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Abstract: The i-dimensional plaquette random-cluster model on a finite cubical com-
plex is the random complex of i-plaquettes with each configuration having probability
proportional to

# of plaquettes a- [7)# of complementary plaquettes _b;_1

p q

where g > 1 is areal parameter and b;_; denotes the rank of the (i — 1)-homology group
with coefficients in a specified coefficient field. When g is prime and the coefficient field
is IF;, this model is coupled with the (i — 1)-dimensional g-state Potts lattice gauge the-
ory. We prove that the probability that an (i — 1)-cycle in Z? is null-homologous in the
plaquette random-cluster model equals the expectation of the corresponding generalized
Wilson loop variable. This provides the first rigorous justification for a claim of Aizen-
man, Chayes, Chayes, Frolich, and Russo that there is an exact relationship between
Wilson loop variables and the event that a loop is bounded by a surface in an interacting
system of plaquettes. We also prove that the i-dimensional plaquette random-cluster
model on the 2i-dimensional torus exhibits a sharp phase transition at the self-dual point

Dsd == % in the sense of homological percolation. This implies a qualitative change

in the generalized Swendsen—Wang dynamics from local to non-local behavior.

1. Introduction

The random-cluster model [16,21], also known as the Fortuin—Kasteleyn model, is a
random subgraph of a finite graph where the probability of a given configuration is
proportional to

# of edges a- P)# of complementary edges q# of connected components

p

This model can then be extended to infinite graphs via limits on finite subgraphs when
q > 1. The random cluster model is an important tool for the study of the Potts model of
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interacting spins on the vertices of a graph. Together, they are the subject of an expansive
literature in mathematical physics, probability, and statistical physics. The relationship
between the models is exemplified by the connection—correlation theorem, which ex-
presses the correlation between the spins of two vertices in the Potts model in terms
of the probability that they are in the same connected component in the corresponding
random cluster model.

One-dimensional g-state Potts lattice gauge theory is a higher-dimensional analogue
of the Potts model, where spins are assigned to edges of a graph rather than to vertices. It
was as introduced in the physics literature [27,40] as a relatively approachable analogue
of Euclidean lattice gauge theory. Lattice gauge theory is in turn a discretized models
of Euclidean Yang—Mills theory [7,42,43]. The most important observables for these
models are the Wilson loop variables, which are the sum of the spins around a loop of
edges (or, equivalently, the evaluation of the co-chain on an 1-cycle).!

In their celebrated paper on independent plaquette percolation, Aizenman, Chayes,
Chayes, Frolich, and Russo posited the existence of an exact relationship between Wilson
loop variables and the event that a loop is bounded by a surface in an interacting system
of plaquettes, or random 2-complex [1], in some sense generalizing the connection-
correlation theorem. Inspired by the random cluster model and its relationship with
the Potts model, Maritan and Omero [31] defined such a random 2-complex associated
to 1-dimensional Potts lattice gauge theory. Their goals were to to make rigorous the
relationship between lattice gauge theory and the behavior of random surfaces and to
interpret the ¢ — 1 limit of Potts lattice gauge theory in terms of surfaces of inde-
pendent plaquettes (plaquette percolation). However, their model was defined vaguely
in terms of closed surfaces of plaquettes rather than homology. This imprecision led to
inconsistencies that were found by were found by Aizenman and Frolich [2]: the Betti
numbers depend on the coefficients.

In essence, Maritan and Omero defined a random 2-complex P so

# of plaquettes # of complementary plaquettes b (P; F
P(P) x p plaq (1—p) p y plaq ql( 2)’

where the first Betti number by (P; F,) counts the number of “independent loops” in
P, and is related to the number of “independent closed surfaces” by the Euler—Poincaré
formula. Upon close inspection, this model is not coupled with Potts lattice gauge theory
when g # 2. An earlier paper of Ginsparg, Goldschmidt, and Zuber [19] performed a
series expansion for Potts lattice gauge theory which suggests this construction, and
also an alternative model where only oriented surfaces are taken into account. This has
the effect of replacing by (P; Fp) with by (P; Z), yielding a random 2-complex that
is not coupled with Potts lattice gauge theory for any choice of g. Nor is Potts lattice
gauge theory coupled with a different generalized random-cluster model due to Chayes
and Chayes [10] where by (P; ) is replaced by the the number of strongly connected
components of the set of plaquettes. We show here that the “correct” approach is to view
the plaquette random-cluster of Hiraoka and Shirai [25] as a family with three param-
eters, namely p, g, and the coefficient field . Then, by setting I = I, and choosing
p appropriately, we can express Wilson loop variables in terms of the probability that
the loop is bounded by a surface of plaquettes, where the coefficient field delimits the
set of admissible surfaces. Moreover, fixing I, and taking the ¢ — 1 limit allows a
comparison of g-state Potts lattice gauge theory with plaquette percolation.

1 We view a Wilson loop variable as a sum rather than as a product to match the notation in algebraic
topology. This point will be discussed more below.

2 Note that b counts the number of connected components regardless of the coefficient field.
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It is conjectured that the expectations of Wilson loop variables in Potts lattice gauge
theory exhibit a sharp phase transition from a “perimeter law” to an “area law,” in which
they decay exponentially in the perimeter and area of the loop respectively. Our results
show that this is equivalent to a corresponding conjecture for the event that the loop is
null-homologous in the plaquette random cluster model. While these conjectures remains
out of reach, we are able to prove a qualitative analogue in terms of homological per-
colation on the torus. That is, we show that the i-dimensional plaquette random-cluster

model on the 2i-dimensional torus exhibits a sharp phase transition at the self-dual point
NG

e marked by the the emergence of giant cycles which are non-trivial ho-

mology classes in the ambient torus. When ¢ is an odd prime, these cycles are ruled by
Polyakov loops that are constant in the corresponding Potts lattice gauge theory. The
critical point is alternatively characterized by a qualitative change in the generalized
Swendsen—Wang dynamics from local to non-local behavior.

1.1. Definitions, conjectures, and results. The generalized random cluster model we
study here was introduced by Hiraoka and Shirai [25]. Their model, which we call the
i-dimensional plaquette random-cluster model, weights the probability of an i-complex
P in terms of the (i — 1)-Betti number of the homology with coefficients in a field F,
denoted b;_| (P; F). We provide a definition of Betti numbers in Sect. 2 below.

Definition 1. Let X be a finite d-dimensional cell complex, let 0 < i < d, and fix a
field F and parameters p € [0, 1]and g € (0, 0o) . The i -dimensional plaquette random-
cluster model on X is the random i-complex P containing the full (i — 1)-skeleton of
X with the following distribution:

1 i ) .
nx (P) = ux pgi (P) = —pl (1= p) XTI gbima (20,

where Z = Z (X, p,q.i,F) is a normalizing constant, and |X’| and | P| denote the
number of i-cells of X and P, respectively.

As by is the number of connected components, this is indeed a generalization of the
classical random-cluster model. In their paper introducing the plaquette random-cluster
model, Hiraoka and Shirai’s main focus is proving an expression for the partition func-
tion in terms of a generalized Tutte polynomial. They also show positive association
and construct a coupling between the model and a generalization of the Potts model.
However, they do not mention that this generalized Potts model had been previously
defined as Potts lattice gauge theory [25].

Generalized k-dimensional Potts lattice gauge theory assigns spins in an abelian group
G to the i-dimensional faces of an oriented cell complex X. Denote by C* (X; G) the set
of functions from the oriented k-cells of X to G so that cells with opposite orientations are
mapped to inverse group elements. We follow the language of algebraic topology and call
elements of C¥ (X; G) cochains. In other works on lattice gauge theory they are some-
times termed discrete differential forms, for reasons that we will describe in Sect. 2 below.

Definition 2. Let G be a finite abelian group and let X be a finite cubical complex. For
feCkX; G let

H(f)=—ZK(5f(U),0), ey

oeXxk
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where § is the coboundary operator §f (0) = f (do) and K is the Kronecker delta func-
tion. k-dimensional Potts lattice gauge theory on X with coefficients in G is the measure

1

Vx 8,G.kd (f) = Z

where S is a parameter (called the coupling constant or inverse temperature) and Z =
Z (X, B,3G,k,d) is anormalizing constant.

e BHD)

In this paper we take k =i — 1 to fit with the coupling described in Sect. 5, and we
focus exclusively on the cases where G = IF,; is the additive group of integers modulo
a prime number g (which can be identified with the multiplicative group of g-th com-
plex roots of unity Z (g)). In keeping with conventions from algebraic topology, we use
additive notation rather than the multiplicative notation of the definition of Potts lattice
gauge theory. In particular, we will distinguish between the additive group of integers
modulo n Z, and the multiplicative group of complex n-th roots of unity Z(n), though
they are isomorphic. In the case where G = I, we will denote the Potts lattice gauge
theory measure by vg 4 i—1,4, or simply v, and call this measure g-state Potts lattice
gauge theory. We describe why the assumption that g is prime is necessary in Sect. 1.2.
We will be most interested in the Potts lattice gauge theory on Z?, and we will write

of = v%,, .Gl to denote the limiting Potts lattice gauge theory with free boundary

conditions constructed in Sect. 5.2.

Potts lattice gauge theory is motivated by its similarities with Euclidean lattice gauge
theory. Lattice gauge theory is in turn a discretized model of Euclidean Yang-Mills
theory [7,42,43]. Very briefly, Euclidean lattice gauge theory is defined so that IF, can
be replaced with a complex matrix group G. In particular, 1-dimensional lattice gauge
theory on Z* with G = U(1), G = SU(2), and G = SU(3), models the electromag-
netic, weak nuclear, and strong nuclear forces, respectively. While Potts lattice gauge
theory is not itself physical, it has been studied in the physics literature as it is more
tractable and is thought to present some of the same behavior as more physically rele-
vant cases [2,19,28,29,31]. The special cases of 2 and 3-state Potts lattice gauge theory
coincide with Z(2) (Ising) and Z(3) “clock” lattice gauge theory respectively after an
appropriate rescaling of the coupling constant 8 (where Z(n) denotes the multiplica-
tive group of n-th complex roots of unity). These models have also been studied in the
physical and the mathematical literatures as relatively approachable examples of lattice
gauge theory [3,8,17,27,30,32,41,44,45].

The most important observables in lattice gauge theory are arguably Wilson loop
variables, which we define for g-state Potts lattice gauge theory. These arise from eval-
uating a Potts state f on a “loop” y made of (i — 1)-cells. In topological language
y € Ci—1 (X; G)iscalled an (i — 1)-cycle.

Definition 3. Let f be an (i — 1)-cocycle. The generalized Wilson loop variable asso-
ciated to y is the random variable W,, : C i-1 (X ; Fq) — C given by

W, (f) = (f )T,

where the C superscript denotes that we are viewing the variable as a complex number.
That is, if g € IF, gC is the corresponding g-th root of unity in C.

An important conjecture for the analogous quantities in Euclidean lattice gauge
theory—called the Wilson area law—is that if y = 9p is a 1-boundary and p is the mini-
mal bounding chain then the expectation of W, (w) should decay as e~1°lin some cases.
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For G = SU(2) or SU(3), this conjecture is thought to be related to the phenomenon of
quark confinement: that charged particles for the weak or strong nuclear forces are not
seen in isolation, unlike for for the electromagnetic force [9,42] where the corresponding
U (1) lattice gauge theory exhibits both “area law” and “perimeter law” phases [18,23].

One-dimensional ¢-state Potts lattice gauge theory on Z* is thought to undergo a
sharp phase transition as the coupling constant 8 increases, from a “perimeter law” to
an“area law” regime. We state a more general form of this “sharpness” conjecture here.

