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Abstract. The Lax pair for the one-dimensional Hubbard spin chain with open boundary
conditions (BC) is explicitly constructed and two different kinds of bound&mmatrices
compatible with the integrability of the model are obtained. Our construction provides an
alternative and direct demonstration for the quantum integrability of the model and it is found
that the model is related to a class of commuting transfer matrices of an equivalent coupled
asymmetric six-vertex model with open BC. Our results show that the chemical potential term
is indeed nontrivial for the underlying algebraic structure of the model.

1. Introduction

In the last decade, much attention has been spent studying strongly correlated electronic
systems [1-8]. It has been found that those models, such as the one-dimensional (1D)
Hubbard model, the supersymmetrid model and 1D Bariev model, etc exhibit different
physical behaviour and possess different algebraic structures [2,5,9, 10] underlying the
integrability.

On the other hand, Sklyanin [11] showed that there is a variant of the usual formalism
of the quantum inverse scattering method (QISM) [12, 13] which can be used to describe
systems on the finite interval with independent boundary conditions (BC) on each end.
Central to his approach is the introduction of a new algebraic structure called the reflection
equations (RE), which guarantee the integrability of systems with open BC. Although
Sklyanin’s argument was carried out only for thRe and T invariant R-matrices, and
Mezincescu and Nepomechi [14] extended Sklyanin formulism to the caB& éfivariant
R-matrices, it is now known that the formulism may be extended to apply to any chains
integrable by the quanturR-matrix approach [15].

As is well known, the traditional basis for applying the QISM to a completely integrable
system is to represent the equations of motion of the system into Lax form. Following
Izergin and Korepin [16], one may show that for a system with periodic BC, the existence
of the quantumR-matrix allows one to express the original equations of motion in the Lax
form. Meanwhile the explicit forms of Lax pairs for some physically important models
have been given by many literatures [17-19]. A natural problem is that there must exist a
variant of the usual Lax formulation to describe completely integrable quantum lattice spin
chains with open BC [20-22]. The aim of this paper is to present an explicit construction
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of the Lax pair for the Hubbard model with a chemical potential term [23-25]. As a further
result, we obtain its two kinds of boundaky-matrices compatible with the integrability of

the model. Those seem to contribute the different boundary terms in the Hamiltonian of the
model. We found that the model is related to a class of commuting transfer matrices of an
equivalent coupled asymmetric six-vertex model with open BC.

The outline of the present paper is as follows. In section 2, we recall the Lax pair
formulation of the QISM for spin chains with open BC. In section 3, the 1D Hubbard
model with chemical potential and its equivalent spin chain with open BC are introduced.
In section 4, the Lax pair for the open chain are explicitly constructed and corresponding
boundaryK -matrices are obtained. Finally, section 5 is devoted to the conclusion.

2. Lax pair formulation

Let us first recall the Lax pair formulation of the QISM for completely integrable lattice
spin open chains. We consider an operator version of an auxiliary linear problem:

¢]+1=LJ(M)®] j:1,2,...,N

d .

E(DJZMJ(M)(D] ]=2,3,,N (1)
4 iy = M (u)® 4 = My(u)®

E N+1 = MN41(U)P N1 E 1= M1(Uu)®P1.

WhereL;(u), M;(u), My4+1 andM1(u) are the matrices depending on the spectral parameter
u, which does not depend on time and dynamical variables. Evidently, the consistency
conditions for equation (1) yield the following Lax equations:

d
&L_,-(u) =M 1(u)Lj(u) — Lj(u)M;(u) j=23 ..., N-1

d

ELN(M) = Myy1(u)Ly(u) — Ly@)My (u) 2
d

ELl(“) = Mz(u)L1(u) — L1(u) M1(u).

If the equations of motion of the system can be expressed in the form of equation (2),
provided the boundark-matrices exist as the solutions of equations (5) and (6) below,
then we insist that the lattice spin chain with open BC is completely integrable. In fact, it
is readily shown from equation (2) that the transfer matrix

T(u) = Tr(K ()T () K_ ()T~ (—u)) ®3)
does not depend on time. WheFgu) is the monodromy matrix

Tw)=Lyu)...Li(u). 4)
This only requires that the boundakj-matrices satisfy the following constraint conditions:

K_(u)M1(—u) = M1(u)K_(u) (5)
and

Tr(K1 )My 1) Ay ) = Tr(K 4 () Ay @) My11(~u)) (6)
where

Ay(u) = Ly(u) - Li@)K_@) L7 (—u) ... Ly (—u).
This implies that the system possesses an infinite number of conserved quantities.
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3. The model

