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By means of the Drinfeld twists, we derive the determinant representations of the
partition functions for the g/(1|1) and gI(2|1) supersymmetric vertex models with
domain wall boundary conditions. In the homogeneous limit, these determinants
degenerate to simple functions. © 2007 American Institute of Physics.
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I. INTRODUCTION

The six-vertex model on a finite square lattice with the so-called domain wall (DW) boundary
condition was first proposed by Korepin in Ref. 1, where recursion relations of the partition
functions of the DW model were derived. In Refs. 2 and 3, it was found that the partition functions
of the DW model can be represented as determinants. Taking the homogeneous limit of the
spectral parameters, Sogo found that the partition function satisfies the Toda differential
equations.4 Then, by using the equations Korepin and Zinn-Justin obtained the bulk free energy of
the system.5 The determinant representations of DW partition functions are useful in solving some
pure mathematical problems, such as the problem of alternating sign matrices.’ By using the
fusion method, Caradoc et al. obtained the determinant expressions of the partition functions for
the spin-k/2 vertex models with the DW boundary conditions.” In Ref. 8, Bleher and Fokin
obtained the large N asymptotics of the DW six-vertex model in the disordered phase.

Supersymmetric integrable models based on superalgebras are important for describing
strongly correlated electronic systems of high 7, superconductivity.%15 In this paper, we investi-
gate the g/(1]1) and gl(2]1) supersymmetric vertex models on an N X N square lattice with DW
boundary conditions. By using the approach of Drinfeld twists,'*'™!? we derive the determinant
representations of the DW partition functions for the two systems. We find that the partition
functions degenerate to simple functions in the homogeneous limit.

The framework of the paper is as follows. In Sec. II, we obtain the determinant representation
of the partition function of the g/(1]|1) vertex model with DW boundary condition. Then, we
derive the homogeneous limit of the partition function. In Sec. III, we solve the gl(2|1) super-
symmetric vertex model with the DW boundary conditions by deriving its DW partition functions
exactly. In Sec. IV, we present some discussions.

Il. g/(1|1) VERTEX MODEL WITH DW BOUNDARY CONDITION

In this section, we study the DW boundary condition for the g/(1]1) vertex model on an N
X N square lattice.

“Electronic mail: syz@maths.uq.edu.au
YElectronic mail: yzz@maths.uq.edu.au
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FIG. 1. Vertex configurations and their Boltzmann weights for the g/(1]1) vertex model.

A. Description of the model

Let V be the two-dimensional irreducible g/(1]1) module and R € End(V® V) the R matrix
associated with this representation. In this paper, we choose the FB (fermion-Boson) grading for
V,ie., [1]=1,[2]=0. The R matrix satisfies the graded Yang-Baxter equation (GYBE)

R5R 3Ry = Ry3R 3R 5, (2.1)

where R;;=R;/(\;,\;) with spectral parameters specified by \;. Explicitly,

cp, 0 0 O
0 apn b12 0
Rip(\\) = 0 b a0 (2.2)
12 ap
0O 0 0 1
where
A=)\, 7
ap=a\,\y) =——""—, bp=b\,\) = >
12 A2 M= Mot 7 12 A2 N
N=N\,—
c=chny) = 22T (23)

N-N+ 7

and 7 is the crossing parameter which could be normalized to 1 in the rational cases we are
considering.

In the following, we study the g/(1|1) six-vertex model on a two-dimensional (2D) N XN
square lattice. At any site of the lattice, there may be a vacuum ¢ or a single fermion p. A vertex
configuration in the lattice is constructed by two nearest particle states in a horizontal line and two
nearest particle states in a vertical line. For the present model, there are altogether six possible
weights corresponding to a vertex configuration. The possible configurations and their correspond-
ing Boltzmann weights w; are given in Fig. 1. One may check that these weights preserve the
fermion numbers. If we assign horizontal lines parameters {\ j} and vertical lines parameters {7},
and let

wi=1, wy=c(\,z2), wz=wy=a(\,z), ws=we=b(\,2), (2.4)

then the Boltzmann weights correspond to the elements of the g/(1]1) R matrix (2.2).
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FIG. 2. DW boundary condition for the g/(1|1) vertex model.

