Bethe ansatz in quantum integrable systems
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1 Coordinate Bethe ansatz

1.1 Bethe ansatz in the Heisenberg model
1.1.1 The notation and terminology

Pauli matrices. The Pauli matrices are the following 2 x 2 matrices:
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They from a convenient basis in the space of Hermitean 2x2 matrices with zero trace. They
are also denoted as o0y, 05, 03, and the unity matrix is denoted as oy. We will sometimes
write 1 instead of the unity matrix. The main properties of the Pauli matrices are

2) 0,0y =10,, 0,0, =104, 0,0, =10y,

3) o0, = —oy0o; at j # k.

It is convenient to represent the Pauli matrices as a 3-vector with matrix components:
G = (04,04,0.). We will also often use the matrices

1 , 01 1 , 0 0
a+:§(ox+wy): N a,zi(o‘r—wy): Lo )

It is easy to check that 03 =02 =0, [0,,04] = £204 and [0, 0_] = 0.
The following equality in End (C* @ C?) holds:

Oy Qo)+ 0, R0, +0,®0,+0,®0, =2P1, (1.1)

where Pq5 is the permutation operator. It acts as follows: if u,v are any two vectors in
C?, then Py, (v ® v) = v ® u. Equivalently, if X, Y are any two operators in End (C?),
then P12 X ® Y = Y ® X Pys. In the notation ¢V = ¢ ® 1, #§® = 1 ® &, the identity
(1.1) can be also written in the form
(here #V7?) is undestood as the scalar product of the “vectors” ) and @, i.e., sum
of products of the components, and | is the unity matrix of size 4x4).

Another convenient basis in the space of 2 X 2 matrices consists of the “matrix units”
eap (a,b = 1,2). The ab matrix element of the matrix ey is equal to 1, and all other
matrix elements are 0. The permutation operator can be written as

2
Pis = Z eg,)el(,i).

a,b=1

In the case when there are more than two tensor factors, it is convenient to introduce
the operators 79 € End (C* ® C* ® ... ® C?) according to the rule

N pa3

FV=1®..910/01®...01,
J— —J

and similarly for eg{)). Obviously, if j # k, then the components of the operator vector
79 commute with components of %) because they act nontrivially in different spaces.



The space of states. Consider the linear space

H=C*C*’®...eC2.

N pas

We call it the space of states. (A state is any vector from H. If two vectors are proportional,
they define the same state.)

In quantum mechanics this is the space of states of a system of NV fixed atoms having
magnetic degrees of freedom which we for brevity call spins. Other degrees of freedom
of the atom are not taken into account in this simplified picture. The space of states of
each atom is two-dimensional (spin 3).

Let us choose the basis in C? as follows:

In the state |[+) the z-projection of spin is +1 (up-looking arrow). Similarly, in the state
|—) the z-projection of spin is —1 (down-looking arrow). For brevity, we say that in the
first (second) case spin looks up (down). All other states of spin are linear combinations
of these two with complex coefficients. In such states the z-projection does not have a
definite value. The Pauli matrices o,,0,, 0, are operators of projections of spin on the
axis x,y, z (more precisely, in physics the operator of spin % is not & but %5, and possible
values of spin projections are :I:%) Since they do not commute, only projection to one
axis can have a definite value (+1 or —1). Clearly, we have: o, |[+) = |+), 0. |—) = — |-),
op|H)=0_|=)=0,01]-)=[+), 0 [+) =|-).

The basis vectors in ‘H are tensor products of the basis vectors in each tensor factor.
For example,

Helnelmenee-)e .. e,

which we will also write as

[0 )2 =) H)a =05 1=)6 - [ nca )
orsimply [+ + — + — — ... — +). This is the state in which the first spin has z-projection
+1, the second +1, the third —1 and so on. There are 2%V such vectors, i.e., dim H = 2.
Let us note that in the basis |[++), |[+—), |—+), | ——) the permutation operator P2
is represented as

1000

0010

P2=19 10 0

0001

Finally, we introduce in ‘H the scalar product (which allows one to express physical
quantities such as correlation functions). In each space C? we define the scalar product
in the natural way by the formula (e|€’) = 6., where €,¢ = + and extend it to their
tensor product by the rule

N
(€1€9. .. €, €15 . €)= H Ocs el -
i=1
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Let us discuss this in some more details. The dual vectors (covectors or row-vectors) have
the form (+| = (1,0), (—| = (0,1). The scalar product of vectors |®) and |V) is written
in the form (|®),|¥)) = (®|¥). For any operator O we have (®| O |¥) = (U|OT|P),
where O7 is the conjugated (transposed) operator. The operator O acts to dual vectors
(to the left) according to the rule (®|O = (OT |<I>>)T for any vector |®) (note that in our

notation (|®))7 = (®|). For example, (+| o = (—|, (=|o_ = (+|, (+]o0_ = (|0, = 0.

The operator of total spin and decomposition of the space of states. The
operator

N
_ Z 7
j=1

is called, for the clear reason, the operator of total spin of the system of atoms. By analogy,
one can also introduce Sy = 3(S, +4S,). The commutation relations of these operators
are obviously the same as for the Pauli matrices, i.e., [S,,S+] = £254, [S.,5_] = S,
but 52, S7, 57, are no longer equal to the unity operator and S3 # 0.

It is easy to see that all basis vectors in H in which m spins look up and the other
N — m look down (independently of their order) are eigenvectors for the operator S,
with eigenvalue N — 2m. Accordingly, the space H can be represented as a direct sum
of subspaces H(m) for m = 0,1,2,..., N, on which the z-projection of the total spin is
equal to N — 2m:

H= @CQ = @)H(m) (1.3)

It is easy to see that

o) = (1)) = ey

In particular, #(0) and H (V) are one-dimensional spaces spanned by the state in which
all spins look up (respectively, down). The decomposition (1.3) is very important for
what follows. Let us note that the operators ¢) map each space H(m) to itself while

the operators 0 act as follows: o) : H(m) — H(m F 1).

1.1.2 Isotropic Heisenberg model (XXX spin chain)

The main problem is diagonalization of the following operator in End(#):
N
H(Jy, Jy, Jz) Z (JooB ot 4 g o gkt 1 J oWty - gV = 31 (1.4)

which can be understood as a 2V x 2 matrix of special form. Of physical interest are its
eigenvalues and eigenvectors in the limit N — oo (the thermodynamic limit).

This operator serves as the Hamiltonian of a quantum-mechanical model of identical
atoms with magnetic degrees of freedom (spins). Each spin is assigned to its own atom
(site of the chain). The identification N1 = &) means imposing periodic boundary
conditions (a closed chain). The interaction is between the nearest neighbors only. The
strength of the interaction is characterized by the constants J,, J,, J,. This model (in the
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particular case J, = J, = J,) was suggested by one of the founders of quantum mechanics
W.Heisenberg. The eigenvalues of the Hamiltonian H(J,,J,,.J,) (the spectrum) are
possible values of energy of the system of spins.

The case when only one of the three constants is nonzero (for example, J, = J, =0,
J. # 0) is straightforwardly reduced to the one-dimensional Ising model which can be
easily solved by elementary methods. The case when two of the three constants are
nonzero is equivalent to the two-dimensional Ising model, the exact solution of which is
already nontrivial.

The following terminology is adopted in the theory of integrable systems. If the model
is completely anisotropic (i.e. J, # J, # J,), it is called the XY Z spin chain (magnet),
it J, = J, # J, it is called the XX Z spin chain, and, finally, if the interaction is the
same for all the three directions, i.e., J, = J, = J., it is called the X X X spin chain.

From a purely algebraic point of view, the constants J,, J,,J, can take any values
including complex ones. However, an important physical requirement is that the operator
H(J,,J,,J.) must be Hermitean. Then the constants J,,J,, J, should be real. Their
signs are again not important for algebraic methods but physical properties of the model
may essentially depend on their signs. The following problem shows that some different
choices of the signs lead to unitary equivalent operators. This allows one to restrict the
consideration by the cases when the constants are either all negative (ferromagnet) or all
positive (antiferromagnet).

Problem. Let the number of sites N be even. Show that

H(Jy, Jy, —J.) = —UH(Jy, ]y, J)(U)

6)

where U, = cPcWa® . 5N, Prove also similar identities for the z- and y-directions.

Problem. Find spectrum of the Hamiltonian of the XY Z spin chain for N = 2:
H=J,oMe® 4 Jyal(,l)af) + J.oWa®?.

Separately consider the case of the XXX spin chain (J, = J, = J, = J).

Below in this section we consider the X X X spin chain in detail. The method to find
the eigenvectors and the spectrum of the Hamiltonian was suggested by Bethe in 1931
(ansatz Bethe). The role of this method in the theory of quantum integrable systems
goes far beyond the particular model.

We take the Hamiltonian of the X X X spin chain in the form

o — 5 Z (O_:E:k)o_ék+1) + U?(Jk)o_g(lk—i-l) + o_gk)aik—i-l) _ U(()k)a(()kﬂ)) '
k=1

Comaring to (1.4), we add the last term proportional to the identity operator. This
simply shifts the spectrum by a constant. The common factor is taken to be —% (the
sign corresponds to the ferromagnetic case) but if necessary the common factor J can be



easily restored. This operator can be represented in different equivalent forms:

1 N
e -3 Z( k+1) +a( ) (k+1) +a( ) (k+1) 1)
1 k) (k41 k1
_ _2;(2()( )+2()( )+U£k)0§k+1)_1> (1‘5)
N
= —Z Pk7k+1 + N
k=1

In the last line Py ;. is the permutation operator of kth u (k + 1)th tensor multipliers
in the tensor product, and Py n41 = Py 1.

Problem. Prove that all eigenvalues of the operator H*** are non-negative.

1.1.3 Construction of eigenvectors in the X X X spin chain

Two eigenvectors of H** are obvious. From the representation of the Hamiltonian in

N
the form H** = — > Py 41 + N (the last line in (1.5)) it immediately follows that the
k=1
vectors [Q) = |[++++ ... +), ’Q> = |- — — — ... —) are its eigenvectors with the
eigenvalue 0:
HXXX ‘Q) — HXXX

Q) =0.
The further procedure implies that we choose one of them, say, |€2) (all spins up), and
construct the other eigenvectors by applying some operators to it. Physicists call the

vector |QQ) the vacuum (sometimes bare or false), and the construction of other eigenstates
is interpreted as creation of some “excitations” or “quasiparticles” in the vacuum.

An important remark which allows one to simplify the construction of other eigen-
vectors is that the Hamiltonian of the X X X spin chain commutes with the z-projection
of the total spin:

[ S,] =0 (1.6)

(this is also the case for the X X Z-model, but not for XY 7). Again, this can be most
easily seen from the representation of the Hamiltonian as sum of permutations. Moreover,
in the X X X spin chain the three directions are on equal footing, therefore,

[H™%, 5] =0 (1.7)

(this is already not the case for XX 7). Consequences of this global SU(2)-invariance
will be discussed later. At the moment we need only the invariance with respect to the
Cartan subalgebra given by (1.6). It implies that the operators H*** and S, have common
eigenvectors. Therefore, the eigenvectors of H** have a definite z-projection of spin, i.e.,
one can find them separately in each sector H(m) of the decomposition (1.3). We already
saw this on the simplest example: |Q2) € H(0).

We have mentioned above that the spectrum of A is non-negative. From this and
from the result of the problem below we conclude that the ground state has £ = 0 and
N-fold degenerate.



Problem. Show that H*|(2,,) =0, S, |,,) = (N—2m) |Q,,), where |Q,,,) = 5™ [Q).
How the vectors |€2,,) look like?
Let us remark that besides the projections of spin there is yet another operator

commuting with the Hamiltonian: the operator ¢Z of shift by one site of the chain. It
acts to the basis vectors as follows:

e’ |51>1 |€2>2 |€3>3 |€4>4 cee |€n—1>N—1 |€n>N = |€2>1 |53>2 |€4>3 |€5>4 cee |€N>N—1 |€1>N7

where €; = 4. It commutes with the operators 79 according to the rule e’ 7U+D =

7De'P . Clearly, it commutes with the operators of total spin. Physicists call an eigenvalue
of the operator —iloge! = P quasimomentum. In what follows we call it simply
momentum.

Our task is thus to find common eigenstates of the operators H**, ¢ and S,. In
other words, we will find stationary states of the spin system with definite values of the
momentum and z-projection of the total spin.

A single inverted spin. A more complicated (although also simple) case is the N-

dimensional space H(1) C H (one inverted spin) which should contain N eigenvectors.

(4)

The basis vectors of H(1) are obtained by action of the operators ¢’ to the vacuum

vector |Q2). We will find eigenvectors of H** in the general form
N
w0) =3 a(k) o 1)
k=1

where a(k) are as yet unknown coefficients satisfying the periodicity condition a(k+N) =
a(k). Physicists call a(k) one-particle Wave functlon (in the coordinate representation).

Let us introduce the temporary notation oV |Q> |7). Tt is easy to see that the operator
P = >} Prit1 sends the vector |j) to

(N=2))+li+D)+li =D =NH+T+D+]j-1)=20),

so that the eigenvalue equation H**V = EV with the eigenvalue E is equivalent to the
following linear difference equation for the coefficients a(k):

—a(k+1) — a(k — 1) + 2a(k) = Ea(k). (1.8)

The solution can be found in the form a(k) = e* ¢ 0 < p < 27, then
Ty = |[wl (p) Z ek gt E =2(1 — cosp) = 4sin®(p/2).

However, we should take into account the periodicity condition a(k + N) = a(k). Tt
implies that the parameter p (the momentum) can take only a finite number of values

2t
N )

We have found N eigenvectors of the form

pD=py= (=0,1,2,...,N — 1.

Wy = gl Zewﬂﬂv D)y, ¢=0,1,2,...,N—1



with eigenvalues F, = 2(1 — COS 2”2) Note that E, > 0 at £ # 0 (the state with £ = 0 is

S_|€2)). These energy levels are degenerate because all states of the form ST|\IIE ) with

1 <m < N—1 are eigenstates with the same energy. Obviously, SZ|\IJ§1)> = (N—2)|\I'g1)>.
It is also easy to check that these states are also eigenstates for the shift operator:
eP|eW(p)) = e?[ TV (p)) or

62‘P|\I/§1)> _ 62m£/N|\I/g1)>.

In the limit N — oo possible values of p densely occupy the segment from 0 to 27. In
the solid state physics such states are called magnons. At small p the energy of a magnon
as a function of its momentum has the same dependence as for usual free massive non-
relativistic particles: F(p) = p®. If we recall the constant .J, we would obtain E(p) ~ Jp?,

o (2J)7! plays the role of mass of these particles.

Problem. Prove that S, |¥{") = 0 at ¢ # 0.

Problem. a) Find the norm of the constructed vectors with respect to the scalar
product in H introduced above; b) Prove that <\I/l(1)‘ \Il(l)> =0atl#I.

Two inverted spins. In the subspace H(2) C H (two inverted spins) there are N(N —
1)/2 eigenvectors. We can find them in the form

‘\I/(2)> — Z (]{?1,]{?2) (k1) (_k‘2) ’Q) 7

1<k1<k2<N

where a(ky, ko) are as yet unknown coefficients satisfying the periodicity conditions to
be taken into account later. Physicists call a(ky, k2) two-particle wave function (in the
coordinate representation). Below we will write simply |¥) instead of ’\11(2)>.

The eigenvalue equation for the operator H** = N — P, where P = Z Pix+1 has
k=1
the form

PlU) = (N - E)|T).

We should obtain from it relations for the coefficients a(ky, k2), similarly to (1.8). For

this purpose, multiply both sides from the left by the covector (€| 0+ ai”l’,

<Q| 0'_(,_”2)0'5_7“)73 |\I/> _ (N . E) <Q| (n2) (n1) |\I/>

and move the permutation operators to the left end, where they will disappear after
acting to the left vacuum because the vacuum is invariant under all permutations (all
spins look up). The commutation rule is

7Pipir = P [USF + O (0 = 08 4 Ggr (0T = UT))}.



Applying it two times, we obtain:
(Q U+ U+ Pk K+1

= <Q|U+ U+)

t Ok, (@ o (08 =0 0) 4 Gg1 ny (2 TP (00T =0 )
+ Sns (2] (02T =000 ™) + 511, (O (6027 =0
Ok Oy (2 (01727 =02 (0D — o)

+ OtnaOi1nn (@] (01 =00 (oY =0 ™).

Next, take sum over k and use the identity a(ny,ny) = (| asrm)ai"l) |¥) (at ny < m2). In
the case ny < ng — 1 (but (ny,n2) # (1, N)) the last two lines do not work and we get
the equation

a(ni+1,n9)+a(n;—1,n9)+a(ny, no+1)+a(ny, no—1)—4a(ny, ny) = —Ea(ng,ng). (1.9)
If ny = ny — 1 = n, the penultimate line comes into play and we get:
a(n,n+2)+a(n—1,n+1)—2a(n,n+1) = —Fa(n,n + 1). (1.10)
Finally, if ny = 1, no = N, the last line contributes:
a(1,N — 1) + a(2, N) — 2a(1, N) = —Ea(1, N) (1.11)

(recall that dn 41, = 1, due to pariodic boundary conditions).

Let us forget for a while about equations (1.10) and (1.11) which work only for nearest
neighbors and try to find a general solution of equation (1.9), extending it to all possible
values of ni,ny without any periodicity conditions. Obviously, a(ny,ny) = ePrmtirznz
is one of possible solutions of (1.9) at all ny,ny and for this solution the energy is E =
2(1—cos p1)+2(1—cospy) and the momentum is P = p; +p,. What is the general solution
with given energy and momentum? One can consider a linear combination of solutions
of the form eFPrm£P2nz Al of them have the same energy but their superposition is
in general not suitable for us because they are not eigenfunctions of the shift operator.
However, we can take

a(nbn2) — AetPrnitipzn: 4 Betp2natiping (112)
with arbitrary A, B; we have still E = 2(1 — cosp;) + 2(1 — cosps) and P = py + po, i.e.,
a(ny + 1,ny + 1) = PP qg(ny ny). (1.13)

But this solution is not all right: for arbitrary A, B it does not satisty equation (1.10).
Let us see (following Bethe) whether it is possible to choose A and B in such a way that
this equation would be also satisfied. Subtract (1.10) from (1.9) at ny =ne—1=n< N
in order to exclude £. In this way we get an additional condition

a(n,n)+an+1,n+1)=2a(n,n+1), 1<n<N, (1.14)

10



which should be satisfied by the wave function (1.12). Substituting (1.12) into (1.14), we
find that (1.12) is a solution if the coefficients A, B are connected by the formula

A 1 + efpitp2) _ 9pim

= - ei(’(m,pz)
B 1 4 eip1tp2) — Qeip2 ’
For brevity we will often write 615 = 0(p1, p2) = —6a1. So, the final answer is
a(ny,ng) = ei(p1n1+p2n2+9172) + 6i(p2n1+p1n2+9271) (at ny < ny). (1.15)

0
Exercise. Check that 2ctg % = ctg % —ctg %
For the infinite chain the parameters p;,ps are arbitrary. But our chain is a ring

(N-periodic). There is an obvious periodicity condition
a(ny + N,ng + N) = a(ny, ng), (1.16)

which simply means that the system can be rotated as a whole 360°, and it will go into
itself. This condition implies quantization of the total momentum: e/ +P2)N —= 1 je.
pitp=2,1=01,...N—1

There is also a more subtle periodicity condition. Let us explain it on the example of
a(1,2). How it is connected with a(1, N)? On the ring they should be connected because
both cases correspond to states with two neighboring inverted spins. They differ only by
a shift by one site. Recalling (1.13), we can therefore write a(1,2) = e!P1+P2)q(1, N). But
according to the same equation (1.13), e!P1+P2)q(1, N) = a(2, N + 1), so that we should
require a(1,2) = a(2, N + 1).

Consider now the amplitudes a(1,n) at n > 1. How a(1,n) and a(1, N — n + 2)are
connected? Both amplitudes correspond to the states in which the inverted spins are
separated by n — 1 edges of the lattice. They differ by a shift by n — 1 sites and, therefore,
a(l,n) = = NP1FP2) (1) N —n +2). But ¢/ D@1+ (1, N —n +2) = a(n, N +1), and
we should require a(1,n) = a(n, N 4+ 1). At last, shifting this condition as a whole along
the chain by k steps, we get a(k+1,n+ k) = a(n+ k, N + k+ 1), which can be written
in the form

a(ni,ng) = a(ng,ny + N) (at 1 <my <mny < N). (1.17)

This condition is the periodicity condition under the shift of one of the variables (n;)
by N at a fixed value of ny. Note that the condition a(n; + N, ny) = a(ny, ng) is wrong
because our wave function is defined only at n; < ng, and the shift n; — n; + NV changes
the relative position of the arguments.

Another way to understand this periodicity condition is to extend the wave function to
the region n; > ns by imposing a natural symmetry requirement under the permutation
of variables: a(ny,ny) = a(ng,n1). It is easy to see that the extended wave function is
given by the formula

asymm(nl’ n2) — ei(p1n1+p2n2+%sign(nz—n1)912) + 6i(p2n1+p1n2+%sign(nz—nl)egl)' (118)
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This wave function satisfies the periodicity condition in the usual form ™™ (n;+N, ny) =
a™¥™™ (ny,ng). It is equivalent to (1.17).

The periodicity condition implies the restrictions for possible values of p;, ps:

iptN _ ,i0(p1,p2)
{ ¢ ¢ (1.19)

e2N — o—ib(p1,p2)

This is the simplest example of the system of Bethe equations. Physicists interpret them
in the following way. The first magnon, moving around the circle, acquires a phase which
should be a multiple of 27. On the other hand, this phase is a sum of the phase due to
the free motion p; N and the scattering phase on the second magnon which is equal to
0(p2, p1). The Bethe equations just state that the sum is a multiple of 27.

In fact the Bethe equations (1.19) are obtained automatically if one takes into account
the condition (1.11) (which was not of any use so far). For this we subtract (1.11) from
(1.9) at n; = 1, ng = N and obtain the equation

a(0, N) +a(1, N + 1) = 2a(1, N).
Substituting (1.12), we get (taking into account that e/ +P2N = 1 and A/B = ¢%12) the

same Bethe equatins for py, ps.

Problem. Find solutions of the Bethe equations such that p; = ps, and also find the
corresponding eigenvectors.

The result of this problem suggests that not all solutions of the Bethe equations correspond
to nontrivial eigenstates.

