)‘Bo = Oyte/2 — Ow—c/2- Indeed, for b € By,

Ak_l(bv w) = k*KR_l(bv w) - k*(bv w) = k(w7 b) = 5b:w+5/2 - 5b:w—£/2 (45)

as a function of b € By. Observe that this already fully characterizes the real part: there is
a unique function which satisfies (45 and is 0 on 9°“! By (by the maximum principle). If we
extend the imaginary part b € By — K ~1(b,w) by 0 on by, the imaginary and real part are
harmonically conjugated: KK~ = I implies that for w’ % w,

K1 (w' + E,w) —K! <w’ - E,w)—i—i [f(l (w’ + w,w) - K1 (w’ - w,w)] =0 (46)
2 2 2 2
(which also holds when w’ is on the boundary due to the choice of boundary conditions).
This is the discrete Cauchy Riemann equation for K~ (-,w) around the point w’.

In our case (and unlike Kenyon who considers multiply connected domains), the imaginary
part is fully defined by saying that it is the harmonic conjugate of the real part and it is 0
at the removed vertex bg: by discrete integration along paths which avoid the singularity at
w, the values of K ~1(-,w) on By can be uniquely recovered from the values on By and the
boundary conditions at by. We summarize all this in a lemma:

LEMMA B.1. The inverse Kasteleyn matrix K- lis uniquely defined, and for w € Wy fixed,
it is characterized by the following:

e its real part is the (unique) harmonic function on By which is 0 on 0°** By (Dirichlet
boundary conditions) and satisfies

(Ak_l)('aw) = Ow+e/2 — 6w—a/2

e its imaginary part is 0 at by
e its real and imaginary part satisfy the discrete Cauchy Riemann equation at all
points w' € W\ {w}.

We are now ready to give estimates of the coupling function. Let g(u,v) be the analytic
function of v whose real part is the Dirichlet Green function g(u,v) on U. Also define, as in
Section 6.3 of [16],
9g(u, v)

_ ~09(u,v)
ou ’

F_(u,v) = ——=. (47)

F =
+(U,’U) il

Then, the following lemma holds:

LEMMA B.2. [[14], Theorem 13] Let nn > 0 be fixed. If u € V(G.) is at distance at least 1
from the boundary and v € V(G.) is at distance at least n from u, and if b and w are within
O(e) of u and v respectively, then

eRe(Fy(u,v) + F_(u,v)) ) ifwe Wybe By

B, w) = eilm(Fy (u,v) + F_(u,v)) + O(e?) ifw € Wy,b € By
’ eRe(Fy(u,v) — F_(u,v)) ) ifweW,be B
eilm(Fy(u,v) — F_(u,v)) + O(?) ifw € Wy,b € By

or for short, if r;s € {1} are such that w € Wi, b € Wi_s,
2 2

K~ 1(b,w) = % (F+(u,v) +rF_(u,v) + sF_(u,v) + rsF+(u,U)> + 0(£?)

where the O(£?) is uniform once 1 is fixed.
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We only need the simplest part of the proof since the points u, v we consider are at distance
of order 1 (and not ¢) from each other and the domain is simply connected so the harmonic
conjugate is single-valued. Actually, this lemma also works for points near the boundary:
this is mostly Theorem 14 of [16], but we make some arguments more precise.

LEMMA B.3. Assume (as in Section[3) that there exists zp € OU and § > 0 such that the
boundary of U is horizontal in the neighbourhood B(zg,d) and that U is contained in the
half plane below this flat horizontal boundary. Assume that U, also has a flat and horizontal
boundary in B(zg,d). Then for allr,s € {£1}, w € W1;r (Ge),b € B12;s(98) each at distance
at most §/2 of zy or at distance at least 6/2 from the boundary of U, if |b —w| > /2 and if
w and b are within O(e) of u,v € U respectively, then

K 1(b,w) = % (F+(u,v) + rF_(u,v) + sF_(u,v) + rsF+(u,v)> +0(e%)

where the O(g?) is uniform once § is fixed.

In particular, with the notation of the lemma,
[K™H(b,w)| < C(6)e (48)
for some constant C' depending only on §.

REMARK B.4. These two lemmas could actually be proved in a slightly more general setting

when § = 0(¢) =90.

The proof consists in detailing some arguments in the proof of Theorem 14 of [I4] (more
precisely we use the argument of Corollary 19) but our statement applies to all points at
distance at most §/2 from zy, unlike the statement of Kenyon which applies only to the
points within O(g) of the boundary.

