PHYSICAL REVIEW E 82, 011125 (2010)
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We analyze the exact formulas for the resistance between two arbitrary notes in a rectangular network of
resistors under free, periodic and cylindrical boundary conditions obtained by Wu [J. Phys. A 37, 6653
(2004)]. Based on such expression, we then apply the algorithm of Ivashkevich, Izmailian, and Hu [J. Phys. A
35, 5543 (2002)] to derive the exact asymptotic expansions of the resistance between two maximally separated
nodes on an M X N rectangular network of resistors with resistors r and s in the two spatial directions. Our

results is %RMXN(r,s)zc(p)ln S+co(p,§)+2jf=12% with S=MN, p=r/s and é&=M/N. The all coefficients in

this expansion are expressed through analytical functions. We have introduced the effective aspect ratio &,
=\pé for free and periodic boundary conditions and Eopr= Vpé&/2 for cylindrical boundary condition and show

that all finite-size correction terms are invariant under transformation &g— 1/&4.

DOLI: 10.1103/PhysRevE.82.011125

I. INTRODUCTION

The calculation of the resistance between arbitrary node
of infinite networks of resistors is a well studied subject
[1-3]. Resistor networks have been widely studied as models
for conductivity problems and classical transport in disor-
dered media [4-6].

Besides being a central problem in electric circuit theory,
the computation of resistances is also relevant to a wide
range of problems ranging from random walks (see [2,7],
and discussions below), first-passage processes [8], to lattice
Green’s functions [9]. Past studies have been focused mainly
on infinite lattices [10,11]. Little attention has been paid to
finite network, even though the latter are those occurring in
real life. Recently, Wu [12] has revisited the two-point resis-
tance problem and deduced a closed-form expression for the
resistance between arbitrary two nodes for finite networks
with resistors r and s in the two spatial directions. Later,
Jafarizadeh, et al. [13] proposed an algorithm for the calcu-
lation of the resistance between two arbitrary nodes in an
arbitrary distance-regular networks. However, the exact ex-
pression obtained in [12] is in the form of a double summa-
tion whose mathematical and physical contents are not im-
mediately apparent. Quite recently Essam and Wu based on
the exact expression for the resistance between arbitrary two
nodes for finite rectangular network obtained in [12] has de-
rived the asymptotic expansion for the corner-to-corner re-
sistance [Ry;«y(r,s)] on an M X N rectangular resistor net-
work under free boundary conditions. For the case M=N and
r=s=1 they computed the finite-size corrections to the
corner-to-corner resistance up to order N‘4,
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The computation of the asymptotic expansion of the corner-
to-corner resistance (in other word the resistance between
two maximally separated nodes) of a rectangular resistor net-
work has been of interest for some time, as its value provides
a lower bound to the resistance of compact percolation clus-
ters in the Domany-Kinzel model of a directed percolation
[15].

In experiments and in numerical studies of model sys-
tems, it is essential to take into account finite-size effects in
order to extract correct infinite-volume predictions from the
data. As soon as one has a finite system one must consider
the question of boundary conditions on the outer surfaces or
“walls” of the system. The systems under various boundary
conditions have the same per-site free energy, internal en-
ergy, specific heat, etc, in the bulk limit, whereas the finite-
size corrections are different. To understand the effects of
boundary conditions on finite-size scaling and finite-size cor-
rections, it is valuable to study model systems. Therefore, in
recent decades there have many investigations on finite-size
scaling, finite-size corrections, and boundary effects for
model systems [14,16-22]. Of particular importance in such
studies are exact results where the analysis can be carried out
without numerical errors.

In this paper we will derive the exact asymptotic expan-
sions for resistance between two maximally separated nodes
on the rectangular network under free, periodic and cylindri-
cal boundary conditions. We will show that the exact
asymptotic expansion of the resistance between nodes of the
network for all boundary conditions can be written as

E ng(Pa &) , (1)

1
;RMXN(",S) =c(p)n S+ co(p,é) + o

p=1
where p=r/s, S=MN is the area of the lattice and £&=M/N is
the aspect ratio. The all coefficients in this expansion are
expressed through analytical functions. We will show that all
finite-size correction terms are invariant under transforma-
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tion &— 1/(pé) for free and periodic boundary conditions
and under transformation ¢—4/(pé) for cylindrical bound-
ary condition, which actually means that &,

qufzgw"; for free and periodic b.c., (2)

&= EVp/2  for cylindrical b.c. (3)

can be regarded as the effective aspect ratio.

The organization of this paper is as follows: Based on the
exact expression for the resistance between arbitrary two
nodes for finite rectangular network under free, periodical
and cylindrical boundary conditions obtained in [12] we
express the resistance between two most separated nodes
in terms of G, g(p,é) with (a,8)=(1/2,0) and (0, 1/2) (Sec.
II). We then extend Ivashkevich, Izmailian, and Hu algorithm
[16] to derive the exact asymptotic expansions of the resis-
tance between two maximally separated nodes on the rectan-
gular network for all boundary conditions and write down
the expansion coefficients up to the second order (Sec. III).
We also discuss our results in Sec. IV.

