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Abstract. The one-dimensional Hubbard model with open boundary conditions is exactly solved
by means of the algebraic Bethe ansatz. The eigenvalue of the transfer matrix and the energy
spectrum, as well as the Bethe ansatz equations, are obtained.

1. Introduction

The one-dimensional (1D) Hubbard model has been one of the most fundamental and
favoured integrable models in non-perturbative quantum field theory. It exhibits on-site
Coulomb interaction and correlated hopping which might possibly reveal a promising role
in understanding the mystery of high-7; superconductivity. Since Lieb and Wu [1], in 1968,
solved the 1D Hubbard model with periodic boundary conditions (BC) using the coordinate
Bethe ansatz, there has been a great deal of work devoted to the study of this model. A
remarkable step was performed by Shastry [2] who showed that the Hamiltonian of the
1D Hubbard periodic chain commutes with a one-parameter family of transfer matrices
of an equivalent coupled symmetric XY spin chain and who also gave a direct proof of
the integrability of the model by presenting the quantum R-matrix. Later on, Wadati and
coworkers [3, 4] further studied its integrability in terms of the quantum inverse scattering
method (QISM) [5,6]. Very recently, Martins and Ramos [7] proposed a useful way of solving
the eigenvalue problem of the transfer matrix of the 1D Hubbard model with periodic BC by
means of the algebraic Beth ansatz. Their approach provides us with a unified way to solve a
wide class of Hubbard-like models [8,9] by the algebraic Bethe ansatz.

On the other hand, in recent years, there has been much interest in the study of the quantum
integrable systems with open BC, i.e., the systems of finite interval with independent BC on
each end. The presence of the boundary fields which lead to a pure back scattering on each
end of the quantum chain and the exhibition of the quantum group symmetry by special choice
of the boundary parameters endow the system with rich physical properties [10-12] from a
thermodynamical point of view. A systematic approach to handle the open BC for 1D integrable
quantum chains was proposed by Sklyanin [13]. A further extension of Sklyanin’s formalism
to deal with a more general class of models associated with Lie (super) algebras was proposed
by Mezincescu and Nepomechie [14]. The graded version of the boundary QISM was worked
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outin[15,16]. We also remark that the coordinate Bethe ansatz for the 1D Hubbard model with
integrable BC was studied in [19]. At present, though there are several authors [15, 17-19]
who have studied the open BC for the 1D Hubbard model, the algebraic Bethe ansatz solution
has not yet been achieved. Actually, the diagonalization of the transfer matrix which provide
us with the spectrum of all conserved charges should be more essential in studying the finite-
temperature properties of the integrable models [20,21] than diagonalization of the underlying
Hamiltonian. But, as we know, the reflection equations for the 1D Hubbard model are much
more involved and the quantum R-matrix does not have the additive property that makes it
difficult to build up the necessary commutation rules among the diagonal and creation fields.
In this paper, we intend to generalize Sklyanin’s formalism to solve the 1D Hubbard model
with open BC. The eigenvalue of the transfer matrix and Bethe ansatz equations for the model
is given. Itis found that the model exhibits a hidden XXX spin open chain which plays a crucial
role in solving the model.

This paper is organized as follows. In section 2, we shall recall the main results about open
BC for the 1D Hubbard model in order to introduce the notation which is used in this paper.
In section 3, we perform the algebraic Bethe ansatz approach for the model. In section 4, we
formulate the nested algebraic Bethe ansatz for the hidden XXX quantum spin open chain and
present our main results. Section 5 is devoted to the conclusions.

2. The 1D Hubbard model with boundary fields

Letus consider the 1D Hubbard model with boundary fields determined by the Hamiltonian [15,
17,18]

N-1 N

H==Y"Y (a,,a+d,ai)+U> (njp—Hmnj — 1)
j=1 s j=1

+p2 Qi — 1)+ p-Qnyy — D) +q.Qnyy — 1) +q-Qny, — D). @1

Here py and g. are the free boundary parameters characterizing the boundary fields. The

coupling U describes the on-site Coulomb interaction and a;.s and aj, are creation and

annihilation operators with spins (s =% or |,) at site j satisfying the anti-commutation relations

