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Abstract

We have rigorously derived the perimeter generating function for the mean-
squared radius of gyration of convex polygons. This function was first
conjectured by Jensen. His nonrigorous result is based on the analysis of
the long series expansions.

PACS numbers: 05.50.+q, 05.70.Jk, 02.10.0x

Jensen [1] derived long series expansions for the perimeter generating functions of the radius
of gyration of various self-avoiding polygons on the square lattice with a convexity constraint.
He used the series to obtain six algebraic exact solutions for the generating functions. In the
special cases of rectangular, Ferrers, pyramid and staircase polygons, the exact solutions are
relatively simple and have been proved rigorously by Lin [2, 3]. Recently the exact solution
for directed convex polygons was also verified by Lin [4]. We shall rigorously prove the last
exact solution conjectured by Jensen for convex polygons in this paper.

The perimeter generating function for the number of self-avoiding polygons on the square
lattice is given by

P(x) =) paz™, )

n=2

where p,, is the number of self-avoiding polygons with perimeter 2n. The anisotropic perimeter
generating function for the number of polygons is defined by

o0 oo
P(x,y) =Y prsx™y™, )

r=1 s=I

where p,  is the number of polygons with horizontal width r and vertical height s.
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Figure 1. A convex polygon bounded by a rectangle. The rectangle is divided into five polygons
where the middle one is a convex polygon and the others are Ferrers polygons.

The generating functions for the area-weighted moments of convex polygons on the square
lattice are defined by

P™(z) = Z 7 [ Zk'"cn,k], (3)
n k

where ¢, ; is the number of polygons with 2n steps and area k. The corresponding anisotropic
generating functions are

P™(x,y) = szfyZS[Zk’"cr,s,k], )
r,s k

where ¢, 1 is the number of polygons with width r, height s and area k. Our definition of
P@ is slightly different from Enting and Guttmann [5]. In their definition, k? is replaced by
k(k—1)/2.

The perimeter generating function for the mean-squared radius of gyration of polygons is
given by [1]

R(z) =) rd, 5)
n=2
where
2n—1
=y Y L = x) (i = y)Pl/2
Q, i,j=0
2n—1 2n—1 2 2n—1 2
=Y[n X een- (o) - (X)) ©
Q j=0 j=0 Jj=0

the symbol €2, means the set of all polygons of perimeter length 2n, and the coordinate of
each vertex j on the polygon is denoted by (x;, y;).

A convex polygon with 2n steps and area k is bounded by an r x s rectangle as shown
in figure 1. The bounding rectangle is divided into five polygons, where the middle one
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is a convex polygon and the others are Ferrers polygons (denoted by A, B, C and D). For
convenience, the area of the Ferrers polygon A is also denoted by A, etc.
The Ferrers polygon C as shown in figure 1 is formed from a directed walk with right
or up steps, extended at the starting point with a horizontal step and at the end point with a
vertical step, and then closed by straight lines to form a polygon. Each Ferrers polygon C is
characterized by a set of integers (ay, by, . . ., a, by) such that the directed walk starts with
a; right steps, followed by b,, up steps, etc. We define
C*(@a,b) =aj(by+---+by)* +ay(by + - +by_1)> +- - +a,b?
+bi(ar+---+ay) +by(ay + - +an_ 1)+ +bpat. (7)
For each convex polygon, it can be shown that [3]
2n—1 2n—1 2 2n—1 2 5
wy () - (L) (X)) =X ®
j=0 j=0 j=0 m=1
where
_ 20,2
& =n"(n"+2)/3,
g =—2n*(A+B+C+ D),
g3 =2(A+B+C+ D)
g4 =2n(A*+B*+C* + DY),
gs=—2[(A+B)*+(C+D)*+(A+C)*+ (B +D)].
The contribution of g, to the radius of gyration generating function is denoted by R (z) and

