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Wall-Induced Density Profiles and Density
Correlations in Confined Takahashi Lattice Gases
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We propose a general formalism to study the static properties of a system com-
posed of particles with nearest neighbor interactions that are located on the sites
of a one-dimensional lattice confined by walls (“confined Takahashi lattice
gas”). Linear recursion relations for generalized partition functions are derived,
from which thermodynamic quantities, as well as density distributions and
correlation functions of arbitrary order can be determined in the presence of an
external potential. Explicit results for density profiles and pair correlations near
a wall are presented for various situations. As a special case of the Takahashi
model we consider in particular the hard rod lattice gas, for which a system of
nonlinear coupled difference equations for the occupation probabilities has been
presented by Robledo and Varea. A solution of these equations is given in terms
of the solution of a system of independent linear equations. Moreover, for zero
external potential in the hard-rod system we specify various central regions
between the confining walls, where the occupation probabilities are constant
and the correlation functions are translationally invariant in the canonical
ensemble. In the grand canonical ensemble such regions do not exist.

KEY WORDS: Density functional theory; nonuniform lattice gases; non-
linear difference equations; density correlations; confined systems; Takahashi
interaction; hard rods.

1. INTRODUCTION

The understanding of the static and dynamic behavior of fluids in confined
geometries is a problem of active current research.(*? This research is
largely motivated by technological applications where one wants to create
small surface structures with suitable physical and chemical properties.®
The question, how the formation of such structures is influenced by con-
fining walls, has raised the interest in many basic phenomena, such as the
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development of density profiles, pair correlations and ordering effects at
surfaces,® wetting transitions,>® or a variety of surface induced kinetic
processes.” In general, an exact analytical treatment of the various effects
is not possible and one has to rely on approximation schemes. Well estab-
lished techniques for this purpose are the density functional theory with its
many variants (see ref. 8 and references therein), the cluster variation® and
path probability method,!? as well as the classical thermodynamic pertur-
bation theories (see e.g., ref. 11). In one-dimensional fluid systems,
however, exact results can be obtained for special models. Such results have
their merits in establishing “boundary conditions” for the development of
approximate theories in higher dimensions d>1 in the sense that these
should become exact for d=1. Physically, this issue in particular pertains
to theories for confined systems with tunable confinement, allowing a
“dimensional crossover” from the case d > 1 to d=1.1"% Exact findings also
provide the possibility to systematically test the quality of approximations.
Moreover, for many phenomena, such as e.g., the emergence of the well-
known density oscillations of fluids near hard walls, the dimensionality
does not seem to play a crucial role, and valuable insight into the origin
of these phenomena may be gained by investigating appropriate one-
dimensional reference systems.

The first exact density functional in d=1 was set up by Percus*® for
a fluid of hard rods. This functional yields an integral equation for the den-
sity profile in an arbitrary external potential. Later Percus showed that a
further exact density functional can be written down for the special “sticky
core” model™ that, in addition to the hard-rod repulsion, includes a
“zero-range” attractive force between nearest neighbor rods. This was sub-
sequently generalized to finite-range forces between neighboring rods.(>)
A generalized discrete version of the continuum hard-rod fluid on a linear
chain was studied by Robledo and Varea.!® They derived an exact func-
tional for the mean occupation numbers of the rod centers on the chain,
which, by taking the continuum limit, allowed them to recover the con-
tinuum density functional of Percus (for a review on classical density func-
tionals, see ref. 17). Within this theory, the discrete hard-rod model leads
to a rather complicated system of nonlinear finite difference equations for
the mean occupation numbers in an arbitrary external potential, whose
numerical solution requires a considerable computational effort.

In this article we will show that a more general discrete one-dimen-
sional system can be considered, which allows one to calculate bulk and
surface thermodynamical properties as well as equilibrium density profiles
and density correlations in arbitrary external potentials. The system is an
extension of the continuum Takahashi model" to a lattice gas model, in
which only neighboring particles interact with each other. We first show
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that the canonical and grand canonical partition functions of this
“Takahashi lattice gas” (TLG) obey simple recursion relations and that
density profiles and density correlations can be conveniently calculated
from the partition functions due to the one-dimensional nature of the
model. Since the TLG contains as a special case the hard-rod model
studied by Robledo and Varea’® (for which the interaction potential
would be infinite for interparticle distances smaller than the rod length and
zero else), we can give a simple solution of the nonlinear difference equa-
tions derived in ref. 16. In this context we found it worthwhile to rederive
the central formulae given in ref. 16. We will apply our formalism to a
system of hard-rods confined both by hard and soft walls, and also to a
system of particles, which in addition to the thermal hard-rod repulsion
experience a finite interaction potential over a limited range. For these
different cases density profiles and density correlations near the confining
walls will be discussed in detail and compared with each other.

2. TAKAHASHI LATTICE GAS

In the TLG we consider N particles at positions i, k=1,.., N, on a
linear chain with M sites i =1,..., M. No more than one particle is allowed
to occupy a given lattice site. Two neighboring particles separated by n — 1
vacant lattice sites interact via a potential v(n). There is no interaction
between particles that are not nearest neighbors, that means between par-
ticles that have at least one other particle in between them. In addition the
particles experience an external potential u(7) and it is assumed that two
confining walls are present at the boundary sites i=0 and i= M + 1. These
are modeled by two additional particles that are held fixed at the boundary
sites. The energy of a particle configuration 1<i;< --- <iy <M is then
given by

PH= Y u(iy)+v(iy) e —Ie_1) +o(M+1—iy) (2.1)

HMZ

where f=1/k;T and we have assumed for simplicity that the particles at
the boundary sites are the same as those on the chain. It will become clear
in the following that one could also consider a modified interaction with
the walls.

2.1. General Case of Arbitrary External Potential

In the presence of a (non-constant) external potential u(i), it is con-
venient to define a generalized canonical partition function by
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Z(N,M', o) = Y exp — { Y ulip+ o) +v(iy)

1<i1< --~iN<M’

+ 2 e—ip +u(M’+1—iN)} (2.2)

for integers a >0 and M’ +a< M. Equation (2.2) defines Z(N, M’, o) if
N<M', while for N> M' we set Z(N, M', ) =0. Note that for « =0 and
M' = M we recover the ordinary partition function Z(N, M )=Z(N, M, 0).
As far as only thermodynamic quantities shall be calculated, we could limit
ourselves to the conventional form, but to evaluate density profiles and
density correlations for the TLG, we need to consider the generalized func-
tions (see below). Separating the summation over the positions /=iy of the
rightmost particle, we can write

"
Z(IN,M',o0)= > exp[ —v(M'+1—1)—u(l+a)]
I=N
x Y exp — { Z u(i, + o) + (i)
I<ij<---<iy_;<l-1 =

Z_: — Iy _ 1 +U(Z—IN 1)]

- Aﬁ exp[ —o(M' +1—1)—u(l+0)] Z(IN—1,1—1,0) (2.3

I=1

In the last line we could start the summation from /=1 because of our
setting Z(N, M', «)=0 for N> M'. The recursion relation (2.3) is so far
valid for N> 1. It becomes valid also for N=1 if we set Z(0, M', a) =
exp[ —v(M'+1)].

From Eq. (2.3) we readily derive a recursion relation for the analogous
generalized grand partition function,

QU M, Z (N, M', &) N
=exp[ —v(M' +1)]

+ A Aﬁ exp[ —u(l+o) —o(M' +1—-1]Q20%1—1,0) (24)

I=1
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As before, we define Q(A, M) =Q(J, M, 0). This recursion relation (2.5) is
valid for M’ > 1, but can be made valid also for M’ =1 if we set (4, 0, o)
=exp[ —v(1)]. The fugacity A determines, for given M, the mean number
N(A, M) of particles in the system.

Using the recursion relations (2.3, 2.4) one may calculate all thermo-
dynamic properties for a given interaction v(n) and external potential u(i)
by taking « =0 and M' =M. We now show how one can calculate also
density profiles and correlations (of arbitrary order), once Z(N, M’, a) or
Q(A, M', o) has been calculated from Egs. (2.3, 2.4). To this end we first
determine the probability w(/, r) to find the rth particle at position i, =1,

w(l,ry=Z"YN, M) > exp —{U(l})‘i‘ Izv: U(ie— i —1)

.- <t,_1<l<tr+|<

+o(M+1—iy)+ g u(ik)}

k=1

=exp[ —u(l)] Z7(N, M)

r—1
N y exp —{v(il)—l— Y vlix—ir_y)
I<i<---<i_<I-—1 k=2
r—1
+o(l—14+1—i,_;)+ Z u(ik)}
k=1
x Y exp—{ V(ipyr1—1)+ Z v(ie—ix—1)
I+1<i, 1 <---<iy<M k=r+2
N
+uM+1—iy)+ Y u(ik)}
k=r+1
=exp[ —u()] ZYN, M) Z(r—1,1—1)
X Y exp — [ J)+ z —Jk—1)
I<jj<- - <jy_,<M-I

N—r

toM—I+1—jy_ )+ Y u ]k+1)}

k=1
Z(r—1,1—1) Z(N—r, M—1,1)
Z(N, M)

=exp[ —u(/)] (2.5)

In the second step we have introduced the shifted particle positions
Jjs=1i,,.,—1lfors=1,.., N—r. By doing this, u(i;) transforms to u(j, + /) and
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it becomes clear now why we had to introduce the generalized partition
function Z(N, M', a) with a #0. In the canonical ensemble the probability
p(l; N, M) for the site / to be occupied is then given by
N exp[ —u(l)] X
p(LN, M)= = ——= r—=1,1—-1)Z(N—r,M—11
gw (NM) g ) Z(N —r, 1)
(2.6)
In the grand canonical ensemble the convolution in Eq. (2.6) factorizes and
we obtain the corresponding occupation probability

QA I-1)Q(A M—1 1
Bt 1y M) =7 expl —u()] 2 Q)(i (M) Y.