II. TWO-DIMENSIONAL RESISTOR NETWORKS

An electrical network can be regarded as a graph in which
the resistance R;; is associated to the edge between pair of
connected nodes i and j. Denote the electric potential at the
ith vertex by V; and the net current flowing into the network
at the ith vertex by /I, When the potential difference occurs
between points i and j, the current is given by the Ohm’s law

1;=(V;=V,)C;;, where C;;=1/R;; is the conductance of the
respective link. By the Kirchhoff’s current law total current
outflow from any point in the interior is zero, X;/;;=0, we

then find for the voltage

V= 2 V,C,/C,, (4)

where C;=2;C;; and the sum is over all nodes j which are
connected to i.

The two-point resistance has a probabilistic interpretation
based on classical random walker walking on the network.
The averaging property expressed by Eq. (4) implies that the
voltage is a harmonic function on the interior points of the
graph. This makes the basis for the probabilistic interpreta-
tion of the voltage [2,23-25]. The random walk determined
by the electrical network is defined as finite state Markov
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chain (for more details see [2]) with the transition probabili-
ties P;; that are weighted with the conductances as P;;
=C;;/C;. Then, when the constant voltage is applied to the
graph such that V,=1 and V,=0, the voltage in an interior
point x is determined as the hitting probability 4, that a
walker staring at x reaches the point a before reaching b.

Consider a rectangular M X N network of resistors with
resistances r and s on edges of the network in the respective
horizontal and vertical directions. The closed-form expres-
sion for the resistance Ry« (r;,r;) between arbitrary two
nodes r;=(x,,y;) and r,=(x,,y,) for free, periodic and cy-
lindrical boundary conditions was obtained in [12].

In what follows, we will show that the resistance
Riux N}(r,s) between two maximally separated nodes of the
network for all above mentioned boundary conditions can be
expressed in terms of G, 5(p,M,N) only,

—

Nrs
RyFn(r5) == 14 ~[Go,ap, MoN) + G o, MoN) ),

(5)
R%;N(T,S) = T[GO’I/Z(p,Mﬂ,N/Z) + Gl/z’o(p,M/Z,NQ] N
(6)
oyl \Nrs
Rypn(r,s) = ?[Go,uz(P,M/Z,N) + Gy 0(p,M/2,N)],
(7)

where G, g(p,é) is given by

n+a>
T
N

(5]
Xcoth| Mw| 7 N +imp (8)

N-1
Gpp.M,N)=M Re >, f(
n=0

for (a,B)#(0,0). The function w(x) is the same for all
boundary conditions and given by

w(x) = arcsinh \r’; sin x 9)

and function f(x) is depend on boundary conditions and
given by

cos® x\1 in’

V1 + psin®x

flx)= - for free BCs, (10)
sin x

1
f(x):——2 for periodic BCs, (11)

. / .
sin x\1 + p sin” x

COS2 X

f&)=—F——

for cylindrical BCs. (12)
sin xV1 + p sin” x

A. Two-dimensional network: Free boundary conditions

Consider a rectangular M X N network of resistors with
free boundary conditions and with resistances r and s
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on edges of the network in the respective horizontal on the network of resistors with free boundary con-
and vertical directions. The example of a rectangular ditions is the resistance between opposite corner nodes
network with M=6, N=4 is shown in Fig. 1. The resis- (0,0) and (M—1, N—1) of the network which is given
tance between the two maximally separated nodes by [14]

1 1 2
m-1N-1 | cos(8,/2)cos(¢,/2) - cos(M - 5) 0, cos(N— 5) ¢n]

rM-1) s(N=-1) 2
Rfree 5) = + 4+ — , 13
M) N M MNmE:1 g r"1(1-cos 6,)+s'(1 —cos ¢,) (13)
where 6,=mm/M, ¢,=mn/N. With the help of the identity
Ni2-1
+1/2) NN-1
E cotQﬂ-(n )= ( ), (14)
n=0 N 2
Eq. (13) can be rewritten in the following form:
(8,/2)cos(¢h,/2) (M 1)0 (N 1)42
- - cos cos —cos{M—-—=186,, cos| N— =
R gy o M=) _SN=D) 2 MEI . " " 2)7" s
r,s)=-— - —
MXNTS N M MN,. o, = r (1 -cos 6,)+s (1 —cos ¢,)
(m,n)#(0,0)

Using the fact that cos(M—%)0m=(—1)mcos(0m/2) and cos(N-— %)¢n=(—l)”cos(¢n/2) the Eq. (15) can be rewritten in the
following form:

M-1  N-1 M-1  N-1
rM-1) s(N-1) 4r cos?(¢h,/2)(1 + p sin®(p,/2))  4r
R (r,s5) =— - +— 1 T — cos?(¢,/2). (16
wxn(7:9) N M MN Z() = sin®(6,/2) + p sin’(¢,/2) MNZ;) z‘) (#/2)- (16)
m+n=odd m+n=odd

