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Graphical Enumeration Techniques in
Statistical Physics:

I: Series expansions and Animal problems

Deepak Dhar
Department of Theoretical Physics,

Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai 400 005, INDIA

Abstract

This is a pedagogical introduction to some graphical enumeration
problems in statistical physics. I start with the high-temperature and
low-temperature expansions of the Ising model. I then discuss enumer-
ation of clusters in the percolation problem, and Martin’s algorithm
for their enumeration. Exact enumeration of two-dimensional directed
animals then described, and extention of this result to the generating
function of more general heaps is explained.



The aim of these lecture notes is to introduce the readers to the tech-
niques of graphical enumeration, for solving problems in statistical physics.
I assume that you have already had the first course in statistical physics, and
basic principles of equilibrium statistical physics are known. In particular,
I assume that you have already seen the statistical mechanical treatment of
ideal gases (classical monoatomic ideal gases, and the ideal Bose and Fermi
gases). The problem of a system of coupled harmonic oscillators reduces to
that of non-interacting normal modes, and can be solved similarly. Thus one
can calculate the partition function of a system of non-interacting phonons,
or of photons, and see how the average energy of the system varies as a
function of temperature.

1 Ising Model in one dimension

Let us consider a line of N sites, labelled by integers 1 to V. At each site i,
we have a spin o;, which takes values +1. The Hamiltonian of the system is

N-1

H=-J Z 0;0;+1 (1)

i=1

There are 2V distinct configurations. The system is in contact with a
heat bath at temperature 7', and each configuration C occurs in the canonical
ensemble, with a probability Prob(C) = exp[—(H(C)]/Z, where

Z=3 e PHO) 2)
C

Our first problem is to calculate Z([3).
Method 1: We consider a change of variables. Define Ising variables {r;},
with 7 = 01, and 7, = 0;_10;, for i > 1.

Then, we get H = —J >, 7;. The summation over 2V values of {o;} is
same as summation over 2%V values of {;}. And we get

Z = 2N[cosh pJJN ! (3)

We can define free energy per site in the thermodynamical limit of large
N as f(f) = limy_oo —kpT'(log Z)/N. Then we get

f(B) = —kpT log(2 cosh 8.) (4)
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Figure 1: A ladder graph.

Method 2: The Transfer Matrix Method:

Define Z,(+) = partition function of a chain of n sites with left-most site
held fixed 41, and sum over the rest. Define Z,(—) similarly. Then we can
write the recursion equation

Zua(H) | _[ & e[ Z,(4) 5)
Zpni(=) | [ e e || Zu(-)
Calling the matrix on the right hand side of this equation as the transfer
matrix T, we write

Zn-i-l(_) Zn(_)

These recursion equations can be easily solved to give Z,(+) and Z,(—)
explicitly as functions of n

ESESD

Zn = Zn(+) + Zn(-) (8)

Let the eigenvalues of T" be A, and A_, with A, > A_. Then, for large
N, we get Zy ~ AY, and f() is as calculated before.
Exercise 1: Show that the partition function of Ising model on a one-dimensional
ring of N sites is Zy = Tr[T"].
Exercise 2: Calculate the partition function of the Ising model on a 2 x N
ladder graph ( Fig. 1). In this case, the transfer matrix 7" is a 4 X 4 matrix.
Excercise 3: Suppose we add an external magnetic field, so that the hamil-
tonian is H' = H — h'}, 0;. Extend the treatment above, using the transfer
matrix, to calculate the free energy per spin f(53,h).

l Zor(+) ] T l Zn(+) ] | (6)

with



2 High -temperature expansions for Ising sys-
tems

We now want to calculate Z for a more non-trivial case. Consider the two-
dimensional Ising model. Here we have Ising spins on the vertices of an
L x M square lattice. Each spin has a ferromagnetic coupling to its nearest
neighbor of strength .J. Let o, ; be the spin at site (¢, j). The hamiltonian is
now written as

H = —JZ [Uijalurl,j + Ui,jo-i,j-i-l] (9)
,J

We want to calculate the partition function

Z =) exp[-BH({o})] (10)
{0}

where {0} denotes a configuration of spins on the lattice, and the sum over
{o} is sum over all spin configurations.

For Ising variables o and o/, which take only values +1, we have the
identity

exp(BJoc’) = cosh(BJ)[1 + xoo'] (11)
where x = tanh(5J).
Then we get
Z = [cosh BJIN2 Y " T[(1 + wopoly) (12)
{c} B

where the product over B is over all bonds of the lattice, and op and o
denote two spins at the end of the bond B. Np is the number of bonds in
the graph. Now Z is a polynomial in x (apart from the simple multiplying
prefactor). We expand the product, and then first do the summation over
{o} for each term, and then sum the terms.