We like to note that for a symmetric external potential, u(i) =u(M + 1 —1i),
it follows that Q(A, M —1, [1)=Q(A, M —1). Hence it suffices to calculate
Q(A, M', o) from Eq. (2.4) for « =0 to obtain the density profile in this
symmetric case.

By an analogous decomposition of the partition function into products
of generalized partition functions (corresponding to various system sizes)
one can derive the joint probabilities py(/,.., [;; N, M) to find the sites
[, < --- <, being occupied in the canonical ensemble,

exp[ — X ull)]
Z(N, M)

ps(115~~~s lss Nr M):

X > {Z(rl—l,ll—l)Z(N—rs,M—ls, L)
<r. <N

1<ri<--- $ S
s—1

x [ Z(rk+1_rk_1»lk+1_lk_l»lk)} (2.8)
k=1

From this we obtain the corresponding joint probabilities in the grand
canonical ensemble,

20 exp[ =X p_q ully)]

ps(ll 9eeey lss j’) M) = Q(}v’ M)

Q(;La ll - 1) Q(;La M_lsa ls)

s—1
X 1—[ QU L1 — L= 1, 1) (2.9)
k=1

Note that for s=1 Egs. (2.8), (2.9) reduce to Egs. (2.6), (2.7). From
Egs. (2.6), (2.8) or Egs. (2.7), (2.9) one can readily calculate density
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profiles and density correlations of arbitrary order in the canonical or
grand canonical ensemble for arbitrary interaction v(n) and external poten-
tial u(7).

2.2. Special Case of Vanishing External Potential

In case of a vanishing (or constant) external potential it is not needed
to introduce the generalized partition functions in Egs. (2.2), (2.4) and
accordingly one can set the third argument « in (4, M, a) equal to zero
in all formulae in Section 2.1. The occupation probabilities p(/; N, M) and
p(l; A, M) in Egs. (2.6), (2.7) can be written as

Z(N—r, M—1)

N
(LN, M)= z -0

QU 1—1) Q00 M—1)
QUL M)

(2.10)

P2, M) =2

and analogous simplifications are obtained for the joint probabilities of
higher order in Egs. (2.8) and (2.9).

Moreover, we can solve the recursion relations (2.3), (2.4) explicitly in
terms of the generating functions H(N, s)=Y5%_, Z(N, M) s and G(4, s5)
=>%_,Q(4, M) s™, which are explicitly given by

gl o)
HN,5) =P Gl = P s (2.11)
with
p(s)= ¥ expl —uD)] o (2.12)

I=1

If v(7) has a finite range, that means v(/) =0 for /> /,, we obtain from
(2.11) G(4,s)=P(4,s)/0(4, s), where P(4,s) and Q(4,s) are polynomials
in s of degree to /,—1 and [, respectively. According to a theorem for
rational generating functions,®® Q(/, M) then has the form Q(J, M)=
Zj‘ 0 ¢j(A, M) s;(2)~™, where s,(1), j=0,..,k are the distinct zeros of
O(4, s) with multiplicities d;, and c¢;(4, M) are polynomials in M of degree
less than d;. The moduli of the zeros s; are considered to be ordered,
Isol < lsyl <o < il
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As shown in Appendix A, s, is real with 0 <s, <1, dy=1, and |s;| > s,
forj=1,..., k. Hence we can write Q(4, M) =5, [co+ Z;;l cj(M)(so/sj)M]
and obtain

Q2 M) ~ co(2) 5o(7) M (2.13)

in the thermodynamic limit M — oo. The one-to-one correspondence
between the fugacity 4 and the number density p = N(4, M )/M in this limit
follows from the relations (see Corollary A.l. in Appendix A)

P=0(s0)/[509'(s0)].  A=1/p(s0) (2.14)
Using the asymptotic limit for (4, M) we obtain from Eq. (2.10)

po(li)= Lim p(l 4, M)=7Q(41—1)s) (2.15)

M — o

In fact, as shown in Appendix A, Egs. (2.14), (2.15) hold true even for a
more general interaction potential v(/), which for / larger than some /, is
bounded and for / — oo approaches zero. The analogous occupation prob-
ability p (/) in the canonical ensemble is the same as p . (/; 1), if for given
p the corresponding unique fugacity A is used (see Eq. (2.14) and
Appendix A). Moreover, the joint probabilities p(/,,..., [;; 4, M) in the
grand-canonical ensemble (and the corresponding p,(/,,..., I;; N, M) in the
canonical ensemble) factorize in terms of p.(/; 4) in the thermodynamic
limit, that means

ps,oo(lla---s lsi)")E hm ﬁs(lla-'-a IsajvaM)zpoo(llal) l_[ poo(lk_lkfl;j')
M =2 (2.16)

For the special case of a finite range interaction potential considered above
(ie., v(/)=0 for [ =1,) there exists a constant C > 0 such that |p_(/; 1) — p|
< Cl'e= "% where v<Il,—2 is an integer, and &= —1/In(r) with r=
max, < ;<x {So/|85;|} <1.

3. HARD-ROD LATTICE GAS REVISITED

A particularly simple situation occurs, when the interaction potential
in Eq. (2.1) is given by

00, 0<n<22m

3.1
0, n=2m (3.1)

o) = ) = |
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This potential can be viewed as describing a system composed of hard-rods
with lengths 2m (with hard walls at positions m and M + 1 —m due to the
fixed hard-rods at positions 0 and M + 1).

Setting the mass density of the rods equal to unity, we can express the
local mass density p..(/; N, M) along the one-dimensional chain by the
occupation probabilities p(/; N, M) (that refer to the rod centers) according
to

Pmass(l; Ny M) =3[ p(l—m; N, M)+ p(I+m; N, M)]
m—1

+ Y  pU—-jN,M) (3.2)

j=—(m=1)

This formula holds true in the canonical as well as in the grand canonical
ensemble (if p,..(5; N, M) is replaced by p,..(/; 4, M) and p(I; N, M) by
p(l; A, M)). Note that the total number N of rods must be smaller than
M/2m.

3.1. Explicit Results for Homogeneous Systems

Density profiles and density correlations can be calculated explicitly in
the absence of an external potential by using the general method developed
in Section 2.2. From Egs. (2.11) and (3.1) we find ¢(s)=s%"/(1 —s) and
G(J, s)=5"""1)(1 —s—As*™), and therefore

O Iy = i (1—(2m—nl)(n+1)> o
=0 (3.3)
2, l):<l—(2m—]\})(N+ 1)>

The occupation probabilities p(/; N, M) and p(/; 4, M) in the canonical
and grand-canonical ensemble then follow by inserting these expressions
into Eq. (2.10), and the correlations analogously. One can show!'® that
p(l; N, M) and p(l; A, M) become maximal at the points /=2m and /=
M +1—2m closest to the walls. The reason for this is that by fixing the
position of a rod next to a wall the number of possible configurations (and
hence the entropy) for the remaining (N — 1) rods will be largest.
Extending this line of thinking one would guess that the most likely
configuration near a wall is that where the rods are at positions /= 2m, 4m,
6m,.... One then should expect oscillations in the occupation probabilities
to emerge with a period of typical size 2m. In fact, in the thermodynamic
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limit M — oo one finds A=1/p(so)=(1—150) 552" with so=(1—2mp)/
[I—(2m—1) p] (see Eq. (2.14)). Moreover, as shown in Appendix B, the
zeros s;=|s;| exp(if);) (see Section 2.2) are all different, and Eq. (2.15)
becomes

2m—1 N
PolbLA)=p+ ) c;i(4) <0> e~ ! (34)

