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Introduction

Motivations

o Superstring and N=4 Super Yang-Mills theories: Ads/CFT correspondence
(Maldacena 1998) (anomalous dimensions...)

o N=2 Super Yang-Mills theories (Nekrasov 2009) (superpotential and Yang-Yang
action...)

Low-dimensional Condensed matter physics: Cold atom systems, Quantum gas...

@ Statistical physics: 2D statistical models and some stochastic processes ASEP,
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Introduction

Brief history

@ The study of magnetic chains initiated by Bethe in the early 1930s (Coordinate
Bethe ansaz)

@ The works of Onsanger and Baxter in 2D classical statistical mechanics in 1940s
and the early 1970s (The T-Q ansatz and Yang-Baxter equation)

@ The Scattering theory in many body problem with factorizable S-matrix (Yang) in
the later 1960s (Yang-Baxter equation)

@ The Quantum Inverse Scattering Method (QISM) developed by the school of
Leningrad (Faddeev) in the end of 1970s. (Algebraic Bethe ansatz)

@ Analytic Bethe ansatz, Functional Bethe ansatz, ...
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Introduction

Brief history

QISM and its generalizations Bethe ansatz methods have been proven to be very
successful in

o Exact solutions to quantum integrable systems with U(1)-symmetry

However, there exist a class of quantum integrable systems without U(1)-symmetry
@ The XYZ spin chain with odd number of sites (Baxter 1970s)
@ The anisotropic spin torus

@ Quantum spin chains with unparallel boundary fields

The boundaries break the U(1)-symmetry = the conventional Bethe ansatz fail.

There have been numerous efforts to approach the exact solutions to this class
quantum integrable systems over last 20 years.
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Introduction

Brief history

Joint works with J. -P. Cao, K.-J. Shi and Y.-P. Wang:

Phys. Rev. Lett. 111 (2013), 137201 [arXiv:1305.7328]
Nucl. Phys. B 875 (2013), 152 [arXiv:1306.1742]
arXiv:1307.0280

Nucl. Phys. B 977 (2013), 152 [arXiv:1307.2023]
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Plan of the talk

o Classical integrable systems
o Liouville Theorem.
o Lax integrability.
o Quantum integrable systems
» 2D statistical mechanics.
o Quantum Spin Chains with U(1)-symmetry
o Periodic boundary condition and twisted boundary condition.
o Open chain with parallel boundary fields.
o Quantum Spin Chains without U(1)-symmetry
o Antiperiodic boundary condition.
o Open chain with unparallel boundary fields.

e Summary
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Classical integrable systems

Liouville Theorem

Let (p;,q;) (i=1,...,n) be coordinates of the phase space of a classical mechanics
system. The equation of motion is given by the Hamiltonian equations
4i ={H,qi} = %:7
oh (1)
pi ={H,pi} = — 55

If there exist n functional independent and Poisson commutative conserved charges

{li|i =1,...,n} (usually called action variables) , namely,
{H,I,‘}IOZ{I,‘, Ij}a Viy.jy (2)
n
[1rdli #0, 3)
i=1
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Classical integrable systems

Liouville Theorem

there exists a canonical transformation (gq;, pi) <> (Ai, I;), where A; are the so-called
angular variables. The equation of motion (the Hamiltonian equations), in terms of
new variables, reads

Iy ={H, 1} =0,
. o O
A ={H,A} = —a = Qi(h,..., ).
The solution to the equations is
li(t) = 1:(0),
(5)

A= A;(O) + Q,-(ll(O), ey In(O))t,

The solution to the original E.O.M (1) is obtained by the inverse of the canonical
transformation

(ai pi) < (Ai, Ii).
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Classical integrable systems

Lax integrability

If there exists a Lax pair (M, L), where M and L are 2 m X m matrices with the matrix
elements are functions of g; and p; such that

1) el=[Mm,L, (7)

then (M, L) is called the Lax representation of the (1). It is easy to check that the
quantities C; = tr{(L)'} are conserved. Moreover, if the Lax operator L satisfies the
following Poisson bracket

{L1, Lo} = [n2, L1] = [r21, L2], (8)
where
Li=L®id, Lh,=id®L, rn2€End(V®YV), rni=PonPi,
where P is the permutation operator, then the associated conserved charges {C;}
are Poisson commutative. In the case that C; are functional independent each other

and the number is equal to n, we conclude that

Liouville integrability < Lax integrability
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Classical integrable systems