Proof. We have to deal with the fact that w might be close to the boundary so Lemma
would not apply. Let 67/ By be the set of the uppermost points of 9°* By (full blue circles
in Figure [16)). They are all situated on the same horizontal line (full blue line in Figure [16]).
We call s the reflection along this line. We also define 9T/ (the empty blue circles in
Figure to be the vertices in Wy(Z?) (the horizontal edges of ¢Z?) which are at distance
£/2 from a point in dflat By and we define Wy = Wy U 971t Wy, W = Wy U W,. We consider
a new graph G° which has vertex set B U W U 8/"*By U s(B) U s(W) U {s(by)} (the grey,
black and blue points in Figure where we identify the points of 871 By and 6f1%*W; and
their image (they are fixed by the reflection). The edges of G¢ link points at distance /2.
The boundary of G2 is 9°** By U s(9°“* By) U {bg, by, b, } \ 8719 By (the red, light red and green
points in Figure where by, b, are two added points (in green on Figure : b; at distance
¢ to the left of the leftmost point in 71% By and b, at distance ¢ to the right of the rightmost
point in 8/ By. We will write B* for the black vertices of G2, G2 for the union of G2 and its
boundary, etc.

We can extend the discrete meromorphic function K ~1(-,w) on B* by a discrete analogue
of the Schwarz reflection principle for holomorphic functions. We define, for b € B,

s = { D e (49

and set K~ 1(b;,w) = K~(b,,w) = 0. This extended function is well defined (the only prob-

lem could be for b € &% By for which s(b) = b, but in this case K~ (w,b) = K~ (w, s(b)) =
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FIGURE 16. The graph G. near the point z5 and the flat boundary is drawn
in black. The boundary points on the flat boundary 67'% By are represented
as full blue circles. The rest of the boundary 9°“’By is represented by full
red circles. These are the point with Dirichlet boundary condition for the
coupling function. The reflection axis is drawn as a blue line and the reflected
vertices are drawn in grey for the bulk vertices and light red for the boundary
vertices.

0). It is discrete meromorphic on G®: harmonicity of the real and imaginary parts (except at
w and s(w)) is preserved on and near the reflection axis (Definition is designed to match
the Dirichlet and Neumann boundary conditions). Besides, b € B — K '(b,w) remains
harmonically conjugated to b € B§ — K (b, w) except at w and s(w): using the definition
of the extension K~! and the discrete Cauchy Riemann equation ([@a), if w' € Wy \ {w},
s(w) € W§ and if we let

then

i[5 (s ) - (s - )]

which is exactly the discrete Cauchy Riemann equation at s(w’) (note how the reflection
changes the signs only for vertical differences). This also holds for w € Wj (but there is an
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additional minus sign in the first line and no sign in the last line, which compensate).

We now show that the extended coupling function b € B® — K !(b,w) coincides with
the difference of two coupling functions on B®. Since G? is a Temperleyan approximation of
U Us(U) if we remove the vertex by, by Lemma for fixed w € Wy U s(Wp), the coupling
function b € B® — H*(b,w) is uniquely defined: its real part has 0 boundary conditions on
9°"' By U s(0°** By) U {by, by} \ 071 By and satisfies AH*(-,w) = 6y4c/2 — 0,y_c/2 at all inner
points b € Bj. Its imaginary part is O on by and is harmonically conjugated with the real
part except at w. We claim that for all b € B,

K1 (b,w) = H*(b,w) — H*(b, s(w)). (50)

Indeed, the two sides of the equation have the same Laplacian d,,1c/2 — 0y—c/2 = Os(w)e/2 +
ds(w)—e/2 and both have zero boundary conditions on B, so the real parts coincide. Hence,
the difference b € B} — H*(b,w) — H*(b, s(w)) is harmonically conjugated (except at w and
s(w)) with b € B§ — K;'(b,w) = H*(b,w) — H*(b,s(w)) and it is zero at bp, so it coincides
with b € Bf — K !(b,w) by integration along any path from by to b avoiding w and s(w).
Finally, Equation [50] also holds for b € Bj.

REMARK B.5. Observe that we did not impose any condition at s(bg) for H®(b,w) —
H?(b, s(w)), but since equality holds it must be 0 a posteriori. This can be checked
using symmetry arguments.