Since the number of terms is very large, we need a good way of specifying
the different terms. The most convenient scheme that has been found to
work is this: we think of the square lattice as specified by its graph, i.e. a
set of vertices, with a bond between vertices that are nearest neighbor on
the square lattice. After this, we do not worry about the actual distances
between vertices, or angles between bonds. FEach term in the expansion is
associated with a diagram; we draw a bond between two sites for the term
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Figure 2: A configuration that contributes to the high temperature expansion
for the Ising model

xopol, and no bond corresponding to the 1 in (1 + zogo). Each such
diagram has only a subset of bonds of the original graph. There is a one-to-
one correspondence between different terms in the expansion, and different
diagrams. Then the summation over the 25 terms in the expansion Eq.(12)
is equivalent to summing over all possible 2V2 diagrams.

Now consider one particular diagram corresponding to specific term. It is
easy to sum over {o;}, and we get zero, if there is any vertex in the diagram
that has an odd number of bonds. If the number is even at all vertices (an
example of such a diagram is shown in Fig. 2), then the weight is 2%+, where
Ny is the number of sites in the graph ( using 0227 ;i =1).

Then, the partition function Z can be written as Z = 2V [cosh(3.J)|V5 Z,
with

Z=> C( L,M)a' (13)
¢

where C'(¢, L, M) is the number of ways one can draw a diagram with ¢ links
on the L x M square lattice , where each vertex has even number of bonds.
The problem of determining the partition function of the Ising model has
been reduced to the enumeration problem of some kinds of diagrams. For
high temperatures (small z), we may keep only terms upto some maximum
power of . Then the result is exact upto that order in . Hence the name
“high temperature expansion”.

We note that C(0,L, M) = 1. Let us assume periodic boundary condi-
tions for the lattice. For ¢ = 1,2, 3, we have C(¢, L, M) = 0. The coefficient
C(4,L, M) is the number of ways one can put a small square in different
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Figure 3: All possible lattice polygons of perimeter 8 on the square lattice.

positions on the lattice. Hence this number is LM = N,. For ¢ = 6, only
diagram possible is a hexagon enclosing two adjacent small squares. Thus,
the RHS of Eq.(13) can be written as

1+ N,o* + 2Nz + O(2%) (14)

The enumeration of terms of order z® is more complicated. One can have
two small squares, separated from each other, or one can have one simple
polygon of perimeter 8. There are Ny(Ng — 5)/2 terms of the first type. An
exhaustive enumeration of possible lattice octagons ( see Fig. 3) shows that
the term is N,(N, + 9)x®/2.

We define )
F(z)= lim N log Z (15)

Ns—oo [Ng

We assume that F'(z) has a Taylor expansion in powers of x :
F(z) = Fya* + Fgab + Fea® + . .. (16)
Then clearly exp[/NsF'(z)] has a Taylor expansion in powers of x given by
exp[N,F(7)] = 1+ NyFya* + N, Fga® +[(1/2) FEN? + FyN,])2® 4+ O(2'°) (17)
Comparing with the exact calculated numbers C(¢, L, M), we see that
Fy=1,Fs =2, and Fg = 9/2. So that we have

9
F(z) = 2% +22°% + 59:8 +... (18)

We can also write series expansion for ef(®) which is called the partition
function per site
eF@ =14 2" 4225 + 525 + ... (19)

At higher orders, C'(¢, L, M') would have terms that vary as larger powers
of N,. However, these higher powers cancel out exactly automatically, uf
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we have matched the terms of order N exactly to all lower orders in .
Then, the coefficients F; are independent of N,. The fact that terms in the
partition function that vary as higher power of N, than 1 cancel on taking the
logarithm, is a consequence of the extensivity of free energy. This important
technique is variously called the linked cluster expansion, or the cumulant
expansion. For a more general discussion, see [1]. A very readable elementary
account of series expansion methods in statistical physics may be found in
2].

So, now, with the linked cluster expansion theorem, the graphical enumer-
ation problem, for any fixed order ¢, reduces to a finite enumeration problem,
where the formal limit L, M — oo has been taken already.

