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Chapter 1

Integrable dynamical systems

The usually accepted definition of an integrable system in the sense of Liouville is a
system with phase space of dimension 2n for which one knows n conserved quantities in
involution. This a rather puzzling definition since by Darboux theorem one can always
find locally a system of canonical coordinates on phase space (Pi,--, Py;Q1, -, Qn)
with H = P; hence fulfilling the hypothesis of Liouville theorem. However the generic
dynamical system is certainely not what we mean by integrable system, so the hypothesis
must be made more precise by requiring some global existence properties of the conserved
quantities. A good starting point is to ask, following Moser, that the conserved quantities
exist on an open domain of the phase space invariant under the dynamical flow, that is
any trajectory starting in the domain stays in it.

In all the examples that we will consider the conserved quantities are even analytic
functions of canonical coordinates on some open domain and the known solutions are
similarly analytic.

1.1 The Liouville theorem

We consider a dynamical hamiltonian system with phase space M, dim M = 2n. In-
troduce canonical coordinates p;, g¢; such that the non degenerate Poisson bracket reads
{pi,q;} = d;j. As usual a non degenerate Poisson bracket on M is equivalent to the data
of a non-degenerate closed 2-form w, dw = 0, defined on M. In the canonical coordinates
w=> y dp; N\ dgj. Let H be the hamiltonian of the system. For any function f on M,
the equations of motion are Hamilton’s equations:

0/

Here and in the following, a dot will refer to a time derivative.

Definition 1 The system is Liouwville integrable if it possesses n independent conserved
quantities F;, i =1,---,n, {H,F;} =0, in involution,

{FivFj}:o
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There cannot be more than n independent quantities in involution otherwise the Poisson
bracket would be degenerate. In particular, the hamiltonian H is a function of the F;’s.

Theorem 1 (The Liouville theorem.) The solution of the equations of motion of an
integrable system is obtained by quadrature.

Proof. Let o = ), pidg; be the canonical 1-form and w = da = ), dp; A dg; be the
symplectic 2-form on the phase space M. We will construct a canonical transformation
(pi, @) — (F;,¥;) such that the F;’s are among the new coordinates. i.e., a transforma-
tion such that

w:dei/\dqi :ZdFi/\d\I’i

If we succeed to do that, the equations of motion become trivial:

F;={H,F}} = 0

. oOH

vy ={H,¢;} = 5 =Q(F).

! g orF; 7
Their solutions are:

Fit) = F5(0)

Pi(t) = ;(0) + 9.

To construct this canonical transformation, we exhibit its generating function S. Let
My be the level manifold Fi(p,q) = fi. Suppose we can solve for p;, p; = pi(f,q), and
consider the function

S(Fyq) = /mma - /q:szf, 9)dg;

i

where the integration path is drawn on My and goes from the point of coordinate
(p(f,q0),q0) to the point (p(f,q),q), where qg is some reference value.

If this function exists, i.e. if it does not depend on the path from mg to m, it is the
function we are looking for. Indeed, from the definition of S, p; = g—;. Defining v; by

¢j:Tﬂ7

we have
dS = " 4;dF; + pjdg;,
J
Since d?S = 0 we deduce that w = Zj dp; N\ dg; = Zj dF; A dij. This shows that if S
is a well defined function then the transformation is canonical.



q, q 4

Figure 1.1: Integration path on the level manifold M.

To show that S exists, we must prove that it is independent of the integration path, ie.
we have to prove that

daly, = w|v, =0

Let X; be the hamiltonian vector field associated to F;, defined by dF; = w(Xj, "),

oF; 0 oF; 0
Xi = g 99
zk: 0qi, Opr,  Opy, Oqy,

These vector fields are tangent to the manifold M because the F}; are in involution,
Xi(Fj) = {F;, Fj} =0

Since the F}; are assumed to be independent functions, the tangent space to the subman-
ifold My is generated at each point m € M by the vectors X;|,, (i =1,...,n). But then
w(X;, Xj) = dF;(X;) = 0 and we have proved that w|y, = 0, and therefore S exists. H

Remark. From the closedness of o on My, the function S is unchanged by contin-
uous deformations of the path (mg,m). However, if M; has non trivial cycles, which is
generically the case, S is a multivalued function defined in a neighborhood of M. The
variation over a cycle

Acycles = «
cycle
is a function of F' only. This induces a multivaluedness of the variables ©;: Acyqet); =
%Acycles-



1.2 Lax pairs

The new concept which emerged from the modern studies of integrable systems is the
notion of Lax pairs. A Lax pair L, M consists of two functions on the phase space of the
system, with values in some Lie algebra G, such that the hamiltonian evolution equations
may be written as

dL .
—=L=
(1.1)
Here, [, ] denotes the bracket in the Lie algebra G. We will denote by G the connected

Lie group having G as a Lie algebra.

Although eq.(1.1) only requires a Lie algebra structure to be written down, we usually
use finite dimensional representations of G, so that L and M are matrices. However it
will be important to keep in mind the more abstract formulation.

The interest in the existence of such a pair originates in the fact that it allows for an
easy construction of conserved quantities. Indeed the solution of eq(1.1) is of the form

L(t) = g()L(0)g~ " (¢)
where ¢(t) € G is determined by the equation

dg _4

dt

It follows that the eigenvalues of L are conserved. We say that the evolution equation
(1.1) is isopsectral which means that the spectrum of L is preserved by the time evolution.
Alternatively the quantities

H, =Tr (L")

are conserved.

Integrability of the system in the sense of Liouville demands (i) that the system is
Hamiltonian, (ii) that the number of independent conserved quantities equals the number
of degree of freedom, and (iii) that these conserved quantities are in involution.

The interest in the concept of Lax pairs relies on the existence of a tool allowing to
produce such pairs fulfilling these constraints.

1.3 The Zakharov-Shabat construction.

Given an integrable system, there does not yet exists a useful algorithm to construct a
Lax pair. There does exist however a general procedure, due to Zakharov and Shabat, to
construct consistent Lax pairs giving rise to integrable systems. This is a general method

10



to construct matrices L(\) and M (\), depending on a spectral parameter A € C, such
that the Lax equation

O L(A) = [M(A), L(A)] (1.2)

is equivalent to the equations of motion of an integrable system. The main result is
eq.(1.13) expressing the possible forms of the matrix M in the Lax pair.

Let us consider matrices L(A) and M (\) of dimension N x N. We will assume that
the matrices L(A) and M(\) are rational functions of the parameter \. Let {ex} be
the set of their poles, namely the poles of L(A) and those of M(\). With the above
notations, assuming no pole at infinity, we can write quite generally:

-1
L) =Lo+ Y Li(\), with Li(\) = > Lp,(A— &) (1.3)
k r=—ng
and
-1
M) =My+> Mp(\) with MA) = > M, (A—e)" (1.4)
k r=—mg

Here nj; and my refer to the order of the poles at the corresponding point €. The
coefficients Ly, and My, are matrices. We will assume that the positions of the poles
€ are constants independent of time.

We now want to impose that the Lax equation (1.2), with L(\) and M (X) given by
eqs.(1.3,1.4), holds identically in A. It is important to realize that this is a very non
trivial equation. Indeed looking at eqs.(1.2) we see that the pole at € in the left hand
side is a priori of order nj while in the right hand side it is potentially of order ng 4+ mj.
Hence we have two types of equations. The first type does not contain time derivatives
and comes from setting to zero the coefficients of the poles of order greater than ng in
the right hand side of the equation. This will be interpreted as my constraint equations
on Mj. The equations of the second type are obtained by matching the coefficients of
the poles of order less or equal to nj on both sides of the equation. These equations
contain time derivatives and are thus the true dynamical equations. It turns out that
one can solve the constraints equations.

We introduce a notation. For any matrix valued rational function f(\) with poles of
order ny at points € at finite distance, we can decompose f(\) as

-1
FO)=fo+ YN, with fid) = D frr(A—e),
k

rT=—NL

with fy a constant. The quantity fx()) is called the polar part at €. When there is no
ambiguity about the pole we are considering, we will often use the alternative notation
f=(X) = fr(A). Around one of the point e, f(A) may be decomposed as follows:

FO) =FN) 4+ F(A)- (1.5)

11



with f(A)4 regular at the point € and f(A)— = fx()) is the polar part.

Assuming that L(\) has distinct eigenvalues in a neighbourhood of €, one can per-
form a regular similarity transformation g(*)()\) diagonalizing L()) in a vicinity of €.

LX) = g®(n) AP () gB=1(N) (1.6)

where A®)()) is diagonal and has a pole of order ny, at e;,. Obviously, we can write the
polar decomposition of L(\) as

L=1Ly+ ZLk, with Ly = (g("?)A(k)g(’C)—l)
k

(1.7)

A first consequence of the Lax equation is that M(\) admits a similar polar decompo-
sition

Proposition 1 The decomposition of M(\) in polar parts reads

M=Mo+Y My, with M= (g®BHgH1)
k

(1.8)
where B)(\) is diagonal and has a pole of order my, at ey,
Proof. Defining B%*)()\) by
M) = gM ) BBO) g™ ) + o™ () g (1.9)

the Lax equation becomes:
AR = (BB (), AB )]

This implies A®) = 0 as expected (because the commutator with a diagonal matrix has
no element on the diagonal), and moreover if we assume that the diagonal elements of
A®) are all distinct this equation implies that B*) is also diagonal. Finally the term
9rg®) g(®)—1 is regular and does not contribute to the singular part Mj, of M at ej,. Hence
M, = (g% B®) g(k)*l)_ which only depends on B(_k). This simultaneous diagonalization
of L(A\) and M (\) works around any point where L()) has distinct eigenvalues.

This proposition clarifies the structure of the Lax pair. Only the singular parts of
A®) and B®) contribute to Ly and Mj,. The independent parameters in L(\) are thus

Lo, the singular diagonal matrices A(f) of the form

A = N A, (A ) (1.10)



and jets of regular matrices §*) of order nj — 1, defined up to right multiplication by a
regular diagonal matrix d®)(\):

np—1

i =3 g (A=)’ (1.11)
r=0

From these data, we can reconstruct the Lax matrix L()) by defining L = Lo+ >, Ly,
with
L= (gw) A(f>g(k)—1) (1.12)

Then around each ¢, one can diagonalize L(\) = ¢g®) A®) g(*)=1 This yields an extension
of the matrices A(f) and ¢ to complete series A% and ¢g*) in (A — ¢,). Finally to
define M(\) = My + 3", My, we choose a set of diagonal polar matrices (B*)()\))_ and

use the series ¢(®) to define My, by eq.(1.8).

In the vicinity of a singularity, L(A) and M (A) can be simultaneously diagonalized
if the Lax equation holds true. In this diagonal gauge, the Lax equation simply states
that the matrix A®)()) is conserved and that B*)()) is diagonal. When we transform
these results into the original gauge, we get the general solution of the non dynamical
constraints on M (\):

Proposition 2 Let L()\) be a Lax matriz of the form eq.(1.3). The general form of the
matriz M(X) such that the orders of the poles match on both sides of the Laz equation
is M = Mo+ > My, with

M, = (P(k)(L, A))

(1.13)

where P (L, \) is a polynomial in L(\) with coefficients rational in X and ( )_ denotes
the singular part at A = €.

Proof. It is easy to show that this is indeed a solution. We have to check that the order

of the poles is correct. Let us look at what happens around A = ¢;. Using a beautiful
argument first introduced by Gelfand and Dickey we write:

My, L. = [(P(k)(L, /\)) i ,L] )

[P(k)(L, ) — (P(k)(L, /\))+ ,L} = [(P(’“)(L,)\)>+,L} )

where we used that a polynomial in L commutes with L. From this we see that the order
of the pole at ¢, is less than ng. To show that this is a general solution, recall egs. (1.6,

13



1.8). Since A®)()) is a diagonal N x N matrix with all its elements distinct in a vicinity
of €, its powers 0 up to N — 1 span the space of diagonal matrices and one can write

BR) = pk)(4(k) X) (1.14)

where P®)(A®) )\) is a polynomial of degree N — 1 in A%). The coefficients of P®*)
are rational combinations of the matrix elements of A®) and B*) hence admit Laurent
expansions in A — €; in a vicinity of €. Inserting eq. (1.14) into eq. (1.8) one gets
My = (P(k) (L, )\)> . Moreover in this formula the Laurent expansions of the coefficients

of P() can be truncated at some positive power of A — €, since a high enough power
cannot contribute to the singular part, yielding a polynomial with coefficients Laurent
polynomials in A — €.

The above propositions give the general form of M (\) as far as the matrix structure
and the A-dependence is concerned. One should keep in mind however that the coeffi-
cients of the polynomials P*)(L, \) are a priori functions of the matrix elements of L
and require further characterizations in order to get an integrable system. In the setting
of the next section these coefficients will be constants.

Remark. The Lax equation is invariant under similarity transformations,
L—L =gLgt, M—M=gMg"'+0ygg " (1.15)

If this similarity transformation is independent of A, it will not spoil the analytic prop-
erties of L(\) and M (). We can use the gauge freedom eq.(1.15) to diagonalize Ly,

L() = Diag(al, cee ,aN)

Consistency of eq.(1.2) then requires My to be also diagonal and thus Lo = [My, Lo] = 0.
Hence My is a polynomial P of Ly, so that replacing M (\) — M (X) — P(L(\)) gets rid
of M().

1.4 Coadjoint Orbits.

In this section we show that the Zakharov—Shabat construction, when the matrices A(,k)
are non dynamical, can be interpreted as coadjoint orbits. This introduces a natural
symplectic structure in the problem and gives a Hamiltonian interpretation to the Lax
equation.