The 0; are in the open interval 0 <0, <2z, that means the profile p.(/, 2)
is a superposition of simple oscillating and exponentially decaying func-
tions. When considering a system of finite length, the effects induced by the
second wall at position M + 1 —m on the profile near the first wall at posi-
tion m are of order //M in the grand-canonical ensemble and of order /%/M
in the canonical ensemble. This is proven in Appendix B (more precisely,
I must be of order o(M'?) in the canonical and of order o(M) in the
grand-canonical ensemble to obtain vanishing contributions in the ther-
modynamic limit.) Hence, the finite size corrections to Eq. (3.4) become
small for large M. More surprising, if the number density is smaller than
half of that for the closed packed configuration, ie., p<1/4m, one can
show (see Appendix B) that in the canonical ensemble the p(/; N, M) are
constant (/-independent) inside the central region %, = {l,eN [IV </, <
M+ 1—1M} with /'Y= (2m —1) N+ 1. At the outer boundary points /()
=M -1 and I“D=M+2-1ID, p(I*; N, M) is different from the con-
stant value inside #%,, that means %, is “maximal” in the sense that there
exits no other region of constant occupation probability enclosing parts
of #,. It is interesting to note that |p(I‘F)+1; N, M) — p(I'F); N, M)| =
1/Z(N, M), that means the logarithm of the jump in the occupation prob-
ability at the boundaries of %, provides the free energy oc log Z(N, M ).
Furthermore, the joint probabilities p /..., /;; N, M) are translationally
invariant inside (“maximal”) regions %, = {(/,,.., ;) e N*) |10 <l;; 2m <
Le—le_y for k=2,.,s51,<M+1—19} with [9=2m—1)(N+1—ys)
+ 1,2 that means there exists a function f(x,.., x,_;; N, M) such that for
all (1,,.., ) e R, p(l1, I;; Ny M= f(l,—11,..., I,—1,_1; N, M). Corre-
sponding regions have been found in the continuum version of the hard-
rod lattice gas, the so-called hard-core fluid model.*" Moreover, if (/;, , —
L)2[2m—=1)(N+1—s)+1] for all j=1,..,s—1, then p(l,,... [;; N, M)
is constant for (/4,..., [;) € &, (this was shown to hold true in the continuum
model for the pair distribution functions only®?). As is shown in
Appendix B also, the situation is quite different in the grand-canonical
ensemble. Here, there exist no regions of constant occupation probabilities
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and translational invariance of the joint probabilities (except for trivial
2
cases”).

3.2. Free Energy Functional

An alternative way to treat the hard-rod lattice gas has been followed
in ref. 16. In this approach, which relates to density functional theory of
classical fluids, one considers the grand-canonical ensemble and defines the
occupation numbers x;, where x;=1 if site i is occupied by a rod center,
and x,=0 else.®> Note that these random variables are not independent:
Since the rods have size 2m we have to require x;=0 for |j—i| <2m if
x;=1. We define ), as the set of all allowed configurations {x;}. The idea
then is to calculate explicitly the probability y(x,..., x,,) of an allowed con-
figuration (xi,.., X,) €%, by regarding the occupation probabilities
pi=<x;y asfixed (K[ 1> =2 (s . x,pes, [ 1 X(X1,s x))). For given
p; it turns out that log y(xy,..., Xx,,) depends linearly on the occupation
numbers (which is a fortunate feature of the hard rod system, see below).
By equating y(x,,..., X,,) with the Boltzmann formula for all (x,,..., x,,) €
@), we have

—log Q(4, M) =10g y(x{,.., Xas) + Z x[u(s)—u] (3.5)

s=1

where u =1log 4 is the chemical potential. Taking now the expectation value
of (3.5) with respect to the x;, an exact density functional fZ (py,..., Pas) =
—log Q(4, M) of the p; is obtained.

In order to determine y(xy,..., X»,) for (xy,.., X,s) € €, we will make
use of a Markov property (that is valid only in the grand-canonical ensem-
ble). The constraint given by the finite rod lengths implies that the condi-
tional probabilities w(x; | x;_{,..., X;) for the occupation number at site s
to be x,, given x x,, are independent of x,,..., X,_,,,. In other words

s— 1o

2 By saying that the py(/,,..., I;; N, M) are not translationally invariant if /; < --- <, ¢ &, we
exclude the trivial case, where /; and [/, must be occupied by the first and last rod center,
respectively (i.e. for /; <4m and /;> M + 1 —4m). In this case, our system can be considered
as being composed of N —2 rods on a chain of length (/,—/;) and the p(/,...., [;; N, M) are
translationally invariant then on trivial reasons.

3 For the following it is convenient to make the transformation /—/—(2m —1) of the site
positions and to change the system size according to M — M +4m — 2. After these replace-
ments the rods at the boundaries are at positions —2m + 1 and M + 2m corresponding to
hard walls at positions -m + 1 and M + m. Accordingly, the possible positions of the rod cen-
ters are 1,..., M.
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wyx, | X5_1,., xq) fulfills the generalized Markov condition (which is
rather obvious here but can be proven rigorously too®)

Ws(xs | X150 xl) = Ws(xs | X150 xs—2m+1) (36)
Due to this property we can express the joint probabilities y(xy,..., X,) as

(X ey Xag) = W(X1) Wa(Xn | X1) o W X | Xy 1500 Xp) -+

X Ws(xs | Xg—1sees xs—2m+1) WM(xM | XM 15000 xM—2m+1)

(3.7)

It is convenient to formally extend the system to integers i <0 and to set
x;=0 for all —2m +2 <i<0, such that we can write Eq. (3.7) in the com-
pact form

M
X('xl""a xM) = n M}s(xs | XS,I,..-, xs72m+1) (38)

s=1
For calculating wy(x; | X;_ s Xy_2,41) We have to deal with two
cases only: (i) One of the given random variables x,_,,,, 1., X,_1 1S equal
to one and the rest of them equal to zero, and (ii) all x,_,,, ; 1,..., X,_; are
zero. In all other cases there would be at least two of the x;_,,, 1, Xs_1
equal to one, but this is not allowed, because it would imply that rods
overlap. For the same reason we must have x,=0 in situation (i), that

means we obtain

WX, =0]x,_1=0,, x;= 1,0, Xy_09,,,1=0)=1 (3.9)
The situation (ii) is more complicated. By definition we can write

Ks,s72m+1(xss xsfl = 09"'3 xs72m+1 = 0)

Ks—l,s—2m+1(xs—1 :Or"’ Xs—2m+1 :O)

wyx, |0,..,0)=

(3.10)

where x; 4(x...., ;) is the joint probability for the configuration {x,,..., x,}
to occur. For kK — [ <2m the normalization condition yields (again because
of the non-overlapping condition)

1
1 = Z Kl, k(x,,..., xk) = K]’k(o,..., 0) + Z Kl, k(O,..., xj = 1,..., 0) (31 1)
{x;} j=k

By definition we further have (for kK —/<2m)

Fi= Y Xk X i) = K1l Orr Xy = 1., 0) (3.12)
{xj}
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and hence it follows form Egs. (3.11), (3.12),
1
K 1(0,..,0)=1— Z P (3.13)
=k

Inserting the x; .(x,..., x;) from Eqs. (3.12), (3.13) into Eq. (3.10), we
obtain

l_lm(s)
e
wy(x, [0,...,0)= N (3.14)
_Ps x.=1
L—1,(s)’ ’
where we have defined z,,(s) =37"5" j,_; and 1,,(s) = 371 lps = 1(5)

— P,. The results (3.9), (3.14) can be combined to express W(X; | Xg_ e
Xs_om+1) 10 the general form

[1—¢ (S)](l_zfzft;lxs—j)
T 9]0

W’(XS | Xs 1500 xs—2m+l) p (315)

Note that the x; appear linearly in the exponents of the transition
matrix (3.15), such that by inserting (3.15) into Eq. (3.8), and taking the

logarithm, we find that log y is /inear in the x;. Using Eq. (3.5) and averag-
ing over x; we finally obtain®

M M
BT (Proes Pra) = 3. Dslul(s) —ul+ Y p,log p,

s=1 s=1

+
I ME 1Mk

—

(I —1,,(s)) log(1 —1,,(s))

v
—

(I —17,(5)) log(1 —17,(s)) (3.16)

©

The functional (3.16) becomes minimal for the equilibrium density
profile p,=p(l; A, M). The corresponding system of equations reads
(I=1,.,M)

8(ﬂJ . I+2m—1 ,
5 i) = —p+ull)+log p,+ Y log(l—1,(s))
D1 s=1I1+1
I+2m—1

— Y log(1—1,(s)=0 (3.17)

s=1
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It is clear that p(/; 2, M) from Eq. (2.7) (after making the transforma-
tions /—>/—(2m—1) and M — M +2—4m) must solve (3.17). From a
mathematical point of view this is an interesting example, where a system
of coupled nonlinear difference equations (Eq. (3.17)) can be mapped by a
nonlinear transformation (Eq. (2.7)) onto a simple system of independent
linear difference equations (Eq. (2.4)). For the special case of a vanishing
external potential even an explicit solution exists (see Egs. (2.10), (3.3)).
A direct proof that p(l; A, M) from (2.7) indeed solves (3.17) is given in
Appendix C.