{aje.apy} ={aj, aly} =0 (2.2)
{aje aly ) =88, (2.3)
andnj; = a}sa s 18 the density operator. The Lax operator is given [3,4] by
—eh(”)fmTfu —firaj iaj fy - ie"Wajpay,
co=| T e e, s 2.4)
ai, fiy e "Waja;, e e fiy gjraj,
—ie"ajyai,ajgy iginay,  —e"gjayy
where
fis =sinu — (sinu —icosu)n js 8js = cosu — (cosu +isinu)n j.
With the grading P(1) = P(4) =0, P(2) = P(3) = 1 and the constraint condition
sinh 2/ (1) _ g 2.5)

sin 2u 4
the Lax operator (2.4) satisfies the graded Yang—Baxter algebra

Rus, v) T () T ) =T () T @)Ruz(ut, v) 2.6)
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where the monodromy matrix 7 («) is defined by

Tw)=LyWw)...L1(u) 2.7)
and

71' ) =Tw) I 72' w)=1x;7u). 2.8)
here ®; is the super direct product

[A®; Blug.ps = (—D)IF@+POIPE o B

For our convenience in practical calculation, we display the associated quantum R 2 (u, v)-
matrix in the appendix. One may show that R, (u, v) enjoys the following graded reflection
equations (RE) [18]:

1 2 2 1
Riz(u, v) K_ (u)Ra1(v, —u) K_ (v) =K_ (v)Ri2(u, —v) K_ (w)Ra1(—v, —u) 2.9

_ 1 _ 2
RS2 (v, ) KU ()RS (—u, v) K5© (v)
2

2_ _ 1 _
= K52 ()RS (v, u) KU ()R3YS? (—u, —v) (2.10)
which ensure the integrability of the model (2.1), provided that
K1) 0 0 0
_ 0 K21 (u) 0 0
Ki(u) = 0 0 K3, () 0 @2.11)
0 0 0 K44 (u)
where p, = p_ =§_/2
K1_(u) = r_(e™"™ cosu — e"™&_sinu)(e"™ cosu — e " W¢_ sinu)
K2_(u) = r_(e™"™ cosu +e"™&_sinu)(e™™ cosu — " sinu) 2.12)
K3_(u) = r_(e7"™ cosu +e"™&_sinu)(e™™ cosu — e"™E_ sinu) '
K4_(u) = A_("™ cosu + e "™g_sinu)(e™™ cosu +e"@g_ sinu)
and g, =q- =§./2
K1) = 2", cosu + €™ sinu)(e"™é, cosu + e sin u)
K2, () = 2 (e"™E, cosu + e 7" sinu) (" ™E, cosu — e "™ sinu) 2.13)

K3, (u) = A€, cosu + e sinu) ("™, cosu — e ™" sin u)
K4, (u) = 2(€" ™, cosu — e sinu) (e " ™¢, cosu — "™ sin u).

Here A and & are arbitrary constants describing boundary effects. St, stands for the inverse
of the supertransposition in the space a. The supertransposition is defined by

(Aij)St — (_1)[P(l)+1]P(])Ajl

We would like to remark that Zhou [15] first gave the boundary K -matrices equivalent to (2.12)
and (2.13) in terms of QISM. Consequently, using Lax pair formulation, the authors of [17]
presented two classes of boundary K-matrices, leading to four possible boundary terms in
the 1D Hubbard open chain Hamiltonian, while Shiroishi and Wadati [18] studied the open
BC for the model in terms of the graded version of QISM and also presented two classes of
the solutions to the graded RE. The second solution to the graded RE (2.9) and (2.10) permits
the boundary fields with p, = —p_ and g, = —g_ corresponding to magnetic boundary
fields (see [15, 17, 18]). In this paper, we restrict ourselves to studying the chemical boundary
fields (2.12) and (2.13) based on the consideration that this kind of BC will bring us a simpler
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boundary K -matrix for the hidden XXX open chain. For other kinds of BC, of course, we may
treat them in a similar way. It is found that the Hamiltonian (2.1) is related to the double-row
monodromy matrix

T(u) = Stro K. (u)T W) K _(u)T " (—u) (2.14)
in the following way:

() = cru + cau’ + c3(H + const)u® + - - - (2.15)

where ¢;, i = 1,...,4, are some scalar functions of boundary parameters. Stry denotes the
supertrace carried out in auxiliary space vy.

