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Abstract

How can one use ideas, tools, and intuition from statistical physics to solve problems
in extremal, probabilistic, and enumerative combinatorics? These lecture notes give an
introduction to this topic, beginning with some basics of statistical physics, showing the
connections between statistical physics and combinatorics, and then developing some
statistical physics based probabilistic methods in combinatorics.
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1 Fundamental of Statistical Physics

In this lecture we go over the basic objects and questions of statistical physics and introduce
much of the terminology we’ll use going forward.

Statistical physics is interested in many different types of physical phenomena and the
methods of statistical physics have been applied to many problems outside of physics. In these
notes we will be primarily concerned with one of the oldest and most fundamental questions
in the field: how do the microscopic interactions between molecules or particles influence
the macroscopic behavior of a gas, fluid, magnetic material, or other system. Of particu-
lar interest is the phase transition phenomenon, in which small changes in the microscopic
interactions lead to qualitative changes in the macroscopic behavior.

1.1 Gibbs measures and partition functions

While statistical physics encompasses many different types of models, for now we will focus
on spin models on graphs. This setting is not only rich enough to exhibit many interesting
phase transition phenomena, but it is also most relevant to combinatorial applications. We
first define a general model then give some important examples.

Fix a finite set of spins €. Typical choices include

Q=1{0,1}
Q={-1,1}

2 = {Red, Blue, Green}
e O={1,...,q}.

For a graph G = (V, E), the set of possible spin configurations is QV, all assignments of
spins from €2 to the vertices of G.

Next define an energy function (or Hamiltonian) from QY — RU {+oc} that respects the
graph structure (as a sum of functions vertex spins and pairs of spins across edges):

H(U):Zf(o'v)_’_ Z g(amav)
veV (u,v)eE

where f: Q - R and g: Q x Q - RU {400} is symmetric. If g takes the value 400 we say
that there is a hard constraint in the model.

The partition function of the spin model at inverse temperature g € R is
Zo(B) =Y e PHl), (1)
ocQV

The Gibbs measure is the probability distribution on QY defined by

o—~BH(0)
pep(o) = Za(B) (2)



where the partition function plays the role of the normalizing constant ensuring ucg g is a
probability distribution.

Example 1. The ferromagnetic Ising model with no external field. Let Q = {+1,—1},
f(oy) =0, glou,00) = —0uay. Then ugs(o) is proportional to e**M(G) where M(G, o)
is the number of edges of G whose endpoints receive the same spin under o (monochromatic
edges). If B > 0 then configurations with more monochromatic edges are preferred; this case
is the ferromagnetic case.

To obtain the antiferromagnetic Ising model we take g(oy,0,) = 0u0y; then we prefer
edges with different spins on their endpoints.

We can add a (uniform) external field by taking f(oy) = aoy. If a < 0 we prefer +1
Spins.

Consider the ferromagnetic Ising model (with no external field) on (Z/nZ)?, the d-
dimensional discrete torus. If B is large, then we more strongly prefer vertices to have the
same spin as their neighbors.

Example 2. Hard-core model (hard-core lattice gas). Q = {0,1}, f(o,) = —oy, - log A,
More conveniently, we can associate an independent set I of G (set of vertices that spans

no edges) with its indicator vector o so that o, = 1yey. Then

||
no(l) = 2 3)

where
Zg(N) = > A =3"Mi(G). (4)
I€Z(G) k>0
Here Z(Q) is the set of all independent sets of G and i (G) is the number of independent sets
of size k in G. The parameter A is the fugacity or activity and governs whether we prefer
small or large independent sets.

The partition function of the hard-core model, Zg(N\), is also known as the indepen-
dence polynomial in combinatorics. Zg(A\) encodes a lot of combinatorial information.
Za(1) = |Z(G)|, the number of independent sets of G; the highest order term in Zg(\)
is the independence number of G, a(G), and its coefficient is the number of maximum size
independent sets of G.

Take for example, G = Cy, the cycle on 4 vertices. Then Zg(\) = 144X+ 2X\2. For any

v € V(G), the probability of choosing I = {v} in the hard-core model on G is m.

Example 3. The Potts model. The Potts model is a generalization of the Ising model to
q > 2 spins (or colors); that is, Q@ = {1,...,q}. Configurations are assignments of q colors
to the vertices of a graph. A configuration is chosen with probability % where M (G, o)
is the number of monochromatic edges of G under the coloring o. > 0 is the ferromagnetic

and B < 0 the antiferromagnetic case.

In general, the inverse temperature [ controls the strength of the interaction in the model.
At high temperatures (small 3, local interactions are weak, while at low temperatures (large
B), local interactions are strong. In other words,
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Figure 2: Two instances of the 4-color ferromagnetic Potts model on Z?

e At 8 = 0 (infinite temperature) the Gibbs measure is simply uniform on Q" and so
each vertex receives a uniform and independent spin from (2.

e At 8 = 400 (zero temperature), the Gibbs measure is uniform over the ground states of
the model: the configurations o that minimize the energy H(-). For Gibbs measures on
lattices like Z%, it is ofterﬂ easy to understand the ground states (e.g. all even/all odd
occupied configurations for hard-core; monochromatic configurations for Ising/Potts).
For general graphs though, this need not be the case. In particular, finding a ground
state in the hard-core model on a general graph is the max independent set problem, a
classic NP-hard problem. Similarly, finding and understanding the ground states of anti-
ferromagnetic models on random graphs is a challenging problem, both mathematically

'But not always! See e.g. the Edwards-Anderson model.



and algorithmically.

e Taking [ positive and finite interpolates between independence (pure entropy) and
optimization (pure energy). Understanding the Gibbs measure and partition function
at positive temperature requires balancing energy and entropy.

From the combinatorics perspective, the Gibbs measure interpolates between two objects
we study a lot: a purely random object (say a uniformly random cut in a graph) and an
extremal object (the max cut or min cut in a graph).

An important theme in statistical physics is that the qualitative properties of the two
ends of the interpolation persist at positive, finite temperatures: a weakly interacting system
has many of the properties of an independent system, while a strongly interacting system
correlates strongly with an extremal object. The switch from one qualitative regime to the
other is a phase transition, one of the main topics of statistical physics.

Not all Gibbs measures are spin models on graphs. Some other important examples
include the following, some of which also have particular importance in combinatorics.

1. The monomer-dimer model.  Allowed configurations are matchings in G, with
AM| TN: s . . o s
pa (M) = Zeten(y) - Dimers’ are edges in the matching while ‘monomers’ are un-
G

matched vertices. The monomer-dimer model is the hard-core model on the line graph
of G. This is an example of an edge coloring model (see e.g. [76]).

2. Spin models on hypergraphs. Here the energy function H is a sum of functions on
vertices and functions on hyperedges. For example, we can consider the hard-core
model on a hypergraph G = (V,E). Configurations are subsets S of vertices that
contain no hyperedge, weighted by Al°l. An interaction on a hyperedge of size > 2 is
called a multibody interaction.

3. Gibbs point processes (continuum models). The hard sphere model [54] is a continuum
model of a gas and perhaps the original model in statistical mechanics. This is a
probability distribution over packings of equal-sized spheres in Euclidean space.

Gibbs measures arise in many other contexts beyond statistical physics, including machine
learning, Bayesian statistics, mathematical biology, and many others. They are sometimes
called probabilistic graphical models, Markov random fields, log linear models, exponential
families, or Boltzmann distributions.

1.2 Markov random fields

A Gibbs measure defined as a spin model on a graph (with interactions across edges) is a
Markov random field with respect to the graph. This means that it satisfies the following
spatial Markov property. Let A, B, S be disjoint subsets of vertices of G so that S separates
A and B: any path from a vertex a € A to a vertex b € B must pass through S. Then with
respect to the Gibbs measure g, if we condition on the spins in S, g = 7g, the spins g4 in
A and op in B are independent.



A special case of the spatial Markov property is that the spin at v, oy, is independent of
the other spins in the graph conditioned on the spins of its neighbors op(,). We can write
down a formula for the distribution of o, given that o) = Tn(w):

k(s = ooy = ) = exp [—ﬁ (f (@) + X uen(w) 9w, Tu)>:| | )

D €XP [—/B (f(wl) + ZueN(v) g(w', Tu))}

For the hard-core model, this formula simplifies considerably. Say v is blocked with respect
to an independent set I if N(v) NI # () and unblocked otherwise. In particular, v can only

be in I if it is unblocked. Then we have ug \(v € I|v unblocked) = 1%\
This spatial Markov property makes it easy to compute the partition function of a spin

model on a tree.

1.3 Moments, cumulants, and derivatives of the log partition function

The energy H (-) is a local function, with respect to the geometry of the underlying graph: it is
a sum of functions on vertices and edges. As a random variable, H (o) is a locally computable
statistic or observable of the model (it can be computed from ¢ by summing over vertices
and edges). For instance in the hard-core model H (o) counts the size of an independent set
while in the Ising and Potts models H (o) counts the number of monochromatic edges (or
equivalently the number of crossing edges of a cut).

As we will see, understanding the behavior of the random variable H (o) for large under-
lying graphs can tell us a lot about the behavior of the model and any phase transitions that
might occur as parameters are varied.

To begin to understand the random variable H (o) we’d like to know its expectation,
variance, and then perhaps higher moments.

We can write down the expectation:

= D g z6(8). (6)

In the case of the hard-core model (due to the slightly different form of the distribution),
we have

Ecalll= Y [lpea(l)
1€Z(G)
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A
= 2 Mz

1€1(G)

1
= Z 7| A1
Za(}) 1€1(Q)
_ AN Ze(N)
Zc(\)
0

= Ay log Za (). (7)

This is an important equation that we will use throughout this lecture series. We now
see the same fact in more generality.

For a random variable X, its moment generating function is My (t) = Ee!X. Tts cumulant
generating function is its logarithm of the moment generating function Kx(t) = logEe'X.
The cumulants of X are the coeflicients in the Taylor series around 0:

oo tn
Kx(t) = Z Hn(X)a : (8)

n=1

Or in other words, £, (X) = Kg?) (0).

Cumulants are related to moments but are often more convenient to work with in sta-
tistical physics. For example, the cumulants of a Gaussian N(u,0?) are k1 = p, ka = 02,
kr = 0 for £ > 3 (and the vanishing of the higher cumulants characterizes the Gaussian

distribution). The cumulants of a Poisson(\) random variable are all A.

The partition function looks similar to a moment generating function, and in fact we
can write the moment generating function of the random variable H (o) as a ratio of partition
functions:

RetHG) _ L ZetH(a)efﬁH(a)

Za(B)
_ Za(B—1t)
- Za(B) ®)
which gives
K (t) = log Za(8 — ) — og Zo(8) . (10)

Thus taking derivatives of log Z(3) in 3 we obtain the cumulants of the random variable
H(o). Above we computed

ddﬁ log Z(8) = —~EH(0) = —k1 (H).

We can do a similar calculation with the second derivative:

e ) (ddﬁzw))Q

a2 8 20) = "7 Z0)



= E[H(0)’] - (EH (o))
= var(H (o))
= KQ(G) .

The higher derivatives recover the higher cumulants of the energy:

k

jﬁk log Z(8) = (—1)*sx(H) (11)

1.4 Multivariate partition functions

It is often useful and interesting to generalize partition functions or graph polynomials from
a single variable to multiple variables (for a great discussion of this, see [70]).

The multivariate hard-core partition function (or multi-variate independence polynomial)

of a graph G is
ZaN) = > ] (12)
IeZ(G)vel

where A = (A\y)yev (@) is a vector of activities indexed by the vertices of G. This is a
generalization since we can obtain Zg(\) by taking A = . Zg () is a multi-linear polynomial.

We can do the same for a general Gibbs measure. If our original model has partition

function
Zo@) = Y O
oe{£1}V

we can add non-uniform external fields t = (t,)yev () and set

Zg(Bt)= Y e PHE T ehov. (13)

oe{+1}V veV(G)

We recover the original partition function by taking t = 0.

More generally if we have a g-spin model; that is, |Q2] = ¢, we can pick one distinguished
spin w, and put non-uniform external fields in the direction of w. This gives the partition
function

Za(Bt)= 3 e PHO ] et (14)
eV veV(G)

and Gibbs measure . .
e_ﬁ (U) H’UEV(G) elvtoy=w

ZG(/Bv t)
External fields introduce a bias in favor (or against if the external field is negative) of a

certain spin. The (log of the) fugacity A in the hard-core model is an external field favoring
(or penalizing) occupied vertices.

pGpe(o) = (15)

An external field is uniform if it is the same at every vertex. A non-uniform external field
is consistent if the sign of the external field is the same at every vertex.



1.5 Marginals and correlations

Central to the statistical physics point of view is considering how correlations in a given
model behave and how this behavior depends on the parameters. All of the discussion below
pertains to general graphs, but for intuition it is helpful to keep in mind a graph like Z2 or
7% with very natural geometry.

We will also focus here mostly on two-spin models, like Ising or hard-core where a prob-
ability distribution on the spin set €2 can be specified by its expectation.

We will use the following notation: o, € 2 is the spin at vertex v in the configuration o.
For a subset of vertices S C V(G), o € Q2 is the spin assignment to S given by o (in other
words it is the restriction of o to the coordinates given by 5).

The marginal or occupation probability of a vertex v is p, = E[o,]; for instance, in the
hard-core model pu, = P(v € I). (For a ¢-spin model like Potts the marginal would be
a probability distribution on ©Q = [g], or we could specify a single spin w and ask for the
marginal probability of w: P(o, = w)).

For a pair of vertices u, v, the joint marginal is p,, = E[oy0,]. In the hard-core model,
this is pyy = Prga[u,v € I]. (For a g-spin model, the joint marginal would be described by
a ¢ X ¢ matrix).

For a subset S C V, the joint marginal is s = E[[[,cq 00]. If [S| = &, then pg is also
called the k-point correlation function.

We are often interested in how strong correlations between spins are, as a function of the
parameters of the model and the graph distance between vertices. A natural way to measure
the correlation between the spins at vertices v and v is to compute a covariance:

K(Uy V) = puw — faflo -

If 0, and o, were independent then x(u,v) would be 0; if x(u,v) is small in absolute value
then we can say o,, and o, are weakly correlated. The quantity x(u,v) is called the truncated
2-point correlation function.

1.5.1 Exponential decay of correlations

In probability and combinatorics we are very happy to work with independent random vari-
ables. We can compute variances, prove Chernoff bounds, prove Central Limit Theorems. In
many or most interesting situations, however, we are not working with independent random
variables. Figuring out how to generalize tools from the independent case is an important
topic in probability theory. (For example, Martingales and Azuma’s inequality generalize
Chernoff bounds).

An important heuristic in statistical physics is that a weakly interacting system is well
approximated by a system of independent spins or particles. We will see several precise
characterizations of this heuristic, including several notions of ‘weakly interacting’ and several
notions of ‘well approximated by’.

One notion of weakly interacting is that of decay of correlations.



Definition 1.1. Let G be a family of graphs. We say a family of Gibbs measures ug, G € G,
exhibits exponential decay of correlations if there exists constants A, B > 0 so that for all
G e g, and dll u,v € V(G),

‘/{(u7 U)’ < Ae—Bdist(u,v) ’ (16)

where dist(u, v) is the graph distance from u to v in G.

Note that exponential decay of correlations only makes sense for an infinite family of
graphs (or for an infinite graph G if we define an infinite volume Gibbs measure, see Sec-
tion [1.8). For any finite graph G (or any finite collection of finite graphs) we can always find

A, B satisfying ; what is important in the definition is that these constants are uniform
over the collection of graphs G.

Exercise 1. Let P, be the path graph on n vertices. Fixz A > 0. Show that hard-core model
on the family of path graphs {Pp}n>1 exhibits exponential decay of correlations. Hint: write
down a recursive equation for Zp, ().

1.6 Joint cumulants and truncated k-point correlation functions

We can also define truncated k-point correlation functions. To do that it will be helpful to
define the joint cumulants of a collection of random variables.

The moment generating function for a collection of random variables X = (X1,..., X})
defined on the same probability space is

k
My, x,(t) = BTt
a function from R* — R. The joint cumulant generating function is
k
Kx,, . x,.(t) =log Fe2j=1tiXi

The joint cumulants of X are the coefficients of the multivariate Taylor series for Ky, x, (t)
around t = 0. More precisely, for non-negative integers ¢1, . . . , {5, we define the joint cumulant

s
R, x () = 2

= WKXMU,X;C (t)] g -
J J

Specializing to our multivariate spin model with partition function

Za(B,6) = Y e PHO T e,

ocQV veV(GQ)
we can define the truncated k-point correlation function

8k

K(ut, ... ug) = m

log ZG(/BJ-’)“:()W
where uy,...,u; € V(G).

10



Exercise 2. Prove that

0
Mo = f%logZG(th)’tzﬁ (17)
and
82
P — fuplo = K(U,v) = M log ZG(/&t)‘t:G' (18)

1.7 Dynamics

So far we have discussed the equilibrium measure pg. It is also very natural from several
different perspectives (physical, computational, mathematical) to consider dynamics on the
space of configurations Q; that is a stochastic process on QY whose behavior at large time
scales looks like pg.

In this course we will study Markov chains on Q" whose stationary distribution is pg.
A complete study of Markov chains is beyond the scope of this course; for reference see [53].
We recall a few important definitions here.

Definition 1.2. A discrete-time, discrete space Markov chain on a finite or countable set ¥
18 a stochastic process Xo, X1, Xa,... that satisfies the Markov property: the distribution of
X conditioned on Xy, ..., Xy—1 equals the distribution of X; conditioned on X;_1.