Clearly, evaluation of still higher orders requires some practice in graph-
ical enumerations. One can use the enormous power provided by digital
computers, to calculate these series to very high orders. For example, for
the three dimensional Ising model, the high-temperature series has been ex-
tended up to 46th order in z [3]. For many other lattice models, similarly long
series expansions have been calculated. For special cases, one can get much
longer series. For example, for the directed percolation on the square lattice,
the series expansion is known exactly to 171 orders! And this is the best one
can do, the exact solution is not known [4]. The series expansion method
provides a systematic method of making better and better approximations to
the exact answer for a problem with no analytical exact solution. Note that,
in contrast, most other approximations used in different branches of physics
often involve an error that cannot be made “as small as you wish” if you are
willing to work harder ( e.g. “the effective medium approximation”, or the
“random phase approximation”).

Since one can generate such series to very high orders, the analysis of such
series has also become quite sophisticated. For example, in [5], a high order
series is used to guess the exact functional form of the answer for counting a
type of almost-convex polygons ( polygons whose perimeter differs from that
of bounding rectangle by at most 4 units), by exact enumeration of the series
for perimeter up to ¢ = 110!. [An exclamation mark, not a factorial sign.]
Excercise 4: Use the high temperature expansion, to show that for the prob-
lem in Excercise 1, Zy = [2cosh 3J]V (1 + zV).

Excercise 5: Consider the Ising model on the square lattice with 4-spin cou-
plings
Hy=—J > 0ij 0ijt1 Cit1j Ois1j+1 (20)

squares



Figure 4: A configuration of the Ising model at low temperatures. The +
and — signs denote regions where the spins are + and — respectively.

Show that in the high temperature expansion of this model, all terms except
the lowest order are zero.
Excercise 6: Extend the calculation of high temperature series expansion

given in Eq.(19) to order z'°.

3 Low-temperature expansion of the Ising model
and self-duality

One can also develop a low-temperature expansion for the free energy of the
Ising model. We note that at low temperatures, a typical configuration would
have most spins aligned parallel ( say +), and a few — spins interspersed [Fig.
4]. Then, a configuration in which there are ¢ ‘bad’ bonds has a relative
weight exp(—2¢3.J), compared to the ground state. writing this weight as y°,
we see that the partition function looks like

7 = NP 4 Noy* + 2N + .. ] (21)

These graphs are the same as in the high temperature expansion! We thus
get a non-trivial relation between the partion function Z(/) and partition
function Z(f') at a different value 3’ given by

tanh 3'J = e %/, sinh Jsinh 5'J = 1 (22)



and
Z(3) exp(—2N,B.J) = Z(3')[2 cosh? ' J] (23)

If 3 is small, 3’ is large, and vice versa. At one particular value 5* we have
(8 = ['. Then this point must be the common boundary between the high -
and low-temperature phases. Thus, we get that the critical temperature for
the square lattice Ising model is given by the condition

sinh(J/kgT,) =1 (24)

More generally, the high-temperature graphical expansion of the partition
function of a lattice model can often be reinterpreted as the low-temperature
graphical expansion of some other model. Such models are said to be low-
tempearture-high temperature duals of each other. The Ising model on the
square lattice is said to be self-dual.

4 Percolation and Animal Problems

We will now discuss the use of graphical enumeration technique in percola-
tion and animal problems. The percolation problem is easy to state, and
quite nontrivial to study. In particular, it provides a very simple setting for
studying phase transitions.

Consider a box full of many small wooden and metal balls, equal in size,
and thrown in at random. These will form what is known in literature as a
random closed pack structure. We would like to determine the bulk electical
conductivity of this mixture, as a function of the relative fraction of metal
balls. Call this fraction p. If p is very small, there are few isolated metal balls
in a sea of insulating spheres, and the bulk material is an insulator. If p is
near 1, the material will be conducting. Also, we note that if we change any
ball from insulating to conducting, the conductivity can only increase. Thus,
the conductance of this disordered medium is a non-decreasing function of p.
And there is some value p., such that for p < p., the conductance is zero, but
for p > p., there are conducting paths between opposite faces of the sample,
and the mean bulk conductance is non-zero.

Thus, we have a phase transition from an insulating to a conducting
phase, as p is increased above p.. Perhaps this is the simplest example of a
phase transition. It is a geometrical phase transition, and the phase transition
occurs as a function of the concentration p. Temperature does not play any
role.



1.0

conductance

0.0
0.0 1.0

p

Figure 5: Schematic dependence of the normalized conductance of a medium
containing insulating and conducting beads, on the concentration p of con-
ducting beads

One can define a lattice model of percolation, instead of the continuum
model defined above, which is simpler to study. In our mixed bead example,
we imagine that the beads are packed in a regular closed packed lattice
structure. In the site percolation model, we have a lattice, say a hypercubical
lattice in d dimensions, and each site is occupied or empty, independent of
other sites, with probability p or (1—p) respectively. In the bond-percolation
model, all sites are present, but links between nearest neighbor sites may be
present or absent, again independent of other links, with probability p and
(1 —p) respectively. In Fig. 6, we have shown a realization of site percolation
on a square lattice for different p.