we have
5

R() =) RY(2). ©)
j=1
It follows from
zd 2
S pm 10
PP nz (10)
that
R = S et 4230, = | L (2L) 22 (224 | pe (an
9L P =130x) T3 24 <
Similarly it follows from
A+B+C+D=rs—k (12)
that
d\*[xy 92 z d\*
RPp=—2(22) |22 _pg, 2(2=) PY@). 3
) (2 @) aane] 2 @. (13)
It follows from
(A+B+C+D)?=r>s>—2rsk +k? (14)
that
: = —— —— x,y)—4|l=-— )| =z=— X, .
¢ 2 0x 2 dy Y 2 0x 2 dy Y ¢
x=y=z
(15)
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The perimeter generating function for convex polygons was first derived by Delest and
Viennot [6] using the method of algebraic language, and later by several authors using different
methods [7-9]:

Y1 — 672 +11z* — 478 478
P(z):z( Z Z z)_ Z . (16)
(] _ 4Z2)2 (1 _ 4Z2)3/2
The corresponding anisotropic generating function was derived by Lin and Chang [9]:
X2 2 ()C, ) 4.X4 4
P,y = 200 (17)

A2 A3/2°
where
f=1- 3()(2 + y2) +3x* + 3y4 + 5x2y2 — (x2 + yz)()c4 + y4) — xzyz()c2 — y2)2,
A=1-2x2—2y+ 2=y

Based on series expansions, Enting and Guttmann [5] obtained two generating functions
for the area weighted moments of the number of convex polygons:

) _ (1= 1222 +502 — 7620 +422° — 48210+ 32217 42
(1 —4z2) (1 — 42232
M N
1 - 422)6 + a1- 422)9/2’

P

(18)

PO —

19)

where

M =z* —162° + 1722° — 11162'° + 40627'* — 83047
+10160z'® — 7872z'% + 3840z%° — 1024272,

N = —54z% +3127'° — 6487 + 624z'* — 24076

These conjectures were confirmed by Lin [10, 11] who also derived the anisotropic generation

function

X2y2T . 4xt 1 — (2 — y))?2

PO, y) = —5 x5 , (20)
where
T =1—6x2+y)+15x*+y*) +20x2y% — 20(x® + y®) — 18(x*y? + x%y*)
+1503 + %) — 8(x®y? + x2y%) + 28x*y* — 6(x'0 + y10)
+22(x3y2 + 228 — 400yt + x*y0) + x 12 4+ y12 — 12(x1%9% + x2y10)
=58yt xty®) +64x0y° + 2(x 12y + x2y12) + 18(x 10yt + x*y10)
—20(x%y% + x6y8) +20x 2yt xty!) — 8(x10y0 + x0y10) 4 12488,
Substituting the above expressions into equations (11), (13) and (15), we get
4
RO(z) = (1251212)6 ‘o EZ:ZGZ)IH/T @1
where
Fi =4 — 6327 +6967" — 40222° + 14 160z® — 298247'° + 3456072 — 168967',
Gy = —48 +3817% — 1494z* +28727° — 22007%. 22)

328F, 16z8G,

(@) —
KO =032 T a—ay

4



J. Phys. A: Math. Theor. 43 (2010) 265001 K Y Lin

||

Figure 2. A convex polygon divided into a pyramid polygon on top of another upside-down
pyramid polygon.

where
F, = —24 +2267% — 10237* +26847° — 40807% + 32647'° — 102472,
G, = 40 — 30522 + 1174z — 252820 + 279278 — 11767, 23)
478F 478G
RO = = h CEN
(1—4z2)6 (1 — 472112
where

Fy =77 — 810z% + 3772z — 100722 + 16 132z% — 149887'" + 65682'% + 9127'% — 57671°,
Gs = —75 + 6487> — 2528z* +55847° — 724078 + 51207'° — 144072

We define a generating function R(K) which generates convex polygons with perimeter
2n and weight K. It follows from the rotational symmetry of square lattice that

R(A*) = R(B*) = R(C*) = R(D*) = R, (24)
R[(A+B)* 1= R[(C+D)* ] =R[(A+C)* ] =R[(B+ D)’ 1 =R7?. (25

Consequently, we have

3

R® =47—R©, (26)
0z

R® — _gRD. 27)