We now propose the g/(1]1) vertex model with DW boundary condition. Similar to Refs. 1
and 3, if the ends of the square lattice satisfy the special boundary condition, that is, the states of
all the left and top ends are vacuum ¢ while the states of all the right and bottom ends are single
fermion p, we then call the boundary condition the DW boundary condition.

A configuration with the DW boundary condition is shown in Fig. 2. In this figure, \; and z;
are parameters associated with the horizontal and vertical lines, respectively. The partition func-
tion for this system is then given by

6
Zy=2 11w, (2.5)
i=1

where the summation is over all possible configurations and n; is the number of configurations
with the Boltzmann weight w;. By means of the R matrix, the partition function may be rewritten
as

N-1 N-1 N N N N
zy=11 p(N—i)H d’(N—j)H Ru\oz) 1 P(j)H b (2.6)
i=0 j=0 k=1 I=1 j=1 =l
Here p; (¢;) stands for the state p (¢) in the ith horizontal (vertical) line.
Following Korepin, we use the transfer matrix to arrange the partition function. Define the
monodromy matrix T;(\;) along the horizontal lines,

TuN) = R oo 20 R vt N zyt) -+ Ri (A z)s<AO\") BW)) (2.7)
KAk kNN ZN) G N2 1 (N s -1 k162 cOv) DOV (k)- .
Therefore, in terms of Ty(\;) the partition function is equal to
N-1 N-1 N N N
Zy= H <1|(N—i)H <O|(N—j)H Tk()\k)H |1>(j)H |0>(i)
i=0 j=0 k=1 j=1 i=1
N-1 N
= [T (1 v-y CODCON) - COMTT 0) - (2.8)
i=0 i=1

Here we have introduced the notation

0 |
|0>=<1), |1>=<0) (2.9)

to denote the particle states ¢ and p, respectively.
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B. Exact solution of the partition function

In this section, we will compute the partition function (2.8) for the g/(1]1) vertex model with
DW boundary conditions by using the Drinfeld twist approach.

Let us remark that even though we believe that Drinfeld twists do exist for all algebras, so far
only those related to A-type (super) algebras and to XYZ model have been explictly
constructed.' !

Let o be any element of the permutation group Sy. We then define the following lower-
triangular matrix:'*

N
Fr.y= > >/ HPZ’[;‘UG)))S(C,U,aU)R‘I’_,,N, (2.10)

oSy Aa(1)" " Xa(N) J=1

where P} has the elements (P{})),,= GOm0y at the kth space with root indices @=1,2, the sum P
is taken over all nondecreasing sequences of the labels ay;),

i) = Oy  if o(i+1) > o(i),

(2.11)
piiv1) > oy if o(i+1) < o(i),
and the c-number function S(c, o, @,) is given by
.
S(e.ova) =exp) 5 X (1= (=Dwho, o 1+ coon) (- (2.12)

I>k=1
In Eq. (2.10), RY,..y is the N-fold R matrix which can be decomposed in terms of elementary R
matrices [Eq. (2.2)] by the decomposition law

R y= R (1 Ry (2.13)

We showed in Ref. 18 that the F matrix is nondegenerate and satisfies the relation

Fa(l...N)(Zg(l), ,ZU(N))R({...N(Zl, vz =F 1z, o2y (2.14)

The nondegeneracy of the F matrix means that its column vectors form a complete basis, which is
called the F basis. The nondegeneracy also ensures that the F' matrix is invertible. The inverse is
given by Ref. 19,

Fily=Fro 1Ay (2.15)
i<j
with
Ay =diag((1+¢;)(1 +¢;),aja;,1) (2.16)
and
N
* EES ~1 a, s
Fry= 2 27 Seoa)Ry . oL PEG. (2.17)
oeSy Ag(1) " Ag(N) Jj=1

Here the sum ™" is taken over all possible a;, which satisfies the following nonincreasing con-
straints:

Ao(i)) S Aoy if oli+1) < ali),

(2.18)
Q(iv1) < 0] if 0'(1 + 1) > (T(l)
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Working in the F basis, the entries of the monodromy matrix (2.7) can be simplified to
symmetric forms; e.g., the lower entry C(\) becomes'”