This means we can describe a Markov chain by the distribution vy of the initial state X
and the transition matrix P(-,-), defined by P(x,y) = P(X,+1 = y|X, = x). We can also
define the t-step transition probabilities: P!(z,y) = P(X,1¢ = y| X, = x)

Definition 1.3. A Markov chain is irreducible if for every x,y € X there exists t so that
Pi(x,y) > 0. A Markov chain is aperiodic if for every x € X the gecd of the set {t > 1 :
Pl(x,z) >0} is 1.

For example, the simple random walk on a connected graph is irreducible, but on a
disconnected graph it is not. The simple random walk on a bipartite graph is not aperiodic.
We can make any periodic Markov chain aperiodic by making it ‘lazy’: at each step, with
probability 1/2 (or some other positive constant) stay in the current state and with probability
1/2 follow the law of the Markov chain.

Definition 1.4. A probability distribution m on X is a stationary distribution for the Markov
chain defined by P if for all x € 32,

w(X) =Y m(y)Ply,z).

YyeY

In particular, if 7 is a stationary distribution and Xg is distributed according to mg = 7
then X} is distributed according to = for all £ > 0.

How can we find a stationary distribution? There is a useful technique for a special class
of Markov chains. A Markov chain P is reversible with respect to 7 if for all z,y € 3,

m(x)P(z,y) = 7(y)P(y, ) . (19)

11



This is called the detailed balance equation.

If P is reversible with respect to m then 7 is a stationary distribution for P. While most
(or perhaps all) the Markov chains we will study in these notes are reversible, non-reversible
Markov chains can be very powerful tools for sampling (e.g. [9, [8]) but are often harder to
analyze mathematically.

A fundamental result on Markov chains states that if a Markov chain is irreducible and
aperiodic then there exists a unique probability distribution u on ¥ so that m,, — mwasn — oo,
where m, is the distribution of X,,.

1.7.1 Markov chains for spin models

We now specialize to Markov chains for spin models on graphs (for a short introduction to
the topic see [63]).

Here the state space will be the set of all possible configurations, QV, or in the case of
models with hard constraints, the set of all allowed configurations (Z(G) in the case of the
hard-core model on a graph G).

Our goal will be to find a Markov chain on Q" with stationary distribution g, the Gibbs
measure. There are many such Markov chains but for now we will be most interested in local
Markov chains: Markov chains in which at most one (or at most a bounded number of) spins
are changed in each step. This is for two reasons: such Markov chains may in some sense
capture the way a physical system evolves over time and these Markov chains are often easy
to implement computationally.

The Glauber dynamics
Given a configuration X; € Q" we obtain X, as follows:

1. Pick v € V uniformly at random.

2. Resample the spin at v from the Gibbs measure ug conditioned on the spins at the
other vertices.

If ug is a Gibbs measure with pairwise interactions across edges, the second step is
equivalent to resampling conditioned on the spins of the neighbors of v.

Exercise 3. 1. Show that the Glauber dynamics are reversible with respect to the Gibbs
Measure (ia.

2. Show that the Glauber dynamics are irreducible and aperiodic. (Assume that H(o) €
[0,00) for all o, or prove for the hard-core model).

Exercise 4. Let ¥,(G) be the set of all proper g-colorings of G and suppose |34 > 0. Let
la,q denote the uniform distribution on X4(G).

1. Give an example of graph G so that for some q > 2, ¥4(G) is disconnected under moves
that change the color of one vertex at a time.

12



2. Give conditions in terms of q¢ and the mazimum degree of A to ensure that ¥4(G) is
connected under single spin updates (changing the color of one vertex at a time).

3. Describe precisely a single spin update Markov chain for sampling from pgq (i.e.
Glauber dynamics).

1.7.2 Mixing times

Markov chains are widely used to sample from probability distributions on large sets X. If we
want to sample from ug by running a Markov chain X7, X, ... with stationary distribution
e, an important question is how long we need to run the chain to get an approximately
correct sample from pg.

To answer this we need a good measure of ‘approximately correct’.

Definition 1.5. Let p1 and po be two probability measures on the same sample space ¥ with
the same sigma-field F. Then the total variation distance between py and po s

1 = pellrv = sup |p1(A) — pa(A)].
AeF
For a discrete probability space, we have

1
lpx = pa2llrv = 5 > (o) = pa(o)|
oeX

= > p(o) — p2(o)

c€X:p1(0)>p2(o)
(o p1(0) > () — ol - 11(0) > pa(o).

With this definition we can define the Mixing time of a Markov chain.

Definition 1.6. The e-mizing time Tmix(€) of a Markov chain with stationary distribution
on X 18
sup min{t > 0: |7 — 7|lrv < e},
mEP(X)

where m; is the distribution of Xy given that Xo has distribution m.

Note that for a given g, |7 — ||y is decreasing in t. We write Tyix for mmix(1/4). This
is because for any irreducible, aperiodic Markov chain with stationary distribution 7, there
are constants C' > 0 and « € (0, 1) so that

sup ||my — 7||py < Cal.

o

This means that 7y (€) = O(log(e™!)) - Tix. For these facts and much more on mixing times
see [53].

For a Gibbs measure g on a graph G on n vertices we say a Markov chain is fast-mixing
or mixes rapidly if myix is bounded by a polynomial in n; that is, poly-logarithmic in the size

13



of the state space QY. We say the Markov chain is slow mixing or torpidly mixing if T is
superpolynomial in n (often exponential in some power of n).

Keep in mind that the size of the state space of a spin model on G is exponentially large in
n. So in the context of random walks on graphs, a random walk that mixes in time O(logn)
is fast mixing while a random walk with mixing time Q(n°) for some ¢ > 0 is slow mixing.
Random walks on expander graphs are fast mixing, while a random walk on a cycle, for
instance, is slow mixing.

1.8 Phase transitions

A central concept in statistical physics is that of a phase transition.

1.8.1 Boundary conditions

It will be very useful to impose boundary conditions on a Gibbs measure: that is, fixing the
spins on a subsets of vertices (the boundary) and studying the resulting conditional Gibbs
measure. We will define and study the notion of boundary conditions for arbitrary graphs
(with arbitrary boundaries) but it is useful to keep in mind a box in Z? with its natural
geometric boundary.

Specify a spin model with spin set 2 and energy function H(-). Let G = (V, E) be a graph
and let S C V be a specified set of boundary vertices. Let 7¢ € Q% be a fixed assignment
of spins to the vertices in S. Then the Gibbs measure with boundary conditions 7g is the
probability distribution x5 on 0V defined by

S(g) = O5=TS
MG( ) ZGS(ﬁ)

where
—BH(o
Zg(B) = Z e P )105=TS'
oeQV
In words, p1¢7 is the distribution of yg conditioned on the event {og = 75}.

In the case of the hard-core model, boundary conditions take a particularly simple form.
If we specify that a vertex u is not in I, then this is the same as removing u from V(G). If
we specify that « is in I, then this is the same as removing N(u) from V(G) and keeping u
as an occupied isolated vertex (which will have no effect on the other vertices of G).

1.8.2 Infinite volume limits

How can we define a Gibbs measure on an infinite graph like Z¢ or the infinite A-regular
tree? We cannot define it via and since the number of vertices is infinite.

One approach to make sense of a Gibbs measure on an infinite graph is that of Dobrushin,
Lanford, and Ruelle based on conditional probabilities and boundary conditions.

A specification of a spin model is a fixed choice of parameters, say fixing A in the hard-core
model, or fixing the function f, g in the general formulation of a spin model on a graph.

14



For a given specification and a countably infinite graph G, we say a probability measure
pon QV() is a Gibbs measure with the given specification if for every finite set A C V(QG)
and every configuration 7 € QV(%) we have the following equality between conditional prob-
abilities and finite volume Gibbs measures with boundary conditions:

(o = Jore = mae) = HPA(), (20)

where OA is the external neighborhood of A, vertices in A€ that are joined to some vertex in
A. In words, this condition says that the conditional distributions of y induced on any finite
set by a configuration on its complement is exactly the finite volume Gibbs measure with the
same specification and the given boundary condition. For more details on the construction
of infinite volume Gibbs measures see [66), 36} 28].

Under very general conditions, there always exists an infinite volume Gibbs measure with
a given specification on an infinite graph G. The main question is whether there is only one:
is the infinite volume Gibbs measure unique or not?

1.8.3 Notions of phase transition

1. Uniqueness / non-uniqueness. We say a phase transition occurs at S, if for all € small
enough there exists a unique infinite volume Gibbs measure for 8 = . — ¢ and multiple
infinite volume Gibbs measures for 5 = 5. + €.

2. Analyticity. We say a phase transition occurs at . if the infinite-volume pressure p(3)
is non-analytic at S..

3. Correlation decay. We say a phase transition occurs at . if for all € small enough
correlations decay exponentially fast when 8 = 8. — ¢ and do not decay exponentially
fast when 8 = 8. + ¢.

1.8.4 Uniqueness methods

Here we list some approaches to proving absence of phase transition or uniqueness of Gibbs
measure for a given specification. We will see some of these methods in more details in
upcoming lectures.

e Cluster expansion
e Disagreement percolation
e Markov chain mixing

e Computational trees

1.8.5 Phase coexistence methods

Conversely, how does one show that multiple Gibbs measures exist for a given specification?
There are a number of different techniques, depending on the model and the type of graph. For
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infinite trees, one can set up a recursion for marginal probabilities and show that there exist
multiple fixed points. For lattices like Z¢, one usually uses a Peierls argument, bounding the
number and ‘cost’ of contours separating the origin from infinity; a much more sophisticated
form of this technique is Pirogov-Sinai theory.

Background reading

The textbook of Friedli and Velenik [28] covers many fundamentals of statistical physics
models on lattices from a mathematical point of view. Ruelle’s textbook [66] is a classic
reference for both lattice and continuum systems. The lecture notes of Adams [I] cover
the mathematical fundamentals of statistical physics. It is also well worth reading about
statistical physics from a physics perspective; the lecture notes of Tong are a good place to
start [77]. Finally, Okounkov’s recent overview of the work of Hugo Duminil-Copin [59] gives
a nice feeling for some exciting questions and recent results in statistical physics.

1.9 Exercises and examples
1.9.1 Solved examples

1. Let Zg(\) be the hard-core partition function on a graph G. Let I be a random
independent set from G distributed as gy, the hard-core model at fugacity A. Let
ag(A\) = E[I.

(a) Write an expression for ag(\) in terms of log Zg ().

(b) Prove that ag()\) is strictly increasing as a function of A (assume the graph G has
at least one vertex).

(c) Write an expression for the number of maximum independent sets of G in terms
of a limit involving log Zx(\).

(d) Suppose G has n vertices and maximum degree A. Show that
var(|I]) > en

where ¢ is a constant that depends on A and A. Hint(s): use the law of total
variance; use the fact that G has an independent set of size at least n/(A + 1).

Solution:

(a) We can write

ag(\) = Y Hluc(I)
I€eZ(G)
_ Yren) |[Z|A]
B Za(N)
_ /\Zjez(c;) Z|AI=
Za(N)
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_ 2™
Za(N)
= Alog Za(N))' .

(b) We take the derivative of ag(A) with respect to A:

_ MW ZEWN) + Ze(N)Z6(N) = MZe(V)?

O/G()‘) ZG()\)Q

B var(|I])
= >0

since {|I| = 0} and {|I| = 1} both have positive probability when A > 0.
(c) For A> 2", Zg(\) = ia(G))\O‘(G); in particular,
Za(A) 2"

1< ——_ <14+ —.
- ia(G))\a(G) =1+ A

We can recover a(G):
_ log Za(A)
OZ(G)  Asoo log A ’

Then once we know a(G) we can recover i, (q):

. _ 1 Zg(N\)
foccy = Jim S5

(d) Let J € Z(G) be an independent set of size at least n/(A +1). Let X = [I]. Let
Y be the number of vertices of J ‘unblocked’ by I; that is,

Y=({zxeJ:Nx)NnI=~0}.
The Law of Total Variance says
var(X) = E[var(X|IN J)] + var[E(X I N J°)].

By the spatial Markov property, given INJ¢, the unblocked vertices of J appear in

I independently with probability A/(1+ A), and so var(X|[INJ¢) = ﬁ Y. On

the other hand, any vertex in a max-degree A graph is unblocked with probability
at least ﬁ and so

n

1
Y s 2 G na s

Putting this together gives

A

varlX) 2 n Ry g aare
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2. Let G be a graph and A C V(G) be a set of d vertices. Suppose you know that
per(INA =0) = p. Form the graph G’ by adding a single vertex v to V(G) and
connecting v to each of the vertices of A.

(a) Compute log Zg/ () — log Zg(A).
(b) Compute pcr , x (the occupation probability of v in the hard-core model on G’ at
fugacity \).
(This is a baby version of the ‘cavity method’)

Solution:

(a) Independent sets of G’ can be divided in two sets: those that contain v and those
that do not. Independent sets that do not contain v are exactly the independent
sets of G. Independent sets that contain v are independent sets of G that contain
no neighbor of v, plus v. We can then write

Za(N) =ZaN)+x > AL
I€Z:INN (v)=0

Since 1
Zlez-mN(u)—@ A
we have
Zcr(N)
=1+
Za(N) P

and so log Z¢g/(\) — log Za () = log(1 + Ap).

(b) By a similar calculation,

) . A Z[eI:IﬂN(v):(Z) A
HG' v X = ZG’ (A)
A\pZg(N)
(1+Ap)Za(N)
_
IRERY

(As a check, imagine v has no neighbors in G’; then this formula reduces to
A/(1+4 X), the probability an isolated vertex is occupied).
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2 Combinatorics and statistical physics

In this lecture we will look at combinatorics problems from the perspective of statistical
physics and see the usefulness of some of statistical physics tools.

2.1 Terminology and perspectives
Some of the central questions in combinatorics can be summarized as follows.

1. Extremal problems: what is the largest structure of a given type?
2. Counting: how many structures of a given type are there?

3. Typical structure: what are the structural properties of a typical (uniformly random)
structure of a given type?

4. Stability: are all (or most?) near-extremal structures of a given type close in some
metric to an extremal structure?

Each of these questions has an analogue in statistical physics.

1. Ground state: which configuration ¢ minimizes H(o)?
2. Partition function: compute or approximate the partition function Z.
3. Gibbs measure: what is the typical structure of a sample from the Gibbs measure p?

4. Order/disorder phase transition: at positive temperature do samples from the
Gibbs measure resemble (in some sense) a ground state?

These questions are essentially the same but using different language. On the other hand,
the perspectives of combinatorics and statistical physics can be quite different: combinatorics
is often concerned with optimizing over all graphs (or hypergraphs), while statistical physics
is often focused on specific infinite graphs like Z¢.

This difference in perspectives can often be very useful. Some important results in sta-
tistical physics would be very hard to prove without taking the worst-case combinatorics
perspective (like the Lee—Yang [52] and Heilmann-Lieb [40] theorems). On the other hand,
by focusing on specific graphs, statistical physicists can understand behavior of these models
very precisely and provide intuition useful in other settings.

In the next section, we will prove a couple of results about independent sets in graphs,
taking a statistical physics approach to combinatorics problems.

2.2 Independent sets in regular graphs

Which d-regular graph has the most independent sets? This question was first raised in the
context of number theory by Andrew Granville, and an approximate answer was given by
Noga Alon [3] who applied the result to problems in combinatorial group theory.

Jeff Kahn gave a tight answer in the case of d-regular bipartite graphs.
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Theorem 2.1 (Kahn [49]). Let 2d divide n Then for any d-regular, bipartite graph G on n
vertices,

n/2d
i(G) S i(Han) = (247 =1)

where Hg,, is the graph consisting of n/2d copies of Kq4.

In terms of the independence polynomial, we can rephrase this as follows. For any d-
regular, bipartite G,
ZG(l) < ZKd,d(l)n/zdv

or, more convenient from our perspective,

log ZG( ) 10gZKdd< )

1
V(G T2

Work of Galvin and Tetali [34] and Zhao [80] extended this result to all values of the inde-
pendence polynomial and all d-regular graphs.

Theorem 2.2 (Kahn; Galvin-Tetali; Zhao). For all d-reqular graphs G and all A > 0,

log ZG()‘) log ZKdd<)\)

1
V(@) 2d

See Galvin’s lecture notes on the entropy method [31] for an exposition of the proof
of Theorem and extensions. See also the recent work of Sah, Sawhney, Stoner, and
Zhao [67, [68] for an extension to irregular graphs among other results.

The question of minimizing the number of (weighted) independent sets in a d-regular
graph is somewhat simpler: the answer is the clique K441, proved by Cutler and Radcliffe [21];
for a short proof see the exercises.

Among all d-regular graphs, the graph with the smallest scaled independence number is
the clique K441. If we impose the condition that G has no triangles, then it is not immediately
clear which graph has the smallest independence number «(G).

Following Ajtai, and Komlds, and Szemerédi [2], Shearer proved the following.

Theorem 2.3 (Shearer [71]). For any triangle-free graph G on n vertices of average degree
at most d,
logd

a(G) = (1+ 0u(1) =2

n.

As a consequence, Shearer obtained the current best upper bound on the Ramsey number
R(3,k).

Corollary 2.4 (Shearer [71]). The Ramsey number R(3, k) satisfies

2

R(3,k) < (1+ ok(1))lfgk.
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The random d-regular graph (conditioned on being triangle-free) satisfies

2logd
d

a(G) = (1+o04(1)) n,
and this is the smallest independence ratio known for a max degree d graph (in the large d
limit), and so there is potentially a factor of 2 that could potentially be gained in Shearer’s
bound. This factor of 2 would immediately give a factor 2 improvement to the upper bound
on R(3,k).

Here we will use statistical physics methods to prove a strengthening of Theorem and
a result closely resembling Theorem [2.3 but for the average size of an independent set rather
than the maximum size.