Conjecture 4. Fix integersq > 2and0 < i < d. Then there are constants 0 < f. (q) <

oo, and 0 < ¢1(B, q), c2(B, q) < 0o so that, for hyperrectangular (i — 1)-boundaries
. d

y inZ4,

log (Evf (Wy))

—W —c1(B,9) B < Bc(q)
log (E,r (Wy)

—% —c2(B.9) B> ().

as all dimensions of y are taken to co. In addition, if d = 2i, then B. (q) = Bsa(q) =

log(l +ﬁ)

Recall that W), is defined as a complex number, so the expectation is complex as
well. Here, the perimeter of an (i — 1)-boundary y is the number of plaquettes in its sup-
port and its area is the number of plaquettes supported in the minimal bounding chain.
Observe that when i = 1, y consists of two vertices {v, w}, its perimeter is 2, and its
area is the distance between v and w. As such, the i = 1 case of the conjecture is the
the sharpness of the phase transition for the Potts model, as proven by Duminil-Copin,
Raoufi, and Tassion [12].

This conjecture is not known for any specific value of ¢ when i > 1, but Laanait,
Messager, Ruiz showed that such a transition occurs when ¢ is sufficiently large [29]. In
addition, classical series expansions have been used to prove the existence of perimeter
law and area law regimes for sufficiently extreme values of 8. Specifically, Osterwalder
and Seiler employed a “high—temperature expansion” to show existence of an area law
regime for any lattice gauge theory [34,38], and the argument should work for Potts lattice
gauge theory as well. On the other hand, a perimeter law regime is demonstrated by a
“low—temperature expansion,” a technique that has recently been used by Chatterjee [8],
Cao [6], and Forsstrom, Lenells, and Viklund [15] to prove precise estimates for the
asymptotics of Wilson loop variables for lattice gauge theory when g is large. We use the
coupling of the plaquette random cluster model and Potts lattice gauge theory to give an
alternate proof of the existence of perimeter law and area law regimes for i-dimensional
g-state Potts lattice gauge theory in Z¢, for prime values of ¢. Towards that end, we prove
an exact relationship between Wilson loop variables and a certain topological event.

An i-chain y is null-homologous in a cubical complex P if y = dp for some (i + 1)-
chain p € Cjy1 (P; G) (in other words, y = 0O the i-dimensional homology group).
Roughly speaking, when i = 1 this means that y is “bounded by a surface of plaque-
ttes,” with the surfaces under consideration being dependent on the coefficient group G.
For G = Z, y is null-homologous if and only if it is bounded by an orientable surface
of plaquettes; when G = [, any surface of plaquettes will suffice. We denote the event
that y is null-homologous by V,,, with the choice of coefficients being understood in
context. We have the following result.
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Theorem 5. Suppose q > 2 is a prime integer, let 0 < i < d — 1, and let y be an
(i — D-cycle in Z%. Then

Eye (Wy) = uza (Vy)

f is Potts lattice gauge theory and uza = pyd |_,

— f
where v' = Vol fogiotd

corresponding random cluster model.

B g.i IS the

While we state this theorem for Z¢, the same proof works for any finite cubical com-
plex. A precise definition of the infinite volume i-dimensional plaquette random cluster
model piz¢ = piza p, o, ; is given in Sect. 4.2. As a corollary, we have that Conjecture 4
is equivalent to the special case of the following conjecture for the plaquette random

cluster model when g is a prime integer and F = Z,.

Conjecture 6. There exist constants p. (q) € (0,1) and 0 < c3 (p,q),ca (p,q) < ©
so that, for hyperrectangular (i — 1)-boundaries y in 74,

log (1z4(Vy))
T Aray) —c3(p,q) p < pc(q)
log (U‘Zd(vy))
T Pe(y) —c4(p.q) p > pe(q),
as all dimensions of y are taken to 0o. Also, when d = 2i, p. (q) = 1;/\%.

When i = 1, this conjecture is the sharpness of the phase transition of the classical
random cluster model, as proven in [12]. In addition, the special case of the conjecture
for 2-dimensional independent plaquette percolation in Z> (i = 2,d = 3,9 = 1) is
a theorem of Aizenman, Chayes, Chayes, Frolich, and Russo, who demonstrated that
this phase transition is dual to the bond percolation transition.> Their proof works for
general coefficient fields.

Another consequence of Theorem 5, together with a comparison with plaquette perco-
lation, is a new proof of the existence of area law and perimeter law regimes for Potts lat-
tice gauge theory. We state a more general result for the plaquette random cluster model.

Theorem 7. Let I be a field, g € [1, 00) and let 0 < i < d. There exist positive, finite
constants cs = c5(p, q,i,d,F),ce = cg(p,q,i,d,F) and 0 < p1 < pr < 1 50 that,
for hyperrectangular (i — 1)-boundaries y in 74,

exp(—csArea(y)) < uza(Vy) < exp(—cgPer(y)) (2

forall p € (0, 1) and so that

log (1474 (Vy)) § .

T T Pa(y) o) ifp<p
log (pa (V) .

B A(reZé(J/)y : B Ip=pe

3 Their paper phrases this result in terms of possibly distinct critical probabilities, but these have since been
shown to coincide [22,33].
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Note that the constants could depend on the boundary conditions used to construct
the infinite volume plaquette random cluster model.

The perimeter law phase can be interpreted as a “hypersurface—-dominated regime” in
a quantitative sense, where there are many large hypersurfaces of i-plaquettes in Z< [1].
For plaquette percolation on the torus, Duncan, Kahle, and Schweinhart [ 13] showed that
this phase coincides with a “hypersurface—dominated regime” in the qualitative sense of
homological percolation, that is, one marked by the appearance of i-dimensional cycles
in the random cubical complex that are representatives of nonzero homology classes in
the ambient torus (see Sect. 2 for more detail). Unlike the theorem of [1], this homo-
logical percolation result generalizes to to i-dimensional plaquette percolation in the 2i
dimensional torus. Here, we further generalize it to the i-dimensional random-cluster
model in the 2i-dimensional torus.

Theorem 8. Suppose d = 2i, and let ¢, : H; (P; F) — H; (’]I"f\,; IF) be the induced
map on homology with coefficients in a field F with char (F) # 2. Denote by A and S

the events that ¢, is non-trivial and surjective, respectively, and set psq = %. Then

prd (A) =0 p < psa(q)
ptrd (S) =1 p > psa(q)
as N — oo.

When ¢ is a prime integer and i = 2, the phase transition is marked by the emer-
gence of “giant sheets” on which the Wilson loop variables are constant within homology
classes. The critical point is alternatively characterized by a qualitative change in the
generalized Swendsen—Wang dynamics from local to non-local behavior, as defined in
Section 5.1 below./.

We also generalize the other two main theorems of [13] from plaquette percolation
to the plaquette random-cluster model. The proofs of these results and the previous one
rely heavily on the duality properties of the plaquette random-cluster model; in Theo-
rem 18 we show that the dual of Hd b g.i is distributed approximately as Hrd ot g.d—i
in a precise sense, where

d-pg
d=pag+p
Next, we prove that there are dual sharp phase transitions fori = 1 andi = d — 1 that

are consistent with the critical probability for the random-cluster model in Z¢, assuming
a conjecture about the continuity of the critical probability in slabs. Let

S =72 x {—k, —k+1,..., k)2 cz9.

Fix g > 1 andlet p. (Sk) be the critical probability for the 1-dimensional random-cluster
model with parameter g on Sy with free boundary conditions. This can be constructed
by a limit of free random-cluster models on

Sep={—l, —1+1,... 1}* x{—k, —k+1,..., k)42 .
Since Sk C Sk+1,1, it follows that p. (Si) is decreasing in k. Then let

p*=p"(p.q) =

P = lim p (k) .
k—o00

Let p. = pc(g, d) be the critical threshold for the random-cluster model with pa-
rameter ¢ on Z%. These two critical values are conjectured to coincide.
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Conjecture 9. [35] Forall g > 1,

Pilab = Pc -
Theorem 10. Let g > 1. Then the following statements hold:
Ifi =1 then
MTII(](A)_)() p < be
ppg (S) > 1 p > pil
as N — oo.

Furthermore, ifi = d — 1 then

ppd (A) =0 p < (Pe)*
ppd () > 1 p > (p2)*
as N — 00.
slab

In particular, if Conjecture 9 is true, then there are sharp thresholds at p. = p
A k _ Slab * .
and (pc) = (pc ) respectively.

In general dimensions we demonstrate the existence of a sharp threshold function
defined as follows: Let A = A (N, ¢, i, d) satisfy
M']I‘fliv,)\,q,,' (A)=1)/2

and let
pt=pi(q,i,d) =liminf A (N, q,i,d)
N—o0

and
pM = pu (q’ia d) = hmsup)\'(Na Q»l,d) .

N—o00
Theorem 11. Let g > 1 be a prime integer and suppose that char (F) # 2. For every
d>2,1<i<d-1,ande >0
Hrd e q.i (A) = 0
Hd, e q,i (S) = 1

as N — oo.
Moreover, for everyd > 2 and 1 <i <d — | we have

O<pr<pu<l,

and p; and p, have the following properties.

(a) (Duality) py (q,i,d) = (pi (g, d —1i,d))*.
(b) (Monotonicity in i and d) p, (g,i,d) < p,(q,i,d—1) < p,(q,i+1,d) for
0<i<d-1.
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1.2. Why does q need to be prime?. Our results for g-state Potts lattice gauge theory
are for cases where the cohomology coefficients are a finite field F, where ¢ is a prime
integer, instead of the more general additive group Z,. This is not just for convenience,
though it is more convenient to work with homology and cohomology with field coeffi-
cients since the associated groups are then vector spaces. There is one key place where
this assumption is necessary, as noticed by Aizenman and Frolich [2]. It arises trying to
couple the plaquette random-cluster model with Potts lattice gauge theory. Recall that
the definition of the random-cluster model involves the term ¢ -1(*) where b;_; (P)
is dimension of the F-vector space H;_ (P; IF). If we were to use Z, coefficients, we
could try to replace b;_1 (P) with the rank of the Z,-module H; (P; Z,) (that is, the
size of the minimal generating set). However, this does not lead to the same model as the
marginal of the generalized Edwards—Sokal coupling defined in Sect. 5. The argument
in Proposition 20 breaks down because, in general,

|H; (P3 Zy)| # n"ok 200,
This could be resolved by defining a dependent plaquette percolation model so that
PPy o p! (1 = p)X 1P (P 2,

We expect some of our results to carry over to this model, but we defer them to a later
paper.

Aizenman and Frolich identified a second issue, where they constructed a plaquette
system in which there exist (i — 1)-cycles y and y” so that [ ] is homologous to ¢ [y'] .
Then an analogue of Theorem 5 fails when V), is defined to be the event that y is bounded
by a surface of plaquettes. However, we resolve this by redefining V), to depend on the
choice of g; clearly [y] =0in H;_ (P; Zq) in this example.

Finally, in the proof of the homological percolation phase transition, Lemma 41
requires that the homology groups are vector spaces.

1.3. Outline. We outline the remainder of the paper. First, in Sect. 2 reviews the defi-
nitions of homology and cohomology for cubical complexes. These are used in Sect. 3
to show useful topological duality results. Next, we define the plaquette random-cluster
model in Sect. 4 and prove several of its basic properties. These include positive asso-
ciation (which was previously shown by Hiraoka and Shirai [25]), the existence of the
infinite volume limit, and duality. Section 5 covers the relationship between the plaquette
random-cluster model and Potts lattice gauge theory: the coupling between them, the
definition of the plaquette Swendsen—Wang algorithm, and proofs of Theorems 5 and 7.
Finally, we prove our results for homological percolation — Theorems 8, 10, and 11—in
Sect. 6.

2. Homology and Cohomology

We give a brief review of homology and cohomology, two fundamental invariants studied
in algebraic topology. These invariants exhibit a number of dualities which are closely
related to classical dualities between lattice spin models and—as we will demonstrate
below—allow them to be generalized to higher dimensions. Though this paper is not
self-contained with respect to topological background, we hope to provide enough con-
text for a reader with minimal previous knowledge of the area to make sense of our
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results. More detail can be found in [24] (the standard mathematical reference) or [11]
which provides an exposition specific to the context of lattice spin models but does not
cover all the material we need here. Those familiar with differential forms but not al-
gebraic topology may find some of these concepts familiar, as they are important in a
continuous version of the discrete theories developed here.