N
C(N) = Fpp. y\COVFy. .y = 2 b(NZ)E® 4 diag (2a(N,z)),1) ), (2.19)
i=1
where Eg)ﬁ (a, B=1,2;1=1,2,...,N) are generators of the superalgebra g/(1]|1) at the site /. From
Eq. (2.19), one can see that in the F basis all compensating terms (polarization clouds) in the

original expression of C(\) in terms of local generators disappear from C(N).
Applying the F matrix and its inverse to the states [0)(;)® - ®[0)y) and (1] ® -+ @ (1]),
we have

Fl---N|O>(1) ® - ® |O>(N)= |0>(1) @ ® |O>(N),

(2.20)
(U@ - @ U Fi y=w® - 1T Qalz.z) ™
i<j
Substituting Egs. (2.19) and (2.20) into the partition function (2.8), we obtain
N-1 N
Zy= H <1 |(N—i)C(7\1)C(7\2) e CO\N)H |0>(i)
i=0 i=1
N-1 N
= [T (i Frl wFr-nCON) - - COMWFTL WF LT 10) )
i=0 i=1
N-1 N
= H (Za(Zi,Zj))_l H <1 |(N—i)C()\l) T C()\N)H |O>(i)
i<j i=0 i=1
N-1 N
=T QaG ) IT (Uey X 2Y092 0 2 ByOhy, o Nais ooz JEG - E LT 100
i<j i=0 i< <iy "=l
=[Ta ' (ziz)ByNy, - Nz ez, (2.21)
i<j
where
N N
By(\y, ... ,7\N|Zl, caZy) = E sign(o-)H b()\k,Za(k)) H a()\k’zo(l)) =det BUAL{z}),
cesy k=1 I=k+1
(2.22)
with B({\},{z}) being an N X N matrix with elements
a—1
(B({)_\h{g}))aﬂzb()\aszﬁ)]] a()\'y’Z‘B) (223)
y=1

Therefore, the partition function of the gi(1|1) vertex model is given by the following determinant
of the N X N matrix:

zy=[la" (z;,zj)det BUAL{Z}). (2.24)

i<j
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C. Homogeneous limit of the partition function

In this section, we discuss the homogeneous limit, i.e., when \|=N,=---=Ay and z,=2,
=---=zy, of the partition function (2.24).
For later convenience, we rewrite the inhomogeneous partition function more explicitly as

-7+
Zy= H A

i<j ZiT%j
b(\1,z1) b(\y,z) b(\y,zy)
b(\y,z1)a(Ny,zy) T b(N\y,z)a(Ny,20) T b(\y,zy)a(Ny,zy)
X : : : : :
N-1 N-1 N-1
bvz) [T ain,z) o bz [T ah,z) - bz T alh,.zy)
y=1 y=1 y=1
(2.25)
It is easy to check that in the limit A; —X,A\,—\,...,Ay— A\, we have
N
=zt a(\,z oa(lhz a(lz
P | i) y (.1) : (.k) ‘ (.N) ’
i<j % = N4+ m : : : : :
a7 'hzy) @ Nz o a2y
(2.26)

where a(\,z;) stands for the kth power of a(\,z;). For the homogeneous limit of the parameters
Z;, we first compute the limit z, — z; =z. Taylor expanding the second column as z,—z,

a*(\,zp) = d"(\,2) + (A" (\,2)) (23— 2) + O((z, - 2)2),

where X, X", and X stand for the 1st, 2nd and nth order derivatives of X with respect to the
parameter z, respectively, and subtracting the first column from the second, Eq. (2.26) becomes

2 N
22+ 7 =2+ 7 U U
femcoll (2] 1 22at ey
=\ 27 ) sz \N=zd ) Ga M=ty
a(\, a(\,z))’ a(\, oo a(h,
(: 2 (a( :z)) ( :Zs) : ( :ZN) (2.27)
a2 @'(N2) @V Nzy) o @V ()

Then, Taylor expanding the third column as z3—z,

d"(\,z3) =a*(\,2) + (@*(\,2)) (z3— 2) + %(a"(h,z))”(@ 22+ 0((z3 - 2)*),

and subtracting multiples of previous columns, we obtain
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N N
ZN=(—277)3H<Z—Z,-+77>3H Zi_Zj+77< U )31—[ U

