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The random-cluster model with parameters (p,q) is a random graph
model that generalizes bond percolation (¢ = 1) and the Ising and Potts mod-
els (g > 2). We study its Glauber dynamics on n x n boxes A, of the in-
teger lattice graph Z?%, where the model exhibits a sharp phase transition at
p = pe(q). Unlike traditional spin systems like the Ising and Potts models,
the random-cluster model has non-local interactions. Long-range interactions
can be imposed as external connections in the boundary of A,, known as
boundary conditions. For select boundary conditions that do not carry long-
range information (namely, wired and free), Blanca and Sinclair proved that
when g > 1 and p # p.(q), the Glauber dynamics on A, mixes in optimal
0(n210g n) time. In this paper, we prove that this mixing time is polyno-
mial in n for every boundary condition that is realizable as a configuration on
72\ A,. We then use this to prove near-optimal O (n?) mixing time for “typ-
ical” boundary conditions. As a complementary result, we construct classes
of nonrealizable (nonplanar) boundary conditions inducing slow (stretched-
exponential) mixing at p < pe.

1. Introduction. The random-cluster model [13] is a well studied generalization of in-
dependent bond percolation, with connections to the study of electrical networks and random
spanning trees [21]. Perhaps most importantly, the random-cluster model is closely related to
the ferromagnetic Ising—Potts model, which is the classical model for spin systems in statis-
tical physics. In fact, the random-cluster model is often referred to as the FK-representation
of this model and is a key tool in the analysis of its phase transition; see, for example, the
recent breakthroughs on the infinite 2-dimensional integer lattice graph Z? [2, 10, 11]. It also
plays an indispensable role in the design of efficient Markov Chain Monte Carlo (MCMC)
algorithms, like the Swendsen—Wang algorithm [34], for studying the Ising—Potts model.

For a graph G = (V, E) and parameters p € (0, 1) and ¢ > 0, random-cluster configura-
tions are subsets of edges in 2 = {S C E}, with the probability of S C E given by

1
(1) TG.p.q(S) = Ep's'(l — p)IEVSIgeS)]

where c(S) is the number of connected components (including isolated vertices) in the sub-
graph (V, S), and the partition function Z = Z,, ; is the normalizing constant that makes
TG, p,q @ probability measure.

In addition to being interesting in its own right as a random graph and dependent percola-
tion model, the random-cluster model provides a unifying framework for the study of several
important probabilistic models. For example, for integer g > 2 the random-cluster model is
dual, in a precise sense, to the g-state Ising—Potts model, where configurations are assign-
ments of spin values {1, ..., g} to the vertices of G. Each configuration o € [¢]" has prob-
ability ug (o) cxexp(BH (o)), where H (o) is the number of edges connecting vertices with
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the same spin values, and 8 > 0 is a model parameter associated with the inverse temperature
of the system. When 8 = —In(1 — p) > 0, it is straightforward to check via a probabilistic
coupling [12] that correlations in the Ising—Potts model correspond to connectivities in the
random-cluster setting; this has illuminated much of the study of these models and has made
the random-cluster model an accepted generalization of the Ising—Potts model to noninteger
values of ¢.

The random-cluster model, however, is not a spin system in the usual sense: the weight of
a configuration § is not a function of local interactions between edges in G, but instead of
global connectivity properties. This nonlocality is a crucial feature of the model but signifi-
cantly complicates its analysis. The present paper studies the influence of this nonlocality on
the speed of convergence of the Glauber dynamics (i.e., local Markov chains) on subsets of
772, where the model has been of particular interest.

On the infinite graph Z?, both the random-cluster and the Ising—Potts model undergo phase
transitions corresponding to the sudden emergence of long-range correlations as some param-
eter of the system is continuously varied (p and g in this case). A classical result of Onsager
[31] established that the Ising model (the ¢ = 2 case) undergoes a phase transition at a crit-
ical B = B.(2) =In(1 + \/5). Recently, it was shown in a celebrated result of Beffara and
Duminil-Copin [2] that the Potts model (¢ > 3 integer), and more generally the random-
cluster model for any ¢ > 1, also undergo phase transitions at the critical points B.(q) =
In(1 + ,/q) and p.(q) = \/q/(/q + 1), respectively. Note that B.(¢g) = —In(1 — p.(g)).
These phase transitions can also be understood as transitions in the number of (unique vs.
multiple) infinite-volume Gibbs measures on Z2. The infinite-volume measures on Z> are
obtained by taking limits of the distributions on finite boxes with a sequence of “boundary
conditions.”

We begin with the notion of boundary conditions in the Ising—Potts model. Let A, be a
n x n square region of Z> with nearest-neighbor edges E(A,), and let dA,, be its (inner)
boundary (i.e., those vertices in A, that are adjacent to vertices in ZZ \ A,). An Ising—Potts
boundary condition 7 is a fixed assignment of spins to 9 A, and uf\n is the Gibbs distribution
on A, conditional on the assignment 7 to d A,. (Since the interactions are nearest-neighbor,
this is the same as conditioning on a configuration on all of Z>\ A,.)

For the random-cluster model on A,, a boundary condition & on dA, is a partition
{£1, &2, ...} of the boundary vertices such that all vertices in &; are always in the same con-
nected component of a configuration S via “ghost” (or external) wirings; these connections
are considered in the counting of ¢(S) in (1) and can therefore impose highly nonlocal in-
teractions. Of particular interest are boundary conditions for the random-cluster model cor-
responding to configurations on Z2 \ A,: that is, where the boundary partition is induced by
the connections of a random-cluster configuration on £ (Z3) \ E(A,). We call such boundary
conditions realizable. (In fact, many works, including the standard text [21], often restrict at-
tention to realizable boundary conditions.) We note that boundary conditions are fundamental
to the study of static and dynamic properties of the random-cluster and Ising—Potts models,
especially in finite subsets of Z2.

In this paper, we consider the Glauber dynamics for the random-cluster model on the finite
subgraph (A,, E(A,)) of 72, in the presence of boundary conditions. This Markov chain is
of significant interest: it provides a simple Markov chain Monte Carlo (MCMC) algorithm
for sampling configurations of the system; and is, in many cases, a plausible model for the
evolution of the underlying system.

Specifically, we consider the following discrete-time variant of the Glauber dynamics
chain, which we refer to as the FK-dynamics. For t € N, from S; C E(A,), transition to
Si+1 € E(A,) as follows:

1. Choose an edge e € E(A,) uniformly at random;
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2. let Sy41 = S; U {e} with probability
T Ay, pog (St U {e})
T A, pog (St U{e}) + 7, p.q(Si \ {e})
___r
={q(d—p)+p
p otherwise;

3. else let S;1 =S¢\ {e}.

if e is a “cut-edge” in (A,, S;);

We say e is a cut-edge in (A,, S;) if the number of connected components in S; U {e} and
S; \ {e} differ. Under a boundary condition &, the property of e being a cut-edge is defined
with respect to the augmented graph (A, Sf), where Sf adds external wirings between all
pairs of vertices in the same element of &. This Markov chain converges to mp, » 4 and we
study its speed of convergence.

A standard measure for quantifying the speed of convergence of a Markov chain is the
mixing time: the time until the dynamics is close (in total variation distance) to its stationary
distribution, starting from a worst-case initial state. We say the dynamics is rapidly mixing if
the mixing time is polynomial in | V|, and forpidly mixing when the mixing time is exponen-
tial in | V| for some & > 0.

The corresponding Glauber dynamics for the Ising—Potts model (which updates spins one
at a time according to the spins of their neighbors), is by now quite well understood on finite
regions of Z2. In the high-temperature region 8 < f. (corresponding to p < p.), the Glauber
dynamics has optimal mixing time @ (n”logn) on boxes A, [1, 2, 7, 28]. These bounds
rely on the exponential decay of correlations of the model at 8 < 8., which holds even near
the boundary for arbitrary Ising—Potts boundary conditions; this property is known as strong
spatial mixing. Therefore, this ® (n? logn) mixing time bound holds for every boundary con-
dition. In contrast, when 8 > f., the speed of convergence of the Glauber dynamics is ex-
pected to depend crucially on the boundary conditions and understanding its behavior for
general boundaries is a long-standing open problem. At the moment, it is known that Glauber
dynamics is torpidly mixing for free (no boundary) and periodic (toroidal) boundary con-
ditions [6, 16, 35] and in the special case of the Ising model (¢ = 2), has a subexponential
mixing time for uniform (e.g., all ““1”’) boundaries [25, 29].

The FK-dynamics is quite powerful since the self-duality of the model on Z?> implies that
it is rapidly mixing in the low-temperature regime where the Ising—Potts Glauber dynamics is
torpidly mixing. For the FK-dynamics on A, [4] showed that the mixing time is ® (n* logn)
for all ¢ > 1 whenever p # p.(g) for certain “nice” boundary conditions that have the rel-
evant strong spatial mixing property. Specifically, the tight mixing time bound in [4] holds
under boundary conditions that are free, wired or periodic. More recently, [15] examined the
cutoff phenomenon in the FK-dynamics at p < p.(q); they also restricted attention to peri-
odic boundaries. The behavior of the FK-dynamics under arbitrary random-cluster boundary
conditions (not having strong spatial mixing) remained unclear. At the critical p = p.(q),
the FK dynamics may exhibit torpid mixing depending on the “order” of the phase transi-
tion [16, 17]; notably when g > 1 and p = p.(g), the mixing time may be exponential or
subexponential depending on the boundary conditions.

We prove that the FK-dynamics at p # p.(g) is rapidly mixing for all realizable boundary
conditions.

THEOREM 1.1. Forevery q > 1, p # pc(q), there exists a constant C > 0 such that the
mixing time of the FK-dynamics on the n x n box A, C Z?* with any realizable boundary
condition is O (n©).
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We pause to comment on the proof of Theorem 1.1. As mentioned above, proofs of fast
mixing when p # p.(g) have relied crucially on a strong spatial mixing property, which in
the random-cluster model, would say that correlations between edges (even near the boundary
dA,,) decay exponentially in the graph distance between them. It is easy to construct examples
of realizable boundary conditions where this correlation does not decay at all, even if p <
pc(q), as the boundary can enforce long-range interactions. Since the exponential decay of
correlations does hold for edges in the “bulk” of A, (i.e., at distance ® (logn) away from its
boundary), we are able to reduce the proof of Theorem 1.1 to proving a polynomial upper
bound for the mixing time of the FK-dynamics on thin rectangles of dimension n x ® (logn)
with realizable boundary conditions. This will be the key technical difficulty for us and is
established in Theorem 4.1.

In the setting of spin systems, or boundary conditions that do not encode long-range inter-
actions, a polynomial upper bound on n x ®(logn) rectangles would follow from standard
canonical paths arguments [23, 26, 27, 33]. However, even realizable boundary conditions can
heavily distort the graph with external wirings, preventing this approach from succeeding. In-
stead, to prove Theorem 4.1 we devise a novel application of a recursive (block dynamics)
scheme common in the analysis of spin systems. In lieu of splitting rectangles into two over-
lapping subrectangles, for example, the first two-thirds and the second two-thirds, as is done
for spin systems, our choice of smaller subsets at every step of the recursion is delicately
dictated by the boundary conditions. As a consequence, the subsets we recurse over are no
longer restricted to rectangles, but can be arbitrary “groups of rectangles” that are “compat-
ible” with the realizable boundary conditions. We point the reader to Section 4 for a more
detailed proof overview.

Theorem 1.1 shows a polynomial upper bound on the mixing time, uniformly over all real-
izable boundary conditions. Utilizing this theorem, we prove near-optimal O (|V|(log|V|)©)
mixing time for “typical” boundaries as we detail now. The notion of typicality should be un-
derstood as with high probability under some probability distribution over realizable bound-
ary conditions, with a natural choice being the marginal distribution of the infinite random-
cluster measure 772 , , on 72\ Ay.

As mentioned earlier, a key obstacle to proving mixing time upper bounds are long, dis-
tinct boundary connections that enforce long-range correlations. For any realizable boundary
condition £ corresponding to a partition {£1, &>, ...} of dA,, let L(§;) be the smallest con-
nected subgraph of d A, containing all vertices in &;. The key class of boundary conditions
we consider are those where all the L(§&;) are small.

DEFINITION 1.2. We say a boundary condition £ on d A, with corresponding partition
{£1, &2, ...} isin Cy if max; |L(&;)] < alogn. We say that a realizable boundary condition &
is in C; if its dual boundary condition £* is in Cy; see Section 2 for the definition of dual
configuration. We refer to the classes C, and C; as a-localized boundaries.

It is straightforward to see that if one samples a “random” boundary condition from the
infinite-volume measure 772 ,, ., then with high probability, the induced boundary condition
on A, is a-localized for some o > 0. Since there is a unique random-cluster measure on 7>

when p # p.(q), this is well defined.

THEOREM 1.3. Forall g > 1, p # pc(q), let w be a random-cluster configuration sam-
pled from wtzp , .. If &, is the boundary condition on d A, induced by the connections of w in

E(Z*)\ E(Ay,), then with probability 1 — o(1), &, is a-localized for a > 0 sufficiently large.
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There are other similar ways of defining typicality of realizable boundary conditions that
may also be of interest. For example, if @ were sampled from the random-cluster measure in a
large concentric box containing A, with probability 1 —o(1), &, would again be «-localized;
see Remark 8.

We are able to prove nearly-optimal mixing time O (n?) for a-localized boundaries, and
hence, with high probability, for a random boundary sampled from any off-critical random-
cluster measure.

THEOREM 1.4. Forevery g > 1, p < pc(q) (resp., p > pc.(q)), and every o > 0, there
exists a constant C > 0 such that for every realizable boundary condition & € Cy (resp.,
& €C}) on Oy, the mixing time of the FK-dynamics on the n x n box A, with boundary
condition & is 0(n2(logn)c).

The proof of Theorem 1.4 uses Theorem 1.1 in a crucial way. Typical boundary conditions
do not exhibit the strong spatial mixing property from [4]; however, for boundary conditions
in C,, we are able to prove that correlations between edges near the boundary decay exponen-
tially in their graph distance divided by « logn. Using this correlation bound, together with
the aforementioned general framework in Section 3 to derive mixing time estimates from spa-
tial mixing properties, we reduce bounding the mixing time on A, with typical boundaries to
bounding the mixing time on ©((logn)?) x O ((logn)?) rectangles with arbitrary realizable
boundary conditions. Theorem 1.1 then implies that the mixing time of the FK-dynamics in
these smaller rectangles is at most poly-logarithmic in n. Similar classes of typical boundary
conditions were considered in [16, 17] at p = p.(gq); there, comparison methods were used
to disregard the influence of long boundary connections at the expense of super-polynomial
factors in the mixing time.

Given that our rapid mixing result for realizable boundaries relies heavily on the planarity
of the boundary connections in Z? \ A,, one may wonder whether rapid mixing holds for all
possible FK boundary conditions (including those not realizable as configurations on Z? \
A,). We answer this in the negative, showing that there exist (nonrealizable) boundaries for
which the FK-dynamics is torpidly mixing even while p # p.(q). In fact, this torpid mixing
holds at p < p.(q), which may sound especially surprising as correlations in the Gibbs
measure 7y, p 4 die off faster as p decreases.

THEOREM 1.5. Letq > 2. For every o € (0, %] and A > 0, there exists a boundary con-
dition &, such that when p = An~% the mixing time of the FK-dynamics on the n x n box A,
with boundary condition & is exp(2(n®)).

Our proof of this theorem is constructive: we take any graph G on m edges for which
torpid mixing of the FK-dynamics is known at some value of p(m) < p.(g), and show how
to embed G into the boundary of A,. We then develop a procedure to transfer mixing time
bounds from G to A,. The high-level idea is that for sufficiently small p(m) the effect of
the configuration away from the boundary is negligible, and so the mixing time of the FK-
dynamics on G completely governs the mixing time of FK-dynamics near the boundary d A,,.
We can then use known torpid mixing results for the mean-field random-cluster model (the
case where G is the complete graph) in its critical window at ¢ > 2 [3, 14, 19, 20].