3. Algebraic Bethe ansatz approach

According to the algebraic Bethe ansatz, let us first choose the standard ferromagnetic
pseudovacuum state |0);

10); = ((1)) ®s <(1)> 3.1)

as a highest vector, which corresponds to the doubly occupied state. Following the notation
introduced in [22], we define the monodromy matrix 7 (u) as

Bw) Bi(w) Bx(u) F(u)

_ Ciw) Apn) Apwm) E(w)
TW=" N cw Anw Anw) Ew 3-2)

Csu) Ca(w) Cs@w) D)

Bw) Biw) Byw) Fu)

1 | Ciw) Au@) Ap() Ei(u)
TCO=1 0w Aw) Anw) Exw) 3)

Cs3(w) Caqw) Cs@m) D(u)

and
T w)=TwWK_w)T " (—u)
Bw) Bi(w) Byw) F

_ (6w Anw Apw Eiw | 3.4)

Co(u) An(u) Axn() Ex(u)
Ci(w) Cs(w) Cs(u) D)

It is not difficult to show that 7_ (x) also satisfies the RE (2.9). With 7 (1) and 7! (—u) acting
on the pseudovacuum state

10) = @, 10); (3.5)
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we have the following properties (upon a common factor):
5 _[eosU o N
B@l0) = Bw|o) = [ =@} j0)
sinu

3 N
D()|0) = D(u)|0) = {%ezmm} 0

Aa()|0) = Aga()|0) = |0)

A1 (w)|0) = Az (u)[0) =0

Anp@@)|0) = Ap@@)|0) =0

B,(w)|0) #0 B,(u)|0) #0

E,w(0)#0  E,w)]0)#0

Fu)|0) #0 Fu)|0) #0

Ci()|0) = C;()|0) =0

i=1,...,5 a,b=1,2.
Using the properties (3.6), and the Yang—Baxter algebra

-1 -1

T (wRn—0) T @) =T @Rpw, —0) T  (—u)
and after some algebra, one can obtain
B(w)|0) = W, (u)B(u)B(u)|0)

~ p2(u, —u) — _ —

Aaa@))0) = { P25 BB (u) + Wy (1) Agq () Agg (u) | 10)
p1(u, —u)

= P2 (i, =)\ & _

D =y — | K2_ e Aaa Aaa

(w)[0) {M(u’_u)( (u) mu,_u)); () Aga (1)
P ) BBy + Wi (u)D(u)B(w} 10)
,Ol(u,_u)

B, (u)|0) #0 E,w)|0) #0
A )0y =0 F(u) #0
Ci(u)|0) =0 i=1,...,5 a#b=12

where

W) = 1

Wi ) = — (e=2h) 4 e2h )y sin y cos u(£_e"™ cosu — e~ sin u)
(€2h) cos? u — e=2 sin? i) (E_e~" sin u — @ cos u)

W) = (e=2") 4 e2h )y sin i cos u sin 2u

" cos 2u(e~2hw) cos? y — e2h®) sin? )
(e™"Wg_cosu — "™ sinu)(e"™E_ cosu + e sinu)

(e=h cosu — ehWE_ sinu)(e® cosu — e "WE_sinu)’
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(3.6)

(3.7)

(3.8)
(3.9)

(3.10)

@3.11)
(3.12)
(3.13)

(3.14)

(3.15)

(3.16)

In this paper, for the sake of simplicity of calculation, we take the Boltzmann weight p, = 1.
We also notjce that the operators B, (1), E,(u) and F (u) still play the roles of the creation fields,
otherwise C; (1) are the annihilation fields. Taking into account the following transformations:

Ryw) = Ayl = 2221

,O](M, —M)
N p3(u, —u) - 1L &y
D0 =D — L= B~ ey 2 e ®

(3.17)

(3.18)
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we may express the transfer matrix (2.14) in the following way:
t(u) = Stro K (u)7_(u)