Let us consider the 1D Hubbard model with open BC determined by the Hamiltonian

N-1 N N
H=-Y"Y (af a5 +aiaj1) = U (s — Dy — D+ > (njs—3)
j=1 s i j=1 =

j=1
+p+@Cnyy =D+ p_(2n1y — D) +q4Cnyy — D +q-2ny, — 1. (7)

Here p. andqg. are the constants describing the boundary effect. The boundary terms in the
Hamiltonian equation (7) are specially chosen, and only related to the diagonal bodhdary
matrices.U is the coupling constant describing Coulomb interaction and the chemical
potential.ajt andaj, are creation and annihilation operators with spins=¢ or |) at site
jandnj, = a_;ajs is the density operator. They satisfy the anticommutation relations
ais,arg} ={at,at,} =0
lajs. apy} = {af,. af, ) -

{ajx, a]?r:/} = (Sjjrgmf.

Applying the Jordan—Wigner transformation which relates fermion operators and spin
operators,

j—1
+ _ i }: + - i }: +— | .+
a;, = exp(m 0, 0y )exp(m T )rj
1=1 =1

wheres andt are two species of Pauli matrices, they commute each other, we obtain the
Hamiltonian of a spin model which is equivalent to the Hubbard model (7):

N-1 N N

- Y ez M :

H=- E (oj:loj +ho+ (0 —1)— 2 E o T + 5 E (o] +17)
j=1 =1 =1

+p+of + p-1f + g0y +q-Ty. 9)

In the caseU = 0 andu = 0, this Hamiltonian reduces to a pair of uncoupléd open
chains. Thus, the original problem reduces to the study of two identical Heiseitierg
spin chains with open BC coupled each other.

For our purpose, let us now recall some basic results for the model with periodic BC.
In [25] it was shown that the two-dimensional (2D) covering model, consisting of two
couple asymmetric six-vertex models, provides a one-parameter family of transfer matrices
commuting with the Hamiltonian of the 1D Hubbard spin chain with periodic BC. The
transfer matrix is the trace of the monodromy matffig:) equation (4), i.e.

T(u) = Tro Lyo(u)Ly—_10() ... L1o(u). (10)
where
Liow) = LYW @ L")l j=1.....N (11)
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with
h o h
Ih= cosh5 + 0§71 smhE
and
1 1 -
- s(ayr +by)+ 5(ar — by)o? co;
L,(' )(u):(z + + %r + +/%j 1 _J; B ) (12)
co; sla-+b-)— 3(a- b_)aj
with
ay byia_:b_ic=¢cosu:E tsinu: & Tcosu : Esinu: 1l
co
&= M u = 2tang
C0oSpB cosu
2.2 2 2
U= ¢ sinhz = -~ sinh .
aio a_o_

Note thatZ " (u) has the same form a&|” (u) with 7’s replacingo’s. The parameteh
controls the strength of the interlayer interactions. The local monodromy nigifi® acts
in the tensor product of the physical spate and the auxiliary spack, (= C?® C?), and
the trace as well as the matrix products are carried out in the auxiliary 3fpace

A completely integrable model exhibits an infinite number of conserved currents
commuting with each other. The explicit expression for the conserved currents may be
obtained by an expansion of the transfer matrix in the power. dks was shown by Zhou
et al [19], the equations of motion derived from the Hamiltonian of the 1D Hubbard spin
chain with periodic BC may be cast into the Lax formulation. For our convenience, we
may show that. and M take the form:

€O, (HPL()) 0.t o P.()) ehafff
L) = ®+(j)rj+ e"e,L()HP-()) efhffj_ff o, ®_(j) (13)
! 0 DL()) et e'e_(HPyj  O-()1
ehdfff Uj+‘1>—(j) 9—(1')f;r eO_(jHd_())
where
04 (j) = W1+ Waof @, (j) = W1+ Wor!
O_(j) = W3 — Wao; Q_(j) = W3 — Wat/
with
W1+ Wy = £ cosu Wi — W, = £ Lsinu
W3+ Wa = £ cosu W3 — Ws = £ sinu
and
Bj (_E-» 1) N aE(T‘i» ‘Cjil) aE(Oﬂlis Ujil) _0 3
M; (1) = OéE(‘L'J:l, Tj+) Bj(zs 2) 0 (XF(GJ«__l, Uj_) (14)
(xE(oj_l, o; ) 0 B;(3,3) ocF(tj_l, T; )
0 aF(aj*', ajtl) aF(t], rjtl) B;(4,4)
where