Next we rederive the exact free energy functional of Percus!® by
taking the proper continuum limit of Eq. (3.16). To do this we first have
to note that Eq. (3.16) gets slightly modified, when it is viewed as resulting
from a discretized form of an originally continuous system. This continuous
system is defined by hard rods of length ¢ with positions 0< y,<L,
Vi+1— yi=o. In a discretization, we may subdivide the continuous system
into M intervals .4, (s=1,.., M) of equal size 4y =L/M, and may set the
rod length 2m in the new discrete variables s equal to the integer part of
oL/M. The occupation number x, of the interval .7 is defined to be zero,
if none of the y;€ .4 and one else. Then the joint probability ¢(iy,..., i) to

find N rods at positions yy,.., yy in the intervals . ,..., .4 1s,

Qliren i) = Q0 L7 ]| dygexp(—[u(y) =)

k=1 "%

= Q) L)~ (4y) exp< Z[ulk >{ (jy)} (3.18)

Since there is a one-to-one correspondence between the sets {i;,..., iy} and
{X1,s X5} we immediately obtain
o(4y)
Ay
(3.19)

Repeating the steps leading to Eq. (3.16) we get a modified functional
F(P1yer Pag), Which is the same as given in (3.16) plus the term
[ -, p,) log 4y + o(4y)/4y]. The p, are related to the occupation number
density p(y) in the continuous system by j,= [, dy p(y) = [ p(sL/M) Ay +
o(4y)] and by inserting this in the modified form of Eq. (3.16) we obtain in
the limit M — oo (4y — 0) the Percus functional

2 rses Xar) = Q0 L)~ (A7) Z% exp ( =Y Tuls) ] xs> [ !
s=1

BFLp] =f: dy p(y){u(y) —u+log p(y)—[1+log(1—1#(y))1}  (3.20)
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where #(y) =7 _, dz p(z). To consider Eq. (3.20) as a mass density functional

one should remember the relation p,..(y)=1(y+0/2)=[*22dz p(z)
between the mass and the number density (that might be easily inverted by

Laplace transformation).

4. DENSITY PROFILES AND PAIR CORRELATIONS NEAR
WALLS

In this section we calculate density profiles and correlations for some
cases to exemplify the formalism developed in the previous Sections 2 and 3.

Figure 1 shows the occupation probability p (/) for a system of hard
rods as a function of the distance / from a hard wall for (a) p=0.1 and
various (half) rod lengths m=2, 3,4, and (b) p=0.02 and m = 14, 18, and
22 (po(l) was calculated from Egs. (2.4, 2.15)). As can be seen from the
figure, p..(I) exhibits oscillations with a period of order 2m, which become
more pronounced with increasing m. For large [, p. (/) approaches p. Note
that for p=0.1 the closed packed situation occurs already at m =5 and the
discreteness of the system is important (see Fig. 1a), while p =0.02 (Fig. 1b)
corresponds to a continuum situation. The data in Fig. 1b indicate that
Poo(!) in the continuum limit (see Sect. 3.2) might have a discontinuity in
the first derivative at the first minimum. Indeed this discontinuity occurs
and its origin can be understood from the solution of the discrete system:
From Eq. (2.15) and the recursion relation (2.4) one derives

Pool) =5opoo(I=1) + (1 —=50) po(l—2m) (4.1)

Accordingly, when [ <4m, the second term in (4.1) is zero up to the first
minimum in p (/) at /=4m—1, and it first contributes when /=4m. The
additional contribution from the second term yields the discontinuity in the
first derivative.

The correlation function

C) =2, oo(2m, 1) = poo(2m) p (1) (4.2)

between the first possible position 2m of a rod center and another rod
center that is at distance / from the wall is shown in Fig. 2 for the same
parameters as in Fig. 1. Similar as p(/), C(/) oscillates as a function of /
with a period of order 2m; the strength of the oscillations increases with
increasing m. For large /, the absolute values of C(/) at its local maxima
and minima decrease exponentially with 1
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Fig. 1. Occupation probability p..(/) of hard rod centers as a function of the distance / from
a hard wall for (a) three small rod lengths and a large number density p =0.1, and (b) three
large rod lengths and a small mean occupation number p=0.02 corresponding to a con-
tinuum-like situation. The solid lines in (a) were drawn as a guide for the eye.

Next we calculate density profiles and correlations for more general
cases. To this end we consider (i) hard rods (v(!) =vug(/)) in the presence
of a “soft wall” with an attractive potential

Buo(l)= — 5 exp(—1/20) (43)

and (ii) particles with a Lennard—Jones type Takahashi interaction of the
form

0 I<2m
Pos(l)=< -4 2m<I<3m (4.4)
0 else
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Fig. 2. Correlation function C(/) between the first possible position 2m of a rod center and
another rod center that is at distance / from the wall (see Eq. 4.2)) for the same parameters
as in Figs. la, b. The solid lines in (a) were drawn as a guide for the eye.

in the presence of a hard wall (u(/) =0). Figure 3 shows p_ (/) for these
two cases in comparison with the hard rod system for (a) m=4 and (b)
m=18 (to calculate p_ (/) for u(/)=u,(l) we have chosen a large system
size M =10* and used Egs. (2.4), (2.7)). For both cases oscillations occur
similar as in the hard rod system. In Fig. 3a the attractive wall potential
causes the maxima and minima to become more pronounced than in the
other cases, while in Fig. 3b only the occupation probability for the first
rod next to the wall is strongly enhanced. Because the first rod center is
strongly attracted by the wall, the position of the following minima and
maxima of p_, are shifted toward the wall. The weaker effects of the exter-
nal potential in the continuum-like situation (Fig. 3b) are due to the fact
that the first minimum of p_ (/) occurs at a position, where u,(/) is already
very small. For the Lennard—Jones type interaction we find the oscillations
in Fig. 3a to be stronger than in the hard rod system, but the probability
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Fig. 3. Occupation probability p_ (/) of rod centers as a function of the distance / from a
wall for (i) hard rods in the presence of a hard wall (v=wvyg,u=0), (ii) hard rods in the
presence of a soft wall (v=vyg, u=1u,), and (iii) rods with a Lennard-Jones type Takahashi
interaction in the presence of a hard wall (v=wv;;,u=0). In (a) the discrete nature of the
lattice is important (m =4, p=0.1), while in (b) the data correspond to a continuum-like
situation (m =18, p=0.02). The solid lines in (a) were drawn as a guide for the eye.

of the first rod to be right at the wall is reduced (for smaller m, however,
P..(2m) can be larger than in the hard rod system). As can be seen from
Figs. 4a, b, the changes of the correlation functions caused by the external
potential u,(/) and by the interaction potential v, ;(/) are fully analogous to
the changes found for p_ (/) in Figs. 3a, b.

5. SUMMARY

As demonstrated in Section 4, the recursion relations derived in Sec-
tion 2 provide an efficient method to determine density distributions and
correlations in the Takahashi lattice gas for arbitrary interactions and
external potentials. We have proven in Appendix A that the wall-induced
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Fig. 4. Correlation function C(/) between the first possible position 2m of a rod center and
another rod centered that is at distance / from the wall (see Eq. (4.2)) for the same parameters
as in Figs. 3a, b. The solid lines in (a) were drawn as a guide for the eye.

density oscillations decay exponentially into the bulk, if the interaction
potential has a finite range. If the potential has no finite range but still
decays to zero when the inter-particle distance increases toward infinity,
one can show only that the density for large distances from the wall con-
verges to a constant bulk value.

In the special case of the hard rod lattice gas, we have rederived the
exact free energy functional of the occupation probabilities and the
associated nonlinear system of coupled nonlinear difference equations. The
general formalism derived in Section 2 allowed us to give a solution of
these nonlinear difference equations in terms of the solution of a system
of independent linear equations. Furthermore, various central regions
between the confining walls have been specified in the canonical ensemble,
where the occupation probabilities are constant, and where the correlations
functions are translationally invariant or even constant too. In the grand
canonical ensemble it was shown that such regions do not exist (except for
trivial cases, see above).

It is possible to extend the calculations for the hard rod system to
more general situations, as, for example, to systems where certain groups
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of particles have differing rod lengths, or even to systems with randomly
distributed rod lengths.

APPENDIX A

For |s|<1 and 1€(0, c0) the generating functions of the canonical
and grandcanonical partition functions are (compare with Eq. (2.11))

e} N+1
H(N,s)=Y Z(N,M)sM=%
M=o o (A1)
, (s
G }., S)= Q A, M SM=7
o= & M = o0
with
p(s)= 3 exp[ —v(])] s’ (A2)
=1
where v(/) has the following properties
(1) max |o(/)]<oo for some [, <o
ly<l<oo (A3)
(i) lim v(/)=0
I— oo

Lemma A.1 (See also ref. 24). For given A€ (0, o0), there exists
exactly one real positive solution s4(4)€(0,1) of 1 —Ap(s)=0 and this
root is simple. If s;€ C is another root of 1 —Agp(s) =0, then [s;| > s,.