To start we define the occupancy fraction of the hard-core model to be the expected
fraction of vertices in the random independent set:

ag(N) = |V(1G)|EG”\|I| :

The first theorem states that K, maximizes the occupancy fraction over all d-regular
graphs and all A.

Theorem 2.5 (Davies, Jenssen, Perkins, Roberts [23]). For all d > 2, all A > 0, and all
d-reqular graphs G,

AL+ )¢

a(;()\) < ( + )

o a0
S a1 el

This implies Theorem [2.2] as follows:

1 1 IR
—log Zg(\) = —log Z(0) + — / (log Zg(t)) dt
n n n Jo

Ai
:0+/ ac(t) 4,
0 t

Aag, ,(t
</ aKd,d()dt
0 t

1

= ?dlogZKd,d()\).

The next theorem states that the expected density of an independent set in a triangle-free
graph G of max degree d is at least (1 + od(l))log 4 the same bound that Shearer achieves
for the maximum density (though he proves this with the weaker condition of average degree
d). This result also yields a lower bound on the number of independent sets in a triangle-free

graph.

Theorem 2.6 (Davies, Jenssen, Perkins, Roberts [24]). For all triangle-free graph G of
mazimum degree d,
logd

(1) = (1+0a(1) =5
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Moreover,

2
log“ d
a ",

i(G) > e(%-ﬁ-o(i(l))

The respective constants 1 and 1/2 are best possible and attained by the random d-regular
graph.

We start by proving Theorem [2.5] for triangle-free graphs along with Theorem Con-
sider the hard-core model on a d-regular, triangle-free G on n vertices.

We imagine the following two-part experiment: pick a random independent set I from the
hard-core model on G and independently pick a uniformly random vertex v from V(G). We
then will record some local information about I from the perspective of v. In particular, we
say v is uncovered with respect to an independent set I if N(v) NI = (), and we will record
Y, the number of uncovered neighbors of v with respect to the random independent set I.
The random variable Y takes integer values between 0 and d and its distribution depends on
both G and A.

We will also use the following two facts that follow from the spatial Markov property.
Fact 1 Pr[v € I|v uncovered] = 1%\
Fact 2 Pr[v uncovered|v has j uncovered neighbors] = (1 + \)77.

Fact 2 relies on the fact that G is triangle-free: the graph induced by the uncovered neighbors
of v consists of isolated vertices.

Now with our two-part experiment in mind, we write @g(\) in two ways:

ac(\) = E > PriveT

n
veV(Q)
1 A
= Pr[v uncovered] by Fact 1
nl+ A
veV(Q)
1A d -
=T Z Z Pr[v has j uncovered neighbors] - (1 4+ X)™7 by Fact 2,
veV(Q) j=0
and
11
ag(A) = ~g ZPr[u €I] since G is d-regular
veV(G) u~v
11 A
= 9T Z Pr[u uncovered] by Fact 1.

veV(G) u~v

Recall Y is the number of uncovered neighbors of v with respect to I. Now our two
expressions for @g(\) can be interpreted as expectations over Y.

A _
ac(N) = 3 Eead +2) Y
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_ 1 A
6N = gy xFen
Thus the identity
_ 1
Eaa(1+A)7Y = EanY (21)

holds for all d-regular triangle-free graphs G.

Theorems and are optimization problems (maximization and minimization respec-
tively) over the set of all d-regular graphs. Now we can relax these optimization problems:
instead of maximizing or minimizating a@g(\) over all d-regular triangle-free graphs, we can
maximize 1J%)\I[E(l + A)~Y over all distributions of random variables Y that are bounded be-
tween 0 and d and satisfy the constraint . In particular all d-regular triangle-free graphs
induce a distribution Y satisfying these conditions, but there may be additional distributions

that do not arise from graphs.

Consider the maximization problem first. By convexity we see that to maximize EY
subject to these constraints, we must put all of the probability mass of Y on 0 and d.
Because of the constraint , there is a unique such distribution.

Now fix a vertex v in Kgg4. If any vertex on v’s side of the bipartition is in I, then v has
0 uncovered neighbors. If no vertex on the side is in I, then v has d uncovered neighbors. So
the distribution of Y induced by Ky 4 (or Hy,,) is exactly the unique distribution satisfying
the constraints that is supported on 0 and d. And therefore,

aG()‘) < aKd,d()\) :

This proves Theorem in the special case of triangle-free graphs.

What if we want to minimize EY subject to these constraints? In this case, by convexity,
we should take Y to be constant: Y = y* where (1 + \)7¥ = L., or in other words,
y* - eV los(1+3) — ¢

Formally, we can use Jensen’s inequality:
1
ZEY =E(1+ A)7Y > (14 0)7EY
and so EY > y* as above.
The solution is
«  Wi(dlog(1+ X))
log(1+ A)

where W (-) is the W-Lambert function (that is, = W (x)e"V(*)). This gives

1 A Wi(dlog(l+ X))
dl+X  log(1+2A)

ag(A) > (22)

Now although @g(\) is monotone increasing in A, somewhat surprisingly the bound
is not monotone in A (see Figure |3| for example).

It turns out that it is best to take A = A(d) — 0 as d — oo, but not as quickly as any
polynomial, that is A(d) = w(d™¢) for every € > 0.
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Figure 3: I%\y* as a function of A with d = 100.

We set A = 1/logd and derive a bound asymptotically in d. We show in the exercises
that the Lambert-W function satisfies

W (x) = log(x) — loglog(z) + o(1)

as x — oo. If A — 0 then ¢ — 1, and W(dlog(1+ X)) = (1 + 04(1))logd. This

A
1+X) log(1+X)
gives, for A = 1/logd,
logd

ag(A) > (14 04(1)) B

and by monotonicity this extends to all larger A.

To obtain the counting result we integrate the bound for A = 0 to 1 to obtain a lower
bound on the partition function.
P ag(t)

1 ) 1
Elogz(G) = Elong(l) —/0 Tdt

Y1 1 W(dlog(1+1t))
> [ = dt  from (22
—/0 dl+t log(l+¢) rom (22)

1 W (dlog 2)
=3 / 1+ udu using the substitution u = W (dlog(1 +t))
0

1 1
== [W(dlog 2) + 5W(dlog 2)?

1 log? d

Using a similar argument to the proof of the R(3, k) upper bound, we can use Theorem
to give a lower bound on the number of independent sets in a triangle-free graph without
degree restrictions.

Corollary 2.7 ([24]). For any triangle-free graph G on n vertices,

i(G) > (T Ho) Vilosn.
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Proof. Suppose the maximum degree of G is equal to d. Then i(G) > 2¢ since we can
simply take all subsets of the neighborhood of the vertex with largest degree, and i(G) >

(l_,.o (1))Mn .. . .
e\z7% 4 " from Theorem [2.6] As the first lower bound is increasing in d and the second
is decreasing in d, we have

2
i(G) > min max {2d, e(5+oa(D) ™5 d”} — od*

10g2d .
4 " that is,

V2y/nlogn
4/log2 '

where d* is the solution to 2¢ = e(%“d(l))
d* = (14 04(1))

and so

(@) 5 ()

Vlog2 o n n
This improves the bound of e( ot (1)>\f10g from [19].

In the next section we give the full proof of Theorem dispensing with the triangle-free
assumption.

2.2.1 Linear programming and occupancy fractions

We begin by reviewing the basics of linear programming, duality, and complementary slack-
ness.

Linear programming review

Suppose we have the linear program in standard form with variables x1, ... xy:
n
maximize Z Ci%;
i=1
subject to x; >0 Vi

n
ZAUJ'Z < bj fOl"j = 1,...m.
i=1
This is the primal LP. The corresponding dual LP has variables Ay, ... A,, for each constraint
of the primal and constraints for each variable of the primal:

m
minimize Z biA;

j=1
subject to A; >0V

m
ZAijAj ZCZ‘ fOl“’iZl,...TL.
J=1
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Theorem 2.8 (Weak duality theorem). If z1,...,z, and A1,..., A, are feasible solutions
to the primal and dual LP’s respectively, then

n m
Z C;T; < Z bjAj .
i=1 j=1

In particular, the objective value of any feasible dual solution gives an upper bound on
the optimum of the primal LP. The strong duality theorem says that an optimal upper bound
can be found if both primal and dual are feasible.

Theorem 2.9 (Strong duality theorem). If the primal and dual linear programs are both
feasible, then their objective values coincide.

In particular, if we have a feasible primal solution that we believe is optimal, we can prove
this by finding a feasible dual solution with the same objective value.

The strong duality theorem implies that there are four possibilities for a primal/dual pair
of LP’s:

1. Both primal and dual are feasible and their optima coincide.
2. Both primal and dual are infeasible.
3. The primal is infeasible and the dual is unbounded.

4. The dual is infeasible and the primal is unbounded.

Very often it is useful to use complementary slackness to check for optimality. Say
r1,...,o, and Aq, ..., A, are feasible solutions to the primal and dual LP’s. We say com-
plementary slackness holds for the pair of solutions if:

e For each j = 1,...,m either A; = 0 or the jth constraint of the primal holds with
equality under the solution x1,...,x, (or both are true).

e For each i = 1,...,n either x; = 0 or the ith constraint of the dual holds with equality
under the solution Aj,...,A,, (or both are true).

Theorem 2.10. The feasible solutions x1, ..., T, and Ay, ..., Ay to the primal and dual LP’s
respectively are an optimal pair of solutions if and only if complementary slackness holds.

For much more on linear programming, see for example Boyd and Vandenberghe’s
book [13].

Proof of Theorem 2.5l

Let G be a d-regular n-vertex graph (with or without triangles). Do the following two part
experiment: sample I from the hard-core model on G at fugacity A, and independently
choose v uniformly from V(G). Previously we considered the random variable Y counting
the number of uncovered neighbors of v. When G was triangle-free we knew there were no
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edges between these uncovered vertices, but now we must consider these potential edges.
Let H be the graph induced by the uncovered neighbors of v; H is a random graph on at
most d vertices over the randomness in our two-part experiment. Specifically we mean the
neighbors of v not covered by vertices in V(G) \ N(v); so we don’t consider covering among
the neighbors.

We now can write ag () in two ways as expectations involving H.

ag(A\) = 11)\ PI)‘\[V uncovered] = : i )\]EG’)\ [ZHl(/\)] (23)
TN = gEaalln VW) = JEan |75 (21)

and so for any d-regular graph G, we have the identity

s - o )

Now again we can relax our optimization problem from maximizing &g over all d-regular

graphs, to maximizing IJ%AE [#(A)] over all possible distributions H on H,4, the set of
graphs on at most d vertices, satisfying the constraint .

We claim that the unique maximizing distribution is the one distribution supported on
the empty graph, (), and the graph of d isolated vertices, K. This is the distribution induced
by Kgq4 (or Hg,) and is given by

o (+ad-1
glﬂf—@—2G+Awil

ey @
LrM =K =55 31

To show that this distribution is the maximizer we will use linear programming duality.

Both our objective function and our constraint are linear functions of the variables
{p(H)}Hen,, so we can pose the relaxation as a linear program.

A1
1+ A Zg(\)

maximize Z p(H)

HeH,
subject to p(H) > 0VH € Hy

> pH)=1

HeHy

A1 AZ(N]
Hédp(ﬂ) {1+)\ZH(>\)_ng()‘) -0

The first two constraints ensure that the variables p(H) form a probability distribution; the
last is constraint .
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Our candidate solution is p(f)) = %, p(Kq) = %,
A(14N)4-1

ax, ,(A) = NI To prove that this solution is optimal (and thus prove the theorem),

with objective value

we need to find some feasible solution to the dual with objective value @k, , ().

The dual linear program is:

minimize A,
A 1 A Zy(N) S A

1
_2 for all H € Hy.
A Za(N)  dZuN | = T4 A Zgoy orall # € Ha

subject to A, + A, -

For each variable of the primal, indexed by H € H4, we have a dual constraint. For each con-
straint in the primal (not including the non-negativity constraint), we have a dual variable, in
this case A, corresponding to the probability constraint (summing to 1) and A, corresponding
to the remaining constraint. (Note that we do not have non-negativity constraints A,, A, > 0
in the dual because the corresponding primal constraints were equality constraints).

Now our task becomes: find a feasible dual solution with A, = @k, ,(A). What should
we choose for A.? By complementary slackness in linear programming, the dual constraint
corresponding to any primal variable that is strictly positive in an optimal solution must
hold with equality in an optimal dual solution. In other words, we expect the constraints
corresponding to H = (), K; to hold with equality. This allows us to solve for a candidate
value for A.. Using Zy(\) = 1 and Zj(\) = 0, we have the equation

A

aKd,d()\) + A [1_'_)\ — 0] = TN

Solving for A, gives
@+ A=
C2(1+ A -1

A(14N)41

Now with this choice of A, and A, = @k, ,(\) = AN

becomes:

our dual constraint for H € H,

)\(1+>\)d—1+(1+)\)d—1 A 1 AZp(MN] L A 1

_Z . 26
20402 —=1 21+ N—1 [14+4XZy(N) dZu(N\)] ~ 14+ XZg(N) (26)
Multiplying through by Zg(\) - (2(1 + A\)? — 1) and simplifying, (26)) reduces to
d—1 ZI
Ad(1+ X) < AZ5(N) (27)

(T+MNd—1 7~ Zg(\) —1"

and we must show this holds for all H € H4 (except for H = () for which we know already the
dual constraint holds with equality). Luckily has a nice probabilistic interpretation: the
RHS is simply Eg » [|I| ! 1] > 1], the expected size of the random independent set given that
it is not empty, and the LHS is the same for the graph of d isolated vertices, K . Proving
is left for the exercises, and this completes the proof.
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2.3 Further directions and open questions
2.3.1 Sphere packings

The proof of Theorem [2.6] works in a very different setting: lower bounding the average
density of a random sphere packing of R¢ chosen according to the hard sphere model.

2.3.2 Some open questions

Zhao has a nice survey on the area of extremal problems for regular graphs [81]. See also the
paper of Csikvéri [20].

Max vs average independent set size

Theorem [2.6|implies the upper bound on R(3, k) in exactly the same way as Shearer’s bound,
as the occupancy fraction is of course a lower bound on the independence ratio. But we might
hope that it gives more — that in triangle-free graphs there is a significant gap between the
independence number and the size of a uniformly random independent set (i.e. at A =1 in
the hard-core model).

Question 1. Can we use Theorem to improve the current asymptotic upper bound on
R(3,k).

We give three specific conjectures whose resolution would improve the bound.
Conjecture 2.11 ([24]). For any triangle-free graph G, we have

a(G)

V@) wa =

Conjecture 2.12 ([24]). For any triangle-free graph G of minimum degree d, we have

a(G)

Wl aem -~

Conjecture 2.13 ([24]). For any e > 0, there is X\ small enough so that for any triangle-free
graph G we have

>2—c.

Conjecture would imply a factor 4/3 improvement on the current upper bound for
R(3, k), while Conjectures and would both imply a factor 2 improvement.

Matchings and perfect matchings

A classic result that can be interpreted as an extremal problem for bounded degree graphs
is Bregman’s Theorem [14]. This theorem gives an upper bound on the permanent of a 0/1
matrix with prescribed row sums.
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Recall that the permanent of an n x n matrix A, per(A), is

per(4) = Y [ 4w

€Sy i=1
where the sum is over permutations on n elements.

Theorem 2.14 (Bregman). Let A be an n x n matriz with {0,1}-valued entries and row
sums dy,...d,. Then

perm(A) < H(di!)l/di.
i=1

Bregman’s theorem can be stated as an upper bound on the number of perfect matchings
in a balanced bipartite graph with a given degree sequence on one side. Let pm(G) denote
the number of perfect matchings of a graph G.

Corollary 2.15. Suppose G is a bipartite graph on two parts of n/2 vertices each, with left
degrees d, . ..dy, 9, then
n/2

pm(G) < JJ(a)/*.
1=1

One can also ask about perfect matchings in not-necessarily bipartite graphs.

Theorem 2.16 (Kahn and Lovasz). Let G be a graph on 2n wvertices with vertex degrees
dy,...,do,. Then

In the case of a d-regular graph on n vertices, this means that

pm(G) < pm(Kdyd)”/w .

One can then ask which graph maximizes the number of total matchings, not just perfect
matchings. Let M(G) be the set of all matchings of G. Let m(G) = |[M(G)| be the number
of matchings and my(G) be the number of matchings of size k (so m,,/2(G) = pm(G)). The
matching polynomial, or the partition function of the monomer-dimer model, is

Zglatch(A) — Z )\|M\ )
MeM(G)

(Sometimes the matching polynomial is defined differently, as > ,<o(—1)*A""2my(G) but
these are equivalent up to scaling of the polynomial and the argument). The matching
polynomial is the independence polynomial of the line graph of G: the graph on the edges of
G with adjacency determined by incidence.

Theorem 2.17 (Davies, Jenssen, Perkins, Roberts [23]). For any d-regular graph G, and
any A >0,
1 1
1 Zmatch A < —1 Zl’natch ).
|V(G)‘ 0g 4 ( )— 2 0og Kg.q ( )
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This is the analogue of Theorem [2.2] for matchings. In particular, taking A = 1 we have
m(G)Y™ < m(Kqq)'/?¢ for all d-regular graphs G.

Question 2. For a given d, \, what is the minimum and minimizer of

1
lomeatch)\
v s 4

over all d-reqular graphs?

See discussion in [22] [11].

Question 3. Is there a degree sequence version of Theorem[2.17, that is, a generalization of
Bregman’s theorem to the matching polynomial?

Question 4. Is there an entropy-based proof of Theorem |2.177 (Or simply an easier proof
than that in [23]).

