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Abstract

A spin system is a framework in which the vertices of a graph are assigned spins
from a finite set. The interactions between neighbouring spins give rise to weights, so a
spin assignment can also be viewed as a weighted graph homomorphism. The problem
of approximating the partition function (the aggregate weight of spin assignments) or of
sampling from the resulting probability distribution is typically intractable for general
graphs.

In this work, we consider arbitrary spin systems on bipartite expander A-regular
graphs, including the canonical class of bipartite random A-regular graphs. We develop
fast approximate sampling and counting algorithms for general spin systems whenever the
degree and the spectral gap of the graph are sufficiently large. Roughly, this guarantees
that the spin system is in the so-called low-temperature regime. Our approach generalises
the techniques of Jenssen et al. and Chen et al. by showing that typical configurations
on bipartite expanders correspond to “bicliques” of the spin system; then, using suit-
able polymer models, we show how to sample such configurations and approximate the
partition function in O(n2) time, where n is the size of the graph.

1 Introduction

Spin systems are general frameworks that encompass sampling and counting problems in
computer science, graph homomorphism problems in combinatorics, and phase transition
phenomena in statistical physics. In this paper, we provide algorithms for general spin systems
on bounded-degree bipartite expander graphs.

A ¢-spin system is specified by a set of spins [¢] = {1,2,...,q} and a symmetric interaction
matrix H € R%q. Given a graph G = (Vg, Eg), a spin configuration is an assignment
o : Vg — [q] and the weight of ¢ is given by wg m(o) = H{u,v}eEG Hgy(w),0(v)- The Gibbs
distribution of the system, denoted by ug m, is a probability distribution on the set g i
which denotes the set of all possible spin configurations, given by

wG,H(a)

peH(o) = Zon

where Zg g =) vese g WGH (0) is the so-called partition function. Well-known examples of
spin systems are the Ising/Potts models, where the matrix H has all diagonal entries equal to
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some parameter 8 > 0 and off-diagonal entries equal to 1; the case ¢ = 2 is the Ising model,
and g > 2 is the Potts model. Apart from statistical physics systems, graph homomorphisms
also fit naturally into this framework, whenever H has 0-1 entries.

Henceforth, we will normalise H so that its largest entry is equal to 1. More formally, we
will consider d-matrices, defined as follows.

Definition 1. Let ¢ > 2 and let 6 € (0,1). A symmetric matrix H € RL( is called a §-matriz
if maxijje[q] Hi,j =1 and maxme[q]:Hi’ﬁél Hi,j < J. O

Note that a every symmetric 0-1 matrix is a d-matrix for every 6 € (0,1). Also, apart from
trivial cases!, we can always normalise the interaction matrix of any spin system to satisfy
Definition 1 for some ¢ € (0,1).

Approximately sampling from the Gibbs distribution of a spin system and approximating
its partition function are well-studied problems in computer science, since they appear in
various applications. However, even for the most canonical models, such as the Potts model or
graph homomorphisms, these computational problems are hard in general, even on bounded-
degree graphs [8, 2, 16, 14, 10, 13, 12].

Despite these hardness results for specific models, there is currently no known charac-
terisation classifying the complexity of approximating Zg g (determining for which H ap-
proximation is tractable). However, there are some hardness results which apply to broad
classes of H. For example, it has been shown [10] that if H is the adjacency matrix of any
(non-trivial) bipartite graph (i.e., a bipartite graph whose connected components are not all
complete) then approximating Zg y is #BIS-hard? , even when the input G is restricted to
be bipartite.

In light of these hardness results, it is natural to consider whether efficient algorithms
can be developed for more restricted classes of graphs. Recently, Jenssen, Keevash, and
Perkins [21] (see also [19]) showed a new framework that such algorithms are possible for
three canonical models (ferromagnetic Potts model, colourings, and independent sets) on
bounded-degree expander graphs, in a range of parameters where the problems are otherwise
hard for general bounded-degree graphs. See also independent applications to colourings and
independent sets in [24].

In this paper, we show that this framework can further be used to obtain approximation
algorithms of any spin system on bipartite expander graphs whenever the degree is sufficiently
large.

More precisely, we will consider regular bipartite graphs whose second eigenvalue is bounded
by a small constant [20]. Let G be an n-vertex A-regular bipartite graph. Let A\ (G) >
A2(G) > -+ > A\ (G) denote the eigenvalues of the adjacency matrix of G. It is well-known
that A\1(G) = A and A\, (G) = =\ (G). We define A\(G) = \2(G).

'If H has all of its entries equal to some ¢ > 0, then Zg g = ¢'Velcl®el for any graph G = (Va, Eg).
Similarly, if H is the all zeros matrix, then Zg g = 0 for any non-empty graph G. So suppose that H has
1

at least two entries with distinct values and let Amax = max; je(q] H; ;. Then, the matrix H = o H is a

d-matrix, for any § € (0,1) which is bigger than the second largest entry in H’. Moreover, for any graph
G = (Va, Eg) we have that Zg g = hES! - Zg .

24 BIS is the complexity class containing all approximate counting problems that are equivalent to approx-
imately counting the independent sets of a bipartite graph. It is an important class in the field of approximate
counting, but we will not need more details in this paper. This hardness result does not represent a complexity
classification, even in the 0-1 case. In fact, there are known examples [15, Theorem 5.1] of 0-1 matrices H such
that Zg g is NP-hard, even when G is restricted to be bipartite.




Definition 2. Let A > 3 be an integer and A be a positive real strictly less than A. We let
lep denote the set of all connected A-regular bipartite graphs G, for which \(G) < . O

One of the primary examples of bipartite expander graphs, and one of the main motivations
behind this work, are random bipartite regular graphs. It is known [1] that, for any fixed
e > 0, with high probability® over the choice of a random bipartite A-regular graph G, it
holds that \M(G) < 2/A — 1+ e. From a counting/sampling perspective these graphs are
particularly interesting since they have been key ingredients in obtaining inapproximability
results [25, 3, 11]. Somewhat surprisingly, while we know constant factor? estimates of the
partition function via (non-algorithmic) probabilistic methods that hold with probability
1 — o(1) over the choice of the graph [11], it is not known how to approximately sample
from the Gibbs distribution efficiently. In fact, even obtaining more refined estimates on the
partition function is an open problem. As a corollary of our main result, we address both of
these questions, provided that the degree A is sufficiently large relative to H.

To formally state our results, we will need some definitions. First, the following compu-
tational problem that we will study.

Parameters: H, a symmetric matrix in R%;?, integer A > 3, and a real A € (0, A).
Name: SPINg A »- -

Input: A graph G € gblp

Output: The value of ZG7H.

