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Domino Tilings of the Aztec Diamond
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Domino Tilings of the Aztec Diamond

Define an Aztec diamond, A,, as the lattice squares contained in
{Goy) s Ixl+ 1yl < n+1}

Figure: A4 with a checkerboard coloring, tiled with dominos. Four
types of dominoes N, E, S, W, here given different colors.



One-Periodic Weighting

One-periodic weighting of A,: give weight 1 to horizontal dominos and
weight a to vertical domino. For each tiling, take the product of the
domino weights.

The partition function of domino tilings of A, with the one-periodic
Welghtlng is (1 + 32)n(n+1)/2. Computed by Elkies, Kuperberg, Larsen and Propp (1992).

To obtain a random tiling, pick each tiling T with probability
proportional to the product of the domino weights of T.

For a one-periodic weighting, pick T with:

(T

P(T) = (1+ a2)n(ns1)/2

where v(T) is the number of vertical dominos for a tiling T.



Relatively large Aztec diamond with one-periodic weighting
Using the domino shuffle algorithm propp, 2003
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Figure: Random tiling n =100, a=1



Height function representation of a random tiling

To each tiling of an Aztec diamond one can associate a height function.

Picture by Benjamin Young



Height function representation of a random tiling
This is an idea that goes back to Thurston. One way to think about it is
that as one goes around a domino the height goes up by 1 if the square
to the left is white and down by one if it is black. In this way we get a
certain class of random surface models.




Limit shape

Propp and Shor (1995), Cohn, Elkies and Propp (1996), J. (2005), Romik (2011),

Limit Shape: Jokusch,

Kenyon and Okounkov (2007).

et

R
é\
4

%7

Yi

PRI

\V\V\W\‘ v PRI 2
o




Limit shape

Solid

X

Liquid
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Solid

We have two types of phases in the limit called solid and liquid.



Particles

We can put particles on dominos. The particles are directly related to the
height function.



Particles

We can put particles on dominos. The particles are directly related to the
height function.

Interlacing particle system.
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Particles

Interlacing particles defined by the Aztec diamond. These particles form
a determinantal point process. Krawtchouk ensemble. Similar to
eigenvalues of random matrices. Discrete analogue of GUE.




Dimers

Consider the graph theoretic dual of the Aztec diamond: each domino
tiling is a dimer covering of the dual graph of the Aztec diamond.

A dimer covering is a subset of edges so that each vertex is incident to
only one edge.
The weights of each domino are now edge weights.



Kasteleyn Matrix

Let v: E — R > 0 be the weights. The Kasteleyn Orientation is a signed
weighting such that the product of the signed edge weights around each
face is negative.
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Kasteleyn Matrix

Let v: E — R > 0 be the weights. The Kasteleyn Orientation is a signed
weighting such that the product of the signed edge weights around each
face is negative.

Define, the Kasteleyn Matrix, K, by

v(e) if e is horizontal
K(b,w) = Kpy = ¢ v(e)i if eis vertical
0 otherwise (i.e. no edge between b and w)

Theorem (Kasteleyn (1963))
| det(K)|= the number of weighted dimer covers of G

Theorem (Montroll, Potts, Ward (1963), Kenyon (1997))
If e = (b,’, W,'), then

P(er,...,em) =




Kasteleyn Matrix

Let v: E — R > 0 be the weights. The Kasteleyn Orientation is a signed
weighting such that the product of the signed edge weights around each
face is negative.

Define, the Kasteleyn Matrix, K, by

v(e) if e is horizontal
K(b,w) = Kpy = v(e)i if eis vertical
0 otherwise (i.e. no edge between b and w)

Theorem (Kasteleyn (1963))
| det(K)|= the number of weighted dimer covers of G

Theorem (Montroll, Potts, Ward (1963), Kenyon (1997))
If ej = (b,’, W,'), then

m

1 &, w,-)] det (K™ (i, b)), < < m

i=1

]P(ela"'aem) =

This means that the dimers form a determinantal point process.