There are two possibilities for the restriction m+n=odd to hold, namely, m-odd, n-even and m-even, n-odd. Splitting the sum
into two parts accordingly we obtain

M/2-1 N2-1
riM-1) s(N-1) + Ar > > [fm+12,0) + flmn +1/2)]

R}flfle;N(r’s) =

N M MN m=0 n=0
4y M/2—-1 N/2-1 27Tn 4r M/2—-1 N/I2-1 277(" + 1/2)
——E E cos———z E cos"————, (17)
MN m=0 n=0 N MN m=0 n=0 N

where

271-11( ) 21-rn)
cos“—(1+psin“—
N
flm,n) = : (18)

. T . TN
sin“— + p sin“—
M N

Sums of the term cos?(x) can be carried out using the identities

NI2-1 NI2—

|

N 1 n+1/2) N
> coszﬂ:—+—, > coszu:—. (19)

n=0 N 4 2 =0 N 4

This yields
M/2-1 Ni2-1
e r(M+N) s(N-1) 4r

Rffee (r,s)=— N " w tun Z,O % [f(m+1/2,n) + f(m,n + 1/2)]. (20)

Now we first express double sums SNE'SMET G 1) in terms of SN ISM0f(m,n), It is easy to show that f(m,N—n)

=f(M-m,n)=f(m,n) and thus
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NI2-1 M/2-1 1N—l M-1 N/2-1
2> D [fm+1/2,n) + fm,n+ 1/2)] = 52 D [fm+1/2,0) + flmn+1/12)1= 2, [f(M/2,n+1/2) = £(0,n+ 1/2)]
n=0 m=0 n=0 m=0 n=0
M/2-1
- > [f(m+1/2,N/2) = f(m+ 1/2,0)]. (21)
m=0

With the help of the identities given by Eq. (14) and

M/2-1

e )
w0 . ,mm+1/2) 2
sin? ————

M
The sums E;Vi%_IU(M/2,n+1/2)—f(0,n+1/2)], E%ﬁ{l[f(m+1/2,N/2)+f(m+1/2,0)] can be written as

NI2—-1 N/2—-1

S M2+ 12) = 0+ 1/2)] == £ S copTH V2 NINV=1)
n=0 P n=0

2p

M/2—1 M/2—1
1 M?

> [f(m+1/2,N/2) - fm + 1/2,0)]=— 2, -—. (23)

0 S Jam+12) 2
sin"———
M
Plugging Egs. (21) and (23) back in Eq. (20) we finally obtain
M-1 N-1

R,f\fff(N(r,s) =—r+ L 2 2 [fm+1/2,n) + f(m,n+ 1/2)]
MNm:O n=0

1 -1
N-1 M-1 7T<m + E)
r N mn ™
=—r+— 1+ sin2—>cos2— sin>— + sin> ———
MNE ( PEN N mE:O PRI M

N-1

M-1
n+1/2 n+1/2 n+1/2 -l
+ LE (l + p sin’ u )>0032 m ) >lp sinZM + sinzﬂ ) (24)
MNZ, N N = N M

The sum over m in the Eq. (24) can be carried out using the identity [26]
M-1
+
1 4[sinh2 o+ sin2W] = 4lsinh(Mo + imB)[>. (25)

m=0

Taking the derivative over w from the logarithm of the left and right side of the Eq. (25) we obtain

M-1 | |
+ thi Mw +
> {Sinh2 w+ sinz(mT'B)Tr} =2M ReM,

26
sinh 2w (26)

m=0

Thus the sum over m in the Eq. (24) can be carried out as

1y [ ™m
M-1 T m+5 coth| Mw W +i7/2
™
> p sin’— +sin”>———— | =2M Re

. (27)
=0 N M . mn
sinh 2w| —
N

(W(I’l+ 1/2))
cohMw| ———
N

(W(n+ 1/2)) ’
N

Ml  ,mn+1/2) L, am -l
2 psin“————+sin“— | =2M Re
N M

m=0

(28)

sinh 2w
where w(x) is given by Eq. (A4). It is easy to see that
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sinh 2w(x) = Z\Fp sin x\'1 + p sin x°. (29)
Note that using more complicated approach the identity given by Eq. (27) has been obtained previously in [14,27].
Plugging Egs. (27) and (28) back in Eq. (24) we obtain that R Af,ei ~(r,8) can be written in the form given by Eq. (5).
B. Two-dimensional network: periodical boundary conditions

Consider a rectangular M X N resistor network with periodic boundary conditions. Using a closed-form expression for the
resistance between arbitrary two nodes for finite network given by Eq. (43) of [12] we can obtain for the resistance between
nodes r;=(0,0) and r,=(M/2,N/2) of the network the following expression:

M-
R (r5) = —— E Z 1 —cos(M6,,+ No,)