It is convenient to rewrite the Bethe equations in a different parametrization, in which
they become algebraic. For example, one can put e = z;, e’ = z,, and then

N _Lhazm -2
! 1+2122—222
N __ 1+2122—222
g = ——

1+ Z1%9 — 221'

But in what follows another parametrization will be much more convenient. Instead of
p, let us introduce the parameter \ as follows:

A+ 1
_ 2t W )\:fctgg. (1.20)

A—i 2 °2

e

This parameter is sometimes called rapidity. For a reason which will be clear later it is
also called spectral parameter. Introduce the useful functions

A+ L
p(\) := —ilog 5 i 2 = —2arctg(2)\) + 7 (mod 27),
’ (1.21)
1
e(A) :=2(1—cosp(N)) = ,
A2+ g

12



which have the meaning of momentum and energy of a free magnon with spectral
parameter A. A direct calculation shows that

eie(p17p2) _ )\1 _)\2+Z
A=Ay —i

i.e., the scattering phase shift of two magnons depends only on the difference of their
rapidities, and this is the main advantage of the A-parametrization. The system of Bethe
equations is written in the form

(1.22)

)\1 - % N _ )\1—>\2—i
)\1+% A=A +1

)\2 _% N _ )\2—)\1—i
)\2+% Ao— A1+

Let us see how the solutions look like as N — oco. We have:

(1.23)

A — 2 i

2 = wev
>\1+§
N— i

2 = e w2,
Mot !

where wy o are two arbitrary roots of 1 of Nth degree. In the limit N — oo their arguments
independently run in the segment [0,27), and exponential functions in the right hand
sides tend to 1, so the variables separate and the equations are solved in a trivial way,
with real Ay, Ao. Physically the corresponding eigenstates are interpreted as scattering
states of two magnons.

However, equations (1.23) have also complex solutions. Set A\; = uj+ivy, Ay = ug+ivs.
Taking module of the first equation, we get:

N
ui + (v1 — 3)? _ (uy — uz)? + (vy — vy — 1)*
ui + (01 + 3)? (ur —u2)® + (V1 —v2 + 1)*

Assume that v; > 0, then the left hand side is exponentially small as N — oco. So, with
exponential precision we have u; = us, v1 —v9 = 1. Taking module of the second equation,
we see that vo < 0. Multiplying the both equations, we get:

w i —3)  wti(e =)\
u1+i<1}1+%) U2+i(vg+%> '

Plugging here u; = us, v1 — v9 = 1, we arrive at the relation
) N
uy+i(or—3)\" .
U1 + i(l)l + %) ,

hence v; = % So, with the exponential precision as N — oo we obtain the family of
solutions )
1
M=u+ =, Ao =u— —. 1.24
1 5 2 5 (1.24)
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Such a solution is called a string. In our case it is a string of length 2. The real parameter
u is arbitrary. The total momentum of the state and the energy are expressed as

, U1
p(A1, A2) = p(A) + p(A2) = p(u/2) = —ilog PR
(1.25)
2
E(A, X)) =¢(A ) =1-— M. o) = )
(A1, A2) = (A1) +e(Ag) cos p(A1, Az) e

Exercise. Derive these formulas.

Problem. Prove that F(u + %, u— %) is always less than the energy of two magnons
with momenta p; and py such that p; +ps = p(u + 5,u — 5) = p(u/2). Therefore, such
state can be interpreted as a bound state of two magnons. Describe how its wave function
looks like.

To summarize, we constructed eigenstates of the operator H*** of the form |W (A1, A2)),
where Aj, Ay is a solution of the Bethe equations (1.23). Their momentum and energy
are given by the formulas

P(A1, A2) = p(A1) + p(A2),

E()\l, )\2) = 5()\1) + 5()\2).
These states are degenerate because all states of the form S™|[W(A;; Ay)) c 1 <m < N—2
have the same energy. Obviously, S,|U (A1, A2)) = (N — 4)[ U (A1, A2)).

Problem. Prove that S, |¥ (A1, A2)) = 0 (A1, \g satisfy the Bethe equations).

More than two inverted spins: general case. Actually, it is not surprising that we
managed to solve the problem in the sector with two inverted spins. It is truly remarkable
that the same method allows one to go much further and to solve the problem in the
sector with arbitrary number m of inverted spins.

We will find eigenvectors of the operator H** = N — P in the subspace H(m) in the
form

W= Y alki. k) o™ ot ).

1<k1<...<km<N

The eigenvalue equation is the same as before: P |¥) = (N — E) |¥) (recall that P =
>k Prk+1). Similarly to the case of two inverted spins, multiply the both sides from the

left by the covector (Qol™) ... o\™) (at ny < ny < ... < nm),
Qol™ ") = (N — E) (o™ o) ) (1.26)

and move all parmutation operators to the left end. For brevity, we write the commutation
rule in the form

0'-(1-”)Pk,k+1 = Pk,k+1(03rn) + Blin)),

where

B = (07 = o) 4 (07— 0l).
The right hand side of (1.26) is (N — E)a(ny,...,n,). The left hand side, after moving
the permutation operators to the left, is of the form

ST () + BN (00 + 85 (08 4 g [
k

14



Not very instructive but let us see what this gives after opening the brackets and takmg
the sum over k (from 1 to N). First, there is the term not containing the operators ﬁk ;
it does not depend on k and gives

N Qo™ ol vy

Second, there are m terms in which the operators 5 enter once. They are unified in the
expression

émw(ﬁl)...%% ol (Zﬁ ) |w)

Here the crossed operator means that it is absent at this place. It is easy to see that

Z Bkn) n+1 g_n—l) N 20_&_71)’

, so these terms have the expected form already familiar from the previous cases. Consider
now the terms in which there are two operators [3:

S (@0 g g o) (3 6 5 [
k

a,a’=1
a<al

Problem. Prove that

ZB(’“ Ul =0 at o/ —al > 2 (mod m),

na na Na Na 1
ZB( = 25na+1,na+1‘75- )U-(l- )

It follows from this that the bilinear terms in (3 yield
2 i Spoitn (2o olm) )
na+1nat1 + -0t :
a=1

(Hereafter the index « is understood modulo m.) Finally, let us look on the higher terms
in 8. The key fact is that

S AR <0 a2 forall

The proof is not difficult; we suggest to prove this identity as a problem. So, all the terms
containing more than two operators /5 in the left hand side of (1.26) vanish! That is why
the Bethe’s method works for m > 2.

Collecting everything together, we have:
Qo™ .o (p - Ny

L 3o, e g et ) nm>+z ()0, p(ra e (rar) ()
a=1

15



423 Bt tnass — 1) (@ ool (1.27)

a=1
In the second sum, shift the summation index @ — a+1. After taking the scalar product
with the vector |U) we get the following equation for a(nq, ..., ny,):

Z(l — Ot imass) O, - oo Nac1, Na+1, Nag1, - ., M)

L = 0pomaga—1) (N1, - o, Na1, Mo, Nag1 — 1, oo Mgy,

10

m
Z (1 = 0pptines) @(ne, ..., nm) = —Ea(ng,...,npy).

The d-symbols in the first two sums appear for the following reason In the first sum the
term with n, + 1 = n,.; would correspond to the vector (€| a+ Srna Y in which
there are two operators o, hence this vector vanishes and its contribution should be
excluded. Using the shift operators e, we can write the equation in somewhat more

compact form:

i (2—68"" —6_8"a> a(ny,...,ny) + i On+1mas (2—66”0‘ —e_a’”‘a) a(ny,...,ny)

a=1 a=1

= Fa(ny,...,nm).
(1.28)
As in the case m = 2, we will find solutions among the functions a(ns,...,n,,), which
satisfy the equation
> (2—68”a —e*a"a) a(ny,...,nm) = Ea(ny,...,ny,) (1.29)
a=1

for all n;. The remaining terms in the left hand side will vanish if we impose the additional
conditions

a(ny, .. Nay Ny« s M) Fa(ng, oo gL N+l o ng) =2a(ng, .oy Ny Moty <o Ny
(1.30)
The general solution of the first equation, which is an eigenstate for the shift operator, is

a(ni,...,np) = > A, exp( Zpg n]>

ocESm

The sum is taken over all m! permutations of the indices {1,2,...,m}. The parameters
Po and the coefficients A, are arbitrary. The momentum and the energy are given by the
formulas

P=Yp.  E=23(1-cosp,)
a=1 a=1
Similarly to the case m = 2, the conditions (1.30) impose certain relations for the

coefficients A, which can be uniquely solved up to a common multiplier. The detailed
analysis is an instructive exercise (do it at least for m = 3).

16



The result has the form (at 1 <n; <ny < ... <ny <N)

m

a(ni,na,...,np) = > exp( Z o)1 + = Z 0o (5)o( k)) (1.31)

c€Sm j=1 ]<k‘

where the phases 6, = 0(p;, pi) are defined by the same formula

1 4 eiPitpr) _ 9eip;

1 + eiPitre) — Qeipk

as before. The expression (1.31) is called the Bethe wave function. Similarly to (1.18),
one can extend the wave function (1.31) to other sectors of the configuration space
symmetrically:

m

S (N Ny oy M) = Z exp( Z G+ = Z sign (n j)GG(j)J(k)>. (1.32)

c€ESm j=1 _]<k‘

a

The periodicity condition is now as follows:

a(ni,ng,...,ny) = a(ng,ng,...,n; + N), (1.33)

which leads to the system of Bethe equations

ePN = T e?wire)  j=1,....,m. (1.34)
k#j

In the A-parametrization these equations read

N

Y ;) No-M—i

R | A e Y 1.35
<A+; ng Nt 7 (1.35)

Problem. Find spectrum of the Hamiltonian of the X X X spin chain on 3 sites with
periodic boundary conditions:

HXXX —

I\DM—t

i(%kw(ml ), e =e.

Determine also the degeneracy of the levels.
Problem (difficult). Prove that all eigenstates ‘\I/(m)> corresponding to solutions of
the Bethe equations satisfy S "ll(m)> =0.

Solutions of the system (1.35) as N — oo are analyzed similarly to the case of two
magnons. Real solutions correspond to the states of m independent magnons. Complex
solutions form “strings”. Their lengths can be 2M + 1 < m, where M € %Zzo- The
numbers \; for a string of length 2M + 1 are

Ne=utik, k=-M—~M+1,...,.M—1,M,

17



where u is an arbitrary real number. For example, string of length 2 is {u + %, u— %},
string of length 3 is {u+1i, u,u—1} and so on. Strings of length 2M +1 > 1 are interpreted
as bound states of 2M + 1 magnons. Magnons themselves are formally strings of length
1 (in this case M = 0).

Problem. Find possible form of string solutions of the Bethe equations in the limit
N — o0.

So, in the eigenstate of general form the Bethe numbers \; form strings of different
lengths. Let vy, be the number of strings of length 2M + 1 and A\jp (j = 1,...,vu)
be real parts of the parameters A forming the string indexed by j. Let @) be the total
number of strings (including strings of length 1). We have:

Q:ZVM, m:Z(ZM—i—l)z/M.
M>0 M>0
The set of integer numbers {m, Q, {va;}} connected by these relations and @ real numbers
Aj.m characterize the state. We call such set of parameters configuration. The energy and
momentum of the state corresponding to a given configuration is a sum of ) terms each
of them is energy and momentum of a separate string (this is true with the exponential
precision as N — 00).

Problem. Show that energy and momentum of the string of length 2A + 1 with
M =u+ik (k=-M,—M+1,...,M —1, M) with exponential precision as N — oo are
given by the formulas

1 2M +1 2
= 5( - ): il = (1 —cos P),
2M +1 \2M +1 uw?+ (M +3)2 2M +1
(1.36)
u u
P = p(2M n 1) = —2arcth7+% + 7  (mod 2m).

At a fixed m and N — oo the real parts of the parameters A; y; are arbitrary. However,
if m tends to oo together with NV in such a way that m/N is fixed, then the parameters
Ajv of a given configuration satisfy a system of equations which is obtained from the
original Bethe equations as follows. For a given string of length 2M + 1 multiply the
Bethe equations corresponding to the parameters A; which form this string. In the right
hand side, multiply the factors =57
strings in a given configuration. Tet us introduce the notation

over k according to the decomposition of A to the

A—1
Vo) = )
o(Y) A+ i
Problem. Prove the identities

ﬁ Vo(2X + 2il) = Vo ( 2\ )
e 0 1 — V0 2M—|—1 3
ﬁ V(A+'Z)—v(i)v( A )=V
l:—MO Z—OMOM+1—M7
M Mo M+ M,
l1=—M; la=—DM> L:|M1—M2|
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Problem. Prove that the system of equations for real parts of the parameters \; s

has the form
VM,

VON(M]’T) [T I Vs Qyan = Aean). (1.37)

(k, Mz)#(] My)

So, as N — oo the eigenstates of the Hamiltonian of the X X X spin chain are states
of independent magnons and their bound states (strings of length greater than 1).

1.1.4 Ground state of antiferromagnetic chain

Consider now the Hamiltonian of the X X X spin chain with the opposite sign:

N
FOAF Z ( k+1 ) 4 U( ) l(lk+1) + agk)ongrl) _ U(()k)a(()k+1)> '

l\D\r—t

Accordingly, one should change sign in all expressions for energies of m-magnon states.
The vacuum |2) now has the mazimal energy (equal to 0) and all states with some
number of magnons with nonzero momenta will have negative energies. Physicists say
that in this case |Q2) is a false vacuum while the true (physical) vacuum, i.e. the state
with the minimal energy is obtained by filling of the false vacuum by enough number of
magnons. This is similar to the Dirac sea.

In this section we assume that N is even. Then the ground state belongs to the sector
with zero total projection of spin, i.e. it has m = N/2 inverted spins. We will show
that the Bethe equations allow one to obtain an exhaustive information about this state
as N — o0o. A complete description of excited states over the physical vacuum is also
possible (it is given in [6]), but we will restrict ourselves by the analysis of the ground
state. One can show that in the ground state all A; are real, i.e. there are no strings of
lengths greater than 1.

So, we consider the system of equations (1.35) and pass to logarithms in it:

Y L Ay — N
Nlog 2—2 = log7+2mq], j=1,...,—,
)\J 5 kT /\ — A+ 1 2
or N2
A=Ak
Np(Nj) = > p(JT) — 2mq;;,
k=1.#]
where ¢; are some integer numbers. Recalling that 2\ = —tg% (see (1.20)), we can
write these equations in the form
N/2
s 1 _ N
arctg(2);) = N Q; + N kzzzlarctg()\j M), J=1,..., o

where integer (at odd N/2) or half-integer (at even N/2) numbers (); are connected with
qj as Q; = (3N +2) —¢;. A detailed analysis shows that in the ground state the numbers
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(; monotonically increase with j in the interval {—% + %, % — %}, ie, Qj11 —Q; =L
In the limit N — oo we can substitute

j 1 1
%—)x, A= ANx), —

where \(z) is a monotonic continuous function and A(£7) = £oo. In the limit, we obtain
the integral equation

1/4
arctg2\(z) = wx + /arctg (A(z) — A(2"))da’ (1.38)
—1/4

for it. However, it is more convenient to work with the function

o) = (A

(here x(\) is the function inverse to A(x)), which has the meaning of normalized density
of the numbers \; in the interval [\, A 4+ d)]. This can be easily understood by writing
d
Np(\)dX = N(z(A +d\) — z()\)) = N%d)\ — Ndx.

By the definition of z(A), the right hand side is the amount of the numbers @); in the
interval [z, + dz|. Therefore, the left hand side gives the amount of the numbers A;
in the interval [A, A + dA]. It is clear that the function p(\) satisfies the normalization
condition

(1.39)

z=x(A)

+oo 1
/_Oo A AA = 3. (1.40)

The density function allows one to replace sums by integrals in the limit N — oo
according to the rule

S0 = N [ Feax
j —00
Differentiating (1.38) with respect to x, we get the integral equation for p(\):

too p(p) dp 2
7T’)(A)Jr/_oo A—p2+1 441 (L41)

It can be solved by the Fourier transformation. Integrate both parts with the function
e and take into account that
T ePdn

= e l¢l,

Then we obtain an algebraic equation for the Fourier image p(&) = / e p(N)dA. Tts
1 —0o0

= Jcosh(/2) enee

solution has the form p(&)

1 7 e iNge 1

PN = %_Oo 2 cosh(£/2) a 2 cosh(m\)’ (142)
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The energy and momentum of the ground state are found as

N/2

Fy==3c(y)=-N | ey
=N [ nt

Exercise. Calculate these integrals and show that

N/2

Ey=—2Nlog2, Py =nN/2 (mod 27).

1.1.5 Anisotropic (XXZ) spin chain

The Hamiltonian of the X X' Z spin chain has the form

N
e _ Z( (B 4 505041 L A (gD 1))7 (1.43)

l\D\»—l

where A is called the anisotropy parameter. The diagonalization of this operator is only
a little bit more difficult than in the isotropic case. Indeed, writing

XX7 XXX 1 al (k-i-l
H™ = B — (A (Z — N1),

we see that the additional part acts to the basis vectors diagonally, and so its effect is
easy to take into account.

Introduce the temporary notation ’ ki ko, .., k;m> = gk)gh)  glkm) |2) (as usual,
1<k <...<k, < N). From the obvious equality

o ky ko, b ) = (1—2i5k,ka) | By sy o )
a=1

it easily follows that

(% o k1) )‘kl’k%m’km>:4§:(5%“7,%“—1)‘k1,k2,...,km>.

a=1
This additional contribution changes the expression for the covector

N
QoL o B = (0o o [N = P S8 = 1)(3 oo — Vi)

similar to (1.27) and the third sum in the right hand side will acquire the coefficient 2A
instead of 2. Therefore, the equation (1.29) and the conditions (1.30) acquire the form

> <2A—68"a —6_8"a) a(ng,...,nym) = Fa(ny,...,ny,) (1.44)

a=1
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a(ny, ..oy Nay Ny« oy M) + (N1, oo N+ 1, n0+1, .0 0y)
(1.45)
= 2Aa(ny, ..., nayNa+1, ... 0p).
The general solution of the first equation which is simultaneously an eigenvector for the
shift operator is the same as in the isotropic case:

a(ni,...,np) = > A, exp( Zpg n3>

oESm

The total momentum is again given by the sum of the p,’s but the expression for energy
should be modified:

m

= Z Pa s Z — COSpa
a=1

The conditions (1.45) imply similar relations for the coefficients A,, and they can be
uniquely resolved up to a common multiplier.

The Bethe wave function (at 1 < n; < ng < ... < ny < N) has the same general
form (1.31) as before:

m

a(ny,ng, ..., ny) = Z exp( Z »Hnj+ 5 Z Oc()or (k) ), (1.46)

0ESM : j<k‘
but the phases 6, = 0(p;, pr) are now defined by the formula

1+ e!Pitre) — 2\ePs

e 0Pipk) — _ . —
1 + eipitre) — 2 AeiPk

The periodicity condition (1.33) leads to the same Bethe equations for p; in the form
(1.34).
There exist also analogs of the A-parametrization. They are different in the cases

A >1and 0 < A < 1. Assume first that A > 1. The parameter A is introduced by the
formula

z‘p:w te L — coth (n/2) te (n\ 1.47
= -y Mmoo ceg = (n/2) tg (nA), (1.47)

where 7 is connected with A by the relation
A = coshn. (1.48)

For the phase shift we have

sin (A1 — Ag + 1)

etz — . .
sinn(A; — Ay — 1) (1.49)
The functions p(A) and e(\) are (cf. (1.21)):
p(A) = —2arctg (t;r%h(?n)\/g)) +,
(1.50)

2 sinh? 7
coshn — cos(2n))’

() =
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They coincide with (1.21) in the limit 7 — 0. The Bethe equations for the X XZ spin
chain in the A-parametrization are

(sinn()\j — ;))N _ H sinn(A\; — A, — 1)

sinn(A; + iy S — A +1)

j=1...,m. (1.51)

The formulas for the case |A| < 1 are obtained from the ones written above by the
substitution 1 = 77, then A = cos~.

Problem. Find string solutions of Bethe equations for the X X Z spin chain at m = 2
in the limit N — oo and express energy and momentum of the corresponding states
through the real parts of A;’s.

1.2 Bethe ansatz for one-dimensional Bose gas with point-like
interaction

The aim of this section is to show how the coordinate Bethe ansatz works for continuous
models.

Consider N quantum particles on the line which interact only when any two of them
are in one and the same point. Such “point-like interaction” is mathematically described
by the d-function potential. The Hamiltonian in the coordinate representation is

N N 82
j

j=1 1<j<k<N

We have put h = 1, mass of particle = % At ¢ = 0 we have a system of free (non-
interacting) particles. At ¢ > 0 the interaction is repulsive (the particles do not like to be
at the same point), at ¢ < 0 it is attractive. Below we consider the repulsive case ¢ > 0.

According to the quantum mechanical rules, the momentum operator of this system
of particles is

It commutes with the Hamiltonian because the interaction depends only on the differences
of the coordinates (the total momentum is conserved). The stationary Schrodinger equ-
ation for the wave function is ¥ umeer Buz

HyU(zy, ... xy5) = EV(2y,...,2N). (1.54)

We are going to find common eigenfunctions of the Hamiltonian and the total momentum
and the corresponding eigenvalues (the energy spectrum).

In the secondary quantization formalism, the model is described by the Hamiltonian
A = [(0:64 )00 () + vt (0! (@pbla)i (a), (1.5)

where 9!, 1) are creation and annihilation operators of the Bose particles. They satisfy
the commutation relations

[, t), 'y, 1)) = 6(z —y), [P, 1), ¢y, )] = W'(x,1), 0'(y. )] = 0.
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The equation of motion reads

i0ph = —0) + 2chT. (1.56)

It is called the quantum nonlinear Schrodinger equation. That is why the model of
particles is often called the quantum nonlinear Schrodinger equation. The Fock vacuum
is defined by the equation ¥ (x)|0) = 0. In the N-particle sector the eigenstates of the
Hamiltonian are constructed as

W) = /dxl cdan O ()0 (@) .t () [0)

where W(xq,...,zy) is the wave function satisfying equation (1.54).

1.2.1 The Bethe wave function

In this section we work in the sector with a fixed number of particles. Let us start with
the trivial case of one particle. We have:

U(x)) = e E = pi.

If we impose the periodic boundary conditions ¥ (zy + L) = ¥(x1), then the momentum
p1 is quantized: p; = 2nl/L, { € Z>¢. For one particle the interaction is absent.

For two particles the problem is more interesting:
—(02, + 02)V (w1, x2) + 2¢0(x1 — 22) ¥ (21, T2) = BV (21, 32).

At x1 = x5 there is a singularity. The wave function is continuous but its derivative has
a jump. At x1 # x9 there is no interaction and the particles behave as free ones, i.e., for
example at x; < x9 we can find the wave function in the form

\I’(ZL‘l,ZEQ) = A1261(P1m1+p2x2) _|_AQI61(1171952—1-]32;51)7

so that —(3%1 + 822)\1’ =FkEV, E= P% —|—p§.

The delta-function potential is equivalent to certain boundary condition at 1 = x5—0.
Simple arguments show that this condition has the form

(azz - am - C) v

=0, (1.57)

xr1=x9—0

hence .
An _pr—pr—ic (1.58)
Ay p1—petic '

In order to derive this condition, we pass to the coordinates r = xo — 21, X = %(xg +x1),
then 9,, — 0y, = 20,, 92, + 02, = 202 + 10%, and the Schrodinger equation is written in
the form

—20%0 + 2¢6(z)V = (E + 5 0%) V.