Let G be a connected Lie group with Lie algebra G. The group G acts on G by the
adjoint action denoted Ad:

X — (Adg)(X)=gXg ! geG, Xeg

Similarly the coadjoint action of G' on the dual G* of the Lie algebra G (i.e. the vector
space of linear forms on the Lie algebra) is defined by:

(Ad*¢.2)(X) =ZE(Adg (X)), g€G,E€G", Xeg

14



The infinitesimal version of these actions provides actions of the Lie algebra G on G and
G* denoted ad and ad* respectively and given by:
adX(Y) = [X,Y] X, Y eg,
ad*X.Z2(Y) = -E(X,Y]) X, YegG=zeg"

On the space F(G*) of functions on G* there is a canonical Poisson bracket called
the Kostant-Kirillov bracket. Let Z € G* and X,Y € G, we define

(1]

{2(X),E(V)} = =([X, Y])

(1.16)

If e, is a basis of G and e*® is the dual basis of G*, then we have
X:ZX“eaeg, E:ZEae*aeg*
a a

and
E(X)=> =X,
Setting X = ¢4, Y = €, in eq.(1.16) we find
{an Eb} = fabcEc
where we have introduced the structure constants of the Lie algebra G

[eaa eb] = fabcec

This formula define the Poisson bracket of the coordinates =, on G*. We can extend it
on the functions on G* (i.e. functions of the =,) in the usual way

dF dG dF dG
F.G} (=) = EaaE = Ec abc 7= —
(Re)E =% g o) = Y S

Introducing the differentials dF,dG € G as

irE) =S4, aE -y,

= —= €a,
~ d=, © =b
the above formula can be rewritten in the more invariant way
{F,G}(B) = E([dF, dG))

The Kostant-Kirillov bracket is degenerate, meaning that there exists functions which
Poisson commutes with everything. For instance if the basis e, is chosen so that the
structure constants fup. are totally antisymmetric the function

2 =2

= Za

[1]

15



is in the center of the Poisson bracket. Indeed

{327 Eb} =2 Z fabcEaEc =0

a,c

In the context of Hamiltonian mechanics, it is important to identify all such functions
and to set them to constants since they cannot contribute to the dynamics. This is
where the notion of coadjoint orbit plays a very important role. The coadjoint orbit of
an element A € G* is the set of elements of G* defined as

Orbit(4) = {Ad! - 4,Vg € G}

The center of the Kostant-Kirillov bracket consists of the functions which are Ad*-
invariant, i.e. which are constant on coadjoint orbits. In fact for such a function we
have

F(Z) = F(Ad; - E)
Taking an infinitesimal g = 1 + €X, this translates to
F(E)=F(E+ead*X -Z) = F(Z) +ead*X - Z(dF) + O(€%)
hence, the Ad*-invariance of F'(Z) can be written as
ad*X -E(dF) =EZ([dF, X]) =0, VX e€g
On the other hand, if F(Z) is in the kernel of the Kostant-Kirillov bracket we have
{F(B),E(X)} =E(]dF,X]) =0, VXeg

so that the Ad*-invariant functions are in the kernel and vice versa. On coadjoint orbits,
the Kostant-Kirillov bracket becomes non degenerate.

To see how these notions relate to our problem, let us consider first a Lax matrix
with only one polar singularity at A = 0:

LO) = (900 A=) g™ () (117)

with A_(\) = Z;:l_n A", and g(\) has a regular expansion around A = 0.

Let G be the loop group of invertible matrix valued power series expansion around
A = 0. The elements of G are regular series g(A\) = > >, g, A". The product law is
the pointwise product: (gh)(A) = g(A)h(A). Formally, the Lie algebra G of G consists
of elements of the form X = " >° X, A\". Its Lie bracket is given by the pointwise
commutator.

16



The dual G* of G can be identified with the set of polar matrices Z2(A) =3 <, E, A7,
where the sum contains a finite but arbitrary large number of terms, by the pairing:

(E,X) = Tr Resx—g (EN)X (V) = > Tr(Er1 X,)

where Resy_q is defined to be the coefficient of A~!.

The coadjoint action of G on G* is defined by ((Ad*g)-Z) (X) = Z(g~'Xg) for
Z € G* and any X € G. Using the above model for G*, and since (Z,¢g7'Xg) =

(92971, X) = ((98g71)-, X), we get

[1]

(Ad*g) 2N =(g-E-g7")_

This is precisely eq.(1.17). The Lax matrix can thus be interpreted as belonging to the
coadjoint orbit of the element A_(\) of G* under the loop group G.

L) = (900 A-(N) g7 (N)) = Orbit(A-(N)

If we take any element of the orbit and try to diagonalize it, the singular part of the
matrix of eigenvalues is precisely A_ () which is therefore an Ad*-invariant function and
should be put to constants. This interpretation of L(\) as a coadjoint orbit therefore
assumes that A_()) is not a dynamical variable. The coadjoint orbit is then equipped
with the Kostant-Kirillov symplectic structure.

This construction can be extended to the multi—pole case. We consider the direct
sum of loop algebras Gy, around A = e

QE@ Ok
&

An element of this Lie algebra has the form of a multiplet
X(A) = (X1(A), Xo(A), - )

where Xx(A), defined around e, is of the form Xg(A) =3 50 Xgn (A — €)". The Lie
bracket is such that [Xx(A), X;(A)] = 0 if & # I. The group G is the direct product of
the groups Gy, of regular invertible matrices at €g:

G= (Gl,GQ,'--) (118)
The dual G* of this Lie algebra consists of multiplets

= (‘El(A% EQ()‘)7 o )

[1]
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where Zi(A) around ey is of the form Zx(A) = >° o Eg, (A — )"

number of terms is finite but arbitrary. The pairing is simply

(B, X) = (Zk, Xi) = Y Tr Rese, (Ex(\) Xi(N))

k k

In this sum the

The coadjoint action of G on G* is given by the usual formula: if g = (¢1,92,---) € G
and = = (51,52, .- ) e g*

(Ad*9).Z(N) = (912197 )= (922295 1) =, )

A coadjoint orbit consists of elements = with a fixed maximal order of the pole. Then,
we can interpret eq.(1.7) as the coadjoint orbit of the element ((A1)—, (A2)—,---).

Alternatively, we can consider the function on G*

L) =Lo+ Y = (1.19)
k

with poles at the points €;. Given this function we can recover the Zj by extracting the
polar parts. The constant matrix Lg is added to match the formula for the Lax matrix
eq.(1.7). By choice it is assumed to be invariant by coadjoint action. The pairing can
be rewritten as

(L,X) = Tr Rese, L(\) X5())
k

Remark that only = contributes to the residue at € and the formula is compatible with
the matrix Lo being invariant by coadjoint action.

1.5 Classical r-matrix.

We can now use this symplectic form to evaluate the Poisson brackets of the elements of
the Lax matrix and show that they take the r—matrix form. Let us first introduce some
notations. Let Ej; be the canonical basis of the N x N matrices, (Ej;)p = 0ixdji. We
can write

L(A) =) Li(MEy
Let

Li(A) =LA ®1= Z Lij(A)(Ei; ©1),  La(p) =1® L) = Z Lij(p)(1® Eij)

The index 1 or 2 means that the matrix L sits in the first or second factor in the tensor
product. More generally when we have tensor products with more copies, we denote by
L, the embedding of L in the a position, e.g. L3 =1®1® LR®1R®---. Finally, we define
{L1(N\), L2(p)} as the matrix of Poisson brackets between the elements of L:

{L1(N), La(p)} = > {Lij(N), Lu(n)} Eij @ By
ij,kl
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We assume that each Lj()\) is a generic element of an orbit of the loop group

GL(N)[)] that Ly and the A% are non—dynamical. Each orbit Lg(\) is equipped with
the Kostant-Kirillov Poisson bracket and

{Le(X), Ly (Y)} =0, k#K (1.20)

Proposition 3 With these assumptions, the Poisson brackets of the matrix elements of
L(\) can be written as:

Ci2
L L
2 L)+ L

{L1(A), La(p)} = —

(1.21)

with C1o = Zi,j E;;@FE;; where the E;; are the canonical basis matrices. The commutator
in the right hand side of eq.(1.21) is the usual matriz commutator.

Proof. Let us first assume that we have only one pole and L = (gA_g~')_. Because
we are dealing with a Kostant-Kirillov bracket for the loop algebra of gi(IN), we can
immediately write the Poisson bracket of the Lax matrix using the defining relation
{L(X),L(Y)} = L([X,Y]). Using, L(X) = Tr Resy=o(L(A)X (X)), this gives:

{L(X), L(Y)} = Tr Resx—o (L(M)[X(A), Y (N)]) (1.22)
By definition of the notation {L;, L2}, we have:
{L(X), L(Y)} = ({L1(A), La() }» X(A) @ Y (u))

where (,) = TrioRes)Res,,. We need to factorize X (\) ® Y (u) in eq.(1.22). To this end,
we introduce the operator, assuming || < |u/,:

N AT C
Cia(\ ) = Ci2 ) | PR _12N7 Ciz =) Ej; ® Ej;
n=0

]

This operator is such that for Y/(X) = Y 07/ Y, A" we have
Y1(A) = TraRes;, Cia(A, ) Ya(p)
We can now write:
(LX), Y(N]) = ([Cra(A, 1), LA) @ 1], X (A) @ Y ()

Consider the rational function of \: ¢@(A) = {L1(\), La(p)} — [C12(A, 1), L(A) ® 1]. By
inspection ¢ contains only negative powers of u, and we have (¢, X(\) ® Y(u)) = 0.
Hence ¢ contains only positive powers of A and is regular at A = 0. It has a pole at
A = p, due to the form of C(\, ). We remove this pole by subtracting to ¢ the quantity
[Ci2(A\, 1), 1® L ()] which contains only positive powers of A and is therefore in the kernel
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of (-, X(A) ® Y (u)). The pole at X\ = p disappears since [Ci2, L(u) ® 1 +1® L(u)] = 0.
The redefined ¢ is regular everywhere and vanishes for A — oo hence vanishes identically.
This proves eq.(1.21) in the one-pole case.

We can now study the multi-pole situation occuring in eq.(1.7). Consider L =
Lo+3"; L. Each Ly lives in a coadjoint orbit as above equipped with its own symplectic
structure. From eq.(1.20) they have vanishing mutual Poisson brackets

{(LeN)1, (L ()2} =0, E#K

We assume further that Lo does not contain dynamical variables

{(Lo)1, (Lo)2} =0, {(Lo)1, (Lr(N))2} =0

Then since Cia/(\ — p) is independent of the pole €, it is obvious that the r-matrix re-
lations for each orbit combine by addition to give eq.(1.21) for the complete Lax matrix
L(N). |

We have obtained a very simple formula for the r-matrix specifying the Poisson
bracket of L(\):

C12
(A—w)

r12(A, 1) = —ro1(p, A) = —

(1.23)

The Jacobi identity is satisfied because this r-matrix verifies the classical Yang—Baxter
equation

(112, 713] + [r12, 23] + [r13,723) =0

where 7;; stands for r;;(A;, Aj). Note that 712 is antisymmetric: r12(A1, A2) = =121 (A2, A1).

These Poisson brackets for the Lax matrix ensure that one can define commuting
quantities. The associated equations of motion take the Lax form.

Proposition 4 The functions on phase space:

H™(O)) = Tr <L"()\))

are in involution. The equations of motion associated to H™ (1) can be written in the
Lax form with M =%, My:

(1.24)
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Proof. The quantities H(™ ()) are in involution because

(T L"), T L™ ()} = mTrerz {LaN), Lo(n)} L5 (VL5 (1)
= 3T (O, LEVILE ) + (O, LR (0] 25 71 () = 0

where we have used that the trace of a commutator vanishes. Similarly, we have:
7 o (n) . 012 n—1
LX) ={H™ (), L(A)} = nTry mlﬂ (1), L1(N)
Performing the trace and remembering that Tre (C1oMs) = M7, we get

; (n) (n) L ()

L) = [M"™ (A p), LN, M™ (A p) = ”ﬁ (1.25)
This M (")()\, w) has a pole at A = p and is otherwise regular. According to the general
procedure we can remove this pole by subtracting some polynomial in L(\) without
changing the equations of motion. Obviously one can redefine:

L) ) - ()

M™ () M\ ) —n=— 2
(A p) — (A 1) " -

(1.26)

This new M has poles at all ¢, and is regular at A = u. Decomposing it into its polar
parts, we write M =), M}, with

This is of the form eq.(1.13) with

PO(L,\) = —)\%ML””()\) (1.27)

Notice that the coefficients of the polynomial P®*)(L, \) are pure numerical constants.

This proposition shows that the generic Zakharov-Shabat system, equipped with
this symplectic structure, is an integrable Hamiltonian system (the precise counting of
independent conserved quantities will be done in Chapter [2]).

1.6 Examples.

1.6.1 The Jaynes-Cummings-Gaudin model.

We consider the following Hamiltonian

n—1 n—1
H=3 25 +whb+g> (Bs; + bsj) (1.28)
=0 =0
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The 5; are spins variables, and b,b is a harmonic oscillator. The Poisson brackets read
{s?,s?} = —€abcS, b b}y =i (1.29)
The 5} brackets are degenerate. We fix the value of the Casimir functions
5j-8; = 2

Phase space has dimension 2(n + 1). The equations of motion read

-1
b = —z’wb—z‘gnzsj— (1.30)
j=0
§8 = ig(bs; —bs}) (1.31)
§7 = 2iejs] — 2igbs? (1.32)
§; = —2iejs; + 2igbs; (1.33)

We introduce the Lax matrices

2 z 2 + - _ w P Sj o3
L(\) = T+ ;(ba +bo) — 727 +JZ s (1.34)
M(\) = —ixo® —ig(bo™ +bo™) (1.35)
where o are the Pauli matrices.
1
e i(ax +ioY), [0°,0%] =420F, [0F, 07| =07

It is not difficult to check that the equations of motion are equivalent to the Lax equation

L(\) = [M(\), L(\)] (1.36)
e A0) BOY
= (a0 i)
we have
N w o
AN = 22 70)\_3%
n—1 ST
B(\) = ng )\—]e]
=0
T n—1 SJ-r
cOy = 2g+ -
7=0



It is very simple to check that

AN, AW} = 0
{(BO). B} = 0
few.cwy = o
AW B@} = 3= (BO) - B()
(AW.CW} = —5==(C() = ()
(BO)LCU} = 574 = AQ)
One can rewrite these equations in the usual form

(L. Talp)} = = | 572 a0 + L)

where

o O o
o= O O
O O = O
— o O O

It follows that )
5 T (L2(N) = A%(0) + BYC()
generates Poisson commuting quantities. One has
n—1 = N

+3 (;9_;])2 (1.37)

J=0

%Tr L*(\) = %(2)\—@ %i
7=0

g —ej

where the (n + 1) Hamiltonians read

Hn:b5+z.sj
J

and
Hj = (2¢j —w)s5 +g(bs —|—bs —I—gQZSJ_SEk j=0,--,n—1
k#j k
The Hamiltonian eq.(1.28) is
n—1
H=wH,+ ) H,
j=0

Let us see how these formulae fit into our general scheme. The Lax matrix is a sum
of simple poles at €;. The loop group at each one of these points is

gD =g + (A —e)gV +
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where g,ij ) are SU (2) matrices. In fact the pole being simple, only g(()j ) contributes to

the coadjoint orbit.

o — (o 59 (-1 5 () 2 ()1
L) = (8900 27 0] =5 ool

At infinity we consider the loop group
g =14+ A1) 4

and the coadjoint orbit

2 ~ 2. L 2 o) 2., 2 .
Loo(N) = 5 (6N Ao* ¢ ) = Z20%+ 516 07 = a0+ (b0 +bo)

g
Identifying
Lo= —%oz
g
we do have .
L(A) = Lo+ Loo(N) + > _ Li(A)
j=0

To see how M () also fits into the scheme, we consider separately the evolution with
respect to the Hamiltonians H;, H,,. Since H; is the coeflicient of ﬁ_q) in %Tr L3(p)
we just have to extract this coefficient in eq.(1.26), which for n = 2 reads (there is an
extra factor ¢ coming from the definition of the Poisson bracket)

LN —L
M(Q) ()‘7/~L) — ()‘) (M)
A—p
We find -
9 80
M; () " A—€j
Similarly, for wH,, we have to extract the term in x° in the same expression. We find
Mo()) = —i%az (1.38)

Hence

2 n—1 o

g w o, §;- &

M(\) = Moo(N) + M;(3) = i — 0 +ZAJ_6~
j=0 J

2
= —i ()\O’Z + g(bot + ba_)> + i%L()\)
Since the L(A) term does not contribute to the Lax equation, we have recovered the
expression eq.(1.35) for the matrix M(\).
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1.6.2 The KdV hierarchy.

