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Twisted Extensions of Spin Models

K. NOMURA
Tokyo Ikashika University, Kounodai, Ichikawa, 272 Japan

Received June 30, 1992; Revised May 5, 1994

Abstract. A spin model is one of the statistical mechanical models which were introduced by V.ER. Jones to
construct invariants of links. In this paper, we give a new construction of spin models of size 4n from a given
spin model of size n. The process is similar to taking tensor product with a spin model of size four, but we add
some sign exchange. This construction also gives symmetric four-weight spin models of the type introduced by
E. Bannai and E. Bannai.
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1 Introduction

A spin model is one of the statistical mechanical models which were introduced by V.FR.
Jones in [9] in connection with his invariant ‘Jones polynomial’ [7, 8]. The main importance
of spin models comes from the fact that every spin model gives an invariant of knots and links
through its partition function. Precise explanations about spin models and corresponding
link invariants can be found in [9, 2, 3].

A spin model is essentially an n x n-matrix W, whose entries W, g are non-zero complex
numbers, such that (fora, 8,y =1,...,n)

> Was _ 0, ifa#8, (1)

@)

The second equation is known as the ‘star-triangle relation’. Remark that W may be non-
symmetric in this paper. Kawagoe-Munemasa-Watatani [13] showed that the symmetric
condition in [9] is not necessary to construct invariants of oriented links.

As easily shown, the tensor product W; ® W of two spin models W, and W, becomes a
spin model. So we can obtain a spin model of size 4n from an arbitrary spin model W by
taking its tensor product with a spin model of size four. In this paper, we show that we can
add some ‘twist’ (sign exchange).

Let W be a spin model of size n. For an n-tuple € = (¢),...,¢,) with ¢, = £1(i =1,
..., n), let W be the matrix whose entries are given as

W(;‘ﬂ=€a6pwq‘ﬂ (a,ﬂ:l’,_.’n).
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Using W and W', construct the following matrices U, V of size 4n:

( w w W -w

s|w owo-woow

=l wo-woow ow
W W W W
wo-w W W

vo|-w oW owoow
woOw W —W
woow W W

Theorem 1 Let W beaspinmodel, andlete = (¢y,...,¢,) withe; =1 (i =1,...,n).
Then both U and V, defined above, become spin models.

Remark We can replace W’ by wW’ in the matrix U of Theorem 1, where w is one of the
4-th roots of unity. Clearly U and V become symmetric if W is symmetric.

When ¢; = +1 ({ = 1, ..., n), these models split into the tensor product of W and the
following spin models:
1 1 -1 -1 1
1 -1 1 -1 1 1
1 - 1’ 1 1 -
-1 1 1 1 1 -1

Otherwise, U and V might possibly give new spin models.

Question. Can one find a new spin model by the above construction of U (or V) starting
from a known spin model W?

2 Lemmas
Theorem 1 is easily obtained from the following two Lemmas.

Lemma 2 Let W and W' be matrices of size n, and let U be the following matrix of
size 4n.

w W W —w
w w W w’
wo-w W w
-W w W W

U=

Then U is a spin model if and only if the following conditions hold (for all «, B, y =
1,...,n)

~ Wox W
—= =0, =~ =0, ifa , 3
Zwﬁ,x 3 ifa# B 3)

—= =
x=1 x=1 Wﬂ-x
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1 Wa,x Wx,ﬂ . Wu.ﬁ

—-— = , @
\/_ W, x WyaWy g
1 W’ ;ﬂ N Wa'ﬂ 5)
f Wyx W, W,
1 Z W W _ W' .f ©
f W’ T WylW
Z WaWi, Wi, )
«/— Wi W,oWys

Lemma3 Let W and W' be matrices of size n, and let V be the following matrix of size 4n.