The terms in the right hand side remain finite at = 0. The left hand side also should be
finite, so the singularity coming from the J-function should cancel by the discontinuity
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of the derivative of U at x = 0. In other words, integrate both sides over small interval
[0, ] and tend ¢ — 0:

/E(—Qaglll + 2¢6(x)V)dz = 0.
0

In the right hand side we write 0 because in the limit ¢ — 0 the integral in the right
hand side vanish. We obtain, therefore,

20,0 +2¢ / 5(2)Wda = 0.
0

How to understand the integral of the d-function over the segment such that its left end
is the support of the d-function (the point = 0)7 In most presentation of the Bethe
method in the literature, the integration here goes over the segment |z| < . This, on one
hand, removes the problem, but, on the other, requires extension of the wave function
to the domain x; > x5 in which it originally was not defined. Certainly, the symmetric
extension is implied but we believe that it is important that there exists an argument
which allows one to remain in the sector z; < x,. If so, the integral one of the limits of
which is the support of the d-function, should be understood as half of the integral over
the segment containing the support. (Only half of the J-function will work). Similarly,
0,¥(0) should be understood as 0 by symmetry. Therefore, our condition tells us that
2 lim0 0,V (z) = c¥(0),

T—+

which is the same as (1.57).

A more formal way to derive this condition is to find the solution for all x1, x5 but to
impose the symmetry W (z, x9) = W(xq,21). Namely, let us find the solution in the form

U(zy,20) = fa1,22)0(xe — 1) + f(22,21)0(21 — 22),
where 6(x) is the step function (f(z) =1 at x > 0 and §(z) = 0 at < 0), and
f(xth) _ Amez'(pwlﬂ?wz) _|_A21€z'(p112+p2x1)

is the function which we denoted as W before. Note that if we add the condition 0(0) = 1

to the definition of the step function, then the function ¥ will be continuous at 1 = xs.
Since 0,0(x) = §(x), a direct calculation yields

(ail + 332)‘1’(3717372) = 0(zy — xl)@il + ai)f(l’h Ty) + 0(21 — Iz)(ail + aig)f(@,xl)

— 20(x1 — 29)(0ny = Ou,) [ (w1, 22) — fl22,21)] — 20" (21 — 22) [f (21, 72) — [ (2, 71)].

Note that the term with ¢’ do not cancel. It should be understood in the sense of
distributions (generalized functions) as

1
8 (z1 — za) (21, 22) = — 5 0(x1 — 29) (02 — Oy )p(1, T2),

which is valid for any antisymmetric function ¢ because integrals of both sides with any
smooth test function are equal. Taking this into account, we get:

(0, + 07,)W(w1, w2) = (w2 — 21)(05, + O, ) f (w1, 22) + 01 — 22) (07, + 07,) f (w2, 1)
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—0(x1 = 22)(0p, —Ony) [f (1, 72) — f(72,71)].

Since

(Opy —Ouy) [f(x1,2) — f(22,21)] = i(A1a — Agy)(p1 — po)(e'Pro1FP272) 4 gilp2ritpiea)y

and one can put o = x; in the terms with the d-function, we have finally:
HyU = (p} + p3) ¥ + 26 (w1 — ) (C(A12 + Ao1) + (A2 — Aa1) (1 — p2))€i(p1+p2)xl

The condition of vanishing of the last term gives the same relation (1.58).

In the case of N particles the wave function in the sector 0 < z; <y < ... <y < L
has the form

U= > A, exp( Zpa IJ) (1.59)

with boundary conditions

(Oayr — O, — )0 =0, j=12,...,N—1.

zj=zj41—0

These conditions are obtained precisely in the same way as for two particles.

Theorem. The exact eigenfunction of the N-particle Hamiltonian (1.52) in the sector
0<x <z9<...<2xy <L has the form

U= C’ngn (i@wm —i0y,, —z'c) 1§(},%th (eipf””’“) : (1.60)

For the proof one should check that it is of the form (1.59) and the boundary conditions
are satisfied. The former is evident from the expansion of the determinant,

N

v =C Z (—1)l] H Po(m) — ) — ic exp( ZpU(J x]) (1.61)

oc€SN m<n 7j=1

and the latter is more convenient to check in the form (1.60) not expanding the deter-
minant. Verify, for example, the condition (0,, — 0., — ¢)¥

that ¥ = —i(0,, — 0,, + ¢)¥, where

= (. For this we note
xr1=x2—0

O (-0, i) -0, i) T (i) (62,

3<m<n<N 1Sj k<N

The function U is obviously symmetric with respect to the permutation x; <> .
Rewriting the left hand side of our condition (9,, — 0., — c)\I/’ = 0 in the form

~ z1=12—0
—i ((Opy — Oy, )? — ¢*) U, we see that it is antisymmetric with respect to the permutation
1 > x9, and, therefore, it is equal to 0.

Corollary. The exact symmetrized eigenfunction of the N-particle Hamiltonian (1.52)
has the form

N
\Ilsymrn _ ON Z (_1)[0] H ( J(m)—pa(n)—i—icsign (Im_l‘n ) eXp( ZpU(J x]) 1 62)

oESN m<n
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In order to indicate the dependence on coordinates and momenta, we will write U™ =

TR @i {pi})-
The normalization constant Cy can be defined from the normalization condition

/RN dry ... doy U™ ({a{p ) O™ ({2} {pi}) = (2m)" l:[1 o(pi —p;)-  (1.63)

The condition of completeness is also valid:

/RN dpy ... dpy O (i {p D OR™ (ot {pi}) = @m) " [[ 0(2i —2f).  (1.64)

=1

Problem. Show that the normalization constant Cy is given by

~1/2
Cy = S NUT [y = pi)* + €] (1.65)

j<k
and check the normalization condition and the condition of completeness.

The limiting case ¢ — oo corresponds to the system of impenetrable Bose particles. In
this case the wave function in the sector x; < ... < zn coincides with the wave function
of N free fermions det,(e?/™*), and W™ o det ;i (e™5%) []; oy, sign (x; — ).

So, the exact eigenfunctions of the N-particle Hamiltonian (1.52) (Bethe wave func-
tions) have the form (1.61), (1.60), or, in the symmetrized version (1.62). They are

parametrized by N numbers py,...,py. The momentum and energy for them are
N N
P=%p;, E=)p. (1.66)
j=1 j=1

Note that from (1.60) itis clear that the wave function vanishes if there is a pair of indices
J # k such that p; = pj, (the Pauli principle for one-dimensional bosons).

1.2.2 Bethe equations

Imposing periodic boundary conditions on a segment of length L leads to constraints for
possible values of the parameters p;. Arguments similar to the ones used for the derivation
of Bethe equations in the spin chain lead to the condition

U(zy,x9,...,xy5) = V(xe,23,... 2N, 21 + L)
(1.67)
in the sector =1 < x99 < ... < xN.
It is equivalent to the system of Bethe equations for the p;’s:
: P — ic
gril — RPN (1.68)

k;,gjpj_pk_ic’

One can show that contrary to the case of the spin chains, all their solutions for ¢ > 0
are real.
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Problem. For the system of three identical Bose particles with the Hamiltonian

3

j=1 975 1<j<k<3

a) construct common eigenstates of the Hamiltonian and the momentum operator
= —1
Z 8:5]

b) impose periodic boundary conditions on the segment [0, L] and obtain the Bethe
equations.

Problem. Find eigenstates and the energy spectrum for two Bose particles with the

Hamiltonian
2

2.0
N2 49 o
j;l 835? +2¢d(x; — xy)

on the segment [0, L] with impenetrable ends (this means that the wave function vanishes
if at least one of the particles is at the ends of the segment).

Note that after the substitution p; = A; the right hand sides of the Bethe equations
for the X X X spin chain and the Bose gas coincide. In fact this is a particular case of a
general rule that possible form of the right hand sides of Bethe equations is determined by
general laws of integrability (which are still behind the scene) and allows one to classify
quantum integrable models while the left hand sides may contain arbitrary functions
of A which determine concrete models within a given class. So, we see that the XXX
spin chain and the Bose gas belong to the same class while the X XZ spin chain to
another one. An analogy with representation theory is appropriate: the right hand sides
of Bethe equations are similar to structure constants of an algebra and left hand sides to
a particular representation.

Having this in mind, we will write the Bethe equations for the Bose gas in terms of
Al

4 Ai — A\, +ic

iN;L J k .

e —||— , 7=1,...,N. (1.69)
kg N — Ak —icC

In the Bose gas model the parameter A is connected with momentum in the most simple
way.

For the analysis of these equations it is useful to take logarithm:
LA+ (N — \p) = 2. (1.70)
=y

+ic . . I .
, and 7; are some integer numbers. Instead of ®(\) it is convenient
c

~ A
Here ®(\) = ilog 3
to introduce the odd function

D) =d(\) 47 = 2arctg(/\/c) (1.71)
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and redefine the numbers 71; as follows: n; = i; + 3 (N — 1) (at even N they are half-
integer). Our equations will have the form

L)\j + Z (I)<)\j - /\k) = 27T7”Lj (172)
k

(note that one can extend the sum to all values of k because ®(0) = 0). the representation
in the form (1.72) is better because one can prove (see below) that solutions of this system
such that \; # A\; at j # k exist and are uniquely defined by sets of integer or half-integer
distinct numbers n;.

Lemma. If n; > ny, then A\; > A\g; if nj = ng, then A\; = A,

For the proof consider the difference of two equations of the system:
N
L(Aj — X\g) + QZ(arctg ((A; — \)/c) —arctg (A, — )\l)/c)) = 27(nj — ng).
=1

Since arctg is a monotonically increasing function, the left hand side is positive if and
only if A; > A and is zero if and only if A\; = Ax. Therefore, at n; > n; one should have
Aj > A, and at nj = ng A\j = A

Lemma. The energy £/ =} /\5 in the model with N particles is minimal in the state
with the following set of n;:
N+1

nj=———+j, Jj=12...N (1.73)

In other words, in the ground state the numbers n; fill the interval from —3 (N — 1) to
+3 (N — 1) without holes. This is more or less clear from the symmetry argument but
one can find a rigorous proof in the literature.

Problem. Prove that in the state which is characterized by the numbers n; the

2w
total momentum is equal to P = T an.
J

1.2.3 The Yang function

Let us move all terms in the Bethe equations (1.72) to the left hand side and denote
Bj(/\h ey >\N) = L)\] — 27Tnj + Z @()\] - /\k),
k

then the Bethe equations state that B; = 0.

Problem. Show that
oB; 0B

This implies that there exists a function Y(Ay, ..., Ax) such that B; = 0 /0\,. It is called
the Yang function and plays an important role. The Bethe equations are conditions that
the Yang function has an extremum: 9)/0\; = 0. For the Bose gas model

L N N 1 N
y:§Z)\jz—27anj)\J+§ Z (I)l()\j—)\k), (175)
j=1 i=1

J,k=1

29



where )

d(\) = /0/\ O(p)du = 2\ arctg (\/c) — clog(l + 22)

In fact the possibility to represent the Bethe equations as a variational principle is a
general fact and exists also for other models. The Bose gas is distinguished by the fact
that in this case the Yang function has especially good properties which allow one to
prove rigorously the following important statement.

Theorem. Solutions of the system (1.72) exist and are uniquely defined by sets of
integer or half-integer numbers n;.

As was already said, the Bethe equations (1.72) are obtained as conditions for an extre-
mum of the Yang function. The statement of the theorem follows from the fact that the
Yang function is convex; thus the extremum is a minimum and it is unique. To prove that
the Yang function is convex, it is enough to show that the matrix YV, = 92V /ON;0\
(Hessian) is positively defined, i.e., all its eigenvalues are positive. This matrix has the

form
N

Vie = 0 (L + 2Ky = M) = KOy = M),

=1

where
2c

K(A—M):‘D’(}\—M):m-

(1.76)

For any real vector v; we have

1
Zyjk’l)j’l)k = LZUJQ + 5 Z K()\] — Ak)(”j — Uk)Q >0
Jk J k#j

here it is important that ¢ > 0). This means that the matrix );; is positively defined
J y
for all A;.

For XXX and XXZ spin chain the Yang function is in general not convex and
rigorous proofs of similar statements are problematic.

The matrix Vj; is also important for the following reason. The squared norm of the
Bethe state of the Bose gas in a finite volume is expressed through its determinant.
Namely, for the function U™ (1.62) with the constant Cly as in (1.65) and momenta
pj = A; satisfying the Bethe equations it holds

L L symm |2

1<jk<N

We stress that this formula is valid only for the states in which the parameters \; satisfy
the Bethe equations. A direct verification of this formula is non-trivial already in the case
N = 2.

Problem. Find the explicit form of the Yang function for the X X X spin chain.
1.2.4 Solution of Bethe equations in the thermodynamic limit

The thermodynamic limit is the limit N — oo, L — oo such that py = N/L (the mean
density of the particles) remains finite.
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The ground state. Let us begin with the ground state (the vacuum state). According
to the above lemma, the numbers n; should be as in (1.73). The total momentum is zero.
The numbers n; and A; are placed symmetrically with respect to 0 forming an analog of
the Dirac sea. In the limit the numbers \; densely fill an interval (—A, A). Their density

is given by the formula

1
pQy) = Jlim 0 =) (1.78)

This function allows one to substitute sums by integrals according to the rule
A
S IO =L [ F)pNdx
> _

take to neighboring equations (1.72) (for j + 1 and j) and subtract them:
L()\jJrl - )\]) + Z [(I)()\j+1 - /\k) - (I)()\J - )\k)] = 2.
k

The difference A\j1; — A; is small and we can expand the expression in the Taylor series
up to the first term. After that, divide both sides by L(Aj11 — Aj):

2

1
I+=) N\, — M) = ————. 1.79
sz: (s = 24) L(Aji1 = A)) (1.79)
Substituting the sum by the integral, recalling the definition of density (1.78) and the
function K(A — p) (1.76), we obtain the following integral equation for the density

function:

2mp(A) — /AA KA = p)p(p)dp = 1. (1.80)

A more formal way to derive this equation is to define the density function by the

| N
formula p(\) = 7 > 0(A— ;) and to represent (1.72) as an integral equation

Jj=1

At /_AA B\ — p)p(\)d\ = 27”2@)

from the very beginning. Here n()\) = 3=; 0(A—);) is a non-decreasing step function which
takes into account how many momenta are places from the left of the point A. Taking
the A-derivative, we arrive at (1.80). The singular function p(\) becomes continuous in
the limit.

Contrary to the X X X spin chain, the solution to the integral equation can not be
expressed through known functions (because of the fact that the limits of integration
are finite) but can be effectively found numerically. One can also prove some rigorous
statements about the solution. We will not discuss this point here.

The quantity A (the Fermi momentum) is determined from the normalization condition

= N = ' A)dA
= = . 1.81
Po=7 /4\ p(A) (1.81)
The ground state energy is given by the formula

A
EO = / A2p(A)dA. (1.82)
—A

31



Elementary excitations. Let us show, on the simplest example, how the Bethe ansatz
technique allows one to construct excited states (eigenstates of the Hamiltonian with
energy E > E©). Physically the most interesting are low-lying excitations, i.e. such
that £ — E© remains finite as L — oo. They are interpreted as physically observable
“dressed” particles and their scattering states. Original particles, in terms of which the
Hamiltonian was written, are called “bare” particles.

Let us consider the states with a fixed number of particles. The simplest excitations
correspond to the choice of the numbers n; as follows:

_ N-1 N3 N—1 h N—1 h N-1 N-1
{n]}—{ 5 0 T,...,T—m —1,T—m —|—1,...,T,T+mp}.

Here m” and m? are positive integer numbers. This can be thought of as creation of a
“particle” at m? and a “hole” at m (the latter means that the number N L —m" is absent
in the sequence). Assume that m" < N L Accordingly, one can 1ntroduce the momentum
of the added particle AP as the Bethe root corresponding to the added munber Y=L +mpP
and the momentum of the hole A" as the Bethe root corresponding to the number e

5 —m
in the vacuum solution.

It is important to note that the total momentum of the excited state is not equal to
AP — A" because in the new solution of Bethe equations the values of all other parameters
Aj are slightly shifted comparing to their vacuum values. But since there are many of
them (of order O(N)), the total contribution of such shifts can be O(1), i.e., of the same
order as \? — M. Physicists say that \» — A" is a “bare” momentum while the observed
(“dressed”) momentum is due to interaction. Note that at ¢ = oo they coincide.

In order to find the response of the “Dirac sea” to creation of the pair particle-hole,
we subtract the Bethe equations for the excited and vacuum states and expand in small
dN; = Aj — A; = O(1/L). Here )\; is jth Bethe root for the ground state and \; is jth
Bethe root for the excited state. We obtain, for 1 < j < N —m! — 1:

(= AL+ 2[R = M) = 0 = )| = 204 = A" = B3 = ¥7).
k
The terms with integer numbers n; cancel because they are the same for all such j. The

terms corresponding to the particle and the hole are moved to the right hand side. After
expanding in small 6A; = A\; — \;, these equations become (in the leading order):

SNL A+ 5N D" (N — M) = D @A — Ae)dAe = D(N; — ') — (N, — AP,
k k

where in the right hand side we changed ij to A; because the difference appears only in
the next order. The first two terms in the left hand side can be transformed using (1.79):

27 K(\ ———— L(Agr1 — M) = PN, — AY) — (N, — NP).
™ )\J+1 )\ Z )\k+]_ o )\k ( k+1 k’) ( J ) ( J )
Let us introduce the shift function
F(\ A", \P) = lim A lim (Ld/\~p()\~)) (1.83)
J10 0 NL=oo Njp1—Aj  NL—oo JENTT '
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and write the result as the integral equation

2 F(A[A", A7) — /AA K\ — ) F(u| A", W) dp = BA—N") — B(A—IP). (1.84)

Here originally \* < A, A?» > A but the solution can be analytically continued to the
whole real axis. From the right hand side it follows that

FAN", ) = F(AIN) = f(AINY),

where f(A|p) satisfies the integral equation

A
20 f (M) = [ KO =0)f(vlu)dy = ~(A = p). (1.85)
From the fact that ®(\) is an odd function, it easily follows that

J(=A =) = = f(Alp). (1.86)

The function f(A|p) will be also called the shift function. Its physical meaning will be
clarified below.

The excited state energy is

E—EO — (W)2— (24 Z(S‘E _ )\J2) — (WP)2 = (A2 4 2> AjoA,

: : (1.87)
— ()2 — (A2 42 /_A AFON, AP)dA = £(AP) — e(AD),
where
A
eN) =N —h+ 2[A puf (I A)dp, (1.88)

and the constant h is choisen from the condition that e(+A) = 0. Note that €(\) is an
even function because of (1.86). The momentum is

P=x—N4Y (3 —)\) = Ah+/ (AJAE AP)dA. (1.89)
J
Multiplying both sides of equation (1.84) by p(A) and integrating over A\, we get

A A
/ FON, AP)dA = /A (A = N") = @A — A7) ) p(N)dA,
A
hence we obtain another formula for the excited state momentum:
A
P=X )\ /A (B = N") = B — X)) p(A)dA. (1.90)

The integral term is the “dressed” part.

Consider now the case of several particles and holes. So far we have assumed that the
numbers of particles and holes are the same. This restriction can be removed if one does
not consider the number N of bare particles as fixed. Suppose there are m particles and
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n holes with the parameters A2, A\!. The shift function is introduced in a way similar to
(1.83):
FOG M, ) = lim A=H (1.91)
J bJ> a - N L—o0 )\j+1_)\j’ .
where now /\;- are Bethe roots in the presense of m particles and n holes. The integral
equation for this shift function can be derived in a similar way:

2PN, 00 [ KO- FWIOL), D= 2003)-3- 004, (192

The solution is

FOM} D)) = 3 7003 = 3 FORY). (193

The velocity of sound. Consider the one-particle excitation in more detail. The
excitations constructed above correspond to massless particles because they have the
linear dispersion law E = v, P as P — 0, where v, has the meaning of velocity of sound.
In order to see this and to obtain a formula for the velocity of sound, some calculations
are necessary. According to the definition,

OF (A
“=gp| = ;,(( A)) o (1.94)
where P is regarded as a function of A = AP (see (1.90)). From (1.90) we have:
14 / (A = 21 p(A). (1.95)
Differentiating equation (1.80) and then integrating by parts, we find:
2 () = [ KO w () — pA) (KO~ 4) = KA+4)  (196)

(here we take into account that p(\) is an even function). Differentiating equation (1.85)
with respect to u, we obtain:

KO ) = 25 f (M) — [ KO =) f(vlu)a

where oF (M)
FAlk) = =5

Substitute this into (1.96) instead of K (A & A). In this way we get the homogeneous
integral equation

A
2mg(N) = [ KA = p)g(u)dp
for the function g(A) = p/'(A\)+p(A)(f(AA) = f(A|—A)), which has the solution g(\) = 0,
B AN = —p(A) (FOIA) = FOL = A)). (1.97)
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Take the integral in the normalization condition (1.81) by parts,

A /
po=28p(8) = [ Mg (N

and substitute here p'(\) from (1.97). We obtain:

A
—A

po=28p(8) + p(A) [ (AFOIA) = Af(A = A))dA

— p(A) <2A 42 /_AA )\f()\|A)d)\>

(the second equality follows from f(A| — A) = f(=A|A) by virtue of (1.86)). Comparing
this with (1.88), we conclude that py = p(A)e’(A), and so for the velocity of sound we

find the formula
v. — £o

- 2mp?(A)

(1.98)

(see (1.94), (1.95)).

Dressing equation for the function ¢()\). The function ¢(\) (1.88) satisfies a linear
integral equation. Let us derive it. First derive the equation for the derivative £’ (). We
have, differentiating the definition (1.88):

A .
SN =22+2 [ uf(ulNdn, (1.99)
where the function f satisfies the equation

FOU) — 5 [ KO =) fwlmdv = 5 KA~ p)

(see (1.85)). The solution can be written in the form

FOp) = 21 / AA ROWW)K (v — p)dv, (1.100)

TmwJ—

where R(\,v) is the kernel of the integral operator inverse to I — i K with the kernel
6(A —v) — = K(XA —v). Since the kernel K (X — p) is symmmetric, the kernel R(\, ) is
also symmetric. By definition,

RO (50— ) = o K= p)) dv = 500 = ),

—A

hence, comparing this with (1.100), we find:

FOA i) = RO\, 1) = 6(A — ).

Now let us plug this into (1.99):



which is equivalent to the integral equation
YN~ o [ KO e = 2,
2 J-A
or, integrating by parts,
() — 2; /AA K'O\— w)e(u)dp = 2) (1.101)

(recall that e(£A) = 0). From comparison of (1.85) at u — foo and (1.80) it follows
that f(A] £ 00) = £7p(A), and because p()\) is an even function, from (1.88) it follows
that

eN) =X —h+o(1) upm A — oo.