Computational thresholds and extremal problems

In some cases, the extremal problem of maximizing or minimizing the expectation of an
observable (like the occupancy fraction) over a class of graphs can be used to identify a com-
putation threshold in an algorithmic problem about approximating coefficients of partition
functions, see [25] [17].
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3 Cluster expansion

In this lecture we focus on one very important tool from statistical physics: the cluster
expansion. At a very high level, the cluster expansion provides a way to show that a collection
of random variables is ‘close’ to independent. When it applies, you can deduce almost any
probabilistic information you can deduce for collections of independent random variables. We
will see that it is very useful for combinatorial enumeration.

3.1 Ideal gas laws

An equation of state for a gas relates the quantities that determine the state of the gas:
volume, pressure, and temperature.

The ideal gas is a gas of non-interacting particles. In the continuum we can model the
ideal gas as a Poisson process of intensity A on a region A of finite volume in R?. The partition
function of the ideal gas is given by

)\k
ZA(/\):Z/ Edazl...dazk:e’\w.
>0 Ak K!

The density of the ideal gas is simply A, while the pressure is the normalized logarithm of

the partition function: py(A) = ﬁ log eMAl = X, So for the ideal gas the equation of state is

bp=p

where p is the infinite volume pressure and p is the infinite volume density. In physics this is
stated with various constants (and can be derived from the equation PV = nRT which you
may be familiar with).

What happens when we deviate from the ideal gas and particles interact with each other?
The equation of state must change to account for the interaction, but we can hope that when
the density is small enough or the temperature large enough, the new equation of state will
be a small perturbation of the ideal gas law.

The idea of the cluster expansion is to measure deviations from the ideal gas law due
to interactions via an infinite series. To begin with the series is just a formal power series,
but when the activity A is small enough it can be shown that the series is convergent. The
cluster expansion is also known as the ‘Mayer series’ or ‘Mayer expansion’ after the work of
Mayer and Mayer and Mayer and Montroll [55, 56]. Rigorous proofs of convergence came
later, e.g. [38] (65, [62].

In a discrete setting we can define an ideal gas as well, by taking, for instance, the hard-
core model on a graph of n isolated vertices (we could have defined instead a gas with a
Poisson number of particles at each site, which would lead to a different discrete ideal gas).
Then for a given fugacity A, the density is p = 1%\ while the pressure is p = log(1 + A).
Eliminating A gives an equation of state:

=1 .
p=log—
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When we introduce interactions by adding edges to the empty graph, the equation of state
will change. But again we can hope that when A is small enough and interactions are weak
enough (in terms of, say, the number of edges of the graph), the new equation of state will
be a small perturbation of the ideal law.

3.2 Cluster expansion for low density hard-core model

It will be very useful for what we do later to introduce the cluster expansion in the setting
of the multivariate hard-core model on a graph Gj that is, each vertex v is assigned its own
fugacity A,.

We record some notation before we begin. Let K} be the complete graph on k vertices
and Gy, be the set of all graphs on k vertices; that is, all subgraphs of Kj. Let Ci be the set
of all connected graphs on k vertices. We also define the Ursell function (with respect to G):
for vy,...vp € V(G),

1
¢(U17 s 7”16) = E Z H (_1117;:’0]' OR (vi,vj)GE(G)) :
" HECk, (4,j)€E(H)

In particular if vq, ..., v induce a disconnected subgraph graph of G then ¢(vy,...,v;) = 0.

We begin by writing

ZeN = > [

IeZ(G)vel
1 k
:ZE Z H)\v]- H (1_f(vi>vj))
k>0 v,.., 0 CV(G) j=1 1<i<j<k

where f(v;,vj) =1 if v; = vj or (v;,v;) € E(G). We can expand the last product

H (1= f(vi,vy)) Z H (—f(vi, v5))

1<i<j<k HCKy, (i,j)€E(H)
where H is a subgraph of K} with edges F(H). We have

k
)\):1+Z% oI Y. I (fwi)

E>1 0 vp,..0,CV(Q) =1 Hegk(‘,j)eE(H)

R DI HAUJ [1 (rww).

k>1 Hegk U1, 7kaV(G ( 7])6E(H)

The expression >, . cy(a) H?:l Ao, .5y epom) (= f (vi, v5)) factorizes over the connected
components Hi,... Hy of H, and so we can write

—1+Zklz > H > Hkv] IT  (fwiv))

k>1 " =1 HeGy  r=luy,om CV(G) =1  (ij)eE(H,)
H= (H17 7H£)
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and summing over possible sizes of the connected components and noting that the summand
corresponding to H, only depends on its isomorphism class as a graph,

—1+ZZ > eogt By > H > HMJ I[I fiv))

k>14=1 ! my,...,mye me: Hlecm17 7H1’Ecmg"’ 1oy,.. ,vaCV( (’j)eE(HT)
me=k
Y Y Y I P> [r, I rwe
0>1 k>0 'ml;nT7 i 1 my! H1€Cmy s He€Cmy r=1v1,...,0m,. CV(G) j=1 (i,5)€E(Hy)
1
=1+> 5 2 > Hm, > HAUJ I[I rlv)
>1 'ml, 7m£H1€Cm1, SHe€Cm, =1 V1o Uy CV(G) (i,5)EE(Hy)
= 1+Z€' Z Hm D > H)\v] [T fie))
>1 7 ma,e.my r=1 HeCm, v1,eeyvm, CV(G) (t,j)EE(Hy)

1 1
:14—2@1_[2% Z Z HA'U]‘ H (_f(vi7vj))

>1 T r=1m>1 " HECm v1,...,umCV(G) j=1 (i,5)EE(H,)

_1+Z€' Zm' > > IIx I fwnvy)

>1 m>1 HeCm vi,...,om CV(GQ) j=1 (4,j)EE(Hy)

l
— exp Z Z qb(vl,...,vm)H)\vj

m>1vy,..vmeV(Q) =1

L

<

or in other words,

¢
log Za(A) =Y > v, vm) [T A, -
j=1

m>1vy,..vmeV(Q)

There was a step (the second line in the last series of equalities) that was not justified:
exchanging the order of summation over k£ and ¢. Thus the result is a formal power series for
log Z¢(A) which may or may not be convergent. We consider the question of convergence in
the next section.

We can rewrite this series in terms of clusters. Given the graph G, let I' = (v1,...,vp) be
an ordered tuple of vertices of G (with possible repetitions). The incompatibility graph H (I")
is the graph with vertex set I' and edges between v;,v; € T' if v; = v; or if (v;,v5) € E(G).
A cluster is an ordered tuple I' whose incompatibility graph H(I") is connected. The size of
the cluster is the length of the tuple.

We can interpret the Ursell function in terms of the incompatibility graph H:

o(H) = m T (—1)4

ACE(H),spanning, connected
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Then the cluster expansion becomes

log Za(A) =Y o(H(T) [T Ao

r vel

where the sum is over all clusters I' of G. It will be very important later, for combinatorial,
algorithmic, and probabilistic reasons, that the cluster expansion is the sum over connected
objects.

3.2.1 Examples

1. Suppose G is a single vertex v with fugacity A. Then for each ¢ > 1 there is a single
cluster consisting of ¢ copies of v. The incompatibility graph is the complete graph on ¢

(=t
l

vertices with Ursell function (exercise: prove this!). Then the cluster expansion

1S

)\Z
log Za(A) =Y _(-1)"'%;
0>1

which is of course the Taylor series for log(1 + A) around 0.

2. Suppose G is a A-regular, triangle-free graph on n vertices. Consider the (univariate)
hard-core model at fugacity \. Then we can use symmetry to compute the first few
terms of the cluster expansion.

We list the clusters by size:

e There are n clusters of size 1 (each a single vertex)
e There are n clusters of size 2 consisting of two copies of a single vertex; An clusters
of size 2 consisting of (ordered) edges.

e There are n clusters of size 3 consisting of 3 copies of the same vertex; 3An clusters
of size three with two copies of one vertex and one copy of a vertex joined to it by
an edge; 3nA(A — 1) clusters consisting of a ‘v’ of three vertices.

Cluster Size Count Ursell function
1 vertex 1 n 1
2 copies of 1 vertex 2 n —1/2
Ordered edge 2 An -1/2
3 copies of 1 vertex 3 n 1/3
An edge with a repeated vertex | 3 3An 1/3
A path of three vertices 3 | 3nA(A-1) 1/6

Table 1: A list of clusters up to size 3 in a regular, triangle-free graph

Putting this together we get

1 AN A, 2A+AA-1)

A4+
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We can also measure the deviation from the ideal gas by removing the terms corre-
sponding to clusters consisting of & copies of a single vertex:

—log ——— = —log Zg(A\) —log(1+ A) = ——=A\ A+
The expression gfrg\’;l has a nice interpretation: it is the probability that when picking

a subset S C V(G) by including each vertex independently with probability A/(1 + \)
that the set S is an independent set. Janson’s Inequality bounds probabilities such
as this, and the first term of the expansion is exactly the term in the exponent in
Janson’s Inequality. The cluster expansion gives a way to get arbitrarily many terms
in the expansion (but of course we need to ask about convergence). A generalization of
Janson’s Inequality due to Mousset, Noever, Panagiotou, and Samotij [68] deals with
the probability of obtaining an independent set in a hypergraph when picking vertices
independently at random.

3.3 Convergence criteria

The cluster expansion will only be a useful tool if we can show that it converges (and even
more, bound the truncation error). There is a very large body of literature in mathematical
physics devoted to finding convergence criteria for the cluster expansion. This criteria seek
to balance three qualities: how sharp the bound is, how general its applicability, and how
easy it is to check and apply. In this course we will give two such criteria: one that is very
general and easy to check; the other that is sharp in a specific situation and has connections
to combinatorics.

While we are usually interested in non-negative valued fugacities A, the convergence
criteria will often be written in terms of complex-valued A. This is for several reasons. The
cluster expansion is a power series and so will be convergence in a (poly-)disk in the complex
plane. Showing convergence in complex domain allows one to deduce analyticity properties
of the pressure and prove absence of phase transition in the Lee—Yang sense. Finally, we will
see that evaluating the independence polynomial at negative fugacities is closely related to
the Lovasz Local Lemma. For much more on this last connection see the paper of Scott and
Sokal [70].

The following result of Shearer gives the optimal zero-free (poly)disk for graphs of maxi-
mum degree A

Theorem 3.1 ([72]). Let G be a graph of mazimum degree A and suppose that for all

veV(G),

(A—1)At
AA '

The the cluster expansion for log Z(X) converges absolutely, and in particular, Zg(X) # 0.

‘)‘v| < )‘S(A) = (28)

Note that A\s(A) = 14:)A(1) as A — oo, so it has the same asymptotic performance as the
Kotecky—Preiss bound. Shearer’s bound, however, is tight: by taking finite truncations of the
infinite A-regular tree, we can find zeroes of the independence polynomials of max degree A
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graphs that approach —As(A) from below on the negative real axis. In fact, Groeneveld [3§]
(and Scott—Sokal [70]) show that the coefficients of the cluster expansion for log Z¢(\) alter-
nate in sign and so the closest complex zero of Zg must lie on the negative real axis, and this
zero determines the radius of convergence of the cluster expansion.

We can derive bounds on the rate of convergence using Theorem an idea of Barvi-
nok [5]. Define the kth order truncation of the cluster expansion as

TGN = Y o) ] A

I:|T|<k vel

Theorem 3.2 ([72, 5]). Suppose G is a graph of mazimum degree A on n wvertices and for
n € (0,1) suppose |Ay| < nAs(A) for allv € V(G). Then

k
llog Z6(A) = Th(G. A)| < o

Proof. Let Z(t) = Z(tA). Z is a polynomial in ¢ of degree at most N < n and Z(t) # 0
for any complex t satisfying [t| < n7!. We are interested in evaluating log Z(1). By the
fundamental theorem of algebra we can write

2(t) :ﬁ (1 - :])

where 71,..., 7y are the complex roots of Z(t). We write
al ¢
logZ(t) =) log(1——

og Z(t) ; 0g< Tj)

and then Taylor expand log (1 — %) at t = 1 around ¢ = 0 using the fact that [1/r;| < n.
This gives

N 00 i
log Za(A) — To(@ N < S N 777
j=1i=k+1

k
< N
S1oy,

< .
=19

O]

The following is a specialization of the Kotecky—Preiss condition. We will see the general
condition shortly.
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Theorem 3.3 ([51]). Consider the multivariate hard-core model on a graph G with complex-
valued fugacity vector X. Suppose that for some b > 0 and each v € V(G),

> ettt < (29)
ueN (v)U{v}

Then the cluster expansion for log Za(X) converges absolutely, and moreover, for each v €
V(G) and each t > 0,

> |oEHD) [ A <. (30)
T'ev uel
[T|>t

In particular, Zg(X) # 0.

Here we write v » I' if there is some u € I" so that u = v or w € N(v); that is, if I' U {v}
is a cluster.

We can apply this condition to a A-regular graph with uniform fugacity A, taking b = 0.
In this case, the condition is
N <
“e(A+1)°

Taking b > 0 allows us to deduce strong bounds on the tail of the cluster expansion and
correlation decay properties. We will see this in Section

Connections to Lovasz Local Lemma

Shearer proved Theorem in the context of the Lovédsz Local Lemma. Consider a set of
events E1, ..., E, on a probability space, and a dependency graph G on the vertex set [n]
with the property that the event E; is independent of the events {E; : j ¢ {i UN(i)}}. Let
pj = P(Ej). The Lovész Local Lemma gives conditions in terms of G and {p;} to ensure that

Pr (ﬂ?:l Ej) > 0. Shearer showed a very nice connection between such a condition and the
independence polynomial of the dependency graph G.

Theorem 3.4 ([72]). Given a set of events Ex, ..., E, with probabilities p1,...,p, and de-
pendency graph G, suppose that

Zg(—q) #0
for all ¢ < p coordinatewise. Then

n

Pr ﬂ Ej >0.
j=1

Combining the two theorems gives an optimal condition for the Lovasz Local Lemma.

Corollary 3.5. Given a set of events E1, ..., E, with probabilities p1, . .., pn and dependency
A—1 J—
graph G of maximum degree A. Then if p; < % for all j. Then Pr (ﬂ?zl Ej> > 0.
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3.4 Cluster expansion and (joint) cumulants

An important application of a convergent cluster expansion is to proving strong correlation
decay properties.

Recall from Lecture 1 that we defined the truncated k-point correlation functions in
terms of the partial derivatives of a log partition function with external fields. We restate
the definition here in the setting of the multivariate hard-core model.

With X and t both vectors of non-negative numbers indexed by V(G), let

Zant)= > ] e’

1€Z(G)veV(G)

For uy,...,u; € V(G), the truncated k-point correlation function is
k

=—— " log Za(t
8tul"‘8tuk o8 Ze (2, )|t:

K(ut, ..., ug) G

In particular, the marginal of v is u, = a%v log Z¢ (A, t) and the covariance of spins at v and
. 2
v is K(U, V) = fyy — Pty = 6;378%1055 Za(At).
When the cluster expansion for log Z(A) converges, we can differentiate it term-by-term
and get a convergent expansion for the truncated correlation functions. Moreover, because

the cluster expansion is a sum over connected objects, we can deduce correlation decay
properties. (See [26] or [16] for more details).

Lemma 3.6. Consider the multivariate hard-core model on G with fugacity vector A. Sup-
pose that for some b > 0 the Kotecky—Preiss condition holds. Then the model exhibits
exponential decay of correlations, i.e. for all u,v € V(G),

5w, 0)] < C(p)e =),

where the constant C' only depends on the constant b. More generally, for any k > 0 and
Ui, ..., ux € V(QG), we have

|k(ug, ... ug)] < C(b, kj)e_b.MST(ulr--vuk) ,

where MST (uq, ..., ux) is the minimum number of edges of G in a connected subgraph con-
taining uy, ..., ug.

Recall that joint cumulants of independent random variables are 0, and so upper bounds
on the magnitude of joint cumulants show a kind of approximate independence. It is not
difficult to convert these bounds into bounds on the total variation distance between the
joint distribution of spins at w1, ..., u; and independent spins with marginals fiy,, ..., fu, -

Proof. To start, we give a formula for the truncated correlation functions.

k
kug,oup) = Y [[Yu@ - oEHD) [ A (31)

I'Do{ui,...,up} =1 vel’
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where Y, (") is the number of occurrences of v in the cluster I'. In particular,

I'sv uel

Observe that

k
-0 = HYuZ(F) : HAva
=1

vel

8%- Oty - H Aue®

and then apply this term-by-term to the cluster expansion to obtain . Differentiating the
power series term-by-term is justified since we are inside the radius of convergence.

Now we can apply the pinned tail estimate from Theorem Each cluster that
contains all vertices uy,...,u; has size at least MST(uq,...,ux) since its incompatibility
graph must be connected. Moreover, each additional copy of a vertex from wui,...,u; adds
at least 1 to the size of a cluster. Therefor, by applying , for each rq,...7rx > 0, we have

k k
> [Tve. (@ - oz@) T A O MST Gtk 225 5D TT (1 4 15)
7j=1

FZ}/“j (F):T]—‘y-l,lfjgk =1 vel

< C(b, k)e—b-MST(ul,...,uk) )

The result for x(u,v) follows immediately since MST (u, v) = dist(u, v).
O

Note that in the setting of the univariate hard-core model on graphs of maximum degree
A, Weitz’s result proves exponential decay of correlations (in fact, strong spatial mixing) for
a wider range of parameters than we obtain by cluster expansion convergence. The power
of the cluster expansion method will become evident later when we apply it to models with
very non-uniform fugacities.

3.5 Limit theorems and large deviations

A general principle is that whenever we have a convergent cluster expansion, we can, without
too much work, deduce any probabilistic information we want to know, and in particular, any
qualitative result that holds for independent random variables will likely hold in our setting.
Convergence of the cluster expansion tells us that the perturbation from independent spins
is small enough that we can control it.