Lax integrability

Let us introduce a Lax pair (M, L) as follows

01
n a
L = Z I,'H,' + 2/,A,E = . ) (9)
i=1 K
Un
03 o
n
OH 2
M = — E = 10
> a1 ; (10)

O,

where

Then we have

L=[M, L] < (25) < (1).
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Classical integrable systems

Lax integrability

The Poisson bracket of the Lax operator is

n
{L1, Lo} =2 Ii(H; ® E; — E; ® H;) = [n2, Li] = [ra1, La], (12)
i=1
ra = —ZE,'(X)H;. (13)
i=1

The Lax equation (7) is covariant by the following gauge transformation

[=glg™t,
(M, L) — (M, Z), (14)

M=gMg= + gg~1.
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Classical integrable systems

Lax integrability

Under the gauge transformation

Invariants :  C; = tr(L"), (15)
Covariants : {Zl, 12} = {'Flz, Zl] — [721, Z2] . (16)
Covariants : [ = [M, 1], (17)
Covariants : [ = {C, [} = [M;, L. (18)
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Classical integrable systems

Lax integrability

Under some particular gauge

rn2=—r1, and ——rp=_—rp=0,

aq; Op;
{L1, L2} = [r2, L1 + Lo].

The Jacobi-identity of the above Poisson bracket leads to the classical Yang-Baxter

equation
[r2, n3]+  [r2, 23] +[ns, r3] = 0. (19)
{
{L1, Lo} = [r2, L1 + L2]. (20)
4
L = {er(L), L} = [M;, L].

There are many integrable classical mechanics systems, such as Toda chains,
Calogero-Moser systems, Ruijsenaars-Schneider systems...
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Classical integrable systems

Lax integrability

For a 2D dimensional classical completely solvable field theories, its equation of
motion is equivalent to the zero-curvature condition of its Lax representation

E.OM & [0 — U(x|A),0x+ V(x]A)] =0, 0<x<L, (21)
with periodic boundary condition: V(0|\) = V/(L|\) and U(0|)\) = U(L|N). U(x|\)
and V/(x|\) are n X n matrix with the matrix elements as functions of local fields at
point x. The Lax representation of E.O.M can also rewritten in the following form

O{L(x|N\)} = [U(x|N), L(x|N)], L(x|X) = 8x + V(x|A). (22)

Let us introduce the classical monodromy matrix
def L
T(M\) = T(L,0|]A) =Pexp {f/ V(z\)\)dz} R (23)
0
TA)=tr {T(\)}, 0:r(N\)=0. (24)

The transfer matrix 7(A) play a role of the generating function of the conserved
charges:

() =D L.
i=0
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Classical integrable systems
Lax integrability

L
O(T(LOP) = / o T (L, x]\)3% {—V(x|]A)} T(x,0A)
21 /L dxT(L, x|\ {U(x|\)} T(x,0/A)
0
L
+/ dx {T(L,x|\)V(x|A\)} U(x|\) T(x,0|X)
0
L
- /0 AT (L, x|\ U(x|A) {V/(x1\) T(x, 0\)}

L
/0dex{T(L,X\A)V(X\A)U(X\)\)T(X,O\)\)}

U(LIN)T(L,0[A) = T(L, 0]\ )U(0]A) = [T(A), U(O]A)]

Therefore 9:(7(A)) = 0: {tr(T(X))} =0




Classical integrable systems

Lax integrability

Let us use the lattice version (N sites and lattice spacing A = ﬁ ) of the classical
completely solvable field theories. The coordinate of the n-th site of the lattice thus
obtained is x, = nA and let us introduce the L-operator

L(n|A\) = Pexp {—/Xn

V(z|)\)dz} =1— V(xal\)A + 0(A2). (26)

n—1

For the most of completely solvable models the L-operator satisfies the following
fundamental Poisson bracket

{La(nlA), La(mlp)} = [n2(A = p), La(n[X)La(mlp)] 6n,m. (27)
Then the monodromy matrix is given by the local L-operators as follow
T(A\) = L(N|N)L(N — 1|A) ... L(1|N), (28)
and it satisfies the following Poisson bracket

{T1i(A); Ta(W)} = [n2(X — 1), Ti(A) Ta(w)] == {7(A), 7(1)} = 0.
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Classical integrable systems

Lax integrability

Thus the conserved charges {/;} are the action variables of the model,
o)y =0, {I,l}=o.