In particular, we consider the problem of approx1mat1ng Zq, g and sampling from pg . Given
an accuracy parameter £ > 0, we say that Z is an e-approximation to Z if (1—-e)Z < Z <
(14 ¢e)Z. For a distribution p, we say that a random variable X is an e-sample from g if
the total variation distance between the distribution of X and p is at most . A fully poly-
nomial randomised approzimation scheme (FPRAS) for SPINy A ) is a randomised algorithm
that, given ¢ > 0 and G = (V,E) € ing\ as input, outputs a random variable that is an
e-approximation to Zg g with probability at least 3/4, in time poly(|V|,1/¢).5

We prove the following result. For a bipartite graph G, we use (Vg, VGl) to denote the
bipartition of the vertex set of G, and all logarithms throughout the paper are with base e.

Theorem 3. Let ¢ > 2 be an integer, § be a real in (0,1), H € quq be a symmetric 6-matriz.
Suppose that A, \ satisfy 5 & > 10Oq log(gA) and A > (mqlog(qA))4. Then, there is an
FPRAS fOT’ SPINHA -

In fact, there is a randomised algorithm that, given a graph G € wa withn = |V3| = |V}

vertices and an accuracy parameter e* > e~/ 50 outputs an e*-approzimation to Za,g and
an &*-sample from the Gibbs distribution pg g in time O((n/e*)?log(n/e*)).

To prove Theorem 3, we first reduce the problem of approximating Zg g to the problem of
approximately sampling from the Gibbs distribution of a suitable polymer model. In certain
conditions, Chen et al. [6] give an efficient Markov-chain based algorithm for approximately

3Here and throughout the paper, “with high probability” means with probability tending to 1 as the size
of the graph tends to infinity.

4The constant factor estimates follow from applying the small subgraph conditioning method, which gives
more accurate information about the partition function using the counts of small cycles, see [11, Lemma 6.12].

®Note, the error probability can be reduced to any 1 > 0 by calling the original FPRAS O(log(1/7)) times.



sampling from this Gibbs distribution. In Section 5, we show how to use this approximate
sampling algorithm to give an FPRAS for SPINg A ). Under similar conditions, it would also
be possible to give an FPTAS for SPINy A x, by appropriately truncating the polymers and
applying the methods of [21]. However, the running time of algorithms obtained using the
deterministic approach are slower, and typically of the form nf(og2).

We remark that the restriction to bipartite expanders in Theorem 3 is necessary to have
a result that holds for general spin systems (which is our goal in this paper), see Section 1.1
for a discussion of this point. As a corollary of Theorem 3, we have the following for random

bipartite A-regular graphs.

Corollary 4. Let ¢ > 2 be an integer, § be a real in (0,1), and H € R%q be a symmetric

6-matriz. Then, for all integers A > (f—_%qlog(qA))zl, there is a randomised algorithm such
that the following holds with high probability over the choice of a random A-regular bipartite
graph G with n = |V3| = |V}

The algorithm, on input G and an accuracy parameter e* > e 5D outputs in time
O((n/e*)?1og*(n/c*)) an *-approvimation to the partition function Zg y and an £*-sample
from the Gibbs distribution ug m.

Proof. Using the result in [1, Theorem 4], we have that, with high probability over the choice
of G, it holds that A(G) < 2v/A. It follows that 57 > 3V/A and hence the result follows by
applying Theorem 3. O

Our algorithms apply to a larger class of graphs when § is small so that the interactions
between spins are strong. By contrast, approaches such as MCMC and correlation decay
apply when the interactions between spins are weak — this corresponds to the so-called “high-
temperature” regime, which is within the uniqueness phase of the infinite A-regular tree.
Since our results concern regular graphs, they easily extend to models with external fields —
the fields can be incorporated in the entries of the interaction matrix H.

1.1 Proof Outline

In order to prove our main Theorem 3, we appeal to what are known as subset polymer mod-
els [23, 17]. Recently, polymer models have been used as a tool in the development of efficient
counting and sampling algorithms [23, 19, 21, 24, 6, 4, 5] for problems that are not amenable
to traditional approaches such as local-update Markov chains. Our approach is inspired by,
and generalises, the approaches in [21, 6], where counting and sampling algorithms are given
for the hard-core and ferromagnetic Potts models on expander graphs at low temperatures.

The main idea behind the use of polymer models is that, for graphs with good expansion
properties, the partition function and the Gibbs distribution are dominated by configurations
which are highly ordered, i.e., whose weight is large. As we shall see in detail in Section 3,
each of these large-weight configurations is close to a configuration that maps all vertices of G
to a “biclique” of H, as defined below.b

Definition 5. Let ¢ > 2 be an integer, § € (0,1) be a real and H € R%Y,? be a symmetric
S-matrix. A biclique of H is a pair (By, B1) with By, B; C [q], such that H;; = 1 for all
i € Bg and all j € B1. We use Ky to denote the set of all bicliques of H and we use K™ to
denote the set of all inclusion maximal bicliques of H.

5The “biclique” terminology comes from the homomorphism problem (where H corresponds to a graph),
but our interpretation here is analogous which justifies its use.



Given a bipartite graph G, configurations o which assign vertices in VGO a spin from By
and vertices in Vé a spin from Bj have weight 1. This is the largest possible weight that any
configuration can have, since H is a d-matrix. Polymer models allow us to capture deviations
from such configurations and to approximate their contribution to the partition function, see
Section 4. Using the results of Sections 3 and 4, we give the proof of Theorem 3 in Section 5.

In some situations where Theorem 3 provides an FPRAS for SPINg A » it is easy to see that
traditional approaches such as Glauber dynamics do not give good approximation algorithms.
In particular, when multiple ground states make non-negligible contributions to the partition
function, these ground states provide a “constriction in the state space” which could also be
used to prove that Glauber dynamics mixes slowly. Note, however, that there are many inter-
action matrices with a unique inclusion-maximal biclique and it is unclear whether Glauber
dynamics would be slow.

The inputs to SPINg A ) need to be bipartite graphs so that we can obtain an algorithm for
all possible H. When the input G is allowed to be non-bipartite, it is very unlikely that there
is an algorithm that can work for general spin systems. To see this, consider the case where H
is the matrix (9 }). Recall from the remark following Definition 1 that this is a é-matrix for
any 0 € (0,1). Spin configurations with this matrix H can be viewed as independent sets of G
(where spin 0 means “in the independent set”). However, it is conjectured to be hard to find
a maximum independent set on random A-regular graphs for large A, and the approximate
counting problem that we study here is likely to be even harder. (This is in contrast to the
bipartite case, where finding a maximum weight configuration is trivial since this is just a
configuration assigning spins from a biclique.)