We can use the cluster expansion to prove convergence of random variables. Recall that
a random variable X has a N(u,0?) distribution if and only if k1(X) = u, ko(X) = o
and ki(X) = 0 for £ > 3. Since the Normal distribution is determined by its moments, we
can show that a sequence of random variables X,, converges to N(u,0?) in distribution if
k1(Xp) =, ko(Xyn) — 02, and kg (X,,) — 0 for each fixed k > 3.

Consider the multivariate hard-core model, and assume the Kotecky—Preiss condition
holds with some b > 0. Let X = |I| be the size of the random independent set drawn from
the model (X implicitly depends on G and we can take the size of G to co). We can compute
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the first two cumulants of X by taking t = ¢ above and taking derivatives of log Zg (A, t) in
t:

m1(X) = SO I06(H(T) T A
I

vel
Ra(X) =) ITPS(HTD) [T Ao
T vell

Now let us assume that k9(X) = var(X) = ©(n) (which we can prove in many cases, assum-
ing, say, that A is bounded above and below and G has an independent set of linear size).
Let X = (X —EX)/ v/var(X) be the centered and scaled version of X. Then to show that

X = N(0,1) as n — o0, it is enough to show that x;(X) — 0 for each k£ > 3. Since centering
by the mean does not change higher cumulants, and since var(X) = ©(n) it is enough to
show that ki(X/y/n) — 0 for k > 3. We can compute

Rr(X Vi) =02 3 DR ((T) [T A
T

vel’
< n—k/2 Ztk Z

t>1  |T|=t

< nhi2y Z kbt
t>1

_ O(nl—k/2)
o(1),

where we used and summed over all vertices in the second inequality.

S(H(T)) [ A

vell

Next we can ask about large deviations for X; that is, prove an upper bound on proba-
bilities like Pr(X > (14¢)EX) for ¢ > 0 fixed. If we assume EX = ©(n) and var(X) = O(n)
we would like to say that the large deviation probability is exponentially small. We will
be able to prove this using the exponential Markov inequality if we can bound the moment
generating function Ee!X for some ¢ > 0. We can compute, with Z; denoting the partition
function with weights Ae’ and Z denoting the partition function with weights A,

log Be!* =log Z, — log Z

=> (M = DgHTD) I X
I vel
and so

log B/ EX) =N (! — 1 — t)yg(H(T)) ] A

r vel
<t*Cn
for some absolute constant C' = C'(b) when the Kotecky—Preiss condition holds. Now applying
Markov’s inequality we have
Eet(X—EX)
Pr(X —~EX >en) < —

6t€n
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< exp(t*Cn — ten)

62
< exp (40n> ,

which is our desired exponentially small upper bound.

3.6 Polymer models and cluster expansion

An important framework in which to apply the cluster expansion is that of abstract polymer
models. This setting is not so far from that of the multivariate hard-core model on a graph,
but with an added notion of ‘size’ that makes polymer models very useful in geometric
settings. Gruber and Kunz defined ‘subset polymer models’ in which polymers were subgraphs
of a lattice like Z? [39]; Kotecky and Preiss defined a fully abstract notion of a polymer model
and gave a very convenient convergence criteria for the cluster expansion [51].

An abstract polymer model consists of a finite or infinite set of polymers C; a (complex-
valued) weight function w., for each v € C; and a symmetric, reflexive incompatibility relation
‘x’. We write 7/ ~ «y if v and +' are incompatible and write v ~ +/ if they are compatible.

Let © be the collection of all sets of mutually compatible polymers from C (including the
empty set). Then the polymer model partition function is

Z=> [ w- (32)

XeQveX

If the weights are non-negative then there is a natural probability measure on sets of
mutually compatible polymers given by

H'yGX Wy
72 .

Example 4. The canonical example of a polymer model is the multivariate hard-core model on
a graph G with fugacities Ay, v € V.. We let C =V and say two vertices u,v are incompatible
if dg(u,v) < 1. Sets of pairwise compatible polymers are exactly the independent sets of G,
that is X = Z(QG). Assigning weights functions A, to each polymer v, we see that the polymer
model partition function equals the multivariate hard-core partition function.

p(X) = (33)

Example 5. Consider the ferromagnetic Ising model at inverse temperature 8 with external
field X on a graph G. That is,

Za(BA) = Y AN MG
oe{+1}V

Now let polymers be connected induced subgraphs of G, with w, = A~ Nle=BloE where || is
the number of vertices in the polymer vy and Og7y is the edge boundary of the subgraph induced
by v. Then we have

Za(B,\) = MVIePIE 7 (34)

If A > 1 we expect to see more + spins in a typical configuration and so the polymers represent
deviations from the all + ground state.
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When the polymer weights w, are small we might expect few polymers in a typical
configuration X, with weak correlations between the polymers. The cluster expansion gives
us a way to measure this, by expanding log Z around the empty configuration.

As the example of the polymer model representation of the Ising model shows, a polymer
will often come with a natural notion of ‘size’; in this case, the size might be the number of
vertices in the subgraph. The Kotecky—Preiss condition will provide a way to use the size of
polymers in balancing the weight functions and the number of polymers a given polymer is
incompatible with (in the hard-core setting, the activities and the degrees of vertices).

The following gives the Kotecky—Preiss condition for convergence of cluster expansion for
abstract polymer models.

Theorem 3.7 ([51]). Consider a polymer model defined by (C,w, ). Suppose that there exist
functions a : C — [0,00), b: C :[0,00) so that for every v € C,

D fwy [e? IO < a(y). (35)

v ey

Then for every v € C and allt > 0,

> |eHD) I wy| < alv)e™, (36)
b(FFO)Q;t ver

where b(I') = > 1cp b(7).

Note that if C is a finite set (and so the partition function Z is finite), then implies
convergence of the cluster expansion for log Z by summing over all v € C.
In many applications of Theorem we will choose the functions a and b to incorporate

the ‘size’ of a polymer (denote it by |v|); often we will take a(y) = aly| and b(y) = b|y| for
some constants a,b > 0,

Example 6. Consider the Ising model polymer model as above and suppose the host graph
G has mazimum degree A. For a polymer «y let a(y) = |vy|, where |y| denotes the number
of vertices of the induced subgraph that defines y. For convenience take b(y) = 0, but it is
straightforward to extend the analysis below to the case b(vy) = b|y| for some b > 0.

We need to show that for every -,
Z AN le=BlosY I < ]
¥y
The number of induced subgraphs of size k containing a given vertex v in a graph of
mazximum degree A is at most %. In particular, this means that the number of v of

size k that are incompatible with v is at most |y|(A + 1)%. Since f > 0 we can bound
Wy < A Then we can bound

’ ’ ’ A k-1
Z A1 e=B0EY [ < Z Iv|(A +1) (e 2) oAk
¥y k>1
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< ||

if A\ > 3e2A/2, and so the Koteckij—Preiss holds when X is large enough as a function of A.
Of course the bound is not tight — there are many points at which we made rough estimates,
but we do not expect the condition to be tight itself and so we are usually ok with bounds like
this.

3.7 Example: ferromagnetic Potts model on expander graphs

Consider the g-color ferromagnetic Potts model on a graph G and suppose we want to model
defects from the all ‘red” ground state. Define polymers to be connected induced subgraphs
of G with vertices of the subgraph colored by the remaining ¢ — 1 non-red colors (each
different coloring of the same subgraph yields a different polymer). Two polymers v and ~/
are incompatible if their union is connected. The weight of a polymer is

W, = e P10 =BIEp(7)]

where 07y is the set of edges from 7 to v¢ and Fy(7) are the bichromatic edges of 4. Then

we have
Za(q,8) = HEON . 7

where Zg(q, 5) is the Potts model partition function and Z is the polymer model partition
function. Notice that e?IZ(%)l is the weight of the ground state (all red configuration), and so Z
captures contributions to Zg(q, 5) from deviations from the ground state (the empty polymer
configuration corresponds to the ground state — no defects). Of course we haven’t really gained
anything from this representation — the polymer model includes all the configurations that
are dominated by blue or by green, etc, while we wanted to capture deviations from the red
ground state. We will see below that we can address (in some settings) this by restricting
polymers to be ‘small’.

We will work in the setting of expander graphs (see the excellent survey [42]). The topic
of expander graphs is too big to go into here, but expander graphs are extremely useful in
mathematics, computer science, and information theory in:

e Derandomizing randomized algorithms
e Building error correcting codes

e Constructing pseudorandom graphs

Random walks mix extremely fast on expander graphs. There are many different construc-
tions of expander graphs including those based on randomness (random regular graphs for
example), group theory, number theory, and iterative constructions (the zig-zag product).

There are several different but related definitions of expander graphs: there are spectral
expanders, vertex expanders, edge expanders. We will specialize here to A-regular graphs to
make the connections clearer.
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For a vertex subset S, let 9.5 denote the set of edges with one endpoint in S and one
endpoint in S°.

Definition 3.8. An n-vertexr A-regular graph G is an «a-edge-expander if for all S C
V(G),IS] < n/2, 10.5] = ofS|.

Definition 3.9. An n-vertex A-regular graph G is an «-vertex-expander if for all S C

V(G), |8 <n/2, [N(S)| = alS].

Let A(G) be the adjacency matrix of an n-vertex graph G and let Ay > Ay > --- >\, be
the eigenvalues of A sorted in decreasing order. Recall that for a A-regular graph, Ay = A.

Definition 3.10. An n-vertex A-reqular graph G is an e-spectral-expander if Ao(G) < (1 —
g)A

Later we will use the notion of a bipartite a-expander.

Definition 3.11. A A-regular bipartite graph G with bipartition (L, R) is a bipartite o-
expander if for all S C L,|S| < |L|/2, IN(S)| > (1 + «)|S]| (and likewise for S C R).

Returning to the low-temperature Potts model, we will make two assumptions on G:

1. G has maximum degree A

2. (G is an a-edge-expander for some a > 0

For instance, the random A-regular graph satisfies these conditions whp.

For large 3, we expect configurations to be dominated by one of the g-colors — we expect
to see sparse, disordered deviations from one of the ¢ monochromatic ground states. We will
control these deviations via polymer models and the cluster expansion.

How do we ensure that our polymer model only captures small deviations from the red
ground state and not, for example, small deviations from the green ground state? And what
can we do about configurations for which there is no clearly dominant color? We will do this
in two steps. In the first we argue that we can divide the state space of the Potts model
into ¢ disjoint parts (each associated to a dominant color) so that the complement of these
parts has exponentially small probability. We will see later that this is in fact a proof of slow
mixing for the Glauber dynamics. In the second step we will show that a polymer model
with a convergent cluster expansion can approximate each one of these g parts.

In the polymer model, we will insist that |y| < n/2 for all polymers ~. Here || denotes
the number of vertices of . This ensures, for example, that the monochromatic green config-
uration is not represented in the red polymer model. Let Z denote the partition function of
this polymer model (note that by symmetry Z does not depend on the ground state color).

We start by understanding the separation of the ¢ ground states. By using the expansion
properties of G we can show that ¢ - e#IE(@). Z approximates Zg(q, ) to within e~" relative
error.

Lemma 3.12 ([43]). Let G be a n-vertex, o expander of mazximum degree at most A. For

B>,
(1—e™)q- PPN Z < Za(q,8) < (1+e )PP 7.

45



Proof. Proving this takes two steps. The first is to show that when [ is large Potts configu-
rations in which no color has a majority have exponentially small relative weight. For r € [q],
let Zr(B) = X5 o=1(r)|>n/2 ePM(G.9)  Then for > 2log(eq)/a, we will show that

> Ze(8) = aZ(B) < Za(a, 8) < (1+ e ™)aZ(B). (37)

The lower bound is immediate since configurations can have at most one majority color. The
upper bound is a simple consequence of expansion: when there is no majority there must
be many bichromatic edges, and these are penalized heavily for large 5. In particular, there
must be at least “5* bichromatic edges, giving a penalty to each configuration of e—naB/2
relative to one of the ground state configurations. There are at most ¢" configurations with
no majority, and taking 8 >, we have ¢"e "*%/2 < ¢~ The approximation given by
allows us to partition configurations into ¢ + 1 subsets; one for each color plus an addition
error class (no majority) that we can neglect.

The next step is to show that the color r polymer model partition function Z (after scaling
by 1PN approximates Z,.(8) up to an exponentially small relative error.

(1 — 67")65|E(G)|Z < Zr(ﬂ) < eB‘E(G”Z.

Every configuration with a majority of vertices colored r is captured by the polymer model
since fewer than n/2 vertices receive a non-r color; this gives the upper bound. To prove the
lower bound we show that configurations in which all non-r connected components are of size
at most n/2 but which do not have a majority r have small total weight; this also follows
from an expansion argument: such configurations must have at least an/2 bichromatic edges
and so their total weight is at most ¢"e #"2 < ¢™" when § > 2log(eq)/a, relative to the
empty polymer configuration. O

The restriction on polymer sizes will also allow us to show that for § large enough as a
functions of ¢, A, «, the Kotecky—Preiss condition is satisfied.

As above we need to bound the number of polymers of a given size and their weight. The
number of polymers of size k incompatible with v is at most l%‘(A +1)(qg — D)F(eA)r 1,

The expansion condition gives us an upper bound on the weight of a polymer:
Wy < e*aﬁ|"/|

since |0ey| > a|y|; here we have crucially used the upper bound on the size of ~.

With these two bounds we can verify the Kotecky—Preiss condition. Let a(vy) = b(y) = |v].
For a given polymer -,

Z w’ylea("/’)er('y’) < Z(eA(q . 1))kA|’y’€7a’8ke2k

! ey k>1

< YA exp [k (3+1og A +log(g — 1) — af)]
E>1

- o 44210g(qA)
which is at most a(y) = || if § > =542,
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4 Independent sets in the hypercube

In this lecture we apply abstract polymer models and the cluster expansion to a combinatorial
enumeration problem: counting weighted independent sets in the hypercube.

4.1 Independent sets in the hypercube

Let Qg be the Hamming cube {0,1}¢ with edges between vectors that differ in exactly one
coordinate. The Hamming cube has two maximum independent sets, each of size 2¢~1: O,
the set of vectors whose coordinates sum to an odd number, and &, the set of vectors whose
coordinates sum to an even number. Since any subset of an independent set is an independent
set, we have a trivial lower bound on the total number of independent sets of the Hamming
cube: i(Qq) =222 — 1,

In a classic result, Korshunov and Sapozhenko determined the asymptotics of i(Qg4) [50].

Theorem 4.1 (Korshunov and Sapozhenko). As d — oo,
i(Qa) = (24 o0(1))ve2" . (38)

Sapozhenko later gave another proof of this result [69] that introduced an influential
variant of the method of graph containers. See also Galvin’s exposition of this result [32].

Galvin [30] later extended Theorem to the setting of weighted independent sets, the
hard-core model on Q4. He found the asymptotics of the partition function Zg, () for

A> V2 -1
Theorem 4.2 (Galvin). If A > /21,

d
Za,N) = 2+ o(1)) - exp [; (+25)

2d— 1

(1+ 027, (39)

He also found the asymptotics of the logarithm of Zg,(\) for A = Q(d~'/3logd).

Using the cluster expansion we can obtain asymptotics of Zg, () for all fixed A [44]. For
instance, if A > 21/3 — 1,

Zg,(\) = (24 0(1)) - exp [A< 2 >d<1+(2/\2+)\3)d(d—1)_2>

2d—1

(1+ ) (40)

2 \1+ A 4(1+ M)

Compared to , the formula has an extra term in the exponent. As we will see this
extra term comes from taking more terms in the cluster expansion of a polymer model and
reflects a structural change in typical independent sets from the hard-core model on Q; when
A < v/2—1. More generally, for each k > 1, there is a structural change in typical independent
sets when X passes 2'/% — 1 and this is reflected in the asymptotic formula for Zq,(A) having
k — 1 terms in the exponent for A > 21/k — 1.
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Theorem 4.3 ([44]). There is a sequence of polynomials R;(d,\), j € N, such that for any
fized t >1 and X > 24/t — 1,

t—1
Zg,(N) = 2+ o(1)(1+ A exp | 29703 Ri(d, A (1 +A) 7Y
j=1

as d — oo. Moreover the coefficients of the polynomial R; can be computed in time eOlilogJ),

(A3 42D d(d—1)—2)2
4 i

In particular, Ry = A, recovering the formula in Theorem and Ry =

giving .

4.2 Polymer model

We sketch a proof of here. We emphasize that an essential part of the proof is Galvin’s
weighted generalization of Sapozhenko’s graph container lemma [30, Lemma 3.10] which we
will take as a black box. The statistical physics approach via the cluster expansion does not
replace the container argument; rather uses the container result and builds on it to obtain
detailed results. What is remarkably fortuitous is how well this container lemma works with
the cluster expansion: along with expansion properties of )4 it provides exactly what is
needed to verify the Kotecky—Preiss condition.

As in the case of unbalanced bipartite graphs, we will consider the generalized ground
state consisting of the set of all independent sets not containing an odd (respectively even)
occupied vertex. There are two such ground states (even and odd dominated) and each has
weight (14 X)2*"". They overlap on the empty independent set of weight 1 (which is neglgible
asymptotically). This notion of a ground state is evident already in the formulas , ,
and in the factors 2- 22" and 2- (1+ )\)Qd_l respectively. The remaining factors in the
formulas capture the contribution from typical deviations from the two ground states.