The ri2(\) is called the classical r-matrix with spectral which satisfies the classical
Yang-Baxter equation

[r2(A12), n3(A3)] + [r12(A12), r23(Aes)] + [r13(Ai3), r23(A23)] = 0. (30)

Here we adopt the notation A\j = A\; — A;. The classical Yang-Baxter equation ensures
the Jacobi-identity of the fundamental Poisson bracket.
Let us take the sine-Gordon (SG) model as an example.
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Classical integrable systems
Lax integrability

The action of the SG model is
t 1 2 2
Sl = [ x (50000 - 007 — T (1 coso))
with the periodic boundary condition ¢(0,t) = ¢(L, t). The equation of motion is
m2
(02 =)o+ 5 sinBy=0.
The Lax representation

V(x|A) = iBr(x)/4 (m/2) sinh(=X + iB(x)/2) )

( (m/2)sinh(X\ + iB¢(x)/2) —ipm(x)/4
where m(x) = 9¢p(x), {m(x), #(y)} = d(x — y).
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Classical integrable systems

Lax integrability

The corresponding L-operator of the lattice SG model is

_ 1— iBpn/a (Bm/2) sinh(X — (i86n/2))
L) = ( —(Bm/2)sinh(A + (i864/2)) 1+ iBpn/4 ) e

where

1 Xn Xn
d)n = Z /Xn_l ¢(X) CIX7 Pn = /X"_1 TF(X) CIX7 {Pm ¢n} = Snm.

The corresponding classical r-matrix

0 0 ‘ 0 0

_ 0 ’YCOthA 7ﬁ 0
A== - [ qeeths 0 |

0 0 0

where v = 52/8.
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Classical integrable systems

Lax integrability

Summary: from a solution to the classical Yang-Baxter equation, we can construct

_ ( an(A)  Ba(N) -
L(n|A) = ( () 6a(N) ) = T(A) = L(N|X)...L(1|N), (31)
such that
{La(nN), La(m|p)} = [n2(A = p), Li(nlA)La(m|p)]6n,m, (32)
{Ti(N), T2(w)} = [r2(A = p), Ta(N) T2(w)]- (33)

The associated transfer matrix 7(A) = tr(T(\)) = >_;_ li\' is the generating
function of the action variables, i.e.,

oc(l)={H, i} =0, {li I} =0, (34)

Each of the conserved charge leads to the equation of motion having a Lax
representation

Ae(L(nN) = {1, L(n|\)} = UD(n + 1]A)L(n|A) — L(n|A) U (n|N).

The continuous version: 9:(L(x|\)) = [U(x|A), L(x|A)], L(x|\) = 0x + V(x|A).
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Classical integrable systems

Lax integrability

Quantumization leads to

L(nlA) = ( :8)) ,g((;)) ) = T\ = LN L),

such that
R(A = )Ly (n|N)Lo(nlp) = La(n|N) Ly (nlp),  [Li(n|N), La(m|p)] =0, m # n
Ria(A = ) Ti(A) Ta(p) = To(p) Te(M)Ria(X — ).

The quantum version of the transfer matrix #(\) = tr(T(\)) forms the generating
function of the commutative families, i.e.,

[F(N), #(w)] = 0.
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Quantum integrable systems

2D statistical mechanics

The partition function of a statistical model on a two-dimensional lattice is defined by
the following:

2o oot £

where E is the energy of the system and the summation is taken over all possible
configurations under the particular boundary condition such as the periodic boundary
condition. The model we consider here has six allowed local bulk vertex configurations
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Quantum integrable systems

2D statistical mechanics

1 1 2
1 1 2 2 1 1
1 1 2
wiy w2 w3
1 2 2
1 2 2 1 2 2
2 1 2
Wy Ws We

Figure 1. Vertex configurations and their associated Boltzmann weights.
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Quantum integrable systems

2D statistical mechanics

Each of the six bulk configurations is assigned a statistical weight (or Boltzmann
weight) w; (see Figs. 1). Then the partition function of the model can be rewritten as

Z= g wi™ we™ w3™ wy™ ws"™ w0,

where the summation is over all possible configurations with n;. The bulk Boltzmann
weights which we consider here have Zy-symmetry, i.e.,

a= wi; = W, b= wo = ws, C = Wy = wWs, (36)

and the variables a, b, ¢ satisfy a function relation, or equivalently, the local Boltzmann
weights {w;} can be parameterized by the matrix elements of the six-vertex

i

/ k = Ri(u), ij k=12

J

Figure 2. The Bolzmann weights and elements of the six-vertex R-matrix.
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Quantum integrable systems