Therefore, integrating (1.101), we get the integral equation for £(\):

c(\) — ;ﬁ /_AA KO\ — p)e()du = A2 — h. (1.102)

Sometimes this equation is called the dressing equation because the energy of a “bare”
particle \? is “dressed” to the energy of a physical (“dressed”) particle by means of the
integral operator with the kernel K (A — u). Similarly, the integral equation (1.80) with
the same kernel dresses the density % of non-interacting particles to the density p(A).

Scattering of physical particles. The physical particles do not have internal degrees
of freedom and their interaction is reduced to a phase shift. Using simple arguments, one
can find this phase shift and to give a physical meaning to the shift function f(\|u).

Let us calculate the phase shift A(\y, A1) for scattering of two particles with para-
meters X = A\, A} = \o. It is equal to the difference of the phase 9 which the second
particle acquires when moves from 0 to L in the presence of the first one and the phase
o which the second particle would acquire without the first one: A(Ag, A1) = wa1 — pa.
We have:

P2 = L) + Z (I)()\Q — S\k),
k
P21 = LAy + Z(ID(/\2 —Xp) PN — Ay),
k

where \; are Bethe roots with the presence of only the second particle while a A} are
Bethe roots in the presence of both particles. Then

A(Ag, M) = (A2 — Ay) + Z(q)()o —Ap) — @A — S\k))

= (N2 — M) = 3 K (o = ) (FOW{AL A}) = FOWA2)) kr = M)

Substituting the sum by the integral and using (1.93), we obtain:

Ao, M) = (g — A1) — /AA KOs — ) f(ul ) de. (1.103)
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Comparing this with (1.85), we find:
A()\Q, )\1) = —27Tf(/\2|/\1), (1104)

which gives a physical meaning to the function f(Au) and justifies its name “shift
function”. Note that the equation (1.85) can be interpreted as dressing equation for the
phase shift which dresses the bare phase shift ®(Ay — A;) to the phase shift A(Ay — A;)

of physical particles.

1.2.5 Thermodynamics of the model at finite temperature

Particles and holes. The bijection between states and sets of distinct integer or half-
integer numbers {n; }évzl allows for a relatively simple analysis of thermodynamics of the
model at finite temperature. For simplicity we assume that n; are integer numbers.

Let a set of real numbers {\;}}_; be a solution of Bethe equations. Consider the
function

y(\) = >\+2§:<I>()\—)\k). (1.105)

It monotonically increases with A and y(£oo) = £oo. Let {n;} be the set of integer
numbers complimentary to {n;}}_: {n;} = Z\ {n;}}_,. The following terminology is
convenient.

2 .
- Those A; € R for which y(\;) = i

are called particles;

k are called holes.

O
- Those A\;, € R for which y()\k) = 7;“/

Solutions to the equation y(\) € 27 Z/L (for given {n;}}_,) are sometimes called vacancies.
Obviously, a vacancy is either a particle or a hole. Particles are sometimes called occupied
vacancies and holes are called free vacancies.

The density of particles p is defined by equation (1.78) as before. A similar density
function p can be introduced for holes. At zero temperature, there were no holes in the
interval from —A to A or the number of holes was finite. That is why the function p is of
no use at zero temperature. At finite temperature both functions are nontrivial on the
whole real axis. So, we have:

- Density of particles: Lp(\)d\ is the number of particles on the segment [\, A + dAJ;

- Density of holes: Lp(A)dA is the number of holes on the segment [A, A + dA].

The density of vacancies is then p(A) + p(A). From the definitions it immediately follows
that y'(\) = 27(p(\) + p())). Differentiating (1.105), we get the integral equation which
connects densities of particles and holes:

22(p(N) + p(N) — [ KO = wplp) dp = 1. (1.106)
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2
Hereafter, the integration is from —oo to co. Recall that K(\) = )\2702 The meaning

+c
of this equation is similar to Bethe equations in the form (1.72): given the density of

holes p (this is analogous to the choice of a certain sequence of the numbers n; in (1.72)),
the density of particles p can be found from the integral equation.

Macroscopic description: entropy. The method of statistical thermodynamics con-
sists of not tracking individual states (by means of the numbers n;) but of passing to
description in terms of densities of particles and holes. To a given macroscopic state (a
fixed function p) there correspond many different microscopic states (sets of the numbers
n;). Indeed, there are

[L(p(N) + p(A)dA]!
Lp(A)dA]! [Lp(A)dA]!

possibilities to place Lp(A)dA particles in L(p(\) + p(A)dA vacancies, with fixed macro-
scopic density functions. In the thermodynamic limit it is a large number. The Stirling
formula logn! = nlogn — n + ... yields the contribution to the entropy dSy(\) =

log ON(N):
55N (N) = [(p(N) + (V) log(p(X) + p(A)) — p(A) log p(A) — p(A) log p(A) | Ld.

The total entropy is calculated as

Sy = /6SNd)\ = L/[(p + p)log(p+ p) — plogp — ﬁlogﬁ}d)\. (1.107)

SN'(N) = |

Integral equation. In the thermodynamic limit the total energy
Exy — L/ A2p(X) dA (1.108)

depends only on the macroscopic density p. This allows one to pass in the partition
function from summation over n; to a “functional integration” over p(\), taking into
account the entropy:

Zy= Y e fEnlnd = /[Dp] oSN—BEN.

ni<ng<..<npy

Here = 1/T is the inverse temperature. As usual in statistical thermodynamics, when
N — oo the main contribution comes from the states for which eN=#F~ has a maximum.
In other words, we should find extremum off the functional

Sy — BEN = —L/d/\ [BAQ/) — (p+p)log(p+p) +p10gp+ﬁ10gﬁ}
of density p under the condition that the main density is kept constant:
/ p(N)d\ = N/L = po. (1.109)

Introducing the Lagrange multiplier Sk and varying over p with the condition (1.106),
we have:

[ aX[BO2 = B)op + dplog p+ dplog 5 — (5p-+6p) log(p+5)] = 0
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for all 9p. After simple transformations we obtain the condition that the variation is zero:

p(N) 1 p(u)
B2 —h +log7———/K/\—u log(1+ 2 ap = 0. 1.110
O = b log 555 = 5 | KO- los(L+ 205) (L
Let us introduce the notation 5(0)
P\ Be)
= PN 1.111
p(A) (L.111)
then the above condition takes the form
1
N2 _p _ —Be(u)
AN =N —h-g /K()\ ) log (1 + ¢ 70 dy. (1.112)

It is a nonlineaar integral equation for the function £(\), in which h is a parameter.
The solution scheme of the original problem is as follows: substitute () determined by
this integral equation (parametrically depending on h) into the relation (1.106), which
becomes a Fredholm integral equation for p:

2 (14 V) p(A) = 1+ /K(A — )p(p) dps. (1.113)

The solution p should be substituted into the normalization condition (1.109), which
gives po from a given h. The functions p and ¢ are enough (in principle) to find all
thermodynamic quantities of interest.

In the limit 7' — 0 (f — oo) the nonlinear integral equation (1.112) becomes linear
(1.102), and the function () introduced in this section becomes the function £(\) which
enters equation (1.102) (the energy of elementary excitation).

Free energy and chemical potential. As an example, let us show how to derive
expressions for free energy and pressure. The entropy can be found from (1.107) with the
substituted definition of the function e:

SN:L/(p+ﬁ)log(1—l—e_ﬁa)d)\—{—Lﬁ/epd)\. (1.114)

Next, multiply both sides of (1.112) by p(A) and integrate over A. Using (1.113), we
represent the result in the form

L/(p+p) log (1+¢ %) d\ = Lﬁ/(A2—g)pdA—ﬁNh+2L7T/1og (1+e %) dx, (1.115)

where the left hand side just coincides with the first term in the right hand side of (1.114).
Hence the formula for entropy (1.114) can be simplified:

Sy = Lﬁ/)\zp d\ — BNh + 2L7T /log (1+e7) dn. (1.116)

For the free energy Fiy = Ex — T'Sn (recall that 5 = 1/T) we then get the expression

LT
_ . —e/T
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The pressure is found by the formula

8FN)T: N@h L d\  0s Oh

P=—(%0)e="Nor ~ o) Ty e an oL

+ ;/log (1 + e_s/T> d\.

The partial derivative Oc/0h can be found by differentiating the integral equation (1.112)
with respect to the parameter h. We obtain:

Oe(N) 1 Oe(p)/0h
- — 1 / KO\ — p) 2R
oh o | KO = 1) = yr
Comparing with (1.113), we see that the quantity —ifjgf} as a function of \ satisfies

the same integral equation (1.113) as p(A). From the uniqueness of solution (which can
be proved separately) we conclude that

Oe .

o /T

= 27rp(1+e )

Plugging this into the right hand side of the formula for pressure and using the normali-
zation condition, we see that the first two terms in the right hand side cancel each other.
Therefore, we obtain the following remarkable result:

T
_ —<()/T
P = 27T/log (1+e ) dA. (1.118)

Comparing with (1.117), we observe the known thermodynamic formula
Fy=—-LP+ Nh

from which it is clear that h has the meaning of chemical potential of the system. In fact
one could start from a given A rather than py, then the solution scheme is a little bit
simpler.

What is the meaning of the function €(\)? It turns out that £(\) is the energy of
excitation over the state of thermodynamic equilibrium. Intuitively, this can be understood
from the fact that the ratio of the number of occupied vacancies (i.e. particles) to the
total number of vacancies in a small interval d\ is equal to

p(A) 1
PN +p(A) 1+

which coincides with the Fermi-Dirac distribution. Note also that the obtained formulas
for the pressure and free energy look like written for a gas of non-interacting fictitious
“Fermi-particles” with energies (). In particular, at ¢ = oo these fictitious particles can
be identified with real ones in terms of which the original Hamiltonian is written.

At this point we finish the description of the thermodynamics of the model. A deeper
analysis is out of the scope of these lectures.
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2 Vertex models of statistical mechanics on two-dimen-
sional lattice

This section serves as an intermediate step from studying particular models to analysis
of general algebraic structures of quantum integrability. Here we discuss vertex models
on square lattice. These are models of absolutely different nature (and from a different
branch of physics) comparing to the models considered in the previous section. However,
their exact solution is also possible using the Bethe method. At the same time vertex
models are closely connected with spin chains and allow one to construct a family of
commuting integrals of motion for the latter, i.e., operators that commute with each
other and the Hamiltonian. In the context of vertex models, the main general notions
and objects of the quantum inverse scattering method (such as transfer matrix, R-matrix
and other) become most natural.

2.1 General vertex model on square lattice

Consider the square lattice of size N x M rolled into a torus, i.e. such that the end rows
and columns are identified. To each edge an arrow is assigned. On horizontal edges, the
arrows look either to the left or to the right, and on each vertical edge the arrows look
either up or down. Since each vertex is surrounded by 4 edges, we have 2* = 16 possible
configurations of arrows around vertex (16 types of vertices). Let us assign to each type
of vertex indexed by j = 1,...,16 a number ¢; (energy of the local configuration). The
total energy of the lattice is then a sum of local energies over all vertices:

16
E = Z Njgj,
j=1
where Nj; is the number of vertices of the type j in a given configuration. The quantities
w; = e~%/T (local Boltzmann weights) are often more convenient. We assume that they
are the same for all vertices. The partition function is

7= e =S [Lul,
J

where the summation is over all configurations of arrow on the lattice and F is the total
energy of the configuration. Usually the free energy per one vertex in the thermodynamic
limit is of the main interest:

For the clear reason, such model is called 16-vertex model. For general values of the
Boltzmann weights it does not have an exact solution.

Note that Boltzmann weights of some local configurations can be equal to zero (their
energy is then 4+00). This means that such local configurations at the vertex are forbidden.
In such a way one introduces 8-vertex and 6-vertex models which already admit an exact
solution (see below).

Instead of arrows one may use spin variables 0 = £1 which live on edges of the lattice:
if an arrow looks to the right or up, then 0 = +1, if it looks to the left or down, then
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o = —1. To each local configuration there correspond 4 spin variables a, o/, 3, 5’ taking
values +1. The variables a, o/ live on vertical edges while 3, 8’ on horizontal ones (Fig.
1). Let us denote the local Boltzmann weight of such configuration as

RY(B,8)  or o

Consider some horizontal row of the lattice and adjacent vertical edges at the top and
bottom of it. Let {aq,as,...,ayx} be spin variables on the vertical edges at the bottom
row and {a],a), ..., oy} at the top row (Fig. 2). At the moment, let them be fixed and
let us find the partition function of such horizontal “slice” of the lattice which we denote
as

{

VAN / o
%2 ANy I KPATKOCTH T{a} .

O1,02,.., N

To calculate it, one should multiply the local Boltzmann weights and take the sum over
all states on the horizontal edges:

Ti‘f;‘éﬁ}y = > Rgli(ﬁl, 52)33/3 (B2, Bs) ... Ri}%(ﬁw, Bi). (2.1)

B1,-BN
It is useful to regard the quantity TSESQQS;VV as matrix element of an operator T which
acts in the space H = C°@C*®...®C* = (C*)®V in the basis |a1) ® |ag) ® ... @ |ay):

_ mad ..o, Y /
Tloag,...,ay) = Tyyozr 0N lajad, ... )

(hereafter, we assume summation over repeated indices). Then
Z =try TV,

where the trace is taken in the space H. So, in order to find the partition function it is
enough to find eigenvalues of the matrix T. To determine the free energy per site in the
limit N, M — oo it is enough to know the largest eigenvalue as N — oo. Because of
its importance, the matrix T has a special name. It is called the transfer matriz because
it describes transition from one horizontal row to the next one. Diagonalization of the
transfer matrix is the first main problem in the theory of vertex models. The second main
problem is finding correlation functions but it is much more difficult.

Let us discuss the structure of the transfer matrix in more detail. The set of quantities
R (B, /") can be regarded as a 2 x 2 matrix R with respect to the indices 3, 3’ whose
matrix elements are in their turn 2 x 2 matrices (with indices a, a'):

(R )sar = RS (B, B).

In other words, one can regard R*' (3, ') as a block matrix. Then the right hand side of
equation (2.1) is nothing else than the matrix product in the horizontal (common for all
matrices) space C* (it is called the auziliary space) with subsequent taking trace in it:

{'} _ o ady,ddy ah pal o
Ty =T 0N =tree (RGP RG2 .. RN ).

{a} O1,02,..,&N

So, the elementary building block is the set of Boltzmann weights R (3, 5') = Rg;f/.
They can be unified in a 4 x 4 matrix which can be regarded as the matrix of a linear
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operator in the tensor product of two two-dimensional spaces. This linear operator acts
" R: CPeC*— C*xC>%
In the basis |5) ® |«) it acts in the following way:

R:[8)® la) = By |8) ® |o).
The matrix R in the basis |[+) ® [+), |[+) ® |[-), |[—) ® |[+), |—) ® |—) is written as
RIT RIT RTT RS
R*T RZI R*, R}

Rt Rt RiZ R -

R** R™* R*~ R-
Note that although physically the Boltzmann weights should be real non-negative numbers,
from the algebraic point of view it is convenient to regard them as arbitrary complex
variables.

Finally, let us explain how to write down the transfer matrix without indices. Given
the tensor product V; ®...®Vy of identical spaces V; =2 C?, let R;; be the operator acting
on the product V;®V; as R and as the identity operator on the other tensor factors. Then

T= tI'VO (R01R02 N RON)-

The operator under the trace 7 = Rp1Rp2 . .. Rony has a special name, too. For historical
reasons (following an analogy with the inverse scattering method) it is called the quantum
monodromy matrix. It is naturally represented as a 2 X 2 matrix in the auxiliary space
whose elements are operators in the space H.:

A B

The operators A, B, C, D have the meaning of transfer matrices for the chain with open
ends (with fixed spins at the ends).

2.2 The 6-vertex model

Let us consider only local configurations at a vertex such that the number of incoming
arrows is the same as the number of outgoing ones, and declare the other configurations
forbidden (put their Boltzmann weights equal to zero). There are 6 such configurations
(Fig. 3). They come in pairs which correspond to inverting all the arrows. In the symmetric
6-vertex model, the Boltzmann weights are the same for the two configurations in each
pair. So, there are three independent parameters in the model, and the number of essential
parameters is two because the dependence on the common factor is trivial.
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2.2.1 The matrix of Boltzmann weights of the symmetric 6-vertex model

The matrix of local Boltzmann weights of the symmetric 6-vertex model has the form

RY(+,+) 0 0 0 a 00 0

R— 0 RZ(+,+) Rf(+,-) 0 0 b coO
- 0 Ri(—,+) Ri(—,-) 0 "0 e b o0
0 0 0 RZ(—,—) 000 a

It is called the R-matrix. Sometimes other ways to write it down are more convenient:

a+b a—b
2 Tz 0 o
R —
co. st
a+b a—2b c c
= 5 O'0®00+T02®UZ+§Jy®Uy+§Ux®Uw.

The matrix of Boltzmann weights at jth site of the lattice can be written as

a+b a—b j (9)
et e o) co=
R(]j - '
o) ot - stold
b ; —b , , ,
= G;L 0[()0) ® aéj) . 5 cO® ol 4 g 0:50) ® JZ(/J) + gaio) ® o9,

Problem. Show that the vector |2) = |+ + 4 ... +) is an eigenvector for the transfer
matrix T = try, <R01 Ros . .. RON) and find the eigenvalue. (It can be shown that at a > b+c
this is the maximal eigenvalue.)

Problem. Show that the transfer matrix of the 6—Xertex model commutes with the
operator of the cyclic shift ¢’ and the operator S, = Y oW): [T, eif] = [T, S.] = 0.

j=1

The commutation relation [T, S,] = 0 means that the number of arrow looking down
(an analog of inverted spins) is conserved under the action of the operator T, i.e., it is
the same in all slices. Therefore, one can find eigenvectors in sectors with fixed number of

inverted arrows. For example, the eigenvectors in the N-dimensional subspace with one
inverted arrow can be found in the form

N
> o™ Q)
n=1

where z is a complex number such that z¥ = 1 (due to the periodic boundary condition).
The explicit construction of eigenvectors can be performed in the sector with arbitrary
number of inverted arrows, and it turns out to be identical with the solution of the X X 7
spin chain by coordinate Bethe ansatz! Of course there is a deep hidden reason for this
and this fact suggests that the transfer matrix of the 6-vertex model commutes with
the Hamiltonian of the X XZ spin chain, and the Bethe method gives their common
eigenvectors.
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In the general 16-vertex model the vector |(2) is not an eigenvector and the number of
inverted arrows is not conserved. The same is true for the 8-vertex model, in which only
configurations with even number of incoming arrows are allowed. It turns out, however,
that the 8-vertex model is exactly solvable, as well as the 6-vertex one, but the coordinate
Bethe ansatz is not applicable to it. The solution of the 8-vertex model was obtained by
other methods, which are more algebraic (developed in the works of Baxter and the
former Leningrad school). We will first look at these methods in a simpler example of
the 6-vertex model.

2.2.2 Commutig transfer matrices and the Yang-Baxter equation

A key to the algebraic solution of the 6-vertex model is finding a commutative family
of transfer matrices. Namely, we will show that the transfer matrices of the models for

which
a? + b — 2

A =
2ab

has the same value commute.

So, we ask when the transfer matrices
T = tr, 7 = try, (RouRoa - - Row ), T/ = tryy T’ =ty Ry Ri - - Row)

commute with each other. Here R’ is the R-matrix with the parameters (a’, b, ). The
products TT' u T'T can be written as

TT/ = trV0®VO (T ® T/) > T/T = trVo@Vo (TI ® T)

In the right hand sides there are tensor products of 7T-matrices while their elements are
multiplied as operators H, taking into account the order. For example,

AA'" AB' BA' BB
A B A B\ | Ac AD' BC' BD
cpl®\c p)=|ca cp pa DB
cc’ C¢D' DC' DD

T®T’:<

For commutativity of the transfer matrices it is enough that there is a non-degenerate
number-valued 4 x 4 matrix M such that

T@T=MTeT)ML or MT®T)= (T &T)M.

Then the traces of T ® T’ and 7' ® T will be the same due to cyclicity of the trace.

Let P be the permutation operator in the space C> ® C*: Pu® v = v ® u. (In the
previous section this operator was denoted as P15.) Assuming that the matrix elements
of T commute with matrix elements of 7", we would have P(T @ T') = (T' @ T) P, i.e.,
in this simplest case, when the traces trivially commute, we would have M = P. In the
non-commuting case we will find the matrix M in the form M = PR”| where R” is some
number-valued matrix (the meaning of such notation will be clear below).

The “intertwining” relation

PR'(T @ T') = (T' @ T)PR" (2.2)
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will be of the main importance for us. It is useful to rewrite it in a little bit different
form. Denote T =T ®1, T, =1 T, then TR T =TT, and T'® T = PT]T, P.
Multiplying both sides of our relation by P from the left, we write it in the form

R/1/2T17; - 75/71 R/1/2'

The indices remind in which spaces the operators act. The matrix Rf, acts in the tensor
product of the first and the second spaces.

The matrix R” can be found by imposing a stronger sufficient condition that such a
matrix exists for each R-matrix multiplier of the 7-matrix, namely,

PRR®R) = (R ®@R)PR" or  RI,Ry3R); = RyRi3RY,.

Both sides of this equation are 8 x 8 number-valued matrices and one may hope that it
can be solved. In the notation with indices we have

" Y4 s A Vi vy
SRR =Y RAGRLR,T (2.3)

[122. UUA

(recall that R (3, 8") = Rgf'). Besides, we suppose that the matrices R, R’, R” have the
same structure and differ only by values of the parameters: (a, b, ¢) for R, (a/,¥', ') for R’
and (a”, 0", ") for R”.

The condition (2.3) is called the Yang-Baxter equation. One can represent it graphically
(Fig. 4). It is a system of 64 equations with 3 unknown variables (non-zero elements of
the matrix R”). Our task is to find whether one can choose R, R" in such a way that the
system be solvable.

First of all, notice that because of the property Rg’f' =0at a+ (3 # o + ' many
equations become trivial identities 0 = 0. Something non-zero in the both sides appear
only if a + 4+ v =a 4+ '+ 7. As a result, only 20 nontrivial equations are left which
are reduced to 10 if one takes into account the symmetry |+) <> |—). Four of these
10 equations are satisfied identically while the other ones form three pairs of equivalent
equations. So, there are only 3 nontrivial equations which have the form

b'a" = cb'" + act’
ca'a” = cb'b" + add’ (2.4)
ba'c" = ¢V 4+ al'c”.

Consider them as a system of linear homogeneous equations with unknowns a”,b",¢”. A
non-zero solution exists if the determinant of the system vanishes. A direct calculation
shows that this condition is equivalent to

a2+b2—02 _a/2+b/2_cl2
2ab N 2a't

Similarly, regarding (2.4) as a system of homogeneous equations with unknowns d’, ', ¢,

we get
CL2 + b2 _ 02 a”2 + b//2 _ C”2

2ab B 2a"b"
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Therefore, we have shown that if the quantity

a?+b® — 2

A p—
2ab

is the same for all R-matrices R, R’, R”, then the corresponding transfer matrices commute.