2
= W} u)B(u) + Wi () Z Al () + W, w)D' (u) (3.19)
a=1
where
W) (e~ 2w 4 ¢2h()) gin y cos u sin 2u Fa
u) = u
! cos 2u (e cos? u — e~2"®) sin? i)
(e, sinu — "™ cosu) ("W, sinu — e "™ cosu) (3.20)
(e g, cosu + e sinu)(e"WE, cosu + e~ sinu) ’
W () (e 4 e2h)y gin y cos u Fw
u) = u
2 (e=2h) cos? y — e2h®) sin? i)
("™, cosu — e sinu) ("W, sinu — e "™ cosu) 321
(e~hWE, cosu +eh® sinu) (e"WE, cosu + e sinu) ’
. @ cosu — e sinu)(e"WE, cosu — e sinu) £ 322)
4 (e~"WE, cosu + e"® sin u)(e"®E, cosu + e~ sinu) ’
with
) = e 2V cos?V 4y sin? uK1_(u)K 1, (u). (3.23)

Now we proceed with the key step to build up the necessary commutation relations between
the diagonal and creation fields, respectively. From the RE (2.9) and definition (3.4), after many
substitution steps, we can get the following important commutation relations:

p1(v, u)pio(u, —v)

B(u)B,(v) = B,(v)B(u) +u.t. (3.24)
p1(v, —u)pro(—u, —v)
BB, () = — 2 TPV T BB 4, (3.25)
pg(uv _U)pS(uv U)
ALy By(v) = ~ 20 TP )

o1, —v)po(u, v)
XFiy (—v, =) Bo(0) Al (u) + u.t. (3.26)
p1o(u, —v) p4(—v, —u)
pl(uv U)pl()(v, _u)
) pvi e A(u))} F(—v, —u)
pro(u, —v)
N pe(v, —u)
plo(vv —l/l)
(v, —u) p(—v, —u)
p1o(v, —u) pg(—v, —u)

B, (u) ® By(v) =

{Bc(v) ® By(u)

Fuéi( ® A(v))

[F(v)Bu) — Fu)B(v)] - £ (3.27)

where

E=(0,1,—1,0)

i (A Ap@

A = <A21<u> Azz(”))
1 0 0
0 a(u,—v) b(u,—v)
0 b(u,—-v) a(u,—v)
0 0 0

r(u, —v) = (3.28)

- o O O
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1 0 0 0

_ 10 a(=v,—u) b(=v,—u) 0

r(-v, —u) = 0 b(—v,—u) a(—v,—u) 0 (3.29)
0 0 0 1

with the weights
a(u’ —U) — p3(l/l, _v)p4(uv —U) -1 (330)
,09(“, _U)Plo(uv _U)
b(u,—v) =1—-—a(u, —v) (3.31)
_y — _y — 20y —
T, —u) = ps(=v, —u)pg(—v, —u) + ps(—v, —u) (3.32)

pa(—v, —u)ps(—v, —u)

b(—v, —u) =1 —a(—v, —u). (3.33)
In the commutation relations (3.24)—(3.26), we had to omit all unwanted terms because they
take a large amount of space to display. It turns out that the auxiliary matrices r(u, —v)
and 7(—v, —u) are nothing but the rational R-matrices of an isotropic six-vertex model. The
structure of the auxiliary matrix is very important to solve the Hubbard-like [9,23] models with
open BC that exhibit a similar structure to the auxiliary matrices equations (3.28) and (3.29).
If performing the parametrization introduced in [7,24],

sinx _ CcOs X
e 2h() _ e2h()

— - X =Uu,v (334)
cos x sin x
one may find that
U
a(u, —v) = ——— (3.35)
u+v+U
blu, —v) = —" (3.36)
u+v+U
U
a(—v, —u) = —— 3.37
a(=v, —u) u—v+U ( )
_ u—1v
b(—v, —u) = ————. 3.38
(=v, =) u—v+U ( )