«-—
«—_

Even Odd

Figure 4: 2-linked components of occupied odd vertices, one of size 3 (top) and one of size 1
(bottom). Odd vertices are 2-linked if their neighborhoods overlap.
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We focus now on even-dominated independent sets, and view odd occupied vertices as
defects. To capture the behavior of these defects with a polymer model we fix X C O and
consider all independents sets I so that I N O = X. The vertices in X contribute a factor
MXT to the weight of such I. Any even vertex in the neighborhood of X is blocked from being
in an independent set, and any even vertex not in the neighborhood of X is free to be in or
out of an independent set. This means

S A A1 4 ) E-INGD)

LINO=X
1 X1
o 2d—1 )\
=(1+X) 7(1+)\)|N(X)‘ :
We set w(X) = A this weight measures the penalty relative to the ground state of

TN )
the set of defect E/ertgces X. The weight w(X) does not factorize over the vertices of X since
two vertices may or may not have overlapping neighborhoods. However, the weight does
factorize over 2-linked components of X; that is, subsets of X which are connected under
the adjacency relation defined by having overlapping neighborhoods. (Or in other words, a
2-linked component of O is a set S C O which is connected in the graph Qﬁ). We can write

ANl
w(X) = —
7161( (14 X)INOI

where the product is over the 2-linked components of X. This is exactly what we need to
define a polymer model: a compatibility relation and a weight that factorizes over pairwise
compatible components.

For the even-dominated polymer model, the set of polymers C¢ is the set of all 2-linked
components vy from O with |[y]| < 2972 where [y] = {y € O : N(y) € N(v)} (this notion
of the closure of ~ appears in [35, B0]). Two polymers ~,~" are incompatible if v U+’ is

A
[EESVILIDIE
model features 2-linked components of even vertices. Let = be the polymer model partition

function (its value is the same for the even and odd models).

2-linked. The weight function is w, = The analogous odd-dominated polymer

4.3 Cluster expansion convergence

Proving convergence of the cluster expansion is more complicated than in the case of expander
graphs, and relies crucially on Sapozhenko’s graph containers. In particular, we will use the
following result of Galvin [30], generalizing a lemma from [69] to weighted independent sets.
Let

G(a,b) = {4 € O s 5 2-linked, |[7]] = a, [N (7)| = b}.

Lemma 4.4 ([30]). There exist constants Co,Cy > 0, so that for all X > Cylogd/d"/3, all
a< 2d—27

A1 J ( Ci(b—a) 10gd>
g —— < 2%exp| ————+F—"— ] .
b 2/3
v€G(a,b) (1+2) d
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Proof. O

We also use three different expansion properties of Q4 (collected in [30]):

Lemma 4.5. The following bipartite expansion estimates hold for Qg:

1. For S C O, |S| <d/10, [N(S)| > d|S| — 2|S|2.
2. For S C O, |S| <d*, IN(S)| > d|S|/10.

5. For §C O, |5| <22, IN(S)| = (14 5% 18]

For very small sets (polylogarithmic in the size of the graph) the hypercube is a very
good expander, and the expansion-based arguments we used for the Potts model will work
here too. For larger sets, however, the expansion guarantees are much too weak. However
the exponential estimate on the number of polymers containing a given vertex based from
the previous lecture is also far too pessimistic for large 2-linked subsets of (J4. The balance
between these two quantities is captured by Lemma |4.4

4.3.1 Approximation by polymer models

Using the above ingredients, we will show that for A sufficiently large (Q(logd/d"/?)) the
cluster expansion for the even (or odd) dominated polymer model converges and that, after
scaling, the polymer model partition function is a very good approximation to Zg,(X).

The following [44, Lemma 15] proves convergence of the cluster expansion for the defect
polymer model.

Lemma 4.6. Suppose A > Cylogd/d*/3. Then with a(v) = % and

log(1 + A)(d|y] — 3|7[*) — 7|v|log d if <&

dlog(1+A .
b = { g B
e if > dt

the Koteckyj—Preiss condition is satisfied.

Proof. We break up the sum Zv’wv wvfe“('Y/Hb(”/) into three parts, based on the size of 4" and
then uses expansion properties of (4 for the first two sums and the graph container lemma,
Lemma [£.4] for the third sum.

To show that

al(~' / Y
3 w000 < () = d‘g/|2
vy

it is enough to show that for all v € &,

waea(v)ﬁ(v) <d7?,

yov
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We break up the sum into three parts according to the size of v; we will show that each sum
is at most %d_7/2.
First consider |y| < d/10. By counting rooted, connected induced subgraphs in a bounded

degree graph, the number of polymers of size k containing v is at most exp(3klogd); by
Lemma for |y| < d/10, |N(vy)| > d|S| — 2|S|%. This gives

/10 N
-3/2 a2y
Z w’yea(v)—&-b('y) < Z e3klogd kd elog(l—l—)\)(dk 3k?)—Tklogd

= P (1+ /\)dk—%?

Iv|<d/10

< Zexp <3k log d + klog A + kd=3/? — k? log(1+ A) — Tklog d)
k>1

<3 exp (~klogd + ka?)

k>1

which is at most %dq/ 2 for d large enough.
Next consider d/10 < |y| < d*. In this case |N(v)| > d|vy|/10, and so

d4
Z wﬂyea('y)er(’y) < Z &3k logdekd_3/2€dlog(1+)\)k/20 Akdk/lo
(I+A)
S EL) k=d/10
d/10<|y|<d*
d4
= Z exp (k (d_3/2 +log A+ 3logd — dlog(1 + )\)/20))
k=d/10

which is at most %d‘” 2 for d large enough and A > C'logd/d.
Finally consider |y| > d*. Here we have |N(y)| > |v|(1 +1/(2V/d)). We bound

S et H0) = 3 3 uiy;)bezwdw

v dt<a<2d-2 72V
Iv>d (14+1/(2vd))a<b<24-1 [DII=a[N(7)|=b
_ Al
< e2ad 3/2
d4<az<2d—2 ; (L+A)°
(141/(2v/d))a<b<24-1 I[V]l=a,| N (v)|=b
2ad—3/2 Ci(b—a)logd
< gd; e d exp <d2/3 7
b>(14+1/(2Vd))a

where the last inequality comes from applying Lemma In the sum, we have (b —a) >
a/(2v/d) and a > d*, and so

2a Ci(b—a)logd

d3/2 _ad—7/6
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for large enough d, and so

Z w'yea(’Y)‘Fb(V) < Z eXp(—ad_7/6)
2 d*<a<2d-2
dt<|y|<2472 (1+1/(2v/d))a<b<24-1
< 2¢ Z exp(—ad~7/%)
a>d*
< L
= 3d7/2

for d large enough.
O

The following lemma [44], Lemma 14] shows that 2(14)2""'Z is a very good approxima-
tion to the full partition function.

Lemma 4.7. For A = Q(logd - d_1/3),
log Zg,(3) — Tog (2(1+ )" '5)| = 0 (e-2") |

The proof of Lemma [4.7] combines ideas from the slow-mixing result of Galvin and
Tetali [35] with large deviation estimates from the polymer model itself.

We state the large deviation result here. The proof of this lemma uses the techniques
outlined in the previous lecture on the cluster expansion.

Lemma 4.8. Let X be a random configuration drawn from the defect polymer distribution.
Let [|X[| = X2 ex [7[- Then

Pr]||X| > 2¢/d%) < exp (—2d/d4) . (41)
Now we turn to the proof of Lemma

Proof of Lemma[{.7. We say an independent set I is captured by the odd-dominated polymer
model if every 2-linked component y of £N1T is small; that is, |[y]| < 2972 (and likewise for the
even-dominated polymer model). We can show that 2(1 + )\)2d_1E is a good approximation
to Zg, by showing that the weight of independent sets a) not captured by either polymer

model and b) captured by both polymer models is small.

To address a), note that every independent set is captured by either the odd or the
even polymer model. Suppose for the sake of contradiction that there exists I € Z(Q,) that
contains a 2-linked set vy C O with |[]| > 2972 and a 2-linked set v/ C & with |[y']| > 2972, We
have |N(7)| = |[N([7])| > 2972 (since Qq contains a perfect matching). Then N(v) N [y] # 0
and so Yy N N(7') =~vN N([y]) # 0, contradicting the fact that I is an independent set.

It remains to bound the contribution from independent sets that are captured twice. To
do that it is enough to show that with probability 1 — O (exp(—2d / d4)) the number of odd
occupied vertices in an independent set formed from the odd-dominated polymer model is
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greater than the number of even occupied vertices. This follows from Lemma [{.8 with
probability 1 — O (exp(—Qd/d4)) the number of even occupied vertices is at most 2%/d?;
conditioned on this event, the number of odd occupied vertices stochastically dominates a
Bin(2¢-! — 29/d, \/(1 + )\)) random variable. This random variable is greater than 2¢/d?
with probability 1 — O (exp(—2¢/d*)) by a Chernoff bound.

All together this gives

(1 -0 (exp(—2d/d4))> 2(1+X)
and so
2(1—1

log[2(1 + )\)2d_15] — O(exp(—2¢/d*)) <log Z(\) < log[2(1 + \)
which proves Lemma

—
=
‘—‘]’

4.4 Consequences

As a consequence of Lemmas and [4.7] we obtain a convergent series approximation for
log Zg, with bounds on the truncation error. The larger X is the fewer terms of the series
needed to get the asymptotics of = (and thus Zg,). In fact, the number of terms of the cluster
expansion needed corresponds exactly to the size of the largest defect polymers typically seen
in a random independent set.

In particular, if A > 21/t — 1, then we have the asymptotic formula
t—1

> n

k=1

2d—1

Zqq(A) = (2 +o(1)) exp T+A)"

where L; is the sum of cluster expansion terms over clusters of size k. Moreover, when
A > 21/t —1 then whp the largest 2-linked occupied component on the side of the bipartition
with fewer occupied vertices is of size at most ¢ — 1.

In the proof of Lemma [4.7] we implicitly used the following. Consider the distribution v
on Z(Qg4) defined as follows:

1. With probability 1/2 each choose even or odd as the dominant side of the bipartition.

2. Choose a polymer configuration X from the odd (even) dominated polymer model.
Place each of the vertices of this configuration in the independent set.

3. From the vertices of O (£) unblocked by X add each to the independent set indepen-
dently with probability A\/(1 + A).

Lemma immediately implies that vy is very close in total variation distance to pu.

Corollary 4.9. For A\ > Cylogd/d"/3,
lia = vallry = O (exp(~2%/a")) .

(It is not hard to see that the two distributions are not exactly equal - the empty inde-
pendent set gets twice the weight in vy as in pu)).
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4.5 Further directions for (); and beyond

One area in which combinatorial ideas can be applied to statistical physics questions is
in identifying or bounding the values of parameters at which phase transitions occur. In
particular, the location of the phase transition for the hard-core model on Z¢ or Qg is an
open problem (and a subtle problem: Brightwell, Haggstrom, and Winkler [I5] show that on
some infinite graphs there may be more than one phase transition in the hard-core model).

See [33], 61}, 35] for the best current lower bounds on phase coexistence.

See [4] for additional applications of the cluster expansion to combinatorial enumeration.
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5 The algorithmic perspective

In this lecture we look at the algorithmic problems of approximating partition functions and
sampling from Gibbs measures.

5.1 Basics of approximate counting and sampling

An e-relative approximation to a non-negative real number Z is a number Z so that
e L < Z<e .
We could have also used (1 —¢) and (1 + ¢) but €° is slightly more convenient.

There are two standard notions of efficient approximate counting algorithms: one deter-
ministic and one randomized.

A fully polynomial-time approzimation scheme (FPTAS) for computing a partition func-
tion Zg is an algorithm that given € > 0 and G outputs an e-relative approximation to Zg
and runs in time polynomial in n = |V(G)| and 1/e.

A fully polynomial-time randomized approzimation scheme (FPRAS) for computing a
partition function Zg is a randomized algorithm that given € > 0 and G outputs, with
probability at least 2/3, an e-relative approximation to Zg and runs in time polynomial in
n=|V(G)| and 1/e.

The choice of 2/3 is arbitrary — any probability in (1/2,1) would suffice. By repeating the
algorithm O(log(1/d)) times and taking a median one can boost the probability of success to
1—0.

The notion of an efficient approximate sampling algorithm is not quite standard. We give
one definition here.

A polynomial-time sampling scheme for a Gibbs measure pug on spin configurations > C
0V is a randomized algorithm that given G' and ¢ > 0 outputs a configuration ¢ € X
with distribution £ so that || — pg||7yv. The algorithm should run in time polynomial in
n=|V(G)| and 1/e.

The other commonly used notion requires the sampling algorithm to run in time polyno-
mial in n and log(1/e).

In many situations randomized efficient approximate counting (FPRAS) and efficient
approximate sampling are equivalent. The precise setting is that of self-reducible problems [48|,
73]; in the exercises we will show implications in the case of the hard-core model on a family
of graphs closed under taking subgraphs (e.g. all graphs, all graphs of maximum degree A,
all triangle-free graphs etc.).

5.2 Major results and open questions in approximate counting and sam-
pling

We next give a brief survey of some of the major results and major open problems in the field
of approximate counting. Very broadly, statistical physics spin models (with exceptions!) fit
into one of three categories:
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e Problems for which there is an efficient algorithm for all graphs (ferromagnetic Ising
and monomer-dimer models). Here the main open questions are whether there are
deterministic algorithms for all graphs. Intriguingly, the two models in this category
are exactly the two models for which there are very strong zero-freeness results (the
Lee-Yang and Heilmann-Lieb theorems). Is there a rigorous connection between these
phenomena?

e Problems which are hard NP-hard on general graphs but for which there are efficient
algorithms in the weak interaction regime on, say, bounded-degree graphs (hard-core
model is one example). Here a main question is to find computational thresholds sep-
arating parameter regimes of tractability and intractability on some classes of graphs.
For the hard-core model this has been done by Weitz and Sly, while for other models
the location of the threshold is still open.

e Problems for which neither efficient algorithms nor hardness of approximation is known
either. The class of problems defined by #BIS (below) lies in this category, and the
major open problem is to determine its complexity.

5.2.1 Positive results

The following are some of the landmark results in the field.

Theorem 5.1 (Jerrum-Sinclair [46]). There is an FPRAS for the partition function of the
ferromagnetic Ising model for all inverse temperatures 5 > 0 and consistent, non-uniform
external fields.

Consistent external fields mean that all external fields point in the same direction (either
favoring + or favoring —).

Theorem 5.2 (Jerrum-Sinclair-Vigoda [47]). There is an FPRAS for approzimating the
permanent of an n X n matriz with non-negative entries. Thus there is an FPRAS for
approrimating the number of perfect matchings in a bipartite graph.

Theorem 5.3 (Jerrum-Sinclair [45]). For every A > 0 there is an FPRAS for approzimating
the monomer-dimer partition function on all graphs.

While we can sample weighted matchings in a general graph or perfect matchings in a
bipartite graph, it is not known how to sample perfect matchings from a general graph.

Question 5. Is there an FPRAS for approrimating the number of perfect matchings in a
general graph?

An important theme in the study of computational complexity is the power of randomness.
In the setting of approximate counting and sampling there are several important cases in
which randomized approximation algorithms are known but not deterministic approximation
algorithms

Question 6. Is there an FPTAS (deterministic approximation algorithm) for the number of
perfect matchings of a bipartite graph or the permanent of a non-negative matriz?
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5.2.2 Computational thresholds

For some problems we know an FPRAS for some range of parameters, know NP-hardness
for other ranges of parameters, but do not know the precise computational threshold. The
canonical example is the hard-core model on the class of graphs of maximum degree A.

Theorem 5.4 (Weitz, Sly).

1. If A < A(A) = %, then there is an FPTAS and a polynomial-time sampling

scheme for the hard-core model on graphs of maximum degree A [7Y].

2. If X > Ac(A), then there is no FPRAS for the hard-core model on graphs of mazimum
degree A unless NP=RP [7]), 75, [29].

For other problems there is a range of tractable parameters and a range of intractable
parameters but we do not know the precise computational threshold. One example is the
problem of counting and sampling proper g-colorings of a graph.

Theorem 5.5 (Vigoda [78]). For g > %A there is an FPRAS for counting the number of
g-colorings of a graph of mazimum degree A. In particular the Glauber dynamics miz rapidly
for these parameters.

See also the small recent improvement in [I§].

Question 7. Is there an FPTAS for counting the number of q-colorings in graphs of maximum
degree A when ¢ > A+ 17

5.2.3 Intermediate complexity: #BIS

Sampling independent sets (uniformly or from the hard-core model) is hard in general: in
fact, finding large independent sets in graph is already NP-hard. What if we restrict to a class
of graphs for which the search problem is tractable? In particular, there is a polynomial-time
algorithm to find a maximum independent set in a bipartite graph. Can we in fact sample
(or approximately count) independent sets in bipartite graphs?

The problem of counting the number of independent sets in a bipartite graph is known
as #BIS (counting bipartite independent sets). Exact counting is #P-hard but one can ask
about approximate counting.

Question 8. Is there an FPRAS for approrimating the number of independent sets in a
bipartite graph? Or is the problem NP-hard?

Dyer, Goldberg, Greenhill, and Jerrum [27] showed that many other important approx-
imate counting and sampling problems with unknown complexity are equivalent to or as
hard as #BIS. These include the ferromagnetic Potts model (¢ > 3), counting g-colorings in
bipartite graphs, counting stable matchings.
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5.3 MCMC approach

Perhaps the most widely used approach to approximate counting and sampling is Markov
Chain Monte Carlo (MCMC). The basic idea is to find a Markov chain with the following
properties:

e The unique stationary distribution of the chain is the target distribution u.
e A single step of the chain is easy to implement.

e The chain converges rapidly to the stationary distribution.

Then the sampling algorithm is to start at an arbitrary state, run the chain for long enough,
and output the final configuration. Using random sampling we can then approximate a
partition function. The MCMC method was first developed in [57], to sample from the
2-dimensional hard disk model (for some history on its developments see [64]).

For background on Markov chains see [53]. We recall a few important definitions here.