For what follows it is extremely convenient to parametrize the Boltzmann weights
a, b, c in the following way:
a = psinh(u + n)
b= psinhu (2.5)
¢ = psinhn.
Then A = coshn, and the transfer matrices commute for different values of u, p (and the
same 7). The commutativity at different p is trivial because it is a common multiplier.
We will put p = 1. The variable u is called spectral parameter, and the R-matrix as well

as all other objects are usually regarded as functions of u: R = R(u), T = T(u) and so
on. (It is implied that u can vary while 7 is fixed, then [T(u), T(u')] = 0).

The spectral parameters of the R-matrices entering the yang-Baxter equation turn
out to be connected. Substituting the parametrization (2.5) for each R-matrix (with u,
o', u” and the same 7) into the conditions (2.4), we get

u=u +u".
Then the Yang-Baxter equation acquires the symmetric form
Rlz(ul - Uz)R13(U1 - U3)R23(U2 - Ug) = R23(U2 - Us)R13(U1 - U3)R12(U1 - Uz) (2-6)

(for the given parametrization it is an identity). The quantum monodromy matrix is
constructed as

T(u) = Rm(u) R02 (U) ce RON(U>. (27)

It satisfies the intertwining relation (2.2)

R(u —u)(T(u) @ T()) = (T (W) @ T (w)R(u — ) (2.8)

with the R-matrix

a(u) 0 0 0
-8
0 0 0 a(u)

It guarantees that the transfer matrices T(u) (traces of the quantum monodromy matrices
in the auxiliary space) commute at different values of the spectral parameter.

For convenience we give here the explicit form of the R-matrix in the parametrization
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(2.5) with p = 1:

sinh(u+mn) 0 0

0
B _ 0 sinhu sinhn 0
R(u) = R(u,n) = 0 sinhn sinhu 0

u

0 0 0  sinh(u+n) (2.9)

sinh (u +2+1 02) sinhno_
sinhnoy sinh (u +4—1 O’Z>
Note that R(u,n) = R(n,u) and R(0) = sinhn P or, writing with indices,

©7(0) = R (013, 8) = sinh 1 6up 6. (2.10)

The R-matrix (2.9) obeys the following important property: if g = diag (g1, g2) is a
diagonal matrix, then
Riz2(u)g182 = 8182R12(u). (2.11)

This property allows one to generalize the definition of the transfer matrix to twisted
boundary conditions:

T(U) =1trg (g0R01<U> P RON(U)) (212)

The Yang-Baxter equation and property (2.11) guarantee that T(u) form a commutative
family of transfer matrices.

Problem. Prove property (2.11).
2.2.3 Connection of the 6-vertex model with the X X7 spin chain

Using (2.10), we see that the operator T(0) is proportional to the cyclic shift of the lattice
by one site:

T(0) = (sinhn)Ne . (2.13)

Indeed,

T{{z}}(O) = (Sinh n)N Z 5(11/326a’1ﬁ1 5&25360/252 C (50”\,51 5alNﬂN
{8}

= (Sinhn)N(SagaN(Sa;al o Oy

ayaN-1

= (sinhn)¥ (eip)z/}}.

The connection with the X X Z spin chain is based on the remarkable fact that the
Hamiltonian of the latter is contained in the family of the transfer matrices T(u) of the
6-vertex model; namely H*** T_l(())@uT(u)’ _, 1+ const. Here is the exact formula:

d
H** = —sinhn T log T(u)

o T N coshn. (2.14)

u=
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The proof is a direct calculation. Below we give some details. By definition, we have:

d o'y
duT{a} (u )‘

ROH52 0y RO (o,

u=0" +18j+1 anBN

N
o o’ ; d o, 41
=S S RY2(0).. RO (0)-R 1 ()
; U

aj—18j-1 ;B

Under the sum all factors except the jth one are permutation operators of the type (2.10),
and

coshn 0 0 0
dR(u) 0 10 0 coshn+1 coshn—1
/ _ _ —
R'(0) = T o = 0 0 1 0 = 5 1®1+ 5 o, R0,
0 0 O coshnp
coshn—1
—1®14+ il <1®1—|—02®Jz).
Writing this with indices, we have
d _ g A+1 A—1
%Rgﬁﬂ (u) w0 = ;_ 6aa/655/ -+ 9 (O’Z)aa/<0'2)ﬁg/ s A = cosh n.
Now we are ready to complete the calculation:
d {a'}
. ~1
sinh 7 (T (0)—T(u) >
du u=0
{a}
N
d J ]
z_: arol -+ aj 104] 1 d Ra]+1-0~_z;( )‘u=0 : 5ocj+2a;.+2 S 6(11\704?\,'

It remains to transform

d
R 2 (u)]

/ ’ A - ]. 1 ] angla;
- , ol ol =24 (4) ,(3+1)
0= (PR(0))5 107 = (P + 5 P(1+ 00 ))amai

and, taking into account that P(1+ 0, ® 0,) =1+ 0, ® 0., to obtain:

d al A—1
sinh7) T~ (O)du = Z (PLJ’H + (1409 OH))) ,

which is equivalent to (2.14).
Problem. Find 9?2 log T(u)’ o

2.2.4 Asymmetric 6-vertex model

In the asymmetric 6-vertex model, the Boltzmann weights of the local configurations
which differ by inverting all arrows are different. In the natural basis the matrix of
Boltzmann weights is

a 0 0 O
0 b ¢ O
R= 0 bV 0
00 0 d



The standard argument shows that the partition function of the model with periodic
boundary conditions depends only on the product ¢c/, so we can put ¢ = ¢ from the
very beginning without loss of generality. The asymmetric 6-vertex model can be treated
as a symmetric one in some vertical and horizontal external fields. It turns out that the
asymmetric model with the horizontal external field h (a/a’ = b/b' = €*") is equivalent
to the symmetric model (a' = a, b’ = b) with twisted boundary conditions (2.12) which
preserve integrability. The twist matrix has the form g = diag (", e=h).

The matrix of Boltzmann weights of the asymmetric model with horizontal field h
and vertical field v is as follows:

h 1, (0 1, (i) 1, (0) 1, (3)
Ro%v(u) — 62h02 e3 V02 R()i(u>€2}wz e3 Vo2

B eh/2 0 ev/2 0 R 6h/2 0 ev/2 0
- 0 e—h/Q . 0 e—v/2 ' 01(“) 0 e—h/2 . 0 e—v/2 o

(2.15)
The explicit form of the “asymmetric” R-matrix in the trigonometric parametrization is
" sinh(u+n) 0 0 0
hoi N 0 e~ sinhu sinhn 0
R (u) - 0 Sinh n echrv sinh U 0 (216)
0 0 0 e~ "= sinh(u+n)

The Yang-Baxter equation together with the invariance with respect to the Cartan
subgroup (2.11) iplies the following Yang-Baxter equation for the asymmetric R-matrices
with the same parameter 7:

Ry " (u — ') Ry (u) REy () = Rb () RI (w) Ry (u — ). (2.17)

We will consider the asymmetric 6-vertex model with periodic boundary conditions
in the horizontal direction. The transfer matrix of the model is defined as usual:

T (u) = tro (R (w) RG3 (u) - Rox(u)). (2.18)

From the yang-Baxter equation it follows that the transfer matrices with different u and
v (but with the same 1 and h) commute: [T?¥(u), T (u/)] = 0. It is easy to see that
the dependence of the transfer matrix on the vertical field v is very simple:

Th’”(u) = e“SzTh’O(u), (2.19)
where
S. =Y o =M, -M, (2.20)
i=1

is the operator which counts the (conserved) difference between the total number of
1N _ 1N :
arrows looking up (M; = 5 S"(1+0)) and down (M, = 5 (1 — o). Note that
' i=1

=1
M, + M, = NI, where | is the identity operator.
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The transfer matrix of the asymmetric model with periodic boundary conditions
is connected with the transfer matrix of the symmetric model with twisted boundary
conditions by a similarity transformation. Set

N
U=1®c"" @ @ .. @D —oxp (Z j—1) ha”)
j=1
From the invariance with respect to the cartan subgroup (2.11) it follows that
UTR (u)U™! = "S- TM (u),

where o
T () = tro ("= Rop () Roz(u) ... Row(u)) (2.21)

is the transfer matrix of the symmetric model with the boundary conditions twisted by
the diagonal group element g = V"=

2.3 The 8-vertex model
2.3.1 Elliptic parametrization of the R-matrix

The matrix of Boltzmann weights of the symmetric 8-vertex model is
a 0 0 d

0 0
R= 0 0
a

oo o
S O

d

It contains 3 independent parameters (not counting a common multiplier). There exists a
parametrization of this R-matrix similar to (2.9) but in elliptic rather than trigonometric
functions. A third parameter (the elliptic modular parameter 7) is added to the two
existing ones in (2.9) (u and 7). Repeating the arguments from section 2.2.2, one can
show that the transfer matrices constructed with the help of R-matrices for the 8-vertex
model commute if they have the same quantities

cd a?+b* - — d?

= — =
ab’ A 2ab

(2.22)

For the elliptic parametrization of the R-matrix of the 8-vertex model we use the
Jacobi theta-functions

U|7' — 4 Z 7T2(2k+1) ’
kez
UlT Z q k+ mi(2k+1)u 7
kez
(2.23)
U|7' qu 2mku
keZ
2 omiku
Ou(ulT) = D (=1)"" e*m,
kez

ol



where 7 € C, Im7 > 0, and ¢ = €™". Their infinite product representations are also

useful: ) 4 '
01(u|r) = 2¢7 sinmu [ (1 — ¢*)(1 — ¢*"™™) (1 — ¢*"e>™),
n>1

Oy (ulT) = 2¢7 cos Tu [T =A@+ @ ™) (1 + ¢*e>™),
n>1

(2.24)
93(u|7_) — H(l . q2n)(1 + q2n—1€27riu)(1 + (]271—16—27riu>7

n>1

Os(ulr) = TT(1 =) — ¢ 1e®™) (1 — > ?™).
n>1
It is seen from here that ¢, and 6 become respectively sin and cos as ¢ — 0 while 65
and 6, become constants (equal to 1). The function 6, is odd while the other three are
even. Theta-functions satisfy a large number of non-trivial identities which we use below
without comments. All these identities with proofs can be found in [15].

It is convenient for us to denote the Pauli matrices o,, 0y, 0, as o1, 09, 03 (009 = 1).
The matrix of Boltzmann weights of the 8-vertex model in the elliptic parametrization

has the form ,

R(u) = R(u;n,7) = Y Wa(u) 04 ® 04, (2.25)

a=0

where
0o+ 4|7)

20,2

and the index of the theta-functions is understood modulo 4 (for example, 05 = 6,).
This R-matrix acts in the tensor product V3 ® V4 (V; = (C2) and can be also denoted as

Wa(u) = Wa(u; n, 7-) = 6)1 (77|7_) (226)

3
Ria(u) = Z W (u) crél)a((f). (Pictorially, the first space is associated with the horizontal
a=0

line and the second one with the vertical line.) In the matrix form we have:

0 W1 (U) -+ W2 (u) W() (u) — W3 (U) 0
W1 (U) —WQ(U) 0 0 W0<U>+W3(U)
(2.27)
a®(u) 0 0  d¥(u)
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where
_ 204(n|27) 01 (u + n|27) O4(u|27)

o OB R
oy — 20120) B+ 012) By (uf2r)
- 02(0|7’) 94(O|27') ’

(2.28)
oty = 2000120 B+ 9f20) a2
B 05(0|7) 64(0]27) ’
0 () = 201(n|27) 61 (u + n|27) 0 (u|27)

02(0|7') 04(0|2T>
It is easy to see that when the spectral parameter is shifted by the quasiperiods 1 and 7,
the R-matrix transforms as follows:

Rip(u+1) = —Ug(»,l)Rm(U)Uél),
(2.29)
Rio(u + 7) = —em@uAntn) g UR (1) otV

It can be shown that this R-matrix satisfies the Yang-Baxter equation
Ria(u1 — u2)Riz(u1)Ros(uz) = Rog(uz)Riz(ur)Ria(ur — uy) (2.30)
and commutes with o, ® o,:
0, @ 0,R(u) =R(u)o, ® 0., a=1,2,3. (2.31)

The quantities I' and A for the R-matrix (2.27) are

BP0 balrlr) )
Oi(nl27)’ 01(n|27) 62(0|7)
Below we also need the following properties of the R-matrix (2.27):
Ria(—u; =1, 7) = —Ruz(u; 1, 7),
Rtll2t2 (’U,) = ng(U), (233)

Rio(u — 131, 7) = e OIRY (u + 7+ 1; =1, 7),
where t; means transposition in the ¢-th space.

Let us mention properties of the R-matrix (2.27) under the modular transformation
7 — —1/7. Using the formulas for modular transformations of the theta-functions, we
find:

1 2 2 ~
I e et T et
't T
where

( ) a(w) 0 0 d(u)

- 3 Opir(u+ 4|7 0  b(u) éu) 0

R(un,7) = 01(nl7) }_ ————7 " 0a @00 = ) b

1 az::O 29a+1(g|7_) 0 (u) blu) O

dw) 0 0 alu)
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The explicit form of the matrix elements is as follows:

s - 201E)2G1)0 (457]5)
02(0[3) 0a017)
b — 201)0 () (452]5)
6:(0)3) 0a(0r)
(2.35)
s~ G126 E)R(]5)
02(0[3) 0a(0r)
dw - - 2GE)aGl)e (5]5)
02(0|2) 0a(0lr)

2.3.2 Connection with the XY Z spin chain

From (2.25), (2.26) it follows that R(0) = 6,(n|7)P, so T(0), as in the case of the 6-
vertex model, is proportional to the cyclic shift by one site. The logarithmic derivative
Oy log T(u)’ 0 contains the Hamiltonian HXYZ of the anisotropic Heisenberg spin chain.

To see this, one should perform some calculations similar to those done in section 2.2.3.
We have:

d {a'} N d o o
91(77‘7-)<du lOgT(u)‘u:(]) Z ajaf -+ aJ QCMJ 2 du RO&;O&; 1( )’u:050j+1a;-+1 “'6041\10(3\,-

{a} j=1
~ 3 ~
Now note that PR(u) = R(u) = Y W,(u) 0, ® 04, where
a=0
. 1 < 1 < 1 . 1
W0:§<CL+C), W §(b+d) W2:§<b—d), W3:§(a—c),

then
/
ia]lal ZW Ua o 1a 1<O-a)aja]

For the logarithmic derivative we obtain:
0, log T(u)‘ = 77|T Z Z W’ J (J+1
u= j=1a=0

A simple calculation using some identities for the Jacobi theta-functions shows that

. 0o (% + n\T)

Wo(u) = 601 (ulT) v (9’7') (2.36)
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SO

b 944 1 / b 944 1 /
Ws(0) = B 01(nl), Wi0) = 2 0,(0[7) 94

9 (77’7—) 17! / 9 (77\7)

(Note that R(u;n,7) = R(n; u, 7), which is obvious from (2.28).) We conclude that

G (07)
u=0" 26, (5|)

W3(0) =

O, log T (u) H*YZ 4 JyN1, (2.37)

where Jy = 5 0(n|7)/61(n|7), and the Hamiltonian of the XY Z spin chain is

N

gXYZ _ Z(J 0_ j+l + J O_(j (]-i-l + Jot (4) (J-l-l))
j=1
with the constants
_ Oa(nl7) _ Ol a(nlr)
* 04(0|7) " 4 05(0|7) ? 05(0|7)

Note that J, : J,: J,=(1+1): (1 -T): A (see (2.32)).

2.3.3 The result of diagonalization of the transfer matrix

The diagonalization of the transfer matrix of the 8-vertex model first done by Baxter is
a complicated nontrivial procedure. We will learn it below in section 3.3. Here we will
give the final answer. The eigenvalues at even N = 2n (for odd N the exact solution is
problematic) are given by the expression

L0 (u—u; —nlT) = — u; 4 1|7)

T(u) = ™ 0N (ut-n|7) +emMON (u|7) , (2.38)
! kl;[l 01(u — w;|7) kl;[l u—ul\ )
where n numbers u; satisfy the system of n Bethe equations
N
J2imny (91(%' + 77\7)> _ 01(u; — ug +n|7) ' (2.39)
91 (uj|7_) k=1,#j 91 (U’j — U — 77|T)

The parameter v can take some discrete values, and v = 0 is among them.

2.3.4 Trigonometric degenerations of the elliptic R-matrix

Let us discuss trigonometric degenerations of the formulas from this section. In the limit
T — +ioo (¢ — 0) the elliptic R-matrix degenerates into the standard trigonometric
R-matrix of the 6-vertex model:

sinm(u+mn) 0 0 0
L 0 sinTu  sinmy 0 5
R(u) = 2 0 sin7n sinmu 0 +0(q)
0 0 0 sinw(u+n)
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For the correspondence with formulas from the previous section one should substitute
N =i U — .
Another trigonometric degeneration is obtained as 7 — 0 (¢ — 1). In order to see

what happeuns in this case, it is convenient to pass to the modular-transformed R-matrix
(2.34). Using formulas (2.29), we find:

dtrig 0 0 dvtrig
0 bE ghe 0
0 &rie pHe

dtrig 0 0 dtrig

D (im AR LY _ Ry
7 lm (in) ™ R(S T ) = R™(uin) =

The matrix elements are

a'"'e = cos ¥ cos ¥ sin “77,
pirie — cos I sin % cos “F,
cre = sin cos % cos “F2,
d™i& = —gin 2 gin % sin %1

2 2 2

In the limit we get a 8-vertex model in which not all Boltzmann weights are independent
(only two parameters are left).

Let us mention that besides these standard trigonometric degenerations there exists a
more tricky trigonometric limit of the elliptic R-matrix which gives the so-called 7-vertex
model. It can be obtained if before taking the limit one performs the gauge transformation

R(u) — Ri(u) = G1GoR(u)(G1Gy) ™', Gi=G®1, Gy=11G

).

so that G1G5 = diag (qév_l, 1,1, q‘év), where 7 is an arbitrary parameter.

with the matrix

G _ < q%f)/_% )
0 ¢

Bl O

N|=

Y

Problem. Prove that the R-matrix R?(u) satisfies the Yang-Baxter equation (2.6).

Now we can define the R-matrix
1 1
v I B -2 RY
R™(u) = 5 lim ¢71 RY(u), (2.40)

which also satisfies the Yang-Baxter equation. Its explicit form is

a¥(u) 0 0 0
TvrN 0 bv™V(u) ¢™(u) 0
R™(u) = 0 () b (u) 0 )
dV(u) 0 0  a™(u)
where
a™(u) =sinm(u+n), bV(u)=sinmu, c"(u)=sinmy,

d™ (u) = 4y*sin ) sin 7(u + n) sin Tu.
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3 Algebraic Bethe ansatz

3.1 Algebraic Bethe ansatz for the 6-vertex model

Let us consider the 6-vertex model with trigonometric R-matrix. The intertwining relation

Ru—u)(T(u)@T())=(TwW)®T(u)R(u—1u) (3.1)
or, which is the same,
R(u — u)Ti(u)T2(') = Ta(u) Ti(u)R(u — ) (3.2)

plays the main role in the theory of integrable models of statistical physics on two-
dimensional lattice as well as of integrable models of solid state physics and quantum
field theory. From the algebraic point of view, it defines the commutation relations
between generators of an infinite-dimensional algebra (quantum affine algebra) generated
by coefficients of the matrix elements of 7 (u) in the expansion in powers of w. The
Yang-Baxter equation is equivalent to associativity of this algebra. The realization of the
intertwining relation for the 6-vertex model by matrices of Boltzman weights means a
choice of its special finite-dimensional representation. The construction of eigenvectors of
the transfer-matrix by means of algebraic properties of the operators is called algebraic
Bethe ansatz. Below we will describe the main points of this construction in the case
when the R-matrix has the form

a(u) 0 0 0
RW=1 0 b e o 9
0 0 0 a(u)

with @ = sinh(u +7), b = sinhu, ¢ = sinh 7.
The matrix elements of the quantum monodromy matrix

T = (A B )

are some operators acting in the space H = (C*)®V. The relations containing in (3.1)
gives commutation rules of these operators. The equality (3.1) in the detailed matrix
form looks as follows:

a 000 A(u)A(v) A(u)B(v) B(u)A(v) B(u)B(v)

0 c b 0 A(u)C(v) A(u)D(v) B(u)C(v) B(u)D(v)

0 b c O C(u)A(v) C(u)B(v) D(u)A(v) D(u)B(v)

000 a C(u)C(v) C(u)D(v) D(u)C(v) D(u)D(v)

A(w)A(u) A(v)B(u) B(v)A(u) B(v)B(u) a 000
_ | A)C(u) A(v)D(u) B(v)C(u) B(v)D(u) 0 ¢cb 0

C(v)A(u) C(v)B(u) D(v)A(u) D(v)B(u) 0 b c 0|’

C(v)C(u) C(v)D(u) D(v)C(u) D(v)D(u) 000 a

where a = a(u —v), b = b(u —v), ¢ = ¢(u — v). Below we will write explicitly only those
relations which will be used for calculations in what follows.
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First, we have [A(u), A(v)] =0

relations

[B(u), B(v)] = 0, and so on. Second, the commutation

hold.

Exercise. Write down all commutation relations for the operators A(u), B(u), C(u),
D(u) containing in (3.1).

Problem. Prove that
det, T (u) = A(u+n)D(u) — B(u+n)C(u) (3.6)

is the central element of the algebra generated by the matrix elements of the quantum
monodromy matrix, i.e. it commutes with all the generators. This element is called
quantum determinant.

For the rational degeneration of the R-matrix (3.3) (in the limit € — 0 after the
substitution u — eu,n — €n), when a = u +n, b = u, ¢ = 1, the commutation relations
containing in (3.1) can be compactly written in the form

T, Taa(0)] = —— (T () Talw) = Try () Ta(v)) (3.7)

for all 2,7, k,l =1,2.

Let us consider the vector [2) = |4+ + +...+). It is easy to see that it is an eigenvector
for the operators A(u) u D(u) while C'(u) annihilates it:

Aw) Q) =a"(w) [Q), D(u)|Q) =b"(u)]|Q), C(u)]|Q)=0.
The vector |Q2) is called a generating (or vacuum) vector because all other eigenvectors
of the transfer matrix will be obtained by applying the operators B(u) to it.

Recall that the transfer matrix is trace in the auxiliary space Vy = C? of product of
R-matrices:

T(u) = tro (Rox (u)Roa(u) ... Row (u)).

The following basic theorem yields an algebraic constructionof eigenvectors and eigenvalues
of the transfer matrix.