, 30
o o r(1-cos26,)+s7'(1-cos2¢,) (30)
(m,n)#(0,0)
Using the fact that cos(M 6,,+ N¢,)=(—1)"*" the Eq. (30) can be rewritten in the following form:
M-1  N-1 1
;
R e . 31
wnlrs) = NmE:O EO sin 6, + p sin’ &, 31
m+n=odd
Splitting the sum into two parts accordingly we obtain
Mi2—1 Ni2-1 ! M2—1 Ni2-1 1
RPE - .
Wc(rs) = ,,,20 20 _ 2(277(m+ 1/2)) , 2(27771) MN ng 20 ‘ 2(27Tm) (277(;1 + 1/2))
sin”| ————— | + psin®| — sinl —— | +psin®| ————
M N
(32)
The sum over m in the Eq. (32) can be carried out using the identities given by Eq. (27) and (28). This yields
2@\ 27(n+1/2)
—n2-1 cothl Mw| —— | +im/2 [—N2-1 coth Mo| ———
or \rs N \rs N
Ry M) =— +— ) (33)
N 2o  2mn . ,2mm N o0 2m(n+1/2) . ,2m(n+1/2)
sin—— /1 + p sin“—— SIHT 1+psmT

Introducing function f(x) given by Eq. (11) we finally arrived to the Eq. (6).

C. Two-dimensional network: cylindrical boundary conditions

Consider a rectangular M X N resistor network embedded on a cylinder with periodic boundary in the direction of M and
free boundaries in the direction of N. Using Eq. (46) of [12], the resistance between nodes r;=(0,0) and r,=(M/2,N-1) of
the network is

1 1 1 1
1 M-1  N-1 cosz<§¢,,> + cosZ(N— 5>¢,, -2 cos(aqﬁ,,)cos(N— E)qﬁn cos M6,

o 34
() = 4N MNm ~ g (1 =cos 26,) +s (1 —cos ¢,) 4
(m,n)#(0,0)

Using the fact that cos(M6,,)=(—1)" and cos(N— %) ¢n=(—1)"cos(¢n/2) the Eq. (34) can be rewritten in the following form:

rM 2 E cos>(¢p,/2)

Rcy] , —_— F — 3 35
) == 5 MNm = Sin® 6, + p sin®(¢,/2) (35)
m+n=odd
Splitting the sum into two parts accordingly we obtain
5 TN ,(n+1/2)
M/2-1 N/2-1 cos“— M2-1 N/2-1 08—
rM 2r N 2r N
R (s — 4+ — — 36
) ==+ ,,,20 EO _,2m(m+1/2) LN T uN mzo 20 L D2mm 1/2) (36)
SIHT+pSIHW Sln7+p -

Following along the same lines as in the case of free boundary conditions the Eq. (36) can be written as

011125-5



N. SH. IZMAILIAN AND MING-CHANG HUANG

N-1 Mi2-1 |
r ™
R \(r,s) = —— 2, cos’>—
dixn(rs) = N,% N ,z) L 2m(m+ 1/2) . TN
sif"———— + p sin"—

M
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2":1 J(n+ 1/2)M§' 1
MNn ) N w0 . o 27m _,mn+1/2)
sinf“——+psin"
(37)

The sum over m in the Eq. (37) can be carried out using the identities given by Eq. (27) and (28). This yields

cos? 2
N1 —
\rs M (2mn
R (rs)=—>, coth[—w(—) + i77/2}
M 2Nn=0 . 2mmn . 227Tl’l 2 N
sin——1 /1 + p sin“——
N N
,m(n+1/2)
\’/I‘_SN_I cos M (2m(n+1/2)
coth—w| ——— . (38)
2N,, 2 . 27T(n+ 1/2) \/ 27T(n+ 12 2 N
I ] cmnT e
N
|
Introducing function f(x) given by Eq. (12) we finally ar- 2r-1 §p\rp — -
rived to the Eq. (7). crp(p:é) = Wﬂzp[Kg},m(i\s’pé) + K;;,Z’O(ivpf)],

III. ASYMPTOTIC EXPANSION OF Ry;xn(r,s)

In Sec. II we have shown that the resistance between two
maximally separated nodes on an M X N rectangular network
of resistors with various boundary conditions can be ex-
pressed, in terms of the function Gy,o(p,M,N) and
Go.1a(p. M.N) only, [see Egs. (5)-(7)]

Based on such results, one can use the method proposed
by Ivashkevich, Izmailian, and Hu [16] to derive the
asymptotic expansion of the G, 5(p,M,N) in terms so-called
Kronecker’s double series [28], which are directly related to
elliptic 6 functions (see Appendix A).

After reaching this point, one can easily write down all
the terms of the exact asymptotic expansion for the resis-
tance between two maximally separated nodes of the net-
work [Ry;«n(r,s)] using Eq. (A5). We have found that the
exact asymptotic expansion of the Ry «y(r,s) for free, peri-
odic and cylindrical boundary conditions can be written as
Eq. (1).