W W w w
—-w w’ w w
w w W -w
w W -w w’

V =

Then V is a spin model if and only if the following conditions hold (for all o, 8,y =

LR

n n 7

gxﬁﬂ ;3—=° ifa # B, ®)
1 - Wa.x Wx,ﬁ thx B , (9)

N = Wy W’ W’

1 t WexWep _ Wes ’ (10)
n =1 Wy‘x Wy‘a Wy B

__1__ - Wz;,xwx-ﬂ - Wa.ﬂ , (11)
R W, WW

= ——. 12)

3 Proof of Lemmas

First let us prove Lemma 2. The conditions (1), (2) for the matrix U become

U).x

u.x

OT(\, 1) : Z =0 ifA#u,

ka X = UA,u

ST(x, u, v): .
\/ Z Uv X Uv.AUv.u

We write down the above conditions in terms of W and W' for various values of A, p,
v. Put X = {1,...,n}, and identify x € X with (x,00), n + x with (x,01), 2n + x
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with (x, 10) and 3n + x with (x, 11), where the second components 00, 01, 10 and 11
belong to (Z/2Z)%. This group acts by translation on the rows and columns of U, V
and leaves these matrices invariant. Hence it is enough to consider OT and ST for X in

={(x,00)}x=1,...,n}

Now choose arbitrary o, 8, ¥ € X.

First we consider the equations OT(A, i). For ¢, B € X, OT(«, 8) becomes

S St Dt D T -

xeX xeX xeX xeX
Wax
Yot D o
and OT(«, n + B) becomes
Wox Wox —Wax
Z War _y~Tex =g (14)
xeX ﬂx xeX B
Also OT(«, 2n + B8) becomes
> ‘”+}: UL Z Z:—W‘;—'*=o, (15)
S Wee W Wﬂx i Wax
and OT(«, 3n + B) becomes
Z Z Z +y Was _g (16)
xeX Wﬂx xeX Wﬁx xeX Wﬂx sex Wax

Remark that (15) and (16) always hold. If OT(A, w) holds for all A, u with A # u, then
(13) and (14) hold for all «, 8 € X with & % 8, so we get (3). Conversely, if (3) holds for
all o, B € X witha # B, then (13) and (14) hold for & # B. Since (14) holds also for
o= B, we get OT (&, ) forall A, p with A # wu.

Next we consider ST(A, i, v). ST(w, B, y) becomes

Z Wa‘;wx,ﬁ +Z Wa,xwx,ﬁ +Z Wtix, x.pB
xeX y.x xeX WV x xeX WV»X
vy (Wad W) 2 /aWag
xeX =W, Wy.aWy.ﬂ

Wa.x Wx.ﬂ _ 2«/ﬁWa‘ﬂ

2 = :
Z WVJ Wy'a Wy.ﬂ

xeX
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this coincides with (4). ST(«, 8, 2n + y) becomes

Wa‘xWx.ﬂ Wa.x Wx.ﬂ Wé.x /,ﬁ
Z w’ + Z (=W ) + Z W, -
xeX Y xeX v.x xeX VX
+Z (=Wo ) (=W, 5) _ 2/nWyp
xeX WV"‘ W}/'va W)l’-ﬂ
i.e.
22 W(’X.XW;,ﬂ - Zﬁwaﬁ
o W WyaW, .5
this is (5). ST(«, 2n + B, ¥) becomes
Z Wa,xwx,,p + Z Wa.x(_W;‘ﬂ) + Z Wé“xwx,ﬂ
xeX Wy'x xeX WV»I xeX W),'-X
oy HaWey _ 200,
S WO WaWy
ie.
22 W‘;'IWX,ﬁ _ ZﬁW;‘ﬂ
xeX W)I'X Wy_a W},’»ﬂ
this is (6). ST(«, 2n + B, 2n + y) becomes
Z Wa,xW;,ﬁ +Z Wa.x(—W;.ﬂ) + Z W&.xwx-ﬂ
xeX W)"J xeX (= W)l’x) xeX WY-‘
(—Wé‘x)Wx‘,g _ 2\/;Wt;,ﬂ
xeX WV"‘ W)’/.a WY-ﬂ ,

ie.
33 WasWyp _ 2AWe,
Wi x W, «Wys

xeX

177

this is (7). Thus, if ST(A, i, v) holds for all &, , v, then W and W’ satisfy (4), (5), (6), (7).
For the proof of the converse, we must show ST(A, u, v) for all A, &, v. We may assume
A € X by the above remark on (Z/2Z)?-symmetry. Moreover if we perform a 01-translation
on u, this amounts to change of the sign of W, g, W, 5, W, ; whenever these matrices appear
in ST(X, w, v). Itis easy to see that these changes of sign do not modify the four equations
given above. A similar argument can be applied to a O1-translation on v, and clearly using

these translations we may reduce all the remaining cases to the above four cases.