Definition 5.6. A discrete-time, discrete space Markov chain on a finite or countable set X
is a stochastic process Xo, X1, Xo,... that satisfies the Markov property: the distribution of
X, conditioned on Xq, ..., X¢_1 equals the distribution of X; conditioned on X;_1.

This means we can describe a Markov chain by the distribution 14 of the initial state X
and the transition matrix P(-,-), defined by P(x,y) = P(X,+1 = y|X, = ). We can also
define the t-step transition probabilities: P!(z,y) = P(Xnyt = y|Xn = 7)

Definition 5.7. A Markov chain is irreducible if for every x,y € X there exists t so that
Pl(x,y) > 0. A Markov chain is aperiodic if for every v € 3 the ged of the set {t > 1 :
Pi(z,z) >0} is 1.

For example, the simple random walk on a connected graph is irreducible, but on a
disconnected graph it is not. The simple random walk on a bipartite graph is not aperiodic.
We can make any periodic Markov chain aperiodic by making it ‘lazy’: at each step, with
probability 1/2 (or some other positive constant) stay in the current state and with probability
1/2 follow the law of the Markov chain.

Definition 5.8. A probability distribution m on X is a stationary distribution for the Markov
chain defined by P if for all x € X,

T(X) =Y n(y)Py.z).

yeD

In particular, if 7 is a stationary distribution and Xg is distributed according to mg = 7
then X is distributed according to « for all £ > 0.

How can we find a stationary distribution? There is a useful technique for a special class
of Markov chains. A Markov chain P is reversible with respect to 7 if for all z,y € ¥,

m(x)P(z,y) = 7(y)P(y, ) . (42)
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This is called the detailed balance equation.

If P is reversible with respect to m then 7 is a stationary distribution for P. While most
(or perhaps all) the Markov chains we will study in this class are reversible,

A fundamental result on Markov chains states that if a Markov chain is irreducible and
aperiodic then there exists a unique probability distribution x4 on ¥ so that 7, — 7 asn — oo,
where , is the distribution of X,,.

5.3.1 Markov chains for spin models

We now specialize to Markov chains for spin models on graphs (for a short introduction to
the topic see [63]).

Here the state space will be the set of all possible configurations, QV, or in the case of
models with hard constraints, the set of all allowed configurations (Z(G) in the case of the
hard-core model on a graph G).

Our goal will be to find a Markov chain on Q" with stationary distribution g, the Gibbs
measure. There are many such Markov chains but for now we will be most interested in local
Markov chains: Markov chains in which at most one (or at most a bounded number of) spins
are changed in each step. This is for two reasons: such Markov chains may in some sense
capture the way a physical system evolves over time and these Markov chains are often easy
to implement computationally.

The Glauber dynamics
Given a configuration X; € Q" we obtain X, as follows:

1. Pick v € V uniformly at random.

2. Resample the spin at v from the Gibbs measure ug conditioned on the spins at the
other vertices.

If ug is a Gibbs measure with pairwise interactions across edges, the second step is
equivalent to resampling conditioned on the spins of the neighbors of v.

Exercise 5. 1. Show that the Glauber dynamics are reversible with respect to the Gibbs
measure [iG .

2. Show that the Glauber dynamics are irreducible and aperiodic. (Assume that H(o) €
[0,00) for all o, or prove for the hard-core model).

Exercise 6. Let ¥,(G) be the set of all proper g-colorings of G and suppose |34 > 0. Let
KG,q denote the uniform distribution on ¥q(G).

1. Give an example of graph G so that for some q > 2, ¥4(G) is disconnected under moves
that change the color of one vertex at a time.

2. Give conditions in terms of q¢ and the mazimum degree of A to ensure that ¥4(G) is
connected under single spin updates (changing the color of one vertex at a time).
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3. Describe precisely a single spin update Markov chain for sampling from pgq (i.e.
Glauber dynamics).

5.3.2 Mixing times

Markov chains are widely used to sample from probability distributions on large sets ¥. If we
want to sample from pg by running a Markov chain X7, Xo,... with stationary distribution
e, an important question is how long we need to run the chain to get an approximately
correct sample from pg.

To answer this we need a good measure of ‘approximately correct’.

Definition 5.9. Let p1 and po be two probability measures on the same sample space > with
the same sigma-field F. Then the total variation distance between py and po is

11 = p2llrv = sup |p1(A) — pa(A)].
AeF
For a discrete probability space, we have

i = ellry = 5 3 lia(o) — oa(o)
oceX
= Z p1(A) — p2(A).

ACE: 1 (A)>p2(A)

With this definition we can define the Mixing time of a Markov chain.

Definition 5.10. The e-mizing time Tmix(¢) of a Markov chain with stationary distribution
m™on X is
sup min{t > 0: |7 — 7|7y < €},
ToEP(X)

where m; is the distribution of X given that Xo has distribution mg.

We write Tiix for Tmix(1/4). This is because for any irreducible, aperiodic Markov chain
with stationary distribution 7, there are constants C' > 0 and « € (0, 1) so that

sup ||y — 7|7y < Cat.
o0

This means that Tix(¢) = O(log(e ™)) - Tinix-

For a Gibbs measure ug on a graph G on n vertices we say a Markov chain is fast-mixing
or mixes rapidly if myix is bounded by a polynomial in n; that is, poly-logarithmic in the size
of the state space QY. We say the Markov chain is slow mixing or torpidly mixing if T is
superpolynomial in n (often exponential in some power of n).

Keep in mind that the size of the state space of a spin model on G is exponentially large in
n. So in the context of random walks on graphs, a random walk that mixes in time O(logn)
is fast mixing while a random walk with mixing time Q(n°) for some ¢ > 0 is slow mixing.
Random walks on expander graphs are fast mixing, while a random walk on a cycle, for
instance, is slow mixing.
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5.4 The method of correlation decay

In this section we describe an approach to approximate counting due to Weitz [79]. It is
known as ‘the method of correlation decay’ and it involves constructing a computational tree
to compute the marginal of a single vertex. If the computational tree exhibits strong spatial
mixing then approximating the marginal can be done efficiently. Then by self-reducibility
efficient computation of marginals leads to an efficient approximate counting algorithm for
the partition function.

We present the method in its original context (the hard-core model on bounded degree
graphs) but it has since been extended to other graphs and other spin systems.

Weitz’s main result is both an algorithmic result and a probabilistic result about correla-
tion decay and uniqueness.

Theorem 5.11 (Weitz [79]). There is an FPTAS and polynomial-time sampling scheme for
the hard-core partition function Zg(\) on graphs of mazimum degree A when

(A —1)A"1

)\<)\C(A):W.

(43)
Moreover, the hard-core model on any infinite graph of mazximum degree A exhibits strong
spatial mizing and uniqueness when X < A(A) = (1 +oa(1))%-

The value A.(A) marks a phase transition on an infinite graph: it is the uniqueness
threshold for the hard-core model on the infinite A-regular tree. Theorem and the
complementary Theorem 7?7 below connect the statistical physics phase transition on the
tree to a computational threshold.

Recall that we can write Zg () as the inverse of a product of marginals of subgraphs of G.
This implies that if we have an FPTAS for u, for a given A and class of graphs closed under
taking subgraphs (such as max degree A graphs) then we have an FPTAS for Zg(\). Then by
the reduction of approximate sampling to approximate counting we have a polynomial-time
sampling scheme as well.

5.4.1 The self-avoiding walk tree

Given a graph G and a vertex v € V(G), Weitz (following Godsil’s construction for match-
ings [37]) constructs a tree Tgaw (G, v) with root r so that for a given fugacity A,

HGw = MTSAW(G,U),T .

That is, the marginal of v in G equals the marginal of 7 in Tgaw (G, v). This is somewhat
promising since marginals in trees can be computed exactly in polynomial time, but in general
Tsaw (G, v) will be of exponential size in the size of G.

To construct Tsaw (G, v) first order the vertices of G with vy, ... v, (and assume v = vy).
This puts an order on edges incident to a given vertex w, with the ‘smaller’ edge being the
edge with the vertex appearing first in the order.
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We will first construct Tgaw (G, v) as a tree with a boundary condition imposed on leafs;
in the hard-core model, however, we can implement boundary conditions by pruning the tree
(if a vertex is specified out of the independent set, remove it from the graph; if a vertex is
specified in the independent set, remove it and its neighbors).

The tree is the tree of self-avoiding walks of G starting at v, with vertices added for steps
that close a cycle. These vertices will be specified in or out of the independent set based on
the ordering of edges. In particular, if a path closes a cycle, the vertex in the tree closing the
cycle is set to be in if the edge closing the cycle is larger than the edge starting the cycle and
set to be out otherwise.

Theorem 5.12. For any G, any v € V(G), and any XA > 0,

HGv = KT gaw (Go),r -

Moreover if G has mazimum degree A then Tgaw (G, v) has mazximum degree A. The depth
of Tsaw (G, v) is at most |V (G)].

Proof. 1t will be convenient to work with ratios of marginal instead of marginals directly. Let

RG,U _ - HGw .
— HGw

On a tree T' with root r with degree d, we have a nice recursion for Rr,:

d 1
Rr,=\| —
T,r };[1 1+ RTi,ui

where T; is the subtree rooted at the ith neighbor u; of r. Applying this identity recursively
gives a procedure to compute the marginal of the root of any finite tree (with the base case
that Ry, = A).

Now consider a general graph G with specified vertex v whose neighbors are uq, ..., uq.
Let G’ be the graph G where v is replaced by d copies vy, ..., vq, with each v; joined only to
u;. We also set the activity of v; to be A4, Then we have that Rg,, is exactly the ratio of
the probability that all of the v;’s are occupied to the probability that none of the v;’s are
occupied in G’.

Let 7; be the boundary condition that u; is occupied for j < 7 and unoccupied for j > i.

Then by the above we have that
d

T
Rap = H RG’M
=1

where we have included the boundary conditions in the notation.
Since v; is only connected to u;, we have
)\l/d

R, =——
G/,Ui Ty
L+ Ré’\vi,ui
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and so
d

1
R, =2l ——.
G H 1+R
=1
As in the tree, this defines a recursive procedure for computing R ,; the recursion terminates
since the number of unfixed vertices (by boundary conditions) decreases by 1 at each step.

In fact, the recursion for Rg , is exactly the same recursion as for Ry, .. (G,v) 0

7/r.

Corollary 5.13. If the infinite A-reqular tree Ta exhibits strong spatial mixing then any
infinite graph (or infinite family of finite graphs) of mazimum degree A exhibits strong spatial
mixing.

5.4.2 Uniqueness threshold of the hard-core model on the A-regular tree

Lemma 5.14. The uniqueness threshold (and the threshold for weak spatial mizing) of the

hard-core model on Ta is M\(A) = %.

Proof. The hard-core model on the tree exhibits a kind of monotonicity. The two extreme
boundary conditions are the all occupied and the all unoccupied boundary conditions at
depth k; if k is even the the all occupied boundary conditions favor the root being occupied,
and if k is odd the all occupied boundary conditions favor the root being unoccupied. Recall
that we can implement hard-core boundary conditions by pruning the tree. Therefore to
check for weak spatial mixing we can check whether the occupation probability of the root
in the depth-k pruning of TA converges as k — oo or not.

A-1
Consider iterating the recursion F(R) = A (IJ%R) twice to get

A-1
1

1 A-1
14+ (g

We want to understand if G(R) has a unique fixed point or not. Some calculus will tell
us that if A < A.(A) then |G'(R)| < 1 for all R > 0 and so G has a unique fixed point. On
the other hand, when A > A.(A) there are multiple fixed points, as we can see in Figure

O

G(R) = A

The three fixed points can be interpreted as follows. For any A, A there is a unique fixed
point F(R) = R. This corresponds to the unique translation-invariant infinite volume Gibbs
measure on Ta (translation-invariant in the sense that the occupation probability of every
vertex is equal).

On the other hand, when A > A.(A), the two additional fixed points correspond to the two
extremal semi-translation-invariant infinite volume Gibbs measures (occupation probabilities
depend on the parity of the depth of the vertex). One can be obtained by the limit of all even
occupied boundary conditions and the other as the limit of the all odd occupied boundary
conditions.

63



e

Figure 5: The function G(R) for A =4, = 3.0

The heart of Weitz’s argument is that weak spatial mixing implies strong spatial mixing
on the tree. In particular, subtrees of Ta can be obtained by imposing boundary conditions,
strong spatial mixing holds for the self-avoiding walk tree when A < A:(A).

5.5 Series truncation algorithms

Another approach to approximate counting is the polynomial interpolation method of Barvi-
nok [5l, [6, [7] which relies on a complex zero-free region of a univariate partition function.
This is closely related to an algorithmic version of the cluster expansion which relies on some
convergence criterion being satisfied. The two approaches are of course closely linked. The
cluster expansion can be used to prove the existence of a zero-free region. Moreover, the clus-
ter expansion is the multivariate Taylor series of the log partition function and so specializing
to equal activities the two series are identical. Nonetheless, it is worthwhile considering both
approaches separately since they have different conditions and apply in different situations.

A simple but powerful observation of Barvinok is that if a polynomial p(z) of degree n has
no zeros in the disk of radius R around 0 in the complex plane, then truncating the Taylor
series for log p(z) around 0 after O(log(n/e)) terms gives a good approximation to log p(x) if
x is in the interior of the disk.

Lemma 5.15. Let p(x) be a polynomial of degree n and suppose that p(z) # 0 when |z| < R
for some R > 0. Define

m oen) D (0)
Tin(w) = l0gp(0) + 3 Uogp)”(0) 5

j=1 J:

be the mth order Taylor series for log p(x) around 0. Then if |x| < (1 —n)R for some n >0,

n(l—n)™

log p(z) — Tin ()] < m .

Proof. Let z1,...,z, € C denote the roots of the polynomial p(z) (with multiplicity). We
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can write

7=1
or
- T
1 = —— .
ogp(x) =logp(0) + Z log (1 zj>
7=1
Now since Zl < 1 —mn, the Taylor series for log (1 — —,) is absolutely convergent and
m o ;
w/ Zj (1—mn)
1 - = AR Sl VA S
s (1-2) -5 <y
=1 i=m+1
1 [e.e]
<—= > (-9
m+ 1 i=m-+1
- (1 _ n)m—f—l
- (m+1)n
Summing the error over all the n roots proves the lemma. O

In particular, Lemma tells us that exp(T;,(z)) is an e-relative approximation to p(z)
when m > C(n)log(n/e) and p and z satisfy the conditions of the theorem.

To implement this as an algorithm, we need to compute the coefficients b, of the power
series Tpn(z) = > 1o, bpx®. In specific cases, such as the hard-core partition function, the
cluster expansion gives us a formula for these coefficients: by = 3 p_;, #(H(T')), where the
sum is over all clusters of G of size k.

For a generic polynomial p we do not have such a formula, but we can still compute
the coefficients inductively. With p(z) = Y"}_, axz®, we can compute by, by solving a linear
system involving by, ..., b and ag, ..., a; (exercise!). This reduces the problem to compute
the first O(log(n/e)) coefficients of p. We will see some examples of this below.

5.5.1 Application: the ferromagnetic Ising model

Consider the ferromagnetic Ising model partition function with external field A:

Za(B AN = Y PG\ {vo=r],

oe{£1}V(®)

Viewed as a function of A\, Zg (8, A) is a polynomial of degree n (with coefficients that depend
on 8 and the graph structure). The Lee-Yang Theorem tells us that all of the zeros of this
polynomial lie on the unit circle |A] = 1 (in the ferromagnetic case 5 > 0). Now fix A with
Al =1 —mn < 1. Then when m > C(n)log(n/e), exp(T},) is an e-relative approximation to

65



Zc(B,A). We just need to compute the coefficients ay of Z¢ (3, \) to compute the coefficients
of the Taylor series T},,. We have

=Y MG

€ (i)

and so we can compute this in time O(n*) by summing over all sets of k vertices of G. This
does not give a polynomial-time algorithm, since we need to consider k = (log(n/¢)); rather
it gives a quasi-polyniomial-time algorithm running in time n©U°8™) for fixed . Several
applications of Barvinok’s polynomial interpolation method have running times of this form.
In the case of the Ising model (and other spin models on graphs), when G is of maximum
degree A the running time for computing ay can be improved to n®1°82) which is polynomial
time when A is fixed.

5.6 Algorithms at low temperatures

All of the algorithmic approaches to approximate counting and sampling we have seen so far
work at high temperatures: when interactions (or densities) are weak enough. Each of the
algorithmic techniques has a corresponding technique for proving uniqueness of infinite Gibbs
measures, and so phase transitions present an inherent barrier to these methods. What can
we do at low temperatures? Or in the presence of phase coexistence?

Polymer models will give us one way to design low temperature algorithms, by allowing
us to switch from a low-temperature (or high-density) spin model to a high-temperature
(weakly interacting) polymer model to which we can apply several different algorithmic tech-
niques. This type of low temperature algorithm first appeared in [41] in the form of efficient
approximate counting and sampling algorithms for the large 8 Potts model and large A hard-
core models on Z%. These algorithms used Pirogov-Sinai theory, a class of contour models
which are more complex than polymer models. We will instead start by describing algorithms
from [43, [16] which use polymer models.

5.6.1 Making the cluster expansion algorithmic

Using the Kotecky—Preiss condition we can truncate the cluster expansion to get a good
approximation of log Z. In particular, if the condition holds for some b > 0, then with

IT)1<m vell
we have
llog Za(A) — Tpn| < ne™.

This tells us that exp(T},) is an e-relative approximation to Zg(A) when m > log(n/e)/b.

To turn the polynomial interpolation method or the cluster expansion into a polynomial-
time algorithm, we must be able to compute terms of the expansion efficiently.
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The key to doing this is to be able to enumerate connected, induced subgraphs of a graph
G efficiently. To obtain polynomial time algorithms we would like to enumerate all connected,
induced subgraphs of G of size at most k in time polynomial in n and exponential in k. Patel
and Regts give an algorithm to do this [60]. We give a sketch of their algorithm and proof.