We remark about the condition ¢ > 2 in Theorem 1.5. In [22], it was shown that the mixing
time of FK-dynamics when ¢ = 2 is at most polynomial in the number of vertices on any
graph and at every p € (0, 1). It is believed that this rapid mixing holds for all g < 2; hence
the requirement g > 2 appears to be sharp for Theorem 1.5. We believe that the above torpid
mixing result may also extend to small, but (1) values of p < p.(g), though our current
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proof does not allow for this. In principle, one would want to embed a bounded degree graph
into dA,,, so that its critical point at which it exhibits slow mixing is €2 (1). Note that there
are several examples of bounded degree graphs where torpid mixing is known [5, 6, 9, 16,
18].

Finally, we remark that mixing times of the FK-dynamics on a graph G are comparable,
up to polynomial factors in | E| to mixing times of the Chayes—Machta dynamics [8], as well
as of the Swendsen—Wang algorithm that walks on the FK configurations of G [3, 36, 37]. By
slight adaptations of the comparison results in [3, 36, 37], our theorems thus provide upper
and lower bounds for these nonlocal dynamics in the presence of FK boundary conditions.

The rest of the paper is organized as follows. In Section 2, we formally define various
preliminary notions that are used in our proofs. In Section 3, we introduce our general frame-
work to deduce mixing time estimates on A, from spatial and local mixing properties. We
then present our key rapid mixing result for thin rectangles (Theorem 4.1) in Section 4, be-
fore completing the proof of Theorem 1.1 in Section 5. This is boosted to nearly-optimal
mixing time for typical boundaries (Theorem 1.4) in Section 6. Finally, the torpid mixing
result (Theorem 1.5) is proved in Section 7.

2. Preliminaries: The random-cluster model in Z2. In this section, we introduce a
number of definitions, notation and background results that we will refer to repeatedly. More
details and proofs can be found in the books [21, 24]. We will be considering the random-
cluster model on rectangular subsets of Z? of the form

Ans=1{0,...,n} x {0,...,1} =10, n]) x [0, ].

When n =1[, we use A, for A, ,. For simplicity, in this preliminary section we shall focus on
the n = [ case, but everything stated here holds more generally for rectangular subsets with
n # [. Abusing notation, we will also use A, for the graph (A,, E(A,)) where E(A;) con-
sists of all nearest neighbor pairs of vertices in A,. We denote by d A, the (inner) boundary
of A,; thatis the vertex set consisting of all vertices in A, adjacent to vertices in 7> \ Ay. The
north, east, south, west, boundaries of A, will be delineated dxA;, dgA,, 0sA,, and dwA,,
respectively.

A boundary condition & of A, is a partition of the vertices in dA,. When u, v € dA,, are
in the same element of £, we say that they are wired in &. If there exists a random-cluster
configuration @ on E(Z?) \ E(A,) such that, for all u,v € dA,, u and v are in the same
connected component of w if and only if they are wired in &, then we say that the boundary
condition & is realizable.

REMARK 1. Realizable boundary conditions are the most natural class of boundary con-
ditions (see [21]) since they enforce the planarity of Z>. However, nonrealizable boundary
conditions are still relevant in some cases; for example, when considering the random-cluster
model on nonlattice graphs such as trees. In Section 7, we consider the mixing time of the
FK-dynamics under nonrealizable boundary conditions.

For p € (0, 1) and g > 0, the random-cluster model on A, with a boundary condition & is
the probability measure over the subsets S € E(A,) given by

1 (S
nin’p’q(s) — Eplsl(l _ p)lE(An)\Squ(S7s)’

where c(S; &) corresponds to the number of connected components in the augmented graph
(V,S%) and S¢ adds auxiliary edges between all pairs of vertices in dA, that are in the
same element of £. Every subset S € E(A,), can be naturally identified with some edge
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configuration w : E(A,) — {0,1} via w(e) =1 if e € S (e is open) and w(e) =0 if e ¢
S (e is closed). We sometimes interchange vertex sets with the subgraph they induce; for
example,the random-cluster configuration on a set R C Z? corresponds to the random-cluster
configuration in the subgraph induced by R. We omit the subscripts p, ¢ when understood
from context.

Monotonicity. Define a partial order over boundary conditions by & < 5 if the partition
corresponding to £ is finer than that of . The extremal boundary conditions then, are the free
boundary where £ = {{v} : v € dA,}, which we denote by & = 0, and the wired boundary
where £ = {0A,}, denoted by £ = 1. When ¢g > 1, the random-cluster model satisfies the
following monotonicity in boundary conditions: if &, n are two boundary conditions on d A,
with £ < n, then nin < JTZn, where < denotes stochastic domination.

Planar duality. Let A} = (A}, E(A})) denote the planar dual of A,. That is, A} corre-
sponds to the set of faces of A,, and for each e € E(A,), there is a dual edge e* € E(A})
connecting the two faces bordering e. The random-cluster distribution satisfies 75, . 4(S) =
JTA;,p*,q(S*), where S* is the dual configuration to S C E (i.e., e* € S* iff e ¢ §), and

* q(l B p)
q(l—=p)+p
Under a realizable boundary condition &, this distributional equality becomes nin’ Y S) =

ni; p#.q+(S), where &* is the boundary condition induced by taking the dual configuration of

the configuration on Z2 \ A, identified with &. Notice that Z? is isomorphic to its dual. The
unique value of p satisfying p = p*, denoted p;4(q), is called the self-dual point.

Infinite-volume measure and phase transition. A random-cluster measure 77> , . can be

defined on the infinite lattice Z? as the limit as n — oo of the sequence of random-cluster
measures on n X n boxes with free boundary conditions. The measure 772 , . exhibits a
phase transition corresponding to the appearance of an infinite connected component. That
is, there exists a critical value p = p.(q) such that if p < p.(g) (resp., p > p.(g)), then,
almost surely, all components are finite (resp., there exists an infinite component). For g > 1,
the exact value of p.(q) for Z* was recently settled in [2], proving

Vva
NZESS

Exponential decay of connectivities (EDC). A consequence of the results in [1, 2] is that
for every ¢ > 1 and p < p.(q), there is a ¢ = c(p, q) > 0 such that for every boundary
condition £ and all u, v € A,

Pe(q) = psa(q) =

& An —cd(u,v)
2) Ta, . pq <= V) <e ,
. . . A .
where d(u, v) is the graph distance between u, v in Z? and u <—> v denotes that there is an

open path between u and v in the FK configuration on E(A,) (not using the connections of

£).

2.1. Random-cluster dynamics. In this section, we overview some preliminaries related
to Markov chain mixing times and the FK dynamics.
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Mixing and coupling times. Consider an ergodic (i.e., irreducible and aperiodic) Markov
chain M with finite state space €2, transition matrix P and stationary distribution w. Let

() = min{t : max | P'(Xo. ) = ], <e},
0

where | - ||pv is the total-variation distance. The mixing time of M is given by tfyx :=
tix(1/4), and for any positive ¢ < 1/2, by submultiplicativity, we have fyx(e) <
[log, 8_1] tvix. We use tMlX(Ai) to denote the mixing time of the FK-dynamics on A, C 72
with boundary condition &.

A (one step) coupling of the Markov chain M specifies, for every pair of states (X;, ¥;) €
Q x 2, a probability distribution over (X;11, Y;41) such that the processes {X;} and {Y;},
viewed in isolation, are faithful copies of M, and if X; = Y; then X, = Y;11. The coupling
time, denoted Teoup, 18 the minimum 7" such that Pr[ X7 # Y] < 1/4, starting from the worst
possible pair of configurations Xo, Y. The following inequality is standard: fyx < Tcoup.

Spectral gap and conductance. 1If P is irreducible and reversible with respect to u, then
it has real eigenvalues 1 = Ay > Ay > --- > A > —1. The absolute spectral gap of P is
defined by gap(P) =1 — A, where A, = max{|A2|, |A|Q(|}. Let pmin = min,eq u(w); the
following is then a standard inequality:

3) gap(P) ™" — 1 < tyix < gap(P) ™" log(2e - pppiy)-

For A C €2, the conductance of A is defined as

Q(A, A Ypenwer M) P(o, o)
w(A) n(A)
The conductance of the chain is given by ®, =ming.;a)<1/2 P(A), and we have

4 P(A) =

CI)2
®) 7 <gap(P) <290,.

FK-dynamics and duality. Each run of the FK-dynamics on A,, with realizable bound-
ary conditions £ and parameters p, g, determines a valid run of the FK-dynamics on the
dual graph A} with boundary conditions £* and parameters p*, g. (Simply identify the FK
configuration in each step with its dual configuration; it can be straightforwardly verified that
the transitions of the FK-dynamics on the dual graph occur with the correct probabilities.)
Hence, the two dynamics have the same mixing times.

REMARK 2. The edge-set of the dual graph A} is not exactly in correspondence with the
1

edge-set of a rectangle A* = —5s..nt %} X {—%, .o,n+ %} as it does not include any
edges that are between boundary vertices of A*. All the proofs in the paper carry through,
only with the natural minor geometric modifications, to the case of rectangles A, with modi-
fied edge-set that only contains edges edges with at least one endpoint in A, \ d A,,. The dual
of this modified graph is then an (n — 1) x (n — 1) rectangle with all nearest-neighbor edges.

We note that the definition of realizability of the boundary condition is slightly different
depending on the above choice of edge-set for a rectangle: while & is encoded in a config-
uration on E(Z?) \ E(A,), its dual £* would be encoded in a configuration on E (Z**) \
(E(A*) \ E(0A™)). However, it is straightforward to check that these two notions of realiz-
ability are equivalent: a partition of d A, can be encoded in a configuration on E(Z?)\ E(A,)
if and only if it can be encoded in a configuration on E (Z?) \ (E(Ap) \ E(0A,)). With these
considerations, it often suffices for us to prove our theorems for p < p.(g). For example, it

is sufficient to prove Theorem 1.1 for p < p.(q).
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Boundary condition modification. Finally, we will often appeal to a comparison inequal-
ity between mixing times of the FK-dynamics under different boundary conditions. This in-
equality is a consequence of a simple comparison between random-cluster measures.

DEFINITION 2.1. For two partitions p and p’ of the vertex set of a graph G = (V, E),
we say that p < p’ if p is a finer partition than p’ (so that the partition consisting only of sin-
gletons is the minimal element of this partial order). Then for two partitions p < p’ we define
D(p, p') = c(p) — c(p’) where c(p) is the number of components in p. For two partitions p,
o’ that are not comparable, let p” be the smallest partition such that p” > p and p” > p’ and

set D(p, p') =c(p) — c(p”) +c(p') — c(p”).

LEMMA 2.2. Let G = (V, E) be an arbitrary graph, p € (0, 1) and q > 0. Let p and p’
be two partitions of V encoding two distinct external wirings on the vertices of G. Let ng,

’
rrg be the resulting random-cluster measures. Then, for all FK configurations o € {0, 1}£,
we have

g PP Png () < 16 (@) < ¢?PCP g ().

With this in hand, the variational form of the spectral gap implies the following (see,
e.g., [32]).

LEMMA 2.3. Let G = (V, E) be an arbitrary graph, p € (0, 1) and g > 0. Con/sider the
FK-dynamics on G with the external wirings p and p’, and let ty;x (G?), tyix (G ) denote
their mixing times. Then

tMlX(Gp) S qO(D(p’p/))|E|tMlx(Gp/).

3. Mixing time upper bounds: A general framework. In this section, we introduce a
general framework for bounding the mixing time of the FK-dynamics on A, = (A,, E(Ay))
by its mixing times on certain subsets. In [4], it was shown that a strong form of spatial mixing
(encoding exponential decay of correlations uniformly over subsets of A,) implies optimal
mixing of the FK-dynamics. However, this notion, known as strong spatial mixing (SSM) and
described in Remark 3, does not hold for most boundary conditions for which fast mixing of
the FK-dynamics is still expected. To circumvent this, we introduce a weaker notion, which
we call moderate spatial mixing (MSM).

Notation. We introduce some notation first. For a set R C A, let E(R) C E,, be the set
of edges of E(A,) with both endpoints in R. We will denote by R the vertex set A, \ R and
by E€(R) the edge-complement of R; thatis, E°(R) := E(A,) \ E(R). For a configuration
w: E(A,) — {0, 1}, we will use w(R), or alternatively w(E (R)), for the configuration of @
on E(R). With a slight abuse of notation, for an edge set F' C E(A,), we use {F = w} for
the event that the configuration on F is given by w; when w is the all free or the all wired
configuration, we simply use {F = 0} and {F = 1}, respectively.

DEFINITION 3.1. Let & be a boundary condition for A, = (A,, E(Ay)) and let B =
{B1, B2, ..., By} be a collection of subsets of A,. We say that moderate spatial mixing
(MSM) holds on A, for &, B and § > 0 if for all e € E(A,), there exists B; € B such that

(6) mh, pgle=11ESB)=1)—n5 , (e=1|E°(Bj)=0)| <.

In words, MSM holds for B if for every edge e € E(A,) we can find B; such that e €
E(B;) and the “influence” of the configuration on E°(B;) on the state of e is bounded by .
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REMARK 3. SSM as defined in [4] holds when MSM holds for a specific sequence of
collections of subsets: if B, is the set of subsets containing all the square boxes of side length
2r centered at each e € E(A,) (intersected with E(A})), then SSM holds if MSM holds for
B, for every r > 1 with § = exp(—Q(r)).

MSM does not capture the fast mixing of the FK-dynamics the way SSM does. Namely,
it is easy to find collections of subsets for which MSM holds for al/l boundary conditions,
including those boundary conditions for which we later prove slow mixing; see Theorem 1.5.
However, if, for a collection B = {Bj, By, ..., By}, we also bound the mixing time of the FK-
dynamics on every B;, we can deduce a mixing time bound for the FK-dynamics on A,. Let
hax (BT) denote the mixing time of the FK-dynamics on the subset B C A, with boundary
condition 7. (Recall that t corresponds to a partition of dB and that d B consists of those
vertices in B that are adjacent to vertices in Z> \ B.)

DEFINITION 3.2. Let & be a boundary condition for A, = (A,, E(Ay)) and let B =
{B1, By, ..., By} with B; C A,,. We say that local mixing (LM) holds for B and T > 0, if

tMlx(BJ(-l’g)) < T and tMlx(B](()YS)) < T forall ] = 1, ey k,

where (1,£&) (resp., (0,&)) denotes the boundary condition on B; induced by the event
{E(Bj) = 1} (resp., {E(B;) = 0}) and the boundary condition &.

REMARK 4. Observe that when B; N dA, = &, (1,§) and (0, §) are simply the wired
and free boundary condition on Bj, respectively. When B; N dA, # &, the connectivities
from & could also induce some connections in (1, &) and (0, &).

Our next theorem, roughly speaking, establishes the following implication:
MSM + LM == upper bound for mixing time of FK-dynamics,

with the quality of the bound depending on the 7" for which LM holds. A similar (and inspir-
ing) implication for the Glauber dynamics of the Ising model in graphs of bounded degree
was established by Mossel and Sly in [30]; there the notion of MSM is replaced by a form of
spatial mixing which is stronger than SSM.

THEOREM 3.3. Let & be a boundary condition on A, = (A,, E(Ay)) and let B =
{B1,Ba,..., By} with B C Ay for all j =1,...,k. If for & and B, moderate spatial
mixing holds for some 6 < 1/(12|E(Ay)|) and local mixing holds for some T > 0, then
tuix(AS) = O(Tn2logn).