=\ 2=Zj ) Sima =% \N—z+ ) iy N-zi+ 7
1 0 0 1 e 1
a(>§,z) (a(k.,z))’ (a(7\‘,z))” a(7\.,Z4) N a(\,zy) (2.28)
aN_l.(NZ) (aN_l(.NZ))’ (aN_l(.)\,Z))" aN_l('NZ4) a"'(\.zy)

Continuing with such process, we obtain, instead of the determinant of the N X N matrix, the
following determinant of the (N—1) X (N—1) matrix for the partition function:

N- (a\2)"  (a\2)" - (a(\z)D
— i ipN
ZN=—( D7 b2 : : : : (2.29)

T : : : :
i= U @'(\2)" (@ '(N2)" - (@ (N zy) YD

To simplify the determinant in Eq. (2.29) further, we investigate its elements. Computing
(a/(\,z))™, we obtain

n k-1
(@(\2)" =2 £l (G- Da™*(\,2), (2.30)
k=1 =0

where f; are functions of {(a(\,z))”} (I=1,...,n) and are independent of j in Eq. (2.30). One can
easily obtain f; for the first and last terms,

fi=@n))™,  f,=((a\z2))". (2.31)

Thus, by means of the properties of determinants, the partition function of the g/(1|1) vertex
model is simplified to the following function:

_ 2?:11"[9 NV N-1, 2
. Nfl (,A’Z)) [T i@ ) PP = (b)Y (2.32)
Hi=2 i! i=2

lil. g/(2]1) VERTEX MODEL WITH DW BOUNDARY CONDITION
A. Description of the model

Let R € End(V®V) be the R matrix associated with the three-dimensional (3D) irreducible
gl(2|1) module. Choosing the FFB (fermion-fermion-Boson) grading for V, i.e., [1]=[2]=1, [3]
=0, then the R matrix reads

¢, 0 0 0 0 0 0 0 0
0 a, 0 -b, 0 0 0 0 0
0 0 a, 0 0 0 b, 0 0
0 b, 0 a, 0 0 0 0 0
RoAA)=| 0 0 0 0 ¢, 0 0 0 0|, (3.1)
0 0 0 0 0 ap, 0 by O
0 0 b, 0 0 0 a, 0 0
0 0 0 0 0 by, 0 ap0
O 0 0 0 0 0 0 0 1

which satisfies the GYBE [Eq. (2.1)]. Here ay,, b5, and cy, are the same as those given in the
previous section. The basis vectors |0), [1), and |2) of the 3D gl(2|1) representation are given by
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FIG. 3. Vertex configurations of the g/(2]1) vertex model and their Boltzmann weights.

0 1 0
oy=10], |n=|0] [20={1]. (3.2)
I 0 0

Now we consider the gl(2|1) 15-vertex model on an NXN square lattice. Excluding the
double occupancy, there are three possible electronic states, i.e., up spin |, down spin |, and
vacuum ¢, at each site of the lattice. For this model, the configuration of the vertex is decided by
the electronic states around it. Corresponding to the g/(2|1) invariance, there are altogether 15
possible configurations, which preserve the fermion numbers and spins, with nonzero Boltzmann
weights. They are shown in Fig. 3. The Boltzmann weights associated with the vertices are given
by the elements of the R matrix (3.1),

wp= 1’ W2=W3=C()\’Z)’ Wgq= """ =W9=a()\7z)’
(3.3)
wio= " =wi3=b(N2), wip=wis=-b(\2).

The gl(2]1) supersymmetric vertex model with DW boundary condition is defined as follows.
At the left and top ends, all electrons are in vacuum states, while at the right and bottom ends,
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FIG. 4. DW boundary condition for the g/(2|1) vertex model.

there are P down spin states (corresponding to the 1st—Pth lines) and N—P up spin states [cor-
responding to the (P+1)th—Nth lines]. The boundary condition is shown in Fig. 4. The DW
partition function of the g/(2|1) vertex model is given by