Determinantal processes

The dimers form a determinantal point process.

P(et, ..., em) = det (K(b;, w;)K ™ (w;, bj)) = det (L(w;, b}))

1<ij<m 1<ij<m~

L is the correlation kernel.



Determinantal processes

The dimers form a determinantal point process.

P(er, ..., em) = det (K(bi, w)) K™ (wi, b)), ;. = det (L(Wi, )1 -

L is the correlation kernel.

For the one-periodic Aztec diamond it is possible to give a useful
expression for K~1 in the form of a double contour integral chhita, Johansson,
Young '12, Helfgott '98.

From this one can also get the correlation kernel for the particles
(Krawtchouk ensemble).



Determinantal processes
The dimers form a determinantal point process.

P(es,...,em) = det (K(b,-7 w)) K~ (w;, bf))1§i,j§m = det (L(w;, bj))lgi,jgm )

L is the correlation kernel.

For the one-periodic Aztec diamond it is possible to give a useful
expression for K~ in the form of a double contour integral chhita, Johansson,
Young '12, Helfgott '98.

From this one can also get the correlation kernel for the particles
(Krawtchouk ensemble).

In this way dimer or random tiling models are sources of interesting
determinantal point processes. In appropriate scaling limits we should get
universal limiting processes.



Limiting processes. Fluctuations.

We are particularly interested in the behaviour near the boundaries
between phases.
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Limiting processes. Fluctuations.

We are particularly interested in the behaviour near the boundaries
between phases.

The Airy Process J. (2005). Fluctuation exponents 1/3 and 2/3
(KPZ-universality).
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Airy Process




Limiting processes. Fluctuations.

Particles around the edge converge to the Airy kernel point process.




Limiting processes. Fluctuations.

Tangency points




Limiting processes. Fluctuations.

Tangency points
The GUE minor process

T~

GUE Minor




Other limiting processes. The double Aztec diamond.

The shape of a double Aztec diamond



Other limiting processes. The double Aztec diamond

A simulation of a double Aztec diamond in a tacnode situation.

Adler, Johansson, van Moerbeke (2011)

N



Other limiting processes. The double Aztec diamond.

Particles in a double Aztec diamond. Tacnode GUE-minor process.
Universal limiting process.

Adler, Chhita, Johansson, van Moerbeke (2013)



Two Periodic Weighting

Joint work with Sunil Chhita.



Two Periodic Weighting

We consider a weighting which is called a two-periodic weighting of the
Aztec diamond.

For a two coloring of the faces, the edge weights around a particular
colored face alternate between a and b. We shall set b = 1. E.g. for
n=4




Large two periodic weightings
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Figure: n=200,a = 0.5, b =1 with 8 colors
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Limit Shape of Two-periodic Model

Using techniques from kenyon-Okounkov (2007), one can find a formula for the
limit shape of the boundaries. This is a degree 8 curve.



Limit Shape of Two-periodic Model

Using techniques from kenyon-Okounkov (2007), one can find a formula for the
limit shape of the boundaries. This is a degree 8 curve.

—64c® (x* —1) (y* = 1) +16¢* (x* (16y* — 20y* + 3)
+x2 (<20 +27y2 - 6) +3(* - 1)°)

+4c% (x° (8y* 4 3) + x* (—16y* + 13y* — 9)

+x2 (8y® + 13y* — 30y2 +9) +3 (y2 — 1)3)

2
(-2 (P41 + (P -1)7) =0,

where ¢ = a/(1 + a°) for a rescaled Aztec diamond with corners
(%1, £1).



Limit Shape of Two-periodic Model

Solid

Liquid

The limit shape has three regions where we get different types of phases,
solid, liquid and gas.



Limit Shape of Two-periodic Model

Solid

Liquid

The limit shape has three regions where we get different types of phases,
solid, liquid and gas.

Correlations between dominos decay polynomially (with distance) in the
liquid region and exponentially (with distance) in the gas region.