In the one pole case, we have seen that the general structure of a Lax equation is

L\ = [(P(L, )\))_, L()\)] (1.39)

The KdV hierarchies are constructed exactly on the same pattern but replacing loop
algebras by the algebra of pseudo differential operators which we now describe.
The algebra of pseudo-differential operators is the algebra of elements of the form

N

A= Z a;0"

i=—00

with N finite but arbitrary. The coefficients a; are functions of z, 0 is the usual derivation
with respect to x and the “integration” symbol, 97! is defined by the following algebraic
rules:

o7l = 907t =1
07la = Y (-1)}(0'a)0~"! (1.40)

=0

We denote by P = {A = Z]_Voo aiai} the set of formal pseudo-differential operators.
Let P4+ = {A = Zi]io ai(‘)i} be the subalgebra of differential operators, and let P_ =

{A = Z:(l)o a,@i} be the subalgebra of integral operators. We have the direct sum
decomposition of P as a vector space:

P=P,oP_

Notice that P is naturally a Lie algebra. P, and P_ are Lie subalgebras. but P, and
P_ do not commute.

The formal group G = exp(P-) is called the Volterra group. We have G ~ 1 + P_
because powers of elements in P_ are in P_. Let ® be an element of G:

=1+ wd ' €(1+P) (1.41)
=1

The coefficients of its inverse @~ = 1 + Y {°w/d~% can be computed recursively from
the relation @~ 1® = 1.
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For A € P we define its residue, denoted Resg A, as the coefficient of 97! in A:

Resy A = a_1(z)

(1.42)

On P there exists a natural linear form called the Adler trace, denoted ( ), defined by:

(A) = /dmResaA: /dx a_1(z)

(1.43)

This linear form satisfies the fundamental trace property (AB) = (BA).

Returning to integrable systems, we now let L be a differential operator of order n
n—2

L=0"-> ud (1.44)
i=0

In the algebra of pseudo differential operators its n-th root exists
1
Q=Ln, Q=0+q 10"+

The generalized KAV hierarchies are defined by the Lax equations (compare with
eq.(1.39). In both cases the projection is on the dual of the Lie algebras G[\] and P_
respectively.)

(1.45)

These equations are consistent for all k& € IN in the sense that we have a differential
operator of order n — 2 on both side. To see it, we notice that Q*, Vk € N commutes
with L since LQF = Q"% = QFL. Then, we have:

(@) 1] =[] (@) o] =~ |(@) 1]

From the last equality, it follows that the differential operator [(Qk) o L} is of order less

or equal to n — 2, so that the Lax equation eq.(1.45) is an equation on the coefficients
of L. This is the original Gelfand-Dickey argument.

The differential operator L is an element of Py. If we view P, as the dual of the
Lie algebra P_ through the Adler trace, there is a natural Poisson bracket on Py: the
Kostant—Kirillov bracket. For any functions f and g on P, it is defined as usual by:

{f,93(L) = (L, [df,dg]) V LePy (1.46)
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where we understand that df,dg € P_. In particular, for any X = Z;')io 0 lx; e P,
we define the linear function fx (L) by:

fx(L)=(L,X) (1.47)
we have dfx = X € P_. Therefore {fx, fy} = (L,[X,Y]) = fix,y) for any X, Y € P_.

Proposition 5 Let L € Py be the differential operator of order n as in eq.(1.44). Define
the functions of L by

H(L) = — (LF)

SEES

(i) The functions Hy(L) are the Hamiltonians of the generalized KAV flows under the
bracket eq.(1.46):

8, L = {Hy, L} = {(Lk) ,L] (1.48)
+
(ii) The functions Hi(L) are in involution with respect to this bracket.

Proof. We first need to compute the differential of the Hamiltonian Hy. Let L and §L
be differential operators of the form eq.(1.44). One has, using the cyclicity of Adler’s

trace:
(L +6L)") = (L") + v(L"'6L) + - --

which implies d(L") = V(L”_l)(_n) where the notation ( )(_,) means projection on P_
truncated at the first n — 1 terms. This projection appears because §L = —du,_20" 2 —
.-+ — dug which is dual to elements of the form 9~ lzg+---4+ 0 "1, _; under the Adler

trace. Hence: .

— (L~ = (OF
dH,,(L) = (L )(_n) (Q )(_n) eP_ (1.49)
We call eﬁ% the terms left over in the truncation:

(L%)_ = dHj +0") (1.50)

We now prove eq.(1.48). Consider the function fx (L) = (LX), then

fx = (L, X) = {Hy, fx }(L) = (L, [dHy, dfx)) = ([L,dHy], X)

where we used the invariance of the Adler trace. Since X € P_, only [L,dH]+ con-
tributes to this expression. But

(L, dH,), = [L, (Lﬁ)_] _ [L,@@()R)L _ [(Li)+ ,L}

+

where we have used [Lﬁ,L] = 0, and the fact that [L, 9(_k()n)]+ = 0. So [L,dH)+ is a

differential operator of order at most n — 2, and this proves eq.(1.48).
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Next we show that the Hamiltonians Hj, are in involution. We have:

{Hy, Hy }(L) = (L,[dHy,dHy]) = ([L,dHg|+, dHy)
- <[(Lﬁ)+,L] , dHy)

Using again the fact that [L,dHy]+ is of order at most n — 2, we can replace dHy by
(L%) , and get:

b0 = | (£7) 2] (25) ) = ([ (28) 2] 25

In the last step we used that (P4, P,) = 0 in order to replace (L%> by L. Finally,

from the invariance of the trace, we obtain:

k

{He B} (1) = ((L7) [L.LV]) =0

These systems are called the generalized KAV hierarchies. They are field equations
or infinite dimensional systems. They are integrable in the sense that they possess an
infinite number of Poisson commuting conserved quantities but we are already beyond
the strict framework of the Liouville theorem.

The KdV hierarchy corresponds to n = 2 and the generalized ones to n = 3,4, - - -.
Let us consider the KdV case n = 2. The operator L is the second order differential
operator

L=8"—u
We first find @ such that Q? = L. One has Q? = 9> +2¢_1 + (2¢_2 +9q_1)0" 1 +--- s0
that ¢_1 = —%u, g_o = %8% etc...

Q=0- %ua—l 4 i(au)a—Q T

We again check on this simple example that all the ¢q_; are recursively determined in
terms of u by requiring that no 9=/ terms occur in Q2. To obtain the KdV flows, we only
have to compute (Q¥), k =1,2,---. For k = 1, we have (Q), = 0, and 0;L = [0, L.
This reduces to the identification 9;, = 8. For k = 2, we have (Q?); = L and we get
the trivial equation 0, L = 0. The first non trivial case is k = 3. We have

(@)1 =8~ 2ud— 5 (0u)

so the Lax equation reads 9y, u = [(Q3) 1, % —u] which is the Korteweg-de Vries equation:

40, u = OPu — 6u(du)

This is the first of a hierarchy of equations obtained by taking k = 3,5,7, - called the
KdV hierarchy (note that for k even we get trivial equations).
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Chapter 2

Solution by analytical methods

We present the general ideas for the solution of Lax equations when a spectral parameter
is present. The method uses the geometry of the spectral curve and its complex analysis.

2.1 The spectral curve.

Let us consider a N x N Lax matrix L(\), depending rationally on a spectral parameter
A € C with poles at points ¢

L(A)=Lo+ > Li(\) (2.1)
k

As before Lg a constant matrix is independent of A and Lk () is the polar part of L()\)
at eg, i.e.

1
Ly = Z Lpr(N—e)"
r=—ng

The analytical method of solution of integrable systems is based on the study of the
eigenvector equation:

(L(A) = pd) U(A, 1) =0

(2.2)

where W(\, u) is the eigenvector with eigenvalue p. The characteristic equation for the
eigenvalue problem (2.2) is:

I : T'(\pu)=det(L(A\)—p1)=0

(2.3)

This defines an algebraic curve in C? which is called the spectral curve. A point on I'
is a pair (A, ) satisfying eq.(2.3). Since the Lax equation L = [M, L] is isopsectral, this
curve is independent of time.
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If N is the dimension of the Lax matrix, the equation of the curve is of the form:

N-1
Lo T )= (=N + ) rg(Mpt =0 (2.4)
p

o

The coefficients 74(\) are polynomials in the matrix elements of L(\) and therefore have
poles at €. The coefficients of these rational functions are independent of time.

From eq.(2.4), we see that the spectral curve appears as an N-sheeted covering of the
Riemann sphere. To a given point A on the Riemann sphere there correspond N points
on the curve whose coordinates are (A, u1), -+ (A, un) where the p; are the solutions of
the algebraic equation T'(A, ) = 0. By definition p; are the eigenvalues of L(\).

Our goal is to determine the analytical properties of the eigenvector (A, u) and
see how much of L(A) can be reconstructed from them. The result is that one can
reconstruct L(\) up to global (independent of A) similarity transformations. This is not
too surprising since the analytical properties of L(A) and the spectral curve are invariant
under global gauge transformations consisting in similarity transformations by constant
invertible matrices. So from analyticity we can only hope to recover the system where
global gauge transformations have been factored away.

In general, we may fix the gauge by diagonalizing L()) for one value of A. To be
specific, we choose to diagonalize at A = 0o, i.e. we diagonalize the coefficient Ly.

Lo = lim L(/\) = diag(al, ety CLN) (25)
A—00
We assume for simplicity that all the a;’s are different. Then on the spectral curve, we
have N points above A = oc:

Qi = (A =00, 1 = a;)

In the gauge (2.5) there remains a residual action which consists in conjugating the Lax
matrix by constant diagonal matrices. Generically, these transformations form a group
of dimension N — 1 and we will have to factor it out.

2.2 Riemann surfaces.

2.2.1 Desingularisation

A Riemann surface is a compact analytic variety of dimension one. This means that
there is a covering by open neighborhoods U; and local homeomorphisms mapping them
to the open disks |z;| < 1. On the intersection U; N U; the local parameters z; and z;
are related by an analytic bijection.

We will deal however with curves in C? as in eq.(2.4). To relate it to the abstract
definition we have to find around any point of I' a local analytic parameter z.

A point Ao, uo is regular if none of the derivatives of I'(\, 1) vanish at that point.

8)\F<)\07 /'LO) 7é 07 a,ur()\()7 MO) 7& 0
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Around such a point we can choose the local parameter z as either A — A\g or u — o and
use the equation I'(\, 1) = 0 to express the other one analytically in terms of z.

A point Ao, po is a branch point if one of the derivatives of I'(A, u) vanish at that
point, but not both. Let us assume

O\ (X, po) #0,  9,I'(No, o) =0

Around such a point the curve looks like (for a branch point of order 2)

1
L(A, p) = OxI'(No, o) (A — Ao) + §3ZF(>\0, po) (1 — pro)* + -+

Clearly, one cannot use A— \g as a local parameter because then yu—pug ~ av/A — X+ -+
is not analytic at A = A\g. However choosing z = pu — pg is perfectly legal.
A point Ao, po is a singular point if both derivatives of I'(\, u) vanish at that point

L'(Ao, o) =0, 9T’ (Ao, o) =0
An example of such a point is given by the curve
1?2 = ar? 4+ bA3
To give a meaning to the singular point we perform a birational transformation
A=z, pu=2zy (2.6)

which can be inverted rationaly as long as (A, 1) # (0,0)

Under the transformation eq.(2.6) the curve becomes
y? =a+ bz (2.7)

Now, instead of the singular point (0,0), we get two regular points (z = 0,y = ++/a)
which are mapped to the singuar point (0,0) by eq.(2.6). We say that we have resolved
(or blown up) the singularity by performing the birational transformation. It is always
the desingularized curve like eq.(2.7) that we must consider to give a meaning to a
singular point. We can use z as a local parameter on the desingularized curve.

Finally a special care must be taken for the points at co where A and (or) p become
infinite. Then we set

A=1/z, p=1/y (2.8)

this brings it to the origin (0,0). In general we get a singular point and we have to blow
it up with the above procedure.

Important examples are the cases of hyperelliptic curves. They are defined by
2= Ponia(N), or p?=Poui()) (2.9)
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where Pyj,12(X) and Pa,41(\) are polynomials of degree 2n + 2 and 2n + 1 respectively.
Popio(N) = ad® T2 £ AT o or Py (V) = aX®T oA 4
To understand the point at oo, we perform the transformation eq.(2.8). We get
v(a+br+--)=22""2 or y*a+bz+---) =g

The point (x,y) = (0,0) is now a singular point. To blow it up we set
r=1a or x=ua
Y= x/nJrlyl y = x/ny/

y/z _ 1 or y/z _ !
(a+ba! +---) (a+bx' 4 --)
In the first case the singularity has been resolved into two regular points, the local
parameter can be taken to be z = z/. In the second case it has been resolved into a
branch point, the local parameter can be taken to be z = /. Summarizing, at infinity
we have

we obtain

A=1 A=1dg.

z

Notice that the number of branch points in both cases is 2n + 2.

2.2.2 Riemann-Hurwitz theorem.

This is the tool to compute the genus of a Riemann surface. Given a triangulation of
the surface, the Euler-Poincaré characteristic is defined by

xX=F—-—A+V

where F' is the number of faces of the triangulation, A the number of edges and V the
number of vertices. The Euler-Poincaré characteristic is a topological invariant. It is
related to the genus by the formula

X=2-2g

For instance in the case of the sphere, there is a triangulation with 8 faces, 12 edges and
6 vertices. Hence

Xo=2, go=0

If T is a branched covering of 'y, we can lift a triangulation of I'g to I'. Let us choose the
triangulation of I'g such that the projections of the branch points are among its vertices.
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Let Fy, Ag, Vi be the number of faces, edges and vertices of this triangulation. Let N
be the number of sheets of the covering I' — I'y. When we lift the triangulation of I'y
to I', we get a triangulation with F' = NFy faces, A = NAg edges and V = NV, — B
vertices where B is the total index of the branch points. At a branch point the index is
the number of sheets that coalesce minus one. Hence we find

X=Nxo— B

or

2g—2=N(2g90—2)+ B

This is the Riemann-Hurwitz formula. Let us apply it to compute the genus of the
hyperelliptic curves given by eqs.(2.9). They are coverings of the Riemann sphere with
two sheets. Each branch point is of index 1. In both cases we have seen that there are
exactly 2n + 2 branch points. Therefore 2g — 2 = 2(2 x 0 — 2) + 2n + 2, that is g = n.

2.2.3 Riemann-Roch theorem.

This is the tool to count the number of meromorphic functions on a Riemann surface.
A Divisor is a formal sum of points with multiplicites.