In view of the commutation relation (3.27), the creation operators I§a, Ea do not interwine. So
it is reasonable that the eigenvectors of the transfer matrices are generated only by the creation
operators B, (u) and F(u) or E,(u#) and F(u#). Unfortunately, it seems to be very difficult to
construct the explicit form of the multi-particle vector, even in the case of the Hubbard periodic
chain [7]. But it does have a similar recursive relation as that for the Hubbard periodic chain.
Here we prefer the n-particle vector in a formal form, namely

|<Dn(vl’ ~--7Un)) = ch(vlv van)Fal AAAAA a,,|0> (339)
where the n-particle vector ®,(vy, ..., v,) may be given by a recursive relation
D,(vi, ..., V) = By(v1) ® Oy (v2, ..., V)

+Y [E® Fu)I®u2a(v2. . .. vj1. Vjuts .- )
j=2

xB)g{” (v, ..., vn)

- Z[g ® FD)IPu2(V2, + vy Uity Vst + -5 Un)
j=2

x(I ® A@)h{” | (vr, ..., ). (3.40)

+ The author would like to thank the referee for drawing his attention to [24].
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From the commutation relation (3.27), we can conclude that ®, (v, ..., v,) also satisfies the
symmetry relation
P10V}, —Vj+1)04(—Vj41, —V;)
q)n(vl,...,Uj,vj+1,...,vn): : . / !
P1(j, vis1)p10(Wjs1, —V))

XP, (U1, . Vjst, Uy e e, V) - T(=Vjyr, —V;) (3.41)

based on the following relation:

Vil =V ) o
Mg F(=Vjs1, —))
P1(Vj, vj41)

i 08(Vjs1, —Vj)P6(—Vjs1, —v;)08(—Vj, —Vjs1) oz
P3(—Vjs1, V) 0g(Vj, —Vjr1) Ps(—Vj, —Vj41)

(3.42)

This symmetry, giving a restriction to the functions h;’fl (vy,...,v,) and g;"_), (vi,...,v,),1s
very useful in deducing the coefficients and in simplifying the unwanted terms in the eigenvalue
of the transfer matrix. In fact, after performing three-particle scattering, the explicit form of
these coefficients can be fixed. But checking three-particle scattering is indeed a extremely
tough problem. We had to leave the coefficients to be determined later. Explicitly, we display
the two-particle state:

Ps(V2, —v1)
p1o(va, —v1)

08(v2, —v1) p6(—v2, —V1) Fon B -E. (3.43)
p1o(v2, —v1) pg(—v2, —vy)

In the above expressions, F'*~~“ are the coefficients of an arbitrary linear combination of the
vectors reflecting the ‘spin’ degrees of freedom witha; = 1, 2. § takes on the role of forbidding
two spin up or two spin down at the same site. F () creates a local hole pair with opposite
spins. With the diagonal fields acting on the vector (3.39), we may get phenomenologically

@5 (v1, v2) = By (v1) ® B, (v2) — F)EUI ® A(vy))

= = = p1(vi, w)pro(u, —v;)
Bu)|®,(vy,...,v,)) =B d,(vi, ..., U .t 3.44
@)D, V1, V) (”)Em(vi,—u)plo(—u,—v,»)' W1, v +ut. (3.44)

D' ()| @, (vy, ..., v,)) = D' (u) l_[ —'0723(’”_2:.0)9;;(3’;)“) |, (v1, ..., v)) +u.t. (3.45)

i=1

1 Pa(=vi, —w)pro(u, —v;)

Ay @)@y (v, .. v0)) = AL, ) [ ] ria(i + 005
s h
“ ’ “WETLL e, =) po(u, i) 181
~ ~ \ith ~ ~ € ~ ~ \i2h
Xrip (it — 0 gy T2+ 02)28 ro (it — 2)77 -
~ o~ N8 ~ o~ Ninh
xrp (i + vn)f,ni,n 'rip(it — v,,)i»:f]’,n [P, (vy, ..., vp)) +uLt. (3.46)

It follows that

U = (v, w)pro(u, —v;)
D,(vy,...,u))=31W B
T ) { () B) ,11 p1(vi, —u)pro(—u, —v;)

e AT P71, —vi)po(—vi, —u)
HWew D ,11 po(u, —v;) g (u, v;)

+ zr - _p4(_vi7 _u)pIO(u» _vi)
W2 04 1:! 1t —00) po e, v7)

x| @y (v, ..., V) (3.47)