P-1 P-1 N-1
Zy=2, Hw i=]1 T<N_,>H Lp ,>H b H Hsz(xk,z;)H L) H Tml_[ b

i=0 k=1 I=1 j=1 Jj=P+1 i=1
P-1 P-1 N-1 N P N

= H T(N_,)H i(P-,)H ¢(N—1)H T(\) H 1o 11 T(,)H b

j=1 Jj=P+1 i=1

P-1 P-1

=11 1oen I Lipopy CoN) o GNP C N pyy) - CI(AN)H b (3.4)
i=0 j=0 i=1

where n; is the number of configurations with the weights w; and Ty(\;) is the monodromy matrix
along the horizontal lines and is defined by

TN = R vNo i) Rivet (N 2vet) =« Ry 1 (Mg 21)
AN AN Bi(\y)
= [Ax(\) An(N) B(N) | . (3.5)
Ci\) C(N) DN [y

Similar to the gI(1]1) vertex model case, the partition function (3.4) can be computed by using the
approach of Drinfeld twists, as can be seen in the next section.

B. Exact solution of the partition function

We now compute the partition function (3.4) using the Drinfeld twist method. The F matrix
for this case is still defined by Eq. (2.10), except that now a=1,2,3. The inverse of the F matrix
is given by

F_ N_Fl Nl_.[ Azj ’ (36)
i<j
with
Au—dlag(4au Jji» jtaaﬂ’ Ua4azjajl7a/i7aij’aij71)- (37)
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Working in the F basis, the lower entries C; and C, of the monodromy matrix (3.5) are
simplified to symmetry forms, that is, they can be written as"

N

Co(N) = 2 b\ Z)E ®;4, diag(a(N,z)),2a(\,z)),1) ), (3.8)
i=1

N
Ci(\) = 2 b(NZ)E( @ 1, diag(2a(N.z).a(\,2)(alz,2)) ™ 1))
i=1

. EN) a(\,z)b(\,2)b(z;,2;))

E(li,)zE(zjf®k¢i,j(2a()\,Zk),a()\,zk)a_l(Zi,Zk),1)(k)~ (3.9)
i#j=1 a(Zi,Zj)

Here E(‘;)ﬁ (a, B=1,2,3;1=1,2,-+-,N) are the generators of g/(2|1) on the Ith vertical line.

In the following we will identify |0), |1), and |2) with the vacuum ¢, spin-up T, and spin-down
| states, respectively. Note that under the action of F the state |0)(1) @ ® |O><N) is invariant, that
is,

Fr.p0)) ® ==+ @ [0} =[0)1) ® ==+ @ [O)qw). (3.10)
Thus, substituting Egs. (3.8)—(3.10) into the partition function (3.4), we obtain

P-1 P-1

N
Zy= H <1|(N—i)H <2|(P—j)C2(7\1) Tt C2(7\P)C1(7\P+1) e Cl(}\N)H |0>(i)
i=0 j=0 i=1

P-1 P-1 N
= 1_([) <1|(N—i)1_£ <2|(P—j)FI-1~~N52()\1) T 52()\P)51()\P+1) T 51@1\/)11 |O>(i)
= J= i=
P-1 P-1 P N N
= X > I alaIl <2|(P—j)FT-1~NH Eij) I1 E(l,i)H 10}
i<+ <ip ipp<...<iy =0 j=0 Jj=1 j=P+1 =0
P N
x PP N=PN-PeDRT T T a(\zi)det Bp({Ny, . hphfzi, ooz )
k=1 I=P+1

X det BN—P({)\P-f-l’ e ,)\N}’{Zil’+l’ e ,Zl'N})

P N
= X > I1 (za(zik’zi]))_l I1 (20(21',(,21',))_]6({5})
i< <ip iy <t <iy [>k=1 [>k=P+1
P N
X 2P(P+1)/2+(N_P)(N_P+l)/21_[ H Cl()\k,zil)det BP({)\l’ e ,)\P},{Zil, .. ’ZiP})
k=1 I=P+1
X det BN—P({)\P+1’ e ’)\N}’{Zip.H’ e ,Zl‘N}), (31 1)

where {i;,...,ipt N {ips1s....i,t=@ and By, ({\}.{z}) is an M X M matrix with elements

a—1

(BM({)_\}9{§}))QB = b(hwzﬁ) H a()\y’zﬁ)' (3.12)
y=1

In Eq. (3.11), the function G({z}) is defined by



023504-11  Supersymmetric vertex models with DW boundary conditions J. Math. Phys. 48, 023504 (2007)