Despite the lack of a general result for non-bipartite graphs, for certain spin systems, our
methods could be extended to allow non-bipartite inputs. For example, this occurs when all
maximal bicliques (By, B1) of H have By = By (so they can be viewed as “cliques” of H). This
is the case, for example, in the ferromagnetic Potts model, and it is the case more generally
in “ferromagnetic” spin systems (where the interaction matrix has only positive eigenvalues,
see, e.g., [12]).

2 Preliminaries

Let G be a bipartite graph. We will write G as (V2, V3, E¢), where (V3, V) denotes the
bipartition of the vertex set of G and FEg its edge set; we will use Vg = VGO U VG1 to denote
the vertex set of G.

For a vertex subset S C Vg, let 0gS denote the set of vertices of Vi \ S that have a
neighbour in S, and let SZTC = SUJgS. When S = {u}, we simply write Ogu instead of
0cS. For vertex subsets S, T C Vg, let Eg(S,T) denote the set of edges of G that have one
endpoint in S and the other in 7', and let eq(S,T) = |Eq(S,T)|; when S = T, we simply
write Eg(S), eq(S) instead of Eg(S,S),eq(S,S), respectively. We will omit G from all of the
above notation where it is obvious from the context.

2.1 Bipartite Expander Graphs

It is well-known that graphs in gzifj\ have good expansion properties, and in this section we
will review certain edge and vertex expansion properties that will be relevant for us.

The following result relates the spectrum of a regular bipartite graph to its edge-expansion
properties. This result was first proven in [18, Theorem 5.1], though the version we state below



is taken from [7].

Lemma 6 ([7, Lemma 8)). Let G = (V2, V4, E¢) € g”“’ with n = |V3| = |V4|. Then, for
sets Sy C VGO, S C Vé, we have that

AlSo||S S g
s 25 <ol (5 (5],

The following simple consequence of the above result gives a lower bound on the edge
expansion of G € QZII;\ when A is sufficiently small.

Corollary 7. Let G = (VQ, V3, Eq) € g’”P with n = V3| = \VGI\ Then, for sets Sy C
Ve, 81 C VA such that X < £/]S0|[S1], it holds that ec(So, S1) > £[So||S1].

—2n

Proof. Lemma 6 implies that

AlSollSl) o AlSollSi] 4y orefore e (5o, 51) > 2051
n

n 2n

eG(S())Sl)_ D

A second combinatorial notion of expansion is vertex expansion. A well-known result from
Tanner [26] relates the spectrum of a graph to its vertex expansion properties (see also [22]
for a more refined estimate). Here we state a version from [20, Theorem 4.15]; there, the
result is stated and proved for non-bipartite graphs, but a minor adaptation of the proof in
[20], which we give for completeness here, also applies to bipartite graphs.

Lemma 8. Let G = (VO, VA, Eg) € QZP)\, p > 0 be a real number and i € {0,1}. Then, for
all S C Vg, with |S| < p|VE], it holds that [9S] > |S|/(p + Az (1 — p)).

Proof. We prove the result for ¢ = 0; the case i = 1 is symmetric. Let S C VGO be such that
S| < pn where n = |V2] = |VA|. We will show that [0S > |S|/(p + 2—22(1 —p))-

Let A = Ag denote the adjacency matrix of G, and B be the bi-adjacency matrix of G,
so that A = [ 0. B ] Then, we have that p is an eigenvalue of A iff p? is an eigenvalue of

BT 0
BBT. Let v1,...,v, be orthonormal eigenvectors of BB”, with eigenvalues )\1,. A2 where
Al,..., Ay are the eigenvalues of A in decreasing order. Note that A7 = A% A2 = A\? and since

G is A regular, we have that v; = \/1561, where e is the n-dimensional vector with all ones.
From the spectral theorem, we have the decomposition

= Z Mol
1€[n]

Let 15 be the n-dimensional vector whose i-th entry is equal to 1 if ¢ € S and 0 otherwise.
Since v1,...,v, is a basis of R™, we can write

1lg = Z o;v; for some real numbers aq, ..., . (1)
i€[n]

Using the orthonormality of vi,...,v,, we obtain by multiplying (1) with v{ that a; =
|S|/v/n < py/n and by considering the norm of 1g that > ;cp, a? = |S|. Hence, we have that

[15B|° =1ZBBT1s = Y Ma? < A23 +22(|S| — a?) < [S|(A% + X1 - p).  (2)

i€[n]



For j € [n], let u; be the j-th entry in 1£B; observe that u; is the number of neighbours
in S of the j-th vertex in V2 and hence there are exactly |dS| non-zero entries in 15 B.
Moreover, since G is A-regular, we have that > ;coguj = > e uj = 1LBe; = AlS|. From
the CauchySchwarz inequality, it follows that

2 1 2 1 2
hEB| =%2]u§= >z e w) =g (X w) =a%sP/es. @

j€as j€as j€(n)]

JEN

Combining (2) and (3) yields the desired inequality. O

3 Ground states for spin configurations

In this section, we show that the partition function of a spin system is dominated by con-
figurations which are “close to maximal bicliques”, cf. Definition 5. Let ¢ > 2, A > 3 be
integers and A, § be reals with A € (0, A) and ¢ € (0,1). Let G € QZIS and let H € RY? be a
symmetric §-matrix.

We next describe more precisely the configurations which are “close” to some maximal
biclique of H. Given o : Vg — [q] and a spin i € [q], we write 0~ 1(i) for the set of vertices of
G whose image under o is i. More generally, for a subset of spins Q C [q], we let 0~ }(Q) =

{fveValo) €@}
Definition 9. Let ¢ € (0,1). For (By, B1) € K§*, define Eg(’]fg to be the set of spin
configurations o € ¥, g for which

o™ (Bo) N VY| + o7 (B1) NVE| > (1 —¢)|Val.
We define ¥ g to be the union of the sets Egojf . over all bicliques (By, By) € K™ and
define Zg g = ZJGZG,H,S wa,H(0). O

The following result shows that Zg g gives a close approximation to Zg g whenever ¢ is
sufficiently large relative to \, A, ¢.”

Lemma 10. Let € € (0,1) be such that ¢ > 2qg\/A and €% > %{’f/ﬁ). Then, for G € gbAif;

with n = |VO| = |VA|, we have that Zg p is an e "-approzimation to Zc .

Proof. We associate each spin configuration o € X i with a pair of spin subsets (By(c), B1(0))
by setting for i € {0,1}

Bito)={ilal: [~ () nVE| = T}

Note that for o € Xq p, there are fewer than en vertices of Vé which are not assigned spins
from B;(c). Also note that, since e € (0,1) and |V}| = n, we have that B;(c) # 0 for
ie€{0,1}.