AW, {ﬁi})}
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provided that

Wi (u)B(u)

1 =-AV@ =79, {5 i=1,...,n. (3.48)
WS A |,
Here ri5(u) = P -r(u) and A (i, {1;}) is the eigenvalue of the nested transfer matrix (3.50),
i.e.,

cO (i (B Fere = AD (@, {i;}) For (3.49)
where

D@, (5] = Tro T @ T (—ih). (3.50)
The nested monodromy matrices 7V (i7) and TO™ (i) are

TO @) = rip@ + 01055 o - rai + 0,y 5 (3.51)

-1 ~ ~ ~ i ~ ~ \ip
TOT (i) = ripi — 0)"™ .. rai — By)h (3.52)

in—1ly’ aly

We would like to emphasize that B(u), D'(u) and A/H(u) are the eigenvalues of the
corresponding diagonal operators acting on the pseudovacuum state, which were given in
equations (3.17)—(3.23). Hereafter much care has to be paid to the differences between the
variables i, v and variables u, v, which we have to adopt on both sides of equation (3.48).
So far, the eigenvalue problem of the 1D Hubbard model with boundaries reduces to solving
the nested auxiliary transfer matrix (3.49) which associates with an inhomogeneous isotropic
six-vertex model with open BC.

4. The nested Bethe ansatz

In this section, we proceed with the diagonalization of the auxiliary transfer matrix (3.50).
Following Sklyanin’s formalism [13], performing the nested Bethe ansatz has not been a
difficult problem so far. It is easy to check that the rj,(u)-matrix satisfies the Yang—Baxter
algebra

1 2 2 1
rip(iy —ia) TV @y, (5:) TV G, (5:)) =TV (o, (5:)) TV (g, {0:))r1a ity — iin)

“.1)
and the reflection equations
1 2
~ ~ 1 ~ ~ ~ 1 ~
ria(iiy — iiy) K (y)ri iy +ii2) K& (it)
2 1
= K (@)l +iin) K (@1)riy — iiz) (4.2)
1 2
ri(iia — i) KV (@)rio(—=ity — it — 2U) KV (iin)
2 1
= K" @)ria(—iy — it — 2U) KV (@1)ripis — iiy). 4.3)

In our case, the K E_Ll )(u) = I. Let us define the nested monodromy matrix

5 _ iy B (7
TG = 7O TV (=) = (2(1)8‘7; g‘”%) (4.4)
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which also satisfies the RE (4.2). Using the main ingredients (4.1)—(4.4) describing the open
BC compatible with the integrability of the model, and following all steps for solving the XXZ
open chain in [13], one can present the following results:

23+ U) ﬁ (G +iy) @ — iy —U)

AT i B DTG D) :{ 2a+U G Tayara o)

=1

l_[b(u +0,)b(i — ;)

2u+U
u+u+20)u —u; + U I

[ i 200G )}|<1>“><u1,{vi}>> 4.5)

—  @—u)@+u+U)
provided that
l—[(uj+v,+U)(uJ—v,+U) H(u,jﬁ,fZl{)(ﬁj~—ﬁ,+U) i=1.....M
i @@ +v;)(@; — v;) wj+u)w; —u —U)

I#J
4.6)

which indeed ensures the cancellation of all unwanted terms in (4.5). Here the ‘spin’ part of
the multi-particle states is given by

1Dy, {5:1) = BV ), ..., BO i) 0y D .7

where M is the number of holes with spin down and # is the total number of holes.
Finally, if we adopt the variables z4 (v;) used in [7], i.e.,

08 v o2h(w) sin v; 2

z-(vi) = 24(v;) = 4.8)

sin v; COS V;

and make a shift on the spin rapidity i; = A —U/2, the eigenvalue of the transfer matrix (2.14)
is given as

()| Pp(v1, ..., v)) = {Wf(u)Wf(u)[Z—(u)]ZN

li[ sin” u(1+2_(v;) /2. () (1 + 1/2_(v;)z+ (1))
cos?u(l — z_(v;)/z— () (1 — 1/z_(v;)z—(u))
sin? u(1 4z (v)z— @) (1 + z_(u) /z_(v;))
cos?u(l — z_(v)z+ () (1 — z, () /z—(v}))