D=niPi+nePo+---+n.P., n; €L
The degree of the divisor is

degD:Zni

If f is a meromorphic function, we denote by (f) its divisor of zeroes and poles. Let
M(D) the space of meromorphic functions whose is such that

(f)>D

that is M(D) is the det of meromorphic funtions whose order of the poles are at most
the one specified by D and the order of zeroes are at least the one specified by D.
The Riemann-Roch theorem asserts that

dim M(—=D) =i(D)+deg D —g+1

where i(D) is the dimension of the space of meromorphic differentials w such that
(w)>D

There are two cases where the theorem leads to simple answer. If D = 0, then M(D)
is the set of holomorphic functions on the Riemann surface. We know that the only such
function is the constant. Hence dim M (D) = 1. Similarly (D) is the dimension of the
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space of holomorphic differentials. The theorem then give i(D) = g. We therefore get
the very important result

dim (holomorphic differentials) = g

If D <0, then dim M(D) = 0 and this allows to count the meromorphic differentials

i(D)=—-degD+g—1, degD <0

Notice that it is the degree of the divisor which is relevant. The freedom gained by
adding a pole is compensated by the restriction of adding a zero.
The next simple case is when deg D > g where generically i(D) = 0. For instance if

D=P +P+---+P,

then i(D) is the dimension of the space of holomorphic differentials with zeroes at the
point of D. To construct such differentials we expand them on a basis w; of the ¢
holomorphic differentials and try to impose the conditions

Y wi(P)ei=0, j=1,--.g.
[

This system in general has no solution because for a generic set of g points P; we have
det w;(P;) # 0. Hence i(D) = 0. Then the theorem gives

dim M(=D)=deg D —g+1, degD>g

The difficult case is when 0 < deg D < g and a careful investigation is needed.

2.2.4 Jacobi variety and Theta functions.

Consider a Riemann surface I' of genus ¢g. Let a;,b; be a basis of cycles on I' with
canonical intersection matrix (a;-a;) = (b;-b;) =0, (a;-b;) = d;;. One can continuously
deform these loops without changing the intersection index which is the sum of signs +1
at each intersection according to the orientation of the tangent vectors. In particular
one can deform the loops a; and b; so that they have a common base point and then
cut the Riemann surface along them. We get a polygon with some edges identified. The
boundary of this polygon can be described as ai - by -afl . bfl “oag by - ag_l -bg_l where
the identifications are obvious. The common base point becomes all the vertices of the

polygon.

The globally defined analytic one—forms on I" are called Abelian differentials of first
kind. They form a space of dimension g over the complex numbers. There is a natural
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pairing between these forms and loops obtained by integrating the form along the loop. It
can be shown that the pairing between a-cycles and differentials is non degenerate (note
they have the same dimension g). We choose a basis of first kind Abelian differentials,
which we denote by wj, j = 1,---, g, normalized with respect to the a-cycles :

J

The matrix of b-periods is then defined as the matrix B with matrix elements :
Bij = f Wi (211)
b;

Taking the example of an hyperelliptic surface y* = Pag11(x) where P(z) is a poly-
nomial of degree 2g 4+ 1, a basis of regular Abelian differentials is provided by the forms

Yz

wj = forj=1,---,¢9

These forms are regular except perhaps at the branch points and at co. At a branch
point the local parameter is y and we have y?> = a(x — b) + --- hence 2/ 'dx/y =
(2071 /a)(1 4 - - -)dy which is regular. At co we take 2’ = 1/z and 3 = y/xz(9+) so that
y'? = az’ + - and 29" Vdx Jy = by'*9 "7 dy’ which is regular for 1 < j < g since y/ is the
local parameter. Of course these forms are unnormalized.

Similarly Abelian differentials of second kind are meromorphic differentials with poles
of order greater than 2. Given a point p on I, there exists a unique normalized (all a—
periods vanish) Abelian differential of second kind whose only singularity is a pole of
second order at p. Indeed applying the Riemann-Roch theorem with deg D = —2, we
find i(D) = g+ 1. The g comes from the first kind differentials which are included in this
counting. Adding a proper combination of differentials of first kind one can always insure
that all a—periods of the second kind differential vanish and the differential becomes
uniquely determined.

We define Abelian differentials of third kind as general meromorphic differentials with
first order poles whose sum of residues vanish (this condition results from the Cauchy
theorem). Given two points p and ¢ there exists a unique normalized (all a—periods
vanish) third kind differential whose only singularities are a pole of order 1 at p with
residue 1, and a pole of order 1 at q with residue -1.

On a Riemann surface on which we have chosen canonical cycles, there is a pairing
between meromorphic differentials. Namely, let €2; and €2 be two meromorphic differ-
entials on X. The pairing (21 e £23) is defined by integrating them along the canonical

cycles as follows:
g
(o) =) 74917{92—7592%91
i= a;j bj aj bj

=1
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The Riemann bilinear identity expresses this quantity in terms of residues:

Proposition 6 Let g1 be a function defined on the Riemann surface, cut along the
canonical cycles, and such that dg1 = Q1. We have:

(Q1 @ Q) = 2im Y _ res(g1Qy) (2.12)

poles

Corollary 2 The matriz of b—periods B is symmetric.

Corollary 3 Let Qo be a normalized differential of second kind with a pole of order
n, with principal part z="dz at z = 0 for some local parameter z. Let 3y = wy be a
normalized holomorphic differential expanded as

wg = (Z cizt)dz
=0

% 0, = 22
b n—1

By linearity, if Q) is a normalized second kind differential with principal part dP(z)
where P(z) = 27]:[:1 prz ", then we have

1
i b,

around z = 0. One has:

Q) = _Res (wP) (2.13)

Consider a divisor of degree 0 which can always be written D = ) .(p; — ¢;), with
non necessarily distinct points. Choose paths «; from ¢; to p; and associate to D the
point in CY of coordinates:

ﬂk(D)ZZ/_wk, k=1---g

where the w; are holomorphic differentials. Such sums are called Abel sums. If the paths
are homotopically deformed these integrals remain constant by the Cauchy theorem. If
one makes a loop around aj then p; — p; + dg;. If one makes a loop around by, then
p1 — pi1 + Bii. Hence the maps pj give a well-defined point on the torus:

J(T) = C9/ (29 + BZI) (2.14)

where B is the matrix of the b-periods. If one permutes independently the points p; and
¢i the point in the torus does not change. To see it, let the paths 7{ connect ¢; to pa,
4 connect g2 to p; and o connect ¢; to g2. One has f% w= f% w— fow up to periods

and fw w= f% w+ [ w up to periods, so [ w cancels in the sum.

The theorems of Abel and Jacobi state that the point on the torus J(I') characterizes
the divisor D up to equivalence.
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Theorem 4 (Abel) A divisor D =" (pi—q;) is the divisor of a meromorphic function
if and only if, for any first kind Abelian differential w, the Abel sum ), f% w vanishes
modulo Z + BZ for any choice of paths ~; from q; to p;.

Theorem 5 (Jacobi) For any point w € J(I') and a fized reference divisor Dy =
> 1 4, one can find a divisor of g points D = p1 + -+ +pg on ¥ such that py(D — Dy)
maps to u. Moreover for generic u the divisor D is unique.

One can embed the Riemann surface I' into its Jacobian J(I') by the Abel map.
Namely, choose a point ¢y € I' and define the vector A(p) with coordinates Ag(p)
modulo the lattice of periods:

A:T — JO) (2.15)
Ar(p) = /pwk (2.16)

Clearly, the Abel map depends on the point gg. But changing this point just amounts
to a translation in J(I').

One can show using Riemann bilinear type identities that the imaginary part of the
period matrix B is a positive definite quadratic form. This allows to define the Riemann
theta-function:

0(21,...,2g) = Y _ eXrilmz)emiBmm), (2.17)
meZ9I

Since the series is convergent, it defines an analytic function on C9Y.

The theta function has simple automorphy properties with respect to the period
lattice of the Riemann surface: for any [ € Z9 and z € CY

0(z+1) = 6(z)
0(z+Bl) = exp[—in(Bl,1)—2in(l,2)]0(z) (2.18)
The divisor of the theta function is the set of points in the Jacobian torus where 6(z) = 0.

Note that this is an analytic subvariety of dimension g — 1 of the torus, well-defined due
to the automorphy property.

The fundamental theorem of Riemann expresses the intersection of the image of the
embedding of I" into J(I") with the divisor of the theta function.

Theorem 6 (Riemann) Let w = (wi,---,wy) € C9 arbitrary. FEither the function
0(A(p) —w) vanishes identically for p € I' or it has exactly g zeroes p1,---,pg such that:
Apr) + -+ Alpg) =0 — K (2.19)

where K is the so—called vector of Riemann’s constants, depending on the curve I' and
the point qo but independent of w.
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2.3 Genus of the spectral curve.

Before doing complex analysis on I', one has to determine its genus. A general strategy
is as follows. As we have seen, I" is a N-sheeted covering of the Riemann sphere. There is
a general formula expressing the genus g of an N-sheeted covering of a Riemann surface
of genus go (in our case gy = 0). It is the Riemann-Hurwitz formula:

29 —2=N(2go—2)+ B (2.20)

where B is the branching index of the covering. Let us assume for simplicity that the
branch points are all of order 2. To compute B we observe that this is the number of
values of A\ where I'(\, ) has a double root in p. This is also the number of zeroes of
0, (A, i) on the surface I'(\, 1) = 0. But 9,I'(\, ) is a meromorphic function on I', and
therefore the number of its zeroes is equal to the number of its poles and it is enough
to count the poles. These poles can only be located where the matrix L(\) itself has a
pole. So we are down to a local analysis around the points of I' such that L(\) has a
pole. Around such a point the curve reads

(“‘M*"')"'(”‘M*"')ZO

where [; are the eigenvalues of Ly, _,, that are assumed all distinct. When A tends to
€k, (4 tends to infinity. We bring this point to the origin by setting

h=—, A—€ =2
Y

Around the point (0,0) the curve reads

Clearly the point (0,0) is a singular point. To desingularise the curve, we set y = z"™*y/
and we find

The singular point has blown up to the N points z = 0,1y’ = lj_l. Hence, above a pole
€1, we have N branches of the form

L.
ILL]: J +7 )\_ek:Z

e
On such a branch we have 9,I'(A, 11)|(x;00) = [Lizj (15 (A) — pi(A)) which thus has a
pole of order (N — 1)nj. Summing on all branches the total order of the poles over ¢ is

N(N — 1)ng. Summing on all poles ¢ of L(\) we see that the total branching index is
B =N(N —1)>, n. This gives:

N(N—1)
g=——5— gnk—N—&—l
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2.4 Dimension of the reduced phase space.

For consistency of the method it is important to observe that the genus is related to
the dimension of the phase space and to the number of action variables occuring as
independent parameters in eq.(2.4), which should also be half the dimension of phase
space. The original phase space M is the coadjoint orbit

L=Lo+Y Ly, Lp=(g" AW M1
k

(k)

Let us compute its dimension. The matrices A>’ characterize the orbit and are non—
dynamical. The dynamical variables are the jets of order (n;—1) of the ¢®)’s which gives
NZ2ny, parameters. But Ly is invariant under ¢*) — ¢®)d®) with d*) a jet of diagonal
matrices of the same order. Hence the dimension of the Ly orbit is (N? — N)ny, and the

dimension of the orbit is the even number:

dim M = (N? = N) > "y
k

The reduced phase space M equced 1S Obtained by performing the quotient by the residual
global diagonal gauge transformations.

Proposition 7 The reduced phase space Myequced has dimension 2g and there are g
proper action variables in eq.(2.4).

Proof. The residual global gauge transformations act by diagonal matrices as g, — dgx,
or L(\) — dL(A\)d~!. This preserves the diagonal form of Lg. The orbits of this action
are of dimension (N — 1), since the identity does not act. The action of this diagonal
group is Hamiltonian and its generators are given just below. The phase space M cquced
is obtained by Hamiltonian reduction by this action. First one fixes the momentum,
yielding (N — 1) conditions, and then one takes the quotient by the stabilizer of the
momentum which is here the whole group since it is Abelian. As a result, the dimension
of the phase space is reduced by 2(N — 1), yielding:

dim Myequced = (N? = N) > ng = 2(N — 1) = 29
k

Let us now count the number of independent coefficients in eq.(2.4). It is clear that
rj(A) is a rational function of A. The value of 7;(\) at oo is known since p; — a;j. Note
that r;(\) is the symmetrical function o;(pu1,---, un) where p; are the eigenvalues of
L(X). Above A = ¢, they can be written as

Nk C%])
My = nz::l m + regular (2.21)
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where all the coefficients cgj ), e ,07({2 are fixed and non—dynamical because they are the
matrix elements of the diagonal matrices (Ay)_, while the regular part is dynamical.
We see that () has a pole of order jny at A = €, and so can be expressed on j ), ny
parameters, namely the coefficients of all these poles. Summing over j we have altogether
a pool of %N (N +1) >, ni parameters. They are not all independent however, because
in eq.(2.21) the coefficients 07(1] ) are non dynamical. This implies that the nj highest
order terms in r;(\) are fixed and yields Nny constraints on the coefficients of r;(\) .

We are left with $N(N — 1) 3", ny parameters, that is g + N — 1 parameters.

It remains to take the symplectic quotient by the action of constant diagonal matrices.
We assume that the system is equipped with the Poisson bracket (1.21). Consider the
Hamiltonians H, = (1/n)Resy—ocTr (L"(X\))dA, i.e. the term in 1/X in Tr (L™(N)).
These are functions of the r;(\) in eq.(2.4). We show that they are the generators of
the diagonal action. First we have:

Resy—ooTr (L"(A))dA = nResr—ooTr (L§ ") Li(N))dA
k
= nResy=oTr (LT1L(N))dX (2.22)

since all L () are of order 1/X at co. Using the Poisson bracket we get

Ci2
A—u’

{H,,L(1)} = —Resy—ooTr1 L ' @ 1 [ LA)®1+1® L(u)] d\

The term L(A) ®1 in the commutator does not contribute because the Ly part produces
a vanishing contribution by cyclicity of the trace and all other terms are of order at least
1/A2. The term 1® L(u) yields —[Li~!, L(11)] which is the coadjoint action of a diagonal
matrix on L(u). Since Ly is generic, the L{j generate the space of all diagonal matrices, so
we get exactly N —1 generators Hy, -, Hy_1. In the Hamiltonian reduction procedure,
the H,, are the moments of the group action and are to be set to fixed (non-dynamical)
values. Setting

b

,Ujo\):aj‘*‘X""“ (2.23)

around the point Q; = (00, a;), we have H, =}, ag‘_lbj. So, both a; (by definition)
and b; are non dynamical. On the functions r;(\) this implies that their expansion at

o © , Y (0 (-1) .
infinity starts as r;(\) = r;’ + -5~ 4, with r;7 and r; " non dynamical. Hence

when the system is properly reduced we are left with exactly g action variables.