In this paper we will deal exclusively with spaces called cubical complexes, which
are composed of i-dimensional plaquettes (unit i -dimensional cubes) for various i. Two
references with details specific to this setting are [26,37]. However, many of the defini-
tions and results in this paper can easily be adapted to more general cell complexes. A
first example of a cubical complex is the integer lattice cubical complex Z¢, which is a
union of all i-plaquettes for 0 < i < d which have corners in the integer lattice. The d-
dimensional torus also has a natural cubical complex structure obtained by dividing the
cube [0, N]¢ into unit cubes and identifying opposite faces of the original cube. We call
this cubical complex T?\,. All examples we will consider in this paper are subcomplexes

of either Z¢ or ']I“fv.

2.1. Homology. In order to convert vague geometric questions about “the number of
holes” of a topological space into concrete algebraic quantities, homology defines a
space C; (X; G) of linear combinations with coefficients in an abelian group G (for a
concrete example, take G = 7Z) of i-plaquettes called chains, and boundary operators,
which map an i-plaquette to a sum of its (i — 1)-faces. The continuous analogues of
these concepts are, roughly speaking “i-dimensional spaces on which one can integrate
an i-form” (called an i-current) and the geometric boundary of a space.

For reasons that become apparent below, it is important to give each term in the
boundary of a plaquette a sign corresponding to the orientation of a plaquette. The
formula is relatively simple in low dimensions. A zero-plaquette is a vertex and its
boundary is zero. A 1-plaquette is an edge (v, v2) and its boundary is the difference
vy — v1. A two-plaquette is an oriented unit square with vertices (vy, v2, v3, v4) and its
boundary is (vy, v2) + (v2, v3) + (v3, v4) — (v1, v4) . More generally, let 1 < k; < kp <

.<ki <dandletI; =[0,1] for j € {ki,k2,...,k;} and I; = {0} for j € [d]\
ki,ky, ..., k. Theno = Hlsjgd I} is ani-plaquette in Rd, and its boundary is given by

=3 0 [ TT xx T e TT mx00x T
=0

1<j<k ki<m<d 1<j<k ki<m<d

The reason that the sum is alternating in sign is so that the boundary operator satisfies
the equation
903 =0. 3)

Of particular interest are the chains o € C; (X; G) satisfying doo = 0. Such chains are
called cycles, the space of which is denoted Z; (X; G) . Equation 3 provides one source
of i-cycles, namely the boundaries of (i + 1)-plaquettes. We denote this space B; (X; G).
It turns out that the most interesting cycles are the ones that are not boundaries.

To illustrate why this is the case, consider the unit square Q = [0, 11> C R?, seen in
Fig. 1. In the cubical complex structure we defined earlier, we have that Z; (Q; G) ~ G
consists of multiples of a single 1-cycle, namely the boundary of Q. But now imagine
that we make our lattice spacing 1/2 instead of 1. Now Z; (Q; G) contains linear combi-
nations of the boundaries of the four 2-plaquettes contained in Q. One such combination
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Fig. 1. The boundary map for a two dimensional plaquette
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Fig. 2. The boundary of a union of 4 plaquettes computed with the linearity of the boundary operator

can be seen in Fig. 2. Though Q has not changed, our choice of lattice has made the
cycle space significantly more complicated.

Therefore, in order to measure the shape of spaces in a way that does not depend on
our choice of lattice, we define the i-dimensional homology group as the quotient

Hi (X; §)=Z; (X; §)/Bi (X; §) .

Returning to the unit square Q, every 1-cycle is a boundary regardless of the cubical
complex structure on Q, so H; (Q; G) = 0. In general, it turns out that homology
groups do not depend on the cubical complex structure of a space, and are invariant to
continuous deformations of the space. In particular, one can show that H; (Q; G) = Oby
continuously deforming Q to a point, which has no nonzero 1-chains let alone 1-cycles.

For an example with nontrivial first homology, consider H; (3Q; G), where 9 Q
is the topological boundary of Q, i.e. the empty square formed by the union of the
four sides of Q. There is still the 1-cycle from before but there are no 2-plaquettes, so
Hy (00Q; G) # 0. This example illustrates the often repeated informal description of
H; (X) as a measurement of the number of i-dimensional holes of X. In the case of Hj,
the cycles that remain are the loops that cannot be filled in by 2-plaquettes.

We can now define giant cycles in a subcomplex of the torus. If X C 'IF‘Z{, consists of a

subset of the cubical cells of T‘I{,, then the chain groups of X are subgroups of the chain
groups of 'JI“I{,. The giant cycles of X are the cycles that are not boundaries when consid-
ered as chains in T‘I{,. In the case i = 1, a giant cycle is a loop that spans the torus T‘I{, in
some sense, and must therefore have length at least N. We interpret this as a finite volume
analogue of an infinite path in the lattice. See Fig. 3 for illustrations of two giant cycles.

2.2. Coefficients and torsion. So far, the choice of coefficient group G has not been im-
portant to our computations in this section, though we have mentioned their importance
to the random-cluster model in the introduction. In this paper, we will almost exclusively
work with homology over the finite field of integers mod g for prime g, denoted F,.
We will see later that this is the correct choice to study Potts lattice gauge theory, and
it has the advantage of simplifying the algebra required since a homology group with
field coefficients is a vector space.
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Fig. 3. Examples of giant cycles: (left) a 1-dimensional giant cycle in T2 and (right) a 2-dimensional giant
cycle in T3, shown in cubes with periodic boundary conditions. Reproduced with permission from [13]

For an example where different coefficients produce different results, consider the
identifications of the sides of the 2-plaquette in Fig. 4. In the first case we roll up the
plaquette into a cylinder and then put the opposite ends of the cylinder together to form
atorus T. In the second, we also form a cylinder but put the opposite ends of the cylinder
together in the reverse orientation to form a Klein bottle K. Consider the second homol-
ogy of both spaces. In both cases there are no 3-plaquettes and only one 2-plaquette o, so
it suffices to check if the 2-chains generated by o contain nontrivial cycles. In the torus,

do =ej+ey—e; —ey =0,
so Hp (T; F) ~ IF for any field FF. In the Klein bottle,
do =e|+ey+el —ey =2e,

which is nonzero over most fields, with a number of exceptions including F,. Thus,
H, (K; Fp) ~ F,, and H, (K; IFq) = 0 for any prime g 7 2. There is also a difference
in first homology; one can compute H; (K; F,) >~ F, & [, and H; (K; ]Fq) ~ Ir, for
q # 2. Of course, there are no single plaquettes with sides identified this way in the
integer lattice, but non-orientable surfaces such as the Klein bottle appear as unions of
plaquettes in dimensions 4 and higher. Homology that appears over some finite fields
but not others is sometimes called forsion.

It is worth mentioning a special situation that arises for the 0-th homology group. It is
not hard to check that Hy (X; F) = F°X, where cy is the number of connected compo-
nents of X. Some standard results in algebraic topology have simpler statements when
all of the homology groups of a space consisting of a single point are zero. This is not
true in the setup that we have described so far, since there is one connected component.
To fix this, define the reduced homology groups

Ho(X:F) k>1

He G ® = pe 0 2o
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Fig. 4. A torus T and a Klein bottle K, the resulting shapes of two possible identifications of the opposite
sides of a plaquette. The left plaquette is a cycle with any field coefficients and the right is only a cycle with
F5 coefficients

2.3. The Euler—Poincaré formula. The Euler-Poincaré formula is an important result
that relates the Euler characteristic of a cubical complex to the ranks of its homology
groups with coefficients in any field. Define the i-th Betti number of a cubical complex
X with coefficients in [ by

b; (X) =b; (X; F) =dim H; (X; F).
Also, let X’ be the set of i-plaquettes of X and let |X i| be their number. The Euler
characteristic of X is then

dim(X)

xXX)= Y (=1)

i=0

Xi

The following theorem is a straightforward consequence of the rank—nullity theorem.
Theorem 12 (Euler—Poincaré formula). For any cubical complex X and any field F

dim(X)

XX)= Y (=D (X; F).
i=0

2.4. Cohomology. A small algebraic change in the definitions that give the homol-
ogy groups leads to cohomology. The i-th cochain group C' (X; F) is defined as
the group of F-linear functions from C; (X; F) to F. Since we are using field co-
efficients, this is the dual vector space to C; (X; F). Then the coboundary operator
§:ClH(X; F) » C*!(X; F) is defined by

8f (@) = f (0)

for f € C'(X; F),a € Ci;1 (X; F). The continuous analogues of an i-cochain and
and its coboundary are a differential form and its exterior derivative. Note that if f is
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an i-cochain and « is an i-chain, the evaluation f («) corresponds to integration and the
definition of the coboundary operator corresponds to Stokes” Theorem.

Analogously to homology groups, we define the i-th cocycle group Z' (X; F) to be
the kernel of § and the i-th coboundary group B’ (X; F) to be the image of § applied to
C*1(X; F). Then i-th cohomology group is the quotient

H (X;F)=Z (X; F)/B' (X; F) .

In the continuous setting, the analogue of the i-dimensional cohomology group is the
i-dimensional de Rham cohomology of closed forms modulo exact forms. This is more
than just as analogy: de Rham’s theorem states that the de Rham cohomology of a smooth
manifold is isomorphic to H (M, R) computed using a cubical complex structure on
M [5].

In some ways cohomology does not add more information than homology already
provided. The universal coefficient theorem for cohomology tells us that H; (X; F) ~
H' (X; F) when FFis a field (see Corollary 3.3 of [24]). However, this algebraic equiva-
lence does not preclude problems lending themselves more naturally to one perspective
or the other. For example, it is arguably more intuitive to think of giant cycles as ho-
mological in nature, due to their interpretation as giant “hypersurfaces” spanning the
surface. On the other hand, we argue that lattice gauge theory should be thought of as a
random cochain and Wilson loop variables as cohomological quantities. It is also worth
noting that although the homology and cohomology groups themselves may be isomor-
phic, there is a relationship between the different dimensional cohomology groups in
the form of a multiplication of cocycles called the cup product that does not always have
a homological analogue (see Section 3.2 of [24]).

Homology and cohomology come together in global duality theorems, of which there
are many versions. We primarily use variations of Alexander duality, the original form
of which says that for a sufficiently “nice” subspace X C S¢,

H (X: F) ~ g4-i-1 (Sd\X; IF)

for 1 <i < d — 1. In the simplest case, this says that the number of bounded com-
ponents of a “nice” subset of the plane equals the number of “minimal contours” of its
complement. Since the complement of a set of plaquettes is a thickening of the dual
system (as shown in Proposition 13 below), we are able to use techniques related to the
proof of Alexander duality to relate both the giant cycles and local cycles of the two sets
(Theorem 14 below). This relationship is quantified in terms of the dimension of the
relevant subspaces of the homology groups, and is a main ingredient in the proof that
the dual complex is close to a random-cluster model.

We will now briefly discuss the relevant information about the topology of the torus
specifically. Although in percolation theory the torus is most often thought of as a cube
with periodic boundary conditions, it is useful topologically to think of it as the product
of d copies of the circle S!. In such a product space, the Kiinneth formula for homology
(Section 3B of [24]) tells us that there is an isomorphism of the form

P H (X: F) x Hj (Y: F) ~ Hy (X x Y; F) .
i+j=k

Since H; (S'; F) =~ Hy (S'; F) ~ F and H; (S'; F) = 0forall i > 2, we see that

H; (T; F) ~ T .
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Furthermore, there is a set of generating i-cycles consisting of the products of i of the
d possible S! factors.

3. Topology and Duality

Before defining the plaquette random-cluster model, we will prove some useful duality
results that are true for any cubical complex on the torus. Some of these results are from
our previous paper on the Bernoulli plaquette model. The dual of the cubical complex
T‘f\, is the complex (T‘g,)' obtained by shifting by 1/2 in each coordinate direction,
and the dual (Zd ). of Z¢ is defined similarly. These pairs of dual complexes have the

property that each i-plaquette intersects exactly one (d — i)-plaquette of ('JI“;{,)' , giving
a matching of plaquettes and dual plaquettes. As in classical bond percolation in the
plane, this induces a matching between subcomplexes of each. Namely, given a cubical
complex P = P (w) , we define the dual complex P* to be the union of all plaquettes for
which the dual plaquette is not included in . When P comes from the plaquette random-
cluster model defined below, it will include the union of all lower dimensional plaquettes
of Tji\, (called the “(i — 1)-skeleton”) and no plaquettes of dimension higher than i. Note
that in that case, P*® automatically contains the (d — i — 1)-skeleton of (T?v)' . Note
that each statement in this section has an analogue for subcomplexes of a box in Z¢ with
free boundary, where the dual complex is a subcomplex of a box with wired boundary.