In fact, the percolation transition is one of the simplest examples of a
continuous phase transition. As p tends to p. from below, The mean size of
a connected cluster diverges as |p. — p|~”. The mean number of sites in the
cluster to which a randomly chosen site belongs, diverges as |p. — p|~7. For
p > pe, the mean fraction of sites in the infinite cluster increases as (p —p.)®.

These exponents v, v, and § are similar to the exponents defined in other
critical phase transitions. In fact, the relationship of percolation model to
Ising model is quite deep. One can define a more general model, called the
g-state Potts model, for which ¢ = 1 is the percolation problem, and ¢ = 2
corresponds to the Ising model [6]. Constraints of time and space do not

10



B S8se 290ses e 2| % » wesas seesesrre ]| e aase LT TR Y]
an® LN haea -8 -9 wewdd TEE® B SES
an S0P e+ BEeees ssenanfane 9 Ssesans
are S0 B0 » @ .. ses vas salere
SSASS S04 e aeh s e P *ve L
sss S ssssE 4= sns wae sfane
® & ®ess & sar e a snssn|es
"8 BEBINEE <8 s ae sscssa|wre
S8 P s s 20 8 A ssran | oew
aen & L] AR SAES & 8ap asa N ] S w
® seses se se veRw sssnase] aam
%9 ¢ esasr » @ Tesassesse » e (T Y YT Y]
SeNEP SO OIE v s sesvevesrn s Stnrense [oes * srnsress
*h v BEBEY  we SRS BF RN BANL FEF FEBE B]|Bee LYY T T
SeBeesees 2o r susssn|sosnnrnenesnss snsnan]nee 288 sesacas
cere » sasdeven »|asae o sasransee 2| esas asessans
e B8 See Sod =g - LI LN Y ) LR X ] LR LR TN ] » saa sesass ¢
(XTI B Y YTy Y LYY} e ansnoe| vre sesnoane
LY} ssena o & » > cesas e ¢] wese wussss see 2
aBss A&s s - - ae LR AN LNTE ] a®e s assa aFaPPR PR ROERS LA LR
o o) o
o~ =% N
. L ve o aele @ ss s ven sefe s A ¢ ses e
e s eves . e ¢ ewss e aee 3+ eeee .
e » . ens . ss » vese s [ -+t seans
s s S8 23 o es| 2 ¢ 200 2 = ' .T—.Hh—li. ¢ s =
" ae ] (LR [ X1 X ] »e [ ] LR X ) v *. LA
] [ ] » -e . LA L] - . o an - L] .ﬁl d - . -
- - - L] L] - - - L) - LA I L -+ a8 2 LAl
- ss & w8 sad e * saaw  ss sE B H *s soe
s 208 se . o] ee ssa e & se - F F ssse o
- - - &9 [ L A J L] - *e LR - e - > A48
LI Y] « a2 s ale assss .e o0 A s a - as wsss
L) (XY} LI ] . ssa L) h- . a
.- ee - . e BEBR A - -+ " &
[ 3 aes8s -e - 13 * LN ] L] L]
ass w¢ e 26 & ; + sas ss a &
e s . . T LY TIY X
- » 8e ee o ST I TY I} .
. = . . T *® o8 » sad @
- sese » cenes @ » »
+ e 00 » . %ﬂ- sssss = se
o m
~1
- - .. L)
. . - . . ss sne ..
» - s e
» e 08 o e
* . oo * .» e .e
L L] L] - . -
- P - 3 - L] [
- . . . “ v B0 abe
. = as 40 . 3
- - =» L LR ]
L] . = - L .
PO - ere - »
. . @
. L XX IT) . .
P -e - - -8 -
Y] .. .
. . . e ®
saa . " e ae s
. L) . e -
. s+ @ -
o w
—

0.60. Figure

some typical configurations

as a function of density of occupied sites. The number in each panel gives

the density in percent. A spanning cluster is indicated for p

taken from [7].
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Figure 6: Site percolation on a square lattice.
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Figure 7: Different unrooted clusters with 5 sites on the square lattice.

permit us to pursue this direction here.