Theorem. The vectors .
|D(up, ..., up H (uj) |€2)

are eigenvectors of the transfer matriz (T(u) |®) = T'(u) |®)) provided that u; satisfy the
system of Bethe equations

PR | s 39

or




or

sinh(u — u; + n)
sinh(u — u;)

, " sinh(u — u; —n) N
T(ujus, ..., u,) =sinh™ (u +n) 4 + sinh™ u
JH1 sinh(uw — u;) ]1—[1

Proof. Let us rewrite the commutation relations (3.4), (3.5) in a more convenient form:

a

AWB() = S B)AG) - 5= BA(),
D(u)B(v) = Z((Z:Zi B(v)D(u) — ZEZ - Z% B(u)D()

With the help of these relations, one can transform the expression

(Au) + D(u)) T] Bluy) 1)

J=1

moving A(u) and D(u) through B(u;) to the right until it meets the vacuum vector
|©2) which is an eigenvector for them. In doing so, one obtains 2" terms which can be
combined in the expressions of the form

n

H (ug) |©2) and  Aj(u) B(u) _ﬁ#‘B(uk) |2) (3.9)

with some coefficients 7'(u) and Aj(w). The first of them is obtained if in the process
of commutation one takes into account only first terms in the right hand sides of the
commutation relations. Indeed, if one takes the second term at some step, then the
operator B(u) appears which can not disappear after that. Therefore, T'(u) is given by the
expression for the eigenvalue written above. However, we can not yet say that our vector

is an eigenvector because there are “bad terms” — vectors of the form B(u H B(ug) |€2)

k‘ 1,#5
with the coefficients A;(u). The coefficient A;(u) can be found explicitly by the following

trick. Taking advantage of the commutativity of the operators B, one can put B(u;) to
the first place and, moving first A(u) + D(u) through B(u;) use the second terms in the
commutation relations and then, moving A(u) or D(u) further to the right, use only the
first terms. The result is

i b(ur, — u;) i b(u; — uy)

ANUI—F)@thﬁ ol =) ey ] “%‘W». (3.10)

The “bad terms” vanish if Aj(u) = 0 for all j = 1,...,n. Clearly, these conditions are
equivalent to the Bethe equations.
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3.2 Models of general form with trigonometric R-matrix

The algebraic method described above not only provides an elegant method to solve the
6-vertex model but also allows one to extend the family of integrable models.

3.2.1 Inhomogeneous models
To begin with, we represent the R-matrix on the j-th site in the form

sinh (u + 1 Ugj)) sinh na(_j)
L(u) = | | (3.11)
sinh 77053) Sinh(u — g@”)

and call it the quantum L-operator (the terminology goes back to the inverse scattering

method). It is obvious that L;(u) = Rjo(u — %) and T (u) = Ly(u)Ly(u) ... Ly(u), where
we have redefined T (u) by a shift of the argument. The quantum L-operator can be
regarded as an “elementary” quantum monodromy matrix (for the model on one site).

Therefore, it is clear that the L-operator satisfies the basic intertwining relation

R(u —v)(L(u) ® L(v)) = (L(v) ® L(u))R(u — v) (3.12)
with the R-matrix
sinh(u+mn) 0 0 0
< - 0 sinhn sinhu 0
R(u) = 0 sinhwu sinhn 0
0 0 0  sinh(u+n)

The elements of the L-operator act to the vector |+) as follows:

L(w) |+) = (Sinh(“g) * ) ) ) (3.13)

0 sinh (u -2

The star stands for an inessential for us nonzero element.

The generalization which allows one to introduce a wide class of models solved by the
same method is based on the remark that the intertwining relation (3.1) for quantum
monodromy matrices remains valid if to make arbitrary site-depending shifts of the
spectral parameter in each L-operator in the product along the chain:

(Clearly, the intertwining relation (3.1) for 7 (u), 7 (v) and commutativity of the traces
holds only if the parametars & are the same for the both matrices.) Such T-matrix is
called the quantum monodromy matrix of an inhomogeneous chain while the quantities §;
are called inhomogeneities at the sites. Together with 7, they are parameters of the model.
We have thus constructed a large family of models whose transfer matrices allow for
diagonalization by means of the same algebraic Bethe ansatz method. From mathematical
point of view, the inhomogeneous models are probably even better then the homogeneous
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6-vertex model or the X X Z chain (because their parameters are “in general position”).
From physical point of view, however, they are not so good because usually they do
not have a local Hamiltonian which could be included into the commutative family of
operators.

An important condition of applicability of the algebraic Bethe ansatz is the existence
of a vacuum vector |€2) which is an eigenvector for A(u), D(u) and such that C(u) |Q2) = 0.
In other words, we have:

T = (20 e )= 4y )1

with some functions a(u), d(u). The property (3.13) means that in our generalized model
the vacuum vector is |Q2) = [+ + +...+), then

N n A Ui
:j];‘[151nh(u—fj+2), d(u) :jI;[lSlnh<u—§j_2).

We will call functions of this form trigonometric polynomials (of degree N).

It is possible to generalize the model even further and to take entire functions a(u), d(u)
¢ with period 2mi (vacuum eigenvalues of the operators A(u) u D(u)) as functional
parameters of the model. We call such a model the generalized X XZ model. For the
generalized model with a vacuum vector there exists a general algebraic procedure of
diagonalization of the commutative family of operators tr 7 (u) = A(u) + D(u).

Theorem. The vectors .
(w1, ... un)) = [[ B(wy) |2)

1

=
are eigenvectors of the transfer matriz (T(u) |®) = T'(u) |®)) provided that the parameters
u; satisfy the system of Bethe equations

a(uy) o sinh(u; — ug -+ )
V5 = - ; 3.15
d(u;) kI;I# sinh(u; — uy —n) (3.15)
and the eigenvalue T'(u) = T(u;uq, ..., u,) is given by the formula
n 3 h _ L n h _
T(u;uy, ..., u,) =a(uw) [] e (u = ~ 1) u) [T sinhiu = u; + 1) (3.16)

jo1 osinh(u —uy)

The proof is basically the same as in the case of the homogeneous 6-vertex model.

3.2.2 The Baxter Q-operator and 7'(Q)-relation

Note that the system of Bethe equations is equivalent to the condition that the eigenvalue
of the transfer matrix 7'(u) = T (u; uy, . . ., u,) (3.16) does not have poles at the points u =
u;. This remark allows one to suggest an alternative way to obtain the Bethe equations.
Namely, from the fact that the transfer matrices commute for all w it follows that they
can be diagonalized by an u-independent transformation and so, since all their matrix
elements are trigonometric polynomials of degree N, all their eigenvalues have to be of
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the same form. Therefore, one should require the right hand side of (3.16) to be a regular
function in the finite part of the complex plane. Vanishing of the residues at the points
u; yields the system of Bethe equations (3.15).

Let us denote .
Q(u) = [] sinh(u — u,).
j=1

then equation (3.16) can be written in the form

T(u)Q(u) = a(u)Q(u —n) + d(u)Q(u + 1), (3.17)

and the Bethe equations are
a(y;))  Quj+n)

d(u;) Qu; —n)
It appears that it is possible to construct an operator Q(u) such that a) it commutes
with all transfer matrices, i.e. [T(u),Q(v)] = 0 for all u,v and b) its eigenvalues on
Bethe vectors |®(uy,...,u,)) are equal to Q(u). The relation (3.17) can be written in
the operator form:

T(u)Q(u) = a(u)Q(u — ) + d(w)Q(u + 7).
It is called the T'Q-relation, and Q(u) is called the Baxter Q-operator.

3.2.3 Limit to the XXX type models and the algebra si,.

Let us renormalize © — nu and tend n — 0. This is the limit to the X X X spin chain.
The trigonometric R-matrix becomes rational (polynomial):

u+1 0 0 0
Ry ={ o L 0 [=u+P (3.18)
0 0 0 u+tl
Note that it is GL(2)-invariant in the following sense:
g@gR(u) =R(u)g®g (3.19)
for any non-degenerate matrix g = ( CCL Z ) € GL(2). The L-operator acquires the form

u+10z o_
L(u)—( Ui " 0z>.

The generating function of integrals of motion for the X XX spin chain is constructed
as T(u) = tr(Ly(u)... LN(u)). As in the XX Z-case, the model admits an integrable

inhomogeneous generalization. The G'L(2)-invariance allows one to introduce integrable
models with non-periodic (twisted) boundary conditions by insertion of an arbitrary
group element g € GL(2) under the trace, and the more general commutative family is

T(u) = tr(gLi(u—u) ... Ly(u— ux)). (3.20)
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A more general L-operator which intertwines by the rational R-matrix (i.e., satisfies
the RLL = LLR relation) can be found in the form

L(u) = ( “ZES uE_§S ) . (3.21)

Here S,Sy are some yet undetermined operators. The substitution to the RLL = LLR
relation gives the algebra

S,S.] = £2S.,  [S.,S_]=S5. (3.22)

These are commutation relations of the Lie algebra sly (one can think of it as embedded
into the universal enveloping algebra U(sly)). This L-operator acts in the tensor product
C?> ® V, where V is the representation space of some representation of this algebra.
Accordingly, the quantum space of the model with the transfer matrix (3.20) and the

N
L-operator (3.21) is H = ®VZ-, where V; &2 V.
i=1
Representations of the algebra U(sly) can be realized by differential operators in the
space of functions of a complex variable z:

S_ =0, S=20,—V/, S, = —2%0, + 2z. (3.23)

In general this representation is irreducible and infinite-dimensional. If, however, 20+ 1 €
Z., it becomes reducible and it splits off (2/ 4 1)-dimensional irreducible representation
of spin ¢ (integer or half-integer), which is realized in the space of polynomials of degree
2(. In particular, at ¢ = % we have the representation S =0, S4 = o4.

Let us give an example of the L-operator with an infinite-dimensional quantum space.
Introduce bosonic creation and annihilation operators on the lattice 1}, v, with the
commutation relations [t,, %! ] = A716,,,, where A is the lattice spacing and take the
operators S,S4 in the form

4 A?
5™ = —— (1 + 5 wlw)

cA
A2
s _ 2 Wi
C

Problem. Check that these operators satisfy the algebra sly (3.22).

The L-operator of the lattice version of the Bose gas model (quantum nonlinear
Schrodinger equation or QNLS in short) with the constant ¢ on nth site of the lattice
has the form

LANES(N) = —L cAo,L,(iN/c)

)

1— 2idA + LAty —iA], (3.25)

icA(l +3 cAWWn)wn 1+ LidA 4+ L eA2ylap,
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where L,, is the L-operator (3.21) on the nth site with the operators S,Sy as in (3.24).
The quantum space of this L-operator is the Fock space spanned by vectors which are
obtained by action of the creation operators ¥ to the vacuum state |0) (¢, |0) = 0).

In the continuum limit A — 0, N — oo (here NNV is the number of sites in the lattice),
in such a way that L = NA is fixed. It can be shown that the Hamiltonian of the QNLS
equation (1.55) is contained in the expansion of the transfer matrix in inverse powers of

A

3.2.4 The XXZ type models and the ¢-deformation of the algebra si,.

By analogy with the rational vase, a more general L-operator which intertwines by the
trigonometric R-matrix can be found in the form
sinh (u + 1 S) sinhnS_
L(u) = : (3.26)
sinhn S, sinh(u -3 S)
The substitution into RLL = LLR leads to the following algebra:
inh(nS
S, Su] = 495, [S., 5 | = Suh(nS)
sinh 7

These relations define the algebra U,(sls), a g-deformation of Uf(sly). Set ¢ = €” and
introduce the generators

A - qS/27 D = q_S/27 B = S+7 C = S—7

then the defining relations are written in the form

A2 _ D2
AB =¢BA, BD=¢DB, DC=¢CD, CA=¢AC, [B,(C]= —-
q9—9q
The Casimir element (the central element) is given by
—1p2 D2 _ 9 inh2(2(S — 1
01 +gq L gc o Sin (2(2 ) 45,5 . (3.27)

(q—q71)? sinh” n

If ¢ is in general position (not equal to a root of unity), then the representations of the
algebra U,(sly) are smooth deformations of the representations of U(sly). The generators
can be realized by difference operators in the space of functions of a complex variable z.
Introduce g-shift operators Ty f(z) = f(¢*'2), then

A= qieT—H D= qu—a

(T = a'T.), (3.28)

L)

As in the case of U(sly), at 20 + 1 € Z, this representation becomes reducible and it
splits off (2¢ + 1)-dimensional irreducible representation of spin ¢ realized in the space
of polynomials of degree 2¢. At / = 1 we have two-dimensional representation S = o,

2
S:t = 0+.
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3.2.5 The trigonometric R-matrix and the quantized algebra of functions on
the group GL(2)

Instead of symmetric R-matrix (2.9) one can work with the asymmetric one

sinh(u + 7) 0 0 0
S50 0 sinhu  e"sinhn 0
R(w) = 0 e “sinhny sinhu 0 (3.29)
0 0 0 sinh(u + n)

Problem. Prove that this R-matrix satisfies the Yang-Baxter equation.

It turns out that there exists a solution to the intertwining relation
Riz(u — 0)Ti(u) T2(v) = To(v) Ti(u)Riz(u — v),

which does not depend on the spectral parameter. It has the form 7 (u) = g, where g is
the matrix with non-commutative matrix elements

= (20)

ab = qba, ¢éb=qéa, bd=qdb, ¢éd=qde, [b,e]=0, [a,d]=(q—q “bé. (3.30)

Q>
L, SV

>

satisfying the algebra

Here ¢ = €, and the intertwining relation acquires the form
Riz(u — v)g18s = gag1Rua(u — v). (3.31)

This relation generalizes the property of the GL(2)-invariance (3.19) of the rational
R-matrix. The algebra with generators and relations (3.30) is known as GL,(2), the
quantized algebra of functions on the group GL(2).

3.3 Algebraic Bethe ansatz for the 8-vertex model

The R-matrix (2.27) can be also represented in the form of the L-operator

Wo(u)og + Ws(u)oz  Wi(u)op — iWs(u)o a(u) b(u)
L(u) = = (3.32)
Wl(u)crl + in(u)Ug WU(U)OO — Wg(U)O’g C(U) d(’LL)

which is the 2 x 2 matrix whose matrix elements are operators in C2. Clearly, it is the
same R-matrix (2.27) written as a block matrix'. The Yang-Baxter equation for R is the
RLL = LLR relation for L

Riz2(u — v)Ly (u)La(v) = La(v)Ly (u)Ria(u — v), (3.33)

1Usually in the literature the L-operator differs from the R-matrix by a shift of the spectral parameter
u — u — /2. We do not make this shift.
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where Li(u) = L(u) ® 1, Ly(v) = 1 ® L(v).

The quantum monodromy matrix of the inhomogeneous 8-vertex model is
_ ([ A(u) B(u)
T(u) =Li(u—&)la(u—&) .. .Ly(u—&n) = ( C(u) D(u) )’ (3.34)

where ¢; are inhomogeneity parameters. Here L;(u) is given by the formula (3.32), where
the sigma-matrices o) act in the j-th copy of C* associated with the j-th site of the
lattice. We consider the case of even N = 2n, otherwise solvability of the model is
problematic. Equations (2.29) imply the following properties of the quantum monodromy

matrix:
ARRC O (Rt )
(3.35)
T(u+7)=e™MWa T (u)o, = e~ ™) ( ggz; ZEZ; ) ;
where N
c(u) =NQRu+n+7)—2> &. (3.36)
k=1
The quantum monodromy matrix satisfies the RTT = TT'R relation
Riz(u — 0)Th(u)T2(v) = T2(v) Ti(u)Riz(u — v), (3.37)
Ru—v)T(w) @ T(v) =T @ T(uR(u— ), (3.38)

where R(u) = PR(u) and P is the permutation operator in C*> ® C2. This relation implies
that the transfer matrices

T(u) = tro (Rot(u — &)Ru(u — &) ... Ron (u — &)
(3.39)

= tr(Li(u— &)la(u — &) ... Ly(u — &y)) = tr T(u) = A(u) + D(u)
commute for different values of the spectral parameter u. The transfer matrix is an

N
operator in the space H = ® Vi, Vi = C?.
i=1

It follows from (2.31) that the transfer matrix commutes with the operators
Uy = (02)%". (3.40)
Note that the operators U, commute with each other:
UUp = (0405)%Y = (=1)Y(004)%" = UpU,

(because N is an even number). Therefore, the problem is to find common eigenvectors
of the transfer matrix and the operators U,.
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3.3.1 Intertwining vectors

The L-operator of the 8-vertex model does not have a vacuum vector, i.e. a vector
annihilated by the operator c(u), because the matrix c(u) is non-degenerate for almost
all u. This fact makes it impossible to apply directly the algebraic Bethe ansatz method
used for the solution of the 6-vertex model. The key ingredient of the algebraic Bethe
ansatz for the 8-vertex model is the rule of the action of the R-matrix (2.27) to some
special vectors. Let us introduce the family of vectors

oen = (o) ) (41)

where s is a complex parameter. They are called intertwining vectors. The covector
orthogonal to |¢(s)) is

(¢*(s)| = (=0a(s]27), 0:(s]27)) = ie ™5 (¢(s + 7+ 1)
and the scalar product <¢L(t)\q§(s)> is given by
(*®)lo(s)) =01 (3 (t—9)I7) 62 (3 (t + 9)|7)

281(% (t— s)|27’)94(% (t — s)|27’)02(% (t+ s)|27‘)93(% (t+ s)|27)
0,(0]27)05(0[27)

(3.42)

Using the identities for the theta-functions, one can prove the following important
identity for the intertwining vectors:

R(u) [¢(s+m)) @ (s —u)) = 01 (u+1l|T) |¢(s)) @ |¢(s—u+n)) (3.43)
or, indicating explicitly the spaces where the vectors live:
Ria(u) [¢(s+n))y [0(s — )y = b1 (u+n|T) [¢(s))) |o(s—u+n)),. (3.44)

Note that when one acts by the R-matrix to the tensor product of two vectors, one in
general obtains a linear combination of pure tensor products. The situation when one
gets just one tensor product term as in (3.43) is exceptional. This property was called by
Baxter “passing of a pair of vectors through the vertex” and it played a very important
role in his solution of the 8-vertex model. The vectors that satisfy this property are
parametrized by points of an elliptic curve which is uniformized by the parameter s. This
is the origin of the parameter s in (3.43).

Let us give some other versions of identity (3.44). Changing v — —u, n — —n in
(3.44) and using (2.33), we arrive at

Ris(u) |¢(s=n))y |6(s +u))y = 61(u+n|7) [6(5)), [P(s+u=n)), . (3.45)

Shifting s — s 4+ 7 4+ 1 and transposing in the both spaces, we also get the transposed
version of equation (3.44):

(6" (s +m)| (" (s = w)|,Ruz(u) = b1 (u +nr) (6" (s)]
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Shifting u — u — £ and then s — s + u in (3.43) and taking the scalar product of

both sides with the covector <¢L(s + u)|, we get:

(6" (s + )| Rualu = )| @(s+u+n))  |o(s+€)), =0, (3.47)

where ¢ is an additional arbitrary parameter. Here the operator <¢L(s + u)‘l Ria(u —
5)‘¢(5+U+77)>1 acts in the vertical space (the space number 2). Taking the scalar product
of (3.43) with the covector <¢L(t) :

<¢l(t)\1 R(u)m\qb(s + n)}1 |p(s —u)), = 01 (u+n|7) <¢L ‘ (s > 6(s — u + 1)),
or, what is the same but with an additional parameter £ introduced by the shift « — u—¢,

(¢4t — )|, Ria(u — &)|p(s+u+n))
(@t = u)| &(s + u))

|6(5 +€))y = O1(u—E+nI7) [P(s+E+n), . (3.48)

Shifting the arguments in (3.44) and changing n — —n, using the property (2.33) and
transposing in the first space, we can obtain the following important corollary:

(6"(5)], Ria(w)|é(s —u)), = b1 (ulr) (¢ (s +n)| |dls —u—n)) (3.49)
or, what is the same but with an additional parameter &,
(6" (s +u)| Ris(u=8)|o(s+8)), = 1 (u—¢&l7) (3" (s +u+n)| |o(s+E—m)) . (3.50)

We stress that (...|;|...), here is not a scalar product but the tensor product of the
vector and covector (which live in difference spaces). Taking the scalar product with the
vector |¢(t —u+n)), in the first space, we can write this identity in the following form:

(¢4 (s + )| Rua(u = )| @t —u+n))
(¢ (s +u+n) ot —u+n))

Fo(s +€))y = Or(u—¢&|T) [¢(s + £ —n))y. (3.51)

Let us now give a more general identity for the intertwining vectors which can be
proved basically in the same way as (3.44):

Riz(u) [0(s + 1))y [0t — u))y

01(n|7)0:(
02(3

%(s—i—t) — ul|T)
(

(3.52)

LTI 4 DT o ot~

02(3 (s +1)|7)

It provides a rule of how the R-matrix acts to tensor products of two arbitrary vectors.
At t = s (3.52) coincides with (3.44) (this can be seen after using an identity for the
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theta-functions). Substituting v — —u, 7 — —n, we also obtain:

Riz(u) [o(s —m))y [o(t + u))y

~ 0i(nI)Ba(5 (s + 1) +ulT) o
- 02(L (s +1)[7) O Jols =l (3.53)
O1(ulr)0(5 (s + 1) —ml7) u

Equations (3.44), (3.45), (3.52), (3.53) can be unified in the “intertwining relation”
between the R-matrix and the collection of Boltzmann weights of a IRF-type model.

Introduce the vectors
e (W) = |¢(s —u+kn+ 1)),
(3.54)

(SEa () = |é(s +u+kn+1)),

then the above mentioned equations can be compactly written as

Rm(u—v)\d)i’(u»l|¢',zi’<v>>2—;\¢l”<u>>l|¢z<v>>2w[’; ;’j,',]w—v), (3.5)

where W H . ] (u) = 0 unless |k — K| = [ — k| = |l — k| = [l = k| = 1. The
non-zero weights are:
Wl by b | @ = oo,

A similar intertwining relation obtained from (3.55) by transposition in both spaces holds
for the corresponding covectors.

3.3.2 Vacuum vectors

Let us consider the gauge transformation of the L-operator

ci(u)  dy(u)

where [ € Z is an integer parameter. The matrix My(u) is given by

My (u) = ( 01(sk + u|27) b1 (tp — ul27) > | (3.58)

ai(u) by (u)
Lo (u, &) = My (w)L(u — &) Mia(u) = : (3.57)

O4(sp +u|27)  Yiba(ty — u|27)
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where s, = s+ kn, t, =t + kn, s,t € C are arbitrary parameters and

1
T Oy (o |27) s (e ]27)

1

Note that the columns of this matrix are the intertwining vectors. The inverse matrix is

1y 1 WOs(te — ul21) =01 (tr — u|27)
M(0) = 00w \ —0alse +ul2r)  Ou(se+ul2r) ) (3.60)

where

det My (u) = — (¢ (tx — u)| &(sx + 1))

01(3 (s — t)+u|27)04(3 (s — t)+ul27) (w)
6(0]27)05(0[27) HR-

Note that det My (u) = u(u) does not depend on k.