2D statistical mechanics

Let us introduce the R-matrix R(u) € End(V ® V) according the Bolzmann weights

of six-vertex model as follow

2
Ru) = > Ri(u)EigEY (37)
ik, I=1
a(u)
- ot I ~ (38)
a(u)

For any A € End(V) and the R-matrix let us embed them in End(V®@ V®---® V) as

A-5A=101R - 1RARLI®---

2
R(u) =+ Rap(u)= > R/ (u)EIEY.
ik, I=1
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Quantum integrable systems

2D statistical mechanics

Let us introduce one-row monodormy matrix and the associated transfer matrix

Ti(u) = Rig(U)Ry=1(u) ... Ryz(u), (39)
tu) = trn{Ti(u)}. (40)

The monodromy matrix T;(u) can be figured as

=i
NI
=1

Wen-Li Yang Xian



Quantum integrable systems

2D statistical mechanics

=i
NI
=21

Figure 3. The six-vertex model with periodic boundary condition.
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Quantum integrable systems

2D statistical mechanics

The partition function of the six vertex model with periodic boundary condition is
given in terms of the transfer matrix

Z=try;  g(t(u)V. (41)
If the functions a(u), b(u) and c(u) are given by
a(u) =sinh(u+mn), b(u) =sinhu, c(u)=sinhn,
the associated R-matrix satisfies the Yang-Baxter equation (YBE)
Ri2(u — v)Ri3(u)Ro3(v) = Roz(v)Riz(u)Riz(u — v). (42)
The YBE gives rise to the following RTT relation
Rio(u — v) Ti(u) To(v) = Ta(v) T1(u) R12(u — v),

which leads to the commutativity of the transfer matrix:[t(u), t(v)] = 0.
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Quantum Spin Chains

Problems

QISM and its generalizations Bethe ansatz methods have been proven to be very
successful in

@ Exact solutions to quantum integrable systems with U(1)-symmetry

However, there exist a class of quantum integrable systems without U(1)-symmetry
@ The XYZ spin chain with odd number of sites (Baxter 1970s)
@ The anisotropic spin torus (1990s)
® Quantum spin chains with unparallel boundary fields (Sklyanin 1988)

The boundaries break the U(1)-symmetry = the conventional Bethe ansatz fail.

There have been numerous efforts to approach the exact solutions to this class
quantum integrable systems over last 20 years. A systemic method to solve this class
model is still missing.
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Quantum Spin Chains with U(1)-symmetry

Periodic boundary condition

The Hamiltonian of the closed XXZ chain is
(0’,5 of1 o) J{H + coshnoj Ui+1> ,
where

a a
ONy1 =01, Qa=X,Yy, 2.

The system is integrable, i.e., there exist enough conserved charges

) .
lhah;:[H,h;]ZO, i=1,....

and
[hl'v hj] =0.
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

It is convenient to introduce a generation function of these charges, the so-called
transfer matrix

t(u) = Z hiu'.
i=0
Then 5
[t(u), t(v)] =0, Hox — Int(u)|uy=0,9,—0 + const,
ou ’f
or

H h0_1h1 + const,
ho = Pny1Pn—11... P21,

ap—1_ _«
hooi* by~ = 0y
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

The eigenstates and the corresponding eigenvalues can be obtained by Quantum
Inverse Scattering Method (QISM). In the framework of QISM, the monodromy

matrix T (u)
- (&0 o )
has played a central role. It is built from the six-vertex R-matrix of
To(u) = Ron(u — 6p) ... Ro1(u — 61),
where the well-known six-vertex R-matrix is given by

sinh(u +n)

sinhu  sinn
" sinhy sinhn  sinu

sinh(u +n)

The transfer matrix is t(u) = trT(u) = A(u) + D(u).
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

In the case of N=1,

Au) = ﬁ ( sinh(u — 61 4+ n) sinh(u — 61) >’ B(u) = ( L >’

c(u):< 1 ) D(u) = Sinlhn( sinh(u = 61) sinh(u — 61 + 1) )

In the case of N=2

A(u) = Az (u)A1(u) + Bo(u)Ci(u),  B(u) = Ax(u)Bi(u) + Ba(u) Di(u),
C(u) = G(u)A1(u) + Do(u)Ci(u), D(u) = Co(u)Bi(u) + Do(u)Di(u).
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

The R-matrix satisfies the Yang-Baxter equation (YBE)

Riz2(u — v) Riz(u) Ro3(v) = Ro3(v) Riz(u) Riz(u — v). (43)

The above fundamental relation leads to the following so-called RLL relation between
the monodromy matrix

Roor(u—v) To(u) Tor(v) = Tor(v) To(u) Rygr (u — v). (44)

This leads to [t(u), t(v)] = 0.
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