Bj is an approximating sequence for U U s(U) so we can apply Lemma to conclude,
because (and this is the key point of the proof) if w is as in the statement of the Lemma,
then both w and s(w) are at distance at least §/2 from the boundary of B®: the points
near the flat part of the boundary around zg have become inner points of the graph B®. In
particular, the points in B at distance at most §/2 from zy are at distance at least §/2 from
the boundary of B?, so we can apply Lemma with n = 6/2 to H*(-,w) and H*(-, s(w))
since they are the coupling function for the Temperleyan approximation of U U s(U) with a
black vertex removed at the same location as before.

If we denote by ¢*(u,v) the analytic function of v whose real part is the Dirichlet Green
function ¢°(u,v) on UUs(U), we define F} and F*® similarly to the definition before Lemma
If w is at distance O(e) from u and b is at distance O(e) from v,

eRe [F5 (u,v) 4+ F2 (u,v) — Fi(s(u),v) — F5(s(u),v)] +0(e?)

f(,l(b w) _ if b € By,
’ eillm [Fy(u,v) + F_(u,v) — Fi(s(u),v) — F5(s(u),v)] +O0(e?)

if b € By.

where the O(¢?) is uniform once d is fixed. Observe now (this is the continuous equivalent of
what we have just done, i.e. Schwarz reflection principle in the continuum) that ¢%(u,v) —
g*(s(u),v) = §(u,v) when u,v € U, because the left-hand side is analytic in v on U, its
real part ¢g°(u,v) — g°(s(u),v) has the same pole as g(u,v) in v (by definition as a Green
function) and it is 0 on the boundary of U. On the flat portion, it is true by symmetry: if v
is on the reflection axis, g°(u,v) = ¢°(s(u), s(v)) = ¢°(s(u),v). On the rest of the boundary
both terms of the difference vanish since v is also on the boundary of U U s(U). Hence,
Fi(u,v) — Fi(s(u),v) = Fy(u,v) and F*®(u,v) — F*(u,v) = F_(u,v) which concludes the
proof in the case w € Wy; Lemma holds up to the boundary.
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To deal with the case w € Wi, the same argument works but now K _1(-,w)| B, is the
unique function on By which is 0 on 8°“* By and whose Laplacian is —idy—q, 4. /2t i0u_ic/2
by equation applied when w € Wi instead of W € Wy. The remaining changes are
straightforward. O

APPENDIX C. COUPLING FUNCTION IN PIECEWISE TEMPERLEYAN DOMAINS.

In this final Appendix, we continue our analysis of the inverse Kasteleyn matrix in the
small mesh limit, and in particular we deal with piecewise Temperleyan domains, which is
needed for our shifted dimer model.

We use the setting of Section [3} U" is a simply connected open set symmetric with respect
to the horizontal axis, U = U" N (R x Rs(p). The boundary of U can be partitioned in
two connected arcs: OU = D U N where N = 0U N (R x {0}) is the intersection with
the horizontal axis. Recall that we defined two graphs approximating U: the Temperleyan
approximation G! with Dirichlet boundary conditions (and a vertex by removed) and the
piecewise Temperleyan approximation G2 with two convex white corners v, v3. In both
cases, we use the usual Kasteleyn phases of discrete holomorphy described in Equation ,
and denote by K!, K? the corresponding Kasteleyn matrices on G}, G2. Both G! and G2 have
at least one dimer configuration (for example because from any loops and arcs configuration
w € Q(G:) we can obtain two dimer covers of gg and gg), hence K! and K2 are invertible by
[T9). Moreover, the asymptotics of (K7)~! on piecewise Temperleyan domains are computed
and expressed in terms of f(u,v) for i € {0,1}, j € {1,2}. These are the unique functions
which are analytic in u for fixed v, have a simple pole of residue 1/7 at uw = v with no other
pole on U, are bounded near v, v (for the j = 2 case), and have the following boundary
conditions:

e R(fi(,v)=0on DUN
e 3(fi(,v)=0on DUN
e R(f2(-,v) =0o0n D and I(f}(-,v)=0on N
o 3(f2(-,v) =0on D and R(f{(-,v) =0 on N.