Consider site-percolation on the square lattice. Define Prob,(s) as the
probability that the origin belongs to a connected cluster of exactly s oc-
cupied sites. This is independent of the size of the lattice, so long as the
boundaries are far enough, and the largest s-site cluster cannot reach the
boundary.

It is easy to see that Prob,(s = 0) = g, Prob,(s = 1) = pq*, and
Prob,(s = 2) = 4p*q®. Here ¢ = 1 — p. For larger s, one has to consider all
possible different clusters that can occur having s sites. For a cluster having
s sites, and t perimeter sites ( nearest neighbor of sites in cluster, but not
part of cluster), the probability weight is p°¢’. In general, we have

Prob,(s) = Y N(s,t)p°q’ (25)

We would like to determine N(s,t) for different s and ¢, and for different
lattices. In Fig. 7, we have shown all the different types of clusters with
5 sites. The number in front of the cluster is the total number of distinct
clusters obtainable from it by reflections or rotations. Also, the clusters
shown are unrooted. The number of rooted clusters is larger than this by
a factor 5, as in any cluster, there are 5 ways of marking which site is the
origin.

5 Algorithm for enumerating clusters

While, in principle, for any finite s, there is a finite number of possible
clusters, which can be put into a finite list, producing such a list becomes

12



quite nontrivial, even for s = 6. One has to ensure that no cluster is omitted,
and there is no double counting. One needs an algorithm to organize such
a list. Then the actual tedious enumeration can be done by a computer.
One such algorithm is called the Martin’s algorithm. It allows us to encode
a complicated branched structure of the cluster by a finite binary sequence
10011001 ...1.

Given a cluster of s sites on the square lattice, Martin’s algorithm assigns
a label 1,2, 3... to the sites of the cluster, and its perimeter sites. Let us
denote the ith entry of the list as S(i), which is the site with label i. We
define the occupation number N (i) = 1, if S(7) is occupied, and 0 otherwise.
Since in this process we assign labels to all occupied sites, and their neighbors,
the number of labels used when the above process stops is greater than s.
Let the number be r. Then the cluster is coded by an r-bit binary sequence
10011100101 ..., where the i-th bit in the sequence gives the value of N (7).

The algorithm proceeds to generate the labeling of sites as follows:
1. We first choose a priority ordering of neighbors for each site of the lattice.
This rule can be different at different sites, but will remain the same for all
clusters. For example, on the square lattice, we may choose the ordering
N > FE>W > S for all sites.
2. The root is labelled as site 1. Clearly, N(1) = 1.
3. At this point, there is only 1 entry in the list S, i.e. the root.
4. Go to the first unvisited occupied site in the list.
5. Assign labels to all unassigned neighbors of this site consecutively, using
the chosen priority rule, and add them to the list.
6. If there are no occupied sites without assigned labels, stop. Else, go to
step 4.

Clearly, the algorithm will produce a unique binary sequence N (i) for any
given cluster. But, a little bit of thought shows that given the sequence N (i),
and the known priority rule for neighbors at each site, one can reconstruct
the cluster completely.

As an example, for the left-most cluster in Fig. 7 in the lower row, if the
root site is the left-most occupied site, the corresponding binary sequence is
101000101100000. Also, there is no valid cluster corresponding to the binary
sequence 100001.

A cluster with s sites will have a binary sequence with s ones. The
number of zeroes in the sequence will be different for different clusters, but it
is < 2s+ 2 for the square lattice. Then, one can produce all binary sequences

13



with s ones, and at most 2s + 2 zeroes, list the sequences that correspond
to valid connected clusters in (say) the dictionary order. This can be done
efficiently on the computer using the backtracking strategy. A very elegant
and short computer program in Fortran that implements this for a general
translationally invariant lattice, using less than 40 lines of program, is given
in [§].

6 The Animal Problem

The solution of the percolation problem, then, involves determination of
the cluster numbers N (s,t), for different s, ¢, and for different lattices. In
particular, we are interested in studying how these numbers vary when s and
t are much greater than 1. This is usually a difficult problem, and has been
solved exactly only in a few lucky cases.