Bi(Ll)=v—ip+ ip+(c7j+aj__l + rj’Lrj__l) +ik_ (oj_af_l + rj_r;’_l)

Bi(2,2)=—v+ ip+oj+cr]:1 + ip,rjftjtl + i/c,ajfojtl + i/c+tj+tj:1
B;(3,3)=—v+ ip_aj_ajtl + i,o+rj+rj__l + ix+oj+oj__l + i/c_rj_rjtl

Bi(4 & =v+ip+ip_(o; 0" + 171"y Fiy (oo, + 17 ,)
E(@,y) = (éx+e "t 1y), F(w,y) = (€ 'z + €&y
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with
pr=—(1— §]F2 tanu) ke = —(1+ SIZ tanu)

i I + o+ 4+ 4
V= ZU(Z—COSZJ) o= cosu T, Y=0;,0_90T ,T_;.

4. Lax pair and boundary K-matrix

In order to construct the matriceédd; () and My 1(u), one needs the following equations
of motion

d . U
Eaf’ =i (02*'of - Eaf’rf +2pio) + ,uaf)

d a U
—oyN =i (01(,0;;_1 — oyt + 29408 + y,a;,r)

dr 2
d . . U _ _ _
Eal_ =—i (oz_ai — 50 i +2py0oq + oy ) (15)
d _ . _ Uu _ _ _
4o = —i (‘71%101\/—1 - Eafo, +2g.0y + ,uGN>
&af = 2i(al+02_ - 2+‘71_) Eo,f, = 2i(a;a;_l — ‘71301;1‘_—1)
and
d d
PR A C Ry gl S ) (16)

yielded by the Hamiltoniari9).
Noting that the bulk part of9) coincides with the counterpart of the periodic chain.
From equation (2), we can explicitly construct

Di(,1) M_z; M o 0
_ N,rl+ D1(2,2) 0 Ajoq
Ma(u) = Nyoj 0 Di(3.3) A1, (17)
O B_;'_O'f B_Tf D1(49 4)

with

2i _ .
Di(1,1) = ————(pyoj o + poty ) —ipw+v
cou
2i

D.(4,4) = @(lhrdfﬁf +p_tf)+ip+v
2i _ _
D1(2,2) = —m(mol Uf — p,tfrl )—v
2i _ _
D1(3,3) = E(P-&-Ufal —P-T7 Tf_) -V
My = ; (€" cosu — e"2p, sinu) Ny = & (e cosu + € 2p.. sinu)
=7 cofu * =7 cofu *
iE _ gt T _
Ay = (e”" cosu — €'2p, sinu) By (€" cosu — e"2p, sinu)

co2u T cou
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and
Dy(L1) N1ty Ny 0
| M pbv22 0 Byoy
MN+1(M) = M_/‘_G; 0 Dy(@3,3) B/—TIG (18)
0 Aof Aty Dy44
with

2i _ _ .
Dy(1,1) = —@(0#71 of +q-t ) —ip+v

2i . I
Dy(4,4) = m(‘ﬂ% 0y +q-1 )+t
2i _ _
Dy(2,2) = _E(éhal af’ — q,rf'rl )—v
2i _ _
DN(3, 3) = @(q+o—fo—l — q_fl Tf_) —V
M. = i(eh cosu — € "2g, sinu) N/ = L (e cosu + €2 sinu)
=7 cofu 1= £ cou 7+
A, = s (e cosu — €'2q. sinu) B, = E(e” cosu + € "2q, sinu)
=7 cou * =7 cou 1= '

Thus, we have obtained the Lax pair for 1D Hubbard spin open chain. This also gives a
straightforward proof of the integrability of the model.

We now proceed to study the constraint conditions equations (5)@ntb find the
boundaryK -matrix K... Let

Ki(1,1) 0 0 0
3 0 K+(2,2) 0 0
Kailu) = 0 0 Ki(3,3) 0 (19)
0 0 0 Ki(4,4)

Substituting(17) and(19) into equation (5), one obtains 16 equations. By tedious algebraic
calculation we obtain only two different kinds of solutions as follows.
Case l: Ifp, =p_=¢_

g'(e”" cosu + €'2¢_ sinu)