As mentioned in our review of homology and cohomology, our use of topological
duality relies on decomposing the torus into a union of disjoint subspaces. The pla-
quette system and its its dual are not complementary, but the dual system deformation
retracts (collapses) onto the complement of the plaquette system. By standard results in
algebraic topology, this implies that the dual has the same topological invariants as the
complement (see Chapter 0 of [24]).

Proposition 13 (Duncan, Kahle, and Schweinhart). For any cubical complex P C ']I“f\,,
T4 \ P deformation retracts to P*.

Duality allows us to relates the homology of P with that of P*. Importantly, “global”
cycles and “local” cycles behave differently. Let ¢, : Hi (P; F) — Hy (T“; F) and
Vs @ Hy (P*; F) —> Hy (’]I‘d; IF) be the maps on homology induced by the respective in-
clusions. Set ay = dim ker ¢4, ag = dimker Yy, by = rank ¢y, and by = rank Y.
We think of a; as counting the local cycles (cycles of the plaquette system that are
boundaries in the ambient torus) and by as counting the global cycles. Furthermore,
recall that by = dim H (P) and letby = Hj (P®).

The following is a special case of the principle of Alexander duality, which is that the
topology of a “nice” subset of a manifold should be related to that of its complement.
Traditionally, Alexander duality is stated for a subset of the sphere S¢ or of Euclidean
space R?, where there are no global cycles. The proof of the following relations for the
torus makes use of the same techniques in the usual proof for those cases. These tech-
niques, which include long exact sequences and relative homology, are beyond the level
of the brief introduction in Sect. 2. We refer an interested reader to [24] for background.

Theorem 14 (Alexander Duality). For any cubical complex P C ']I‘?V andany 1 <k <
d — 1 the following relations hold.

ax+by =bg, ag+by =bg, @
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bi +b? = rank Hy (Td> = <’:) , (5)

and,
ap = a;_k_l . (6)

Proof. The first two equations are an immediate consequence of the rank—nullity theo-
rem, and the third is Lemma 10 of [13]. To prove the fourth, we require additional results
from algebraic topology. Theorem 3.44 of [24] gives the isomorphism

HI (P = Hiyy (T4, T4\ P)

where H; (X, Y) denotes the relative homology group of X with respect to a subset
Y. Combining this with the long exact sequence of relative homology (see Section 2.1
of [24]), we obtain the following commutative diagram:

Hiwr (T4) =5 Hiwr (T, T4\ P*) 5 H; (TG \ P*) S H; (T4)
=) =) :
HA—i—1 (T‘I{]) , Hd—i—1 (P*)

By Proposition 13 and the definition of the plaquette system,
Hist (T4 \ P*) = Hin (P) 0,
80 o is surjective. Similarly,
H; (T‘}V \ P‘) ~ H, (P).

Then since € is the map on homology induced by the inclusion (T?\, \ P‘) — ']I‘?V,
its image is isomorphic to the space of giant cycles of P. Thus, y restricts to an isomor-
phism between vector spaces of dimension b}, _; | — b5_._, and b; — b; respectively,
and Eq. 6 follows from Eq. 4. O

At first glance, the dimensions in Eq. 6 may seem off: the plaquette random-cluster
model is weighted by the i-th Betti number and is dual to a (d — i)-dimensional model,
but this equation relates its i-th Betti number to the (d — i — 1)-st Betti number of its
dual. However, the random-cluster model always contains all cells of dimension lower
than j < i (thatis, the (i — 1)-skeleton). The presence or absence of i-cells can only
affect the Betti numbers in dimensions i and (i — 1), so these are the only variable Betti
numbers in the random-cluster model. This, together with the Euler—Poincaré formula
implies the following proposition.

Proposition 15. There is a constant ¢; = ¢7 (N, i,d) so that for any i-dimensional
subcomplex P of ']I“]iv containing the full (i — 1)-skeleton

bi —=b;_1 =n(P)+c7, )

where n (P) denotes the number of i-cells of P.
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Proof. By the Euler—Poincaré formula
d . i—1 ‘ )
S =3 -1 ||+ 1 @) ®)
=0 =0

and the desired statement follows from the observations that ‘F ]{,‘ only depends on N
and jforl < j <i—1, andthatb; alsoonly dependson N and j when1 < j <i—2.0

4. The Plaquette Random-Cluster Model

In this section we will investigate the properties of the plaquette random-cluster model.
For the reader’s convenience, we recall that the i-dimensional plaquette random-cluster
model has the distribution defined by

1 i|_ .
ix (P) = i pgi (P) = —p"" (1 = plX 710 b,

where Z = Z (X, p, q, 1) is a normalizing constant [25].

Similarly to classical percolation, the random complex can alternatively be viewed
as a a function designating plaquettes as open or closed. Certain probabilistic arguments
are easier to present in this way, so we will introduce notation for this perspective here
as well. We call a functionw : X — {0, 1} a configuration, and we refer to the elements
of w™! {1} as open plaquettes and the elements of w~! {0} as closed plaquettes of w,
respectively. We then define the associated complex P = P (w) to be the union of the
(i — 1)-skeleton of X and the open plaquettes of w.

4.1. Positive association. Perhaps the most important property of the random-cluster
model is the fact that it satisfies the FKG inequality. Hiraoka and Shirai showed that the
plaquette random-cluster model also has this property, which we will use extensively.
Since their proof is short, we reproduce it here for completeness.

Theorem 16 (Hiraoka and Shirai). Let p € (0, 1), and g > 1, and X a finite cubical
complex. Then x satisfies the FKG lattice condition and is thus positively associated,
meaning that for any events E, F that are increasing with respect to ,

pux (ENF) = px (E) ux (F).
Proof. The key observation is that for any topological spaces A, B and any k € Zxo,
by (ANB)+br (AUB) >br (A) +bi (B) . ©)]

To see this, consider a portion of the Mayer-Vietoris exact sequence (refer to Section
2.2 of [24]):

He (AN B) -2 Hy (A) @ Hy (B) —%X H (AUB) -5 H,_; (ANB) .

The first isomorphism theorem gives

br (AN B) =rank ¢ +dimker ¢,
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bi (A) + by (B) = rank x +dimker x ,
b (AU B) =rank 0 + dimker a .

By exactness, rank ¢ = dimker x and rank x = dimker 9, so putting everything to-
gether yields

by (AN B) +br (AU B) — by (A) —bg (B) = dimker¢ +rankad > 0.

Now since wy is strictly positive for p € (0, 1), itis enough to check the FKG lattice
condition, which, written in terms of configurations, requires that

pux (@ Vo) ux (@A o) = px (@) px (o)
for any configurations w, «'. Since
n(ovao)+n(ord)=nw) +n(),
we only need to check that
bi—1 (PN P)+bi—1 (PUP) =bi_1 (P)+bi_ (P'),

where P’ is the complex associated to w’' (where we are using the definition of the
plaquette random-cluster model). This inequality is a special case of Eq. 9. O

4.2. The plaquette random-cluster model in infinite volume. In this section we will show
that, like the classical random-cluster model, the plaquette random-cluster model can be
extended to an infinite volume setting. Specifically, the plaquette random-cluster model
on Z% will be defined via limits of plaquette random-cluster models on finite boxes
Ay, = [—n, n]*NZ2. The proof given in Chapter 4 of [21] only requires minor changes
to extend to higher dimensions, which are described here.

We will need to consider both free and wired boundary conditions for the plaquette
random-cluster model in a subspace. A more general discussion of boundary conditions
is given in Appendix A. The free boundary measure ;LfAn = ;LfAm p.g.i Can be defined as
the i-random-cluster model on the subcomplex with vertices A,. The wired boundary
measure MVAV,, = ”X,, p.g.i €an be defined as the same measure conditioned on all pla-

quettes contained in d[—n, n]? being open. By an analogue of Theorem 4.19 of [21],

the weak limits of each of these measures exist.

Proposition 17. Let p € [0, 1] and g > 1.

(a) The limits Mde = lim,_ o0 ,uf,m and ;LVZVd = lim,_ o0 ,uv/‘{” exist.

(b) ,ufzd and ,u"ZVd are automorphism invariant.

() ,ufzd and ,u"ZVd are positively associated.

(d) ,ufzd and MVZVd are tail-trivial, that is, for any event A that is independent of the states
of any finite set of plaquettes, ,ufzd (A), Mvad (A) € {0, 1}.

(e) For any nontrivial translation t, Mde and ,u"Zvd are t-ergodic, that is, any t-invariant
random variable is p.fZ,, -almost-surely and ,u,"ZVd -almost-surely constant.

Proof. (a), (b), (d) Each proof is the same as in Theorem 4.19 of [21]
(c) Both measures are limits of positively associated measures by Lemma 49, so they

are positively associated by Proposition 4.10 of [21].
(e) The proof is the same as in Corollary 4.23 of [21]. |
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4.3. Duality for the random-cluster model. In the classical random-cluster model in the
plane, the dual graph is also distributed as a random-cluster model with parameters g
and p* where
«__U—-pg
d=p)g+p
Beffara and Duminil-Copin [4] used this relationship to prove that the critical probability
is the self-dual point where p = p*, namely

Nz
1+./q°

In this section, we consider a similar duality in higher dimensions within the torus, show-
ing that the dual of the i-dimensional plaquette random-cluster model is approximately a
(d — i)-dimensional random-cluster model. We will see below that this recovers the du-
ality properties of Potts lattice gauge theory as observed in [27], but in a way that perhaps
provides more geometric intuition. Our proof makes heavy use of the topological duality
results in Sect. 3, especially Theorem 14. We will use the notation from that theorem.

Since it will be important to distinguish between giant and local cycles, we recall
their definitions. Let ¢ : P < X be the inclusion map and let ¢, : H; (P) — H; (X)
be the induced map on ith homology. We say that an element ¢ € H; (P) is a giant cycle
if I () # 0 and a local cycle if I, (o) = 0. Recall that b; (P) = rank ¢, is informally
the number of giant cycles in P.

First we define a “balanced” version [4] which satisfies exact duality:

Psd =

—b; (P)
~ _ (Va) P Fi|=n(P) bi_i(P
MT‘]{,(P)'ZTPW()O_P)‘ ] n()q 1(P)

The additional term (ﬁ)_bi(P) term “corrects” for the different behavior of local and
global cycles under duality. The two models are absolutely continuous with respect to
each other with a Radon-Nikodym derivatives bounded above and below by functions of
q and the same is true for their dual models. As such, a sharp threshold for ﬂTIdV implies

one for [Lm .
Theorem 18. The balanced plaquette random-cluster model satisfies
ll']l‘fv,p,q,i (P) < llTj{,,p*,q,d—i (P') .
Proof. The idea of the proof is the same as in the classical random-cluster model. We

need only take care to keep track of the giant cycles and local cycles separately, since
they behave differently under duality. Note that

n(P)+n(P*) = ‘F;V' (10)

Recall also that P and P*® contain the complete (i — 1)-skeleton and (d — i — 1)-
skeleton respectively, so

e(2) ()
ey M T a—i-)
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Itis not crucial to the argument, but we can simplify the upcoming calculation slightly
to note from the bijection between plaquettes and dual plaquettes that

[Fi| = |Fa (12)
Lastly, we recall the following property of p*,
p—p* =q. (13)
I-=p)d—-pH
For convenience, in the following calculation we will denote C = |F 1’\,} = ‘F ]‘ff" |
(equal by Eq. 12). Now we compute ’a“T'fv’MJ (P) =
(ﬁ)_bi P Fi|-n(P) b,
WA 0Py (1 = pylFil=nP) gbicy
Z
(1 - )| N} —b; < p )r](P) b1
= — (Va) (2 )
c Fi n(P)
gTa=plil b,
- _ i i by (7
5 (Va) a-) ¢ y (7)
¢7 (1 — \FNI n(P)
_ 4l — P) ( ) q“*h by (4)
q7 g7 (1 —p) }FNI —n(P)
/2 (| A w
_4 (Z p) bd i ( ) qad—i—l_bd—i by (5), (6)
d
e7+()/2 (1 — pIF n(P—|Fy| .
_4 (Z PN bd i ( ) qad—i—l_bd—i by (10)
— p*
¢TORA—pIFl e e IR
Ry (Va) <1_p*) g1 by @), (5)
d i .
_aTOPa-plI L e e
q(d—(;’—l)p|Fll\/‘Z (1 _p*)n(P.)_‘Fﬁlii
_b‘;*i . d—i .
_ (ﬁz (p*)n(P ) (1 —p*)‘FN —n(P )qbd i

A
= llev,p*,q,d—i (P.) ’

where we used the definition of the (d — i)-dimensional random-cluster model in the
last step. O

As a corollary, we have the following duality relationship between the normalizing
constants.
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Corollary 19.

d d i
Z(p*.q.d —i, N) = q=*D/2=G5) (1 = p)lEvl z(p, q.i, N,

where c is the constant ¢ defined in Proposition 15.