We use the following simple but useful bound from [12].

Lemma 5.16. Let G be a graph of max degree A and fix v € V(G). Then the number of

k—1
connected, induced subgraphs of G of size k that contain v is at most %.

The proof of this lemma is by comparison with a A-regular tree. Question: what is
the best upper bound you can prove for connected subgraphs of size k containing v (not
necessarily induced)?

The algorithm of Patel and Regts proceeds as follows. Let 7; be the set of all connected
induced subgraphs of G of size k. Constructing 77 can be done in linear time since it is simply
the set V(G). Now given T;_1 we can construct T by appending to each S € T;_1 one of its
neighbors. There are at most (k — 1)A such neighbors and at most n% such subgraphs
S so this can be done in time polynomial in n and exponential in k. We then iterate through

the (multi)-sets created and remove duplicates, leaving us with 7.

Finally, to compute terms of the cluster expansion efficiently we need to compute the
Ursell function of a graph H in time exponential in the number of vertices. To see that we
can do this, we first recall the Tutte polynomial: for an n vertex graph G with ¢ connected
components, define

To(z,y) = Z (z — 1)C(A)—C(y _ 1)c(A)+\A|—n
ACE(G)

where ¢(A) is the number of connected components of the graph G4 = (V(G), A). The Tutte
polynomial is related to many other important graph polynomials. Up to a change of variables
it is the random cluster model partition function. Specializations of the Tutte polynomial
include the chromatic polynomial and the Ising and Potts model partition functions.

We use the fact that evaluating T (x,y) at (1,0) and scaling gives the Ursell function
¢(H). Naively from the definition of the Tutte polynomial (or the Ursell function) it looks
like exact computation would take time 2/#(@! by summing over all edge subsets. Fortu-
nately, exact computation (in fact, computing the coefficients of Ty (x,y)) can be done more
efficiently, in vertex exponential time using an algorithm of Bjorklund, Husfeldt, Kaski, and
Koivisto [I0]. Thus computing the Ursell function of a graph H of size O(log(n/c)) can be
done in time polynomial in n and 1/e.

5.6.2 Hard-core model on unbalanced bipartite graphs

Consider a A regular bipartite graph G with bipartition (L, R) each of size n (so G has 2n
vertices). Suppose every vertex in L has fugacity A\;, and every vertex in R has fugacity Agr.
Let Zg(AL, Ar) denote the partition function. If Ay, and Ag are both small as a function of
A (say < 1/(eA)) then our previous algorithmic approaches will give efficient approximate
counting and sampling algorithms. If A\, = Agp = X and X is large, the approximating Zg(\)
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is #BIS-hard: as hard as approximating the number of independent sets in a general bipartite
graph.

What if A and Ag are large but there is an imbalance: say Ay, > Ar? We will show that
if the unbalance is large enough as a function of A then there is an FPTAS for Zg (A, Ar).

What might we expect a typical independent set from the hard-core model to look like if
AL > Ar? We might expect such an independent set to be skewed, with most of its vertices
coming from L and few vertices coming from R.

To make this intuition precise, we can consider a generalized notion of a ground state.
Previously a ground state was a spin configuration of maximum weight; in this case, a maxi-
mum size independent set (either the all L occupied or the all R occupied independent sets)
or when A is small, the empty set. Now we can think of a ground state as being a collection
of spin configurations of collectively large weight that we understand well. In this example,
following our intuition we will take this generalized ground state to be the set of all indepen-
dent sets that contain no vertex from R. The weight of this set of configurations is simply
(1+ Ap)™, since each vertex in L can be in or out without constraint.

Now suppose a set S of vertices in R is occupied. What is the total weight of the
corresponding independent sets? We get a factor Ag' from these occupied vertices. The
vertices in L that belong to the neighborhood of S cannot be in the independent set, but
all others can. So this contributes a factor (1 + )\L)”_W(S)'. All together, and pulling

S|
out the ground state weight, we have a contribution of (1 + Ap)" - W We call
Al
w(S) = m the (relative) weight of S C R.

We say that two vertices u,v € R are 2-linked if they are common neighbors of a vertex
w € L. The 2-linked components of a subset S C R are the maximal connected components
of S under the 2-linked relation. In particular, if the 2-linked components of S are v1,...,%
then N(v;) N N(v;) = 0 for all i # j. Therefore, we see that the weight of S factorizes over
its 2-linked components:

t )\WJ‘
s =11 L (14 2 VO Hw %)
Jj=

With this factorization, we can define a polymer model. Polymers are 2-linked subsets
v

m7 and two polymers v,~' are compatible if

their union is not 2-linked. Then from the discussion above we have the identity

~v C R; the weight function is w(y) =

ZaOisAr) = (1 +AL)" - Z (44)

where Z is the polymer model partition function.

Now we can verify the Kotecky—Preiss condition.

Lemma 5.17. Let G be a A-reqular bipartite graph on bipartition (L, R) and consider the
hard-core model with fugacities \;,, \r. When

A>3 332N, (45)
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the Kotecky—Preiss condition holds for the polymer model defined above, by taking a(vy) = |v|
and b(y) = [y|.

Proof. We first bound the number of polymers of size k incompatible with a given polymer

~ by ]7|A2% using a similar argument to that for the Ising polymer model above. We
next bound the weight of a polymer of size k: since G is a regular bipartite graph, we have

IN(%)| > |v|, and so if |y| = k&, k
AR
< .
wi < (122
Then for any polymer -,

Z w(y)et)T0) = Z w(y)e!

7y ey 'y
2\k—1 k
<>y |A2 EA (1)\R)\> 2k
k>1 TAL
k
< m Z (63A2)\R>
o2\t AL
<
if A\, > 3e3A2\p — 1. O

Corollary 5.18. Fiz A > 3 and Ap, Ag so that holds. Then there is an FTPAS for the
hard-core model on the class of A-reqular bipartite graphs with fugacities A\r, Ag.

Proof. The FTPAS follows directly from the identity (44)). In particular, Lemma tells
us that

log Za(AL, Ar) — nlog(1+AL) = > ¢HT)) [[wlv)| < ne
I:b(I)<t ~er

and so truncating the cluster expansion up to terms of ‘size’ log(n/e), where the size of a
cluster is b(I') = > . b(7), gives an e-relative approximation to Zg(Ar, Ag). For A fixed,
this can be done in time polynomial in n and 1/e. ]

5.6.3 Potts model on expander graphs

Recall the discussion of the g¢-color ferromagnetic Potts model on expander graphs from
Lecture 3. We defined a polymer model where polymers were connected induced subgraphs
of G of size less than n/2, colored with the ¢ — 1 non-ground-state colors. Let Z denote
the polymer model partition function (by symmetry it is identical for each of the ¢ possible

ground states). We showed that if G is an a-edge-expander and § > %g([m) then

=g PEONG < 74(8) < ¢ "q- PIEO
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or in other words, ge?!E (@17 is an e "-relative approximation to the partition function Zg(6).
q Pp

In terms of an FPTAS this suggest two cases: if, say, € < 2e™" we can just compute the
partition function by brute force, enumerating over the ¢" configurations; this is acceptable
since time 9™ is polynomial in 1/¢ in this case. On the other hand, if ¢ > 2¢™", then we

(@)

can find an e/2-relative approximation to A , multiply it by ge?lE(G)| and obtain an e-relative

approximation to Zg(f).
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6 Exercises

10.

11.

. Prove that the occupancy fraction of the hard-core model on any non-empty graph G

is a strictly increasing function of .

. Prove that for the hard-core model on Z, the truncated two-point correlation function

decays exponentially fast in the distance, for any A > 0.

. Consider a tree T' and a vertex v € V(T) with neighbors uy, ..., uq. Write a formula for

the marginal (1, » of the hard-core model at fugacity A in terms of A and the marginals
RS u;:A of the neighbors of v in the graph 7"\ v.

. Derive a formula for the three-point truncated correlation function for vertices u, v, w

in a 2-spin model on a graph in terms of marginals and joint marginals.

. Let G,, be the set of all (labeled) graphs on n vertices. For m € (0, (g)), determine

the maximum entropy probability distribution on G, with mean number of edges m.
(Recall that the entropy of a probability distribution p on a finite set  is H(u) =
— > zeq i(z)log p(x) with the convention that 0log0 = 0).

. Let K be the complete graph (clique) on d vertices.

(a) Compute the hard-core partition function Zg, ().

(b) For u,v € K4 compute the truncated two-point correlation function.
Let G = G1 U G3, the disjoint union of two graphs G1,G2. Prove that

ZG()‘) =Za, (A)ZGQ ()‘) :

. Let Kqq be the complete d-regular bipartite graph (two sets of d vertices L, R) with all

d? edges between L and R present and no others).

(a) Compute Zg, ,(N).

(b) Compute Eg, ,A|I|, the expected size of an independent set I drawn from the
hard-core model on K, 4 at fugacity A.

. Prove that the following probability distribution on independent sets of G is the hard-

core model on G at fugacity A\. Pick a subset S C V(G) by including each vertex
independently with probability 1%\ and condition on the event that S is an independent
set.

Consider the hard-core model on a graph G and let F' be the set of vertices that are not
in the independent set and have no neighbor in the independent set (they are free to
be added to the independent set). Calculate E[|F|] in terms of derivatives of log Zg(\).

Let ix(G) be the number of independent sets of size k in a graph G.

(a) Give a probabilistic interpretation (as, say, and expectation) for the quantity

% in terms of the uniform distribution over independent sets of size k in
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12.

13.

14.

(b) Prove that for all G of maximum degree A on n vertices,

i1(G) _ n— (At Dk
Zk(G) - k+1 ’

and find a family of graphs for which the inequality is tight.

(¢) Use the above to prove that for all G of maximum degree A on n vertices,

1 log Zg(\) > log(1+ (A+1)N),
n

1
A+1
and show that the inequality is tight. (Hint: recall that partition functions are
multiplicative over disjoint graphs and that Zg(A) is a polynomial).

Prove that for any A > 0,

(@) = 25X prr =

where i, (G) is the number of independent sets of size k in G and the probability (and
the partition function) is with respect to the hard-core model on G at fugacity A.

Pick an independent set I from the hard-core model on a d-regular, triangle-free graph
G at fugacity A > 0, and pick v uniformly at random. Let Y be the number of uncovered
neighbors of v with respect to I (an integer-valued random variable bounded between
0 and d).

(a) Show that if Y is supported on 0 and d, then G is the complete bipartite graph
K44 or a union of K;4's.

(b) Suppose G has no component isomorphic to Ky 4. Prove a positive lower bound
on Pr(Y ¢ {0,d}) in terms of d and A. (The lower bound should not depend on
the size of the graph G).

(¢) Using the previous two results and the theorem we proved in class, prove that for
every d and A > 0 there exists € > 0 so that for every d-regular, triangle-free graph
G on n vertices without a Ky, component,

1 1
Elog Za(\) < 24 log Zk, 4,(A) — €.
(The result extends to graphs that may contain triangles).

Gdenko’s Local Central Limit Theorem states the following: Let X be an integer valued
random variable with mean ; and variance o2 whose support has ged 1. Let X7, Xo, ...
be iid copies of X and let S, = Z}l:l Xj. Then for every integer k,

1 _(k—p)?
Pr(X =Fk) = me 200 + o(n=1/2).

(Why is the ged condition necessary?)

Let Hg, be the graph that is a union of n/2d copies of Ky 4.
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15.

16.

17.

18.

(a) Show that for every k € {0,1,...,n/2} there exists A > 0 so that the expected
size of an independent set drawn from the hard-core model on Hg,, at fugacity A
is exactly k.

(b) Fix ¢ > 0 and suppose en < k < (1 —¢)n/2. Choose A so that the expected size
size of an independent set drawn from the hard-core model on Hg,, at fugacity A
is exactly k. Show that

Pr(|I| = k) = ©(n"'/?).

(c) Prove the following. For every ¢ > 0, there exists ng = ng(e,d) large enough
so that the following holds: for all n > ng divisible by 2d, every d-regular G
on n vertices that does not contain a component isomorphic to K, 4, and every
en <k<n/2,

Zk(G) < ik<Hd,n) .

(Hint: use the result from Question 2 as an input)

(d) (Harder) Prove the same result without the assumption that G contains no com-
ponent isomorphic to K4 4. Hint: consider two cases, depending on the fraction of
vertices in K4 components. In the case that there are many K, components,
analyze what the distribution of a uniformly random independent set of size k
looks like restricted to the part of G' that is not in a K44 component.

Compute the moment generating function of a Poisson(\) random variable and use this
to prove a formula for the cumulants of a Poisson random variable.

Prove that the clique K41 has the highest triangle density (number of triangles divided
by number of vertices) of any d-regular graph.

Show that there is a sequence of d-regular graphs G4 so that the smallest complex root
(in complex absolute value) of Zg,(\) is ©(1/d).

Fix A>0and 0 < A < %AI—H) Let G, be a sequence of n vertex graphs of max degree

e
A. Let X,, be the size of a random independent set drawn from the hard-core model

on G, at activity .

(a) Prove that var(X,) = Q(n). Hint: use the law of total variance and the fact that
G has a linear sized set of vertices at pairwise distance at least 3.

(b) Prove that var(X,) = O(n). Hint: use cluster expansion convergence.

(c) For k > 3 fixed, prove an asymptotic upper bound on the kth cumulant of X,
Hk(X)
(d) Deduce that X is asymptotically normal; that is, (X —EX)/y/var(X) = N(0,1).

(e) Write a formula using the cluster expansion for the cumulant generating function
of X, log[Ee!X. For what t does this converge?

(f) Using the previous result prove a large deviation result for X, i.e. the best upper
bound you can on the probability

Pr(X > (14 6)EX).
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19.

20.

21.

22.

23.

Prove that the clique K41 has the highest triangle density (number of triangles divided
by number of vertices) of any d-regular graph, and that there is gap to any graph that
does not contain a K441 component.

Use the previous result and the cluster expansion for the generating function of
matchings (monomer-dimer partition function) to prove that for some \*(d) > 0, all
0 < A < X* and all d-regular graphs G not containing a K 1 component we have

1
log Zénamh()\) > ——log ZmatCh()\) .

1
V(G| d+1 Kat

The monomer-dimer partition function is

Zglatch()\) _ Z )\|M|
MeM(G)

where the sum is over all matchings of G. A matching is an independent set in L(G),
the line graph of G.
(Harder) Can you extend this to prove that for all d-regular G and all 0 < A < A*

1
log ZZB(\) > ——— log Zmatch()) .

1
V(@) Tdg1 T

Let G be a A-regular bipartite graph on bipartition (L, R) each of size n, with A =
en/3. Suppose each vertex in L has fugacity A\;, = fn~2/3 and each vertex in R has
fugacity Ap = rn=2/3. Let Ip,Iz be the number of occupied vertices in L and R
respectively.

(a) Use the cluster expansion to write an asymptotic formula for E|I.| and E|Ig|.
(b) Use the cluster expansion to write an asymptotic formula for cov(Ir,Ig).

(c) Prove that after suitable centering and scaling the random vector (Ir,Ig) con-
verges to a bivariate Gaussian.

Let G be a biregular, bipartite graph with bipartition (L, R) and suppose every vertex
in L has degree Ay, and every vertex in R has degree Agr. Assume that Arp > Ap.

(a) When Ap is much bigger than Ay, what do you expect typical uniformly random
independent sets from G to look like?

(b) Write the hard-core partition function of G as the partition function of a polymer
model measuring deviations from the generalized ground state of the independents
sets with no vertex from R.

(c) How large must Ag be as a function of Ay, to guarantee convergence of the cluster
expansion for the polymer model when A = 17

Prove that the following are equivalent (by providing polynomial-time reductions):

e There is an FPRAS for Zg () for the class of max degree A graphs.
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24.

25.

26.

27.

e There is a polynomial-time approximate sampling algorithm for pg ) for the class
of max degree A graphs.

Prove that if there is a polynomial-time approximate sampling algorithm for uq ) for
some class of graphs G and all 0 < A < Ao then there is an FPRAS for Zg(\) for G and
and all 0 < X < Ag.

The lazy random walk on a graph is the following Markov chain: starting at a vertex
v, with probability 1/2 stay at v and with probability 1/2 move to a uniformly random
neighbor of v.

(a) Suppose G is regular and connected. Prove that the lazy random walk is irreducible
and aperiodic (look up these terms on google if needed!). What is the stationary
distribution?

(b) If G is connected and regular on n vertices, what is the order of the best and worst
possible mixing times of the lazy random walk? (L.e. find good and bad graphs
for this Markov chain). What if G is A-regular for A constant? What’s the best
mixing time you can expect?

(Coupling). Consider the lazy random walk on the hypercube Qg = {0, 1}%. Start two
copies of this Markov chain from different states Xy, Yy € Q. Find a coupling of the
two processes X, Y, so the expected number of steps until they coincide (X,, =Y},) is
as small as possible.

(Total variation distance) For m > n consider the following distributions of configu-
rations of m balls in n labeled bins: 1) place each of the m balls independently in
uniformly chosen random bins; 2) start with one ball in each bin and place the re-
maining m — n balls independently in uniformly chosen random bins. Call the two
distribution g1, po respectively (both depend on n and m).

(a) Find good strategy for the following game: I pick u; or pe with probability 1/2
each and show you one sample from the given distribution; from the sample you
have to guess which distribution it came from. For what m = m(n) can you win
this game with probability 1 — o(1)?

(b) What does the strategy and probability of winning have to do with |1 — pal|7v?
(c) Can you find the optimal threshold in m = m(n) for ||u1 — pa||lry — 07
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