Let us now prove Lemma 3. Observe that V can be obtained from U by performing a
10-translation on the columns, and can also be obtained from U by 10-translation on the
rows. Thus if we proceed as in the proof of Lemma 2 (with the same notations), we shall
obtain OT(A, u) for V from OT(A, u) for U by permuting the summands in the left-hand
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side, and this yields the same equation (3) (i.e. (8)). Similarly, the left-hand sides of the
four cases of ST(A, u, v) are the same for U and for V up to permutation of terms. The
right-hand sides are easily seen to be those of (9)-(12). Finally the symmetry arguments
used for U can also be applied to V.

4 Spin models coming from Hadamard matrices

We have constructed new spin models from Hadamard graphs [14]. Let H be a Hadamard
matrix of order n = 4m, i.e. an n x n-matrix with 1 entries such that H‘H =nl. Let A
be the Potts model of size #;

A=(@a-bl+blJ,

where J denotes the n x n-matrix with all entries 1, and a, b are complex numbers such
that

2__ A
1+(n—-186’

where 6 is one of the roots of § + 6! + n — 2 = 0. Using H and A, construct the
following matrix;

a b =ab,

A A wH —owH
A A -oH wH
oH —o'H A A ’
-o'H o'H A A

Wy =

where w denotes one of the 4-th roots of unity. As shown in [14], the above matrix becomes
a symmetric spin model.

The partition function of the above model was obtained by F. Jaeger. At first he proved
that the partition function does not depend on the choice of the Hadamard matrix H [4],
and secondly he obtained an explicit formula [S]. In fact, the partition function for a link L
can be written in terms of Jones polynomials [7] of sublinks of L.

The link invariant associated with the above model is somewhat stronger than Jones
polynomial. In fact, Jones [12] constructed a pair (L, L) of two links which can be
distinguished by the above invariant but not by the Jones polynomial. In the construction,
he used his recent method of commuting transfer matrices [11].

Jones informed us [12] that the above invariant is similar to the invariant given by Rolfsen
[15]. In fact, Rolfsen’s invariant and our invariant are the same for links having at most two
components, and so the examples of links given in [6] also give examples of links which
are distinguished by our invariant but not by the Jones polynomial.

Here we give a variation of Lemma 2 which covers the above spin model Wy.

Lemma 4 Let W and W' be matrices of size n, and let U be the following matrix of size
4n.
w w W —-w
w w o -w w’
! WI ! W/ W W
-t WI t W/ w w

U=
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Then U is a spin model if and only if the conditions (17)-(24) hold (for all «, B, y =
i,...,n);

. _
_1_ & Wa,xwx,ﬂ - Wa.ﬁ (18)
nio o Wy, Wy oW, '
_1_ - Wc;.xw,;,x - Wa.ﬂ (19)
ﬁ x=1 Wy.x W‘;v)’Wé-)’ ’
L t WesWep _ Wap 20)
neE W WyaWyp'
) i @)
va = WL Wer Wyp’
s Z WesWpe  Wpa 22)
ﬁ x=1 W;'.x Wf/.a Wy.ﬂ’
a i WiaWes _ Wha 23
ﬁ x=1 W;-r Wy‘aWt’,‘y'
1< WiaWep Wy 24)

VT W WaW,

Proof: We shall proceed as in the proof of Lemma 2. A 01-translation on the columns
corresponds as before to a change of sign of W’. But now a simultaneous 10-translation on
rows and columns amounts to the transposition of W', and similarly for 11-translations. So
provided we close our set of equations by transposition of W', we can restrict our attention
to the same cases studied for Lemma 2 by applying the same symmetry arguments. We
get (17) as we got (3) in Lemma 2 (transposing W’ in the second equation yields an
equivalent equation). We also obtain (18), (19), (20), (21) from the proof of (4), (5), (6),
(7) by transposing suitable occurrences of W'. Then (22), (23), (24) are obtained from (19),
(20), (21) by transposition of every occurrence of W'. u]

In [14], we proved that the matrix Wy given above becomes a spin model. Here we give
an alternating proof of this fact by using Lemma 4. The matrix U in Lemma 4 becomes
Wy for W = A, W = wH. We would like to show that the matrices W and W’ satisfy
(17)~(24). We may assume w = 1 since all equations are invariant under multiplication
of W by w. Since W = A is a spin mode! and since W' = H is a Hadamard matrix, the
equations (17) and (18) are clearly satisfied.