5. Relation to Potts Lattice Gauge Theory

We now elucidate the relationship between the i-dimensional plaquette random-cluster
and (i — 1)-dimensional Potts lattice gauge theory. In particular, we find a topological
interpretation of the generalized Wilson loop variables. First, we review the coupling
between these models, which generalizes the Edwards—Sokal coupling between the clas-
sical random-cluster model and the Potts model [14,16].

Proposition 20 (Hiraoka and Shirai [25]). Let X be a finite cubical complex, q be a prime,
p€[0,1), and p =1—e P, Consider the coupling on C'~' (X) x {0, X defined by
K (f, P (w)) x l_[ [d=p)K(w(0),0)+pK (w(0), 1) K (5f (0),0)],

oeX!
where K (x, y) is the Kronecker delta function. Then k has the following marginals.

— The first marginal is the q-state Potts lattice gauge theory with inverse temperature
B given by
> Kk (f.P) e PHLD,
P

where H (f) is the Hamiltonian for Potts lattice gauge theory:

H(f)=Y K@©f@),1).
o
— The second marginal is the plaquette random-cluster model with parameters p, q

given by
S k(P "D (1= XD e (i)
feCi=1(x)

Proof. We include Hiraoka and Shirai’s proof adapted to our notation for completeness.
The first marginal is calculated as

ki (f)= Y Kk(fP)
wel0, 1X
o« Yy Jl=pK@©),0+pK (@), 1)K Gf (0),0]
wel0,1}X oeX’

= 1_[ [(1 =p)+pK (Sf (0),0)]

oeX!

= ]‘[ [ +(1—eP)K 8f (0),0)]

oeXi
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=PI T [1+(ef — 1) K 5f (0).0)]
oeX!

— o BIX!| g=BH()

o e BHU)
The second marginal is calculated as

K (P)= Y «(f,P(®)

feci=1(x)

o« Y JlI=pK@(@©),0+pK @), DK Gf (0),0]

feCi—-1(X)oex!

= (1 — p)Xl=n® pr®r N TT K (81 (0).0)

feCi—-1(X) oex!
w(o)=1

=(1— p)\xi|—n(P) pn(P)qdimZi’l(P;Fq)

o (1 = pyl X 1=n®) Py by (PiFq)

The second to last line follows from the definition of a cocycle. The last line holds
because the (i — 1)-skeleton of P does not depend on w, so Bi—! (P; IFq) is fixed. O

Next, we compute the conditional measures defined by the coupling.

Proposition 21. Let p = 1 — e~ P. Then the conditional measures of k are as follows.

— Given f, the conditional measure k (- | f) is Bernoulli plaquette percolation with
probability p on the set of plaquettes o that satisfy §f (o) = 0.

— Given P, the conditional measure k (- | P) is the uniform measure on (i — 1)-
cocycles in ZI~1 (P; ]Fq) .

Proof. From the definition of the coupling, under « (- | s) a plaquette o is open with
probability p independently of other plaquettes when éf (o) = 0 and always closed
otherwise, giving the first conditional measure. The second conditional measure is deter-
mined by the observation that« (- | P) is supported on the setof f € C'~! (X) satisfying
8f (o) = 0 for each o € P, and that each such cochain has the same weight. O

In the next section, we discuss how to use this proposition to sample Potts lattice
gauge theory.

5.1. The plaquette Swendsen—Wang algorithm. The classical Swendsen—Wang algo-
rithm was the first non-local Monte Carlo algorithm for the Potts model, which alternately
samples from the marginals in the combined random-cluster representation [14,39]. That
is, given a coupling constant 3, a spin configuration f € C° (X ; Fq) is updated by first
sampling a random graph G by performing percolation with probability p = 1 —17# on
the edges between vertices with equal spins. Then, the spins are resampled uniformly on
each component of G. In our language, this corresponds to sampling a uniformly ran-
dom cocycle in Z° (G; IE‘q) . The Swendsen—Wang algorithm is observed to converge
significantly faster than Glauber dynamics, especially at and near criticality [39].
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We generalize the Swendsen—Wang algorithm to sample Potts lattice gauge the-
ory using the coupled representation in Proposition 20. That is, given a cochain f €
ci-! (X ; IFq) , a random i-complex P is sampled by including plaquettes on which
S8f vanishes independently with probability p = 1 — e~#. An updated cochain is then
found by selecting a uniformly random cocycle from Z/~! (P; IB‘q) .Itis easily seen that
the resulting Markov chain is ergodic and satisfies detailed balance, with the stationary
distribution being Potts lattice gauge theory. An implementation of this algorithm will
be described in [36].

When d = 2i and ¢ is an odd prime, we can interpret Theorem 8 in terms of the
qualitative behavior of the Swendsen—Wang algorithm on the torus at the self-dual point.
Below the threshold, the behavior of the algorithm is “local” in the sense that all co-
cycles in Z' (P; IF,) are trivial in the homology of the torus. On the other hand, when

P> pe, Z! (P; Fq) contains (‘lj) giant cocycles up to cohomology (each given the same

weight), and a “non-local” move happens with probability approaching 1 — q*(?) (as
P has (‘lj) giant cocycles, with high probability).* Interestingly, at p = p., the number
of giant cocycles is somewhere between 0 and (‘ll) with probability bounded away from

0 and 1, so the probability of non-local behavior is non-zero but lower than above p..
Theorems 10 and 11 have a similar interpretation.

5.2. Potts lattice gauge theory in infinite volume. We can use the infinite volume random-
cluster measure to define the corresponding infinite volume Potts lattice gauge theory.
‘We start with finite volume measure Vfl,, = vﬁ‘n Boagi—1,d® which is defined to be the usual

Potts lattice gauge theory on the subcomplex induced by the vertices of A, (we use the

superscript f because this measure can be coupled with the free random-cluster measure

ME&,, as in Proposition 20). Next, we construct the limiting measure vf = vg) Gi-1d by

taking n — o0. A similar construction can be done with wired boundary conditions, but
we will omit the details here. We start with an easy lemma that will allow us to choose
random cocycles in increasing subcomplexes of P in a consistent manner.

Lemma 22. For any configuration w € $2, there is a basis B of ZI~' (P (w) , F) so that
each (i — 1)-face of Z% is in the support of finitely many elements of B.

Proof. Take any basis and perform Gaussian elimination. O
We will call the minimal such basis with respect to lexicographical order B,
Corollary 23. Ler p € [0, 1), g € (2,3,...},and p=1— 7P,

(a) Let w be distributed according to ,ufzd. Conditional on w, let {Ag 1g € Bw} bei.i.d.
Unif (IFq) random variables. Then the limit

f . f
v = lim v
n—o0 An

exists, and the random cocycle

f=) Ag

geB

is distributed according to v¥.

4 While we state our theorems in terms of giant cycles, the analogous results for giant cocycles follow
immediately from them, either by the functoriality of Hom (-, ]Fq) or by repeating the same proofs.



145 Page 24 of 42 P. Duncan, B. Schweinhart

(b) Let f be distributed according to v¥. Conditional on f, let w be a random configura-
tion in which each i-plaquette o is open with probability p if f (00) = 0 independent
of the states of other plaquettes and closed otherwise. Then w is distributed according

f
10 g

Proof. We proceed similarly to proof of Theorem 4.91 of [21].
(a) By the proof of Theorem 4.19 of [21], there is an increasing set of configura-
tions w, so that each w,, is distributed according to ,u&n and lim,,_, 5o ,, 1s distributed

according to ,ufzd. Moreover, for any i-plaquette o, w, (0) = w (o) for large enough 7.
Now let {Ag 1 g € ci-1 (Zd; ]Fq)} be i.i.d. Unif (Fq) random variables, and let

fn = Z Agg.

gEB&)n

By the construction of By, , f, is distributed according to vf and is eventually constant
on any finite set of (i — 1)-cubes. Since B,,, — By, lim,_, f, is distributed as vf and
we are done.

(b) Let {Bg o eF i} be independent Ber (p) random variables. Also, let f;, be dis-
tributed as vgn , coupled as before so that f;, is eventually constant on any finite set of (i —
1)-cubes. Then, Proposition 21, w, (¢) = BsK (f, (d0), 1) is distributed according
to /LfAn. Therefore w = lim,,_, »; wj, is distributed according to Mde =1lim,_ /LfAn. |

In the remainder of this section, we will refer to “Potts lattice gauge theory on Z4” and
“the plaquette random-cluster model on Z4” without explicit reference to the boundary
conditions used to construct the infinite volume limit. Note that the constants defined
below may depend on this choice.

5.3. Duality for potts lattice gauge theory. Another corollary of the coupling between
Potts lattice gauge theory and the plaquette random-cluster model is a new proof of
duality for the partition functions of Potts lattice gauge theory. This duality was first
observed in the paper that introduced Potts lattice gauge theory [27].

Corollary 24. Let Z (T‘I{,, q,B,i ) be the normalizing constant for q-state i — 1-dimensional
Potts lattice gauge theory on ']I‘j’v. Then, there are constants 0 < cg, c9 < 00 so that

g2 (T;’V, q. B, i) <z (T‘,{,, q.B*.d— i) <cgZ (T‘,’V, 4. B, i)

where
P +q— 1>

ﬂ*=ﬂ*<ﬁ,q)=log( o

Proof. This follows from Corollary 19, the relationship between the balanced and unbal-
anced plaquette random cluster models on the torus, and the computations in the proof
of Proposition 20. O

Note that the proofs can be adapted to relate the partition function for i — 1-dimensional
Potts lattice gauge theory on a box in Z¢ with free boundary conditions to that of (d —i —
1)-dimensional Potts lattice gauge theory on a box in Z¢ with wired boundary conditions.
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5.4. Generalized Wilson loop variables and Proof of Theorem 5. In this section, let X
either be a finite cubical complex or 74 Let y € Zi—1 (X, F)be an (i — 1)-dimensional
cycle. It is natural to ask whether y is a boundary in the i-dimensional plaquette random-
cluster model.

Definition 25. Let V), to be the event that y is null-homologous in H; (P; F) for a
specified coefficient field F.

The generalized Wilson loop variable is a closely related quantity for Potts lattice
gauge theory.

Definition 26. Let f be an (i — 1)-cocycle. Recall that the generalized Wilson loop
variable associated to y is the random variable W,, : C i-1 (X ; IFq) — C given by

W, (f) = (f .

We are particularly interested in the behavior of these random variables when y is
an (i — 1)-dimensional hyperrectangular boundary in Z¢—that is, the boundary of a
hyperrectangle [0, n1] X --- x [0, n;] X X inside R where njeZforj=1,...,i
and x € Z4~, or a congruent object obtained translation and/or by permuting the co-
ordinates of Z?. The next several results show a close connection between Wilson loop
variables and the topology of the plaquette random-cluster model.