+WS )W, () Z+(u>12”1_[

2w+ U)
u+U
y ﬁ sin” u(1 +z_(v,-)/Z+(u))(1 +1/2-(vi)z. (1))
cos?u(l — z—(vi)/z-W)(1 — 1/z-(v;)z—(u))

Xl—[(u+X, U/2)ii—r —UJ2)
(u—k1+U/2)(u+A,+U/2)

+WS )W, (u )

20 11[ sin? u(1 +z— (v)z— @) (1 +z_(u) /z—(v;))
U i jcos?u(l —z_(v)zs () (1 — z4.(u)/z—(v;))
M@+ +3U/2)0 — & +3U/2)
L it/
e @ —=M+U/22)u+r+U/2)

+WS )W, () %

}|<I>n(v1, cey Up)) 4.9)
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provided that
L@+ 0 — U@ — hy — UJ2)

ir &+ i ED ()N = = = 4.10
£ (i £)¢ (Wi, E) 2 ()] E UG T U) (4.10)
ll[ A+ 0 +U/D0; — 0 +U/2) o G+l + U0y —d+U)
i1 A+ 0 = U2 — 0 — UJ2) i Gj+i—U)j—dy—U)

j=1,...M i=1,....n (4.11)
where

e "Wg, sinu — e"™ cosu
Cu,54) = (4.12)

ety cosu —e"Wginy

If we express the variable z_ (;) in terms of the momenta k; (hole) by z_(u;) = el from the
relation (2.15), the energy is given by

E, =& +& —(N/2—n)U — ) _4cosk;. (4.13)

i=1
Equations (4.9)—(4.13) constitute our main results of this paper. Now let us adopt the
conventional notations, using the momenta k; instead of the charge rapidity v; via the
relation (3.34) and making a scaling on spin rapidity A; as A; = —3 ;. Then the Bethe
equations (4.10) and (4.11) are

M (sink; — A\ — iTU)(sinki + A — iTU)

ki, ki, £_)el*Nki = 4 4 4.14
¢k, 808 K 8-) 111 (sin k; —k/+%)(sinki+k,+%) ( )
ll[(sink,-—Aj—iTU)(sinki+kj—iTU) :lM[ Oj—h+D0os+a+D)
it (sink; — A+ Yy(sink; + 45 + 'Y i Cj=——D+n-Y
j=1,...M i=1,...,n (4.15)
with
£y —elki
ki) = . 4.16
C(ki, &+) P (4.16)

So far our results can be incorporated into the notation used in [19], which provides us with
a detailed computation of the low-lying spectrum for the 1D Hubbard model with boundary
fields based on the coordinate Bethe ansatz solution. Their discussions are also valid, apart
from the different expression for the boundary K-matrices. It is found that the boundary fields
are indeed nontrivial to the ground-state properties as well as the low-lying spectrum. The
function ¢ (k;, £1) contributes as a phase shift to the density of the roots of the rapidities. The
boundary fields &, acting as the impurity parameters, change the band filling, the boundary
surface energy and the mesoscopic effects as well.