Proof. The series Y72, lexp[ —uv()] s’| converges for |s| <1, and
accordingly ¢'(s)=37>,lexp[ —v(l)]s'~'>0 for positive real s. Since
@(0)=0 and ¢(1) = oo, there exists exactly one s,€ (0, 1), for which ¢(s,)
=1/ (with multiplicity one). If s; were another root of 1 — A@(s) =0 with
s;] <so, then [p(s;) <o(ls;]) <@(sy) =1/A=¢(s;), which is impossible.
If 5;=150 exp(if) with 0e(0,2n) we have to require > ;2 exp[ —v(/)] sh
[1—cos(/0)] =0 and hence 0 =2rk, k€ Z, in contradiction to the assump-
tion A€ (0, 27).

Theorem A.1. Let s4(4)€(0, 1) be the unique real positive solution
of 1 — Ap(s)=0. Then

QA M) ~ co(2) 5o(4) ™™, for M- o (A4)

2

where co(4) = @(s0)%/55¢"(s0)-
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Proof. Let a,=Q(k—1)sk and fi=exp[ —v(k)]sk/>, exp
[—v(l)]sh, for k=1,2,., and set A=1/p(sy). Then, according to
Eq. (2.4),

M—1 M
ay=0(So) frut Y fau—i@i=), ap_1f; (A.S)
=1 1=1
where ay,= @(sy). Obviously, ;>0 and > 2, f,=1. By employing the
renewal theorem® it follows
do
Aoy ——0
MUYEL I

Since Y2, lf,zsofp’(so)/<p(so), we obtain QA M)=ay, 5¢ Mt~
@(s50)* 55 ™M /530" (50) = co(A) 55 ™ for M — 0.

for M- w© (A.6)

Corollary A.1.
(1) pooll A)=limy,, o p(l; 4, M) =2Q(%, 1—1) s

(1) py oollysen I3 A) =My, o Pllyses L3 A M) = poo(ly3 ) T T2 Poo
(le— D13 2)

(iii)  p=p(s0)/so®'(s0), wWhere p=Ilim, _, , N(4, M)/M. (N(, M) is
the mean number of particles for given fugacity 4 and M.)

Proof. According to Eq. (2.10), p(5; A, M) =21Q(A, [ —1) Q(A, M —1)/
Q(4, M) such that p(L 4, M)~2Q(A 1—1)co(2) sg M7 /co(d) sg™ =
JQ(4,1—1)sh by Theorem A.l. In particular, poo(l 2) =220, 1—1) 5]
Analogously, using Eq. (2.9), p, (1,0 I3 ) =A"Q(4, [, = 1) [ 15 _, (4, lk
—le_y—1)s§. Since I;=1,+ 35 _, (L — L _1), we can write p, (1,03 A)
=2Q 1, — 1) shTT5_, [292(4, I, — 1, — 1) slk—%-17], which together with
(1) gives (ii). By definition and Theorem A.1, N(4, M) = 0 log (A, M )/04
~ 20 log[ co(A) so(4A) ~™]/04, from which follows p= —ASO( )/so(4). But
from Agp(so(4)) =1 we immediately obtain — Asg(4)/so(4) = @(s0)/s0¢"(X0)
and hence (iii).

Theorem A.2. Let N,,eN be any sequence with lim,,_, , N,,/M
= p. Then
(1) poll)=limy,, o p(ls Nogy M) = p (5 2) =221, = 1) 56

(ll) hmM—»oo ps(lla nlsaNMa ) ps,oo(llsn'a lsv;“):poo(llb/l) Hi:z
poo(lk lk la/b)a

where A=1/p(s,) and s, is the unique positive solution of ¢(sy)/
S09'(50) = P
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Proof. In order to derive the asymptotic limit of the occupation
probability

(I Ny, M) = i Zir—1,1—1) 2N =r M=1) (A7)
r=1

Z(Ny, M)

in the thermodynamic limit, we use (see Theorem 6.1 in ref. 26)

Ny
Psa) S[1+0M~Y]  for M- o

A L g N, e

where a3, = 0%[log ¢(s,,6“)]u_o and s,, is the unique real positive solution
of Ny /M = op(s)/s9'(s).

We further define §,, as the unique real positive root of (N ,,—r)/(M —1)
=¢(s)/s¢'(s) (for r, [ given integers) and 63,=0>2[log @(5,,¢“)],_o- Then
it is easy to show that there exist sequences f,, and y,, converging to finite
values for M — oo with the property

§M=sM1+[);‘A;+O(M2)], &M=0M{l+);c;+0(M2) (A.9)

(For example, f,,=(I—7r) f(sa)/sarf (52) With f(s) = @(s)/s¢'(s) has the
desired properties.) Replacing N,, by Ny,—r, M by M — 1, s,, by §,,, as
well as g,, by 6,, in Eq. (A.8), and using Eq. (A.9), we obtain after simple
calculations

ZNy—r—1, M—I—1)
=Z(Ny—1,M—1)s",0(s,) " [1+O(M~"] for M- 0
(A.10)

Taking the limit M — o in Eq. (A7) we thus get (note that
limy, , o Sa7=50)
M — o

I
lim p(, Ny, M)=Y Z(r—1,1—1) p(so) " sh =224, [—1) sy (A.1l)
r=1

The proposition (ii) follows by wusing the asymptotic form of
Z(Ny—r, M—1) (Eq. (A.10) in formula (2.8)).
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APPENDIX B

For |s| <1 and A€(0, o0) let

P(ls) & M 21
ngfngJﬂs_nﬂ—Mﬂ

G4, s)= (B.1)

be the generating function from Eq. (2.11) for the special case of the hard
rod interaction potential defined in Eq. (3.1).

Lemma B.1. The roots sy,..., 5,,_; of the polynomial Q(4,s) are
all distinct.

Proof. For one of the roots s; not to be simple, we must require that
both Q(4,s;) =0 and (90(4, 5)/0s),_, =0. But if (0Q(4, 5)/0s),_,,=0, we
have s2"~!'= —1/2m/ and inserting this result into Q(4, s;) =0 we obtain
s;=2m/(2m—1)>0, ie., a positive real number. On the other hand, the
only real solution of s ~'= —1/2mJ is negative, which is a contradiction.
Hence all roots must be simple.

Let
om—1 o
Pl A)=p+ Z c;(4) <| |> e~ !
]

Lzml /-1 —2m—1)r
_ Z < r(_l ) >(1_So)rsl 2mr

r=1

be the occupancy probability in the thermodynamic limit, where [x]
denotes the integer part of x (see Eq. (3.4), and Egs. (2.14), (2.15), (3.3),
and note that ¢(sy) =s2"/(1 —s,)).

Lemma B.2. For A, =1/p(sy) = (1 —s) 552" with 5q=(1—2mp)/
[1-2m—1)pl, p=N/M (0<p< 1/2m), and I>/M?*=o(M ~")

(i) p(lN, M) =po(l; 2,)[1 +O(*/M)]
(11) ps(llaals:ZaNaM):ps,oo(lla9ls:l’;Loo)[1+O(12/M)]

Proof. According to Egs. (2.6),

_N Z(N—r, M—1)
ZNM—Z lkiﬂﬁﬂi (B.2)
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With the definition

vM + x
,y)=1 B.3
S(x, y)=log <pM+y> (B.3)
where v=1—(2m—1) p, and x, y are integers, we can write (see the results
for Z(N, M) in Eq. (3.3))
Z(N—r,M—1) , :
_— = 2m—)(r—1)—1L —r)— f(—(2m—1
Zvan =P =D =l =r) = f(~(2m=1),0)]

If x,y=0(/) we obtain, by applying Stirling’s formula, n!=
(27n)'2 (nfe)" exp[ O(1/n)],

1
f(x, y)==log !