Fix arbitrary o € ¥ . We first show that

either (BO(U), Bl(a)) € Ky or wg,g(o) < 5A€2n/(2q2)7 (4)

"Note, in Lemma 10, as in other lemmas as well, our assumed inequalities for € impose some restrictions on
A, \, q to ensure that such an ¢ exists. These restrictions will be carefully accounted for when we apply these
lemmas; namely, in the proof of Theorem 3.



i.e., either (By(o), Bi(0)) is a biclique of H or ¢ has small weight. For i € {0,1}, consider
arbitrary j; € B;(o) and let S; = o~ (j;)NV{. Since |S;| > en/q, we have that %\/ |Sol|S1] >
Ae/(2q) > A, thus it follows from Corollary 7 that

A Ae?

n — 2¢?

It follows that, if Hj, j, < 0, then wg (o) < 5A€2”/(2q2); otherwise, Hj, j, = 1. Since jo, j1
were arbitrary spins in By(o), B1(0), respectively, we conclude (4).

Let o be such that (By(c),Bi(c)) € Ky. Then there exists (Bo, B1) € KB* such
that B;(c) C B; for i € {0,1}. Moreover, for i € {0,1} and j € [¢] \ B;, we have that
|o71(j) N V| < en/q and therefore that [o~!([q] \ B;) N V{| < en. Hence, we conclude that

o™ (Bo) N VG| + o (B1) N VG| = (1 —¢)|Val.

Combining this with (4), we obtain that for all 0 € ¥ g \ Xq u ¢ it holds that we (o) <
sAe*n/ (2q2), and hence
Ae?n Ae?

Zan —ZaHe < Z 522 < ¢*§

g™ n 2
2q2 S qf n’
0€Xa, u\Xq, H,e

2
where in the last inequality we used that A > %. The result follows since Zg g > 1;
this bound can be seen by considering the configuration that maps VGO to jo and VC17v to ji1,
where jo, j1 € [q] are such that Hj, ;, = 1. O

For our approximation algorithms, it will be useful to consider the following quantities.

Definition 11. For ¢ € (0,1), let

ZG,Hﬁ: Z Z wg,m(o) and Zg\:zlip = Z wa, g (o),

B |
(Bo,B1)eky™ oE€X e oEXG e

overlap o Bo,Bl Co,cl
where Yo He = U(Bo,Bl)eK’;‘IaX U(co,cl)eicgaX\{(Bo,Bl)} (ZG,H,E N ZG,H,&)‘

The following lemma shows, given a value of ¢ that is sufficiently small, that 2@7 H3e is a

close approximation to Zg, g by showing that Z%Vglg'; is small relative to Zg p .

8¢21
Lemmg 12. Let ¢ € (0, Wllogq] be such that €% > ﬁ(gl%)) and ¢ > 2q%. Then, for all
G ¢ QZZPA with n = V3| = |V3| sufficiently large, we have that ngglgz < e MBDZ0 p . and
that ZG7H735 is an e*”/(‘lq)—approximation to ZG Hye-

Proof. We will show the result for all integers n satisfying n2204¢37/(59) < ¢2n/(39) (1 — 277(1)2_

. Bo,B
Since X 3. = U(BO,B1)EIC§‘”‘ ZG?H’?; and X¢ e C X@, H3:, we have

ZGH3e 2> 4G,H3e = LG,He-



lap - . .5
Moreover, each o € Zg’i}%’; is accounted for at most || < 224 times in ZG,H 3¢, therefore

2 |
Zonse <2UZGG0+ Y. wen(o)

0E€XG, H 3¢
Since Yg ne € Y@, 1,3, We therefore have that
- 2q ~overla
Zanse = Zane < 202G 5 + > we,H(0)
0€XG, H,3:\2G, H,e (5)

> | > | —
<PZEUE + Zow — Zane < 2PUZE R+ e Lo e,
where the last inequality follows from Lemma 10. The lemma will thus follow by showing

292858 < e 26 ., (6)

since then, from (5) and (6), we obtain that
ZG,H,B& —Zane < (e + 6_"/(3q)) Zame <e MU Z0

It remains to prove (6). Consider (By, B1), (Co, C1) € K** such that (By, B1) # (Co, C1)
and let us upper bound the aggregate weight of configurations in the set F' := Zg?}f 3 EﬂEg?}g %
in fact, we will just upper bound |F| and use the trivial upper bound 1 on the weight of a
configuration. For o € F, let S = Ujeq013(VE\o H(By)) and T = Useqo,13(VE\oH(Ch)), so
that |S|, |T| < 3¢|Vg| = 6en. For € € (0,1/10), there are at most ZL&E”J M < n(wmj) ways
to choose each of S and T, and then, crudely, ¢'?" ways to assign them spins; further, for
i € {0,1}, the vertices in VE\(S UT) can be coloured in at most |B; N C;|™ ways, since they
must have a colour in B; N C;. Observe now that at least one of the inequalities |By N Cp| <
|Bo| — 1,|B1 N Cy| < |Bi| — 1 must hold since otherwise By C Cy, By C C1, contradicting the
maximality (Bo, B1) € Kj**. We also have the bounds

B;| — 1\n _ .
(|||B|) <(1—1/¢)" <e ™ forie{0,1}.

Combining the above, we obtain

2n 2 eEn ,—n n n
S weate) <2 ) @ s

Bg,B1 Co,Cq
o€ 35 G 36

We have [K%2%| < 22¢ and (Lﬁan) (e/3€)%", hence

ngzlap < n224q(eq/36)125n6—n/q Z ’Bo‘n’Bﬂn (7)
(Bo,Bl)EKIIgaX

For ¢ > 0, the function f(x) = (¢/x)* is increasing in the interval (0,c/e], so using that
e < Wllogq’ we further have that

1+log(80)+2 log g+log log ¢




1+log(80)
240 log 2

surjective maps from VGO to By and VGl to By, for each maximal biclique (By, B1) € K™, we
can also lower bound Zg g .. Lemma 17 of [10] (which is a simple corollary of an analogous
bound in [9]) states that the number of surjective maps from a set of size m to a set of size
k is at most (1 — 2k/m)k™. Thus, we have that

where in the last inequality we used that + ﬁ + @10 < %. By considering the set of

2q\ 2
Z > - — n n.
G.He > (1 n) E | Bol|"| B
(Bo,Br)ekmax

This, combined with (7), (8) and the choice of n, yields (6), finishing the proof of Lemma 12.
O

4 Using polymer models to estimate the partition function

In this section, we first define subset polymer models, which will be important in obtaining
our approximation algorithms, and then review the algorithmic results of [6] in Section 4.2.
We then define a polymer model for spin systems in Section 4.3, and obtain approxima-
tion/sampling algorithms for it in Section 4.4.