(i) For the free boundary conditions we obtain

r T

1 24

—Rfr“N( s)= \plZInN+f e(x)dx +2Cz+41n 2
™ 0

r/— — —
- ? —21n By(iVpd) 04(i\'p§)]
\, p 0,
o () e
+ Ké’;”(mpg)], (39)

where integral [J¢(x)dx is given by Eq. (A9).
Thus, the coefficients c,,(p,§) (p=1,2,...) in the expan-
sion Eq. (1) explicitly given by

(40)

where the differential operators (), is given by Eq. (A7) and
K0 ”2(1\p§) K, 172, 0(z\p§) are the Kronecker’s double series
Wthh can all be expressed in terms of the elliptic Gk(zxpg)
(k=2,3,4) functions only (see Appendix D).

Here we list the first few coefficients in the expansion
given by Eq. (1)

2 ’/[_)
clp)=—" (41)
v
-
2 8 |
colp, &) = \p(ZIn +2C—1-Iné(1 +p) - %
+ P —arctan Vp-21n .9294>, (42)
\p
c(p.§) = (5 3p+(1L+p)70-— )(93 &)
7”0<(5 3p)(6: = 6 + wry(1 + p) 6Lt
+47,(1+ p) (6} - 94) ln 02) s (43)
To simplify the notation we have use the short hand
0= OiliTy), k=2,3,4, (44)

where 7,=£&Vp.
We have also used the following relations between deriva-
tives of the elliptic functions
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J T J
—In 6;=—6@;+—In 6, and
&T() 4 0"7'0

J
“In6,= "¢

Jd
+ In 02 .
d 7o 4 70

Note that elliptic functions 6,,65,6, can be expressed
through the complete elliptic integral of the first kind
K=K(k) and second kind E=E(k) as

6 /2kl7(T(k)7 .- /ZIik), - /Zk’:(k)’

(45)
where
/2
dx
K k = —, 46
&) 0o V1—k*sin®x (46)
E(k) = f 1 = &2 sin? xdx. (47)

With the help of the identities

PHYSICAL REVIEW E 82, 011125 (2010)

1
—In 6,=— 50§E,

one can express all derivatives of the elliptic functions in
terms of the elliptic functions 6,, 65,6, and the complete
elliptic integral of the second kind E=E(k).

Thus we have obtained the explicit analytic formulas for
all corrections—to scaling terms ¢,,(p,é) in the form of el-
liptic functions. Note, that quite recently, Essam and Wu [14]
has derived the asymptotic expansion for the corner-to-
corner resistance Ry, n(r,s)] on an M X N rectangular resis-
tor network under free boundary conditions in the form of
Eq. (1) (see Eq. (40) in [14]), where the expansion coeffi-
cients ¢,,(p,é) (for p=0,1,2) are expressed through the fast

convergent sums. For the case M=N and r=s (é=1, p=1)
we reproduced the result of Essam and Wu [14],

1 4 Cy

—RNEN(5,8) = —In N+ co+ —5 + -+ 48

R N><N(S s) Ju n Co N2 (48)
with co=0.077 318 893 909 458 76... and ¢

=0.266 070 441 638 478 37....
(ii) For the periodic boundary conditions we obtain

- T
] | N —
R (1) = ;—”lz I + f @(x)dx +2C +4 1n 2= 2 In 0,(i\p8) 0,(i7p)
S a

2 0
e (4ﬂlg
47Tp=1 P(ZP)' S
where integral [{¢(x)dx is given by Eq. (A10).
The first few coefficients in the expansion are
’/_
\p
c(p)= Py (50)
v
Vol . 4
Co(p, g) (2 In— + 2CE In g(l + p) —21In 0204) 5
(51
e)(p. &) = <3p—1+(1+p)70 )(63 &)
71-7-()((3p— 1 (04 65) + mwro(1 + p)(94¢94
+47,(1 + p)(6 - 0“) ln 02) s (52)

For the case M=N and r=s (é=1, p=1) we obtain

) (K2 ”2(1\"Fp§) " K;f’o(i\e";@], )

1 1
—R\ \(s,5)=—In N + co+c—22+"' (53)
s T N

with cp=0.207 849 066 416 608 4... and cy

=0.266 070 441 638 478 4....
(iii) And for the cylindrical boundary conditions

F -
1
—R%XN( ,5) = |:2 InN+ f o(x)dx +2Cp,
S 0

+41n2-2In 6,(iVp&2) 04(1‘\'55/2)]

172
277 p<2p)'< g) (K22 (i\pgl2)
p=2

+ Ké/z O(I\rpf/z)] (54)

where integral [J¢(x)dx is given by Eq. (Al1).
The first few coefficients in the exact asymptotic expan-
sion are
-

c(p) = ‘—: (55)
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—

/ 8
co(p. &) = \—:(2 ln; +2Cp—1In &(1 +p)

2 -
— —~arctan \p—2In 02494), (56)
Np

cy(p.é) = ( 3p+5+(1+p)7 Tl)(ﬁi—ﬂ‘z‘)

w

7;1(<5+3p(0“ 6) + (1 + p) 6,6

+47(1 +p)(94 04) ln 02> - (57)

Here we have use the short hand

0](: Hk(iTl)7 k:2’3349 (58)

with 7=&/p/2.
For the case M=N and r=s ({=1, p=1) we obtain

NXN(S s)= lnN+cO+N + - (59)
with =0.361 724 759 117 295 57... and Cr=
—0.284 482 624 106 766 56....