2 <2nﬁ(v_p‘)M>+M[VIOgV(Vﬁ)log(vﬁ)ﬁlogﬁ]

F
+xlogv—(x—y)10g(v—p)—y10gp+0<M> (B.5)

Note that the sum over r in Eq. (B.2) runs at most up to the integer part
of I/2m, such that the arguments of the f functions appearing in Eq. (B.4)
are all of order O(/). Accordingly,

Z(IN—r,M—1)

= (1—=s50) s[4+ O(* M B.6
Zovan = ST OPAT (B6)

from which we obtain (i) by using Eq. (B.2).
Analogously, starting with Eq. (2.8),

ps(llama lsaNaM): Z Z(rl_la ll_l)
I<r<---<rg<N
= Z(NirssMils)
XkEIIZ(Vk+1_rk_1alk+l_lk_l) Z(N, M)

(B.7)

and again using Eq. (B.6) for the asymptotic behavior, we obtain (ii) after
straightforward algebra.
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Lemma B.3. Let /1 be the unique fugacity corresponding to given
mean number density pe (0, 1/2m), and A, = 1/¢(sy) = (1 —s,) 55 2™ with
So=(1=2mp)/[1 —(2m—1) p]. Then for I/M =o(1),

(1) pll A M)=po (L A)[1+O0(/M)]
(1) plyss ly=5A M) =pg (Lo ;=1 25)[ 1+ O(/M)]

Proof. According to Eq. (2.10)

QU M—1)

PLAM)=1Q(,[—1) Q0. M)

(B.8)

where Q(4, M)=37"5"¢;(4)s;(A) ™ (see Lemma B.1 and the discussion
after Eq. (2.11)). In order to find the asymptotic behavior for M — oo,
one has to keep in mind that 1 depends on M. Let us denote by 1,,
the fugacity corresponding to the mean number density p in a system of
(finite) size M, i.e., the unique solution of p =AM ~' 0 log Q(A, M)/d2 (see
Corollary A.1). In leading order A,, approaches 1., as

b 1
AM=,100{1+M+O<Mz>} (B.9)

where b is a constant independent of M. The proof of this relation can be
worked out by writing A,,= A, + &, with lim,,_,  €,,=0,* and inserting
this into the determining equation for 1,,. Careful expansion of the coef-
ficients ¢;(4,,) and the powers s;(4,,) ~* with respect to ¢,, in the expres-
sion for Q(A,,, M) then yields lim,,_, . e, M =bA, and lim,,_, [&,, —
bl /M1 M?=const.

Using Eq. (B.9) we find

QUipgs M —1) = exp(bp) col ) So(Any) ~M =D { 1+0 <AZ>] (B.10)

and thus obtain Q(4, M —1)/Q(A, M) =s¢(A) [1+O(//M)]. Since
A RApg, [—1) =2, 2L, [—1)[1+O(l/M)], it follows (i) from Eq.
(B.8). Analogously, (ii) follows by using Eq. (2.9) and the asymptotic
expansion (B.10).

4Note that, according to Corollary A.1 we have for A, =1/p(sg), limy,_, o N(J, M)/M
=p, ie. because of the one-to-one correspondence between p and A it must hold
limy,, oo Ayy=70-
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Theorem B.1. If (M—1)—(4m—2) N>0 then the occupation
probability p(/; N, M) is independent of / for all /e #,={leN |IV<I<
M+1—1D}, with IV=2m—1)N+1, ie. we can write p(/; N, M)=
i(N, M)/Z(N, M). At the outer boundary points /() =/ —1 and (V) =
M+2—[D, p(I'F); N, M) is different from p(/; N, M) inside #,, in par-
ticular p(/‘F); N, M) =[a(N, M)+ (—1)N]/Z(N, M ).

Proof. Given p(l; N, M) from Eq. (2.6) we first show that

u(ly; N, M) = IZV: Zir—1,1-1YZ(n—r, M —1)

r=1

- l):<l—(2m—1)(r+ 1)>

r

(B.11)

is constant inside %, as long as (M —1)— (4m—2) N>0. To this end we
will proof that u(l; N, M) for l € #, can be rewritten by use of the following
combinatorial identity

No/l—1—(2m—1 M—I—2m—1)(N+1—
u(z;N,M)=z< (@ >r>< (om 10+ r)>

r=1

:<M—I—14mN(_2r;11)(N1)>

N L(2m(r—1)—1\/M+1—4m—(2m—1)(N —r)
- o (AT

=a(N, M) (B.12)

which is independent of /.

To verify the combinatorial formula we follow the methods described
in the book of Riordan on combinatorial identities®” and use the follow-
ing theorem of Lagrange for implicit functions:® Let ¢(z) be a power
series in z with ¢(0)#0, and let z(¢) be the unique power series with
z(0) =0 satisfying the implicit equation z(z) = t¢(z(¢)). Then, for any power
series F(z),

F 0 n dn
“_fg(zf AL AL P (B.13)
n=0"" v

Applying this theorem to ¢(z) =(1+z)# and F(z)=(1+z)* with |z| <1
and «, f € N one obtains
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(1+Z)a+1 B '}
71‘”/3"'1)2_";060 o, n)t
e
n
w(a, n) = (B.14)
(_)n<(,3+l)n—oc—l>’ 1
n B
Using (B.14) we can write
(1+Z)oc+y+2 B }{ +z oc+y+1}
[1+(ﬂ+1)z]2_{1+ (B+1) 1+(f+1)
i " i w(a+7y,n (B.15)
and
(1+Z)m+y+2 B +Zot+1 { +Z y+1 }
[1+(ﬁ+1)z]2_{1+ (B+1) } +(B+1)
i (o, n) i (B.16)

Comparing (B.15) with (B.16) and equating expansion coefficients we obtain

n

Y @(0,k)w(a+y,n—k)= i (o, k) oy, n—k) (B.17)
k=0

k=0

In particular, for n <min{[o/B]; [7/8]} (see Eq. (B.14)),
<0< —ﬁk> <V —pln— k)>
AN ¢ n—k

:<oc+yn[)’n>+k§1 (1) ((/)’+lk)kl> <oc+ynf(li1k)>

(B.18)

M=

k

By setting n=N—1, k=r—1, f=2m—1, a=[/—2m, and y=M+1—
2m—1 for le %, (ie., for Cm—1)N+1<I<M—(2m—1)N), we have

5 Equation (B.18) may be identified as a combinatorial identity derived explicitly in the book
of Riordan on p. 148" by replacing f# by —p. However, in order to do this one has to
define the binomial coefficients for negative entries by analytical continuations of the
Gamma function.
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N—1<min{[(/-2m)/2m—1)], [(M+1—2m—1)/(2m—1)]}, and can
use Eq. (B.18) to get Eq. (B.12).

In order to show that %, is a “maximal” set, we again use Eq. (B.17)
with a=1F—2m, p=2m—1, y=M+1-2m—I1F), n=N—1 and r=
k —1 (note that due to symmetry, we can restrict ourselves to a=1/(=) —2m
and y=M+1-2m—1[17), so that n—1<o/f, n>a/f, n<y/B with
w(y, 0)=1 and w(a/n)=(—1)") to obtain

u(l'F N, M)=i(N, M)+ (—1)¥ (B.19)
This completes the proof of theorem B.1.

Corollary B.1. For M +1>6m (that means there can be more
than just one rod in the system) there does not exist a central region where
p(l; 2, M) is constant (except for the trivial set %, = {M/2, M/2+ 1} for
even M).

Proof. Assume that there exist a non-trivial central region %, =
{lysy M +1—1,} with 2m <Iy<(M —1)/2 in which p(/; 2, M) is constant.
Then there exists a function

(M) = 2003 1—1) Q) M —1) (B.20)
independent of / for all /e %,.
From
N,
AQUL 1= 1) QUL M—1) = Z (LN, M)I¥  (B21)

for No=max{N>1;Z(N,M)>0}=[(M+1)2m]—1 (note that
Z(N, M )= (MG DVHD)) e get
1 oNf (2, M)

M)= - = B.22
p(l, N, M) ZINIONT 0% |, const ( )

for all /e %, and all 1 <N <N,. But, according to Theorem B.1, we have
p(l, N, M')=const in a central region if and only if /€ %#,. Therefore,

I A ={2m—1)N+1,.,M—(2m—1) N} for 1<N<N,
(B.23)

Choosing N=N, (and because we require %, to have more than two
elements for excluding trivial situations), we obtain

(2m—1)Ng+4<M+1—(2m—1) N, (B.24)
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from which one readily concludes that M + 1 <6m —1 in contradiction to
the restriction imposed on M.

Comment. One can even show® that there does not exist any
non-trivial region inside which p(/; 2, M) is constant.