4.1 Subset polymer models

Our presentation of polymer models follows mostly [21], but is slightly modified so that a
polymer model is a function of both an underlying graph G and a host graph Jg. This will
be for convenience, since it allows algorithms that operate on polymer models to have access
to both the underlying graph and the host graph (since it is possible that, in some polymer
models, certain information about the structure of G is lost when constructing Jg). Our
polymer models are subset polymers as defined by Gruber and Kunz [17].

Let G be a class of graphs. Given an underlying graph G € G and a set of spins [q] =
{1,...,q}, we construct a host graph .Jg; in our case, we will set for example Jg to be G*
(see Section 4.3 for more details), but in general other choices are obviously possible. We
assign to each vertex v € Vj, a set of “ground state” spins g, C [¢]. A polymer is a pair
v = (V,,04) consisting of a Jg-connected set of vertices V,, and an assignment o, : V., = [q]
such that o (v) € [¢] \ g, for all v € V.. Let Pg be the set of all polymers.

A polymer model for an underlying graph G and host graph Jg is defined by a set of
allowed polymers Cg C Pg, and a weight function wg : Co — R>o. For polymers ~v,+ € Pg,
we write 7 ~ 7/ to denote that ~,~" are compatible, i.e., if d;,(V5,Vy) > 1 where dj,(-,-)
denotes the graph distance in Jg and for S, T C Vj, we let d;,(S,T) = minyegsver dj, (1, v).
We define Qg = {T' C Cq | V7,7 € T,y ~ 7'} to be the set of all sets of mutually compatible
polymers of C¢; elements of Q¢ are called polymer configurations. The polymer model induces

the partition function
Za =Y [Twe),
I'eQg vel

where H’yE@ wg(y) = 1, and the following Gibbs distribution on ¢, defined by

HA/EF we ()

pa(l) = 7

10



forall T' € Qg. We use (Cg, wg, Jo) to denote the polymer model and {(Cq,wa, Jg) | G € G}
to denote the family of polymer models corresponding to the class of graphs G; we say that
the family has degree bound A if, for every G € G, both G and the host graph Jg have
maximum degree at most A.

4.2 Algorithms for polymer models

Given a family of polymer models, Chen et. al. [6], building upon work of [21], give suffi-
cient conditions under which the partition function of the polymer model can be efficiently
approximated using Markov chains. We will briefly describe these conditions, as well as the
key results from [6] that will be later important for us.

The first condition is known as computational feasibility and is defined as follows.

Definition 13. [6, Definition 3] Let G be a class of graphs. A family of polymer models
{(Cq,wg,Jg) | G € G} is computationally feasible if, for all G € G and all v € Pg, we can
determine whether v € C¢ and, if so, compute wg() in time polynomial in |V,]. O

The second condition is called the polymer sampling condition and is defined as follows.

Definition 14. [6, Definition 4] Let ¢ > 2, A > 3 be integers, and G be a class of graphs. A
family of polymer models {(Cq,wg, Jg) | G € G} with ¢ spins and degree bound A satisfies
the polymer sampling condition with constant 7 > 5 + 3log((¢ — 1)A) if wg(y) < e~ VAl for
all y € Cg and all G € G. O

The following result from [6] asserts that if a family of polymer models satisfies the above
two conditions, then there are efficient approximation and sampling algorithms for the parti-
tion function and the Gibbs distribution of the polymer model, respectively.

Theorem 15 ([6, Theorems 5 & 6]). Let ¢ > 2, A > 3 be integers, and G be a class of
graphs. Suppose that {(Ca,wa,Jg) | G € G} is a family of computationally feasible polymer
models with q spins and degree bound A that satisfies the polymer sampling condition. Then
there is a randomised algorithm that takes as input an n-vertex graph G € G and an accuracy
parameter * € (0,1) and outputs an £*-approzimation to Zg in time O((n/e*)?log3(n/e*))
with probability at least 3/4. Moreover, there is a randomised algorithm that takes the same
input and provides an £*-approzimate sample from pg in time O(nlog(n/e*)log(1/e%)).

4.3 Polymer model for spin systems

In this section we define a polymer model for spin systems that captures the deviations of spin
configurations from maximal bicliques. The polymer model that we propose is a generalisation
to arbitrary spin systems of a polymer model that was used in [21, Section 5] in the case of
proper colourings.

Let H € RL? be a symmetric matrix and (By, B1) € K™ be a maximal biclique of
H. Let G € ggi}; be a graph, and let £ € (0,1). The host graph for the polymer model is
Jo = G3, where G? is the graph defined on Vg with two vertices connected by an edge if the
distance between them in G is at most 3. Note that in the remainder of the paper, we will
always use 0 to denote the boundary with respect to G of a vertex set, therefore we omit G
from this notation. For v € V¢ with i € {0,1}, the set of ground state spins g, is B;. Let
PGB?HBl denote the set of all polymers, i.e., all pairs v = (V,, 0,) consisting of a G3-connected

11



set of vertices V, and an assignment o : V,, — [¢] such that o (v) € [¢] \ g, for all v € V.
We define the set of allowed polymers as

cguit = {7 e PEY vyl < Vel (9)

and let ngjf . denote the set of all sets of mutually compatible polymers. We define the

weight of a polymer v = (V,,0,) € Cgoﬁle as

H{u,v}eEG(VW) Ho-'y (u),04(v) Hue@l@, Fu
i +
H'LE{O 1} ’B “V vy

wgli () = ) (10)

where

forue Vg withie {01}, Fu:= > [ Hiw-
JjEB; ’UEV’yﬂau

We let ZgOﬁB; and uBO’Bl denote the partition function and the Gibbs distribution of the

polymer model (Cgoﬁ[Bl,ngHBl, Ja), as defined in Section 4.1.

The next lemma shows the motivation behind the definition of the weight of a polymer.
For a polymer configuration I" € ngjf ¢ let UI' =, cp V5, and or denote the assignment to

vertices in UI' obtained by comblnmg all of the assignments o, for v € I".