In terms of the matrix elements of the monodromy matrix, the RLL relation read

BWB(Y) = B()B(). (45)
A(u)B(v) % B(v)A(u) + ﬁ B(u)A(v),  (46)
D) = R Bw)D() - I BwDW). @)

There exists a quasi-vacuum state (or reference state) |Q2) such that

\mzwwqw:(é)®m®(é)v (48)

N
AW)IQ) = a(u)|Q) =19), D(v)|Q) = d(u)|Q) =[]

7 sinh(u —0;

C(u)|Q) =0, B(u)|Q) #0.
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

Let us introduce the Bethe state
A1, m) = B(A1) ... B(Am) ). (51)
The action of the transfer matrix reads

sinh(u — \; —

t(W)| A, Am) = Sinh(u — )\‘)77) a(u)| A1, Am)

M=

i=1

n 1’\—/’[ sinh(u — A\ +n)

sinh(u — X;) d(u)[ A1, ..., Am)

i=1
+unwanted terms.

Wen-Li Yang Xian



Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

If the parameters {\;} needs satisfy Bethe ansatz equations,

I sinh(Nj — Ak +17) ﬁ sinh(A\j — Ok + 1)

= , i=1,..., M. 52
sinh(\ = Ae—1) 1 sinh(yj — 0) J (52)

k#j -1
Then the Bethe states become the common eigenstates of t(u) with eigenvalue A(u)
tu)IAs, - Am) = M)l As, -5 Am)s

where A(u) = A(u; A1, ..., Ay) is given by

_ M sinh(u — X\;j — 1) M sinh(u — A + 1)
AMu) = a(”)g sinh(u — \)) +d(”)g s —x) &%)
Q(u—m) Q(u+m)
a(u) W) +d(u) IO (54)

where

M
Q(u) = [ [ sinh(u — ).
i=1
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

For the higher spin chains (e.g. spin-s), one can introduce the Bethe state
ALy A = BE(A) ... B (Ay) Q). (56)

If the parameters satisfy the associated Bethe ansatz equations, the above state
becomes the eigenstate with an eigenvalue A(u)

Qutmn)

M) = ) G a0 Tt

QW) (57)
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

The method has succeeded in solving the spectrum of the quantum integrable closed
spin chains arising from the R-matrix of other quantum affine (super)algebras.
However, the exact solutions to an integrable model should mean that

o To diagonalize the Hamiltonian
o To compute correlation functions of local operators
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

Following the works of Kitanine et al (Nucl. Phys. B 554 (1999), 647) and Gohmann
et al (J. Phys. A 33 (2000), 1199), all local operators can be expressed in terms of the
entries of the monodromy matrix T (u), i.e. A(u), B(u), C(u), D(u).

j—1 N
o = T1(A@K) + D(8x) €(6)) [T (A(6x) + D(6x))-
k=1 k=j+1

Thus the problem of computations of correlation functions reduces to calculations of
scalar products

M M M
@I Cw) M- am) =@ T ) []BOW Q)
k=1 k=1

k=1
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

The scalar products were first expressed in terms of some determinant by Korepin
(Commun. Math. Phys. 86 (1982), 391):

M M
@ T ) TTBA)IQ = s({ue}i {xe}) x detN({ux}i {Ac})-

k=1 k=1
where N({uk}; {\«}) is a M X M matrix whose entries are function of uy and Ag.
Maillet et al (Am. Math. Soc. Transl. 201 (2000), 137; Nucl. Phys. B 567 (2000),

554; The proceedings of ICM of 2006 ) developed a method by using the Drinfeld
twists (or Factorizing F-matrices) to rederive the above results.
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with periodic boundary condition

Generalizing the work of Maillet et al, we have obtained the determinant
representations of scalar products of Bethe states for the quantum closed spin chain
associated with g/(2|1), namely, the supersymmetric t-J model (see JHEP 12 (2004),
038; Commun. Math. Phys. 264 (2006), 87; Commun. Math. Phys. 268 (2006),
505). Our results can be generalized to closed spin chain associated with A type
(super) algebra.
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains twisted boundary condition

The Hamiltonian of the XXZ chain with twisted boundary condition is

N
H_ 1 X X y .y h z _z
_75 UkUk+1+UkUk+1+cos NOkOks1) s
k=1
where o, o,
O'IC\lH»i:eI(Z)Uf O-ia e—ld)ﬂ'," a:X’ }’7 Z.

The phase factor ¢ can be arbitrary complex number. The system is integrable, i.e.,
the corresponding transfer matrix can be constructed as

t(u) = tr(e®”" T(u)) = e A(u) + e*D(u).