The gauge-transformed L-operator (3.57) has a local u-independent vacuum vector

o G (Skpm H&27)
IR (aves ) ETONREE VAT

which is annihilated by the left lower element cj (u):
ch(w) [wh) =0 (3.63)

(recall that cj,(u) depends also on s and [). This directly follows from equation (3.47) (one
should put s = sp4;—1 in the latter). In their turn, equations (3.48) and (3.51) (where
one should put s = sgj—1, t = tx4—1) tell us how the operators aj(u), dj.(u) act to the

vacuum vector:
a(u) [wh) = 1 (u—Etnl7) [k,
(3.64)
dj.(u) ‘ww =01 (u — &|T) ‘w,l;l> .

Unlike the situation in the 6-vertex model, the vacuum vector is not an eigenvector for
these operators but transforms in a simple way.

The gauge-transformed quantum monodromy matrix is

T'(u) =L (u—&)Ly(u— &) ... Ly(u—&n)

— MR T M) = (Al il )-

The global vacuum vectors are defined as

‘Ql> = ‘wll> ® ‘wé> R...® ’w§V> .
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According to (3.63), (3.64), the action of the operators A'(u), D'(u) and C'(u) on the
global vacuum vector is given by

C'(u) |2) =0,
A%@hﬂ>:]16mu—&+nhﬂﬁ”§a (3.65)

The same formulas (3.44), (3.45) allow one to check that the local dual vacuum vector
<@H = <¢L<tk+l - fk)‘ (3.66)
satisfies the following properties:
(wh|by =0,

l —1—1

<(Dk 3l = Y11V 01 (w — & +1|7) <wk ; (3.67)

<@§€ dj, = ’Vk+z’71;iz—1 01(u — &|T) <@fj1‘ .

The global dual (left) vacuum vectors are defined as tensor products of the local ones:
(O] = (af| ® (wh| ® ... ® (wh|. (3.68)
The action of the operators Al(u), D'(u), B(u) to the left is given by
(Q!] B!(u) =0,

<Ql Al(w) =y T 1 (uw — & +nl7) <Ql_1’ ) (3.69)

=1

N
<Ql D'(u) = yipny H 01 (u — &l7) <Ql+1’ :

=1

3.3.3 The permutation relations

Let us introduce the generalized monodromy matrices

Ak,l(u) Bkvl(u

)
@Am.mum>' (3.70)

Toa(u) = My () T () Mi(u) = (
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Note that in this new notation 7" (u) = T ;1 n(u). We have:

Api(u) = <¢L<tk _ u)‘ T(“)‘¢(Sz + u)>

(ot —w)| @(sp +u))

Bra(w) = <¢L(tk - u)( T(U)‘qb(tl _ u)>

Ckyl(u) =

Dk,l(u) =

(oH(te —u)| d(sk +u))

(3.71)
1 (¢ (k)| T(w)| (s + w))

Ve o (Ot —u)| O(sp +u))

(@ s+ )| T()]o(t — w)
W (Ol — Wl o(se +w)

It follows from equations (3.35) that the generalized monodromy matrix has the following

properties:
Tey(u+1) = Tii(u),
ot eWiSk 0 e—m’s; 0
776,Z<U+ 7_) = € () ( 0 — e~ Ttk > 77€7l(u) ( 0 —eTiti >

— e—ﬂ'ic(u) (

where c(u) is defined in (3.36).

(3.72)

eﬂ-i(skfsl)AkJ(u) —eﬂ-i(sk+tl)BkJ(U)

—e mET Oy (u) e Dy (u) )

For the calculations below it is convenient to introduce the auxiliary notation for the

e X'(u) = [o(si+u)), V() = |o(t — ),
XHw) = (¢ (s +w)|, V() = (¢* (e — )],
e Ana(0) = = THT (X,
k() = =S VH@T @)Y (w),
Croa(u) = Mlu) () T () X (),
Dra(u) = 015 K@) T (@)Y (w)

In this notation, equations (3.44), (3.45), (3.52), (3.53) look as follows:

Ruz(u — v) X7 (u) X3(v) = 01 (u — v+ nl7) X (u) X3 (v),

(3.73)
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Riz(u — 0)Y{ () Y3 (v) = 01(u — v +0|7) Y] (w)Yy ™ (v), (3.74)

Riz(u — 0)Y{ () X3(v) = fi (u = )Y () X537 (v) + gu(v — 0) Xj(w)Yy 7 (v),  (3.75)
Riz(u = 0) X{ () Yy ™ (v) = fir (u = v) X7 () Y5 (0) + gi(u = 0)Y 7 (@) X5 (v), (3.76)
Ruiz(u — )Y () X5 (v) = fif (u = 0)Y{ ™ (u) X5(v) + gu(v — w) X1 (u)Y5 (v),  (3.77)
Riz(u — 0) X{™H ()Y (v) = fir (u—v) X7 )Yy (0) + gi(u — 0)Y{ () X377 (v), (3.78)

where

01 (u| )0 (71 |T) 01 (n|7)02(1 + u|T)
0a(7k|7) 0a(7x|7) '

Similar relations hold for the covectors X*(u), Y*(u); they are obtained by transposition
in both spaces.

Multiplying both sides of the RT'T = TT R relation (3.37) by the vectors Y, (u)Y3 (v)
from the right and Y (u)Y#(v) from the left and using (3.74), one obtains the permu-
tation relation

i) = o ge(u) =

Bii1,1(u) Bry1(v) = Bry1,1(v) Bryga(u). (3.79)

Similarly, multiplying both sides of (3.37) by the vectors X (w) XL (v) from the right
and X7 (u) X% (v) from the left and using (3.73), we get

Cri1 (1) Crp11(v) = Crig1(0)Cryra(u). (3.80)

The commutation relations between A- and B-operators are obtained by multiplying
both sides of (3.37) by the vectors Y{™ (u) X}(v) from the right and Y{*~*(u)YF(v) from
the left and using the transposed version of (3.74) and (3.75):

91 (u -V + n’T)Bk,l+1 (u)Ak,l,l(v)
(3.81)
= Ql(u — U‘T)Ahl_l(U)Bk_l,l(U) + gl(v - U)Bk,l_;_l(U)Ak_Ll(u).

The other commutation relations can be obtained in a similar way. Multiplying both
sides of (3.37) by the vectors Y{(u)Ys ™ (v) from the right and XF(u)Yy*(v) from the
left and using the transposed version of (3.76), one obtains

01(u — v +n|7)Br_1,(v) Digy1(u)
(3.82)
= 01(u — V|7) Dpy1,0(w) Bris1(v) + gr(u — v) Br—1,1(u) Dy 11 (v).

Multiplying both sides of the RTT = TTR relation by the vectors X (u) XL (v) from
the right and X7 (u)Y(v) from the left and using the transposed version of (3.78), one
obtains:

Or(u— v+ n|7) Ak 141 (V) Cro1,(w)

(3.83)

2
=T h(u— V| 7)Cr1 () Apg10(v) + gr(u — v) Ap g1 (w) Crm1,(v).
Ve+1Vk—1
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Finally, multiplying both sides of the RT'T"' = TTR relation by the vectors Y (u) X5 (v)
from the right and X{™!(u)X}(v) from the left and using (3.77), one obtains:

01(u — v +n[7) Dy (v)Cry1,41(v)

3.84
ol (3:84)

B Yi+171-1

O (u = v[7)Cra(v) Dis1a-1(w) + (v — ) Dy (0) Crga g (w).

These are the main operator permutation relations used in the generalized algebraic
Bethe ansatz procedure.

3.3.4 The generalized algebraic Bethe ansatz

Let us consider the vector
' ur, o n)) = Bioagsa () Bioaia(a) - B ipn(un) |27 (3.85)

We recall that n is fixed and is equal to N/2. The commutation relation (3.79) implies
that this vector is a symmetric function of the parameters uq, ..., u,. We are going to act
to this vector by the transfer matrix T(u) = A;;(u) + D;y(u). To this end, let us rewrite
equations (3.81), (3.82) in a more convenient form suitable for moving the operators A
and D to the right through B:

Ak,l(u)qu,lH(U) = Oé(u - U>Bk,l+2('0)Akfl,l+l<u> + ﬁl+1(u - U)Bk,l+2(u)Akfl,l+l<U)a

(3.86)
Dy i(u) Br-1141(v) = (v — u) By 21(v) D141 (1) — Br—1(u — v) Bg—21(w) D—1141(v),
(3.87)
where
&(u) _ Ql(u — 77|T) Bk(u) _ 91(77|7) 62(77@ + u|T) (388)

Oy (ulr) 01 (u|T) O2(Tx|T)

The action of the operators A;;(u), D;;(u) to the vector (3.85) can be found, with the
help of the standard algebraic Bethe ansatz argument, using the permutation relations
(3.86), (3.87) and the property (3.65). The result is:

App(u) |9, ) ) = Tau) [0 (g, ) )
+ XR:A%J(U) ‘\Iflﬂ(ul, e U, Uy U - ,un)> ,
j=1
Dig(u) |9 (g, - un) ) = Tp(w) [0 ()

n
+ ZAZDJ(U) ‘\Pl_l(ul, ey Ui, Uy Ujg1, - - ,U,n)> ,
j=1

where

=1 k=1
N n
(U—UIML??‘T)
Tp(u) = 1(u—&|7)
p(u) 7,1;[1 | kl;[l 01 (u — ug|7)



AlA’j(u) =3 CI)(U Uj, Ti41+ = >H91 — & +n|7) H

01(n|7) 0wy — w41l
AL (u) = — Slu—u;, _1+—= 01 ( ik )
ba1) = =y gp) Bl )H1 e erJ il — )

In the last two formulas we have introduced the function
B 01(0|7) 01 (u + v|T)

D(u,v) = 3.89
) = g (uf) 8,017) 359
It has a simple pole at u = 0 with residue 1.
Consider now the Fourier transform of the vector ‘\IIZ>:
Wy (g, o)) = D0 e [ W g, ) ) (3.90)

lez

The action of the transfer matrix T(u) = A;;(u) + D;;(u) on this vector is given by

T(w) [V (ug, ... up)) = T(w) |V, (ur, ... up,))

—I—Z Z e~ immv (e”””AlA_J1 (u) + e_i“"”Aﬁ} (u)) ‘\Ifl(ul, e U1, Uy U, - ,un)>,

lez, j=1
(3.91)
where
N
; m0(u — up —n|7)
T(u)=e"""||0,(u—& +n|T
( ) z:l—[1 1( § 77’ )]};[1 91<u_uk|7_)
N n
i — Uy, +n|7)
e ™ 01 (u — &|T) :
i:l_[l ! kl;Il (u — ug|T)
Note that one can rewrite (3.91) in the form
T(w) |V (ug, ... up)) = T(w) [V, (ur, ... up))
(3.92)

—Zie‘ilm”@(u —u;, T + ;) ( res T'(u ) ‘\Il Upy ooy U1, Uy Ujp 1, - - ,un)>

1€z, j=1 v
In this form, it is clear that the r.h.s. is regular at u = u; as it should be.

The eigenvalue of the transfer matrix should be a regular function of u. The conditions
Tes T(u) = 0 are simultaneously the conditions of cancellation of the “unwanted terms”
—HYy

n (3.92). These conditions have the form of the Bethe equations

p2imw ﬂ O1(u; — & +nlt) ﬁ 61 (u; — up +n|7)

i=1 el(uj - f@|7') k=1, (91 — uy — 77‘ ) (3.93)

If these equations are satisfied, then the vector |¥(uy,...,u,)) is an eigenvector of the
transfer matrix provided that v is such that the series (3.90) converges and is non-zero.
Presumably, this holds for some particular values of v and v = 0 is among them.
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4 Scalar products of Bethe vectors

Although most of the results discussed in this section remain true (with necessary mo-
difications) also in more general cases, we for simplicity will restrict ourselves by models
based on the standard rational G L(2)-invariant R-matrix

utn 0 0 0
0 0

R(u) = 0 z Z 0 = ul + nP.
0 0 0 utpy

The quantum monodromy matrix of the inhomigeneous model is of the form

A(u) B(u)
T(U) = ROl(U—gl)ROQ(U,—gz)...RDN(U—SN) = ,
C(u) D(u)

where ; are inhomogeneoties. The transfer matrix is T(u) = tro 7 (u) = A(u) + D(u).
The operators A(u) and D(u) act to the vacuum vector |Q) = (|4+))®" in the following
way:

Au) [©2) = ¢(u+n)[Q),  D(u) Q) = ¢(u) [2) .
Here ¢(u) is the polynomial

—

¢(u) = [](u—&). (4.1)

1

J

4.1 Scalar products: historical remarks

Following the algebraic approach, we consider Bethe vectors
g, 1, s ) = Blur) Bw) .. Blun) ) € H 2 (C)Y, (4.2)

where u; are arbitrary parameters. For brevity, in what follows we will sometimes write
|ty ..o Um) = [{t;}m). According to the terminology adapted in the literature, such a
vector |uy, ug, . .., Un) is called off-shell Bethe vector. If the parameters u; are constrained
by Bethe equations (and thus the vector |uy, us, ..., uy) is an eigenvector of the transfer
matrix), it is called on-shell Bethe vector.

It is easy to see that (B(u))" = C(u). Therefore, recalling the definition of the scalar
product of vectors from the space H, we can represent the scalar product of vectors of
the type (4.2) in the form

(Umy oy 01U, ooy ) = (| C(o,) ... C(v1)B(uy) . .. B(uy) |2) . (4.3)

Clearly, the number of operators B in the scalar product (4.3) should be the same as the
number of operators C, otherwise the scalar product vanishes.
Problem. Find the scalar products (4.3) at m =1 and m = 2.

The scalar products of Bethe vectors are necessary for calculation of such important
physical quantities as form-factors and correlation functions and so the calculation of
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scalar products is an important problem of the theory. Attempts to calculate the scalar
products directly with the help of the RTT = TT'R relations show that this is a difficult
combinatorial problem.

The history of the problem is as follows. The first result is Gaudin’s hypothesis
(1972) about the norms of eigenvectors of the Hamiltonian of the bose-gas with point-
like interaction. This hypothesis (proved in 1982 by Korepin in the framework of the
quantum inverse scattering method for a sufficiently wide class of models) states that
the squared norm of eigenvectors of the transfer matrix (on-shell Bethe vectors) is given
by determinant of an m X m matrix whose explicit form is restored from the form of
Bethe equations. Later, in 1989 Slavnov proved a determinant formula for scalar product
of two Bethe vectors one of which is on-shell and another one is an arbitrary vector of
the form (4.2). The original method to obtain this result is a complicated combinatorial
analysis of the structure of scalar products and application of recurrence relations for
them. In 1998, Kitanine, Maillet and Terras obtained this result by a different method
(which was also sufficiently involved) and showed that the matrix elements of the matrix
participating in the determinant representation of scalar products are expressed through
derivatives of eigenvalues of the transfer matrix. Finally, quite recently, in 2019, Belliard
and Slavnov suggested a very simple method to find the scalar products, which avoids
any combinatorial difficulties. This method explains why the scalar products of on-shell
and off-shell Bethe vectors have determinant representations. It is so simple that it is
hard to believe that nobody discovered it during 35 years. Below we closely follow the
original paper by Belliard and Slavnov [12].

4.2 Action of the transfer matrix to Bethe vectors

In what follows we assume that the vector |vi,...,v,,) in the scalar product (4.3) is
on-shell, i.e., {v;} satisfy the Bethe equations

ﬂvj—§k+77: Ui v — U+ (44)

o1 Vi Gk =14 % — U1
while the set {u;} is arbitrary with the only condition that all numbers u; are distinct.
The eigenvalue T'(u) of the transfer matrix on the vector |vy, ..., vp),

T(w) |1,y om) = T(w;vr, . 0m) U1, Um)

is given by the formula

N

m o N m o
T00) = T tm) = T =) H n- +I(-a) 1‘[ LZUEN (g5

=1 S ou— Y

As we know, residues of this expression as a function of u at the points v; vanish (these
conditions are equivalent to Bethe equations). We can extend the definition of the function
T(u) =T (u;uy, ..., uy) with the help of this formula to an arbitrary set of numbers {u;};
then T'(u; uy, . .., u,) in general is not an eiganvalue of the transfer matrix and residues at
the points u; are nonzero. Clearly, it is possible to represent the formula for the function
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T(u;uy, ..., uy) in the form

Pusuy, ..., up,
T(ujug, .. um) = T(u; {u; b)) = (Qi;ul’ Y ), (4.6)
11 (v —uy)
7j=1
where P(u;uy,...,u,) is a polynomial of v and a symmetric polynomial of u;’s of the

form

s
s

Plusug, .. um) = o(u+n) [](w—w —n) + ¢(u) [ ] (v —w +n) (4.7)

I 1
(the polynomial ¢(u) is defined in (4.1)). Note that the polynomial P can be expanded

Il
R
—
Il

in the basis of elementary symmetric polynomials eém)(ul, ey Upy):
P(usuq, ... uy) = ZAk(u)e,gm)(ul,...,um). (4.8)
k=0
The elementary symmetric polynomials are el = 1, e{™ = > uj, el™ = > wug, ..
=1 i<j

elm — I w. egﬁm) =0 at £ > m. The general formula is
j=1

m 1 dmk
e](C )(ul,...,um) = (= F)l g(t%—ui)

(4.9)

t=0

The functions Ag(u) in (4.8) can be regarded as functional parameters defining a concrete
model (they replace the numerical parameters &;).

Recalling the arguments of the algebraic Bethe ansatz method, we can write:
T(w)[{wi ) = T (st bn) | Lk ) + D A (o) [ {2} \ 0, 0), (4.10)
j=1

where ‘{uz}m \ uj, u> means that in this vector the parameter u; is replaced by u. As it
follows from the algebraic Bethe ansats, the coefficient A; has the form

1
res T(u;ug, ..., up)
U —uj U=

Aj(u, {uitm) = =

(4.11)

- <¢(uj+77) [ =t o) ] “j‘“”")-

U —Uj k=1,4; i~ Uk k=145 Wi — Uk
Note that equation (4.10) with the first equality in (4.11) means that the vector-function
T(u)|ug, ..., un,) does not have poles at u = w;, as it must be because the transfer matrix
is a polynomial in wu.

4.3 Derivation of a system of linear equations for scalar products

The main idea of the method developed by Belliard and Slavnov is to show that the
scalar products of Bethe vectors satisfy a system of linear equations. After the necessary
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preparations made above, we can proceed to the derivation of it. Let wy, ug, ..., Upy1 =
{u;i}ms1 be a set of m + 1 arbitrary parameters. Consider the matrix element of the
transfer matrix

S; = ({vikm|T@){uitmer \ug), j=1,...,m+1 (4.12)

between the eigenvector <{vz}m‘ (an on-shell Bethe vector) and an arbitrary off-shell
Bethe vector ‘{Ui}m_t'_l \ Uj>, which belongs, as ‘{vz}m>, to the sector with m reversed
spins, and which has the set of parameters with excluded u;. We can calculate S; in
two different ways: either acting by the transfer matrix to the left (<{vz}m’T(u]) =

T(uy; {vz}m)<{vz}m ), or acting to the right with the help of equation (4.10), which we
write here in short as

m+1

T ()| {tti Y mss \ ) = > L] {ttbonr \ ).

Here L;; = T(u;;{uitms1 \ vj) and Ljr = Ap(uy; {witmir \ w;) at j # k. Comparing
equations (4.6) and (4.11), we find:

Ly = Plwidudmn A ) _ o TO6 {tabnan N ) gy 5 g (4.13)
[T (ue —w) - U
I=1,2k

Consider the scalar products
Xj= <{U2}m‘{uz}m+1 \Uj>v j=1...,m+L (4.14)
Calculating the matrix elements (4.12) in the two ways, as above, we get the equalities
n+1
> LjXy = T(uj; {vitm)X;,
k=1
which constitute a system of homogeneous linear equations for m + 1 variables X;:
m+1

k=1

where the matrix M of size (m + 1) x (m + 1) has the form

My, = Ljx — T (ug; {viym) i

_ Plugi {uibman \wy) o Plug;{vi}m) (4.16)
o m+1 ik=m ’
[T (ue —w) [T (ue — v)
I=1,#k =1

This is the system of linear equations for the scalar products.
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4.4 Solvability of the system of linear equations for scalar pro-
ducts

The system (4.15) has nontrivial solutions if rank of the matrix M is strictly less than
m + 1, i.e., det M = 0. In this case the solutions are given by minors of the matrix M,
hence the origin of the determinant representations for scalar products becomes clear.

In order to show that det M = 0 we take advantage of the fact that the matrix M
can be multiplied from the left by any non-degenerate matrix V: M — M = VM; and
the solution remains the same. Let us extend the set {v;},, = {v1,..., v} to the set of
m+1 elements {v;},11 = {v1,...,0m, v}, where v, 11 = v is a free parameter and choose
the matrix V' in the form

gy mtl -
Uj — U; Uj — Uy

Vi; = i,j=1,...,m+1. (4.17)

)
Uj — V; I=1,4j Uj — Uy

It is the Cauchy matrix C;; = 1/(v; —u;) multiplied from the right by a diagonal matrix.
Using the well known expression for determinant of the Cauchy matrix, we find:

- _ A

Gty [ VY = A
g —u; A({u})

where A is the Vandermonde determinant, so the matrix V' is non-degenerate.

For the matrix M = VM we get, using (4.16):

m+1

Vo= (I (e — )™ (mz“‘ [T 2= Pl {wn}msn \ )

=1,k j=1 Wi T Vi g2y

U — U

U — Uy

P(ug; {Un}m)> .

Let us use the expansion of the polynomial P in the basis of the elementary symmetric
functions (4.8) and the representation (4.9) for them. We have the identity

m—+1
m+1 711[7&‘(’&]' - Us)
Z o} Pug; {untms1 \ ug) = Pug; {vn}mir \ i)
=t 1 (uy =)
r=1#j
Indeed, since
m+1 m+1 m4-1 t
0= ¢ AL gy TG e L)
"o m+1 - m+-1 T m+l
27”\14:1%00 Hl (v — uy) bru 54 IIL (uj —uy) bt Hl (t +u,)
r= r=1,%#y r=

(the vanishing integral in the left hand side is represented as sum of residues), we have:

m+1

m+1 3:1;[¢i(uj - US) m+1 m—+1
> i II G+w)= I (t+0),
j=1 H (uj _ ur) I=1,#j s=1,#i

r=1,#j
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and, therefore,

m—+1
m+1 711[79(1%_1}8) (m)
PP et d e \ ) = e ({ondwen \w), k=01 m
=t I (uy—uy)

r=1,#j

For the matrix M we thus obtain the expression

m+1

W= (TT (e =)™ (Pt (b \ ) = 25— Plugs {,}.))
1=1,#k i
mljl-l (uk ) (4.18)
== (7 (ks {on s \ 03) = T (i {0 }n) )
l:ll_[;ék(Uk B UZ)

from which it is seen that the last ((m + 1)-th) row of the matrix M consists of zeros.
Therefore, det M = det M = 0 and the system (4.15) has nontrivial solutions.