Definition 16. For I" € ngjf;, define EgO}IBl (T") to be the set of configurations 7 such that
7|ur = or and which map, for i € {0,1}, V4 \ (UT) to B;. O

Lemma 17. Let n = |V3| = |V3|. For all e € (0,1), and all polymer configurations T €

ngl’f;, we have that

|Bo["1B1|" [ wes ™ (7) > wem(n).

ver Tezg?,fl (1)

Proof. Let 7v,+" be two distinct polymers in I'. Since the polymers are compatible, they
correspond to distinct G-connected components; in particular, Vj N VVJ,r = (). Tt follows that

[(UD)*| =3 cr [V5F|. Hence, by the definition in (10), we have that

H; (u),0 ” F,
|Bo|" | B1|™ H wBO,Bl = | Bo|"|B1|" H H{U,U}EEG(VH{) ~( ),Vwi(:i/g eV,
el ~er [Licqo,1y ‘B“ ¢t an
= H |Bi‘\Vé\(UF)+| H H P,
iE{O,l} {U,U}GEg(UF) uea UF)

On the other hand, for each 7 € ZBO’Bl(F), we have that

wG,H(T) = H 0'1“ (u),or(v) H H Hap(v),’r(u)7

{uv}eEqg(Ur) ued(UI) ve(Ul)Nou

i.e., given I and that 7 € EBO’Bl( I'), the weight of 7 depends only on the assignment of J(UI')
— thls is because H () ) = 1 for all edges {u,v} with u,v ¢ UI'. Let W(I") be the set of

12



configurations 7 : d(UI') — By U By such that vertices in (UI') NV, take a spin in B;, for
i € {0,1}. For n € W(I'), the number of configurations 7 in ZBO’Bl (I') with 7|pwr) = 71 is
HzE{O 1} | B ‘IVé\ UF)+| and

Z H H Hop (0)m(u) H H Z H Hyr ) mw) = H F,.

neEW (T) ued(UT') ve(UT)Ndu 1€{0,1} ueVENo(UT') n:{u}—B; ve(UT)Ndu ued(UT)

It follows that

S wen@ =[] 1B T Howporey [ Fo

resgl N (T) i€{0,1} {u,v}eEa(Vr) u€(UT)
which combined with (11) gives the desired equality. O

The following quantity combines the partition functions of the polymer models corre-
sponding to maximal bicliques of H; we will use this as our approximation to Zg g.

Definition 18. For ¢ € (0,1), let

1 Bo,B
ZERET = Y Bol"Bil" - Zg%
(Bo, By )ekmax

The following lemma is a minor adaptation of [21, Claim 29| in our setting, and will be
used to bound the aggregate size of polymer configurations.

Lemma 19 ([21, Claim 29]). Let € € (0,1) be such that ¢ > \/A. Then, for G € g*”p with

n = V3| = |V sufficiently large, there is no set S C Vg with |S| > 6en whose G3- connected
components, say S1,S2, ..., Sk, satisfy |S;| < 2en for i € [k].

Proof. We will show the result when n > 1/(2¢2A). For the sake of contradiction, suppose
that such a set S exists with |S| > 6en and whose G3-connected components Sy, Ss,. .., Sk
satisfy |S;| < 2en for i € [k]. Then, we can partition {1,2,...,k} into sets 71 and T» such
that, for j € {1,2}, the set U; = Ujer;S; satisfies |U;| > 2en. It follows by Corollary 7 that
eq(Uy,Usp) > 262 An > 1, therefore there must exist i € 7} and j € T5 such that eq(S;, Sj)>1
This yields a contradiction since two distinct G3-connected components cannot be connected
by an edge. O

Finally, we have the following result.

Lemma 20. Let ¢ € (0, Wlogq] be such that A > %O(gl%)) and € > 2(]%. Then, for

all G € gb”’ with n = V3| = |VZ| sufficiently large, we have that Zgog”;” is an e~/ (49).
approxzmatzon to Zg e

BO»BI

Proof. Using the definition of the polymer partition function Z (see Section 4.3) and

Lemma 17, we can rewrite Zgogr;er from Definition 18 as

1 B,B
2wl DU DINCYCL T ) Clt)

(B(),Bl)EICEaX FngOIZIBEl yel’

= 2. > > wewl)

(Bo.B)SKE™ et oenglif r)
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Recall from Definition 16 that ZBO’Bl (T") is the set of configurations 7 such that 7|yr = or
and which map, for ¢ € {0,1}, VG\(UF) to B;. Recall also from Definition 9 that Egojf;
is the set of o € X g for which }a (Bo) N VGO‘ + ‘0_1 B) N VG| > (1 —¢)|Vz| and that
ZG.He = Dpes . WG,H(O).

We first prove that Zgogr?er > Zag e Index the bicliques in K} arbitrarily. For
T € XG,He, let (Bo,r, BLT) be the biclique (By, B1) € K™ with the smallest index such that
T E Eg?l’f;. Let T; = VENT71([¢]\Bi ) for i € {0,1}, so that [TyUTi| < e|Vg|. Let S1,. .., Sk
denote the G3-connected components of Ty UT}. Consider the polymer configuration I'; which
is the union of the polymers (S1,7|s,), ..., (Sk, T|s,). Note that the map 7 — (Bor, B1+,I'7)
is injective. Moreover, we have that T'; € QGoﬁ’fl T and T € ZBO B, 7(T,), so from (12) w
obtain that Zg?g?er > ZG He-

We next prove that Zgog?er (14 e "/ (4Q))ZG’ H,e- Recall from Definition 11 that

Zomse= Y. > wenlo)

Bo,B1)eKi* Bo Bl
H o€¥,

3e

Fix any (B, B1) € K. ForI' € Qg(’]’fl, we have from Lemma 19 that |UT'| < 6en = 3¢|V|.

Therefore, for o € EBO’BI (T') as in Definition 16, we have that |o=*(Bo) N V2| + [0~ (B1) N

VAl > (1= 3e)|Vg| and hence o € Egojfég (cf. Definition 9). Note that the map (I',o) — o

is injective (since I' can be recovered from o using the biclique (By, B1)), yielding that

> S wenlo)< Y wenlo),

reQct oesg% () TESC A

and hence ZpOlymer < ZG H3:- By Lemma 12, we obtain that Zpolymer < (A +e ™D Zg g .
This ﬁmshes the proof of Lemma 20. O

4.4 Sampling from the polymer model

Let ¢ > 2, A > 3 be integers and 6 € (0,1),\ € (0, A) be reals. Let H € Rq;oq be a symmetric
0-matrix and (Bp, B1) € K. For € € (0,1), we now show that the family of polymer
models {(CgOI’JB;, g‘)qul, q) | G € lep which was defined in the previous subsection is
Computatlonally feasible and satisfies the polymer sampling condition.