PROOF. Consider two copies {X;}, {Y;} of the FK-dynamics. We couple the evolution of
{X;} and {Y;} by using the same random e € E(A,) and the same uniform random number
r € [0, 1] to decide whether to add or remove e from the configurations. This is a standard
coupling of the steps of the FK-dynamics (see, e.g., [4, 21]); we call it the identity coupling.
It is straightforward to verify that, when g > 1, the identity coupling is a monotone coupling,
in the sense that if X; C Y; then X, ;1 C Y;4 with probability 1.

We bound the coupling time T¢oup of the identity coupling for the FK-dynamics. The result
then follows from the fact that 7yx < Tcoup. Since the identity coupling can be extended to
a simultaneous coupling of all configurations that preserves the partial order C, the coupling
time starting from any pair of configurations is bounded by the coupling time for initial
configurations Yo = & and Xo = E(A,).
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We prove that there exists T =0(Tn? logn) such that the identity coupling PP satisfies

P[X7(e) # Yj(e)] < HEGAD]
for every e € E(A). A union bound over e € E(A,) then implies that Tcoyp < T.

Fix any edge e € E(A,) and let B; € 3 be a subset for which (6) is satisfied (such a subset
exists since moderate spatial mixing holds). To bound P[X ; (e) # Y (e)], we introduce two
additional instances {Z;"}, {Z; } of the FK-dynamics. These two copies update only edges
with both endpoints in B; and reject all other updates. We set ZT = E(A,) and Z, =42.
The four Markov chains {X;}, {¥;}, {Z,+ } and {Z; } are coupled with the identity coupling,
with updates outside B; ignored by both { Z;"} and {Z;}. The monotonicity of this coupling,
along with a triangle inequality, implies that for all > 0,

(7 P[X:(e) # Yi(e)] < [P[Z; () = 1] — 7§ (e =1E“(B)) =1)|
®) + |7} (e=1E“(B))=1) — 7} (e=1E*(B)) =0)]
) + |y (e=11E(B)) =0) — B[ (e) = 1]].

Observe that the restrictions of the chains {Z;L } and {Z; } to B; are lazy versions of FK-
dynamics on B; with stationary measures nin (-|E“(Bj) =1) and ni”(-lEC(Bj) =0), re-
spectively. The laziness comes from the fact that they only accept updates that are in B}, and
by the local mixing assumption, once T updates have been done in B;, the chains {Z} and
{Z; } will be mixed.

Now, after T = CT|E(A,)|log,[24|E(A,)|] steps, the expected number of updates in B
is
|E(B))|
|E(AR)]

CT|E(Ap)|logy[24]|E(Ay)]] > CTlog,[24|E(An)]]-

Let A; be the event that the number of updates in B; after T steps is at least T log,[24 x
|E(Ay)|]- A Chernoff bound then implies that, for a large enough constant C > 0,

. 1
PlAR = D@
Therefore,
1
(10) P{ZE(e) = 11 A;] = Pr{ZL(e) = 1]| < Pr[A%] < WEGDD]

By the local mixing property, and the fact that #y;x(¢) < [log, £~ - tyx for any positive
e < 1/2, we have

11 Pi(Z(e)=1|Az]—75 (e=1|ESBj)=1)| < ——.
( ) ’ r[ T(e) | T] 7TAn(€ | ( ./) )}—24|E(An)|
It then follows from (10), (11) and the triangle inequality that when ¢ = T the right-hand side
in (7) is at most m The same bound can be deduced for (9) in a similar manner.

Finally, since moderate spatial mixing holds for some § < m, we have

|”in(€ =1|E°(Bj)=1) —nin(e =1|E°(Bj) =0)| < —12|E(An)|;

see Definition 3.1. Putting these together, we see that P[X ;(e) # Y;(e)] < as de-

4\E(A )]
sired. O
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4. Fast mixing on thin rectangles. The main difficulty in proving Theorem 1.1 using
the general framework from Section 3 is obtaining mixing time estimates on thin rectangles of
dimension ® (n) x ® (logn) with realizable boundary conditions. To motivate this, we notice
that since p < p.(q), the influence of the boundary is lost, with high probability, at a distance
®(logn). Thus the main difficulty will be to bound the mixing time of the FK-dynamics in
the annulus of width ®(logn) with realizable boundary conditions on the outside. As such,
the key ingredient in the proof of Theorem 1.1 will be the following mixing time bound on
thin rectangles.

For an n x [ rectangle A, ; = [0, n]l x [0, ]l, we use OnA, ;, s Api, O0sAp and dw A,
for its north, east, south and west boundaries, respectively. Recall that for a, b € Z, we set
[a, bl ={a,a+1,...,b}and [[a, b]I€ = [0, n] \ [la, b].

THEOREM 4.1. Consider Ap = (An1, E(Ay ) for I <n with an arbitrary realizable
boundary condition & that is either free or wired on dg A, 1 U dw Ay 1 U0s Ay 1. Then, for every
q > 1 and p # p.(q), the mixing time of the FK-dynamics on A, ; is at most exp(O(l +

logn)).

Observe that when [ = O (logn), this implies the mixing time is 7, which will be the
setting of interest in our proofs. Moreover, we note that it suffices for us to prove Theorem 4.1
for the set of realizable boundary conditions & that are free on dg A, ;U 0w A, U dsA, and
all p # p.(q), as the set of boundary conditions dual to these are exactly the set of realizable
boundary conditions that are wired on dg Ay, ; U dwAp 1 U 0s Ay 1 see Remark 2.

In Section 4.1, we give a overview of the main ideas in the proof of this theorem. In
Sections 4.2—4.4, we introduce some crucial notions regarding groups of rectangular subsets
of A, ; and their relations with the boundary conditions &. Sections 4.5—4.6 bound the mixing
time of the block dynamics with respect to a suitably-chosen set of subsets of A, ;. The
recursive proof of Theorem 4.1 is then completed in Section 4.7.

4.1. Outline of proof of Theorem 4.1. 'We first mention some obstructions that boundary
conditions present to proving Theorem 4.1 using approaches that are common in analogous
problems for spin systems. A traditional approach to proving mixing time bounds for thin
rectangles is the canonical paths method ([23, 26, 27, 33]), which gives an upper bound
that is exponential in the shorter side length; however, boundary conditions can significantly
distort the augmented graph with external wirings, preventing this approach from succeeding.

A sharper approach would be to use an inductive scheme [7, 17, 27], whereby, we bound
the mixing time of the FK-dynamics on n x [ rectangles by the mixing times in smaller
rectangular blocks, for example,

(12) Bw = [[O %nﬂ x [[0,I]] and Bg= [[%n,nﬂ x [0, ]].

This method requires bounding by the mixing time of the so-called block dynamics.

DEFINITION 4.2. The block dynamics {X;} with blocks By, Bg C Ap,; such that
E(Bw) U E(Bg) = E(A,,) is the discrete-time Markov chain that, at each ¢, picks i uni-
formly at random from {W, E} and updates the configuration in E (B;) with a sample from the
stationary distribution of the chain conditional on the configuration of X; on E°(B;).

The spectral gap of the FK-dynamics on A, ; is bounded from below by the spectral gap
of the block dynamics times the worst gap of the FK-dynamics in any B; with worst-case
configuration on E€(B;); see Theorem 4.17 for a precise statement. With the choice of blocks
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— = ==l

B Ra

(a) (b)

F1G. 1. (a) A boundary condition for which no configuration in Bw N Bg isolates Bw \ Bg from Bg \ Bw. (b)
A boundary condition & where every pair of overlapping rectangles (as in (12)) must interact through &; however,
the two groups of rectangles R, Ry do not interact through &.

in (12), applying this recursively, one would bound the spectral gap of the FK-dynamics
on A, by the gap of the block dynamics raised to a ®(logn) power. Hence, establishing
Theorem 4.1 would require an €2(1) lower bound on the spectral gap of the block dynamics.

The mixing time and spectral gap of the block dynamics is typically bounded by showing
that after the first block update in either By or Bg, the configuration in By, N Bg will be such
that it disconnects the influence of the configuration on By \ Bg from Bg \ By with probability
Q(1); this then allows a standard coupling argument to be used to bound the mixing time. In
the presence of long-range boundary connections, however, it may be that no configuration
on Bw N Bg would disconnect the two sides from one another and facilitate coupling; see
Figure 1(a) for such an example. As such, our choices of blocks will depend on the boundary
conditions and will be chosen to allow for the block dynamics to couple in O (1) time, while
ensuring that the blocks are still at most a fraction of the size of the original rectangle, so that
after O (logn) recursive steps we arrive at a sufficiently small base scale.

In particular, we will show that for every realizable boundary condition & on A, ;, there
exists a choice of two blocks, whose widths are at most %n, such that they are sufficiently
isolated from one another in &£. As Figure 1(b) demonstrates, there are realizable boundary
conditions that would force these blocks to not be single rectangles, as in (12), but rather
collections of rectangular subsets of A, ;. Thus, our recursive argument will proceed instead
on groups of rectangles,

R=|JRi, where R; = [la;, b;] x [0,1]] C Any

are disjoint, with boundary conditions induced by & and the configuration of the chain on
An,l \'R.

We formally define groups of rectangles (Definition 4.7), and their boundary conditions
in Section 4.3. We consider next the notion of compatibility of a group of rectangles R C
A, with the boundary condition &. Roughly speaking, we say a group of rectangles R is
compatible with £ if & limits the boundary interactions between the rectangles of R for every
possible configuration on A, ; \ R; see Definition 4.8. In Section 4.5, we provide an algorithm
(see Lemma 4.9) that, for a group of rectangles 'R compatible with &, finds two suitable
subsets for the block dynamics: these subsets will each be group of rectangles compatible
with &, of width between 1/5 and 4/5 of the width of R. This will allow us to induct on
groups of rectangles compatible with &, while ensuring that number of recursive steps is
O (logn). Specifically, our splitting algorithm will find interior and exterior subsets Ayt and
Agxr with no boundary connections between the two; see Figure 3(a). These will be the cores
of the two blocks for R, but in order to bound the coupling time of the block dynamics, we
want the two blocks to overlap and, therefore, we enlarge A;nr and Agxr by m = ©(logl) to
form the blocks Ryt and Rgxr for the block dynamics; see Figure 3(b).

Finally, in Section 4.6, we bound the coupling time of this block dynamics by some
sufficiently large constant to conclude the proof. This follows by leveraging the fact that
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ao al a2 a3z aq as ag ar ag ag aio

FIG. 2. The rectangle Ay with a boundary condition & inducing disconnecting intervals. For example,
[lay, aqll, laz, a4l and lla7,a1oll are disconnecting intervals of free-type; llay, axll, [ag, agll, a7, agll and
[lag, ayoll are of free-wired-type; [lag, as]l and [las, agll are of wired-type.

p < pc (p > pe) to condition on the existence of certain disconnecting dual (primal) paths in
Rint N Rexr that have €2 (1) probability.

We emphasize that in order to push through this recursion, it will be crucial that our notion
of compatibility with £ is strong enough to yield a uniform bound on this block dynamics
coupling time, while being broad enough that the splitting algorithm always succeeds in
finding subblocks that are themselves groups of rectangles compatible with &.

4.2. Disconnecting intervals. In this section, we introduce the notion of disconnecting
intervals, one of the building blocks of our recursive proof of polynomial mixing. Recall that
we use InAnl, OeAp, dsAp,; and dw A, for the north, east, south and west boundaries of
the rectangle A, ;, respectively.

DEFINITION 4.3. For a realizable boundary condition & on A, ; that is free on dg A, U
0sAp 1 UOowAp, aninterval [[a, b]] C [0, n]] is called disconnecting of:

1. free-type: if there are no boundary connections in & between [[a, b]] x {l} and [[a, b]|° x
{1};

2. wired-type: if there is a boundary component in & that contains the vertices (a, /) and
(b, 1).

Observe that an interval can be both of free-type and of wired-type if (a, /) and (b,[) are
connected through & but are not connected to any boundary vertex in [[a, b]I° x [[0,]]; in
this case, we may refer to the interval as being of free-wired-type; see Figure 2 for several
examples.

The following properties concerning the union and intersection of disconnecting intervals
will be crucial to our proofs.

LEMMA 4.4. Let & be a realizable boundary condition on A, that is free on dsAp U
0pAn 1 UdwAp and let a < b < c. If both [[a, b]l and D, c]| are disconnecting intervals of
wired-type, then so is [la, c]l. If both [[a, b]] and [[b + 1, c]| are disconnecting intervals of
free-type, then so is a, c]l.

PROOF. If [[a, b]] and [[b, c]] are disconnecting intervals of wired-type, then by definition
the vertices (a, ), (b,[) and (c,!) are all in the same component of &; hence [[a, c]] is a dis-
connecting interval of wired-type. If [[a, b]] and [[b+ 1, c]] are disconnecting intervals of free-
type, then by definition there are no connections in £ between [[a, b]| and [[a, b]I° D [la, c]I¢
or between [[b + 1, c]l and [[b + 1, c]I° D [la, c]I°. Consequently, there are not connections
in & between [[a, c]l = [la, b1 U [[b + 1, c]] and [la, c]I°, and [la, c]] is thus a disconnecting
interval of free-type. [J

LEMMA 4.5. Let & be a realizable boundary condition on Ay that is free on dsA, ;U
g A1 UodwAy . Suppose there exist a < b < c¢ < d such that [la, c]l and [[b, d]] are discon-
necting intervals. Then either both [[a, c]| and [[b, d]| are of free-type or both are of wired-

type.
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PROOF. Suppose by way of contradiction and without loss of generality that [[a, c]] is
only of free-type (i.e., free-type but not free-wired-type) and [[b, d]] is of wired-type. By
definition, there exists a component of £ that contains both (b,/) and (d,[). Since a < b <
¢ < d, there is therefore a connection in & between [[a, c]| x {I} and [[a, c]I° x {l}. Hence,
[[a, c]] cannot be a disconnecting interval of free-type yielding the desired contradiction. [

LEMMA 4.6. Let & be a realizable boundary condition on A, j that is free on s\, U
0gAn1 U owAy . Suppose there exist a < b < ¢ < d such that [la, c]| and [[b, d]] are discon-
necting intervals.

1. If la, c]l and [[b, d]] are both of wired-type, then [[a, b]], [[b, c]l, [lc, d]] and [la, d]] are
all disconnecting intervals of wired-type.

2. If la, c]l and [[b,d]] are both of free-type, then [la,b — 1], [[b, cll, [c + 1,d]] and
[a, d]] are all disconnecting intervals of free-type.

PROOF. For the first part, suppose that both [[a, c]] and [[, d]] are disconnecting intervals
of wired-type. By definition, the vertices (a, /) and (c, ) are in the same component of &, as
are (b,1) and (d,[). By the planarity of realizable boundary conditions, it must be the case
that these two components of & are indeed the same and, therefore, (a, ), (b,1), (c,1), (d,1)
are all in the same boundary component of &. As such, [[a, b]l, [[b, c]l, [[c, d]] and [[a, d]] are
all disconnecting intervals of wired-type.

For the second part, suppose first by way of contradiction that [[a, b — 1]] is not a discon-
necting interval of free-type. Then there must be a boundary component in £ with vertices in
[[a,b—1] x {{} and [[a, b — 1]]€ x {I}. If it is a component containing a vertex in [[a, c]|° x {/},
it would violate the fact that [[a, c]| is disconnecting of free-type, while if it is a component
containing a vertex in [[b, c]] x {/}, it would violate that [[b, d]] is disconnecting of free-type
as [[a, b — 1] C [[b, d]I°. By analogous reasoning [[c + 1, d]l, [/, c]l and [[a, d]] are all dis-
connecting intervals of free-type. [

4.3. Groups of rectangles. In this section, we define groups of rectangles and their
boundary conditions, which constitute the other building blocks of our recursive proof of
polynomial mixing for the FK-dynamics on thin rectangles. As in the previous section, we
consider an n x [ rectangle A, ; = [0, n]] x [0, !]] with a realizable boundary condition &
that is free on g Ap,; U ds Ay U dw Ay .