The constraints eqs.(2.21,2.23) can be summarized in an elegant way. Introduce the
differential § with respect to the dynamical moduli. Then our constraints mean that the
differential dudA is regular everywhere on the spectral curve because the coefficients of
the various poles being non dynamical, they are killed by d:

O dX = holomorphic
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Since the space of holomorphic differentials is of dimension g, the right hand side of the
above equation is spanned by g parameters which shows that the space of dynamical
moduli is g dimensional. Notice that these action variables are coefficients in the pole
expansions of the functions r;(\), and thus appear linearly in the equation of I'. Hence
eq.(2.4) can be written in the form

g
T': RO\ p) = Ro(A\p) + > Ri(Apw)H; =0
J=1

(2.24)

2.5 The eigenvector bundle.

Let P be a point on the spectral curve. We assume that P = (A, ) is not a branch point
so that all eigenvalues of L(\) are distinct and the eigenspace at P is one—dimensional.
Let W(P) be an eigenvector, and 1;(P) its N components:

Y1(P)
U(P) = :

YN (P)

Since the normalization of the eigenvector W (), i) is arbitrary, one has to make a choice
before making a statement about its analytical properties. We choose to normalize it
such that its first component is equal to one, i.e.

Y1(P) =1, atany point P eT.
It is then clear that the 1;(P) depend locally analytically on P. As a matter of fact:

Proposition 8 With the above normalization, the components of the eigenvectors W(P)
at the point P = (X, 1) are meromorphic functions on the spectral curve T.

Proof. Let A(\, p) be the matrix of cofactors of (L(A) — u1), which, by definition, is

such that (L(A) — p1)A = T'(A, u)1. Therefore at P = (A, p) € I', each column of the
matrix A is proportional to the eigenvector ¥(P). Hence we have

_Ay(Ap)
Vi(P) = AyOun)

which is a meromorphic function on I.

In fact the matrix A(P) is a matrix of rank one, since the kernel of (L(\) — u1) is of
dimension one. Hence, for P € T' the matrix elements of A(P) are of the form a;(P)3;(P)
and the components of the normalised eigenvector are 1;(P) = ziig))gll((?) = z;((f;)) We
thus expect cancellations to occur when we take the ratio of the minors and we cannot
deduce the number of poles of the normalized eigenvector by simply counting the number

of zeroes of the first minor.
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Proposition 9 We say that the vector W(P) possesses a pole if one of its components
has a pole. The number of poles of the normalized vector W(P) is:

m=g+N—-1

(2.25)

Proof. Let us introduce the function W (\) of the complex variable A defined by:
~ 2
W(\) = (det \If()\))

where W()\) is the matrix of eigenvectors of L()) defined as follows:

1 1 1
() = ¢2(.P1) ¢2(.P2) 1/12(.PN) (2.26)
Yn(P) YN(P) - N (Pw)

where the points P; are the N points above A. The function W () is well-defined as a
rational function of A on the Riemann sphere since the square of the determinant does
not depend on the order of the P;’s. It has a double pole where ¥(P) has a simple pole.
To count its poles, we count its zeroes. First notice that W (\) only vanishes on branch
points where there are at least two identical columns. Indeed, let P; = (u;, A) be the
N points above A. Then the WU(F;) are the eigenvectors of L(\) corresponding to the
eigenvalues u; are thus linearly independent when all the u;’s are different. Therefore
W(A) cannot vanish at such a point. The other possibility for the vanishing of W (\)
would be that the vector ¥ (P) itself vanish at some point (all components have a common
zero at this point), but this is impossible because the first component is always 1. Let
us assume now that Ao corresponds to a branch point, which is generically of order 2.
At such a point W(A) has a simple zero. Indeed let z be an analytical parameter on
the curve around the branch point. The covering projection P — A gets expressed as
A= Ao+ 1224+ 0O(2%). The determinant vanishes to order z, hence W vanishes to order
z2. This is precisely proportional to A — \g. Hence W ()) has a simple zero for values
of A corresponding to a branch—point of the covering, therefore m = B/2. Recall that
from eq.(2.20) the number of branch points is B = 2(N 4+ g — 1).

We now need to examine the behavior of the eigenvector around A = co. At the N
points Q; above A = oo, the eigenvectors are proportional to the canonical vectors e;,
(€i)k = dik, since L(A = oo) is diagonal, cf eq.(2.5). While this is compatible with the
normalization ¢;(P) = 1 at the point @1, it is not compatible at the points Q;, i > 2,
if the proportionality factor remains finite. The situation is described more precisely by
the following:

Proposition 10 The k" component 1y, (P) of W(P) has a simple pole at Q) and van-
ishes at Qy for k=2,3,--- N.
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Proof. Around Qi(A =o0,u=ag), k=1,---, N, the eigenspace of L()) is spanned by
a vector of the form Vi (\) = ex+O(1/)). The first component of Vj, is V}! = 61,+O0(1/)).
To get the normalized ¥ one has to divide Vj, by Vk,l. So we get:

1 1

01/ o)
VPlg = | ¢ |, UPrg = gEA; Ckz2 o)

: 1

0(1/\) o(1)

where O()) is the announced pole of the k*® component of ¥(P)|p~q, -

The previous proposition shows that fixing the gauge by imposing that L(\) is diag-
onal at A = oo introduces N — 1 poles at the positions Q);, i = 2,---, N. The location of
these poles is independent of time, and is really part of the choice of the gauge condition.
These poles do not contain any dynamical information. Only the positions of the other
g poles have a dynamical significance. Let D be the divisor of these dynamical poles.
We call it the dynamical divisor. Recall that the vector W(P) possesses a pole if one
of its components has a pole. Therefore the two previous propositions tell us that the
divisor of the k*" components of the eigenvector W(P) is bigger than (—D + Q1 — Q4).
This information is enough to reconstruct the eigenvectors and the Lax matrix.

Proposition 11 Let D be a generic divisor on I' of degree g. Up to normalization,
there is a unique meromorphic function 1y (P) with divisor (Vi) > —D + Q1 — Q.

Proof. This is a direct application of the Riemann—Roch theorem, since vy, is required
to have g 4+ 1 poles and one prescribed zero. Hence it is generically unique apart from
multiplication by a constant v, — dgy.

Equipped with these functions ¢ (P) for k = 2,---, N we construct a vector function
with values in CV: .
o (P
U(P) = 2(P)
Yn(P)

Consider the matrix @(A) whose columns are the vectors ¥(F;) with P; = (A, u;)
are the N points above A, cf. eq.(2.26). This matrix depends on the ordering of the
columns, i.e., on the ordering of the points P;. However, the matrix

L) =T\ -7- TN (2.28)

does not depend on this ordering and is a well defined function on the base curve. Here
i is the diagonal matrix 1 = diag (1, -+, un)-
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It should be emphasized however that ¥(P) is defined up to normalizations i —
dgr. In fact the normalization ambiguity of the vy translates into left multiplication
of the vector ¥(P) by a constant diagonal matrix d = diag (1,ds,---,dn). On the Lax
matrix L(A) this amounts to a conjugation by a constant diagonal matrix. Hence the
object we reconstruct is actually the Hamiltonian reduction of the dynamical system by
this group of diagonal matrices as emphasized at the beginning of this chapter.

2.6 Separated variables.

We show here in the example of the Jaynes-Cummings-Gaudin model that the coordi-
nates of the dynamical poles of the eigenvectors form a set of separated variables. A
general proof exists but it is cumbersome.

Let us write the Lax matrix as

The spectral curve reads det(L(A\) — ) =0 or
I: u®— A*(N) = BAC(\) =0

Clearly we have

Qan+2(A)
Hj()‘ —€j)?
where Q2n+2(A) is a polynomial of degree 2n+2. Defining y = u]];(A—¢;), the equation
of the curve becomes

A2(N) + B(A)C(N) =

y? = Qani2(N\)

which is an hyperelliptic curve of genus n. The dimension of the phase space of the
model is 2(n + 1). However, we have to reduce that model by the action of the group of
conjugation by diagonal matrices which in our case is of dimension 1. Hence we confirm
that

1.
g= idlm M educed = N

The generator of the group is the Hamiltonian H,, as shown by eq.(1.38). We can
compute easily

n—1 n—1
1 4 2 0H;
Spdr = ————[[ (A=) | —50H, + 5 3
\/Q2n+2()\) =0 I 92 92 =0 A — €5

The coefficients of 6H; are polynomials of degree n — 1 = g — 1, hence give rise to
holomorphic differentials. The coefficient of §H,, is a polynomial of degree n = g and
lead to a singular differential. It is absent in the reduced model where 0 H,, = 0.
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At each point of the spectral curve, we can solve the equation
(L(/\) - u) V=0
Normalizing the second component (instead of the first for later convenience) of ¥ to be

1, we find
_ (1 AN+
v=(1). ="

Hence the poles of ¥ are located above the zeroes of C'(\). Note that if C'(\;) = 0, then
the points on I" above Ay have coordinates p = +A(\g). The pole of ¥ is at the point
ur = A(Ag), since at the other point pup = —A(\g) the numerator of ¢; has a zero.

Recalling that

— -1 — n
g " — X —¢ g\ —¢)

This shows that indeed the eigenvector has n = g dynamical poles.

At infinity, we have two points

Remembering that

Qi : Vi=—=02r—w)+00h
Q- : Y1 =

showing that the eigenvector has a pole at Q1 and a zero at (J_ in agreement with the
general result.

We can now compute the symplectic form in the coordinates Ag, ur. From the con-

stramt (s ) + 8 s; = = 5% we we can eliminate s; . Remembering the Poisson bracket
{s%,s i ] = zsj, we can write the symplectic form as
+
Q= —isbAdb+1i j N 6s5
i J
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From eq.(2.29), we see that sj is the residue of C'(\) at A = ¢j, so that

o — 276 Hk(ej )

Ty Hi;éj(ej — €i)

it follows that

b5y _0b N~ 0N
j b )\k—Ej
therefore . A S
. - .0b - k N\ 05}
J ko
But 5
2 s% sZ
0A(ML) = =0 I J oA
(Ak) e k+zj:)‘k_€j v — )2 k
Therefore
Y .
Q = —zéb/\éb—l—zl_)/\zj:(Ssj—i—zzk:d/\k/\éA()\k)
5b
= i [ 5(0D) +Zés}+225AkAaA(Ak)
J
Finally

Q =1idlogh AGHy +1i» A, A Sy

This shows that the variables Ay, px are canonically conjugate. Remark that the sepa-
rated variables are invariant under the diagonal group action

{Hn, /\k} = 0, {Hn, Mk} =0 (2.30)
so that they are really coordinates on the reduced phase space.

Let us explain why the variables (A, ux) form a set of separated variables. Consider
the function

SUEL O = [ a= [ man

The integration contour is done on the level manifold F; = f;, and pu is obtained from
the spectral curve. Just as in the proof of the Liouville theorem, this function does not
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depend on local variations of the integration path. It is explicitly separated since it can
be written as a sum of functions each one depending on only one variable Ag:

SUF ) =D Sk{F5} M)
k

Since ), prdAy is the canonical form, this function is a reduced action and satisfies
the Hamilton-Jacobi equation. It depends on n arbitrary constants H; and is thus the
complete integral of the Hamilton-Jacobi equation. The variables have been explicitly
separated.

2.7 Riemann surfaces and integrability.

Consider a curve in C2

I: R(/\,/L) = R()()\, M) + iRj()\, M)Hj =0 (2.31)
j=1

where the H; are the only dynamical moduli, so that Ry(A, 1) and R;(A, 1) do not contain
any dynamical variables. If things are set up so that I' is of genus g and there are exactly
g Hamiltonian H;, then the curve is completely determined by requiring that it passes
through ¢ points (A, i15), i = 1,-- -, g. Indeed, the moduli H; are determined by solving
the linear system

g
j=1
whose solution is
H=-B7'V (2.33)
where
H, Ri(Ar,pn) o Rg(A1, ) Ro(A1, p1)
H=\|H; |, B=| Ri(A\i,pi) - Rg(Ni,pi) |, V=1 Ro(\i, )
Hg Ry (>\g7ﬂg) T Rg()\gnug) RO()‘gyﬂg)

Here, of course, we assume that generically det B # 0.

Theorem 7 Suppose that the variables (A, ;) are separated i.e. they Poisson commute
fori#j:
A0 =0, {papiy =0, {Xi py} = p(Ai, i) i (2.34)

Then the Hamiltonians H;, i = 1--- g, defined by eq.(2.33) Poisson commute
{H;,H;} =0
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Proof. Let us compute

BiBy{(B~'V)1,(B™'V)a} = {Bi, Bo}(B~'V)i(B7'V),
—{B1, Vol (B~ V)1 — {Vi, Ba}(B™'V)2 + {13, 13}

Taking the matrix element ¢, j of this expression, we get

]

(BiBABV)L(BTIV)}) = by Y {Bu Ba}(BTV)u(BTV),
k,l
=033 ) _{Bir, ViHB™'V)ik = 85 3 {Vi, Bu}(B™'V)i+055{Vi, Vi} =0
k l

where ¢;; occurs because the variables are separated. [ |

It can hardly be simpler. The only thing we use is that the Poisson bracket vanishes
between different lines of the matrices, and then the antisymmetry. We did not even need
to specify the Poisson bracket between A; and p;. The Hamiltonian are in involution
whatever this Poisson bracket is. This is the root of the multihamiltonian structure of
integrable systems.

Lax matrices built with the help of coadjoint orbits of loop groups lead to spectral
curves of the very special form eq.(2.31) where the H; are the Poisson commuting Hamil-
tonians. The coefficients R;(\, 1) have a simple geometrical meaning. As we have seen
varying the moduli H; at A\ constant one has

O d\ = holomorphic (2.35)

Since R0
Spudr=—S " 6H,—9 M) g\
= Mg RO

we see that the coefficients R;(\, ) are in fact the numerators of a basis of holomorphic
differentials on I':
_ Bivp)

wj =~V gy (O ) dA 2.36
J 8;LR()‘7,Uf) J( /‘L) ( )

Define the angles as the images of the divisor (Ag, ux) by the Abel map:

Ak
;=) / (A, ) dA
k

where o;(\, n)dA is any basis of holomorphic differentials. This maps the dynamical
divisor {Ag, g} to a point on the Jacobian of T' .
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Theorem 8 Under the above map, the flows generated by the Hamiltonians H; are linear
on the Jacobian.

Proof. We want to show that the velocities J,0; are constants, or

0,0; = Zati)\k ai( Ak, i) = Cif°
k

One has (no summation over k)

O e = {Hi, A} = —{B;'Vi,\}
= B, '{Brs, A} By'Vi = By H{Vi, A}
- B! [{Bks, Ao Hy + {V, /\k}}

where in the last line, we used the separated structure of the matrix B and the vector
V. Explicitly (p(A, ) =1 in eq.(2.34) for coadjoint orbits)

0N = Byt [0 ) H + 8 Ro(Nes 1)

or

O\ = B OuR( Nk, k)

(2.37)

which we rewrite as (remember that By; = R;j(Ag, pir))

R (A, i) 1
O N o = B ' By 2.38
ti k 8#R(>\k7'uk) 1k k‘] ( )

Recalling eq.(2.36), we have shown
> 0k 05 (Aks i) = 6 (2.39)
k

|

There are cases where the condition eq.(2.35) is modified. This happens for instance
when coadjoint orbits are non generic, or as we will see in the next Chapter when the
Lax matrix belongs to the group G* instead of the Lie algebra G*. In those cases the
generalized condition reads

op
f 1)

Obviously the counting argument still works in this case. Moreover by adapting the
function p(A, p) entering the Poisson bracket, eq.(2.34), we can preserve the condition

d\ = holomorphic (2.40)

51



that the flows linearize on the Jacobian. The condition eq.(2.40) defines the holomorphic
differentials as

. _ B
7O = o, R0
Then eq.(2.39) becomes
f (A,
Zatl)\k i Hk; Ay i) = 045 (2.41)

which produces a linear flow on the Jacobian when f(\, 1) = p(A, p).