Let us prove (19). If & = B, then the left hand side of (19) becomes

1 1 I 1 n-1
Lhs. = — - - :
° ﬁzAx ﬁ(a+ b )

xex Y

and the right hand side becomes r.h.s. = A, g = a, so (19) holds by our choice of a and b.
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Now fix «, B € X with ¢ % 8. We partition X = {1, ..., n} into two subsets X and X _:

Xy ={xeX| Ha,xHﬂ,x =+1},
={x e X | HaxHpx =—1}.

Since H is a Hadamard matrix, we have |[X,| = |X_| =n/2 and X = X, U X_. The left
hand side of (19) becomes

HotxHﬂx HotxHﬁx
Lhs. = — ) —=B< ™ Z

xeXy xEX

S-Sl

1 1 1
Z Ay.x - ﬁ Z_ Ay.x.

xeXy

When y € X, this becomes

1 1 n 1 n 1 1 11
lhs. = —= (-4 {2 -1)~== - =—(-=--}),
° Jn (a + (2 )b 2 b) n (a b)

and the right hand side of (19) becomes

A
rhs. = _Lleb
Ha.yHﬂ.V

So (19) holds. The above computation also works well in the case y € X_ (in this case
signs of both sides are changed).
Let us prove (20). If « = y, then (20) becomes

1 1
7—;(a+ (n—=1b)= =

50 (20) holds. Now fix o, y € X with o # y. We partition X into subsets X, and X_:
Xe={xeX|Hy:H, = =xl}.

The left hand side of (20) becomes

Lhs. = Z A)t s Z Ax B

xeX+ xeX

When 8 € X, this becomes (1/+/f)(a — b), and the right hand side becomes 5™}, so (20)
holds. In the same way, we can show (20) when 8 € X _.

The proof of (21) is the same as that of proof (20), but in this case X are defined with
respect to B and y. Now the proof of (19), (20) and (21) also gives a proof of (24), (23)
and (22), since the transpose of W' = H is also a Hadamard matrix.
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5 Symmetric four-weight spin models

E. Bannai and E. Bannai [1] introduced four-weight spin models, which generalize the
ordinary spin models given by Jones. In this section, we describe a relation between our
construction and four-weight spin models.

A four-weight spin model is defined in [ 1] as follows. Let X be a set of n elements, and w;
(i =1,2,3,4) be functions on X x X to the complex numbers, Then (X, wy, wy, w3, wy)
is a four-weight spin mode] if the following conditions are satisfied (for all &, 8, ¥ € X):

@) wila, Hwi(B, o) =1, wy(a, BHwye(B, o) =1,

(i) 3 ex Wi, V)walx, B) =ndap, I cx Wala, X)walx, B) = ndgp,
(iii) ﬁ Yorex wile, V)wi(x, Bwaly, x) = wi (e, Bwaly, )wa(y, B),
(i) 2= 3 rex Wi, 0)w1 (B, X)walx, ¥) = wi(B, )wa(et, Y)wa(B, ).

Lemma 5 Let W and W' be symmetric matrices of size n with non-zero complex entries.
Put X ={1,...,n} and define w; (i =1,2,3,4) as

IU](Q, ﬂ) = ;’ﬁ, w3(av ﬁ) = W, )
a.f

wz(a’ ﬂ) = Wa,ﬂ, w4(a, ﬂ) = W ﬂ.

Then (X, wy, wa, wa, wy) is a four-weight spin model if and only if the following matrix V
is a spin model.

W -w w w
-w’ w’ w w
w w W —-w
w v -w w’

V =

Proof: If V is a spin model, Lemma 3 implies

Wa X W(; X
— = nbg.g, —~ = ndy g,
2 W, %%,

1 WerWes  Wop

ﬁ xeX WY-X - W)«a Wy'ﬂ'

Therefore (X, wy, wy, ws, wy) becomes a four-weight spin model.

Conversely, assume (X, wy, wy, w3, wy) is a four-weight spin model. Then conditions
(8) and (10) in Lemma 3 hold. But the conditions (9), (10), (11) and (12) in Lemma 3
are equivalent to each other under the assumption (8) by [1] Theorem 1. So V becomes a
spin model. |

Remark Theorem 1 and Lemma 5 imply a construction of symmetric four-weight spin
models from an ordinary spin model. Moreover we can conclude that every symmetric
four-weight spin model comes from an ordinary symmetric spin model.
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Problem. Give a formula for the partition function of the spin model U, V in Theorem 1,
in terms of the partition function of W.
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