Henceforth, we take

m=m() = C,logl,

where C, is a large constant such that C, > ¢~! which we choose later, with ¢ being the
constant from (2).

A rectangular subset R C A, is a rectangle of the form [[a, b]] x [0,!]] for some
0 <a < b < n. For such a rectangular subset, we denote by W(R) its width; that is,
W(R) = b — a. For the union of distinct and disjoint rectangular subsets R = U,N:(F) R;,
where R; = [[a;, b;]| x [[0,/]land a; < by <az <--- <anr) < by(r), its width is defined
by W(R) = ZII-V:(F) W(R;) and its boundary is given by R = UZNZ(F) dR;. Moreover, we
let 0NR = UINZ(F) onR; and similarly define dsR; on the other hand, dzR will be the eastern
boundary of the right-most rectangle R; and dyw'R, the western boundary of the left-most.

DEFINITION 4.7. A group of rectangles R = J1°’ R; is the union of N(R) disjoint

rectangular subsets R; of A, ; such that W(R;) > 2m foreveryi =1,..., N(R).
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REMARK 5. The requirement that W (R;) > 2m for every i, which may seem arbitrary
at the moment, is because in our recursive argument, we want our groups of rectangles R to
have interiors that are not influenced by the configuration on E(A, ;) \ E(R). When a group
of rectangles has a thin constituent rectangle R;, the influence of the outside configuration
can permeate through all of R;.

We will be considering blocks dynamics with blocks consisting of groups of rectangles.
If we want to update the configuration on a group of rectangles R C A, ;, the boundary
condition induced on R will consist of the boundary condition on A, ; which will be fixed
to be &, together with a fixed random-cluster configuration wrc on E€(R) = E(A, 1)\ E(R).
Hence, our boundary conditions on ‘R will be of this form, and we denote them by the pair

¢ = (5 ore).

4.4. Compatible boundary conditions. We now define the notion of compatibility of
groups of rectangles with boundary conditions &. This is crucial in our inductive argument;
our algorithm for finding suitable blocks for the block dynamics will guarantee that if the
starting group rectangles is compatible with respect to a given boundary condition, so will
each of the blocks, enabling an inductive procedure.

Let & be a realizable boundary condition on d A, ; that is free on 95 A, ;U dg Ayt Udw A, g,
and free in all vertices in dy A, ; at distance at most m from dg A, ;U dw Ay g (i€, they appear
as singletons in the corresponding boundary partition). This latter requirement for vertices
near the corners of A, ; allows us to always choose blocks in our recursion whose boundaries
are at least distance m from 0g A, ; U 0w A, 15 this simplifies our analysis.

The following will be the distinguishing property of our choice of blocks for the block
dynamics.

DEFINITION 4.8. Let R = Ufi(?) R; be a group of rectangles with R; = [[a;, b; ]l x
[0,/Manda; <by <ax <by <--- <anmr) < bnr) (With b; —a; > 2m for all i). We say R
is compatible with &, if

1. Between every two consecutive rectangles R; = [[a;, b;]| x [[0,!]] and R;+1 = [[@i+1,
bi+11l x [0, [] the interval [[b; — m, a;4+1 + m]] is a disconnecting interval; and
2. The interval [[a; + m, byr) — m] is also a disconnecting interval.

REMARK 6. It is clear from the definition that A, ; is compatible with &: the first
condition is vacuous, while the second is satisfied since all vertices a distance at most
m from dgA,; U dwA,, are free. Observe also that b; — a; > 2m for every i and so
bnr) —m > a1 + m; see Definition 4.7.

4.5. Defining the blocks for the block dynamics. Now that we have introduced discon-
necting intervals, group of rectangles and the notion of compatibility, we describe our al-
gorithm for picking two blocks Rint, Rexr for the block dynamics, based on the boundary
condition £. Recall the definitions of width W(-) of a rectangular subset and width of a

collection of rectangles W (R) = Zf\’:(zz) W (R;). It will also be convenient to have the fol-

lowing notation 9|'R = UZNZ(?) owR; U dg R; for the vertical sides of the group of rectangles

R= UINZ(F) R;. The following lemma provides the basis for our splitting algorithm.

LEMMA 4.9. Let & be a realizable boundary condition on 9A,; that is free on
O0sAp1 U OgAp UdwAy and free in all vertices in OxA,, at distance at most m from
0gAp 1 UdwAy, . For every group of rectangles R compatible with &, with W(R) > 100m,
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there exists a disconnecting interval [[cy, d, ]| such that both (c,, [) and (d,, 1) are in O0N'R, are
distance at least m from 0|'R, and

%W(R) <W(RN ([cs, dill x [[0,1)) < %W(R).

We pause to comment on why a disconnecting interval with such properties provides the
desired blocks for the block dynamics. The interval [[c,, d,]] from the lemma will be used
to define Ayt = R N ([cx, di]l X [0,1T) and Agxr = R \ Ainr; their enlargements by m
will form the blocks Ryt and Rexr (see Figure 3). The requirement that W(Axr) be a
fraction of W(R) bounded away from 0 and 1 is so that we only recurse O(logn) times
before reaching small enough widths. The requirement that the corners of [[c,, d, ] X [0, []]
are a distance at least m from 9|R is so that when we enlarge the sets Ainr, Agxr by m,
we do not overflow beyond the rectangles containing (c,, /) and (d,, [). Crucially, our ability
to pick disconnecting segments that satisfy this latter requirement will be guaranteed by the
compatibility of R with &.

PROOF OF LEMMA 4.9.  We begin by finding a candidate disconnecting interval [[c, d]]
with (c, 1), (d,]) € dy'R satistying

1 2
(13) FWR) < W(RN (lle.dll x [0.11) < TW(R).

In the second part of the proof, we show how to modify the interval [[c, d]] to obtain a dis-
connecting interval [[c,, d,]] with the added property that both (c,, [) and (d,, [) are distance
at least m from 9;'R.

If there exist a pair of vertices (x, /), (y,[) € dx'R such that %W(T\’,) <WRN(Ix, y] x
[0,I)) < %W(R) with (x,/) connected to (y,!) through &, then we take c =x, d = y;
that is, we use [[c, d]] = [[x, y]l as our candidate disconnecting interval. Suppose otherwise
that there does not exist any such boundary connection: then every pair (x, (), (y,!) € 0nR
connected through & is such that

W(R N ([x, y] x [0, 1T])) < %W(R), or
(14)
2
W(R N ([x, yI x [0,1T)) > §W(R).

If the latter holds, then there is a pair, say (xo, /), (yo,!) € o0x'R, for which the latter holds
with a minimal width. The interval [[xg, yol] would be a disconnecting interval of wired-type
and there is no other vertex (z,[) € dnR with z € [[xg + 1, yo — 1]] connected to (xg, /) and
(y0, 1) in & since if there were such a z it would violate the assumption that [[xg, yo]l is of
minimal width with W(R N ([[xo, yoll x [0,1)) > %W(R) or that every pair of vertices
(x,1), (y,]) € OnR connected in & satisfy (14). Consequently, all other connections through
& between vertices (x1, /), (y1,{) € OnR N ([[xo + 1, yo — 111 x [0, [])) will be such that

1
W (R N ([x1, 11 x [0, 1)) < §W(R)‘
We can then partition the vertices of ONR N ([[xo+ 1, yo — 11 x {}) into disjoint disconnecting
intervals of free-wired-type using the following procedure:

1. Let p ={Cy, ..., Ci} be the partition of the vertices of dnR N ([[xo + 1, yo — 11 x {/})
induced by the boundary condition &; every C; corresponds to a distinct connected compo-
nent of &;
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2. For each Cj, consider the disconnecting interval L; of free-wired-type determined by
the left-most and right-most vertices of C; in dyR N ([[xp + 1, yo — 11 x {{}). Notice that
some of the C;’s may be singletons, which we view as disconnecting intervals of the free-
wired-type;

3. Let{L;,, Lj,, ..., L;,} be those disconnecting intervals which are maximal, in the sense
that there does not exist j and k such that L; ;i C L.

The set of disconnecting intervals {L;, L;,, ..., L;,} partitions [[xo + 1, yo — 1]] into disjoint
disconnecting intervals of free-wired-type with the property that W (R N (L;; x [0,]])) <
% W(R) forevery j € {1, ..., £}. We can then use Lemma 4.4 to merge adjacent disconnecting
intervals until we obtain a candidate disconnecting interval [[c, d]| C [[xo, yoll (of free-type),
having width W(R N ([[c, 1] x [0, 1)) € [§W(R), 3W (R)].

Now that we have found a candidate disconnecting interval [[c, d]] satisfying (13), we
modify it to obtain a disconnecting interval [[c,, d,]] with the property that both (c,, /) and
(d4, 1) are distance at least m from J k.

If (c,1) is at distance at least m from 0| 'R, set ¢, = ¢, and similarly if (d, /) is at distance
at least m from 9|'R, then set d, = d. Otherwise, suppose (c,/) is at distance less than m
from dy R; for some constituent rectangular subset R; = [[a;, b; ] x [0, /] of R. Since R is

compatible with &, the interval Z, = [[b;_1 — m, a; + m]] is a disconnecting interval, and we
set
a; +m, if Z. is of wired-type, ori =1, or W(R;) =2m;
Cy =
ai +m-+1, ifZ.is only of free-type, and W(R;) > 2m;

note that the first case includes when Z. is of free-wired-type, whereas the second case only
applies when the interval is of free-type and not of wired-type. When (c, /) is instead at
distance less than m from dg R; for some i, then we simply set ¢, = b; — m.

Symmetrically, if (d, ) is at distance less than m from 0gR; for some R; = [la;, b;]| X
(0,1, let Zg = [[b; — m, aj+1 + m]],

d— b; —m, if Z; is of wired-type, ori = N(R), or W(R;) = 2m;
*“ b —m—1, ifZyis only of free-type, and W(R;) > 2m.

When (d, /) is at distance less than m from ow R;, let d, = a; + m. To see that this process
is well defined, notice that since W (R;) > 2m for every i, the points (c, ), (d,[) cannot be
both less than m away from 0g R; and less than m away from owR; .

We claim that in all of these cases the interval [[c,, d,]] is a disconnecting interval. The fact
that (c4,1), (ds, 1) € OnR are a distance at least m away from ;R follows directly from the
construction.

First, observe that when (c, /), (d,[) are both a distance at least m from d;R, then we
set ¢, = ¢ and d, = d; in this case [[c4, d,]] is disconnecting since [[c, d]] was chosen to be
disconnecting.

Next, suppose that d was at least a distance m from d|’R while ¢ was at distance less than
m from 9y, R; for some i. In this setting, we establish that [[c,, d,]] is a disconnecting interval
by considering the following four cases:

Case 1: i = 1. Note that [[a; +m, bywr) — m]| and [[c, d]| are disconnecting intervals by
compatibility and construction, respectively. Also, W (R N ([[c, d])) > % since W(R) >
100m. Hence, ¢ < aj +m < d < byr) — m and Lemma 4.6 implies that [[c,, d,]| = [[a1 +
m, d]] is disconnecting.

Case 2:i > 1 and [[bj—1 — m, a; + m]| is of wired-type. Since W (R N ([[c,d]])) > %,
we have b;j_| —m < ¢ <a; + m < d. Then, by Lemma 4.5, [[c, d]] is a disconnecting interval
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of wired-type, and Lemma 4.6 implies that [[c,, d,]] = [[a; +m, d]] is a disconnecting interval
of wired-type.

Case 3:i > 1, [[bj_1 —m, a; + m]| is of free-type and W (R;) > 2m. We again have b; | —
m<c<a; +m <d, and by Lemma 4.5 [[c,d]] is a disconnecting interval of free-type.
Therefore, by Lemma 4.6, [[cy, di]] = [[a; + m + 1,d] is a disconnecting interval of free-
type.

Case 4: i > 1, [bj—1 — m, a; + m]| is only of free-type and W (R;) = 2m. In this case,
it must be that i < N(R). Therefore, by the compatibility of ‘R and &, [[b; — m, a1 +
m]l = [la; + m, a;+1 + m]] is also a disconnecting interval. In fact, by Lemma 4.5, [b; —
m, a;+1 + m]| is a disconnecting interval of free-type. Applying Lemma 4.6 with respect to
la; +m + 1,d]l and [[a; 4+ m, a;+1 + m]| implies [[c4, d.]] = [a; + m, d]] is a disconnecting
interval.

Suppose otherwise that ¢ was at distance less than m from dgR; for some i, and d was
still at least a distance at least m from 9)R. In this case, W(R N ([[c,d]])) > % implies
N(R) > 1 as well as i < N(R). Moreover, [[b; — m, a;j+| + m]l is a disconnecting interval
by the compatibility of R and &. Since b; —m < ¢ < a;j+1 +m < d, Lemma 4.5 then implies
that when [[b; — m, a;j+1 + m] is of wired-type (resp., of free-type) then [[c, d]] is also of
wired-type (resp., of free-type) and, therefore, by Lemma 4.6, [[c., d,]] = [[b; — m,d] is a
disconnecting interval of wired-type (resp., of free-type).

The symmetric cases where (c, /) is a distance at least m from 0|'R, and (d, ) is a distance
less than m from 0|'R can be checked analogously. The remaining case in which both (c, 1)
and (d, 1) are a distance less than m from 9|R can also be checked similarly, by first mod-
ifying the candidate interval on one side in order to obtain a disconnecting interval [[c,, d]|
having (c,,!) a distance at least m from 9k, and then performing the modification on d to
obtain the desired disconnecting interval [[c,, d,]l.

Finally, we claim that in all such situations, [[¢,, d,]| satisfies

1 3
ZWR) < W(RN (Iew, dul x [0.11)) < TW(R).

This follows from the facts that W(R) > 100m, |c —cy| <m and |d — d,| <m. U

We will now use the disconnecting interval given by Lemma 4.9 to define two subsets Anr
and Agxr of R, and set Ryt and Rexr to be their enlargements by m.

DEFINITION 4.10. For a group of rectangles R compatible with &, let [c,, d.]] be the
disconnecting interval given by Lemma 4.9. Then define the interior and exterior cores as

At =R N ([ex, Dl x [0,17) and  Agxr =R N ([ex, dill x [0, 17);

see Figure 3(a). Using the disconnecting interval [[c,, d,]] define the interior and exterior
blocks as follows:

1. Letc_=c,—mandcy =c,+m.Letd_ =d, —m and dy =d, + m.
2. Define Ryt = R N ([e—, d+ ] x [0,1])) and Rexr = R N ([0, e+ U [d—, n]l) x
[[0, I1); see Figure 3(b).

We will demonstrate that this choice of Ryt and Rexr has certain fundamental properties
that will facilitate the recursive argument in the proof of Theorem 4.1.

PROPOSITION 4.11. If R is a group of rectangles compatible with &, and moreover,
W (R) > 100m, then the sets Rint and Rexr are groups of rectangles satisfying the following
propetrties:
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Rexr ! | I
L

I

(a) (b)

FI1G. 3. (a) The cores Aint and Agxt and (b) the blocks Rint and Rext. The blocks Rint and Rext are the
enlargements of Aint and Agxr by exactly m, and are thus, themselves, groups of rectangles.

1

LW(R) < W(Rinr) < TW(R) and likewise W(R) < W(Rexr) < 3 x W(R);
. Both Rt and Rgxr are compatible with & .