The transfer matrix can diagonalized by algebraic Bethe ansatz similar as that of
periodic case. The Bethe state is the same as (51), namely,

Ao Au) = BOA) .. BOw) 1)
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Quantum Spin Chains with U(1)-symmetry

Quantum Spin Chains with the twisted boundary condition

If the parameters {\;} satisfies Bethe ansatz equations,

sinh(\j — A +n) 200 H sinh(\; — 0k +n)

, M. 58
sinh(\j — A — 1) smh Aj—0k) (58)

ki

Then the Bethe states become the common eigenstates of t(u) with eigenvalue A(u)

; v sinh(u — \j —7) _ M sinh(u — X\j + 1)
Au) - = e"’a(u)il_ll smh(u— i) el )H sinh(u— ;)
_ it QU= n) e—it gy QU
= o) To e TE (59)

The determinant representations of scalar products can given by similar form as those
of periodic case.
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Quantum Spin Chains without U(1)-symmetry

Antiperiodic case

The Hamiltonian of the XXZ chain with antiperiodic boundary condition is

N

1
H= 752 (a’,ja}j_H +oy oy, +cosh17criai+1>,
k=1

where
o X __a X —
oNyi=0fof ol a=x,y, 2z

The system is integrable, i.e., the corresponding transfer matrix can be constructed as
t(u) = tr(o*T(u)) = B(u) + C(u).
The model is a typical integrable without U(1) symmetry. Most of conventional Bethe

ansatz method fails to give the solution because of the lack of a proper vacuum (or
reference ) state.
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Quantum Spin Chains without U(1)-symmetry

Antiperiodic case

Recently, we give a solution to the spectrum problem of the corresponding transfer
matrix in
o J. Cao et al, Phys. Rev. Lett. 111 (2013), 137201 [arXiv:1305.7328].

Let |W) be an eigenstate of the transfer matrix with an eigenvalue
t(u)|V) = A(u) V).

Due to the fact that W) does not depend on u, we can derive the following properties
which can determine A(u) completely

A(u), asafunction of u, is atrigonometric polynomial of degree N — 1, (60)
A+ im) = (—1)V "I A(u), (61)
NO)NO; —n) = —h(0))R(0j —n), j=1,...,N. (62)

The functions fi(u), f2(u) are

N
A(u) =] sinh(u—0; +n), fa(u) = fi(u—n).
i=1
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Quantum Spin Chains without U(1)-symmetry

Antiperiodic case

The solution to the above equations is given by

Quu—m) @(u+n) fi(u)fo(u)
ANu)=e"f(uU)———— —e " "H(u — b(u ,(64
X 7w Yawew

M M
Q1(u) :IIsinh(u—,uj)7 Qz(u):Hsinh(u—uj),
j=1 j=1
b(e)(u) = eltd1 _ gmu—nté2 b(o)(u) — Q2Utd1 4 g—2u—2ntdo
N M N M
¢>1:EOJ-7M7772ZM, ¢2=*ZQJ+M77+2ZVJ7
j=1 j=1 j=1 j=1
The parameters {1} and {1;} satisfy the associated Bethe ansatz equations
evi .
f2(Vj): @Ql(’ﬂ'*ﬁ)@l(”j)v Jj=1...,M, (65)
f e V1 M
)= —— i i i=1,... .
1(k) ) Q2w +m) @), J=1,..,
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Quantum Spin Chains without U(1)-symmetry

Open chains

Open XXZ chain Hamiltonian

H = *% Nz:l (C’i Ok41 T 0) O)yq + coshnog oi+1>
k=1
+of + o + Ffof
+iyoy + fyok + fioh
The model is integrable. If the components of boundary fields are parameterized by

inh
Fr= (5 f) FF) = sz‘ic:sm(coth a_ sinh B, cosh6_, isinh_)

sinhn

Fn = (f5, 3, f3) = (— coth vy sinh B4, cosh 6., isinh 64.).

sinh a4 cosh B4

The corresponding transfer matrix t(u) can be constructed by the six-vertex R-matrix
and the associated K-matrices, i.e.,

t(u) = tr(T(u)) = tr (K*(u)T(u)K*(u)Tfl(—u)) ,

where the K-matrices K= (u) are the most general solutions of the reflection equatid
and its dual.
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Quantum Spin Chains without U(1)-symmetry

Open chains

The K-matrices are given by

_ . K(u) K(u)
Kow) = (K?(m Kf(u))’