We first show that Wilson loop variables are perfectly correlated if they are ho-
mologous, and are otherwise independent. For completeness, we begin by proving an
elementary topological lemma which will be useful in a couple places.

Lemma 27. Let y € Z; 4 (X; Fq) and f € 77! (X; Fq) . Then for any f' € Z'~!
(X; IFq) so that [f] = [f/] in H-! (X; Fq) and any y' € Z;_4 (X; Fq) so that
[y]=[y]in Hi—1 (X; Fy), we have f (v) = f'(¥').
Proof. First we show that f (y) = f'(y).1fi =1, f = f’ and there is nothing to
prove. Now, assume i > 2. For € F;\,fz, let h* € C'=% (X; F,) be the dual of i when
h is viewed as an element of C;_» (X ; Fq) . Note that since y is a cycle,

Sh* (y) = h* (3y) = 0.
Then, because f and f’ are cohomologous, we can write

f=f= > csh*

heXi=2
for some {c} € F;(ifz. It follows that
f=Ffw+ Y, ash* @) =f ).
heXi=2

Now as [v] =[y']. thereisachain p € C; (X; Fy) sothaty = dp+y’. Then since
S’ is a cocycle, we can calculate

o =rop+r )
=3 (p)+ ' (v
=" ().
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We now describe the distribution of Wilson loops as a function of the associated
plaquette random-cluster model.

Proposition 28. Let g be a prime integer and let y € Z;_ (X ; Fq) . Then
(Wy V) =1
and

(W, 1 i) ~ unif () .

Proof. Fix wand y. If 0 = [y] € Hi_ (P; Fq) , then f (y) = 0 by Lemma 27.
Now assume that 0 # [y] € Hi (P; Fq) . By Proposition 21, v (f | w) can be

sampled by fixing a basis of H'~! (P) and taking a random linear combination with
independent Unif (F,) coefficients. Thus, f (y) is uniformly distributed on an additive
subgroup of IF, . Since the only such subgroups are I, and {0} , we only need to rule out
the latter. By the universal coefficient theorem for cohomology (Corollary 3.3 of [24]),

there is a dual element 0 # [y]* e H7! (P; Fq) so that [y]* ([y]) # 0. Therefore,
£ (y) is distributed as Unif (F,) , so W, is distributed as Unif (F,)* . O

The proposition has a few interesting corollaries.
Corollary 29. Let y € Z;_; (X; Fy).
By (Wy | VV) =1
and
E, (Wy | V;‘) 0.
In particular, if V,, is the event that y is null-homologous in P then

E, (WV) = HUx (Vy) .
The last statement is Theorem 5.

Corollary 30. Let v,y € Z; (X ; ]Fq) . Then conditioned on

[v]=[r']€ Hi-1 (P: Fy) .

W, = W, almost surely. Conversely, conditioned on

[v] ¢ span ([¥']) € Hi-1 (P: Fy) ,
W, and W, are independent.

Proof. Conditioned on [y] = [y/ ] , we can simply apply Proposition 28 to the Wilson
loop variable for y — y’ to get the desired result.

Now condition on the event D, ,» := {[y] ¢ span ([y’])} . First, we show inde-
pendence of W, and W, when further conditioning on a fixed configuration &. If
[¥'] =0 € Hi_i (P (),F,), then W, and W,y are trivially independent. Now as-
sume [)/] # 0. Since D,, ,» holds, we can extend the set {[y]* , [)/]*} to a basis B of

Hi! (Pg, IE‘q) again using the universal coefficent theorem for cohomology. Then by
Proposition 21, we can sample v (f | @ = &) by taking a random linear combination of
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elements of B with independent Unif (Fq) coefficients. By construction, we then see
that f (w) and f (a)’) are independent, and thus W), and W, are independent.

Now note that (W,, | Dy, @ = &) ~ Unif (F, )(C by the same argument as in Propo-
sition 28. Then for any ¢, ¢, € (IFq)(C , We can compute

v(Wy =01 | Wy =2, Dy 1)
= ZV (Wy =t1lo=§ Wy =0,Dyy)v(0=£E| Wy =0, Dyy)

£
:ZIP’(Unif(IF )(ng“)v(wzé | Wy = 22, Dyr)
q Y 2, Eyyy
£
. C
=P (Umf (]Fq) = §1>
=v(Wy =211Dy,) -
Thus, W), and W, are independent conditioned on D, . O
Finally, we prove a direct generalization of the relationship between the two-point

correlation function of the classical Potts model and connection probabilities in the corre-
sponding random-cluster model (Theorem 1.16 in [21]). Forany y € Z;_; (X, F,), let

1
e () =0 (Wy=1)= .

Note that if i = 1 and vg and v; are sites of X, then 75, (v1 — vo) is the two-point
correlation between the sites.

Proposition 31.
1
Tpq (¥) = 1—5 nx (V)

where p=1—e¢7P.

Proof. For simplicity, we write 4 = wy in the following calculation.

1
e ) =v(Wy=1) -~

_ EU(W:)_lvy)é)u(vy)+(u(wy—1v;)é)u(vyc)
- 1—5 w(Vy),

where we used Proposition 28 in the last step. O



145 Page 28 of 42 P. Duncan, B. Schweinhart

5.5. Proof of Theorem 7. By Theorem 35, a sharp phase transition for Wilson loop vari-
ables is equivalent to one for the topological variables V), in the corresponding random-
cluster model. Such a result is unknown for two-dimensional percolation in four dimen-
sion, let alone the random-cluster model, though we prove a “qualitative” analogue in
Sect. 6 below. We can, however, show a partial result by comparison to plaquette per-
colation. First, we prove a stochastic domination result for the plaquette random-cluster
model which is a direct generalization of the corresponding classical result [16].

Lemma 32. For any finite cubical complex X, jux is stochastically decreasing in g > 1
for fixed p. On the other hand, if we fix p = % then wy p q.; is stochastically
increasing inq > 1.

Proof. This is a consequence of the fact that adding an i-plaquette can only reduce b;_
by one or leave b;_; unchanged.

Recall that by Eq. 19, p is the conditional probability that a plaquette is open given
that it reduces b; 1 by one when leaving the states of the other plaquettes unchanged.
First fix p. Since p is decreasing in ¢ and the conditional probability that a plaquette
is open given that it does not kill an (i — 1)-cycle is constant in g (equaling p), an
application of Theorem 38 shows that py is stochastically decreasing in g. Now fix p.
Then p is decreasing as a function of g, so again applying Theorem 38 to the conditional
probabilities given by Eq. 19 yields that px is stochastically increasing in g. O

A similar statement for 7« follows immediately since it is a local limit of random-
cluster measures on finite cubical complexes.

Corollary 33. (1;a is stochastically decreasing in g > 1 for fixed p. If we fix p =
%, Wzd j.g.i 1S stochastically increasing in g > 1.
Next, we require two more results of [1] for plaquette percolation.
Theorem 34 (Aizenman, Chayes, Chayes, Frolich, Russo [1]). Consider i-dimensional
Bernoulli plaguette percolation on 7¢. There exist finite, positive constants ¢ = ¢
(p.d,i)andéy = é2(p, d, i) > 0sothat, for hyperrectangular (i —1)-boundaries in 72 ,
exp(—¢iArea(y) < P, (V)) < exp(—ca2Per(y)) . (14)
Furthermore, there are constants 0 < py (d,i) < p>(d,i) < 1 so that

_ log (]PP(VV)) - ¢
Area(y)

B log (]P’,,(VV))
Per(y))

The next lemma for the plaquette random-cluster model follows from the same tiling
argument used to show Proposition 2.4 of [1], which only requires positive association.

ifp<pid.i

e 1) ifp>p2(d.i).

Lemma 35. Let {y,} be a sequence of hyperrectangular (i — 1)-boundaries whose di-
mensions diverge with n. Then

Hzd (VVn)
n—oo Area(yy)

converges, where Lz denotes an infinite volume random-cluster measure, constructed
with either free or wired boundary conditions.
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Proof of Theorem 7. Let p1 (B) = 1 — e~ P and pr (B) = %. It follows
from Corollaries 29 and 33 that

MfZ",m(ﬁ),q,i (Vy) = By (Wy) < ’ude,pz(ﬁ),q,i (Vy) -
Then the inequalities
exp(—csArea(y)) < E (W) < exp(—cgPer(y)).
follow from the corresponding statements in Eq. 14. In addition, we may set 81 =
—log (1 — p) where

p1(.d)g
pr,d)y(g—1+1
and p; (i, d) is given by Lemma 34. Finally, fix 8o = —log (1 — p» (i, d)) and note that

the existence of the constant —c5 follows from Lemma 35. Thus, we have the desired
statement:

p=

log (E,f(W))) )
B Area(y) ith < B
log (Evf(Wy)) . .

6. Phase Transitions for Homological Percolation

In this section, we prove the existence of sharp phase transitions for the g-state i-
dimensional plaquette random-cluster model on T¢ in the sense of homological percola-
tion. First, we recall the definition of homological percolation. Let P be an i-dimensional
subcomplex of T4, and let ¢, : H; (P; F) — H; (T¢; F) be the map induced by in-
clusion. Then b; = rank ¢, counts the number of giant cycles of P. A homological
percolation phase transition occurs at p. if b; = 0 with high probability if p < p., and
b; attains its maximum possible value, (d), with high probability if p > p..

i

6.1. Interpretation for Potts lattice gauge theory. The homological percolation transi-
tion has two interpretations for Potts lattice gauge theory. The first is in terms of the
behavior of the plaquette Swendsen—Wang algorithm, and was discussed in Sect. 5.1.
The other is related to the behavior of generalized Polyakov loop variables, random
variables of the form W, (f) where y is a giant (i — 1)-cycle.

Proposition 36. Ler i > 1 and let X C ’]I‘?, be a subcomplex containing a giant
i-cycle. Then there exist Polyakov loops yi1,y» € Zi— (X ; Fq) so that
dya (supp (1), supp (v2)) = N/2 — Land [y1] = [r2] € Hi—1 (X; Fy).
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Proof. Let p € H; (X ; Fq) be a giant i-cycle. First, we show that a transverse (d — 1)-
dimensional slice of p contains a giant (i —1)-cycle. Let 7] = ’]I‘ﬁl\, N{x; =1/2}and T; =
']I‘jjV N{x; = [N/2] + 1/2} . Subdivide the cubical complex ']I‘jlV to add an (k—1)-plaquette
at each nonempty intersection of a k-plaquette of Tj’v with T or T for each k < d. Call
this subdivision T, and give 71, T>, and X the resulting cubical complex structures.
Without loss of generality assume that p is homologous to a sum of the standard gen-
erators of the torus, including at least one that is orthogonal to 7', i.e. a standard generator
that is a product of i many S' factors, one of which is in the first coordinate direction (see
the discussion of the homology of the torus at the end of Sect. 2). If p = Y _yi c50
(remember that X’ now has subdivided cells that were not originally in ']T‘fv)), let

yi=Y c(oNnT).

oeX!

Note that each i-plaquette of X' intersects 7} in either an (i — 1)-plaquette or not at all.
Also, let y» be constructed as y; with T replaced by T,. Observe that the supports of
y1 and y, are at distance at least N/2 — 1 apart.

Consider D == T4 \ (T UT’). Since D is disconnected, we can write it as a union
of its connected components D = D; U D;. Let

Let
P1 = Z CoO
oND#Y
and
P2 = Z CoO0
oNDy#)

Then p; is an i-chain with boundary y; + y2, so y; and y» are homologous. Then it
only remains to show that they are nontrivial giant cycles, as we can then shift them by
(=1/2,0,...,0) to obtain the desired Polyakov loops.

We claim that y; and y» are giant (i — 1)-cycles within 77 and 7> respectively. Since
y1 and y, are homologous, it is enough to show that at least one of them is a giant cycle.
Suppose that neither are, so there are i-chains o1, ¢y € H; (Tj’v; Fq) so that y; = dag
and y» = dwp. s0 B1 == (p1) — a1 — o is an i-cycle. Moreover, since 8 is contained in
a subset of Tjiv that deformations retracts to 77, namely 77 U Dy U T>, it is homologous
within ']I“]iv to ani-cycle ;§1 contained in 7. Similarly, we set 8 = (p N E2) — a1 — o2,
and can find ,32 contained in 7T that is homologous to f, within T?\,. Then we have

ol =[A1+8:] e 1 (T3: F,) -

But the (d — 1)-tori T} and 73 can only contain certain giant cycles described by the
Kiinneth formula. In particular, they cannot contain orthogonal homology classes, con-
tradicting the assumption about p made earlier. O

The following is now a corollary of Theorems 8 and 11.