2.8 Solution of the Jaynes-Cummings-Gaudin model.

In the Jaynes-Cummings-Gaudin model, the spectral curve reads

1 4 2 H; S5+ 85
2 2 J J J
== \—w)?+ —H, + = £y

so that

[a—

2
92)\—6]'7

§j - §j

— 6])2

Imposing that the points (Ag, u) belong to the spectral curve, we get the set of equations

H; 9> 5 1 2 9 5j - 5
=Zui — =2\ —w)* - 2H, 27
; )\k — € 2 Hi 292( k w) Z /\k —EJ

R\ i) = Ro(\ i) = =4 + 25(2A = w)* + S H, DM

The matrix By; is the Cauchy matrix

1

By =
ki )\k_ej

(2.42)

Since the Hamiltonian is H = wH, + Zj Hj the equation of motion takes the form,
using eq.(2.37)
Mo =0y = —ig’ e Y By (2.43)
J J

or

i L) V@O0
kHl;ék(/\k - N) Hl;ﬁko‘k - N)

N

(2.44)

Let us check that eq.(2.44) is of the form eq.(2.39). In fact, multiplying eq.(2.43) by
,u,;lBki with By; given by eq.(2.42), and summing over k, we find

By
> TS = —ig?
27
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or equivalently
Hj;éi()‘k_ej)/'\ .9

— SQamra)

The coefficients of \; are precisely a basis of holomorphic differentials. In general such
an equation is solved by the Abel transformation and #-functions (see e.g. [5]).

2.8.1 Degenerate case.

Let us consider the degenerate case where

n+1

QuniaV) = 3 [[A - B

=1

This happens for instance when we start from an initial condition where

b=b=0, sr=0, s;=¢es, e ==l (2.45)

The energy of this configuration is

H = QSZejej

J

At time t; we have B(\)|t=t, = C(\)|t=¢, = 0 and

2
Q12 (V) 2 4 w s~ e
T =AW= = [ A=+
[L,(A—¢)? T g 2 2],;0)\—6]-

The zeroes of Q2,+2(\) are located at the zeroes of A(\)|=¢, and are thus the roots of
the equation

9 n—1
w Sg €j
E==--22 2.4
2 2 jz;E—Ej ( 6)

This equation has also a remarkable interpretation. Its solutions Ej are the eigen
frequencies of the small fluctuations around the configuration eq.(2.45). To perform the
analysis of the small fluctuations around this configuration, we assume that b, b, S;t are
first order and s7 = se; + 58; . Then 535- is determined by saying that the spin is of
length s and is of second order.

§s7 = — T gt

= ——g.g!
J 2577 7J

This is compatible with eq.(1.31). The linearized equations of motion are
b = —iwb—ig) s} (2.47)
J
§; = —2igjs; + 2isgesb (2.48)

53



and their complex conjugate. We look for eigenmodes of the form

b(t) = b(0)e >, 57 =57 (0)e * ',V

We get from eq.(2.48)
€j

T TR

Inserting into eq.(2.47), we obtain the self-consistency equation for

(2.49)

which is exactly eq.(2.46).

Let us assume first that ¢; > 0. The minimal energy state among the configurations
eq.(2.45) corresponds to all the spins down: e; = —1, j = 0,---,n — 1. The graph of

the curves y = A —w/2 and y = % Z?:_& Ejej 1 When all spins are down is presented in
Fig.[2.1]. We see that we have n + 1 real roots, meaning that the state is localy stable.

S [

205 |

Figure 2.1: The solutions of eq.(2.49) when ¢; > 0, e; = —1.

Let us assume next that ¢; < 0. The minimal energy state among the configurations
eq.(2.45) now corresponds to all the spins up: e; =1, j =0,---,n — 1. The graphs now
look like Fig[2.2]. We see that we have n + 1 real roots if w > wgyp or w < wips. In
between we have n — 1 real roots and a pair of complex conjugate roots, which means
that an instability develops. The question then arises to determine the time evolution
of the non linear system.

The equations of motion of the separated variables are in that case

o [1.(Xi — Ex)
Ai=2 Hj;éi(/\i - /\j>
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Figure 2.2: The solutions of eq.(2.49) when €¢; < 0, e; = 1.

One can solve explicitly these equations, hence finding the solution of the reduced
model on the unstable surface. From eq.(2.50), we have

Y \—E
i B QZHkyél( k)

Nio—Ep Hj;éi()‘i - )‘j)

Therefore

Ai : dz [lgu(z — Ex)
=2 2T L — 92X, — o (E)+ E
ZZ.:&-—E; Z/Cm 2im 11,z = A) (21 —ou(E) + )

where C is a big circle at infinity surrounding all the A;. Hence
¢
log [ [(E1 — X)) = 2iEqt + 2¢/ dt(21(t) — o1(E))
J

where Xy (t) = >, Aj(t). Define
¥ =2i(31(t) — o1(E))y
so that

log |71 [[(B - X)) | = 2iEit+ ¢

J

Introducing

P =[N =N)

J
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the above equation becomes (we parametrize e“! = A, [ 1.2 (E1 — Eg) for convenience)
P(Elat) :’Y(t>Al H(El _Ek) eQiEltﬂ l= 17n+1
k#l

These are n + 1 conditions on the polynomial P(\,t) of degree n in A. It can then be
reconstructed by the Lagrange interpolation formula

POt =5(6) Y A TT(A = Ex)
l

k£l
(2.51)
Imposing that the term of degree n should be normalized to A", we get
1
) = =——5+-
/}/( ) Zl Al€2lElt
(2.52)
From
PAt) = (1) (Z Azemlt) A" =(t) (Z(O’(E) - Ez)AzeZiE’t> A
1 !
= A"\ 4
we deduce that > viEt
A Ejesttt 14
el 2
= =01(F) - 21(t) = ———
L~ (B) - D) = 5
which shows the consistency of the construction. The original variables are given by
b(t) = (1)
2 t it
S]—(t) . ’Y( )P(e]7 )
[Y Hk;éj(ej — €k)
4 P(ej, t) w
S(t) = —s+ DU [e» F3 () — o1 (e) — f]
’ 9 Tz (ej — ) L 2

This is an exact solution of the Jaynes-Cummings-Gaudin model. It can be viewed as a
non linear superposition of the eigenmodes of the system.

2.8.2 Non degenerate case

In the non degenerate case, we can find the generalization of eq.(2.51). The result is
eq.(2.66). Consider the hyperelliptic curve

2g+2
y? = Pyyia(z) = Z pix’ (2.53)
=0
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We choose a partition of the branch points into g+ 1 disjoint pairs. The branch points at
which the cuts start are called a; and the end points of the cuts are called b;, ¢ = 0,1, -- - g.
A basis of holomorphic differentials is

2 ldx )
Wy = ) Z:17"')g
Yy

The dual basis of second kind differentials is

29417 xFdx ) d
- s ) — —2j T
nj = g ' (k+1—J)Pry1+j by 4y dm(P2g+2(fU)33 )+» Jj=1,---.g
=j

where ()4 means the polynomial part in the expansion at x = oo. The first thing to

check is that n; is a second kind differential, i.e. has no residue at infinity. For this, we

remark that
2 d
4y dx

zJ d Y iy
Ty o (Prora@)a™ = (Pagia(a)a).)
1d : ) d ,
= ——(yz ) - ——(P “2)_ 2.54
527 07 ) = T (Prgeal@a ) (250
The first term is a total derivative and cannot have a residue. The second term is regular
at infinity. To compute (1, ® w;), let us apply eq.(2.12). Using eq.(2.54) we see that we
can take g1 = 3(yz~7) + regular. Hence

1 s 1
(nj ew;) = iresoo(x’_rldac + regular) = 55@-

(Pagia(z)z™) 4

The periods of these differentials are denoted as follows (i,j =1,---,g)

(2w)ij = /a‘wi, (2w')iy = /bvwi

J J

(27)45 —/G_m, (21')is —/b/_ ni

J J

The Riemann bilinear identities imply

s
/ / / /
Viw—wl =0, niw-—nlJ=-"

5 1d, n'n—n'y=0

Let us introduce the symmetric function

r+x
F(z1,22) = Pogra(vVx122) + Pogio(—v/x122) + 21 2

2 P2 (VEE2) = Pagea(=/173))

g+1 g
= 2 E poixizy + (x1 + x2) g P2i+1T]Th
i—0 i=0
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With it, we construct the fundamental symmetrical bi-differential

2y1y2 + F (21, 22) dy dag

4(1‘1 - 332)2 Yy Y2

Q(Cﬂl, CL‘Q) =

If 29 — x1 + ¢, we have

F(x1,22) = 2Pagy2(x1) + €Pyy o(1) + O(€*) = 2y(x1)y(x2) + O(€%)

from which it follows that

1
Qx1,29) = | ———= +0(1) | dxrdx 2.55
(a1,2) = (o s + OW)) didi (2.55)
Alternatively, we can write
9 Y1+ Y2 .
Q = — | ——""—)drid i i 2.56
(xla'IZ) 81,'2 (le(l'l — $2) CCl .’EQ + zzlw (1‘1)77 (332) ( )

= 9 Y1+ Y2 g | |
- on <2y2(:cl—xz)> duidis + ;m(m)wz(wz) (2.57)

In general the fundamental Kleinian o-function is defined by

o(z) = <D(1F)> ! i e G0l 1 (2, w, W)

where [eg] is the characteristic of the vector of Riemann constants. The function D(T")
is the discriminant of the equation R(A, u) defining the curve I'. Its main property is
that it is invariant under modular transformations

o(z,w,w) =o(z,0,0")

where (©,0) is related to (w,w’) by a Sp(2g,Z) transformation. From this we define
the Kleinian ¢ and g-functions by

_ Ologo(z)

Cl(z) = Tzz’ Z: 179
and 21 )
ogolz .
7 = T T Q. a. 9 = ]-7
@J(Z') 8zi62j b g

The functions p;;(z) are automorphic functions with respect to the Sp(2g,Z) transfor-
mations.
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The functions o(2), (;(2) and p;;(z) have the following periodicity properties:
o(z + |QUm, m'))) = eEmm)lz+2imm)) g=im(mlm)+2ix((mlg")—(m'12)) 5 ;)
Gz + Q(m,m")) = Gi(2) + Ei(m,m)
pij (2 + Q(m,m")) = pi;(2)
where we have introduced the vectors of periods
|E(m,m)) = 2n|m) + 20|m/),  [Q(m,m")) = 2w|m) + 2'|m/)

For an hyperelliptic curve, things can be made more explicit. The function o(z)
reads

0 (2) = e{FI(2) T i) im (e |(20) 7 o) il Irla ) 2w 1) g (200) s — Ky )

where K, is the vector of Riemann constants

g ak
Koy = (2w) ()
>,

Because ag is a branch point, K,, is a half period and can be written as K, = ¢ + 7¢
with half integers ¢ and ¢’. The characteristic [er] is

=[]

g Tk
5= [Cuw
k=10

we have (2w)~ 1z — K4, = (2w)~'u where

g Tk i1y
U; = E /

Notice that if

1 Jan Y
(2.58)
Theorem 9 Let (ag,y(ap)), (z,y) and (u,v) be arbitrary points on I'. Let
{(1’1,y1), T (‘rgvyg)}v {(Nla Vl)? T (/~L97 Vg)}

be arbitrary distinct points. Then the following relation is valid

x i U(;w— lef;iw>a<;f)w— ] (Ziw)

Qz,z) = log
; . T NG [ [ Y
B a( W 1 fai w) a( ag ¥ i=1 Ja, w)
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Proof. Using eq.(2.55), the left hand side in this formula behaves like log(z — x;) when
x — x; and —log(z — p;) when x — pu; and these are the only singularities. Moreover
it vanishes when x — p. This behaviour is clearly reproduced by the right hand side.
Then using eq.(2.56) one can check that the periods on both sides are the same. Hence
the two expressions are identical. [}

Theorem 10 (Bolza)

o (),

G (/G:WJFU):—EQ:/:W(ZU)Jr;;yk R(er)

Z=x}

k=0 k=0
(2.59)
Proof. Setting u; = a;, we get
/ac 9 / U(f;f)w—u)(f(f;gw)
(r,zp) = log - .
a(faow>a<faow—u>
We now take the derivative of both sides with respect to u;. We obtain
z 9 T o
/ ZQ x, Tk) axk = —(j (/ wu) + ¢ (/ wu>
Hop—1 au] ao ao
With the help of eq.(2.57) we find
* # 1 Oxy, [y-i—yk 1/+yk]
; w—u|—7G w—u| = = —
CJ </ao ) Cj </a0 ) Z Yk 8“] T — Tk H— Tk
8xk
_ d ; ; it}
/u ey me) Y 5t
i k
From eq.(2.58) we have
ox
sz(xk)aiu] = 6ij (2.60)

Hence

v “ z 1~ 1 0z y+uye v+
@(/aou}—u)—Cj(/aow—u)——/u dxnj(x)—i_?;ykauj Lc—a;k_,u—xk]

Applying the hyperelliptic involution o(z,y) = (z, —y), o(u,v) = (u, —v), we get as well

([ ‘ _ 10z, ly—ye  V—Uk
Q(/aouH—u) Cj</a w+u>— /dxm Zlykauj L—iﬂk H— T

(2.61)

60



Let us introduce the Vandermonde matrix
i—1
Vi = ),

then eq.(2.60) gives
L0 (PRl
Yk 8Uj Jk P’(l‘k)

(2.62)

where

The last formula is easy to prove

o1 » -
Zj:vljvjk = Pllzy) ;(P(z)z Vi le=ay

but
g

J

(P(Z)Zij)‘f'x{_l = ng_l Zprzrij = Zprzr Z gj{_lzfj = M
J r

‘ - Z—x
1 r>j 1<<r

If 2 — x # x;, we get zero because P(zy) = P(x;) = 0, while if 2 — z;, we get P'(z).
Hence we have shown that Zj VZjV;.;l = Jp.

Let
R(z) = (2 — 2)P(2)

By simple polar decomposition, we have

(P(z)z—j)+|zzx:Z(P(Z)z‘j)+\z=xk S o (2.63)

R'(z) p P'(zy,) T —

Next we have the identity

Z=Tf Z=Tp _(P(Z)Z_j)Jr‘Z:xk 1
#(ar) P Pl a—am 20

This is because

( R(z) Z_j>+ = Z 29I (=) [wop—1 (@2, 2g) + Oy -+, 1)

=Tn r<g—j
(P(Z)Zij).k = Z Zgiji?ﬂ(_l)r[xlar—l(x%”'7569) +UT(x27"‘7$9)]
r<g—j
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so that

It follows that

Z—T)

(2).