Let us now consider the behavior of the coefficients
co(p, &) in the asymptotic expansion of the resistance be-
tween two maximally separated nodes on the rectangular net-
work under the Jacobi transformation (see Appendix E). Us-
ing Egs. (E4) and (E5) we can easily check that cy(p, &) (for
all k) are invariant under transformation 7,— 1/7,, where

70=§\r’; for free and periodic b.c., (60)

7'0=§V”;/2 for cylindrical b.c. (61)

Using the properties of the #-functions and of the functions
K5 ﬁ [see Eq. (E4) and (E5)] we can easily check from Eq.
(AS) that the In G, g(p,M,N) have the following behavior
under the transformation 7y— 1/ 7,

GI/Z,O(p’M’N) - GO,]/Z(p’M»N)~ (62)

Equations (5)—(7) and (62) imply that the resistance
Ry ny(r,s) between two maximally separated nodes of the
network for all above mentioned boundary conditions is in-
variant under transformation 7,— 1/ 7,. This actually means
that &, given by Eqs. (2) and (3) can be regarded as the
effective aspect ratio.

IV. DISCUSSION

In Fig. 2 we plot the conventional aspect-ratio (£) depen-
dence of the finite-size correction term c((£) for the resis-
tance between two maximally separated nodes on a M X N
resistor network with the free (solid lines), toroidal (dashed
lines), and cylindrical (dot-dashed lines) boundary conditions
for several values of the factor p: (a) for p=1 and (b) for
p=4. We use the logarithmic scales in the horizontal axis.
The finite-size correction term cy(€) at first decrease until

PHYSICAL REVIEW E 82, 011125 (2010)

&=&int Euin=1 for p=1 and §,,;,=1/2 for p=4. Note that
&,in=1/\p for arbitrary value of p. With further increase of &
it reverses directions, increasing monotonically to infinity.
For large enough & (£>1), the finite-size properties of the
resistor network with cylindrical boundary condition and
those of the torus become the same, which means that the
boundaries along the shorter direction determine the finite-
size properties of the system; for both cylindrical boundary
condition and the torus, the boundary condition along the
shorter direction is the periodic one. For small enough & (¢
<1), the finite-size properties of the resistor network with
free boundary condition and those of the cylinder become the
same because the boundaries along the shorter directions for
these two are the same, that is, the free boundary condition.

In Fig. 3 we plot the effective aspect-ratio (&) depen-
dence of the finite-size correction term c, for the resistance
between two maximally separated nodes on a M X N resistor
network with the free (solid lines), toroidal (dashed lines),
and cylindrical (dot-dashed lines) boundary conditions for
several values of the factor p: (a) for p=1 and (b) for p=4.
We use the logarithmic scales in the horizontal axis. We can
see that finite-size correction terms c, are invariant under
transformation &,;— 1/&,. The finite-size correction term
co(€) at first decrease until £, =1 for all boundary conditions
and for arbitrary value of p. With further increase of &, it
reverses directions, increasing monotonically to infinity. In
Fig. 4 we plot the p dependence of the finite-size correction
term c((p) for the resistance between two maximally sepa-
rated nodes on a M X N resistor network with the free (solid
lines), toroidal (dashed lines) and cylindrical (dot-dashed
lines) boundary conditions for several values of the aspect-
ratio & (a) for é=1 and (b) for £€&=4. The finite-size correc-
tion term cy(p) at first decrease until p=p,,;,. Note that value
of p,,;, depends on the boundary conditions as well on the
value of the aspect ratio & With further increase of p it
reverses directions, increasing monotonically to infinity.

In the present paper, we study the two-point resistor prob-
lem on planar M X N rectangular lattices with free, periodic,
and cylindrical boundary conditions. Using the exact expres-
sion for the resistance between arbitrary two nodes for finite
rectangular network obtained in [12] and the ITHs algorithm
[16], we derive the exact asymptotic expansion of the corner-
to-corner resistance on the rectangular network for all above
mentioned boundary conditions. All corrections to scaling
are analytic.

-4 -3 -2 -1 i 2 3 4

FIG. 2. Conventional aspect-ratio (¢) dependence of finite-size
correction term ¢ for the resistance between two maximally sepa-
rated nodes on a M X N resistor network with the free (solid lines),
toroidal (dashed lines) and cylindrical (dot-dashed lines) boundary
conditions: (a) for p=1 and (b) for p=4. We use the natural loga-
rithmic scales for the horizontal axis.
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APPENDIX A: ASYMPTOTIC EXPANSION
OF G, 4(p, M ,N)

Using the expansion of the coth x

[

cothx=1+ 22 e

m=1

we can transform the Eq. (8) in the following form:

G plp ML) = ReM2f< No‘)) oth[Mf(W)nwﬁ]

_MEf('ﬂ(n+a)>

where f(x) is given by Egs. (10)—(12) for free, periodic and
cylindrical b.c., respectively.