Characterization of the three phases
IN Kenyon, Okounkov and Sheffield (2006), the authors characterized the different
limiting Gibbs measures that are possible for bipartite dimer models on
the plane.

Picture by Benjamin Young



Characterization of the three phases

There are three classes of Gibbs measures defined via the limiting inverse
Kasteleyn matrices K1, Kﬂ;uid and K. Which of these expressions
that applies in a certain region is determined by the slope of the limiting

height function.



Liquid-gas boundary

The liquid-gas boundary is a new feature that we did not have in the
one-periodic Aztec diamond.

Solid

Liquid







Formula for the inverse Kasteleyn matrix in the
two-periodic case
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Formula for the inverse Kasteleyn matrix in the
two-periodic case
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Figure: The coordinates
Let K be the Kasteleyn matrix for the two-periodic Aztec diamond. In

Chhita-Young (2014), @ generating function for the inverse Kasteleyn matrix
K~ was found.



Formula for the inverse Kasteleyn matrix in the
two-periodic case
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Figure: The coordinates

Let K be the Kasteleyn matrix for the two-periodic Aztec diamond. In
Chhita-Young (2014), @ generating function for the inverse Kasteleyn matrix
K~ was found. They computed a complicated formula for

G(wi,wo, by, bo) = > KH((x1,%2), (y1, y2))wqt wi? by b
(x1,%2)EW
(y1,y2)€B



Formula for the inverse Kasteleyn matrix in the
two-periodic case

Let K be the Kasteleyn matrix for the two-periodic Aztec diamond. In
Chhita-Young (2014), @ generating function for the inverse Kasteleyn matrix
K~ was found. They computed a complicated formula for

G (w1, wa, by, by) = Z KM, %2), (v1, y2) ) wy wa? by by
(X] XQ)GW
(y1,y2)€B

This gives a formula for the inverse Kasteleyn matrix

W17W23b17b2) dWl db2

Xz b}’I b}/2 wy e b2

KM, %2), (1, y2))

for a positively oriented contour ~ around 0.



Simplified Formula
Theorem (Chhita-J.)
For an Aztec diamond of size n with the two-periodic weighting

4

K11, %), (11, ¥2)) = Kgas((x1,%2), (11, y2)) — Z Bi((x1, x2), (1, y2))s
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Simplified Formula
Theorem (Chhita-J.)

For an Aztec diamond of size n with the two-periodic weighting

4

K11, %), (11, ¥2)) = Kgas((x1,%2), (11, y2)) — Z Bi((x1, x2), (y1,¥2))s

where Kt ((x1,%2), (v1,y2)) is the inverse Kasteleyn matrix on the plane
in the gas region, and By, ..., By are related by a symmetry with B;

having the form

Bi(x,y) = 71 / @/ dws Yer, e (w1, w2) H 11, (w1)
’ (2m1)2 Jiwy=r W1 Jiwnl=1/r wp —w1 Hyypp1(w2)

Here Y., ,(w1,w2) is a complicated non-asymptotic factor,

wn/ZG(w)n/27X1/2 1
— — _ 2
Fhonl) = gy 6= Jgglo = Vet 2e)

and c=a/(1+a?) with0 < c < 1/2.




Leading asymptotics

If we want to do a saddle point analysis of the double contour integral
formula we are led to study

he, e, (w) = % log Hy, x, (w) = logw — & log G(w) + &2 log G(1/w)

where we have introduced rescaled coordinates with the origin at the
center of the Aztec diamond,

x1 = n+[n&], x2 = n+[n&),

-1< fl,fz < 1.



Leading asymptotics

If we want to do a saddle point analysis of the double contour integral
formula we are led to study

1
he, e, (W) = e log Hy, x,(w) = logw — & log G(w) + & log G(1/w)
where we have introduced rescaled coordinates with the origin at the
center of the Aztec diamond,

x1 = n+[n&], x2 = n+[n&),

-1< 51,52 < 1.
To see the boundaries of the liquid region we look for second order
critical points

hél’ﬁz(wc) = hgl,& (wc) =0.