One can define the two-variable generating function for N(s,t) as

N(z,y)=>_ > N(s,t)z"y' (26)
s=1t=1

For the original percolation problem, y = 1 — z. A simpler case of the
problem corresponds to setting y = 1. This was given the catchy name
“the Animal problem” by Harary, where one imagines all possible shapes an
animal with s cells, living on a lattice, can have, with the only constraint
being the connectivity constraint that all cells must be connected. We define

A(s) as the number of animals of s sites. Then

A(s) = iz\r(s, ) (27)

and the corresponding generating function
Aw) = 3 Als)a* = N(z,y = 1) (28)
s=1

Let us first prove that A(s) increases at most exponentially with s. We
note that on a lattice with coordination number z, a cluster of s sites, will
have at most zs perimeter sites. Then the corresponding binary sequence
will be at most of length (z+1)s. This number is < 2:*1%. Not all of binary
sequences correspond to connected clusters. Hence

A(s) < 26103, (29)
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B(x)

o]

Figure 8: (a) A binary tree. The root site is denoted by a filled circle. (b)
Generating function for enumerating animals on the 3-coordinated Bethe
lattice. Here B(x) denotes sum over all animals on the binary tree with that
root.

B(x)

Exercise 7: Improve the bound (29).
Also, it is easy to see that A(s) > 2°. Thus, it grows exponentially with
s, for large s. In fact, one finds that

A(s) ~ ONX°s7° (30)

where C' and A\ are constants, and # is some exponent, that is found to be
independent of the details of the lattice, and only depends on dimension.

In the original percolation problem, for p < p., the probability that a
randomly chosen site belongs to a cluster of size varies as Dye~“7*s~% where
C, and D, are p-dependent functions, for Cps > 1. The exponent ¢ is
independent of p. It can thus be considered as an off-critical exponent of the
percolation problem. Thus, while the “critical exponents” of percolation can
only be seen only very near the critical point, the “off-critical exponent” 6 is
seen in the entire low-density phase of percolation theory. For a discussion
of other off-critical exponents of the percolation theory, see [9].

6.1 The Bethe lattice

One simple case where the function A(x) can be determined exactly is for
a Bethe lattice with coordination number z. We will consider here the case
z = 3. We define A(x) as the sum over all animals containing the origin,
with the weight of an animal of size s being z*. Let B(z) be the generating
function of all animals rooted to the vertex of an infinite binary tree ( see
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Fig. 8). Then, clearly, we have
B(z) = z2[1 + B(x)]? (31)
This quadratic equation can be solved for B(x), giving

B(:L'):%[l—Qa:—\/l—élat] (32)

Which can be Taylor expanded to give
B(z) = +22% +52° + ... (33)
Finally, the generating function /Nl(x) is given by
A(z) = z[1 + B(z)]? (34)
Which then gives
A(x) = o + 322 +92° + 282" + ... (35)

The singularity closest to origin of fl(x) in the complex z-plane occurs at
z =1/4, and from Eq. (31) and (33), it is easy to see that A(z = 1/4 —¢€) ~
2 — 124/¢ to leading order in ¢, for small e. This implies that A, ~ 4"n=3/2,
for large n.

6.2 Directed Animals

One can also obtain the exact animal generating function for a variant of the
animal problem for a regular two dimensional graph. We consider a directed
square lattice, where all bonds are directed right or up. A directed animal is
a connected cluster of sites where each site belonging to the cluster is either
the origin, or has a downward or leftward neighbor that also belongs to the
cluster. An example is shown in Fig. 9.

The directed animal problem turns out to be much simpler than the
corresponding undirected problem, as the allowed configurations of animals
for x +y > T depend on the sites occupied on the line x +y = T and not on
the configuration of the animal below this line. In fact, one can think of 7" as
a “time” coordinate, and then the directed animal becomes the space-time
plot of a process where a particle can move one step left or right, divide into
two, or die.

16
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Figure 9: A directed animal on a square lattice.

Let A, be the number of animals with n sites on the square lattice. We
define A(x) =3, A 2", Then it is easily seen that

A(z) = z[1 + 2A(z) + Ay (2)] (36)

where Aj;(z) is the generating function for all directed animals that have a
source at two adjacent point along the line z +y = 1, say (1,0) and (0, 1).
Similarly, we can write Aj;(z) in terms of more complicated functions

AH(SL’) = LU2[1 —+ 314(5(7) + 21411(5(7) + A101 (.flf) + Alll(iﬁ)] (37)

Here Ajp1(x) and Ajq1(x) are generating function for animal with source 101
and 111 along a constant -T line ( in a fairly self-explanatory notation).

One can similarly write recursion equations for Ajp(z) etc. More gen-
erally, let C' be a configuration of occupied sites on a line of constant time
x+y =T. Then Ac(x) is the generating gunction of all directed animals
with starting from a point in C. Then it is easy to see that Ac(x) satisfies
the recursion equation

Acle) =4 |14+ 3 Ao (o) (38)
>

where C’ is a possible nonempty configuration of occupied sites on the line
x+y =T+1, and the sum over C’ is over all such sources. |C| is the number
of sites in C.
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One can use such recursion relations to generate the series expansions for
Ac(z) to very high orders [10].