Corollary 37. Let 1 <i < d, let g be an odd prime, and set

Bsurt = Bsurt (¢, d, N) == —log (1 —A(g,d, N)) .
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If B < Bsurt, then (i — 1)-dimensional then, with high probability, q-state Potts lattice
gauge theory has Polyakov loops which all take the same value and rule a giant cy-
cle of the corresponding plaquette random cluster model. When d = 2i, we can take

Bsurt = Bsa = log (1 + \/ﬁ) .

6.2. Some probabilistic tools. Though the random-cluster model is more difficult to
work with than its Bernoulli counterpart, useful tools have been developed that work in
both settings, particularly in recent years. We will use several of these results, both for
graph and for higher dimensional cubical complexes.

When comparing different critical probabilities, it is essential to be able to compare
the probabilities of events in different percolation models. This is easy to do when we
can show that one model has strictly more open edges or plaquettes in a probabilistic
sense. Let E be a finite set and let w1, wo be probability measures on 2 = {0, 1}E.
We say that 111 is stochastically dominated by » if there is a probability measure « on
£2 x §2 with first and second marginals | and 7 so that

Kk ({(w1,w2) :w) <ap}) =1.

In this case we write ;1 <g w2. We will use a version of Holley’s theorem that gives
a criterion for stochastic domination in terms of conditional probabilities. This can be
found as Theorem 2.3 of [21].

Theorem 38 (Holley). Let E be a finite set and let |11, (7 be strictly positive probability
measures on 2 = {0, 1}£ . Suppose that for each pair €, € 2 with & < ¢ and each
ey € E,

pi(@(eo) =1:w(e) =& (e) foralle € E\ {eo})
< m(@(e) =1:w(e) =< (e) foralle € E\ {eg}) .

Then juy <t 2.

We will also employ a sharp threshold theorem for monotonic measures due to Gra-
ham and Grimmett [20].

Theorem 39 (Graham and Grimmett). There exists a constant 0 < c1jg < o0 so that
the following holds. Let N > 1, I = {1,..., N}, 2 = {0, I}N, and let F be the
set of subsets of 2. Let A € F be an increasing event. Let |1 be a positive monotonic
probability measure on (2, F). Let X; = w (i) and set p =  (X; = 1) . If there exists
a subgroup A of the symmetric group on N elements I1y acting transitively on I so that
w and A are A-invariant, then

cromp (X1 (1= pp (X))
p(l—p)

d (A) =
dp Hp =

min {up (A), 1 —pup (A)} logN .

In the 1-dimensional case, we will use the recent breakthrough results of Duminil-
Copin, Raoufi, and Tassion characterizing the subcritical and supercritical regimes of
the random-cluster model.

Theorem 40 (Duminil-Copin, Raoufi, Tassion). Fix d > 2 and q > 1. Let 6(p) =

,u"ZVd’p’q!l (0 <> 00) . Then
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— there exists a c11 > 0 so that 0 (p) > cq1 (p — ﬁc) for any p > p. sufficiently
close to p.;
— forany p < pe, there exists a c), so that for every n > 0,

M‘Xn’[?,q,l (0 <~ aAn) S eXp (_Cpn) .

Lastly, we will use a result of Kahle and the authors on vector-valued random variables
whose range is an irreducible representation of the symmetry group of the probability
space.

Lemma 41 (Duncan, Kahle, and Schweinhart). Let V be a finite dimensional vector
space and Y be a set. Let A be the lattice of subspaces of V. Suppose h : P (Y) — Ais
an increasing function, i.e. if A C B then h (A) C h (B). Let G be a finite group which
acts on both Y and V whose action is compatible with h. That is, for each g € G and
veV,ghw)=h(gv).Let X beaP (Y)-valued random variable with a G-invariant
distribution that is positively associated, meaning that increasing events with respect to
X are non-negatively correlated. Then if V is an irreducible representation of G, there
are positive constants c12, c13 So that

Py (h(X) = V) = c1oP), (h(X) # 0)13,

where c19 only depends on G and c|3 only depends on dim V.

6.3. Proof of Theorem 8. We recall that A is the event that the map on homology induced
by the inclusion P — T is nonzero and S is the event that the same map is surjec-
tive. Note that by the intermediate value theorem we may define a threshold function
A = A(N) so that Hpd gg.i (A) = 1/2 for each N. We begin by showing a general
threshold result for homological percolation. The proof is very similar to that in [13].

Proposition 42. Let g be an odd prime and 1 <i # d — 1. For any € > 0, we have
Hrd e q.i (A) = 0

and
Hd g (S) =1

as N — oo.

Proof. We prove the second statement first. Note that increasing events with respect to
wrd are positively correlated by Theorem 16 and that the group of symmetries of the
N

torus contains an irreducible representation of H; (Tj{,) (see Proposition 13 of [13] for
a proof). Then by Lemma 41,

ppa (S) = cppppe (A)13

where ¢17, ¢13 donotdepend on N. In particular thereisa é > 0 so that M, S >

é forall N.

Asqi
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Now we show that fird, (S) has a sharp threshold. By Theorem 16, Hrd, satisfies the

FKG lattice condition and is thus monotonic [21]. Then since the symmetries of ’]lev act
transitively on the plaquettes, we apply Theorem 39 to obtain

) > Cl—omin{u 0 (S), 1 — (S)}log)Ff
aphm =, T, (9), ¢, N|-

N § N
In particular, for p close to A, %MT%,p,q,i S) = C]TO log \F}V| . By integrating this

inequality, we have fpd (§) > las N — 0.

JAte,q,0

To obtain the first statement, we apply the same argument to the dual system. Since
Hrd pg.i (A) = 1/2, it follows that Hrd ()% q.i (A) = 1/2 by Eq. 5. Then since p* is
continuous as a function of p, the above argument shows that KT (h—e)* q.i S -1
as N — oo. By another application of Eq. 5, we then have KT e q.i (A) — Oas
N — oo. O

Corollary 43. If po > pu (q,1,d), then

M po.gi (8 = 1
as N - oo. If po < pi1(q,i,d), then

KT poq.i (A)—0

as N — oo.

It is now straightforward to prove that the i-dimensional random-cluster model in
T?¢ exhibits a sharp phase transition at the self-dual point.

Proof. By self duality and Eq. 5,

Hrd pog.q.i (A = 1/2.

In particular, p,, < psq. Then by monotonicity and Corollary 43,
Hrd, EN!

as N — oo for all p > pgq. Since p* is decreasing as a function of p with fixed point
Psd» applying Eq. 5 again gives
frd (A) > 1

as N — oo forall p < pg- O

6.4. Proof of Theorem 10. Next, we will prove our theorem on the homological perco-
lation transition for the 1-dimensional and (d — 1)-dimensional random-cluster models
in T9, Throughout this subsection, we fix i = 1, and we borrow terminology from
percolation on graphs. Let G be a graph and let V (G) and E (G) be its vertex and edge
sets respectively. Designate the edges of E (G) as open or closed according to some
probability measure. For v, w € V (G), we write v <> w if v is connected to w by a
path of open edges. For a vertex subset V' C V (G) , we write v <>y w if v is connected
to w by a path of open edges that only passes through vertices of V’.

We will prove the statements of Theorem 10 for the case i = 1 in each regime sep-
arately. The case i = d — 1 then follows immediately from Eq. 5. The subcritical case
is a straightforward application of the exponential decay of the size of components.
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Proof of Theorem 10 (subcritical regime). Let p < p.andlet M = | N/2].Fora vertex
x of ’JI",{,, let A, the event that a giant 1-cycle passes through x. Since [-M, M]d = Ay

is contractible in ']I‘?V, Ao C {0 <qd 0A M} . Moreover, /L‘XM stochastically dominates
N
Md | Ay > S0 by Theorem 40 and translation invariance,
N

ppd (A0 < 1Y, 0 < Ay) < exp (c,M) (15)

for all vertices x of T‘fv.

Let X be the number of vertices in Tj{, that are contained in a giant 1-cycle. Since
A={X=>1},

MT?{, (A) = ILT;JV X>1

< E,(X) by Markov’s Inequality
= D i (A0
xeT%
< Nieg=wM by Equation 15
= Ne=IN2I ¢
as N — oo. |

The supercritical case is more involved and will require assuming Conjecture 9 —
the continuity of the critical probabilities for the existence of an infinite component for
the 1-dimensional random-cluster model in slabs — in order to obtain a sharp threshold.
Our strategy will be to “pin” together paths from supercritical percolation in large slabs
in order to form a giant 1-cycle.

Let

App=[-n,n)? x [k, k12nZ¢ C 8.

Let Dy == {v € Ap : v ~ u for some u € Sg \ Ay} be the boundary of A,y in Sk.

Lemmad4. Fixqg > 1,d > 2,andk > 1. Thereisaci4 > 0sothatforany p > p. (Sk)
sufficiently close to p. (Si) and any n sufficiently large,

Mf/"n.k (0 < D"»k) >c14 (P — pc(Sk)) -

The proof follows from the proof of Theorem 40 (Theorem 1.2 in [12]), replacing
Ay, with A, . With Lemma 44 in hand, we can give a lower bound for the probability
that two vertices are connected within a box contained in the slab Sy.

Lemmads. Fix g > 1,d > 2,k > 1, and p > pc(Sx). Let A = [—-3n,3n] x
[—2n, 4n] x [—k, k19"2 N Z4. There is a constant c15 > 0 not depending on n so that

wh ((=n,0,...,0) < (1,0,...,0)) > c15.
Proof. Consider the random-cluster model “51- Define three crossing events
Vi = {(0) <, {(j. 20,23, ..., %) 10 < j <20, —k <x3,...,xq < k}},

Ve ={(0) ©a,, {(—j,2n,x3,...,%q) 10 < j <2n,—k <x3,...,xq <k},
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—

r 9
-

Fig. 5. The two paths constructed in Lemma 45. The blue path is a projection of a witness for the event H
and the yellow path is a projection of a witness for /. The circled blue dot is v and the circled orange dot is w.
Both paths are shown in A with a grid spacing of 2n for clarity

and
U, = {(0) < po, 1, —2n,x3,...,%0) : 0= j <2n,—k <x3,...,xq4 Sk}} .

For an event A(0) defined in relation to the origin 0, let A(x) denote the event A + x
obtained by translating the origin to x. By Lemma 44 and symmetry, there is a c16 > 0
not depending on n so that

wh (V) =l (Vo) =y (U = ¢ (16)

Letv = (—n,0,...,0) and w = (n, 0, ..., 0) . Denote the projection onto the first
two coordinates by 1, : Z¢ — Z2. Our aim will be to create overlapping paths (i.e.
paths with intersecting images under m12) containing v and w, which are then close
enough to be connected with positive probability.

First, we will construct two paths that project to a horizontal crossing of of [—2n, 4n]?
under 7715. Fix an arbitrary ordering of the finite paths in Z¢. Assuming that V, (v) oc-
curs, let ? be the endpoint of the minimal path witnessing that event and let v/ =
w12 (9) % (0,...,0). Then, the event

H=U;()NV,(0)NV_(v), (17)

ensures the existence of a path through v with a single gap at v" which projects to a
vertical crossing, as illustrated in in Fig. 5.

Next, let 7 be the event H rotated /2 radians counterclockwise in the first two co-
ordinates about the point (0, n, 0, ..., 0) . By symmetry, MfA I = /,Lt;‘ (H), and that
event ensures the existence of a path through w with a single gap which projects to a
horizontal crossing of [—2n, 4n]2 .