For 7 =41, 1 € {1,2}, let
1 .
Fi = 3(R+7h).
Then, Theorem 6.1 of [I9] has the following corollary:

LEmMMA C.1. Let n > 0 be fixed. If u,v € V(G.) are at distance at least n from the
boundary, and if w and b are within O(e) of u and v respectively, for j € {1,2}, r,s € {£1},
we Wi, b€ Bis,

2 2

(Kj)b—ﬂlu = (Fj(u,v) + rFf(u, v) + sFZ(u, v) + rsFi(u,v)) + A(w, b) + o(e)

where the o is uniform once 7 is fixed and A is an error term depending only on €, w €
WolW1,b € BoU By (in particular A does not depend on U or its Temperleyan discretization
Ge ).

REMARK C.2. In the original statement of [19],

Aw,b) = T FE ()~ -

u—v
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where A = €'1 and F(IE:,w is the unique discrete holomorphic function on €Z? tending to 0 at

infinity and with a pole A at w, which is known to be asymptotically equal to when

m
e — 0 and |b — w| > n for some n > 0 independent of . See Section 5 of [19] for details.
The error term A is also present in the original statement of Lemmas [B.2 and [B.3, but we
included it in the o(e) since we never use these lemmas for close points and for all n > 0, for
all b,w such that |b —w| > n,
|A(w,b)| = 0e0(e).

uniformly once 1) is fixed. Since we need to apply Lemma[C| also for points b, w at distance
O(e), we must include the error term.

As in Lemma[B.3] when U has some specific boundary conditions, the asymptotic estimates
hold up to the boundary.

LEMMA C.3. Assume (as in Section [3) that there exists zg € D and § > 0 such that the
boundary of U is horizontal in the neighbourhood B(zg,d) and that U is contained in the
half plane below this flat horizontal boundary. Assume that U, also has a flat and horizontal
boundary in B(zp,0). If u,v € V(G.) are each at distance at most §/2 of zy or at least
d/2 from the OU, and if w and b are within O(e) of u and v respectively, for j € {1,2},
r,s € {£1}, w e W%, be B%,

(Kj)b_ﬂlu = (Fj_(u, v) + 1F7 (u,v) 4+ sF7 (u,v) + rsF_{(u,v)) + A(w,b) + o(e)

where the o is uniform once ¢ is fixed and A is the error term from Lemma[C_l

In particular, it holds that for all b, w at distance at most 6/2 of zy or at least > §/2 from
the OU, for all j € {1,2},
[(K7) 0 — Aw, b)| < C(6)e (51)

for some constant C'(4) depending only on §.

Proof. The same argument as in the proof of Lemma can be applied: we skip most of
the details. For fixed w € W(GZ), for j € {1,2}, the coupling function (K7)~!(-,w) can
be extended into a discrete meromorphic function (K?)~(-,w) on the graph (GZ)* obtained
by gluing together G and s(gg) (the reflection of G? along the flat part of oU). Then,
(K)71(-,w) is a discrete meromorphic function on B((GZ)*), with mixed Dirichlet/Neumann
boundary conditions and two poles of respective residues 1/m and —1/7 at w and s(w), hence
it coincides with the difference of the two coupling functions H*(-,w) — H*(-, s(w) with the
same mixed boundary conditions. Indeed, the difference

(KD w) = (H3(w) = HY (-, s(w))

is in the kernel of the (invertible) matrix K7, hence it must vanish. We conclude by applying
Lemma [C.1] to H*(-,w) and H*(-,s(w)). O

We finally explain how FY,7 = 41 can be expressed in terms of the functions F,,7 = +1
defined in the preceding section (see Equation . Recall that U" denotes the reflected
domain, and denote by fo(u,v), fi(u,v) the unique analytic functions of u € U" having
a simple pole of residue 1/7m at u = v and boundary conditions R(fj(-,v) = 0 on OU",
S(f{(-,v) =0 on OU". They satisfy

F+(u7 U) = fo(u,’U) + fl(U,U) ) F,(u,v) = fO(u7U) - fl(u7v)'
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Since U™ is invariant by reflection along the horizontal axis,

Vie {1,2}, Yu,v e U", fI'(u,v) = fi (u,v).

Checking the boundary conditions in each case, it holds that:

Or,

f(}(uv 1)) = fO(uvv) - fO(u7§)
fi(u,v) = fi(u,v) + f1(u,)
fg(uv U) = fO(uav) + fO(uaﬁ)
ft(u,v) = fi(u,v) = fi(u,v)
to put it shortly, for ¢ € {0,1}, j € {1,2},

fij(u7v) = fi(uvv) + (_I)H_jfi(uv@)

which implies that for 7 € {£1}, u,v € U,

[1]
2]

F) = F (u,v) + (=1)F_,(u,). (52)
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