Theorem B.2. IfM—1—(4m—2) N+2(m—1)(s—1)>0 then the
joint probabilities p(/,.., [;; N, M) are translationally invariant for
(I yes 1) € By ={ (11,0 1) N [ IOV 5 2Mm <L — [,y for k=2,.., 5 [;<
M+1—19} with 19 =(2m—1)(N+ 1 —s) +1, ie., there exists a function
f(y1se Y515 N, M) exhibiting the property

ps(llr-"s lsy Ns M) =f(12_119"'a ls_lsfl; N9 M) (B25)
If (1y,... I,) ¢ &, and (I,,..., [, + 1,..., I;) € A, for some 7€ {1,.., s} then

ps(lla'"s ls’ Na M) :f(ZZ_llr") ls_ls—l; N) M) +(_1)N+1_S/Z(Na M)
(B.26)
Proof. The joint probabilities p(/,..., [;; N, M) are given by (see
Eq. (2.8))
Ziri—LL=1)Z(N—r, M—1)
Z(N, M)

ps(ll""7 ZS; N,M): Z

x [T Zre=reci =L =l = 1) (B27)

By introducing new variables x,=r,, Xxy=r,—r,_,; for k=2,.,s
(X5 _1 X =r,) we can rewrite this as

ps(lla---a lsa N> M)

Zx, =L, L=1)Z(N=%i_, x;, M—1)
Z(N, M)

x [ Zxp— 1, — 1 _,—1)

k=2
—ZN M) Y Mia%—urwl—n
(Xgses X)Ey_y o1 k=2
N—-3i_,% s
x Y Z(xl—l,ll—l)Z<N—z xi—xl,M—lS>} (B.28)
x1:1 i=2

where oZy = {(x1,, X,) EN® | X, + -+ +x,<N}.
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Setting N'=N—-Y%_,x; and M'=M—(l,—1;), we have from
Theorem B.1 (see Eq. (B.11))

I

Y Zx,— 1,1, —1)Z(N' —xy, M'—1))=u(l;; N',M') (B.29)

x=1

where u(l;; N',M')=u(N', M')=const for Cm—1)N' +1<[,<M —
(2m—1) N'. For the x; this means 2m—1)(N—Xi_,x;)+1<],<M—
(I,—1)—(2m—1)(N—2%_,x;). The latter inequality holds true for all
(X2s X)) €Ay 151, I (2Cm—1)(N+1—-s5)+1</; and [ <M-—
2m—1)(N+1—ys),ie, for (/,.., ;) eR,. Since (I;—1) =25 _, (L—1_y)
we obtain

p(lla'";ls;NaM): Z n Z(xkil>lkilk—171)
(X 50ees xs)EMN—l,s—l k=2
% U(N =37 _ox;, M=375_,(;—1;_y))
Z(N, M)

Ef(lz_ln---, ls_lsfl;N9M) (B30)

which completes the proof of the first part of the theorem.

To prove the second part, we insert Eq. (B.29) in Eq. (B.28) and con-
sider an outer boundary point with (/,,..., /;) ¢ #, and (/,,..., [, + 1,..., [) € &,
for some 7€ {1,.., s}. In fact, according to the constraints implied by the
finite rod lengths, one can show that only t =1 and 7 =y are possible. Due
to symmetry we can restrict ourselves to the case 7=1. Then the outer
boundary point is (I, =/®)—1, [,,.., I,) and we obtain

ps(ll :l(S) - 17"'5 ls7 N7 M)

1 s
- Z(xp—LlLe—l._i—Du(l;; N, M’
Z(N, M) z {knz (i koot Julh )}11—1(5)1

N1, 51

(B.31)

Except for the particular configuration (x,=1,..., x,=1), all configurations
(X54es Xg) € Ay _ 1. s yield arguments (/;, N', M") for which u(/;, N', M")
is constant (see the discussion above). For (x,=1,.., x,=1), /; is an outer
boundary point of the set %, corresponding to a system of size M’ with N’
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rods. According to Theorem B.1 we thus have u(/;, N', M')=u(N', M') +
(—1)". By inserting these results in Eq. (B.31) and by using the definition
of f(y1,es Ys_1; N, M) in Eq. (B.30) we obtain
( —1 )N+ 1—s
Z(N, M)
(B.32)

Pl =19 1 LN, M) = f(l,— 19+ 1, [, —1,_;; N, M)+

Corollary B.2. For (/},..1)¢%,={(l1,..L,)eN* | 2m <], <4m,
2m<l— 1 _fork=1,.,5s M+1—4m<I,<M+1—2m} (see footnote 1
in Section 3.2) there does not exist a region, where p.(/,,.., [;; A, M) is
translationally invariant.

Proof. If p(ly,., il A M)Y=f(l,—1;,..,1,—1,_1; A M) for some
({1, I5) ¢ €, then, from Eq. (2.9),

}M
Q. b~ 1) QU M 1) =2 Fy gt

1
xn GO T] (B.33)

where M' = M — (I,— [,). Accordingly, there exists a range of consecutive /;
values, where Q(4, [; — 1) Q(A, M' —1,) is independent of /,. This, however,
is impossible due to the comment after Corollary B.1.

Theorem B.3. If M—2(2m—1)(N+1—s5)>0 then the joint
probabilities p(/;,..., [;; N, M) are constant functions for (/4,..., /) € B,=
{(ljs I)EN* | Cm— 1) (N+1—5)+2<; Cm—1)(N+1—-s5)+1<
Li—le_y for k=2,.,8 I, <M—(2m—1)(N+1—s)}, ie, we can write
Pl Iy Ny M)=0(N, M). If ([,,..., ,) ¢ B, and (I,,..., [, +1,..., [)) € B, for
some 7€ {1,.., s} then

(_1)N+1—s

ps(ll,..., IS,N,M)ZU(N,M)-FW (B34)

Proof. The explicit formula (see Egs. (2.8), (3.3)

Z(NﬁM)ps(lla alsa )
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M+l—2m—ls—(2m—l)<N— Y x,.)
» i=1

s

N—s—) x;
i=1
% 1—[ <1k_1kl_): __(zm _i)ixk_xk1)> (B.35)
k=2 e Xk—1

can be rewritten by using Eq. (B.14) derived in Theorem B.l (remember
that we defined .o/ ;= {(x},..., x,) € N*) | x; 4+ --- +x,< N} after Eq. (B.28)).
We have for o;>0, i=1,..,s+1, and &, ,;={(n;,..,n)eN}|n + -+ +
ny=nj,

(1+Z)“1+"‘+“s+1+5+1 s+1 oo

[+ (f+1)z] " =11 2 ol n

k=1 n=0
s+1

= i " Y [T w(o, ny) (B.36)

0 (ny5ees n:+l)egn,x+l k=1

and

(14 z)a+ = Foantl (] 428
[1+(B+Dz]' [1+(B+1)z]*

'e) s+1 [ee)

= 1] ol + - o, ,n) " [ D w(0,m)t
n =0 k=2 n=0
0o s+1

=> 1" o+ o, g,n) [ @0,n) (B.37)
n=0 & . k=2

Comparing (B.36) and (B.37) and equating coefficients we obtain

s+1

Z n (o, n)

(nl """ ns+1)egn,s+1 k=1

s+1

= > (o + - +ay,q, 1) ]_[ (0, 1) (B.38)

Ry g ) EE, (1 =
which, for n<min; _, <, 1{[o/B]} (see Eq. (B.14)), yields
Z Sﬁl <ak;ﬁnk>
‘gn,erl k=1 k

_y <<x1+~~+as+1—ﬁn1>iﬁ12(_l)nk<(ﬂ+l)nk—1> (B.39)

n n
gn,s+] 1 k
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We have defined (') =1 on the right side here (but not on the left hand
side).

By choosing o, =1, —2m, o=l —1,_1—2m for k=2,.,s, o, =
M+1—1,—2m, f=2m—1 and n=N—s<min, <, {o/B} (for all
({4, ..., [) € B,), we can identify the combinatorial expression (B.36) by the
left hand side of (B.39). Substituting the right hand side we then obtain

£

=0(N, M) (B.40)

ps(ZI’"" lsa N’ M) Z( M) (—I)N_Z§=<1xi

x,—1

i ">_1 M—2ms—(2m—1) x,
i ( )

which completes the proof of the first part of the theorem.

Now, let (/,..,[)¢%, and (/,...I,+1,..1)e%B, for a given
te{l,.,s}, and [y=0 and /,, ;=M +1. Then N —s<[a,/(2m—1)] for
k#7 and N—s—1=[o,/(2m—1)], which can be shown by simple
topological considerations. Accordingly, for (ng,..n,,)€éN_s311=
En—ssr1\(n =0, n,=N—s,.,n,.1=0), 0o, n) = (“k_(z',f‘k_l)"k), while
for the particular element (n;=0,..,n,=N—s,.,n,, ;=0), w(o, n;)=
(1=96,,)+(=1)¥=96, . Evaluating the left hand side of Eq. (B.38) we
arrive at

s+1

Z l_[ CO(O(k, nk)

(s gy ) €8N _g 50 k=1
s+1
ap—(2m—1)n
Z 1—[<k (n ) k>+(_1)N—s
(yss gy )EEN_g 541 k=1 ke

=Z(N,M) p(ly,, l;; N, M)+ (—1)V 5 (B.41)

On the other hand, the right hand side of Eq. (B.38) is equal to
Z(N, M) o(N, M) and hence we obtain

(_1)N+lfs

Polleen I3 N. M) = 0N, M)+

(B.42)
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APPENDIX C

For 0SM'+a<M and a >0, Q(4; M', o) is defined as follows (for
v(n) =vyg(n), see Section 3)

QA M', a)=0, for M'<2m—1

QUi M. a)=1, for 2m—1<M <4m—1 (C.1)
M +1—2m

QUM ,0)=14+2 Y eI r—1,a), for M'=4m—1
r=2m

Theorem C.1. The occupation probability

QU 1—1,0) Q0 M—1,1)

5(1: 3. M) = Je—D
L4, M) = ze Q(% M, 0)

(C2)

is the unique solution of the following set of nonlinear coupled difference
equations

I+2m—1
0=—logi+u(l)+log p,+ > log[l—1t,(s)+ p,]
s=I1+1
I+2m—1
— Y log[1—1,(s5)] (C.3)

s=1
for e {2m,.., M +1—2m} and p,=0 else, where 1,,(s) =>7"5" p,_;.
Lemma C.1. Let M'>22m. If 0<M +a<M and «>0, then
Q(A; M', o) obeys the recursion relations.