Ki;(u) = 2(sinh(a—)cosh(8-)cosh(u) + cosh(a—)sinh(8_)sinh(u)),
Ky, (u) = 2(sinh(ca—)cosh(8-)cosh(u) — cosh(a—)sinh(8_)sinh(u)),
Ko(u) = e~ sinh(2u), K5 (u) = e~ sinh(2u), (67)
and
K (u) = K™ (=t =m0 50 )s(car—pr0,)- (68)

The Hamiltonian can be expressed in terms of the transfer matrix

H = Sinhnw

9 |u:0,9j:0 — N coshn — tanh nsinh 7.
u

Wen-Li Yang Xian



Quantum Spin Chains without U(1)-symmetry

Open chain with constraint

For the very special case of F; = ({, ', fZ) = (0,0, f7) and Fy = (0,0, f3), namely,

T

1
X X y _y z _z z __Z y44
(O‘k Okt1 T 0 0,y +coshnoy Uk+1) + o] + fyopy

1

the model was solved by Sklyanin (J. Phys. A 21 (1988), 2375). The boundary QISM
has failed to solve the spectral problem of the general case for many years. However,
it can be solved by a generalized boundary QISM developed (Fan et al Nucl. Phys. B
478 (1996), 723, Cao et al Nucl. Phys. B 663 (2003), 487) for some case. In these
cases, a local vacuum state does exist and the corresponding Bethe sates have similar
structure as that of closed but with a different quasi-particle creation operator B(u)
and reference state 2. The corresponding Bethe states are

N =
x
[l

AL Am) = B(A1) - B(Ow) [€0),

where the parameters {\;} needs satisfy the associate Bethe ansatz equations, which
can be written in the following form (see Yang et al (Nucl. Phys. B 698 (2004),
503-516; JHEP 04 (2007), 044))

4]
aT\k]'—(U; {ADlu=xr, =0, k=1,...,M.
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Quantum Spin Chains without U(1)-symmetry

Open chain with constraint

The associated scalar product can also be expressed in terms of some determinant (see
Yang et al (JHEP 01 (2011), 006))

M M
@ JTcu) TTBOW IR = s({uk}: {Ak}) x det N ({u}; {2},

k=1 k=1
where the M x M matrix N ({ux}; {\«}) can be written as

2
N({ued: ke = mf—%ﬂ{ua};{xj}), ak=1,..,M.
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Quantum Spin Chains without U(1)-symmetry

Generic case

For the generic F; = (f%, fly7 f), Fn = (f5, f,{ll, f%) and generic anisotropic parameter
A , the model has not been solved since Sklyanin's work in 1988 until the recent
works of Cao et al:

o J. Cao et al, Nucl. Phys. B 875 (2013), 152-165 [arXiv:1306.1742];

e J. Cao et al, Nucl. Phys. B 877 (2013), 152-175 [arXiv:1307.2023].
In the solutions, we can give the eigenvalues in terms of some parameters which
satisfy associated Bethe ansatz equations, without the explicit expressions of the

corresponding eigenstates (such as Bethe states). However, in principle we can
reconstruct the corresponding eigenstates with some recursion relations.
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Quantum Spin Chain without U(1)-symmetry

Generic case

Besides the quantum Yang-Baxter equation, the R-matrix satisfies

Initial condition : Ri2(0) = P12, (69)
. . sinh(u +n)sinh(u—n) .
Unitarity relation : Ri2(u)Rp1(—u) = — - - X id, (70)
sinhnsinhn
Crossing relation : Ri2(u) = V4 R1t22(7u -mvi, V=-id, (71)
PT-symmetry : Ri2(u) = Ro1(u) = R{3?(u), (72)
Zr-symmetry : oioh R 2(u) = Ria(u)aiah, fori=xy,z, (73)
Antisymmetry : Rip(—n) = —(1 — P) = —2P(). (74)

In addition to reflection equations, the K-matric satisfies

K= (0) = %tr(K’(O)) x id, K’(.?) = %n(K*(;)) x %
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Quantum Spin Chain without U(1)-symmetry

Generic cases

These properties and the quasi-periodic properties of R-matrix and K-matrices imply

t(—u—mn) = t(), tlu+ir)=t(u),
t(0) = —23sinh o cosh B_ sinh oy cosh 34 coshn
y ﬁ sinh(n - 0r) s?nh(n +0)) “id,
1 sinhn sinhn
t(%r) = —23cosha_ sinh B_ cosh oy sinh B4 coshn
N oo i
sinh(Z + 60, +n)sinh(Z + 0, —
XH (2 /. 77). (2 1 n)xid,
-1 sinhn sinhn
h(O_ — 6 +[(2N+4)u+(N+2)n)
im e = - +)e xid+ ...,

u—+oo 22N+1 ginh2N ¢
and the very operator identity
~ sink?af(e)

sinh(20; + ) sinh(20; — n)’

t(0;)t(0; —n) =
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Quantum Spin Chain without U(1)-symmetry