We can use these recursion relations to establish the equivalence of the
1 + 1-dimensional directed animal problem to that of time evolution of a
one dimensional lattice gas with nearest neighbor exclusion, and no particle
conservation. This then gives us a very simple example of the important
phenomena of dimensional reduction, where the calculation of properties of
some d-dimensional system reduces to that of a different lower -dimensional
problem ( here lower by 1). This is very useful, as the lower dimensional
problems are usually easier to solve [11].

Let us consider time evolution of a lattice gas on a line. Assume that
evolution is discrete time, Markovian, with odd-even parallel update with
the following evolution rule: A site x at time ¢ is occupied with probability
p, if at time ¢ — 1 both sites x — 1 and = + 1 were empty, and is unoccupied
otherwise, irrespective of its earlier value. It is easy to see that these rules
satisfy detailed balance condition corresponding to the hamiltonian

H =400 nini—py_ n (39)

The somewhat non-standard notation is a short hand for interaction strength
J, in the limit J tends to infinity. In the long time steady state of the
Markov chain, the probabilities of different configurations are same as in the
Boltzmann-Gibbs measure corresponding to H. In the latter, one can easily
determine the average density p(z) of the gas corresponding to the activity
z = exp(fu). We have

1 1
o) =3 1= o] (40)

We can now ask what is the probability that in the steady state of this
Markov process, if we observe at a particular time 7', the set of sites C
will be all occupied. Denote this by Prob(C). Clearly, Prob(C) is equal to
the probability that each of the sites was vailable of occupation, and it was
occupied. The latter probability is p/®l. the former is the probability that
each of the neighbors of sites in C' was not occupied. This is easily determined
using the inclusion -exclusion principle. Thus, Prob(C') satisfies the recursion
equation

Prob(C) = pl°l |1+ 3" (=) Prob(C") (41)
=
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Here the sum over C” is over all proper subsets of set of neighbors of C.
Comparing with the eq. (34), we can make the identification

Ac(z = —p) = (=1)/“Prob(C) (42)

In particular, the mean density of this Markovian evolving gas gives us the
generating function of the 2-d site animals. We note that the activity of the
gas in terms of pis z = p/(1 — p) = —x/(1 4+ x). This gives

—x

Alz) = —plz=77) (43)

14z
\/1_3:5—1] (44)

From this it is easily seen that for large n, A4, increases as 3"n~'/2.

Note that the singularity of A(x) closest to the origin occurs for z = 1/3.
This corresponds to the Markovian evolution of the 1-dimensional lattice
gas, but with p = —1/3 [12]. Negative values of p, of course, are unphysical.
One has to think of the Markov matrix ( whose matrix elements are simple
polynomial functions of p), and analytically continue this matrix to negative
values of p. Equivalently, one can think of the stochastically evolving lattice
-gas as a particular kinetic Ising model, where the spins are evolving in the
presence of a field, and then take the analytical continuation to magnetic
fields that are imaginary. Then this problem becomes equivalent to the crit-
ical dynamics of Ising model near the Lee-Yang Edge singularity. The study
of Lee-Yang edge singularity is an important problem in statistical physics,
as it relates to the analytical structure of singuraities of equation of state
of hard core gases (see [13] for a longer discussion of this point). But it is
difficult to study, as the corresponding Boltzmann weights are non-positive,
and usual thermodynamic convexity relations do not hold. The directed an-
imals problem gives us a realization of the Lee-Yang problem with positive
weights.

This relationship between equilibrium statistics of a d-dimensional nearest
neighbor exclusion gas to the d + 1-dimensional directed animal is valid for
arbitrary d. In particular, one can use the known exact solution of the
hard hexagon lattice gas by Baxter [14] to determine the exact number of
3-dimensional directed animals [15]. One can also relate correlation functions
of the lattice gas to those of the animals problem [16].

Eq. (40) then gives

A(z) = 3
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Figure 10: A heap in three dimensions, made of two different types of hori-
zontal rectangular pieces.

7 Heaps

The problem of directed animals has a very elegant, and nontrivial gener-
alization to heaps [17]. Informally, heaps are like directed animals, but are
made up of different types of “pieces”. In Fig. 10, we have shown a 3-
dimensional heap made of two types of rectangles. The heap is made up of
different layers of tiles. In each layer, the tiles are non-overlapping, and each
tile is “supported” from below, i.e. it can not fall down to the lower layer
under gravity, as at least one site below is already occupied by another tile
in the lower layer.