K@D = oo i simey K01
_ E'(e7" cosu + €'2¢_sinu)
K_(3,3) = £ (6 cosu — e-h2¢_sinu) K_(1L1 (20)
_ E(e"cosu +e"2¢_sinu)
KG9 = £(e~h cosu — €'2¢_ sinu) K-22).
Casell: Ifp, =—p_=1¢_
_ &'(e7" cosu — €'2¢_sinu)
K-e2= £(€" cosu + eh2¢_ sinu) K-@LD
_ &'(e" cosu + €'2¢_sinu)
K_(3,3) = £(eh cosu — e-"27_ sinu) K_(1,1) (21)
4 —h H
K_(4.4) = £/ (" cosu + e"2¢_ smu)K_(Z 2,

E(e~h cosu — €12¢_sinu)

Where £’(u) = &(—u). From those equation& _(u) shall be given in the following
expressions.
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Case |
K_(1,1) = »_coS(u + B)(€" cosu — €' 2¢_ sinu) (" cosu — e7"2¢_ sinu)
K_(4,4) = »_coS(u — B)(€" cosu + € "2¢_ sinu)(e™" cosu + €'2¢_ sinu)
K_(2,2) = »_codu — B) codu + B)(€" cosu + €'2¢_ sinu)(e™" cosu — €'2¢_ sinu)
K_(3,3) = »_cou — B) cou + B)(e”" cosu + €'2¢_ sinu)(e™" cosu — €'2¢_ sinu).
(22)
Case Il
K_(1,1) = A_cof(u + B)(€" cosu + e "2¢_ sinu) (€' cosu — e "2¢_ sinu)
K_(4,4) = »_coS(u — B)(e" cosu + e"2¢_ sinu) (e cosu — e"2¢_ sinu)
K_(2,2) = »_cosu — B) coSu + B)(€" cosu — €'2¢_ sinu)(e" cosu — e"2¢_ sinu)
K_(3,3) = A_coSu — B) coSu + B)(€”" cosu + €' 2¢_ sinu) (e cosu + €"2¢_ sinu).
(23)
Here¢_ andA_ are arbitrary constants describing the boundary effect.
In order to determin& , (1), one notes that
An@) = Ly)Ay-1(u)Ly*(—u) (24)

obviously, the matrix elements ofy_; are independent of each other and commute with

matrix elements of.y (u). Therefore one can assume that the corresponding coefficients of

the matrix elements ofiy_1(«) are equal on both sides of equation (6). It follows that:
Case l: Ifg. =qg_ =1¢4

£(e7" sinu — €'2¢, cosu)

kK+22 = &'(e sinu + e "2¢, cosu) K+ D
£(e™" sinu — €'2¢, cosu)
= 25
k@339 £/(€ sinu + e"2¢, cosu) K@ (25)
_ E(€!'sinu —e7"2¢, cosu)
Ko 4= £'(e " sinu + €27, cosu) K+ 2)
_ E(e"sinu + €'2¢, cosu)
k+22= £/(€" sinu — e "2, cosu) K+
£(e7" sinu — €'2¢, cosu)
= 2
K+G3) & (e" sinu + e~"2¢, cosu) K+@ D (26)
i ah
K. (4 ) = £(e! sinu — e "2¢, cosu) K.2.2),

&'(e" sinu + €2¢, cosu)
Thus K, (u) can be expressed as follows.
Case |
K.(1,1) = A, coS(u — B)(e" sinu + €'2¢, cosu) (€ sinu + €727, cosu)
K. (4,4) =i, co(u+ B) (€ sinu—e"2¢, cosu)(e™" sinu — €2z, cosu)
K. (2,2) = A cosu — B) cosu + B)(€ " sinu + €'2¢, cosu)(e™" sinu — €'2¢,. cosu)
K, (3,3) = A, cosu — B) cou + B)(€ " sinu + €'2¢, cosu)(e™" sinu — €'2¢, cosu).
(27)
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Case I

K. (1,1) = A, coS(u — B)(€" sinu 4+ e"2¢, cosu) (€' sinu — €72, cosu)

K. (4,4) = » co(u + B)(€" sinu + e "2¢, cosu)(€" sinu — e"2¢, cosu)

K. (2,2) = A cosu + B) cosu — B)(€ " sinu + €'2¢, cosu)(€" sinu + "2z, cosu)

K, (3,3) = A, cosu + B) coqu — B)(€ " sinu — €'2¢, cosu)(€" sinu — e "¢, cosu).
(28)