Generic cases

Let W) be a common eigenstate of the transfer matrix with an eigenvalue A(u), then

AN—u—mn) = Nu), Au+ir)=ANAu), (75)
A0) = —23sinha_ cosh3_ sinhay cosh 84 coshn (76)
o ﬁ sinh(n — 6;) sinh(n + 0)) (77)
1 sinhn sinhn ’

/\(%r) = —23cosha_ sinh B_ cosh oy sinh B4 coshn (78)
><1ﬂ[sinh(%7r —&—0,—}—77)sinh("77T +6,—n) (79)

1 sinhn sinhn ’

) _ cosh(f_ — 6 )eElN+4)u+(N+2)n]
o Moy = - 2N+15inh?N ) REREE (80)
sinh? 7 5(0;)

NOHN(O; —n) v (81)

~sinh(20; + 7)) sinh(20; — 1)
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Quantum Spin Chain without U(1)-symmetry

Generic cases

The function 6(u) is given by

inh(2u — 2n) sinh(2 2
o(u) = _pesn (2u , n)5|-n (2u + 2n) sinh(u + a— ) sinh(v — a—) cosh(u + B-)
sinhn sinhn

x cosh(u — B_) sinh(u + a4 ) sinh(u — a) cosh(u + B+) cosh(u — B4)

y ﬁ sinh(u + 0; + n) sinh(u — 6, + n) sinh(u + 6; — n) sinh(u — 6, — n)
1 sinh(n) sinh(n) sinh(n) sinh(n) ’

Moreover, it follows that A(u), as an entire function of u, is a trigonometric
polynomial of degree 2N + 4. Hence (75)-(81) completely determine the function
A(u). For this purpose, let us introduce the following functions:

Au) = ﬁ sinh(u — 6, + ) SInh(u+9/+77)
N 1 sinhn sinhn
__2sinh(2u +27) i B _
a(u) = 2 SnhQu ) sinh(u — a—) cosh(u — 8-)
x sinh(u — a4 ) cosh(u — B+)A(u),
dlu) = a(—u-—n).
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Quantum Spin Chain without U(1)-symmetry

For the even N

Qi(u—n) Q2(u+n)
A = Sailu=n) g Selitn)
(u) a(u) @) +d(v) )
2csinh(2u) sinh(2u + 27)
A(v)A(—u — 82
oo AwAC =, (@)
where the functions Q1(u) and Q2(u) are some trigonometric polynomials
parameterized by N Bethe roots {yu|j = 1,..., N} as follows,
N sinh(u — p;})
— J — —uy—
aw = T[50E" @l = o= (83)

the parameters C is determined by the boundary parameters and p;

N
c=cosh((N+1)n+a— + B +as + B+42 Y pj)—cosh(6_—0.). (84)
j=1
The N parameters {y;} satisfy the associated Bethe ansatz equations
2cssinh(2p) sinh(2p; + 27) A(p)A(—p —n) _
d (1) Q2 (117) Q2 (1 + 1)
and with the following selection rule for the roots of the above equations

1, j=1,...

Wi # o and  pj #E —p— .
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Quantum Spin Chain without U(1)-symmetry

For the odd N

oy Slu=m) o Qutn)
Moy = ) B s () 2
23¢sinh(2u) sinh(2u + 2n) sinh usinh(u + 7) e

Qi (u)Qx(u) sinhpsinhn AA( mA{87)
B Nt sinh(u — u;) B o
Qi(u) = 11:[1 W7 Q(u) = Qi(—u—n). (88)

N+1
c = cosh((N+3)n+a— +B- +a+Bi+2 ) uj)—cosh(0_—04). (89)

=1

The N + 1 parameters {y;} satisfy the associated Bethe ansatz equations

23¢sinh(2u) sinh (24 + 2n) A )A(—p; —m) sinhnsinhn
d(17) Qa(1) Q2(kj +m) sinh pi; sinh (s + 1)’
j=1,...,N+1, (90)=

with the very selection rule (86) for the roots of the above equations.
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Exact solutions of quantum XXZ spin chains.

We have succeeded in obtaining the exact solutions of quantum spin chains related to
SU(2) algebra:
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complete solvable field theories
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