Lemma 21. Let e € (0,1) be such that € > X\?/A% and ¢ < él(h]llo;g((qu)' The family of polymer

models {(CGOHB;,ngHBl, Ja) | G € gi’@} is computationally feasible and satisfies the polymer
sampling condition with constant T > 5+ 3log((q — 1)A3).

Proof. Consider an arbitrary polymer v = (V,,0,) € PBO’Bl.
We first verify computational feasibility by shovvlng that we can determine whether v €

Cg?]f; and, if so, compute its weight wGO’Bl (7) in time O(|V;|). Indeed, we have that v €

Cgol’fel iff |V| < 2en and 0., maps V;, NV to [q] \ B; for each i € {0,1}, which can be clearly

checked in time O(|V,]). To compute wgol’_IBl (), recall from (10) that

wB(hBl (7) = H{u v}eEq(Vy) UW(U) ov(v) HuE@W Fy

, 10
o oy 1BillV6nV| 1o
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where for a vertex u € Vi N oV, with i € {0,1}, F, := > ieB; Hveamw Hj o (v)- It follows
that the r.h.s. in (10) can be computed in O(|V]) time, using that [0V, | < A|V,].
We next verify the polymer sampling condition. From (10), using that the entries of H

are at most 1, we have the bound

Bo,B1 HuG@VWﬂVG Fy
wG,H (’Y) S |V’L mv“r‘
HzE{O 1} |Bi|'"e

Let us now consider the factor F, for u € 9V, NV}, with ¢ € {0,1}. Let v be a neighbour
of win V, N V’@l, such v exists since u € 9V, N Vé. Then, there exists j € B; such that
H < ¢; otherwise (B;, Big1 U {0(v)}) would also be a biclique of H, contradicting the
Jo(v) ® gl

maximality of (B, B1) (since 0 (v) ¢ Big1). It follows that F,, < |B;| — 1+ 6. Using this in
(13), we get that

(13)

Wi () < e (1Bl =1+l Lo gyl oi(5)
K | B;| V&NV - q

<e (14)
We g 3
HiE{O,l}

where in the second to last inequality we used that [V.F N V4| > [0V, N V| for i € {0,1}.
We next lower bound |8V, in terms of |[V|. For i € {0,1}, let p; = |V; N V}|/n and
p=|V,|/n . Applying Lemma 8 to the set V, N V%, we have that
V0Vel L Y ﬁVc:l
Pi+2722(1_Pi) ; P2+A2

OV, NVE)| >

Now observe that

Yoo alVanVil=1 Y0 IV NVEP < SIVAP = oIV

ie{0,1} 1€{0,1}
and hence, using the inequality & + % 2> E;Z;:bb); which holds for all a,b,z,y > 0, we obtain
> awnvyz Y W0Vel, Wl
i€{0,1} icf0,1} Pi T Az p+ A2 ¢
using that p < 2¢ and € > £7. Since € € (0,1/20), we have that [0V, | > |V"’ — |V, > |V"’ .

Plugging this into (14), we obtaln

1-§6
Bo,Bl (v) < e*‘vﬂ(?q) < e—T|V~/|7

where 7 := —5 > 101og(gA) > 5+3log((q—1)A3) using that e < W and g > 2,A > 3.
This finishes the proof of Lemma 21, after observing that the degree bound for the family
{(CHEr Wl Jg) | G GRR Y is A%, O

Finally, we can apply Theorem 15, which gives us an efficient algorithm for approximating
the partition function of the polymer model.
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Corollary 22. Let ¢ > 2 and 6 € (0,1). Let H € R%q be a symmetric d-matrix and let

(Bo, B1) € Kjp**. Let € € (0,1) be such that € > )\Q/A_2 and € < 40(]110;g((5qA)' Then there is
a randomised algorithm that takes as input an n-vertex graph G € QKPA and an accuracy pa-

rameter €* € (0,1) and outputs an *-approximation to ZgOﬁB; in time O((n/e*)?log3(n/e*))

with probability at least 3/4. Moreover, there is a randomised algorithm that takes the same
input and outputs an €*-approximate sample from ugol’f; in time O(nlog(n/e*)log(1/e*)).

5 Proof of Theorem 3

In this section, we combine the results of Sections 3 and 4 to prove Theorem 3.

Theorem 3. Let g > 2 be an integer, § be a real in (0,1), H € ]R‘géq be a symmetric §-matriz.
Suppose that A, \ satisfy % > %QQ log(qA) and A > (%qlog(qA))zl, Then, there is an
FPRAS fOT SPINH,A,)\-

In fact, there is a randomised algorithm that, given a graph G € QZ@\ withn = V2| = |V}
vertices and an accuracy parameter e* > e~/ outputs an e*-approzimation to Zag,u and
an *-sample from the Gibbs distribution ug g in time O((n/e*)?logt(n/e*)).

Proof. As input to the FPRAS, we are given a graph G € ing\ and an accuracy parameter
e* € (0,1). We may assume that n = [V2| = |V} is sufficiently large, otherwise we can
compute Zg y exactly in constant time, by brute force. Similarly, we may assume that
e* > 9¢7"/(49)  otherwise we can compute Zg g exactly in O(ng®®) = poly(1/¢*) time, by
brute force.

Let ¢ = W_g((sq& and observe that, using the lower bounds on % and A, we have that

> 5 8¢%logg

A A
< > 902 > 2 1 2o
°= 240qlogq’ FEHIN= A CF Alog(1/6)’

where the first inequality follows from A > ¢?, the second from rearranging % > 2q/e (using
the lower bound on %), and the last inequality from using that log(1/0) > 1 — ¢§ for all
0 € (0,1). In particular, the assumption of Lemmas 10, 20 and Corollary 22 are satisfied.
By Corollary 22, for an arbitrary biclique (By, B1) € K§*, we can obtain an (¢*/8)-
approximation to ng’l’f; in O((n/e*)?log>(n/e*)) time, with probability at least 3/4. Taking

the median of O(log(1/e*)) runs of this algorithm, we therefore obtain Z\goﬁB; which is an

(e*/8)-approximation to ZGBOI}B; with probability at least 1—¢*/(16|K%*]). By a union bound
over the bicliques in Ki*, it follows that

Zpol %Bo,B
ZERet = Y |BolMBil" - Zg%
(Bo,By)ekme
is an (¢*/8)-approximation to Zgogr?er (cf. Definition 18) with probability at least 1 —&*/16.