Now, assume that H N I occurs so w12 (v) and 1> (w) are connected in 713 (P).
We count how many edges we would need to add in order to connect the overlapping
segments in P, thus connecting v to w. Any two points in Sx with the same image under



145 Page 36 of 42 P. Duncan, B. Schweinhart

71y are at graph distance at most 2k (d — 2) . There is one point of overlap between ¥
and v/, and one more from the symmetric event for w. In addition, we have a third point
of overlap between the horizontal and vertical crossings. As such, we can connect v to
w using at most 6k (d — 2) additional open edges.

Let p > r > p. (Sx) . Given a configuration w, define

S"w) = : Z |a)(e)—a)’(e)’§m

ecE(G)
For an event E, we then define
E"(E)={w:S"(w)NE # 0} .
Then by Theorem 3.45 of [21] and the FKG inequality there is a constant c¢17 so that

1h (v < w)
6k(d—2 _
> 017( )y,fA (E(Gk(d 2) (v < w))

6k(d—2
> 5Pl (H N

c6k (d-2) C6k (d-2)

Z 6 17

where we used Eqs. 16 and 17 in the final step. Since this bound does not depend on n
we are done. |

Proof of Theorem 10 (supercritical regime). Let p > p’ > pilab. Then there is a k such
that p’ > p.(Sk). Let N > 2k. We will construct a giant cycle in percolation with
parameter p’ by using Lemma 45 to connect the centers of four pairwise overlapping
boxes in the torus, each of diameter | N/2]. If N is not divisible by 2, the starting and
ending points of this constructed path may not exactly match. However, they will be at

7
graph distance at most 1, and are therefore connected with probability at least %. We

may therefore assume that N is divisible by 2 in the remainder of the proof for simplicity.
We apply Lemma 45 to copies of

A:=[-3N/8,3N/8] x [-N/4,2N /4] x [k, k1“2 nz¢

that are centered at the vertices ug = (N/8, N/8,...,0), u; = 3N/8,N/§,...,0),
up = (S5N/8,N/S,...,0), and u3 = (7N/8,N/8,...,0), to connect vg = 0,
v = (N/4,0,...,0), v =(N/2,0,...,0), and v3 = (3N /4,0, ...,0). For conve-
nience, let B(u, v, w) denote the event u <> y) .

If the events B(vo, vi, ug), B(vy, vo,u1), B(va, v3, uz), and B(vs, vy, u3) all oc-
cur, then there is an open path that is homotopic to the standard generator of Hj (’]T?lv)
contained in {x = x3 = ... = x4 = 0} . Thus,

H 2 B(vg, v1, ug) N B(vy, vz, u1) N B(vz, v3, uz) N B(vs, vo, u3) .

Let p4, denote the measure /LfA o), p'” We then apply the FKG inequality and Lemma47
to bound

ppd p (H) = ppa o (B(vo, vi,uo) 0 B, v2,u1) N B(v2, v3, u2) N B(vs3, vo, u3))
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> g (V0 < V1) g (V1 < V2) fy, (V2 <> 13) tyy (V3 <> v4)

= cls-
Note that the final bound is uniform in N. Again using the FKG inequality, we obtain

d 4d
MT‘}(/’P/ S > 'u"]l'jl\,,p/ (H)" == €15+

Then by applying Theorem 39 as in Proposition 42, we have
K1d p S —>1

as N — oo. m|

6.5. Proof of Theorem 11. We conclude the paper by finishing our proof of our theo-
rem which establishes the existence of threshold functions for homological percolation
in general, and enumerates some of their properties. All that remains is to prove the
duality and monotonicity statements. The former is topological, and does not require
modification from the proof of the analogous statement in [13].

Proposition 46. For anyd >2and 1 <i <d — 1,

pu(g.i,d) = (pi(q.d —i,d)".

Proof. This follows from Theorem 18, Eq. 5, and Corollary 43 in a similar manner to
Proposition 18 of [13]. d

We now turn to showing monotonicity in the critical probabilities. First we require a
lemma comparing the i-dimensional plaquette random-cluster percolation on a cubical
complex to the random-cluster model on a subcomplex.

Lemma 47. Fix g > 1. Let X, Y be finite i-dimensional cubical complexes with X C Y
and recall that vy and wy are the i-dimensional plaquette random-cluster measures
with parameters p, q on X and Y respectively. Then uy|x stochastically dominates |1y .

Proof. Leto C X be an i-cell. Let S be a subcomplex of ¥, let Y, andlet R = SN X.
Write S = SUo and S; = S\ o and similarly R = RUo and R, = R \ 0. Since
Y has no (i + 1)-cells,

b; (R?) —b; (Rs) < b; (S7) —b; (S,) -
Then by the Euler—Poincaré formula we see that
bi_1 (Rs) —bi_1 (R7) = b1 (S5) —b;_1 (57) . (18)

Recall that forany i-cello C Z, the random subcomplex T with distribution p 7 satisfies

p bi—1 (T5) = b1 (T?) =0
o €T |bi—1(Ty) —bi—1 (T%)) =
/J/Z( [ bi—1 (T5) i—1 ( )) lffr/l-(i?/q bi_1 (T,) —bi_1 (T°) =1
19)

Then by positive association and Eqs. 18 and 19, we may apply Theorem 38 to
conlcude that px stochastically dominates py|x. |
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Finally, we compare percolation within subcomplexes of the torus in order to obtain
the desired inequalities between critical probabilities.

Proposition 48. Forall1 <i <d — 1,

Proof. The topological properties of any given configuration of plaquettes are identical
to those discussed Proposition 24 of [13]. We will therefore only modify the probabilistic
arguments as necessary.

Our first goal is to show

pu(qvl»d) <pM(Qslvd_ 1)

Our strategy will be to define a sequence of models between the random-cluster model
on ']I‘ji\, and 'JI‘ji\,_l in which the giant cycle space of each model stochastically dominates
the giant cycle space of the one before. More precisely, for a configuration of plaquettes
w, let G (w) be the associated subspace of giant cycles of P (w) in H; (']T‘fv) . Then we
say u1 <¢ 2 if there is a coupling « of w1 and us so that

kK ({(w1, @2) : G (w1) € G () =1.

Note that 1 <g pp implies w1 <G WU».

Let 7o = T4, 71 = T4 N {x; € [0, 1]}, and 7o = T, N {x; = 0}. For j =0, 1, 2,
let WT; be so that WT; |T,- is the random-cluster model on 7; and WT; lT?v \T; sets all
plaquettes to be closed almost surely. By Lemma 47, we have '

Ty Zst LT -

We now put a different measure //Tl on configurations that are closed outside 7;. Let F»
be the set of i-cells of 7; contained in 7> and let F be the rest of the i-cells of 7;. Let
and 1 be the number of open cells of F| and F» respectively. We set '“/7'1 I = unln.

We then let “/Tl |7;\7; be independent Bernoulli plaquette percolation with probability
p/q and declare all other plaquettes closed. More explicitly,

1 _ n [Fil—m1
wr @) = —p™ @ (1= p) I i) (g) <1 - §> '

We think of this as doing Bernoulli percolation on F; with parameter p/q and then
a random-cluster percolation with free boundary conditions on F». For 0 € Fj and a
configuration & on 77, we clearly have

;L’Tl (w(@)=1|w(t)=E&(1) forallt € 71\ 0)
<ugp (w@)=1|w(@)=E(r) forallt e 71\ o) .
By Lemma 47, for o € F, we also have
/L’Tl (w@)=1|w(t)=E(1) forallt € 7] \ 0)
<ugp (w(@)=1|w()=E&(r) forallt € 71\ o) .
The again applying Theorem 38, we have

IT; Zst VT, -
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We now perform a splitting of the state of a plaquette into several Bernoulli variables
similar to one found in Proposition 24 of [13]. We adapt some of the definitions used
there. Let S be the set of i-faces of 7 that intersect, but are not contained in 7>. For an
i-face v of 73, let J (v) be the set of all perpendicular i-faces that meet v at an (i — 1) face.
Then v, v+ep, and J (v) are the i-faces of an (i + 1)-face w(v). Also, for a perpendicular
i-faceu of S, let K(u) ={v:u € J(v)}. Let pg satisfy

Bmi— - pp2e

q
For all pairs (v, u) where v € 75 and u € J(v), let « (v, u) be independent Ber (py)
random variables. Then by construction, Bernoulli percolation with parameter p/q on
S is equivalent to setting each cell v € S to be open if and only if ) )k (v, u) > 0.
Given Bernoulli p/g percolation on Fi, let

ued(v

L={veT;:«(,u)=1foreachu € J (v) and v + e is open} .

Let the M% have as open plaquettes the union of the open plaquettes M/Tl |7, and the
plaquettes in L(so all plaquettes of Fj are all closed). Since the boundary of a plaquette
in L is necessarily the boundary of an open set of plaquettes,

M/Tl >G M%
Nowlet p’ = p+ (1 — p)g p? (i.e. the probability that a plaquette of 7; is either open
orin L) and take 17, , to be the random-cluster model on 7, with parameter p’ instead
of p. Then we compare the probabilities in ,u% and in p7; v that a plaquette is open
in the cases that its state does or does not affect b;_;. In former case, the conditional
probabilities are g +(1— p)g p3 and % respectively, and in the latter both are p’. Thus,
for any configuration £ on 77 and any o € F»,

u% (w@)=1|w()=E£(1) forallt € 71 \ 0)
>ug,y @@)=1]o()=£() forallt € 71 \ o).

Therefore we have

T Zst W p
by Theorem 38, and so

Ty 2G W, p s
Now, as in [13], we may take p so that p < p, (q,i,d — 1) < p’. Then for each N we
have

MT‘fV,p,q,i (A) > /’LT?]—IJ,/,(]’,‘ (A) s

S0
(A) = 1/2,

lim inf e (A) > lim inf /,LT;{/—l

D50 0'.q.i

and thus
pu(q,id) < p<pulg,id=1).
Combining this with Proposition 46 also gives p, (¢, i,d — 1) < p, (g,i +1,d).O
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A. General Boundary Conditions

In this section we generalize the notion of boundary conditions. Let §2 be the space of
configurations of i-plaquettes in Z¢. For a subset of vertices V C Z<, let F ‘Ij be the set
of k-plaquettes with all vertices contained in V. Then given & € 2, let

o = {a) €2 w(o)=£& (o) forallo € ng\Fj;H} .

Intuitively, the boundary condition should describe how the states of external plaquettes
affect the random-cluster measure within A,. In the classical model, this is done by
keeping track of which vertices of d A, are connected externally. In higher dimensions
we will need slightly more information, but the idea is the same. Let Pz y be the com-
plex consisting of the union of the (i — 1)-skeleton of 7@ and the open plaquettes of &
contained in F7y,. Let sz’l be the (i — 1)-skeleton of 0 A,. Then we construct a cubical
complex Q, ¢ (not necessarily a subcomplex of Z%) by taking P, A, and attaching a
cubical complex Ag so that

— Ag NP, 4, C DI7L.

— Themap ¢4 : Hi—1 (Dﬁl_l; IF) — H; 4 (Ag; IF) induced by the inclusion Dfl_l —
Ag is surjective.

— The kernel of ¢4 is the same as the kernel of the map ¢p : H;—| (Difl; ]F) —

n

Hi_ (PS)Zd\An_]; IE‘) induced by the inclusion Di~! < Pe 7a\a,_, -

Such an Ag can be constructed by taking P: and filling the (i — 1)-cycles that are not
homologous to cycles in Dﬁl’l.

Now we can define the plaquette random-cluster model on A, with boundary condition
& as follows:

1 _ . )

i (@) = g[ﬂne% P (1= ) | g e o e @f
An = n .

0 otherwise.

In particular, the free boundary measure ;LfAl and the wired boundary measure 'U“Xn are
obtained by taking £ to be the all closed and all open configurations respectively.

Lemma 49. Let p € [0,1],q > 1, andn € N. Then for every & € £2, /Lin is positively
associated.
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Proof. The proof is analogous to the proof of Theorem 4.14 of [21]. Consider the pla-
quette random-cluster model p 4,ua . This satisfies the FKG lattice condition and is thus

strongly postively associated. Then since ,uin is 4,04, conditioned on the plaquettes
of A¢ being open, it follows that Mi,, is positively associated. O
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