We consider heaps defined on a discrete space. The “base” is the lower-
most layer, and consists of a finite number of sites. Each higher layer is an
exact copy of the base placed “vertically above” it. Each tile covers a finite
number of sites in one layer. We assume we have a finite number of different
types of tiles. We associate activity 21, 29, 23 . . ., with tiles of type 1,2,3....
The weight of a heap H containing n; tiles of type i is 2™ = [], 2. We define
the heap generating function

H({z})=>_ 2" (45)
H

Let D({z;}) be the grand partition function of the gas of non-overlapping
tiles placed on the base space. This is just all possible heaps with tiles only

in the first layer. i.e.
D({z}) =) 2" (46)
Ha
Example: Consider a base space consisting of only four sites forming a 2 x 2
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square. There are two types of tiles : dimers that occupy two adjacent sites,
and have activity z;, and triangular pieces that occupy three sites, and have
activity z. Then clearly, D(z, 22) is a finite polynomial in zj, 25, given by

D(21,29) = 1+ 42y + 227 + 429 (47)
Here H(z1, z9) is the formal infinite series, which starts as
H(z1,29) = 14421 + 429 + 1427 + 82120 + 1625 + . .. (48)

Then, with H and D defined by Eqs. (45) and (46), we have the remark-

able general result
H({z}) =1/D({-z}) (49)

where D({—z;}) is the polynomial obtained by replacing z; by —z;, for all
i in D({z}). Note that the result is valid independent of the number and
shape of tiles. In fact, the structure of the base space also does not come
into picture. It shows the dimensional reduction, by expressing that the par-
tition function of “3-dimensional” heaps in terms of the “two-dimensional”
partition function D.

Proof: We define a tile in a heap to be maximal, if there is no tile above it,
i.e. it can be removed from top without encountering other obstructing tiles.
We can write Eq.(49) as

H({z})D({~z}) = > (1)l =1 (50)

Hle

The proof of relation follows by showing different terms in the expansion
corresponding to configurations having at least one tile can be paired in way
that each pair adds up to zero. Then the total sum is equal to the only un-
paired term in the summation, which corresponds to the trivial configuration
with no tiles.

Given the heaps ‘H and H;, we define a set of tiles 7, which contains tiles
in H;, and those maximal tiles in H that do not overlap with any tile in H;.
Now, the sum over H,H, in Eq.(50) can be written as sum over different
possible 7, and H’, the remainder of H on removing the maximal pieces.
Now, consider the summation over 7, for a fixed H’'. In this summation,
each allowed 7 contains non-overlapping tiles. Any one tile may come from
‘H, or from H;. If the tile i is allowed in this sum, and comes from H, it
contributes a factor z;, but if it comes from H;, it contributes a factor (—z;).
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These factors cancel exactly, and the only nonvanishing term in the sum in
Eq.( 50) comes from the term where H and H; are both empty sets. This
contribution is exactly 1, proving the claim.

Note that the theorem remains valid, if we make the weights of pieces
space-dependent and associate activities z;({Z}) for the tile ¢ at positions
Z along the base. Then differentiating the logarithm of the grand partition
function D({z;}) with respect to z;(¥) gives the probability that tile ¢ will
be present at position 7 in the ensemble. Interestingly, this has a direct
combinatorial interpretation, which is a generalization of the Eq.(43). The
analogue a single directed animal in the heaps is called a ‘pyramid’, that is a
heap with a single maximal piece (one should think of the inverted pyramid
as a heap supported at base by only one tile). The generating function of
a pyramid with maximal piece M is given by Py ({z:}) = N({z:})/D({z})

where
N{z}) =Y (=127 (51)
Hy
where the prime over summation indicates that the summation in which the
tile M is not used. The proof of this proposition is very similar to the earlier
proof, and is omitted here [17].

The heaps were first discussed in the context of applications in computer
science. One thinks of distributed computing, where there are N different
processors, and several jobs to be executed. Let us consider for simplicity
the case where each job takes one unit of time. Each job corresponds to a
tile and may occupy more than one processor. There is a time ordering of
jobs on any one processor, but no necessary relative time order between jobs
that do not involve common processors. Then, in the optimal scheduling,
the space-time-history of computation is a heap, where occupied /unocupied
sites denote which processors are busy /idle at what times [18].

More recently, heaps have been used in modelling random space -time
stuctures involved in theories of quantum gravity. Unfortunately, details of
this very interesting subject are outside the scope of these lectures. The
interested reader may consult [19].
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