5. Conclusion

We have formulated the algebraic Bethe ansatz solution for the 1D Hubbard model with
open boundaries. The Bethe ansatz equations, the eigenvalue of the transfer matrix and the
energy spectrum have also been given. Comparing our results with the coordinate Bethe
ansatz solution [19], the Bethe ansatz equations (4.10) and (4.11) coincide with those obtained
in [19]. In addition to this, we presented explicitly the eigenvalue of the transfer matrix
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and the main structure of the n-particle eigenvectors. This paper seems to bridge a gap in
solving the Hubbard-like open chains by the quantum R-matrix approach with or without the
additive property of spectral parameters, such as the 1D Bariev open chain [25], U, [Osp(2|2)]
electronic system [23,26], etc. The results obtained provided us with a starting point to study
the thermodynamical properties and correlation functions for the model [6,20]. We notice that
the Bethe equations (4.14) and (4.15) would be reduced to the purely doubling ones for the 1D
Hubbard model with periodic BC if the boundary parameters £+ — oo. In such a case, the
model exhibits the closed BC, which preserves the quantum group invariance [27,28]. We also
notice that, if we add the chemical potential term v 27=1 d>o(njs— %) to the Hamiltonian (2.1),
the integrability of the model requires that the associated quantum R-matrix with an extra free
parameter [29], which does not have crossing unitarity, should satisfy the new RE. But the
new class of boundary K_-matrices [30] leads to the same Bethe ansatz equations as (4.10)
and (4.11), in spite of the different engenvalues of the transfer matrix. The multiparametric
quantum R-matrix [31] does provide the Bethe equations with an additional phase shift for the
quantum integrable periodic chain. Nevertheless, as far as we know, it is still not clear if there
exist nontrivial phases appearing in the Bethe equations for the quantum open chain associated
with the multiparametric R-matrix. It seems to be more interesting that the 1D Hubbard model
with a special kind of twisted BC can be regarded as a spin ladder model [32]. On the other hand,
if we add the Kondo impurities [11,33,34] J ), aja”/asf - S to each boundary, the model is
also integrable. If we embed an inhomogeneous Lax operator [4] carrying both charge and spin
degrees of freedom into the open chain, the Hamiltonian (2.1) will have additional impurity
terms leading to an additional phase shift in the Bethe ansatz equations. The impurity parameter
changes the finite-size correction spectrum in a different way from the boundary fields. The
algebraic Bethe ansatz structure of this paper provides a clear picture for different impurity
embedding. We hope that we shall present a class of integrable impurities carrying both charge
and spin degrees of freedom for the 1D Hubbard model with boundary fields in the near future.
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Appendix

We display the quantum R (u, v)-matrix of the 1D Hubbard model below [3,4]:

oy 0 0 o0 0 0 0 0 0 0 0 0 0 0o 0
0 —ipyg 0 0 p 0O O 0 0 0 0 0 0 0 0o 0
0 0 -ippg O O 0 0O 0 p 0O 0 0 0 0 0o 0
0 0 0 pg 0 0 ipg 0 0 —ipg 0O 0 p3 0 0 0
0 0 0 ip 0 0O 0 0 0 0 0 0 0 0 o0
0o 0 0 0 0 —p4 O 0 0 0 0 0 0 0 0o o0
0 0 0 ipg 0 0 —p; 0 0O —ps 0 0 —ipg O 0o o0
0 0 0 0 0 0 0 p 0O 0 0 0 0 9p 0o o0
0 o0 0 0 0 0 0 0 iy O 0O 0 0 0 0o o0
0 0 0 —ipgg 0 0 —p5 0 0 —p7 0 0 ipg O 0o o0
0 o0 0 00 0 0 0 0 0 0 —p4 0O 0 0 0 o0
0 0 0 0 0 0 0 0 0 0 0 i O 0 ;m 0
0 0 0 p3 0 0 -ipg 0 0O ipg 0O 0 pg O 0 o0
0o 0 0 6 0 0 0 p 0O 0 0O 0 0 =—ipg O 0
0 0 0 0 0 0 0 0 0 0 0 p 0 0 —ipyg O
0 0 0 o0 0 0 o0 0 0 0 0 0 0 0 0
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with the Boltzmann weights

and

p1 = (cosu cos ve! + sin v sin ue_l)pz

p4 = (cosu cos ve™! +sin v sin uel),og

1

po = (sinu cosve™ — sinv cos ue') p,

p10 = (sinu cos ve! — sinv cosue™)p,

(cos u cos ve! — sin v sinue™)
pP3 = 2 ) 02
cos?u — sin“ v
(cos u cos ve' — sin v sin ue')
pP5 = 2 ) 02
cos?u — sin“ v
—h : I : -1
e "(cosusinue' — sinvcosve™")
P6 = 2 ) 02
cos?u — sin“ v

P8 = P1 — P3
P71 = P4 — P5
I = h(u) — h(v)

h = h(u) +h()

which enjoy the following identities:

0401 + pop1o = 1
P1Ps + P304 =2
pe = p3ps — 1

Pé = P9P10 *+ P708-
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