DN =

PROOF. We show first that Ryt and Rgxr are groups of rectangles (see Definition 4.7).
By construction Ryt and Rexr are unions of rectangular subsets of A, ;. Since R is a group
of rectangles, every constituent rectangular subset R; of R has W(R;) > 2m by definition.
By Lemma 4.9, (c,, 1), (ds,]) were such that they are a distance at least m from 9)R; as
a consequence [[c_, c4+] x [[0,]] and [[d_, d+] x [0, !]] are subsets of R. Moreover, every
constituent rectangular subset of Ryt and Rgxr is either a constituent rectangle of R, or
contains one of [[c_, c4+]l x [[0,I]] and [[d—, d+] x [[0, []], implying that every rectangular
subset of Ryt and Rexr has width at least 2m. Together, these verify that Ryt and Rexr
are indeed groups of rectangles.

The first property follows from the facts that, by Lemma 4.9, %W(R) < W(Anr) <
FW(R) and ;W (R) < W(Aexr) < 3W(R), while W(R) = 100m, W (Rixt) — W (Air) =
2m and W (Rgxr) — W(Agxr) =2m

To verify the second property, consider Rexy first and label its rectangular subsets
RYXT, .. RIF;,’E} . (from left to right) with REXT [[aEXT bEXT]] Let i, i + 1 be the indices
of the two drstlnct rectangular subsets contarnrng REXT \ .AEXT As before, Ry, ..., RyrR)
are the constituent rectangular subsets of R. Then, for every j e {1,..., N(Rext) — 1} \ {i},
thereisa k € {1,..., N(R) — 1} such that bEXT by and a 31 = ak+1. Hence, the compat-

ibility of R with & guarantees that the 1nterval (625" — m, af_’fl + m]] is disconnecting for
every j #i.

To see that [6*T — m, alEjflT + m]] is disconnecting, notice that by construction of Rgxr,
(6" —m,aiY| + m]l = [[cs, d,]. Finally, since (cy,[), (dx, 1) were at distance at least m
from )R, the interval [a}*" + m, bEXT .y — mll matches the interval [la; +m, by(r) —
m]], and thus by compatibility of R wrth S implies the former is a disconnecting interval,
altogether these imply the compatibility of Rgxr with &.

Similarly, label the constituent rectangles of Rixr as RN, .. R}\If(% ., and notice that
1 and N (Rnt) are the indices of the two rectangles containing RINT \ AINT Every interval
of the form [[bINT —m, anf + m]| corresponds (up to change of index) to such an interval
for R, so that by compatibility of R with respect to &, these are all disconnecting intervals.
The interval [[a™" +m, by —m]l is exactly the interval [[c,, di]] given by Lemma 4.9
and, therefore, this is disconnecting by construction. Together, these imply the compatibility
of Ry with &, O

4.6. Block dynamics coupling time. Here, we consider the block dynamics on R with
blocks Rint and Rgxr as defined in Section 4.5; see also Figure 3(b). We begin by defining
the block dynamics for a group of rectangles.

DEFINITION 4.12. Let R be a group of rectangles with boundary condition ¢. The block
dynamics {X,} with blocks # = {By, ..., By} such that B; C R and Ule E(B)=E(R) is
the discrete-time Markov chain that at each ¢, selects i uniformly at random from {1, ..., k}
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and updates the configuration on E(53;) from the stationary distribution conditional on the
configuration X;(E“(B;)).

Fix 2 = {Rin1, Rexr} and let gap(R®; %) be the spectral gap of this block dynamics on
‘R with boundary condition ¢ = (§, wgre), where & is a realizable boundary condition on A,
and wrc is a configuration on E°(R).

LEMMA 4.13.  Let & be a realizable boundary condition on d Ay, | that is free on 9s A, ;U
051 U owA,, and free on vertices in Ox Ay at distance at most m from dg A, 1 U Ow Ay -
For every g > 1 and p # p.(q), there exists K = K(p, q) > 1 such that for every group of
rectangles 'R compatible with &, and every configuration wgc,

gap(RE*®D; ) > k=1,

PROOF. We consider the p < p.(q) case first. Let {X,}, {¥;} be two instances of the
block dynamics on R with boundary condition ¢ = (§, wgc) started from initial configura-
tions Xg, Yo. We design a coupling P for the steps of {X;} and {Y¥;} and bound its coupling
time. This yields upper bounds for both the mixing time and the inverse spectral gap of the
block dynamics; see Section 2 for a brief overview of the coupling method. For this, we will
show that for any two initial configurations Xg, Yo

(15) P(X, =Y2) = Q(1).

Since this bound will be uniform over X, Y, we can make independent attempts at coupling
the two chains every two steps. Hence, there would exist 7 = O (1) such that

1
P(Xy #Yr) < —,
}r(ré-% (X1 # T)_4

bounding the coupling time by 7 = O (1) concluding the proof.

First, observe that with probability 1/4 the first block to be updated is Ryt and the second
is Rexr. Suppose this is the case and let us consider the update on block Riyt. Observe that
X1(Rint) is distributed according to the random-cluster measure 7% on Rinr, where Ox
is the boundary condition induced on dRxr by the boundary condition ¢ on R and the
configuration of Xg in E(R) \ E(Rint). Likewise, Y1 (Rint) has law 7% with the boundary
condition fy defined analogously but considering the configuration of Yy in E(R) \ E(Rnt)
instead. Therefore, any coupling for the random-cluster measures 7%, 7% vyields a coupling
for the first steps of {X;} and {Y;}.

Let 61 be the boundary condition on dRxr induced by ¢ and the configuration that is all
wiredon E(R)\ E(Rnt); let 7% be the corresponding random-cluster measure on Ryr. Let
Ow, Ot C Rint be the two rectangles of width m that contain all the vertices in Rinr \ Aint;
that is, Qw U Aint U Qg = Rint, Ow N At = @ and Qg N Ayt = @ (see Figure 4(a)).
Let 9 E(Qw) be the set edges with one endpoint in Qy and the other in Ayt, and similarly
define 0 E(Q%).

Let I'y, be the set of configurations in Ryt that have a dual-path in E(Qw) U9E(Qvw)
connecting the top-most edge in 9 E(Qw) to an edge in ds Qw, and similarly define I'g as the
set of configurations in Ryt that have a dual-path in E(Qg) U dE(Q¢g) from the top-most
edge in d E(Q¢g) to an edge in ds Q. (A dual-path is an open path in the dual configuration.)
Let I' =T'g N I'w; see Figure 4(b). The following lemma supplies the desired coupling.

LEMMA 4.14. Letq > 1 and p < p.(q). There exists a coupling P| of the distributions
7% 7% 7O such that if (0%% , 0%, @) is sampled from Py, then all of the following hold:
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] ] ]
(a) (b) (c)

FIG. 4. (a) The block Rint with its subsets Aint, Qw and Q. (b) The block Rint with the dual-paths
(dotted) of a configuration in T'. (¢) The block Rint with the dual-paths (dotted) of a configuration in
TN NTWENTYSNTIYECT.

1. Py (a)ex, o, a)gl) > 0 only ifa)gx <o and %" < ¥
2. Pi(0% (Air) = 0% (Ainr) | el =1;
3. There exists a constant p = p(p, q) > 0 such that P (0" € T) > p.

Hence, if we use the coupling P; from Lemma 4.14 to couple the first step of the chains,
then X; and Y; will agree on E(A;xy) with probability at least p > 0. If this occurs,
then we can easily couple the update on Rgxr in the second step so that X, = Y5, since
X1(E(Ar)) = Y1(E(Anr)) implies X (E(R) \ E(Rexr)) = Y1(E(R) \ E(Rgxr)), and
thus the boundary conditions induced by the two instances of the chain on Rexr are identi-
cal. As a consequence, we obtain that for any Xo, Yo,

P(X2=1>) Z%
which gives (15) and thus concludes the proof for p < p.(g). U

The case when p > p.(q) follows by an analogous dual argument. In this case, the set I"
has o(1) probability and we therefore replace it by the set I'* =T"; N Ty, where Iy, is the set
of configurations in Ry that have an open path in £(Qw) U d E(Qw) connecting the top-left
corner of At (¢, ) to 95 Qw; similarly, I'; is the set of configurations in Ryt that have
an open path in E(Qg) U dE(Q¢g) connecting the top-right corner (dy, [) of At to 95 Qk.
Let 8y be the boundary condition on dRyt induced by ¢ and the all-free configuration on
EMR)\ E(Rint); let 7% be the resulting random-cluster distribution on R;yr. The constant
bound on the coupling time of the block dynamics would then follow as above from the
following dual analogue of Lemma 4.14.

LEMMA 4.15. Letq > 1 and p > p.(q). There exists a coupling Py of the distributions
7% 7% 7% such that if (0% , 0% , @) is sampled from Py, then all of the following hold:

1. Po(wex, o, a)g") > 0 only ifa)ex > 0% and % >
2. Po(0™ (Air) = 0 (Aivr) | 0 € TH) = 1
3. There exists a constant p = p(p, q) > 0 such that Po(w® € T*) > p.

We proceed with the proof of the key Lemma 4.14. Parts 1 and 2 of the lemma follow from
a fairly standard coupling technique; see, for example, [1, 4]. We shall also use this approach
later in the proof of Lemma 5.4. Part 3 will be a consequence of the EDC property (2); see
proof of Claim 4.16.

PROOF OF LEMMA 4.14. Let
L=0yQwUO0inQwUdgQpUOinNCOE;
note that L N Ayt = @. For a FK configuration @ on Riyr, let

F@) =R \ U Cv.0),

veL
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where C (v, w) is the vertex set of the connected component of v in w, ignoring the boundary
connections.

Clearly, 7% = 7% and n% > 7%, and thus there exist monotone couplings Py (resp.,
Py) for 7% and 7?1 (resp., 7% and 7% ). We use Py and Py to construct the coupling P; as
follows:

1. sample (0%, @) from Py and sample &% from Py (- | o?1);

2. if At C F(0™), sample wa from 7121 —where A = A(w?) is the subgraph induced
by F (@) and 11 is the boundary condition on 9 F (@) induced by 0 and the configuration
of @?' on E(Rint) \ E (F (0?'))—and make o/ (F (0?)) = 0% (F (0?)) = 0% (F (™)) =
WA .

Let P; be the resulting distribution of (a)ex, o’ a)‘gl). After step (i), P; has the desired
marginals. Moreover, we claim that replacing the configuration in F(w”) with wa in step
(ii) has no effect on the distribution, provided Ay C F (a)el). For this, we show that the
three boundary conditions 711, nx, ny induced on 0 F (a)el) by the configurations of %,
o’ on E(Rint) \ E(F (™)), respectively, and the corresponding boundary conditions 6y,
Oy, 0 are all the same.

First, observe that the boundary condition on ds. Ayt 18, in all three cases, free by assump-
tion. Also, from the definition of F(w?!) it follows that every edge of E(Rnt) \ E(F (@)
incident to 8 F(w”) is closed in @”; hence the same holds for @?* and »?”. The remain-
ing portion of 9 F (@) is precisely the set of vertices (. 4;xt N OR) \ dsR. To show that
N1, Nx, Ny also agree on (0 ANt NOR) \ dsR, we use the fact that top-left and top-right
corners of Ayt correspond to the endpoints of the disconnecting interval [[c,, d,]]. Indeed,
for the boundary conditions 7y, nx, ny to disagree on (8. A;xt N OR) \ dsR it must be the
case that there are at least two distinct connected components of ¢ = (§, wgc) connecting
(ANt NOR) \ OsR and IR \ dAnr. Since (¢4, 1), (di,l) ¢ 'R and £ is free on 05k,
this would require at least two distinct connected components of £ connecting vertices in
[[cx, di ]l x {I} to vertices in [[cy, d, ]I X {l}. However, when [[c,, d,]] is a disconnecting in-
terval of free-type, there are no such connected components, and when it is disconnecting of
wired-type, the planarity of realizable boundary conditions implies that there can be at most
one such connected component, which is exactly the component of £ containing both (c,, )
and (d,, ).

Altogether, these together imply that when At C F (@), the three boundary conditions
N1, Nx, Ny induced on 0 F (@) are the same. The domain Markov property of random-cluster
measures (see, e.g., [21]) then guarantees that replacing the configuration in F (@) with wp
had no effect on the distributions.

Finally, note that if o' € T, then the vertices in the boundary components of L, that is,
Uper C(v, @), will be confined to OwU Qg, in which case Ay C F (@?1). This establishes
parts 1 and 2, and part 3 follows directly from the following claim, which will conclude the
proof. [

CLAM 4.16. Let q > 1 and p < pc(q). There exists p = p(p,q) > 0 such that
7% () = p.

PROOF. Let I'}® (resp., I'F®) be the set of configurations on Ry such that there is
dual-path from dyQw to 0sQw (resp., from dy Qg to dsQr) in E(Qw) U IE(Qw) (resp.,
E(Qg) UJE(Qg)). Also, let TWF (resp., TY'F) be the set of configurations on Ryt such that
there is dual-path in E(Qw) U dE(Qw) (resp., in E(Qg) U dE(Qg)) between the left-most
edge in dy Qw (resp., the right-most edge in dy Qr) and the top-most edge of d E(Qw) (resp.,
dE(Qg)); see Figure 4(c). Note that T NTWENTYSNIYECT.
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The width of Qv is m = C,log/. Hence, the EDC property (2) implies that when C, is
large enough there exists a constant pg = po(p, ¢) > 0 such that 7% (T'}%) > pg and similarly
for T'YS. The EDC property (2) also implies that 7% (T'WE) > p; and 7% (T}E) > py, for a
suitable p; = p1(p, g) > 0. We justify this as follows. By the EDC property (2), there exists
some constant D such that with probability €2(1), no pair of vertices whose distance is at
least D, one of which is in dyQOw \ dwQw and the other in 9z Qw U 95 Qw U 0 Qw, will
be connected in Q. At the same time, with probability (1), we can force O (D) edges
bordering those pairs of vertices that are distance less than D to be closed so that no pair of
vertices that are closer than D are connected in Qv either. The analogous reasoning holds
for I}'* and Qg. Since each of the events I'}’, T(VF, TN, T'YE are decreasing events, by the
FKG inequality (see, e.g., [21]) we get

7Ty > 7 (NS N TWEN TN NIYE)
> w1 (03) " (03 F) ™ (PE%)n (FE) = ot

and thus we can take p = ,og ,012 to have the desired estimate. [

PROOF OF LEMMA 4.15. The proof of Lemma 4.14 carries to Lemma 4.15 with certain
natural modifications we describe next. As before, we let L = 0w Qw U Iy Ow U 0 O U on O
and let (L*, E(L*)) be the dual-graph induced by the set of dual-edges intersecting E(L) in
(Z>)*; its vertex set consists of exactly 2E (L) — 1 vertices, and we refer to those outside
of Rint as dgxrL*. Similarly, let (R, E(Riyr)) and (A, E(Afyy)) be the dual-graphs
induced by the dual-edges intersecting E (Rxt) and E(Ayr) in (Z>*, respectively.

For a FK configuration w on E(Rnt), we define a dual version of F(w) as

F*(0) =R\ \ U C*(v*, w),

v¥€dpxtL*

where C*(v*, w) is the dual-vertex set of the connected component of v* in the dual-
configuration w* (ignoring the boundary connections).

Using monotone couplings for 7% and 7%, and for 7% and 7%, we can define Py anal-
ogously to P; with the configuration on E(F*(w%)) being resampled whenever Afr €
F*(w%). Observe that updating the dual configuration on E (F*(w%)) is equivalent to updat-
ing the primal edges intersecting E (F*(w%)). The fact that resampling the configuration in
E(F*(0%)) has no effect on the distribution when A% . € F*(w%) follows in similar fashion

INT —

to the proof of Lemma 4.14. Indeed, from the definition of F*(w®), when Al C F* (™)
there is a primal connection between (cy4, /) and dsQw in E(Qw) U 0 E(Qy) together with
a primal connection between (d,, /) and ds Qg in E(Qg) U dE(Qg), so that Aj, € F* (™)
implies the event I'*. Together with the fact that [c,, d,]] is a disconnecting interval and the
assumptions that £ is free on ds At and (c4, (), (di, ) ¢ )R, this ensures that the three
induced boundary conditions on E (F™* (w?)) coincide.