Using Taylor’s theorem, the asymptotic expansion of the
f(x) for all boundary conditions can be written in the follow-
ing form:

f(x)—— 1+ el (A2)
= 2pt”
where K,=p-5/3, Kk,=-3p’—14p+67/15, etc. for free

boundary conditions x,=—p+1/3, k,=9p*+2p+7/15, etc.

for periodic boundary conditions and k,=—p-5/3, k,=9p°

+14p+67/15, etc. for cylindrical boundary conditions.
Note that function f(x) can be represent as

o

fx) = —exp > P

where coefficients &,, and «,, are related to each other
through relation between moments and cumulants (Appen-
dix B)

SR T 1T

FIG. 3. Effective aspect-ratio (£,7;) dependence of finite-size
correction term ¢ for the resistance between two maximally sepa-
rated nodes on a M X N resistor network with the free (solid lines),
toroidal (dashed lines) and cylindrical (dot-dashed lines) boundary
conditions: (a) for p=1 and (b) for p=4. We use the natural loga-
rithmic scales for the horizontal axis.

2Re MY X f

N=1 o
(W(n+a) (A1)

) -2m[Mo(m(n+a) //\/)+z‘rrﬁ]
N

n=0 m=1

Ky =&y,

K4=84+38%Z

We will need also the Taylor expansion of the w(x) given
by Eq. (9)

w(x) = x()\ + ﬁp—xz”) , (A4)

p=1 (2p)!

where A=1p, Ny=—\p(1+p)/3, A\y=Vp(1+10p+9p?)/5, etc.
for all boundary conditions.

In what follows, we shall not use the special values of
these coefficients assuming the possibility for generaliza-
tions.

The asymptotic expansion of G, g(p, M, N) can be de-
rived in the similar way as it has done in Ref. [16] for the
second derivative of the partition function with twisted
boundary condition (see Eq. (18) in Ref. [16]). Following
along the same line as in Ref. [16] we can obtain for the
asymptotic expansion of G, 4(p, M, N) the following ex-
pression:

©o ©o © © o

FIG. 4. The (p) dependence of finite-size correction term ¢, for
the resistance between two maximally separated nodes on a M
X N resistor network with the free (solid lines), toroidal (dashed
lines), and cylindrical (dot-dashed lines) boundary conditions: (a)
for é=1 and (b) for £=4.
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0

28
G plpr ML) = lln N+~
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f e(x)dx+Cr+21In2-2 1n|0a73(i)\§)|}

1/ a &> 0, (INE) #g Q,, y
+2< a)\+)\2a>\2)ln A(inD) ‘ S) ﬁR K2 (iNd), (A5)

where S= MN, é&=M/N, Cg is the Euler constant, 7(7) is
the Dedekind-# function

77(7_) — em’r/lZH [1 _ e2ﬂn-i7-n]’ (A6)

n=1

K2 +2(T) is Kronecker’s double series (Appendix D) and
0, ﬁ(T) is elliptic theta function (Appendix C).
The differential operators {),, that have appeared here can
be expressed via coefficients w2p—82p+)\2p o as

Qz = a)z,
Qy=w,+303 7 . (A7)

The function ¢(x) is defined as

o(0) = fl) =~ - ——. (A8)
mT—X

Thus, the [J@(x)dx depend on the boundary conditions
and given by

& 2
J o(x)dx==1+21In——1In(1+p)
0 ar

+ P =—arctan \f'; for free b.c., (A9)

K 2
f e(x)dx=21In—=1In(1 +p) for periodic b.c.,
O W

(A10)

m 2
f o(x)dx=21In——In(1 + p) —
o

2 I
—=arctan \Vp
0 \p

for cylindrical b.c.. (A11)

0&,,3(Z’ T)

We are interested in the asymptotic expansion of

Goplp, M, N) with (a,8)=(0,3) and (3,0).

APPENDIX B: RELATION BETWEEN MOMENTS
AND CUMULANTS

Moments Z, and cumulants F; which enters the expansion
of exponent

exXp 2 Fk —1+2 Zk

k=1 k!
are related to each other as [29]

Zl Fl’
Z,=F,+Fj,
Zy=Fy+3F\F,+ F;,

Zy=Fy+4F \Fy+3F3+6FF,+F | |

] (L B

k' il

where summation is over all positive numbers {i,...i,} and
different positive numbers {k;,...,k,} such that ki,
+ ...tk .=k

APPENDIX C: ELLIPTIC THETA FUNCTIONS

In this appendix we gather all the definitions and proper-
ties of the Jacobi’s #-functions and Kronecker’s double se-
ries needed in this paper. We adopt the following definition
of the elliptic 6-functions:

. 1 2 (1 1
:EZexp{mT(n+ 2—a) +2m(n+ Z_a)<z_2+’8>}

1 1 - . . . .
= n(T)eXp{ WiTBg + 2771'(5 - a) (Z - 5 + B)}H [1 - esz(n+a)—27n(z+5)][1 _ e2mf(n+l—a)+2-m(z+ﬁ)] (C1)
n=0
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where B is the Bernoulli polynomial B =a?— a+é and 7(7)
is Dedekind #-function:

77(7_) =em'7-32/21_[ [1 —e

Zﬁim]. (CZ)
n=1
where B,=B5=1/6.
The elliptic 6-functions satisfies the heat equation
1
A OapT) = SOl . (€3)

The relation of the functions 6,4(z,7) with the usual
f-functions 6,(z,7) i=1,...,4 is the following:

b0.0(z, 7) = 04(z,7),
60,12(z,7) = 05(2,7),
0120(z,7) = 04(2,7),
91/2,1/2(2, 7) = 05(2,7).

In this paper we will only need these functions evaluated at
z=0 and 7=i7, is a pure imaginary aspect ratio. To simplify
the notation we will use the shorthand

O, p(iT9) = 0, 5(0,i 7))

0,'(i7'0) = 6,'(0, iTo)

APPENDIX D: KRONECKER’S DOUBLE SERIES

Kronecker’s double series can be defined as [28]

e—2 wi(na+mp)

p!
(= 2mi)?

K*P(r) = - —
P (T) mmneZ (I’l + TI’I’l)p

(m,n)#(0,0)

In this form, however, they cannot be directly applied to our
analysis. In [16] it was shown that Kronecker’s double series
can be written as

o

K;"B(T) = Bl‘f -p E E (n + a)P~te2mmlnta-El (D)
m#0 n=0

The Kronecker’s double series Kg’ﬁ(r) for the cases
(a,8)=(0,0),(0,1/2),(1/2,0),(1/2,1/2) can all be ex-
pressed in terms of the elliptic 6(7) functions only.

Equations for K‘;f(T) with p=2,3,4,5 and other useful
relations for elliptic #-functions and Kronecker’s double se-
ries can be found in Refs. [16-19].

Here we write down the Kronecker’s double series
KO l 2(17'0) and K”2 0(17'0) that have appeared in our
asymptot1c expansmns

. L0 Bhlig)  Bilim) + Gilio)
Ky im) =~ 77&70111 ity) 12 ’
o L 6yim)  Gilim) + B5(imp)

Ky img) =~ 77(?7'01 7(iTy) T 12 ’

PHYSICAL REVIEW E 82, 011125 (2010)

KOM(”’O) { 9%(”'0) 04(170)94(17'0)}
KJ‘/ZO(WO) { 08(17'0) 04(170)02(1'70)},

K i) = L)+ e‘*mm[ himy)

+ Hg(iTo)Bi(iTo)]»

12,0, ;
K¢ (imy) = -

[94(17'0) + 94(17'0)][ 98(17'0)

+ ez‘(im)a;‘(im)] :

(D2)

Note that when 75— we have limits 0,(i7y) — 1, 65(i7)

—1 and 6,(i7y) —2 exp(—?) —0, and Kronecker’s double
series reduce to the Bernoulli polynomials:

lim K$:A(im) = BS,.

TH—°

The case 7,— 0 can be obtained by using Jacobi’s imaginary

transformation of the 6(i7))—functions. In this case
. 1 . 1 . 2

O,(io) = 7=, O5(imo) = 7= and  Oy(img) — =exp(=37,) =0

and the Kronecker’s function can again be reduce to the

Bernoulli polynomials.

APPENDIX E: JACOBI TRANSFORMATION

We also need the behavior of the @ functions, Dedekind’s
n-function and the Kronecker functions Kg}}/z under the Ja-
cobi transformation

T 7 ==1/7. (E1)

The result for the 6 functions and Dedekind’s #-function
when z=0 is given in Ref. [30].

03(7') = (=iD"205(7),
0x(7) = (=i1)"20,(7),
0,(7)=(=in"20,(7),

7(7') = (=i (7). (E2)

The result for the Kronecker functions Kgp” % and K;f’o can
be obtain from the relation between coefficients in Laurent
expansion of the Weierstrass function and Kronecker func-
tions (see Appendix F in [16]) and is given by

KO 12 r) TZPKI/Z O(T)
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KY2O() = PP RS (). (E3)

In particular, in the case of pure imaginary aspect ratio 7
=i7,, the f-functions and Kg’p” 2, K;ﬁ,z’o-functions transforms
under Eq. (E1) as follows:

03(i/70) = 7'(1)/293(i70),

0,(il o) = 702 0,(i o).,

PHYSICAL REVIEW E 82, 011125 (2010)

0,4(il 70) = 75 05(i ).,

il o) = 70> nlimo), (E4)
Kg;}/z(i/ ) = (iTo)széf'o(iTo),

Ky il 70) = (i) 7K, (i), (ES)
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