Let us note that in [12] a more general transformation of the matrix M was considered:
M — M = WM, where

w; —w; "o —w
Wiy =—— J[ =— ij=1,...,m+1 (4.19)
Uj = Wi 2y 25 Uj — W

Here {w;}m+1 is an arbitrary set of parameters; the matrix V' is a particular case of W

at w; =v;, 1 =1...,m, wy,y1 = v. Performing the same calculations as above, we get
m+1
~ _E[#.(Uk — w)
My, = —=% (T(uk; {wp bma1 \ wi) — T(ug; {vn}m)). (4.20)
I1 (Uk - Ul)
=1,k

The expression (4.18) can be transformed further. First we note, performing a simple
direct calculation with the help of equation (4.5), that

T(w; {vn}ms1 \ vi) = T(u; {vn }m)

CED )

=14 4T U z L4 47U
u—v; 0T (u {vn}m)
= (v—w) u— ov;
Therefore,
. l:ll(uk — V)
M, = (U — Ui> :;:’_1 ﬂk, (421)
[T (ur—w)
1=1,£k
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where the matrix Tjx = 0T (ux)/0v; has the form

U + e Up — U — U — U+
Ty = n (_ ¢(ug + 1) H k— Ul 7}+ H k— Ul 7]>. (4.22)
Up — V; U — Vi — 1,2, Uk — U U — U+ 15 U — U

Let us assume that rank of the matrix M equals m (this is the case of general position
) and consider the system of m equations equivalent to (4.15):

m+1 8T
3 (W) ¢ _ 0 i=1... .m,
= Oy
where .
Hl(uk - Us)
X = X, rsn+1
IT (up—w)
=14k

Using the Cramer’s rule, one can construct its solution via minors of the matrix 7}, as
follows:

m+1
X, = (=1)c ’ir;[ﬂ“(u’ﬁ - dot <M> :
B P o,
where the multiplier ¢ does not depend on k. It is easy to verify that we have
LG
Aot (o) 98 (50

forall k,n = 1,...,m+1. The left hand side does not depend on wuy (but possibly depends
on all other variables u;) while the right hand side does not depend on w,. From this it
follows that the left hand side does not in fact depend on all u;’s, and we can write
det (D1 (1) /0
Xi = ®({vih) 7 , (4.23)

()

J#k
where @ is some yet undetermined symmetric function of {v;}. It can be found if one

calculates the scalar product for some special values of u; and compares with equation
m

(4.23) (see below in the next section). This calculation yields ¢ = Hgb(vl). Therefore,
=1

Uj—V4

for the scalar products we obtain:

1<d€£ Ly m
(QC(vy)...C(v1)B(uy) ... B(up) |2) = # I ¢(w)
1<(2'1§§m<u2 vj) =1

I (4.24)
H (UT - US) m N
= T —¢&) d (aT(W)
k1<_[k’<Uk — uw) (v — vg) 1=H1a1;[1(vl &) 155 ov;

Let us recall that this representation is valid only under the condition that the parameters
v; satisfy the Bethe equations (4.4).



4.5 Scalar products and partition function of the 6-vertex model
with domain wall boundary conditions

In this section we present, without derivation, some important results related to the
theory of scalar products.

A combinatorial analysis which uses the commutation relations for the operators
A, B,C, D allows one to obtain the following formula for scalar products of Bethe vectors
of general form:

@I T Ctea) IT Blus) )

=> > IT o) II é(w) TT ¢(ui+n) I] ¢(ui+n)
k=0 {0} = {v1}m_k U{on} i€{vi} ie{ur} ie{un} ie{ur} (4.25)
{u}m = {ur}m—r U{untr

< K ({on bl {un b)) Kot ({untm s [{onkms)  TT Fonvy) TT £ (e, w)

i€ {vi}x ac{urtm_r
J€{vitm—k b e {untr

(we again assume that the numbers v,, ug are all distinct). Here the sum goes over all
partitions of the sets {v},, u {u},, to non-intersecting subsets {v},, = {vi}m_r U {vn}tr
and {u},, = {ur}m—r U {unr}x with the number of elements k& and m — k, where k runs

from 0 to m,
u—v+n
fluv) = ———,

u—v
and Km({v}m‘{u}m) is the partition function of the rational 6-vertex model on the
inhomogeneous m xm square lattice with domain wall boundary conditions. More precisely,
in this model the Boltzmann weight in the vertex (i,j) (the intersection of ith vertical
line and jth horizontal line counting from the left bottom angle) is given by the R-matrix

S (0 ) — R~ )

'Uj—’ui

The boundary conditions are such that the arrows in the bottom row look up, in the upper
row look down, in the leftmost column look to the left and in the rightmost column look
to the right. For such partition function the following determinant representation (found
by Izergin in 1987) is known:

(v —w +n)

_ _ki=t o Ui
Ko ({0}m|{u}m) = det ( Y ) (4.26)

v — k) (up — uy) mxm v —uj +n)
k<l

T3

—~

At present, equation (4.25) together with (4.26) provides the most complete description
of scalar products of general Bethe vectors.

Now, let us put u; = & for i = 1,...,m, then ¢(u;) = ¢(&) = 0. In the sum (4.25)
only one nonzero term remains which corresponds to empty sets {ur} and {vi} (k = m),
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and the formula becomes

m

mHanHBgﬂ ) = [T o ﬁ 0(& + 1) K ({0hu[{Ehn). (420

a=1 =1

Comparing with (4.23) in the case ¢(u;) = ¢(&) = 0, we get ® = ] #(v;), so that (4.24)
=1
in this case coincides with (4.27).

4.6 Orthogonality of on-shell Bethe vectors and their norm

At last, let us discuss an important particular case when both vectors in the scalar
product are on-shell. If they are different, the standard simple argument shows that they
must be orthogonal. Indeed, consider the matrix element

@IIc H (ug) [€2).
a=1 B=1
Acting by the transfer matrix to the left and to the right, we get:
(T(U, Uty - - 7um) - T(ua U1y - - 7Um)) <Q| H C(Uoé> H B(Uﬁ) |Q> - 07

a=1 =1

and if T'(u;uq, ..., uy) # T(u;vy,...,v,), the scalar product is equal to zero. Let us
show how this follows from formula (4.24).

We should show that if the parameters {u;},, satisfy the Bethe equations
Oluj+n) _ 1 w—w+n
o (u;) =14 Wi — W —1
and do not coincide with {v;},, (for simplicity, we assume that no one of u; coincides

with no one of v;), the matrix 7j; in (4.24) becomes degenerate: det T;; = 0. Substituting
the Bethe equations for w; in it, we have:

O U — Vs + 1 -
T = no(ue) [ G0 Tik,
s=1 U — Vg
where ]
~ Yk
Ty = + 4.28
S | R S RS PR (428)
with

(ug —w + 1) (ur, — v —n)
iz (ue — g —n)(up — vy +1)

Yk =

=

Obviously, we should show that det T~Z-k = 0. We will show that, indeed, the matrix Tik
has a row-eigenvector with zero eigenvalue, i.e., its rows are linearly dependent. Set

m
I (v =)
Tji=—"m ;
I1 (Uj Vs)
s=1,#]



we claim that ij ik = 0 (see [11], page 111). We have:

7j=1
m _ m T

o T =Ub +y Uy, U = J . 4.29
jzl J+J k k k jzl(uk_vj)<uk_vji7]> ( )

Consider the vanishing contour integral

1 ]{ ndz ﬁ 2z — Ug
2w Jj=Rooo (up — 2)(up — 2 £ ) 15 2 — v
Using the residue calculus, we arrive at the identity
m I (v — w)
U — Us Ui =1
+ —|— - =0
8H1 (e ; —u)luk = v E0) T () w,)
s=1,4

or N

==y
UE = e

e =T 51_[1 U — Vs N

Plugging this into (4.29), we see that our linear combination is indeed equal to zero.

In order to find the squared norm of the Bethe vector
N2 vy, ... o) = (Q| H C(v) H B(vy) |€2)
=1 s=1

one should put u, = vy + € in (4.24) and tend €, — 0 (recalling that {v;},, satisfy
the Bethe equations). In the off-diagonal elements of the matrix 7}; one can simply put
¢ = 0, while in the diagonal elements an indeterminacy appears (zero in the numerator
and zero in the denominator) which should be resolved by 'Hopital’s rule. As a result,
one obtains:

N (v, .o yvm) =™ [[ 0% () [T Ur TV et tik, (4.30)
=1 r#s Up — Us mxm
where the matrix ¢;; is given by
o (vy, + 77 = 21 ) 2
: ( eSS wie ) T 48
Note that t;, = 0By/0v;, where
d(v) < Vg — U+ 1
B, =log ——— + log ——— 4.32
g g¢(vk+77) 12 gvk;_vl_n ( )

is the logarithm of the left hand sides of the Bethe equations in the form

o) e U — U+

=1
¢(Uk + 77) =12k Yk — UL — 1]

(the Bethe equations state that By = 2mig, with integer i) and, therefore, ;; coincides
with the Hessian of the Yang function at the minimum.
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5 Generalized magnets and master T-operator

5.1 GL(n)-invariant R-matrices

So far we considered R-matrices of size 4x4. It turns out that there are solutions of the
Yang-Baxter equation of size n?xn? ¢ n > 2 for any n > 2. They are linear operators
in the space C" @ C". For simplicity we will restrict ourselves by considering R-matrices
with rational dependence on the spectral parameter (but their trigonometric and elliptic
generalizations do exist). These R-matrices have the form

R(u) = ul +nP, (5.1)

where P is the permutation operator in C" ® C", and 7 is a parameter (in the R-matrix
(3.18) n = 1). It can be checked that this R-matrix is G L(n)-invariant:

g®gR(u)=Ru)geg or g182R12(u) = Ria(u)g182 (5.2)

for any matrix g € GL(n). The permutation operator P is expressed through the elementary
nxn matrices ey (with 1 at the place ab and 0 otherwise) as follows:

P = Zeab ® €ba -

a,b

Let us say a few words about representations of the group GL(n) and the universal
enveloping algebra U(gl,,). The algebra U(gl,) has generators e,, with the commutation
relations

€ab€a’t — €a'p/€ap = 5a’beab’ - 5ab’ea’b~ (53)

Finite-dimensional irreducible representations 7y of U(gl,,) are characterized by the highest
weight A = (A, Ao, ..., Ay), where \;;; < \; are non-negative integer numbers. The set
of numbers A; can be identified with the Young diagram A, or, equivalently, with the
partition of |A| = 3, A;. Let V) be the representation space of 7. Clearly, W(l)(eab) = €ap
and V(1) = C" (here (1) is the Young diagram consisting from one box, it corresponds to
the vector representation).

More general GL(n)-invariant R-matrices act in the tensor product V) ® C" and have
the form

RMu) = ul + 1 Z Ta(€an) @ €pg- (5.4)

The G'L(n)-invariance means that
m(g) ©® g RMu) = RMNu) mi(g) @ g
The R-matrices R*(u) satisfy the Yang-Baxter equation
Ry (u — 0)R (u)Rh3(0) = R (0) R (w)R1% (u — ), (5.5)

where R (u —v) is some R-matrix acting in the tensor product Vy @ V,,. Its explicit form
for arbitrary A, pt is complicated.

86



5.2 Transfer matrices of generalized magnets

In this section we will discuss integrable systems based on G L(n)-invariant R-matrices.
In the way similar to the case of GL(2) models, one can construct a family of commuting
transfer matrices for them. Such integrable systems are called generalized magnets (or
vertex models). For example, one can consider inhomogeneous GL(n) spin chain with
transfer matrix

T(I) = tI"o(R()l(l' - Il)ROQ(I - ZL’Q) .. RON(ZE - JIN)),

where each R-matrix has the form R;;(z) = zl + nP;; (see (5.1)). In this section the
spectral parameter is denoted by z. The Yang-Baxter equation for R;;(x) guarantiers
that

[T(x), T(2")] = 0.

One can also consider the chain with quasiperiodic (twisted) boundary conditions inserting
under the trace a group element g (twist), which for simplicity we assume to be diagonal

(g = diag(g1,92,-- -, 9n)):
T(z) = tro(Rm(x — 21)Ro2(z — x3) .. . Ron(x — ) go) (5.6)

Here gy means that g acts in the auxiliary space (number 0). The GL(n)-invariance
(5.2) implies that these transfer matrices commute at different values of the spectral
parameter. In the homogeneous chain with periodic boundary conditions (at x; = 0,
g = |) there exists a local Hamiltonian which is the logarithmic derivative of T(x) at 0.
As in the GL(2) case it is proportional to the sum >, P; ;1 of permutation operators
of neighboring sites. In inhomogeneous chains local Hamiltonians commuting with the
transfer matrix in general do not exist.

Matrix elements of the transfer matrix (5.6) are polynomials in z. Let us normalize
it in a different way, dividing by the polynomial Hj-vzl(x — ;)

Then one can introduce Hamiltonians H; of the spin chain as residues at z;:

N
H.
T(x)=trg+ Y —. (5.7)
j=1 xr — Ty
These operators commute with each other. However, they are non-local. Their explicit
form is as follows:

H, = F}ii—l(xi - xi—l) . Rﬂ(Ii - $1)gz‘Rz‘N($i - xN) . Rim(% - $i+1),

where

Ui
R(z) =14 —=P.
(2) =1+ 2
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Comparing the expansions as x — oo of (5.7) and

o - i) s 2

r — T r — TN
RS N+
i=1 =1

we get the following “sum rule”:

Let us mention the limit of this construction as n — 0. In this limit the generalized
magnet becomes the Gaudin model. Set g = €™, then in the limit  — 0 we have
H; = 1 + nHY + O(n?), where

— X

HS =h; + >

i T T

are commuting Gaudin Hamiltonians.

It is possible to construct more general transfer matrices acting in the same quantum
space (C™)®N, taking as the auxiliary space not C" but the space Vj of an irreducible
representation my of the algebra U(gl,). Such transfer matrix is obtained as trace in V),
of product of the R-matrices R*z) = 2l + 13, Ta(€a) ® €pq (5.4):

Ta(x) = trv, (R (2 — 21)R, (2 — 32) ... Ry (x — 2n) ma(g0) ). (5.8)

From the Yang-Baxter equation (5.5) and GL(n)-invariance it follows that the transfer
matrices Ty(z) commute for different z and A:

[Ta(z), Tu(2")] =0.
In particular, if A is an empty diagram (A = )), we have

To(z) = 1:[1(:10 — ;) - .

One can introduce normalized transfer matrices dividing by Ty(z):

5.3 Transfer matrices as generalized characters

At N =0 we have:
N=0
TV (2) = triyma(g) = xa(g), (5.9)
where x,(g) is the character of g in the representation 7. Also, we have

Ti(z) = xa(g) - 1+ O(1/z),  x = o0,
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so the normalized transfer matrix can be regarded as a generalization of character.

It is known that the characters are given by Schur polynomials sy of eigenvalues g; of

the matrix g: .
det,-j (g;ﬂr)\jij)

deti]’ (g?_])

Schur polynomials are symmetric functions of g;. It is often convenient to consider Schur
polynomials s)({z;}) as functions of the variables t;, = +3;¢gF. Let us denote it as
sx(t), where t = {t1,2,t5,...}. For example, sp(t) = 1, s(1)(t) = t1, s)(t) = 23 + 1o,
sa2)(t) = 1t —t5 and so on. For any finite diagram X the polynomial s)(t) depends only
on a finite number of ¢;’s. Schur polynomials satisfy a number of non-trivial identities.
We mention here the Cauchy-Littlewood identity

; sa(t)sa(t) = exp(z /{;tktﬁc), (5.10)

k>1

xa(g) = sa({gi}) =

where the sum in the left hand side is taken over all Young diagrams including the
empty one. There are also the Jacobi-Trudi identities which express the character (Schur
polynomial) x» through the characters x(x) or x(ix) corresponding to the diagrams which
are respectively a row or a column of length k:

= det (it 11
lg) =, et Xoui)(8); (5.11)
Xa(g) = | det X x-ins (8): (5.12)

In these formulas )\ is the diagram A transposed with respect to the main diagonal, so
that |, A, ... are lengths of columns of A.

The analogy between transfer matrices and characters is supported by the fact that
the transfer matrices satisfy the following identities (functional relations), which look
similarly to the Jacobi-Trudi identities:

Ty(a) = det T opfe = G- 1) (5.13)
T)\(I) = 13(35;)\1 T(lxg,iﬂ)(l’ -+ (j_l)n) (514)

They are called the Cherednik-Bazhanov-Reshetikhin (CBR) identities or quantum Jacobi-
Trudi identities.

For transfer matrices corresponding to rectangular Young diagrams A = (s%) with a
rows of length s, the CBR identities are equivalent to the remarkable functional relation
which has the form of 3-term difference Hirota equation known in the theory of difference
soliton equations. Let us introduce the transfer matrices

To(x) = Ten (:L‘ — 2 (s+ a)),

corresponding to rectangular Young diagrams, then the CBR identities imply the functional
relation

Te(z+1)To(r = 3) = Ton (@) T (@) = Te (@) Te (), (5.15)
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Problem. Prove the functional relation (5.15).

There is an elegant way to represent the transfer matrices Ty(z) as special matrix
derivatives of the characters x\(g) with respect to the matrix g (which is, generally
speaking, already not assumed to be diagonal). Let f(g) be any function on the group
GL(n) (g € GL(n)). Define the matrix derivative (which we call coderivative) as follows:

. (5.16)

0
Df(g) = earyf ()|
a,b

According to this definition, if values of f belong to a space V', values of Df(g) belong
to End(C") ® V. An equivalent definition in components is

a a 0
‘Db :chaigba

where gy are matrix elements of the matrix g € GL(n) in the vector representation.

Explicitly, we have:
a a £ge,
Dyf(g) = gf(e bag)‘

A direct calculation of the commutator [Dy?, Dy'| shows that

e=0"

[ng’Dgf] - alszgf _5a2b1D5217 (517)

i.e., the operators Dj have the same commutation relations as the generators e, of the
algebra U(gl,,).

In the case when the coderivatives act on functions with values in the tensor product
®;V; of the spaces V; it is convenient to modify the notation by giving index 7 to the
coderivative:

Y

i d ce
Dif(g)zzefw)%f(e b g)
a,b

e=0
where eﬁf,} acts non-trivially in V;. In this notation we have, for example: Ditrg = g,
Dsgy = Py1g1, while the relation (5.17) is written in the form [Dy, D1] = P12(Dy — Ds).

A careful analysis shows that the transfer matrix T,(u) can be expressed as
Ti(z)=(x —an+nDy)...(x —x1+nD1)xA(8). (5.18)

With the help of this representation, one can prove the CBR identities.

5.4 The master T-operator as a tau-function

Let us introduce the generating function for the transfer matrices Ty (x). It is called the
master T-operator. Let t = {t1,%2,13,...} be an infinite set of complex variables. The
master T-operator has the form

T(z;t) =D sa(t)Ta(z), (5.19)

A
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where the sum, as in (5.10), is taken over all Young diagrams including the empty one.
As Ty (z), it is an operator in (C™")®V. It depends on the elements g; of the twist matrix
g as on parameters. Clearly, the operators T(z;t) commute for all z, t.

In terms of the coderivatives, the master T-operator can be represented in the form

T(x;t) = (x —2zny +nDy) ... (x — 21+ D) exp(z titr gk)

k>1

(one should use (5.18) and the Cauchy-Littlewood identity (5.10)).

Obviously, T(x;0) = Ty(z). Acting to T(z;t) by differential operators in t; at t = 0,
one can reproduce all the transger matrices Ty (x). For example,

Toy@) =0, T(x:t)| . T = ; (92 +0h,) T(ast)|

t=0"

The general formula is 5
Ta(@) = s\(O)T(w;t)|

t=0

where 0 = {0}, 04y, 50, - . .}. Analyzing the behavior of the master T-operator T(z;t)
as a function of t in a neighborhood of some other points other than t = 0, one can show
that this family contains also the Baxter’s (Q-operators.

Let us pass to the most important property o the master T-operator, which establishes
a close connection with the theory of classical integrable nonlinear partial differential
equations. We will use the notation

£(t,2) = Ztkzk,
k>1
tx[z ) ={titz " tat 522 tsE 5273, L)

It can be shown that the CBR identities are equivalent to the following bilinear relation
for the master T-operator:

%c 2ef AT (a:; t— [z’l]) T (:c —n;t + [271]) dz =0, (5.20)

which is valid for all z,t,t’. The integration contour C'is a big circle around oo which
separates the singularities coming from the T-multipliers and the exponential function.

The bilinear relation (5.20) allows one to identify the master T-operator (more precisely,
any one of its eigenvalues) with the tau-function of the modified Kadontsev-Petviashvili
hierarchy (mKP) known in the theory of soliton equations. Note that the spectral parameter
x plays the role of “zeroth time” t,.

Putting, for example, t' = t — [2;'] — [23!] and calculating residues in the bilinear
relation, we get the 3-term Hirota equation for the mKP hierarchy:

29T (m +n;t — [22_1]> T (as;t - [zfl]) —zT (x +n;t — [zle T (:zr;t — [22_1])
(5.21)
= (21— 2) T+ )T (236 — [z = [2]).-
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5.5 Connection with models of the Calogero-Moser type

We can say that any eigenvalue of the master T-operator as a function of the “times” {¢;}
and ty = z is a solution of the mKP hierarchy in the bilinear form (the tau-function).
The latter has many different solutions and we would like to characterize our solutions
more precisely. This can be done if we take into account that T(x;t) commute and can be
simultaneously diagonalized while matrix elements of these operators are polynomials in
of degree N. Therefore, the eigenvalues (we denote them by T'(z;t)) are also polynomials
in x of degree N, i.e., they have the form

N
T(x,t) — €t1trg+t2trg2+... H (x . SL’k<t)) (522)
k=1

(the exponential factor is restored from the limit 2 — o0). Roots of these polynomials
depend on t; and z4(0) = xy.

The dynamics of zeros of polynomial tau-functions is a well known subject in the
theory of integrable nonlinear partial differential equations. From the works of Krichever
and others it follows that this dynamics is described by equations of motion of integrable
many-body systems of the Calogero-Moser type. In particular, the dynamics of zeros of
the tau-function of the mKP hierarchy of the form (5.22) in the time ¢; coincides with
the dynamics of the integrable Ruijsenaars-Schneider system of particles (a relativistic
deformation of the Calogero-Moser system) with respect to the kth Hamiltonian flow.
For example, the equations of motion in the time ¢; have the form

T G ) (w1 — e — )

(dot means the t;-derivative) with the Hamiltonian
N T, — T +N
) 7
Hi=> e [[——, {pi; xx} = dir
=1 ki Vi Tk

From this it follows a nontrivial connection between the generalized inhomogeneous
quantum magnets solvable by the algebraic Bethe ansatz and classical integrable many-
body systems of the Calogero-Moser type.
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