We use the method of Lin and Chang [9] to derive R‘® and R. Each convex polygon
can be uniquely divided into a pyramid polygon on top of a directed convex polygon. There
are three possibilities: pyramid polygon, a pyramid polygon on top of another upside-down
pyramid polygon (see figure 2) and a pyramid polygon on top of a directed convex polygon (see
figure 3). The perimeter generating function of convex polygons is [9]

[e.¢] oo oo
Px.y) =G 3)+ Y Y Gromn(x, )X " Gu(x,y)
r=1 m=1 n=1
oo [o.¢] oo
+2) 03 Gran@ )X Hypan (3, 3), (28)
r=1 m=1 n=0
where G is the generating function of pyramid polygons, G,, is the generating function of
pyramid polygons with width m and H,, is the generating function of directed convex polygons
whose width at top is m.



J. Phys. A: Math. Theor. 43 (2010) 265001 K Y Lin

|

]

Figure 3. A convex polygon divided into a pyramid polygon on top of a directed convex polygon.
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Figure 4. The upside-down pyramid polygon as shown in figure 2 has the width m. The convex
polygon is bounded by a minimum rectangle and the distance between the upside-down pyramid
polygon and the vertical boundary of the rectangle is denoted by 7.

We use the method of Lin and Chang to calculate the contribution of each category of
convex polygons to R©® = R(B*). The contribution of pyramid polygons is zero since
A* = B* = 0. The contribution S of convex polygons shown in figure 2 can be calculated
as follows. Consider a convex polygon such that the upside-down pyramid has the width
m, height h, weights b and b* (figure 4). The weight B* of the whole convex polygon (one
pyramid polygon on top of an upside-down pyramid polygon) is

B* = b* +2nb + n*h + nh®. (29)

It follows from the above equation that

oo 0 o0

$S1=> 33 Gronm@z " [GF) +20GP +n*D, Gy + nD}G, ]

r=1 m=1 n=1

(30)

x=y=z’

where
_23
y = 55
G'8)(z) and G®)(z) generate pyramid polygons with perimeter 2n and weights B* and B,
respectively, such that the width of polygons is m.
Similarly the contribution of convex polygons shown in figure 3 is
[o.¢] oo oo

$2=3 .02 Grn@z " H L))

r=1 m=1 n=0

o0 o0 o0
+ 2 D Guan@z " [HE) +2nH ) + 0’ Dy Hvy + D} Hyin ]

r=0 m=1 n=1

3D

x=y=z'
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The generating functions G®), G, HA" | H(B) and HE") have been calculated by Lin [11]
recently. We use Mathmatica to carry out calculation and the results are

278(6 — 4277 + 115z% — 17425 + 14478 — 32719)

RO =8 +85, =
1+ (142
278(—5 + 2477 — 46z* + 56z° — 24z%)
+ (32)
(1 — 472)%2
and
d 162824 — 18622 + 690z* — 1678z° + 254478 — 201620 + 512712
R®(g) = 4, L RO = z°( z 2 z z 2 z°)
dz A®
. 1628(—20 + 11022 — 324z* + 668z° — 75278 + 336710)

All/2
The generating function R[(A + B)*] = R can be derived in a similar way and the result is
1628 Fs  167°Gs
A6 + All2
Fs = =20+ 21022 — 973z* + 2575z° — 407728 + 37957'° — 1706x'% — 228x'* + 1447'°,
Gs = 19 — 16327 + 631z* — 1388z° + 1800z® — 1304z'" + 36072,

RO(z) = —8RD = (33)

5
R(z) =Y RY(2)

j=1
_2z%(1 —22%)(4 — 5527 +388z* — 10582° + 9562° + 2064x'% — 65922'% + 6400z'*)
- (1 —4z2)°
4z8(15 +227% — 408z* + 1664z° — 3720z% + 34567'0)
_ , (34)
(1 _ 4Z2)11/2

which was first conjectured by Jensen [1].
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