By Lemma 20, Zgogr;er is an (¢*/8)-approximation to Zg m. which, by Lemma 10, is an

(e*/8)-approximation to Zg g. It therefore follows that Eg?ggler is a (3¢*/8)-approximation,
and hence an e*-approximation, to Zg g with probability at least 1 —e*/16. The total run-
time of the algorithm is therefore O((n/e*)?log*(n/e*)).
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For the sampling algorithm, we assume again that e* > 9¢~/(49) We first sample a
7Bo.B1

A 3 . 1 Bol|™|B1|"Z
biclique B = (By, By) € K with probability % where ZGOHB; and Zgogn;er are

as before. Then, using Corollary 22, we sample a polymer configuration T' whose distribution
is at distance at most £*/6 from ,ugo’Bl We output & = Spinﬁ(f‘), where for a biclique
B = (By, B1) and a polymer configuration T, Sping(I') is a random configuration 7 obtained
as follows:

e For every vertex u € UI', we set 7(u) = op(u).

e For u € V\(UI')* with i € {0,1}, we assign a random spin from B; uniformly at
random.

e For u € O(UI") N V§ with i € {0,1}, for j € B; we set 7(u) = j with probability
F% Hueaum(uF) Hj o (v) where Fy, = ZjeBi Hveaum wr) Hjor()-

We claim that & is an €* approx1mate sample from the Gibbs distribution ug ;. To prove this,
let B, T, o be the analogues of B F &, respectively, when there is no error, more precisely:

4 Bo.B1

1. B = (By, By) with probability |By|"|B1|" Za.11.c

polymer *
ZG H,e

2. Conditioned on B = (By, B1), I' ~ ugolf; and o = Sping(T").

With probability 1 — £*/16, we have that, for all bicliques (By, B1) € K§*, goi{B; and
Egogr;er are (£*/8)-approximations to ZGBOI;,BI and Zgogmer respectively, and conditioned on

this the total variation distance between the distributions of B and B is at most HE*?S 1<

3e*/8. It follows that the total variation distance between the distributions of B and B is at
most 3¢* /8 +¢*/16 < £*/2, and so there is a coupling so that Pr[B # B] < £*/2. Conditioned
on B = B, we have that the total variation distance between T and T is at most & */6, so
there is a coupling which further satisfies Pr[I‘ #T | B= B] < £*/6. Finally, conditioned on
B=BandT = I', we can clearly couple 6 and o so that they agree. It follows that the total
variation distance between ¢ and o it at most 2e*/3, so the result will follow by showing that
the distribution of o and pg g are at distance at most 3e~m/(40) < ¢*/3.

For this, we will consider the set of configurations S = EG,H,E\E?;?;ZZ where recall
from Definition 9 that X p is the set of configurations 7 with >, 1y |77 Y (By) N V| >

(1 — ¢)|Vg|, and from Definition 11 that ngeél%z is the set of configurations 7 such that

TE Eg?}%g N Eg‘)}%a for some distinct maximal bicliques (By, B1), (Co, C1).

Consider arbitrary 7 € 3 and let (By, By) be such that 7 € EgOﬁB;. For i € {0,1}, let

T; = Vi1t 1([g]\Bi), and Si,..., Sk denote the G3-connected components of T := Ty U T7;
note, since 7 € ¥, we have |T'| < ¢|Vz|. Consider the polymer configuration I'; which is the
union of the polymers (S1,7]s,),...,(Sk, T|s,). We next find how the sample o can equal T;

we claim that
o=T1iff B= (B(),Bl), I'= FT, U|Vg\(UI‘) = T‘Vg\T‘ (15)

The reverse direction of this equivalence is immediate, noting that the equality I' = ' implies
that (UI') = T and that o|ur = 7|7. So, we focus on the forward direction and assume that
o = 7. Then:
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1. B = (By, B1). Otherwise, if B = (Cy,C}) for some (Cpy,C1) # (Bo,B1), then by

Lemma 19 we would have that 7 € Eg?}f 3., contradicting that 7 ¢ Ecai;;pa.

2. Ul = TyUT;. Since B = (By, By) from Item 1, for i € {0,1} we have that u € VAN (UI')
iff o(u) € [q)\B; iff 7(u) € [¢]\B; iff u € T;.

3. olur = 7| and a|y,\ (ur) = Tlv,\r- This follows from Item 2 and o = 7.
4. T' =T';. This follows from Items 2 and 3.

From (15) and the definition of the sampling procedure for o, we therefore have that
o = 7 with probability

Bol"[BA|" 22 weli () 1 1
Zpolymer — Z7B0,Bl ' H B: [VE\T| (F H H’r(u),T(v))~ (16)
G,He G,He ie{0,1} | Bil uedT ~ * veTndu

From (11) applied to the polymer configuration I';, we have, using that UI'; = T'and o1, = 7,
that
Bo"[Bi["wety (Tr) = T 1BV ] Hewyrw) I Fuo
i€{0,1} {uv}eE(T) uedT
and hence we obtain that the expression in (16) equals

Hiwvyere @) Hrw,rw) Hueor Hvernow Hrw),rv)  we,n(r)

polymer ~ polymer’
ZG,H & Z G,H,e

where the last equality follows by noting that edges that are not in Eq(T) U Eq(T,0T)
contribute a factor of 1 in the weight of T' (since their endpoints are assigned spins of the

biclique). So, we have shown that o = 7 with probability wg, g () /225"

Let p, be the probability that o € $ and p be the aggregate weight of configurations
in the Gibbs distribution pg g in X (that is, p is the probability of seeing a configuration
in 3 when a sample is drawn from pg g). Then, using that nggl;;; < e_"/(?’q)ZG,H,€ from

Lemma 12 and Zgog?er < (1+e ™)) Zg i . from Lemma 20, we have that

_ Zovel’lap (1 o e—n/(3q))ZG7H,€

1 ZG7H7E G,H,3¢
Po >~ > we(T) = >
polymer ) polymer —n/(4q)
ZGzH7E Tei ZG,H,E (1 + € )ZG,H,E

>1—2e"UD (17)

while for p, using that Zg g < (1+e™")Zg,nu, from Lemma 10, we have the bound

Zome— 2355 _ (1—e™6D) 20 .

1
P> = wa,H(T) = >
Z6.H % 7 26,1 (L4 e ™) Zem,e

>1—2e/0BD  (18)

It follows that the total variation distance between the distribution of o and pg g is bounded
above by

1 1 1
D = 5((1 —pe)+ (1 —p)+ M), where M = Z ’LUG7H(7')’ ooty — Zon |

res G.Hye
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Using Lemma 10 and Lemma 20, we have the bound

M < _Zon 1| < 2e—n/(4a), (19)
Zpolymer
G,H,e
Combining (17), (18) and (19), we obtain that D < 3¢~"/(49) i.e., the distance between the
distribution of o and ug, g is at most 3e~"/(49)  ag claimed.
This finishes the proof of Theorem 3. O
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