(i) QAM,0)=Q(;M —1,a)+ A"#e+M =2m+DO G- M' —Im, a),
(i) QAL M, 0)=Q( M —1,a+1)+ le “+2MQ(); M' —2m,
o+ 2m),

Lemma C.2. For s=2m let

_Q(45—1,0)
1—1,,(s) —752(2; M.0) d(A; M, s) (C4)

Then ¢(4; M, s) obeys for p,=p(s; A, M) (from Eq. (C.2)) the relations

() @AM s)=QUsM—s+2m—1,s—2m+1),
(i) ¢ M, s—1)=d(A M, s)+ e “OQ(1 M —s, s).
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Proof of Lemma C.1. For M'>4m—1

M —2m
QAM, 0)=1+1 )Y e IQAr—1,a)

r=2m

+/1€7u(a+M'72m+1)Q(i; M/_Zm’ OC)

= QUi M — 1, a) + e~ " C+M =2m+DQ M2 o) (C.5)

If 2m<M' <4m—1, then QA M'—1,0)=1 and Q(a; M' —2m, o) =0.
Hence, Eq. (C.5) is also valid for 2m < M' <4m — 1, which implies (i).

According to (2.2),

N
Z(N,M', o) = Y exp — { Y u(oc+ i) + (i)
1< iy < iy <M’ =
N
i)+ oM+ 1)
k=2
M

e—u(oc+l)—v(l)
I=1

X > exp — { JZV: u(o+ip) +o(i,—1)

141 <y <iy< M’
N
+ > vlig—ip_y) +o(M +1 —iN)}

”
= exp —[u(a+1)+v(l)]

=1

N—1
X > exp—{ You(a+ 1+ ji) +v(jy)
k=1

I1<ji<- <jy_ <M -1

N—1
Ly v(jk—jk1>+v<M'—l+1—jN1)}
k=2

o
=Y e e OZ(N—1, M' — L, a+1) (C.6)
=1
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Remembering that Z(0, M’,a)=e "™ *+1D (see the remark right after
Eq. (2.3)), it holds

Q0 M, o 2 (N, M", o) 2V

”
=e "MAD 4 N e et D= D QA M —Loa+1)  (CT)

I=1

where wv(n)=o0 for n<2m, and wv(n)=0 for n=2m. Since
QA M —La+1)=0 for M'—]<2m—1 we have

o
QUM 0)=14+1 Y e QUM —lLa+l) (C.8)
1=2m
which for r =M’ —1 yields
M' —1—2m
=1+4 Y e tMIQ(Lr a4+ M —r) (C9)

r=2m-—1

Hence we finally obtain (ii),

M —2m
QUM ,0)=1+4 Y e MNQ(4r,a+M —r)
r=2m—1
M'—2m
=1+4 Y e wEEDEM=D=NQ ey (a4 1)+ (M —1)—r)
r=2m-—1

+ e 2MQ( 0 M —2m, & + 2m)

=QUA M —1,a+1)4+ e “+2MQ(J: M' —2m,  + 2m)
(C.10)

Proof of Lemma C.2. We prove the proposition (i) by complete
induction with respect to s. For s =2m we have

Q(4; M, 0)

o M, 2m) = o 1.0

[1—1,(2m)] (C.11)

With Q(4; 2m—1,0) =1, 1,,(2m) = 375" ps,_ ;= Pan (note that 5, =0 for
i<2m, and p,,, = Ae "“C™Q(j; M —2m, 2m)/Q(A; M, 0)) it follows

¢4 M, 2m) = Q(J; M, 0) — e ="C™Q(j; M —2m,2m)  (C.12)
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For M'=M and a =0 we then obtain by using Lemma C.1 (ii)
Q2 M, 0)=0(, M—1,1)+ e “C™Q(); M —2m, 2m) (C.13)
and hence

$(J; M, 2m) = Q(4, M, 0) — e =“C™Q(); M —2m, 2m) = Q(), M —1,1)
(C.14)

Accordingly, proposition (i) is valid for s =2m. Let us now assume that (i)
holds true for s —1>2m —1.

Since 1,,(s)=37"5" p,_; and p,=2re “DQ(A;1—1,0) (s M —1,1)/
Q(4; M, 0) we can erte

QU M, 0
(/)(/1;M,S)=Q((,’A_/I’ g)

A8
2m—1 ) fe} 1e o _1 o4 M— . o
X |: 1— Z efu(sfj) y) (/“DS J B O) (ln s+ 7,8 ])
j=0 Q(4; M, 0)
1

2m—1

- QM0 —u(s—))
G0 T A MO P

xQ(A;sjl,O)Q(/l;Ms-f—j,sj)}

1 2m—1 )
- | QL M, 0)—2 —us—1=DQ
Qu;s—l,m{ (RM0) =2 ), e

x()v;s—j—Z,O)Q(A;M—s—i-l+j,s—1—j)}

A
o —u(s72m)Q As—2m—1.0
+Q(ﬂ,;s—1,0)[e e Lo
x Q(J; M —s+2m, s—2m)
—e7" QA5 —1,0) (A M —s, 5)]

1
TQ(s—1,0)

+ e =2 s —2m—1,0) Q(4; M —s+2m, s —2m)]

[Q(4;5—2,0) ¢4 M,s—1)

— e "Iy M —s, s) (C.15)
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where the line 3 follows from line 2 after some straightforward manipula-
tion of the sum over j, and line 4 from line 3 by definition of ¢(4; M, s—1).

Due to the induction hypothesis, ¢(4; M, s—1)=Q(1; M —s+2m,
s —2m), from which follows

QA M —s+2m,s—2m)
Q4 5—1,0)

x[Q(A;5—2,0)+ e “C=2MQ(J: s —2m—1,0)]

d(2; M, s) =

— e " 9Q(J; M —s, 5) (C.16)

By using (i) of Lemma C.1 for M'=s5—1 and a =0 we obtain

Q2 5—1,0)=Q(1;5—2,0)+ le~“72™Q(); s —2m—1, 0) (C.17)
and hence
G2 M, 5)=Q(\ M —5+2m,s—2m)—le “®IQ(J; M —s, s) (C.18)

By using (ii) of Lemma C.1. for M' =M — s+ 2m and a =s—2m we find

QA M —s+2m,s—2m)
=QAM—s+2m—1,5s=2m+1)+ie Q) M—s,5) (C.19)

and hence

QUi M —5s+2m,s—2m)— e *OQ(l; M —s, s)
=QAM—s+2m—1,s—2m+1)
= ¢4 M, s) (C.20)

This completes the proof of part (i) of Lemma C.2.
To proof the second part (ii), we apply (ii) of Lemma C.1. For
M'=M—s+2m and a=s5—2m we obtain
QA M —s+2m, s —2m)
=Q(M—s+2m+1,5s=2m+1)+ e “9Q(1; M —s,s) (C.21)
Due to part (i) of the Lemma just proven, ¢(4; M,s)=Q(1; M—s+

2m—1,s—2m+1) and ¢(A; M,s—1)=Q(4; M — s+ 2m, s —2m). Insert-
ing this in (C.21) it follows proposition (ii).
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Proof of Theorem C.1. According to Lemma C.2. and the defini-
tions of p, and t,,(s),

1-%@+@=%$:;£Hmkmg+Mﬂmm&M—Lm
CQs—1,0) B
—?EEEFTWLMJ 1) (C.22)

Since 2(4;s—1,0)=0fors<2mand Q(A; M —s,s)=0fors>M+1—2m,
it follows p, =0 for s ¢ {2m,.., M +1—2m}. For s€ {2m,.., M +1—2m} on
the other hand, we obtain from Lemma C.2 and Egs. (C.2), (C.3), (C.22)

0:'40g3+uU)+kg{Ae”WSX&S_J’m‘X&ﬁl—qu

Q(J; M, 0)
AR {QMJ—LO)

+ > ¢(Z;M,S_l):|

s= I Q(4 M, 0)
I+2m—1 Q(l,S—l,O)
R G oy H )
=log Q(A; M —1,1)—log p(A; M, [+ 2m—1)
=0 (C.23)
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