Finally, part 3 of the lemma follows by an analogous argument to that in Claim 4.16, only

replacing the EDC property by the matching exponential decay of dual-connectivities when
p>pc(q). U

4.7. Proof of Theorem 4.1. In this section, we put together the results from Sections 4.3—
4.6 to prove Theorem 4.1. We first remind the reader of the following standard inequality
concerning the spectral gaps of the FK and block dynamics.

THEOREM 4.17 ([27], Proposition 3.4).  Consider the FK-dynamics on a group of rectan-
gles R with boundary condition ¢ . Let gap(R*) and gap(R® ; ), respectively, be the spectral
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gaps of the FK-dynamics on 'R and of the block dynamics with blocks 28 = {By, ..., By} such
that B; C R and Uf:] E(B;) = E(R). For every p, q, there exists y = y(p, q) € (0, 1) such
that

—1 .
gap(R¥) >y - (eg}sag(z)#{i cE(B) > e}) - gap(R¢; B) - min gap(Bi@’")),

.....

where Q(BY) denotes the set of FK configurations on E(R) \ E(B;).

The proposition in [27] is written in the spin system setting, but the proof follows mutatis
mutandis for the random-cluster model and its proof is thus omitted. Also, we note that this
theorem holds in more generality for arbitrary graphs with arbitrary boundary conditions, but
for clarity we choose to state it here for groups of rectangles.

The final ingredient is the following spectral gap bound for the base case in our recursive
proof.

LEMMA 4.18. Consider a group of rectangles Ro C A, with W (Ro) < 100m. For ev-
eryq > 1 and p # p:(q), there exists k = k (p, q) > 0 such that for every boundary condition
¢ on Ry,

1

¢
gap(RO) = l(logl)z . qu '

PROOF. Note that |0Rg| = O(m + [). Hence, we can first modify the boundary condi-
tions to be all free on all of 3R, incurring a cost of a ¢?® factor in the spectral gap by
Lemma 2.3; recall that m = O (log/). Then we can use the fast mixing result of [4], for in-
stance, to bound the mixing time on Rg with free boundary condition by O (I(log! )2). This
translates into a lower bound for the spectral gap and the result follows. [J

PROOF OF THEOREM 4.1. Fix g > 1, p # p.(q) and A, ; with a realizable boundary
condition &’ that is free on dg A, 1 U ds A, U dw Ay . By Lemma 2.3, we may modify &’ to
a boundary condition & that is also free on all vertices a distance at most m = C, log!/ from
g Ay, Udw A, atacost of an exponential in m factor in the mixing time of the FK-dynamics.
Let £ be the resulting realizable boundary condition.

We wish to prove, by induction, that for every 100m < s < n, every group of rectangles
Rs C Ay, thatis compatible with £ and has W (R) = s satisfies

& ,wng) 1
(16) gap(R ) > [(logl)Zg T - poes
for some b = b(p, q) > 0 to be chosen, uniformly over all configurations wge on E€(R;).
Equation (16) concludes the proof since A, ; is a group of rectangles with W(A,,J) =n and
is compatible with &.

The base case of this induction was shown in Lemma 4.18. Now suppose inductively that
this holds for all 1 <k <s — 1 for some s < n; we show that it also holds for s. Fix any R
that is compatible with &, and any configuration wre. Then, if we let Rint = Rint(Rs) and
Rexr = Rexr(Rs) be the blocks given by Definition 4.10 and %, the block-dynamics with
respect to these blocks, by Theorem 4.17

Eore)y Y ¢ oRe) . , EoRe)
gap(Re ) = 5 eap(Re ) min | mingap(R,
(¢.0Rc)
> Y . min  min gap(R, )

2K ie€{INT,EXT} wRe
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Ryw:|n—6r Ry

2r+1

Rs e

(a) (b) ()

F1G. 5. (a) The subsets Cxg, Cxw, Csg, and Csw. (b) The subsets Ry, Rg, Rw and Rs. (c) B(e,r) for two
edges e of Ay,.

where the second inequality follows from Lemma 4.13. By Proposition 4.11, max{W (Rxr),
W (Rext)} < %s, and we can apply the inductive hypothesis to bound the second term
on the right-hand side above. Combined with Lemma 4.18, we see that the choice of

b= (2)/_1K)W ensures that (16) holds also for Ry. (Note that 2y 'K > 1.)

This establishes the result for the case when the boundary condition is free on dg A, U
0sAp, 1 UodwAy . As noted earlier (see Remark 2), this implies by duality the same bound for
the class of realizable boundary conditions & that are wired on dg A, ; U dsA, U dwA, for

all p# pc(q). O

5. Polynomial mixing time for realizable boundary conditions. In this section, we
prove Theorem 1.1. This theorem is proved for p < p.(¢q) using the technology introduced
in Section 3; namely, we construct a collection of subsets B for which we can establish LM
and MSM; see Definitions 3.1-3.2. To establish LM, we crucially use Theorem 4.1. The
results for p > p.(q) follow from the self-duality of the model and of realizable boundary
conditions, as explained in Section 2.1.

For general realizable boundary conditions, proving LM for a collection of subsets 3 for
which MSM holds is the main challenge. This is because, for MSM to hold for a collec-
tion B for all realizable boundary conditions, a subset in B needs to contain 2(n) edges.
In particular, some element of 3 must include most (or all) edges near d A, as otherwise it
is straightforward to construct examples of realizable boundary conditions for which MSM
does not hold. Thus, a trivial (exponential in the perimeter) upper bound for the mixing time
on those subsets with €2 (n) edges would be unhelpful and we use Theorem 4.1.

We now define the collection of blocks for which we can establish both LM and MSM.
Let r € N and let Cyg, Cnw, Cse, Csw C Ay, be the four square boxes of side length 57 with a
corner that coincides with a corner of A,;; see Figure 5(a). Let Ry C A, be the (n — 6r) x 2r
rectangle at distance 3r from both dw A, and 9z A, whose top boundary is contained in dy A,
and let Rg, Rw, Rs be defined analogously; see Figure 5(b). Let R = Ry U Rg U Ry U Rg.
Now, for e € E(A,), let B(e, r) C A, be the set of vertices in the minimal square box around
e such that d({e}, A, \ B(e,r)) > r. Note thatif d({e}, dA,) > r, then B(e, r) is just a square
box of side length 2r + 1 centered at e; otherwise B(e, r) intersects d A, ; see Figure 5(c).
Finally, let

(17) Br = {CNEs CNWa CSE’ Csw, R} U {B(e, r) e e E(An), d({e}, 8An) > r}.

We claim that LM holds for B, with r = ®(logn) and T = O (n€) for some constant
C>0.

THEOREM 5.1. Let g > 1, p < p.(q) and r = cologn with co > 0 independent of n.
There exists a constant C > 0 such that LM holds for every realizable boundary condition &
and B, with T = O (n®).
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The subsets B(e,r) in B, and the corner boxes Cyg, Cnw, Csg and Cgw are small
enough that crude bounds for their mixing times are sufficient. As mentioned earlier, the
main challenge for proving local mixing for 5, is to derive a mixing time bound for
R = Ry U Rg U Ry U Ry as it intersects the boundary of A, and contains €2(n) vertices.
To establish such a bound, we rely on Theorem 4.1. In particular, we relate the mixing time
of the FK-dynamics on R to that of the FK-dynamics on a single thin rectangle by concate-
nating the four rectangles constituting R, one after another, such that the union of their outer
boundaries make up the northern boundary of the new rectangle.

The final ingredient of the proof is establishing MSM for the collection B,. We show that
MSM holds for B, with r = ®(logn) for all realizable boundary conditions & where the
vertices in d A, at distance 5r from the corners of A, are free in £. This is sufficient since
any realizable boundary condition can be turned into a realizable boundary condition with
this property by simply removing all connections in £ involving vertices near the corners of
A,; this modification can change the mixing time of the FK-dynamics by a factor of at most
exp(O0(r)); see Lemma 2.3. Theorem 1.1 then follows from Theorems 5.1, 5.2 and 3.3.

THEOREM 5.2. Letgq > 1, p < p.(q) and r = cologn with co > 0 independent of n. Let
& be a realizable boundary condition with the property that every vertex v € d A, at distance
at most S5r from a corner of A, is free in &. Then, for all sufficiently large cy > 0, MSM holds
for & and B, with § < 1/(12|E(Ay))).

We are now ready to prove Theorem 1.1 using the above.

PROOF OF THEOREM 1.1. As mentioned earlier, by duality of the dynamics and self-
duality of the class of realizable boundary conditions, it suffices to prove the theorem for
p < pc(q). Let P be the set of realizable boundary conditions of A, = (A,, E(A,)). For
n e P,let (ny,n2,...,nr) denote the partition of d A, corresponding to 1, and let n(£) be the
boundary condition obtained as follows: for each v € dA,, if v € n; and v is at distance at
most £ from a corner of A,, remove v from 7; and add it as a singleton to the partition. Let
‘P¢ be the set of all boundary conditions obtained in this manner.

Consider A, with arbitrary realizable boundary conditions £ € P. By Lemma 2.3, we see
that there exists C > 0 such that for every & € P, we have

IMix (A,ﬁ) =< ngcz n*- Imix (Ai(z))-

It therefore suffices to prove the mixing time estimate uniformly over all modified boundary
conditions n € Py for £ = 5r and r = co(logn) with cq taken to be sufficiently large, as qgc‘Z
would only be polynomial in n. By Theorem 5.2, for cg large enough, uniformly over all such
boundary conditions we have moderate spatial mixing with respect to B, and n € P, with
8 < 1/(12|E(Ap)]). Theorem 5.1 implies that LM holds for B, and n € Py with T = O (n®)
where ¢ > 0 constant. The result then follows from Theorem 3.3. [

REMARK 7. We note that Theorem 1.1 also holds for the FK-dynamics on rectangles
Ay C 7? with £ < n, provided these rectangles are not too thin. For example, when [ =
Q((logn)?), our proofs would yield that the mixing time of the FK-dynamics is polynomial
inn.

5.1. Local mixing for realizable boundary conditions. In this subsection, we prove The-
orem 5.1. As mentioned earlier, this theorem may be viewed as a corollary of Theorem 4.1,
which bounds the mixing time of the FK-dynamics on thin rectangles.
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PROOF OF THEOREM 5.1. Let r = cglogn. We wish to show that each of the subsets
in 3, has mixing time O (n¢) under the boundary conditions (1, &) and (0, £). We begin
by bounding the mixing time on the square boxes Cng, Cnw, Csg, Csw and B(e, r) of B;.
Since these have side length O(logn), a crude estimate on the mixing time is sufficient.
For instance, by Lemma 2.3, at a cost of exp(O(r)) = n?M factor, we can compare the
mixing time in these boxes with boundary condition either (1, &) or (0, &) to the mixing time
on equally sized boxes with free boundary conditions. In this setting, an upper bound of
O ((logn)?loglogn) is known [4], and thus we obtain an n°()) bound for their mixing times.

It remains to bound the mixing time of the FK-dynamics on the set R = RyU RgU Ry U Rg.
For this, we use Theorem 4.1. We argue that the mixing time of the FK-dynamics on R is
roughly equal to that of the FK-dynamics on a [4(n — 6r) — 3] x 2r rectangle Q with a
suitably chosen boundary condition. We proceed to construct the rectangle Q and a boundary
condition &” whose vertices, edges and wirings are identified with those of R and (1, &). The
case of R and (0, &) is handled later in similar fashion.

We introduce some notation first. For a rectangle S, let $“ denote the rectangle that results
from a clockwise rotation of S by an angle of amplitude «. Also, if Sy, ..., S; are rectangles
of the same height, let [ Sy, ..., Sx] denote the rectangle obtained by identifying the vertices in
ogS; with those in dw S;+; foralli =1, ...,k — 1. When identifying the vertices, the double
edges are removed. We take

0 =[RY? Ry, RE™?, RS,

Observe that every vertex of Q, except those where the boundary overlaps occur, correspond
to exactly one vertex in R; vertices in the overlaps correspond to exactly two vertices in R.
Conversely, every vertex in R corresponds to exactly one vertex of Q. The edges of Q and
R are identified using this correspondence between the vertices. Observe also that oyQ =
dR N IA,. We construct the boundary condition &’ of Q as follows. If u,v € 9R N A, are
wired in &, the corresponding vertices are also wired in &’. The boundary condition &’ is also
wired along dw Q U dnQ U 0 Q.

CLAIM 5.3. The boundary condition &' of Q is realizable. In particular, &' can be real-
ized by a FK configuration in the half-plane of 7Z? containing only vertices north of dx Q, and

a wiring of 0 Q U dsQ U 0w Q.

Finally, to completely capture the effect of the boundary condition (1, &) on R, each of the
three columns in Q that corresponds to overlaps of columns from R, are externally wired.
Now, by Theorem 4.1 and Lemma 2.3, we have

gap(Qg/) — 00

We claim next that the FK-dynamics on R with boundary condition (1, £) has roughly the
same gap as the FK-dynamics on Q with boundary condition &’. To see this, we add a double
edge to each edge of Q that corresponds to two edges in R. With this modification, there is
now a one-to-one correspondence between the FK configurations in R and Q. Also, adding
these edges has almost no effect on the mixing time of the FK-dynamics in Q, as their end-
points are wired, and so they only need to be updated once to mix. Moreover, by construction,
the boundary condition &’ for Q together with the wiring of the overlapping columns in Q
encode exactly the same connectivities as the boundary condition (1, &) for R. Hence, for
every pair of FK configurations on Q, the FK-dynamics have the same transition probabil-
ity as FK-dynamics on R between the corresponding configurations. Consequently, we can
conclude that

gap(R19)) = p= 0O,
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Finally, for the case of the FK-dynamics on R with boundary condition (0, ), we can
simply wire dw Ry to OnRw, dsRw to dwRs, dgRs to dsRg and oy Rg to dg Ry, which only
incur a penalty of 72D by Lemma 2.3 and proceed as in the previous case. [

PROOF OF CLAIM 5.3. First, note that dyQ corresponds to dR N dA,. Let w be a FK
configuration on Z? \ A, that realizes &. A path from u € R N dA, to v € IR N IA, in
w splits R N d A, into two parts Ry and R;, one containing all the vertices from u to v in
dRNJA, clockwise and the other all the vertices from u to v in d R N9 A,, counterclockwise.
The planarity of Z? implies that any other boundary component will be either completely
contained in Ry or R,. From this property, it follows that if vy, vy € 9y Q are wired in &’, then
[vi, v2]l is a disconnecting interval. This implies that the connectivities of £” in dyQ can
be realized by a configuration on the half-plane of Z? that contains all the vertices north of
on Q. For example, every component C = {co, ..., cx} of &, with ¢; to the left of ¢; 11, can be
realized by the gadget consisting k paths of length /¢ starting at co, ..., cx and going north,
together with one path parallel to dyQ that joins the endpoints of all of these path. Since
[lci, ci+1] is a disconnecting interval for all i and C, we can choose h¢ for each C so that
the resulting configuration is a valid configuration in the half-plane. [J

5.2. Moderate spatial mixing for realizable boundary conditions. In this section, we
prove Theorem 5.2. We reduce the moderate spatial mixing condition (6) to bounding the
probability of certain connectivities in a FK configuration. Specifically, if e € S C A,, the
configuration on E(S) affects the state of e when there are paths from e to the boundary of
S; the probability of such paths is maximized when we assume an all wired configuration on
E€(S). Recall that for S C A,, welet S€ = A, \ S, and we use E°(S) = E(A,) \ E(S).