(P(Z)Zij)_k = (x_xl) Z Zgijir(_l)rar—l(‘%'??'"ng)

r<g—j

- (22

(P(Z) Z—j—l)
z—T i o . 1

Z=x)

- =V (2.65)

R/ () P'(xy,) Tk gy,

We can now evaluate the sums appearing in the right hand side of eq.(2.61). We

have

S Lomyu

yi Ouj © — a3,

k=1

1 1
vt — vt

y(P(Z);(;))Hz—z +3

Noticing that P(z) = R(z)/(z — ) and defining (zo,yo) = (z,y), we get

Zg:iaxk Y — Yk
— Yk ouj x — xp,

R() —j
g <z—xkz )+ B
= 2w R/ () L P'(zy,)

k=0

Defining (xg+1,Yg+1) = (11, v), R(2) = (2 — n)P(z), ag+1 = ap, we obtain

R(z) —j-1
g+1 (z—xkz >+

Zg:iaxk [yyk 3
kzlykauj T — Tp,
Hence
@ g
G (/ w+u)+z
ao

uyk] ; <%Z_j>+
)

2=} 2=
= Yk - Yk ~
= T Z:: R (zy, ; R/(xy)

Tk 1< <%2_j>+ z=x)p
/ak LR D Dy B

g+1 (52 zfj>+

(o) L S




The left hand side is a symmetric function of z,x1,---,x4, but the right hand side
does not depend on z. Therefore the whole expression is a constant independent of
x,21, -, %y. Applying the hyperelliptic involution, we see that this constant vanishes.
[ |

The main interest in the Kleinian functions is that they give a very explicit solution
to the Jacobi problem.

Theorem 11 Let T" as in eq.(2.53). Then the preimage of the point u € Jac(T') is given
by the set of points (Pi, Py, - - -, Py) where (x1,x2,---,4) are the zeroes of the polynomial

P(x,u) =29 — Pg(u)fﬂgil — Pg—1(u)x972 — = Pi(u)
(2.66)
where
1 Py P_
Pi(u) = {Ci(u—i-/ w)—(i<u+/ w)—ci}
( ) \/P2g+2 ao ao
The coordinates (y1,y2,- -+ ,Yq) are given by
OP(x,u)
== T 2.
Yk v . (2.67)

The constants ¢; are given by eq.(2.69).

Proof. We now take the limit (z,y) — Pyt in eq.(2.59). When z — oo we have, by

eq.(2.65)
R(z) ,— P(z) ,—j-1
(=), (),
lim =T _ z=x
z—00 R/ (x,) P'(xy)
On the other hand
(22:)
z—x ey (P(JI:)Z_J)Jr P(z)z™7 — (P(z)z77)
When x — oo, the first term behaves as y(ac) o~ ( ( Yo~ )+, while in the second
term, (P(z)z77)_ =~ (—1)9 oy (21,22, -+, 24)z " + O(z2) and we find
(Mz—a)
Z2—x +ley » »
y(z) e = (y(@)z ™) 4 — /D2gra(= 1) oy (w1, 20, 1)
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Since the limits of the left hand side of eq.(2.59) are finite, so are the limits

Cgi) = lim <—/ n; + Q(yx])+> (2.68)
ao

(2,y)—Px

and they are obviously independent of 1, - -, z4. Therefore we arrive at

Py P '
¢ (/ w+u) — G (/ w—l—u) =¢j + /P2gr2(—1)" oy _jr1(x1, w2, -, 1)
ao ao

where we have set

cj = c§-+) - cg-_) (2.69)

Multiplying by 2/~ and summing over j =1,---, g, we get

S (o ([ o) <5 ([ )=o) = ([ )

Hence we have shown

g9 g
[T@—ap) =29 =3 Py jw)a’
k=1 j=1

which is eq.(2.66). From eq.(2.62), we have

g _ Yk
dug Hl;ék(xk — )

and 9 P
T
Oug z - Odug ik
so that
0
B H(m — ) = Yk

91 P—

This proves eq.(2.67). [ |

For applications to the Jaynes-Cummings-Gaudin model, u = u(t) is chosen to be a
linear function of time. Once the (zx(t), yx(t)) are found by solving the inversion Jacobi
problem, it is easy to reconstruct the original variables of the model.
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Chapter 3

Infinite dimensional systems.

3.1 Integrable field theories and monodromy matrix.

For a system with a finite number of degrees of freedom, we have seen that a Lax matrix
could be interpreted as a coadjoint orbit. In field theory we have seen that one possibility
is to consider the algebra of pseudo differential operators. We obtained in this way the
KdV hierarchies. A more general approach consists is starting from the zero curvature
representation which assumes that the field equations can be recast in the form

U — 0,V — [V,U] =0

(3.1)

As before the matrices U and V' will in general depend on an extra parameter A. The
zero curvature (3.1) condition expresses the compatibility condition of the associated
linear system

O —U)T =0, (& —V)¥=0

(3.2)

The matrices U and V can be thought of as the x and ¢t components of a connection.
This connection will be called the Lax connection. Given U and V, the linear system
(3.2) determines the matrix ¥ up to multiplication on the right by a constant matrix,
which we can fix by requiring ¥(A,0,0) = 1. This ¥ will be called the wave function.

Choosing a path 7 from the origin to the point (x,t) the wave function can be written
symbolically as

U(z,t) =exp [ A (Udzx + th)}

(3.3)

where % denotes the path—ordered exponential. This is just the parallel transport
along the curve v with the connection (U, V). Since the Lax connection satisfies the zero
curvature relation (3.1) the value of the path—ordered exponential is independent of the
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choice of this path. In particular if v is the path = € [0, 2x], with fixed time ¢ we call
U(27,t) the monodromy matrix T'(\,t):

T(\t) =exp [/0% U()\,x,t)dm]

(3.4)

where we assume that U(\, z,t) and V (A, z,t) depend on a spectral parameter \.

It is the monodromy matrix which plays the role of the Lax matrix in the field
theoretical context as the following proposition shows

Proposition 12 Assume that all fields are periodic in x with period 2m. Let T'(\,t) be
the monodromy matrix. Its time evolution is given by the Lax equation

BT\ 1) = [V(N0,8), T\, 1)]

(3.5)

As a consequence the quantities

HM™ () = Tr (T™(, 1))

(3.6)

are independent of time. Hence traces of powers of the monodromy matriz generate
conserved quantities.

Proof. Thinking of the path—ordered exponential on [0, 27| as

2
exp [ U(a;)d:z:] ~ (14 62U (x)) - (14 02U (1))
0
with a subdivision 1 =0 < 22 < -+ < &, = 27 such that ;11 — z; = dx — 0, we get

(all exponentials are path—ordered exponentials):

2m
orT(t) = / dpels” Ude o U () elo Udz
0

2m
/ dzel: Udz(9,V + [V,U])eo U=
0

27
= / dz0y (6f9627r Udeyrelo Udz)
0

Performing the integral,
HT (N t) =V (N 2m, t)T(\t)—T(\t)V(A0,t) (3.7)

So, if the fields are periodic, we have V(A,2m,t) = V(A,0,t) and we obtain eq.(3.5).
This is a Lax equation. It implies that H (™ (A) is time independent. Expanding in \ we
obtain an infinite set of conserved quantities.
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3.2 Abelianization.

We consider the linear system eq.(3.2) where U(A, z,t) and V (A, x,t) are matrices de-
pending in a rational way on a parameter A having poles at constant values \j.

—1
U=Up+Y Uy  with  Up= > Upe(A =) (3.8)
k r=—ng
-1
V=Vo+) Vi with Vi= > Vip(A=\)" (3.9)
k r=—mg

The compatibility condition of the linear system (3.2) is the zero curvature condition
(3.1). We demand that it holds identically in A.

As for finite dimensional systems we first make a local analysis around each pole
Ak in order to understand solutions of eq.(3.1). Around each singularity Ax, one can
perform a gauge transformation bringing simultaneously U(\) and V(\) to a diagonal
form. The important new feature that must be to emphasized, as compared to the finite
dimensional case, is that this construction is local in z. We have

Proposition 13 There exists a local, periodic, gauge transformation
0y — U = g® (8, — A(k))g(k)—lj 0 —V = g(k)(at _ B(k))g(k)—l (3.10)
where g*)(X), AB(X) and B®)(X\) are formal series in A — \p
g =" (A=) AP =" A= x)", B® =3 B(A -
r=0

r=—n r=—m

such that the matrices A®) (X)) and B®)()\) are diagonal. Moreover 8; A% (\)—8,B®) (\) =
0.

As for finite dimensional systems, we can reconstruct all the matrices Uy and V}, and
therefore the Lax connection, from simple data.

U = U+ Uy, with U= (g““)A‘_’“)g(k)*l) (3.11)
k

Vo= %+ Vi with sz(g“f)B(_’“)g(’“)*l) (3.12)

In this diagonal gauge it is easy to compute the conserved quantities:

Proposition 14 The quantities Q%) (\) = fo% A®) (X, z,t) dz are local conserved quan-
tities of the field theory. They are related to eq.(3.6) by

2
H™(X\) = Tr exp [n/ AR (N, a:,t)dx] = Tr exp [nQ(k)(A)}
0
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Notice that there is no problem of ordering in the exponential since the matrices A%®) are
diagonal.

We now give some examples of 2 dimensional field theories having a zero curvature
representation.

Example 1. The first example is the non-linear ¢ model. For simplicity, we look
for a Lax connection in which U and V have only one simple pole at two different points
and Uy = Vp = 0. Choosing these points to be at A = £1, we can thus parametrize U
and V as:

1 1
U=——J V=- J
A+17"

A _ 1 X
with J, and J; taking values in some Lie algebra. Decomposing the zero curvature
condition [0y — U, d; — V] = 0 over its simple poles gives two equations:

(3.13)

1

att]x - i[t]m Jt] = 07
1

8$Jt + i[Jx, Jt] = 0.

Taking the difference implies that [0;+ J;, O, + J;] = 0. Thus J is a pure gauge and there
exists g such J; = ¢g710;g and J, = g~ '0,9. Taking now the sum of the two equations
implies 0;J, + 0, J¢ = 0, or equivalently,

9:(g7"0,9) + 02 (g7 0eg) = 0

This is the field equation of the so-called non-linear sigma model, with x, ¢ as light-cone
coordinates.

Example 2. Another important example is the sinh—Gordon model. It also has a
two poles Lax connection, one pole at A = 0, the other at A = co. Moreover, we require
that in the light cone coordinates, x4 = x £ ¢, U(X,z+) has a simple pole at A = 0 and
V (A, z+) a simple pole at A = co. The most general 2 x 2 system of this form is:

(Op, —U)O = 0, U=Up+A'h
(Op. =V = 0, V=V+\W
The matrices U;, V; are taken to be traceless matrices, so contain 12 parameters. One can

reduce this number by imposing a symmetry condition under a discrete group, Namely,
we consider the group Zs acting by:

V(A — o U(-Nos !, o, = ((1) _01) (3.14)

and we demand that ¥ be invariant by this action. This restriction means that the wave
function belongs to the twisted loop group. It follows that: o,U(—A)o, = U(\) and
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o,V(—=A)o, = V(A). We still have the possibility to perform a gauge transformation by
an element g, independent of A, in order to preserve the pole structure of the connection,
and commuting with the action of Zs, i.e. g diagonal. This gauge freedom can be used
to set (V)i = 0. The symmetry condition then gives:

. Ug )\_lul - 0 AU1
U_</\_1UQ —Ug )’ V_<)\UQ 0 >

In this gauge, the zero curvature equation reduces to :

Oz Up — U109 + v1ug =0 (3.15)
8$7u1 = O7 83;7 Ug = 0 (3.16)
8$+?)1 — 2v1ug = 0, a$+?)2 + 2vug =0 (3.17)

From eq.(3.16) we have u; = a(zy), ug = fB(r4). We set ug = 05, 9. Then, from
eq(3.17) we have v; = y(z_) exp 2¢ and vy = 0(z_) exp —2¢. Finally eq(3.15) becomes :

O, 0o+ Blay)y(a_)e® — alas)d(a_)e ™ =0

This is the sinh—Gordon equation. The arbitrary functions a(x4.), B(z4) and y(x_), d(x_)
are irrelevant: they can be absorbed into a redefinition of the field ¢ and a change of
the coordinates x4, x_. Taking them as constants, equal to m, we finally get

-1 2¢
U:<81+g0 mA >; V:( 0 mAe > (3.18)

mAx~t — e P mAe~ 2% 0

Hence the Lax connection of the sinh—Gordon model is naturally recovered from two—
poles systems with Zy symmetry. This construction generalizes to other Lie algebras,
the reduction group being generated by the Coxeter automorphism and yields the Toda
field theories.

Example 3. The KdV equation reads:
40iu = —6udyu + Ou (3.19)
The KdV equation can be written as the zero curvature condition
Fpy =0,V —-0,U—-[UV]=0

with the connection U, V, depending on a spectral parameter A:

0 1 1 Oz 40\ —2u
U_()\+u ()>’ V_4(4)\2—|—2)\u—|—8§u—2u2 —8xu> (3.20)

Alternatively one can recast the KdV equation in the Lax form ;L = [M, L], where
L and M are the following differential operators:

L = 0*—u (3.21)
1
M = Z(483 — 6ud — 3(d,u)) = (L

3
2)
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The operator 0 acts as J,, and the notation (L%)+ refers to the pseudo differential

operator formalism.
Of course these two descriptions are not independent. To relate them, consider the

linear system:
(8x—U)<;I:>:0, (@—V)(‘i):o (3.22)

The z-equation yields x = 9,V and
(L-N¥ =0 with L=0?—-u (3.23)

The time evolution of W is given by 40;¥ = 0yu - ¥ + (4\ — 2u) 0, V. Using eq(3.23),
this may be rewritten as:

(O — M)V =0 with M = 2(483 — 3ud — 30u) (3.24)

The compatibility condition of eqs.(3.23,3.24) is the Lax equation 9;L = [M, L], which
is equivalent to the KdV equation.

Eq.(3.23) is the Schroedinger equation with potential u. The parameter A gets an
interpretation as a point of the spectrum of this operator. This is the origin of the
terminology “spectral parameter”.

3.3 Poisson brackets of the monodromy matrix.

As we just saw, the zero curvature equation leads to the construction of infinite set of
local conserved quantities. We want to compute their Poisson brackets. For this we will
compute the Poisson brackets of the matrix elements of the monodromy matrix.

In order to do it we assume the existence of a r—matrix relation such that:

{Ur(X\2), Uz(p,9) } = [r1i2(A — ), Ur(A, ) + Uz (i, y)]6(x — y) (3.25)

We assume that 719(\— p) is a r—matrix as in eq.(1.23). We say that the Poisson bracket
eq.(3.25) is ultralocal due to the presence of 6 (x—y) only. This hypothesis actually covers
a large class of interesting integrable field theories, but certainly not all of them.