Wherei, and¢, are also arbitrary constants describing the boundary effect. Here we note
that K, (u) cannot be obtained from an isomorphism of matriégs(u) and K_(«). But

the K. («) matrices indeed describe the independent BC on each end compatible with the
integrability of the model and provide the different boundary terms in the Hamiltaiman
and(9). We can show that the Hamiltonia®) is related to the transfer matrix(u) (3) in

the following way

t(u) = Ciu + Cou® + C3(H + constantu® + - - -

hereC; (i =1, 2,...) are some scalar functions of boundary constant@ndg.. We wish
to stress that although we have not succeeded in findingkthe [26], which involve the
chemical potentiak, to Yang—Baxter relation:

1 2 2 1
Roo(uy, up) T(u)T (u2)=T (u2)T (u1) Rio(uz, uy) (29)

where

1 2
X=X Q®idy, X=idy, ®X X € EndV)

for a special 2D statistical model generated by the local monodromy m@att)x we have
shown that the model with both periodic and open BC are completely integrable. We may
conjecture that th&-matrix does not possess the crossing unitary.

5. Conclusion

We have presented the Lax pair formulation for 1D Hubbard spin chain with open BC
with chemical potential. The explicit form of the Lax pair and two kinds of boundary

K -matrices compatible with the integrability of the model have been obtained. Those seem
to be nontrivial to derive the Bethe ansatz equations from either the algebraic or analytical
Bethe ansatz approach. It shows that the model is related to a class of commuting transfer
matrices of an equivalent coupled asymmetric six-vertex spin chain with open BC which
can be considered as the generating function of an infinite number of conserved quantities.
Thus, theL-operator(11) provided a natural description for the model. To conclude, we
wish to point out that the isomorphism between the associative algebras defined by the
reflection equations satisfied by, is induced by the crossing symmetry enjoyed by the
guantumR-matrix as well as the monodromy matrix. However, this symmetry does not
always exist. This model provides an explicit description of such a situation

Acknowledgments

The auther X-WG would like to thank Professor Zhou for his helpful discussions. This
work was supported in part by the National Science Foundation of China.



Lax pair formulation for 1D Hubbard open chain 4169

References

(1]

(2]
(3]
(4]
(5]
(6]
(7]
(8]
(9]

(20]

(11]
(12]
(13]
(14]
(15]
(16]
(17]
(18]
(19]
[20]
(21]
[22]
(23]
[24]
[25]
[26]

Shasty B S 1986Phys. Rev. Let56 1529

Shasty B S 1986Phys. Rev. Letts6 2453

Frahm H and Korepi V E 1991Phys. RevB 43 5653

Essle F H L, Korepin V E and Schoutens K 1992hys. Rev. Lett8 2960

Schlotmann P 199Phys. Rev. Let68 1916

Essleg F H L andKorepin V E 1992Phys. RevB 46 9147

Karnaukha | N 1994 Phys. Rev. Letr3 11 340

Bracken A J, Gould M D, Link J R and Zham Y Z 1995Phys. Rev. Let{r4 2768

Bariev R Z 1991J. Phys. A: Math. Ger24 L919

Klumper A and Barie R E Exact thermodynamics of the Hubbard chain: Free energy and correlation length
Preprint

Shiroishi M and Wadati M 1993. Phys. Soc. Japa64 57

Shiroishi M and Wadati M 1993. Phys. Soc. Japaf4 4598

Sklyann E K 1988J. Phys. A: Math. Ger21 2375

Faddeg L D 1984 Les Houches 1988d J B Zuber and R Stora (Amsterdam: North-Holland)

Kulish P P and Sklyani E K 1982Lecture Notes in Physiosol 151 (Berlin: Springer) p 61

Mezincescu L and NepomeicR | 1991 J. Phys. A: Math. Ger24 L17

Zhou H QPreprint CQU-TH-95-12

Izergin A G and Korepin V E 1982Sov. J. Part. Nucl13 207

Sogo K and Wadati M 198Prog. Theor. Phys68 85

Wadati M, Olmedilla E and Akutu Y 1983. Phys. Soc. Japah6 1340

Zhou H Q, Jiag L J and Tang J G 1990. Phys. A: Math. Gern23 213

Zhou H QActa Phys. Sinican press

Guan X W, Torg D M and Zhou H Q 1996. Phys. Soc. JapaB5 in press

Guan X W, Wag M S and Yang S DNucl. Phys.B in press

Takahashi M 197Prog. Theor. Phys47 69

Choy T C 1980Phys. Lett.80A 49

Zhou H Q and Tang T G 198®hys. RevB 8 11915

Shasty B S 1988J. Stat. Phys50 57