LEMMA 5.4. Consider the FK model on A, with arbitrary boundary condition & on

dA,. Forany e € E(Ay), any S C A, such that e € E(S), and any pair of configurations wy,
wo on E€(S):

7h, (e =TI ES(S) =w1) =73 (e =1 E°(S) = wn)|
<73, (le) S5 08\ 0N, | ES(S) =1),

where {e} <i> a8 denotes the event that there is a path from e to 0S taking into account the
connections induced by &.

In the proof of Theorem 5.2, we use this lemma; its proof via machinery from [1] will be
straightforward.

PROOF OF THEOREM 5.2. We need to show that as long as ¢y is large enough, for every
e € E(A,) there exists B, € B, such that (6) holds for some § < 1/(12|E(A,)|). For each
e € E(A,), the subset B, is chosen as follows:

1. If d({e}, 0A;) > r, then B, = B(e, r);
2. Otherwise, if e € R and d({e}, R\ 0A) > r, then B, = R;
3. Otherwise, e € C; for some i € {NE, NW, SW, SE}, and we take B, = C;.

By Lemma 5.4, for every e € E(A,),
ma, (e=11ES(Bo)=1) — 7} (e=1|E“(B.)=1)|

<75 (e <> 9B\ OA, | ES(B) = 1).
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In all three cases above, by construction d({e}, 0B, \ dA,) > r. This together with the fact
that all vertices of d A,, within distance 5r from the corners have no connections in &, implies
that for e to be connected to d B, \ dA, a path of open edges reaching a distance at least r
is required in the configuration on B,. The EDC property (see (2)) implies that for cq large
enough

& n c 1
0B, | E(Be) =1) < ————,
T[An({e}<—> el (Be) )_ 121E(A)|
and the result follows. [J
We conclude this section with the proof of Lemma 5.4.

PROOF OF LEMMA 5.4. Let (1, &) be the boundary condition induced on S by & and the
event {EC(S) = 1}. Similarly, let 6; (resp., 6») be the boundary condition induced on S by
configurations w (resp., w2) on E€(S) and &. For ease of notation, set nf = nin (-] ES(S) =
1), 7% =7} (| ES(S) = wp) and 719 =73 (-| E(S) = 1). For a FK configuration »
on S, let

rf'9w:=s\ | cwo),
veIS\D A,

where C (v, w) is the set of vertices in the connected component of v in w, taking into ac-
count the connectivities induced by (1, £). In words, 48 () is the set of vertices of S not
connected to 95 \ A, in w using possibly the boundary connections.

We claim that there exists a coupling IP of the distributions 7%, 7% and 7 %) such that
P(w1, wp, w) > 0 only if w; < w and wy < w on E(S) and w;, w» agree on all edges with
both endpoints in I'"#) (w). Given this coupling P, we have

76 (e=11E*(S) =w1) — 75 (e=1]E(S) = )|
<P(wi(e) # wa(e))
<P(e ¢ E(N"(w)))

=75 (e <> 0S\ DA, | ES(S) = 1),

as claimed. The construction of the coupling P is standard and is thus ommitted; see, for
example, [1, 4] and the proof Lemma 4.14 for similar constructions. [

6. Near optimal mixing for typical boundary conditions. In this section, we provide
the proof of Theorem 1.4, where we establish a sharper O (n?) mixing time upper bound for
the FK-dynamics on A, = (A, E(A,)) for the class of boundary conditions we call typical.

DEFINITION 6.1. Let w be a random-cluster configuration on 72, and let &, be the
boundary condition on dA, induced by the edges of w in E(Z?) \ E(A,). Suppose  is
sampled from 7z , . A set C of realizable boundary conditions for A, is called typical
(with respect to (p, q)) if &, € C with probability 1 — o(1).

Recall from Definition 1.2 the classes of boundary conditions C, and C}, consisting of
realizable boundary conditions whose distinct boundary components consist only of vertices
at most distance o logn apart in dA,. The following is a straightforward consequence of the
EDC property (2) when p < p.(q).
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LEMMA 6.2. Forevery g > 1 and p < p.(q), the class of boundary conditions Cy is
typical with respect to (p,q) for sufficiently large o > 0. Similarly, for every q > 1 and
P > pc(q), the class C} is typical with respect to (p, q) for sufficiently large o > 0.

PROOF. By planar duality (namely the duality of the sets of boundary conditions C, and
CZ, it suffices to prove the case p < p.(q)). For any u, v € Z2, by the EDC property (2),
we have that for ¢ > 1 and p < p.(g) there exists ¢ = c¢(p, g) > 0 such that w2 (u < v) <
e—cdW) Tety vedA, and suppose d(u, v) > alogn. Then there exists some C(p, g) >0
such that for sufficiently large o > 0,

—calogn i

ZA\A ZA\A
7oA, U V) =0 V) < TR < v) < Ce <=

Z2\An . .
where recall that u AL, v denotes the event that there exists a path from u to v in Z> \ A,,.

A union bound over all pairs of vertices in d A, implies that if w is sampled from 7> and &,
is the resulting boundary condition on d A, then &, € C, with probability 1 — o(1), and thus
Cq is typical. [J

REMARK 8. As mentioned in the Introduction, one may also be interested in the follow-
ing notion of typicality, which sometimes comes up in recursive mixing time upper bounds.
Let ¢ > 1 and p < p.(q) (resp., p > p.(q)) and consider a random-cluster sample from
”1{32,1, g’ where R, is the concentric box of side length 2n containing A, with arbitrary
boundary condition ¢. One could easily show that the boundary condition induced by the
configuration on Ry, \ A, is in Cy (resp., C}) with probability 1 — o(1). This follows by
coupling this measure to the infinite-volume measure using the fact that C, is a decreas-
ing event, and finding a dual circuit in the annulus Ry, \ A, (which exists with probability

1 — O(e=My),

We now show that when p < p.(¢q), the mixing time on A, with boundary condition
& € C, satisfies

mrx (Ai) =0 (nz(log n)c),

where C = C(p, q,a) > 0 is a constant independent of n and &. In particular, we prove
Theorem 1.4 from the introduction in the regime p < p.(q) and & € C, and this translates to
a matching bound at p > p.(q) and & € C; by duality. To prove this theorem, we again use
the general framework from Theorem 3.3. Namely, we construct a collection of subsets of A,
for which we can establish MSM and LM; see Definitions 3.1 and 3.2. The fact that & € Cy
will allow us to prove MSM with respect to ® ((log n)?) x ®((log n)?) rectangles along the
boundary, and Theorem 1.1 will provide the LM estimate on these rectangles.

Consider the collection B, = {B(e,r) : e € E(A,)}. Recall that for r > 0 and e € E(A,),
we set B(e,r) C A, to be the set of vertices in the minimal square box around e such that
d({e}, A \ B(e,r)) > r; see Figure 5(c). We first show that MSM holds for B, and & € C,
when r = ©((logn)?) and § < n3.

LEMMA 6.3. Letqg>1,p < pe(q),a>0,n€Cq,r=co(logn)?> and B={B(e,r):ec
E(Ay)}. For large enough co > 0, MSM holds for n, B for some § <n™>.

For this lemma, it is crucial that »r = ®((log n)?), as MSM does not hold for typical bound-
ary conditions for 3, when, for example, »r = ®(logn). This is because in a typical configu-
ration w on Z2 \ A, it is likely that there exist pairs of vertices of dA,, at distance y logn, for
a suitably small constant y > 0, that are connected in w. Thus, for some e € E(A,) close to
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F1G. 6. Ifr =0((log n)2) and r' = ®(logn), influence from outside of B(e,r") may be easily propagated to e
through long boundary connections in B(e,r"); but to propagate influence from the exterior of B(e,r), Q(logn)
of them would have to be connected in A,,.

d A, it is possible for the configuration outside of B(e, r) to exert a strong influence on the
state of e when r = y’logn with constant ' > 0, even if ¥’ > y; the presence of a constant
number of open edges on (or near) d A, would propagate the influence from A, \ B(e, r) to
e. Taking r = Q((logn)?) avoids this issue, since, roughly speaking, 2 (logn) open edges at
specific points in d A, would now be required to propagate the influence from A, \ B(e, r)
to e; see Figure 6(b). The proof of Lemma 6.3 is provided in Section 6.1.

The final ingredient in the proof of Theorem 1.4 is a LM estimate for B, with r =
©®((logn)?). Such an estimate is readily provided by Theorem 1.1, with mixing time that
is poly-logarithmic in #.

PROOF OF THEOREM 1.4. Let«a > 0 be sufficiently large and let € C,,. By Lemma 6.3,
MSM holds for n and B, with r = ©((log n)?) for some § < n—3. Observe also that every
B(e, r) € B, with boundary condition (1, n) or (0, ) is a rectangle of side-length at most r =
O((log n)?) with a realizable boundary condition. Then by Theorem 1.1 (see also Remark 7),
for every e € E(A,) we have

max{fyx(B(e, F)O’n), twix (B(e, ’”)l’n)} = (10gn)c,

for a suitable C > 0, yielding the desired LM estimate. The result then follows from Theo-
rem 3.3. O

6.1. Moderate spatial mixing for Cy. We now prove Lemma 6.3. The proof involves
showing that if & € Cy, when p < p.(g), the correlation between edges e, ¢’ € E(A,) near
the boundary decays exponentially in d (e, ¢’)/(a log n)—whereas SSM would entail a decay
rate that is exponential in just d (e, ¢').

PROOF OF LEMMA 6.3. Fix an edge e € E(A,) and for ease of notation let B =
B(e,r) C A, and " = ”X,l,p,q' Let (1, n) be the boundary condition induced on B by 7
and the event {E€(B) = 1}.

Lemma 5.4 implies that for every pair of configurations w;, w on E€(B),

|7 (e=11E(B)=wi)—n"(e=1| E(B) = w2)|

(18) )
<7D ({e} <5 0B\ A,),

where {e} PRANFY: \ dA, denotes the event that there is a path from e to 0B \ d A, taking
into account the connections induced by 5. Thus, it is sufficient to bound the right-hand side
of (18).

There are three cases corresponding to the location of e in A,,. First, if d({e},dA,) > r,
then BN JdA, = & and (1, n) is just the wired boundary condition on B. In this case the
right-hand side of (18) is at most n~> by the EDC property; see (2).
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The second and third cases correspond to whether B intersects one or two sides of dA,,.
For the second case, assume without loss of generality that B intersects dy A, but not dw A,
or dgA,. That is, d({e}, dInA,) <r, but {e} is at distance at least r from dw A, and 9z A,,. Let
ow B, 0sB, dg B be the west, south and east boundaries of B, all of which are wired in w. By
a union bound,

70D (e} <> 0B\ 9A,) <717 (fe) <> dywB) + 717 ({e} <> 3:B)
+ 707 (e} <> 35B),

where {e} PIIN ow B denotes the event that there is a path from e to dw B in B, taking into
account those connections inherited from 7 (and ignoring the connections induced by the

wired configuration on E€(B)). Define {e} PN og B and {e} PN ds B similarly.
The event {e} PN ds B implies that there exists a path of length at least r, either from {e}
or from d A, to ds B. Therefore, the EDC property ((2)) implies that for large enough n,

7 (fe} <L 05B) < 1

3n3’
We bound next 77" ({e} PN owB). Let no, ..., ng be the boundary components of 7.
Since 7 is realizable, the planarity of Z? implies that for every i, j € {0, ..., d} there are

only three possibilities: L(n;) N L(n;) = &, L(n;) C L(n;) or L(n;) C L(n;). (Recall that
L(n;) C dA, is the path of minimum length that contains all the vertices in n;.) Call ; a
maximal boundary component if #j €{0,...,d} such that L(n;) C L(n j). The set of all
maximal boundary components defines a partition for dA,. Since also n € Cy, we deduce
that there exists a sequence of edges ep = {ug, vo}, €1, ..., ex = {ug, vk} in B N dA, such
that 1) (y + o) logn > d({e;j}, {ei+1}) = ylogn for alli =0, ...,k — 1, where y is a large
constant we choose later and k > 2(;/6105) logn, and 2) the set S; = [[vj, ui+1 1 C BNoA, isa
disconnecting interval.

Let & be the event that S; is connected to S; 1 by a path of open edges in B. Let ¢; be the

closest edge in the sequence eq, e1, .. ., e to e and let é, = ?:0 &;. Since d({e},0wB) > r,
we also have ¢ > ﬁ logn. Then
(19) 71 (e} <> dywB) <1 ({e} <> dwB | EF) + 71 (&),

If the event c‘:’f occurs, then there exists i < ¢ such that S; is not connected to S;+1 in B. This

implies that there is a dual-path of length at least y logn separating S; from S; 1. Conse-

quently, a path from e to dy B would require two vertices at distance at least y logn to be

connected by a path of open edges in B. By the EDC property and a union bound, this has
probability at most 1/(913) for large enough y . Thus,

A 1

(1,m) " . i

(20) 7P ({e} «— dwB | &) < o3

We bound next 7z (1" (é,). Let {u;, v;} denote the endpoints of the edge e;, where u; is to

the left of v; for all i. For 1 <i <t, consider the rectangle Q; C B with corners at v;_1, #;+3

and the other two corners on dsB. Then

1) aIMEY =g, ..., &) <aI(&, &, &, ..., E),

where 1 —4 < £ <t.Now, let £ be the event that S; is connected to S;41 by a path completely
contained in Q;. We have

ﬂ(]’n)(51,55,€9,...,54)
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=70 D(&], 85,8, ..., &) + 7P (E N (E), Es, o, ..., &)

1
<am (&l &, 8, ..., E) + ot

where the last inequality follows from the fact that for the event £ N (£])¢ to occur there
have to be two vertices at distance at least y logn connected by a path in B; by the EDC
property this only occurs with probability at most n~* for large y. Iterating this procedure
for &, &, ..., we get

(22) UM (Er,E5, €, ... E) <M D(ELEL &L &)+ —

n4'
(e— 1)/4 D
Let 0 =UJ;_ Q4i+1. Monotonicity implies that

1_[ (E4ip1 | EC(Q) =1),

where for the last equality we use that the events &£{, &5, ..., £, are independent under the
wired boundary condition when also conditioning on { E(Q) = 1}. We claim that there exists

a constant p € (0, 1) (independent of n) such that forall i =0, ..., %,

(23) 7 (€ |EC(@ =1)<1—p

To see this, let j = 4i + 1 and note that for for large enough D > 0, by the EDC property
and a union bound imply that there is no connection between any pair of vertices (u, v) with
ueS;and v e Sjy; and d(u, v) > D with probability €2(1). At the same time, by forcing
an adjacent O (D) edges to be closed at a cost of e~ 9D we see that with $2(1) probability,
in fact no other pairs (u, v) with d(u, v) < D are connected either. Thus, (23) holds for a
suitable p € (0, 1) and so

1

(24) D (ELELE E)SU=p) T == = s,
n

where the last inequality holds for sufficiently large c¢ since ¢ > e +a) logn.

Putting (24), (22), (20), (21) and (19) together, we get
2 14 1
(1,m) i
7" ({e} <— dwB )<F+n_4§%’
since £ = O (logn). Analogously, we get (1™ ({e} PN ¥%B) =< 3, 3, and thus
1
7 (e} <L 9B) < -

Finally for the third case, suppose without loss of generality that B intersects dy A, and
ow,, but not g A, or dsA,. A union bound implies that

25) 7P ({e} <> 9B\ 0A) <7D ({e} <> 3sB) + 717 ({e} <> 3 B).

and each term in the right-hand side of (25) can bounded in the same way as 1) ({e} PN
dw B) in the second case; thus, the result follows. [
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7. Slow mixing under worst-case boundary conditions. In this section, we show that
there are (nonrealizable) boundary conditions for the graph (A, E(A;)) for which the FK-
dynamics requires exponentially many steps to converge to stationarity. In particular, we
prove Theorem 1.5 from the Introduction.