Eliminating w. leads to the degree 8 curve above.



Asymptotics in

each regime

Liquid

Solid




Asymptotics in each regime
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Solid

‘ Liquid
Theorem (Chhita-J.)

For an Aztec diamond of size n with the two-periodic weighting, set
x = (n+ [n€] +x1,n+ [n] + x2), y = (n + [n€] + y1, n + [n€] + y2) for
—1<¢<0andlet c=a/(l+ a?) with0 < c < 1/2. Then,

Kso ia (G, x2), (v1,¥2)) + O(e™m) if —1< &< —1/2/1+F2¢
K a0, %), (v1,32) + O(n V%) ife = —1/2v/TF 2¢
K—l(X’ y) = thmd((xl,xz) (1, y2)) + O(n~1/2) if —1/2/TF2c < € < —1/2/T—2¢c
Kgas((n,xn (v1,2)) + O(n—1/3) ife = —1/2yT—2¢
K,

gas((><1,><2) (v1,y2)) + O(e M) if—1/2y1-2c<€£<0 - = 9Hao



Asymptotics in each regime

Theorem (Chhita-J.)

For an Aztec diamond of size n with the two-periodic weighting, set
x=(n+[n€]+x1,n+ [n€] + x2), y = (n+ [n&] + y1, n + [n&] + y») for
—1<¢<0andlet c=a/(l+a%) with0 < c<1/2. Then,

Koha(Ga, %), (v, 92)) + 0(e™9)  if —1< &< —1/2¢/TF 2
K_ia((x1: %), (1, v2)) + O(n™Y/3) ife = —1/2y/T+2¢

K7H(x,y) = { Eiawia(G1:5), 01,)) + 0~Y2) if —1/20TF 26 < £ < —1/2/T=2¢
Kok (61, x2), (v1, y2)) + O(n™Y/3) ife = —1/2yT—2¢
Kgas (31, %2), (v1,¥2)) + O(e™) if —1/2/T—2c<€&<0

At the solid-liquid boundary and liquid-gas boundary, we can do a finer
asymptotic analysis of the correlations between the dominos.






Liquid-gas correlations

For £ = —1/24/1 — 2c¢, suppose we have dimers ((x1,x2), (x1 — 1, % + 1))
and ((y1,y2),(y1 — 1,y2 + 1)) both having weight a, with

x; =[n+&n+ axn1/3 + an2/3] + u yi=[n+&n+ ayn1/3 + Byn2/3] +wv
x2 = [n+ En+ axn/? — /3] + v2 = I[n+&n+aynt/? — Byn?/3 4 v,

Theorem (Chhita-J.)

If (o, Bx) = (avy, By), then the covariance between these two dimers is

— Kk ((u1, 1), (i =1, vo+ 1)K i ((vi, v2), (11— 1, 1 +1)) + O(n—1(/3
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Liquid-gas correlations

For £ = —1/24/1 — 2c¢, suppose we have dimers ((x1,x2), (x1 — 1, % + 1))
and ((y1,y2),(y1 — 1,y2 + 1)) both having weight a, with

x; =[n+&n+ axn1/3 + an2/3] + u yi=[n+&n+ ayn1/3 + Byn2/3] +wv
x2 = [n+ En+ axn/? — /3] + v2 = I[n+&n+aynt/? — Byn?/3 4 v,

Theorem (Chhita-J.)

If (o, Bx) = (avy, By), then the covariance between these two dimers is

_ang—als((ul, u), (v —1, V2+1))Kg_a1s((V1, v2), (u1—1, up+1))+ O(”_l(/i;

If (., Bx) # (avy, By), then the covariance between these two dimers is
C”_2/3A((QX7 Bx); (e, By))A(ay, By ), (nx, Bx)) (2)

A((ax, Bx), (ay, By)) is related to the extended Airy kernel. Note that if
we had just a gaseous phase the correlation between the two dimers with
this distance would be much smaler, like exp(—dn?/3).



Discussion

Picture by Benjamin Young
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Thank you
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