P N
G({z}) = H (20(25,{725,)) H (Za(zik’zil))<1|(N)'"<1|(P+1)<2|(P)'”<2|(1)
I>k=1 I>k=P+1

1 23 23 1213
XFINE(ZI) E E

(ips1) IN)

0}ty 10) - (3.13)

Using the matrix FT.I. v defined by Egs. (2.15)-(2.18), one may simplify G({z}) as follows:

P N
G({Z})= H (2a(zik’zil)) H (za(Zik,Zi,))
I>k=1 [>k=P+1

31 31 32 32
X (0l Ol EQy - Edpan Edpy -+ Edhy 20 S(e,0at,)

oeS,

ol 1 23
XRU(I N)P(O'(l)) ’ (U((Il\’v)HA E(ll) E E(1P+]) E(1N|O>(1 |0>(N)

P N N
=11 II a'Gz.2) H a(z,z) ™" 11 a(z,z)™
k=1 [=P+1 k>1=1 k>1=P+1

31 31 32 32
X <0|(N) cc <0|(1)E(N) te E(P+1)E(P) te E(l) E S(C,O', ag)

oeSy

23
><Rg(1 wEG i E(m.) Ep)l0y -+ 10}

P N
=11 H a(z,2) H (2az.z) ™" 11 Qalz;,z)™!
k=1 lI=P+1 k>I=1 k>I=P+1
X E (- )Slgn(U (g mig)=(1,.. N))S(c o, )(Ra'(l N))gluszgaml ay (3.14)

ogeSy

where a=1 or 2, the subscribes of « are indices of space, sign(a)=1 if o is odd, and sign(o)
=0 if o is even.

The procedure of computing the homogeneous limit is similar to that for the g/(1]1) vertex
model. Here we only give the results. In the homogeneous limit, i.e., when A;=---=Ay=N\ and
71="+=zy=2, the partition function (3.11) becomes

Zy=@n NGO GO dim X X 6. (319

By using the decomposition law (2.13), the R matrix R” in Eq. (3.14) can be decomposed to
elementary R matrices. In the homogeneous limit, the elements of the elementary R matrix can be
tended to

R(z.2)y=R(z.2h=-1, Rz} 1=R@z25=-1, R(z213=R(z23=0. (3.16)
Therefore, for the last factor in Eq. (3.15) involving G({z}), one may easily obtain

P N
im X X Glh= tim X X IIII a'.z)=CF,

LIV <o iy <<y U INTT <o iy <o +<iy k=1 =P+
(3.17)
where C}, is the combinatorial number.

In summary, in the homogeneous limit the DW partition function Zy is

Zy = Cha(n\,2) PV (b(N,2)) P+ =P (3.18)
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It is easily seen that when P=0 or P=N, the DW partition function of the g/(2|1) vertex
model reduces to that of the g/(1|1) vertex model, confirming a statement made in Ref. 24 on DW
partition functions of vertex models based on A,-type algebras. However, when P#0, N, one
obtains new partition functions of the true g/(2|1) supersymmetric vertex model with DW bound-
ary conditions.

IV. CONCLUSION AND DISCUSSION

In this paper, we have proposed the g/(1|1) and gl(2|1) supersymmetric vertex models with
the so-called DW boundary conditions. The DW partition functions of the models have been
computed by means of the approach of the Drinfeld twists. We have found that in the homoge-
neous limit, the partition functions degenerate to simple functions. For the 2D square g/(2|1)
lattice model, we note here that the definition of the DW boundary condition is not unique. For the
other cases, by using the same procedure, one may find that their partition functions are similar
with those in this paper.

We have demonstrated, by working out the DW gI(1]1) and g/(2|1) supersymmetric vertex
models as examples, that by means of the Drinfeld twist method, one can actually derive directly,
rather than conjecture a formula and then verify it as usually done, the determinant representations
of DW partition functions.

It is widely known that determinant representations of partition functions are closely related to
some pure mathematical problems, such as algebraic combinations and tilings of the Aztec
diamond.” In our further work, we will study the mathematical problems arising from the
present models. The results in this paper will also be useful for simplifying the correlation func-
tions of the supersymmetric #-J model obtained in Ref. 23 and for further studying physical
properties of the model.
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