Theorem 1.5 is a corollary of a more general theorem we establish. This general theorem
enables the transferring of mixing time lower bounds for the FK-dynamics on arbitrary graphs
to mixing time lower bounds for the FK-dynamics on A, for suitably chosen boundary con-
ditions. The high level idea is that any graph G with fewer than 7 edges can be “embedded”
into a subset L of the boundary oy A, of A, as a boundary condition we shall denote £(G).
When p is sufficiently small, the effect of the configuration on A, \ L becomes negligible,
and so the mixing time of the FK-dynamics on A, with boundary condition &£(G) is primarily
dictated by its restriction to the embedded graph G.

We show first how to embed any graph G = (Vg, Eg) into a subset L C dyA,. For m <
|n/4], let

L=L(m)={[4i,4i+11:i=0,....m— 1} x {n} C dxA,

with edge set E (L) consisting of all edges in E(A,) connecting vertices in L.

DEFINITION 7.1. Let G = (Vg, Eg) be a graph with |Eg| =m form < |n/4] and let L
be as above. We say a function ¢ : L — V;; is an embedding of G into (L, E(L)) if for every
{u, v} € Eg there exists a unique pair x € ¢ '(u) C L and y € ¢~ (v) C L, where ¢~ (1)
and ¢~ (v) denotes the preimage sets for u and v, respectively, such that {x, y} € E(A,).

Notice that every graph G on m < |n/4| edges can be embedded into L by identifying
each edge in Eg with an edge in E(L).

FACT 7.2. For every graph G = (Vg, Eg) withm < L%J edges, there exists an embed-
ding of G into (L, E(L)).

Now let £(G) be the boundary condition on d A,, defined by the partition:
{v}:veda, \L}U[p7 (v):ve Vs).

In words, £(G) is the boundary condition that is free everywhere except in the vertices of L
and where all the vertices in L that are mapped by ¢ to the same vertex of G are wired in
£(G). We are now ready to state our main comparison result from which Theorem 1.5 follows
straightforwardly.

THEOREM 7.3. Let G = (Vg, Eg) be a graph and suppose there exist ¢ > 2 and p =
MEG|™* with . > 0, a > 1/3 such that gap(G) < exp(—2(|Vgl)). Then, as long as n >
4|Eg| > en for some ¢ > 0, with the same choice of p and q, we have

gap(AED) < ¢~RVaD),

PROOF OF THEOREM 1.5. It was established in [19] that for every ¢ > 2 and every
¢ sufficiently large, there exists an interval (Ay(q), As(g)) such that if p’ = A'/¢ with )/ €
(As(q), As(q)), then the spectral gap at parameters (p’, g) satisfies

gap(K¢) < exp(—Q(¥)),

where K; denotes the complete graph on £ vertices. Therefore, for a fixed p = An™% there
exists a choice of £ = @ (n®) such that at parameters (p, q), gap(K¢) < exp(—2(£)). Since
the number of edges in K, is ©(n2?), the result follows from Theorem 7.3 and (3). O
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7.1. Main comparison inequality: Proof of Theorem 7.3. We now turn to the proof of
Theorem 7.3. A standard tool for bounding spectral gaps is construction of bottleneck sets
with small conductance; see Section 2.1. It will be easier to do so for the following modified
heat-bath (MHB) dynamics, allowing us to isolate moves on E (L), where we have embedded
G, from those in E€(L) = E(A,) \ E(L).

DEFINITION 7.4. Given a FK configuration X, one step of the MHB chain is given by:

1. Pick e € E(A;) uniformly at random;
2. If both endpoints of e lie in L, then perform a heat-bath update on e, that is, replace the

configuration in e with a sample from nimp’q(- | X:(E(Ap) \ {eD));

3. Otherwise, replace the configuration in E(A,) \ E(L) with a sample from ”15\,1, » q(- |
X:(E(L))).

£
An,p.q-

Let gap,up (Afl) denote the spectral gap of the MHB dynamics on A, with boundary
condition & and parameters p and ¢. The following comparison inequality allows us to focus
on finding upper bounds for the spectral gap of the MHB dynamics; its proof is deferred to
Section 7.2.

The MHB chain is clearly reversible with respect to &

LEMMA 7.5. Forall p € (0,1),q > 0, n € N and boundary condition & for A,, we have
gap(A,%) = 83Pyus (Ai)
With this in hand, we are now ready to prove Theorem 7.3.

PROOF OF THEOREM 7.3. Recall from (5) that since, by assumption, the FK-dynamics
on G has gap(G) <exp(—Q(|Vg])), there must exist S, C Q¢ (the set of FK configurations
on G) with w5 (S,) < % such that

QG(S*, Sf) < e_Q(|VG|)'
776G (Sy)

Here, Q¢ is the edge measure (4) of the FK-dynamics on G and 7 = 7, p 4 denotes the
random-cluster measure on G. We will construct from this set S,, a set A, C €2, such that

(26) P (S.) =

Quin(A A9 _ _oqvg)

and
27) A, AS
CD(AC) — M < e Vel
w8 @A) ’

where Qypup denotes the edge measure (4) of the MHB dynamics on A,%(G) and 78©) =

niiGI), 7 This implies Theorem 7.3 by combining it with (3) and (5).

Let {&1, ..., &/ be the partition of L induced by &(G). For a FK configuration w on E€(L),
we say that &; <k ;j if there is an open path in @ from a vertex in &; to a vertex in &;. Let
S50 (w) be the set

S5O (w) = (& € £(G) : & <2 & for some j #i, j € {l,...,k}},
that is, those &; that are connected to some &; in w. For M > 0, let

REO (M) = {w e {0, }ED |5 (w)| < M},
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In words, R5(9) (M) is the set of FK configurations on E(A,) \ E(L) that connect at most
M elements of the partition {&1, ..., &} of the vertex set L.

Observe that any configuration 6 on E(L) corresponds to a configuration on Eg. Namely,
if 6({u, v}) = 1, then the edge {¢ (1), ¢ (v)} is open in the configuration on G, where ¢ is
the embedding of G into L. With a slight abuse of notation, we may use 6 also for the
corresponding configuration on Q. With this convention, let

(28) Ay ={weQ:w(E(L)) € S,, w(E°(L)) e R¥C(M)).

We show that if M = §|V| for some § > O sufficiently small, and » is taken to be large
enough, we can take A, = Aj;. This will follow from the following two claims.

CLAIM 7.6. The following are true of S, and Ay defined above:

(i) 78D (Ap) =g ™M1 —e Mg (Sy);

(ii) 785G (AG)) > e 0D,

CLAIM 7.7. The modified heat-bath dynamics satisfies

2M+1
q

Ouns(An, ASy) < 75O (Ay)e= R Mlogm) 4 06 (S., S5).

Dividing the bound from Claim 7.7 by 75(%)(A,,) and using the bounds from Claim 7.6,
we see that

Owmus(Apm, Aﬁ/[) < o~ 2(Mlogn) n 293M—H 06 (S., S5)
w8 (Ay) p 76 (Sy)
< o 2(Mlogn) + cOM) . —Q(1VG))

for sufficiently large M, where the last inequality follows from (26) and the facts that M =
8|Vg| and p > A|Vg| ™2, Similarly, we get

Owmus(Am, AYy) < e~ QMlogn) | LOM)—~2(VG))
@Ay '

Then, since M = §| V|, for some § > 0 sufficiently small we obtain (27). [J

7.2. Proof of auxiliary facts. In this section, we provide the proofs of Lemma 7.5 and
Claims 7.6 and 7.7.

PROOF OF LEMMA 7.5. Forany B C E(A,), let Pp be the transition matrix correspond-
ing to a heat-bath update on the entire set B. For e € E(A,), we use P, for Py,). Let Ppx and
Pyug be the transition matrices for the FK-dynamics and the MHB dynamics on Afl, respec-
tively. Let A = E(A,) \ E(L). Then

1

pMHBzm( ) pe+ZpA).

ecE(L) ecA

For ease of notation, set & = nim - Then, for any f, g € RI®?l, where Q denotes the set of
FK configurations on A,, let

(f.8)x = flw)gwm(w).

weN
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If we endow R/$? with the inner product (-, -}, we obtain a Hilbert space denoted L, () =
(R (-, -)7). Recall that if a matrix P is reversible with respect to m, it defines a self-
adjoint operator from Lo () to L, () via matrix vector multiplication, and thus ( f, Pg), =

(P*f.8)x =(Pf. 8)x-
Now, the matrix Pyyp is positive semidefinite, since it is an average of positive semidefi-
nite matrices. Hence, it is a standard fact (see, e.g., [24]) that if {f, Pyus f)rx < {f, Pex f)n

for all f € R/€! then 2aPyiHg (Af,) > gap(Ai). To show this, note that for e € A, we have
Py = P,PsP,. Thus, forall f € RI€I

(f. Paf)n = f, PePaPef)n = (P} f. PAPef), = (Pef, PAPf)x
<(Pof, Pef)n =(f. P2 f), = (f, Pef)x,

where we used that P, = P}, P, = sz and that (f, Pf)z < (f, f)x for every f € RI¥l and
every matrix P reversible with respect to . Then

(fs Paus ) <

> Ao Pef)n = {f. Pex [

|E(Al’l)| EGE(AH)

and the result follows. [

Recall the notation of Lemma 7.3. In order to compare the marginal distribution in L
to mg, we need to bound the number of connections in £€(L) between different boundary
components of £(G) restricted to L: this will show that typical FK configurations on E€(L)
do not have much influence on the connectivities among L. This bound follows from the
fact that p = O(n™%) for some « > 1/3 and the (approximate) independence of connections
between &; and &;. For the reminder of this section, we set £ = £(G) for ease of notation.
Claims 7.6-7.7 will then be seen as consequences of the following lemma.

LEMMA 7.8. Letq > 1andlet p=in~—% for , > 0and o > 1/3. Let & be any boundary
condition on oy, and let n be any FK configuration on E(L). For every M > 1,

nin (RE (M) | n) >1—exp[—Q(M 10g[Mn3°‘_1])].

PROOF. Let Y be the random variable for the number of vertices of L connected to at
least one other vertex of L in an FK configuration on E€(L) sampled from the distribution

&) = ”in,p,q(’ | ). It is sufficient to show that

75 N(Y = M) < exp(—Q(M log[Mrn**~1])).

By classical comparison inequalities (see, e.g., [21]), when ¢ > 1, no matter the boundary
conditions &, 7, the random-cluster measure on E€(L) is stochastically dominated by the
independent bond percolation distribution on E€(L) with the same parameter p, which we
denote by v = vy, ,. (Recall that v is the distribution on €2 that results from adding every
edge in E(A,) independently with probability p.) Hence, if X is defined as Y but for v on
E°(L), we get

a5N(Y > M) <v(X > M).

Consider the subgraph A= (A, E€(L)). Let Z be the total number of vertices in L that
are connected in a configuration sampled from v to another vertex at distance 3 in A. Then,
since the distance between any two vertices in L in A is at least 3, we see that X < Z and

V(X>M)<v(Z>=M).
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Thus, it suffices to establish a tail bound for Z. Enumerate the vertices of L as vy, ..., vy,
and let Z; be the indicator random variable for the event that v; is connected to another

vertex at distance 3 in A. For r = 0,1,2,3,splitup Z =3, Z,, where

2r = Z Z4i+r+l .

i>0

We claim that there is some suitable ¢ > 0 such that under v, each 2, is stochastically dom-
inated by the binomial random variable S ~ Bin([n/4], cn=3%). This is because the ran-
dom variables Z4;1,4+1 are jointly dominated by independent Bernoulli random variables,
Ber(cn—3%), for a suitable ¢ > 0, since for every k the events {Z; = 1} and {Zy4 = 1} de-
pend on disjoint sets of edges. The fact that the success probability of each one is at most
cn™3 follows from the fact that there are at most 16 choices of three adjacent edges from
a vertex in dyA,, and p = An~%. Hence, by the Chernoff-Hoeffding inequality, for every
5 >0,

v(Z, = Ey[S]+8[n/4]) < exp[—%D(cn_h + 5||cn—3a)},

where D(a||b) is the relative entropy between the Bernoulli random variables Ber(a) and
Ber(b):

D(allb) = alog(a/b) + (1 —a)log((1 —a)/(1 — b)).

Since E,[S]= O(n'73%), Var(S) = 0(n'3%), o > % and M > 1, it follows that for every
M>1,

V(Z, > M)4) < e~ M loglMn 1))
We have Z = Z 1+ 22 + 23 + 24, and so a union bound implies the matching bound for
v(Z>M). O

Now recall the definitions of the set S, and Aj; from (28).

PROOF OF CLAIM 7.6.  For part (i), observe that if w is sampled from 7%, then

75 (Ay) =% (o(L) € Sy | @(ES(L)) € R® (M))1* (w(ES(L)) € RE (M)).

By Lemma 7.8,
75 (w(ES(L)) e RE(M)) = 1 —e M),
Moreover, since
75 (w(L) € S, | @(E°(L) = 0)) = mG(S,),
it follows from Lemma 2.2 that
78 ((L) € Sy | w(ES(L)) € RS (M) = ¢~ M76(S.),
and thus,
78 (Am) = g M (1= e M) (8.

Similarly for part (ii), we have

75 (AS) = 78 (w(L) ¢ S, | w(ES(L)) € RS (M))7® (w(E°(L)) € R* (M)

>q M (1= e M)mg(S5)
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which is at least e =?™) since 7 (S,) < % g

PROOF OF CLAIM 7.7. Let Pyyg be the transition matrix for the MHB dynamics and for
ease of notation set B = E°(L). We have

QMHB Am, AM Z Z ﬂé(a))PMHB (0), 60/)
wEAY o' eQ:
o' (B)¢R* (M)

+ Z Z 7T$(Q))PMHB((X),C()/).

weAy o' eQ:
o' (L)¢Sx

(29)

For the first term in (29), observe by definition of MHB dynamics, for every w € Ay,
Z PMHB(w, a)’) < Z ns(a/(B) | a)(L)) < e—Q(Mlogn)’

' eQ: W' eQ:
o' (B)¢RS (M) o' (B)¢RS (M)

where the last inequality follows from Lemma 7.8. Hence,

Z Z né(w)PMHB(a),w’) fﬂg(AM)C_Q(MlOgn),

weAy o' eQ:
o' (B)¢RE (M)

For the second term in (29), observe that w # ' and that w and @’ can differ in at most
one edge e; otherwise Pyyg(w, ®’) = 0. Thus, setting

+ _ Q(l_p) }
P (q)_max{p’q(l—p)w ’
_ . p
= l—p, —2 1
r@ mm{ P q(l—p)+p}

we obtain

(a)/(e) | w(E(An) \ {e}))

Pus (@, @) = 757,

rt (@)
T E(AW)|
T (@IEG]
T p(@IEAN)]
Then, since |Eg| < |E(A,)| and pT(q)/p~(q) <q/p.

Z Z 7T§ (w)PMHB (C(), CL)/)

weAy o'eQ:
w/(L)¢S*

<z Z Z 78 () PG (o (L), @' (L))

wEAM ® eQ:
o' (L) ¢S«

Yo q2EO) Y Y 7w 10)Ps (w1, an)

0eRE (M) ®1ESy ¢S,

SREM)) D > max 7f(w) |0)Pg(wr, w2),
018, g8, RS (M)

Pg(w(L), @' (L)).

<4
T
<4,
p
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where w1, wy are FK configurations on E(L) and 6 is an FK configuration on B. Lemma 2.2
implies

max ng(a)l |9) < qZMﬂG(wl),

HeRE (M)
and so
PRIES
Yo Y %@ Pums(w. o) < Y ) n6(1) Po(wr, @)
weAy weq: P ES, wngS,
o' (L)¢S.
PRIZES

= » Q6 (S, S5).

Combining these two bounds, we get

2M+1
q

Owns (An, ASy) < 8 (App)e M loem) 4 Q6 (5. 55). 0
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