Since we are computing Poisson brackets, let us fix the time ¢, and consider the
transport matrix from x to y

T(\;y, z) =exp (/:, U(A,z)dz)

In particular the monodromy matrix is 7'(A\) = T'(\;27,0). The matrix elements [17;;
of T'(\;y,x) are functions on phase space. We use the usual tensor notation to arrange
the table of their Poisson brackets.
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Proposition 15 If eq.(3.25) holds, we have the fundamental Sklyanin relation for the
transport matrix:

{Ti(Ny,2), Ta(psy, )} = [ria(\, ), T (N y, 2)Ta (s y, )] (3.26)

As a consequence, the traces of powers of the monodromy matriz H™ (X) = Tr (T™(\)),
generate Poisson commuting quantities:

{H™(X), H™ (1)} =0 (3.27)

Proof. Let us first prove the relation (3.26) for the Poisson brackets of the transport
matrices. Notice that A is attached to 71 and u to T3, so that there is no ambiguity if we
do not write explicitly the A and p dependence. The transport matrix 7'(y, z) verifies
the differential equations
0. T(y, )+ T(y,z)U(x) = 0 (3.28)
ayT(ya :E) - U(y)T(ya Iﬁ) =

Since Poisson brackets satisfy the Leibnitz rules, we have
{Tl(y,m),Tg(y,a:)} = (329)
Y o[y
/ / dudv T (y, w)Ta(y, v){Ui(u), U2(v) } T (u, ) To (v, x)
T T

Replacing {Ui(u), U2(v)} by eq.(3.25), and using the differential equation satisfied by
T(y,x) this yields:

{Tl(ya x)vTQ(ya .T)} =
/ / dudv 6(u — v). (Tl(y, w)To(y,v) r12 (Oy + Op)T1(u, 2)To (v, x)

(8 + 80)(Th (y, w)Ta(y, v)) r12 Th (u, ) T (v, :1;))

= /xy dz 0, (Tl (y, 2)Ta(y, Z)-T12-T1(Za$)T2(Za~’U))

Integrating this exact derivative gives the relation (3.26). Let us now show that the trace
of the monodromy matrix H (™ (\) generates Poisson commuting quantities. Eq.(3.26)
implies

{77, T3" (1)} = [ri2(A, ), T (A) T3 ()]
We take the trace of this relation. In the left hand side we use the fact that Tri2 (AQB) =
Tr (A)Tr (B) and get {H™(X\), H™)(u)}. The right hand side gives zero because it is
the trace of a commutator.

Let us emphasis that it is the integration process involved in the transport matrix
which leads from the linear Poisson bracket eq.(3.25) to the quadratic Sklyanin Poisson
bracket eq.(3.26).

The proposition shows that we may take as Hamiltonian any element of the family
generated by H™ (). We show that the corresponding equations of motion take the
form of a zero curvature condition.
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Proposition 16 Taking H™ (i) as Hamiltonian, we have
U z) = {H™ (1), U\ )} = 0,V p,2) + [V py2), U, 2)] (3.30)

where
VX, s ) = nTry (Tl (5 2, @) 712, )Ty (s 2, 0) T}~ (s, 2, 0))

This provides the equations of motion for a hierarchy of times, when we expand in .

Proof. To simplify the notation, we do not explicitly write the A, ;1 dependence as
above, noting that p is attached to the tensorial index 1 and A to the tensorial index 2.
We have:

2T
(T2 00 a(e)}) = [ dy Ti2m,y) {Uh(0). Val)} Ti(3:0)
0
= T (271’, .%') [7’12, U, (3?) + Ug(l‘)] Tl(.%', 0)
Expanding the commutator we get four terms

{T1(27T70)a UQ(x)} =
T1(27r, .1‘) © 19 - Ul(l‘)Tl(.%', 0) +T1(27T, .7}) © 119 - UQ(:B) Tl(x, 0)
—— —

use dif f. eq. commute
—Ti(2m,z) Ur(z) r12 - Ti(x,0) — Th (27, ) Uz(z) 112 - T (2, 0)
— —
use dif f. eq. commute

Using the differential equations (3.28) and commuting factors as indicated gives
{T1(2,0), Ua(2)} = 0 Via(x) + [Via(z), Uz(z)]

where we have introduced Via(z) = T1(27, z)-r12-T1(x,0). From this we get {17"(27,0), Us(z)} =
&EVl(Qn) (x) + [Vl(Qn) (x),Uz(z)] with Vl(Qn) (z) = 3, T " 'Via(2)T}. Taking the trace over

the first space, remembering that H™(u) = TrT™(n), and setting V(X pu,z) =
Trlvl(;) (x), we find eq.(3.30).

3.4 Dressing transformations.

We now introduce a very important notion, the group of dressing transformations, which
is related to the Zakharov—Shabat construction. These transformations provide a way
to construct new solutions of the field equations of motion from old ones. It defines a
group action on the space of classical solutions of the model, and therefore on the phase
space of the model.

Dressing transformations are special non-local gauge transformations preserving the
analytical structure of the Lax connection. These transformations are intimately related
to the Riemann—Hilbert problem which we have discussed in the section on factorization.
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We choose a contour I' in the A-plane such that none of the poles A\, of the Lax
connection are on I'. We will take for T' the sum of contours I'®¥) each one surrounding
a pole A\ as in the factorization problem.

To define the dressing transformation, we pick a group valued function g(\) € G on
I'. From the Riemann—Hilbert problem, g(\) can be factorized as:

g(\) =g~ (Ng+(N) (3.31)

where g4 (\) and g_ () are analytic inside and ouside the contour I' respectively. In the
following discussion we assume that g(\) is close enough to the identity so that there
are no indices.

Let U,V be a solution of the zero curvature equation eq.(3.1) with the prescribed
singularities specified in eqs.(3.8,3.9). Let W = W(\;x,t) be the solution of the linear
system (3.2) normalized by ¥(A;0,0) = 1. We set:

O\ z,t) = T\ 2,t) - g(\) - T\, 8) ! (3.32)

At each space-time point (z,t), we perform a A\ decomposition of §(\, x,t) according to
the Riemann-Hilbert problem as:

O\ z,t) = 0" (N, 1) - 04 (N, ) (3.33)
with 0, and 6_ analytic inside and outside the contour I' respectively. Then,
Proposition 17 The following function, defined for A on the contour T,

WINz,t) = 0L (N2, t) - U (N 2,t) - g2t (V) (3.34)

extends to a function \Ifi defined inside I' except at the points A\, where it has essential
singularities and a function WY defined outside I'. On T' we have \Ifgfl\llihﬂ =1. So
VY define a unique function W9 which is normalized by ¥9(X\,0) = 1 and is solution of
the linear system (3.2) with Laz connection U9 and VI given by
UI(N\jz,t) = 0p-U-07" + 0,00 07" (3.35)
VI x,t) = 0p-V 01"+ 0,04+ - 01" (3.36)
The matrices U9 and V9, which satisfy the zero curvature equation (3.1), are meromor-

phic functions on the whole complexr A plane with the same analytic structure as the
components U(X) and V(X) of the original Lax connection.

Proof. First it follows directly from the definitions of g4+ and 6+ that for A on T,
0Nz, t) - WAz, t) - g3 (N) = 0- (N, t) - W(Asa,t) - =1 (N)

so that, the two expressions of the right hand side of eq.(3.34) with the 4+ and — signs are
equal, and effectively define a unique function W9 on I'. It is clear that this function can
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be extended into two functions ¥9 respectively defined inside and outside this contour
by:

V) =0, -0-g;"

These functions have the same essential singularities as ¥ at the points A;. By construc-
tion, they are such that \Ilgfflllfihﬂ =1

We may use WY to define the Lax connection UY, V{ inside and ouside the contour T
Explicitly:

Ul = 9,04 0t = 0,007 +0.U6"
Vi = 9,9 9L =800 +0.V0;"

Since \Ifg_fllll“i]p = 1 we see that U, coincides with U_ on the contour I' and similarly
Vi =V_ for A € T and hence the pairs U, V{ define a conection U9, V9 on the whole
A-plane. Since 01 are regular in their respective domains of definition, we see that UY,
V9 have the same singularities as U, V.

This proposition effectively states that the dressing transformations (3.34) map so-
lutions of the equations of motion into new solutions. Given a solution U,V of the zero
curvature equation with the prescribed pole structure and an element of the loop group
G, we produce a new solution of the zero curvature equation with same analytical struc-
ture. But since this analytic structure is the main information which specifies the model
we have produced a new solution of the equations of motion.

3.5 Soliton solutions.

In general, a matrix Riemann—Hilbert problem like eq.(3.31) cannot be solved explicitly
by analytical methods. This statement applies to the fundamental solution of the Rie-
mann Hilbert problem i.e., the one satisfying the conditions det 6+ # 0. However, once
the fundamental solution is known, new solutions “with zeroes” can easily be constructed
from it. This can be used to produce new solutions to the equations of motion. Starting
from a trivial vacuum solution, we obtain in this way the so called soliton solutions.

Let 0+()\) be the fundamental solution of a Riemann-Hilbert problem. A solution of
the Riemann—Hilbert problem with zeroes at p1,---, un, A1, -, AN is.

) A _
000 = (1= Y (1= B )




where P; are projectors Pf = P. We assume that the P; and the y; are independent
of \. When X\ = p;, which we assume inside T', then 0, ()\) contains as a factor the
projector (1 — P;) so that det6(u;) = 0. Similarly, if A = A;, which we assume outside
I, then A~ (\) contains as a factor the projector (1 — P;) so that det(\;) = 0. Hence
the name Riemann-Hilbert problem with zeroes. We now extend the method of dressing
transformations to the case of a Riemann—Hilbert problem with zeroes.

Let

n B -1 — Ap— _ p— A )
o) = ity (1 Bt e ) g (1 B ) 0

A=pin

n)— n— AL — An—1 — fin—
o = g-1(\) (1— Al_:llPl) ><1~~-<1—A1_MH11P”—1> Xn—t

A=A

Proposition 18 Given a Lax connection satisfying the zero curvature condition and
the associated wave function V(A x,t), and given vector spaces Vy,(0), W, (0) we define
uniquely the projectors Py, by

Ker P,(z,t) = ™ U(\,,z,t)V,(0)

(3.37)
Im P, (z,t) = @Eﬁ) U (i, , €)Wy (0)

(3.38)

Then for any g(\) = g~ (M) g (\) on T, the transformation ¥ — W9,
W9 =0, 0gr', 0710, =V 1g0
is a dressing transformation, i.e. preserves the analytic structure of the Lax connection.
Proof. We start with the linear system
(Or — U\, 2, t)) ¥ =0, (0r—V(\x,t)T =0

and dress it with a solution with zeroes of the Riemann—Hilbert problem, according to
eqs.(3.35, 3.36):

Ud=0L -U-07" +0,04-05", VI=0L-V-07' +005 67"

In general, the components of the dressed connection will have simple poles at the points
lny An. We must require that the residues of these poles vanish. At A = pu,, isolating
the terms containing P,,, we have

6,(\) = My(1— P)O, 671 () = Ko " dnglm-lp a1

)‘_:U'n
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so that

_ Hn — An
04(0, — U)o = Fr e

1

M, (1 - P,) 00, — U0 " p, M;"

To kill the pole at A = u,,, we choose

Im P, = 0 (pu, 2, t)W(0)

A vector in Im P, is a linear combination, with coefficients possibly depending on z, ¢, of
the column of the matrix in the right hand side. Note that the factor 1 — P, is important
to kill the terms coming from this x,t dependence of the coefficients. Clearly the same
argument works for 9, — V. Similarly, when A ~ \,, we have

=10 ~ 011 = PN, 6 (\) ~ 2 Fn—1 p o)

- A— A\,
so that

)\n* n — n n)—
Fnn=1 p, 0™ (s, — U, )0™ (1 — P,)N,

— _1N
0-(0, — )0~ = 4

To kill the pole we choose
Ker P, =Im (1 — B,) = ™0 (\,, 2, £)V(0)
Clearly the same argument works with 9, — V.

The interest of this procedure is that it yields non trivial results even if the Riemann—
Hilbert problem is trivial i.e. g(A) = Id. Then its fundamental solution is also trivial
éi()\) = Id, and the solutions with zeroes are constructed by purely algebraic means.
The resulting 64 () are rational functions of .

To make this method effective, we need a simple solution of the zero curvature
condition ;U — 9,V — [V, U] = 0 to start with. Simple solutions can be found in the
form

U=A(\z), V=DB(\t), [AB]=0

Then ¥ = exp ( fox Adzx + fg Bdt). The solutions obtained by dressing this simple type

of solutions by the trivial Riemann—Hilbert problem with zeroes are called soliton solu-
tions.

3.5.1 KdV solitons.

Let us illustrate this construction for one soliton solution of the KdV equation. Recall
the famous KdV soliton:

2k?2

Usoliton (T, 1) = —m

(3.39)
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We obtain it by dressing the vacuum solution u(x,t) = 0. The solution of the vacuum
linear system reads

W(z,t) = EHOUO), U(A)z(?\ (1))

We consider the trivial Riemann-Hilbert problem (g(\) = 1).
0~ (N0 (\) =1
Let
-1\ = 1—’1213 O (N =x""(1+ K P
- - A X5 + =X A\ — k2

Hence ' (\) has a zero at A = k2 and 6, (\) at A = 0. Since

(0 =z 2 _( cosh(kx +k3t)  k~lsinh(kz + k3t)
V0, ) = <0 O) V2 t) = <ksinh(k¢x +k3)  cosh(kx + k3t)

we can choose

—1 3
I P — (1)7 Ker P — (k tanh(kz + k t))

0 1

so that
p_ 1 —k~'tanh(kx + k3¢t

—\o 0

Then, we find
_1 ( —ktanh(kx + k3¢) 1 _
| |
Usohton X < A\ — ]{?2 k:tanh(k:x + kgt)> X—X axx

We see at this stage that the A dependence is already essentially correct. Choosing

1 0
X= (ktanh(ka: + K3t) 1>
we find

0 1
Usoliton N ()\ - usoliton(l') t) 0>

with ugeliton (,t) given by eq.(3.39). We can repeat the procedure, and reach finally the
N-solitons solution

2
UN—solitons (SL‘, t) = _2@ log T
where
XiX; ok k3
=det(1+ W W.: = X, = q.e2(kivtk}t)
TN et(1+ W), ij /ﬁi—i-kj’ i = a;e




3.6 Finite zones solutions.

In the field theory case, we can use the previous constructions to find particular classes
of solutions to the field equations, called finite zone solutions. The equations we have to
solve are the first order differential system:

O —UAT = 0 (3.40)
@ - VO = 0 (3.41)

whose compatibility conditions are equivalent to the field equations. The situation is
very different as compared to the finite dimensional case. As we saw, the analog of the
spectral curve is

det(T'(A\) — ) =0 (3.42)

where T'(\) is the monodromy matrix of the linear system (3.40,3.41). This equation
defines an algebraic curve of infinite genus and the analytical tools must be carefully
adapted.

If however, we restrict our goal to find only particular solutions to egs.(3.40, 3.41),
then we can look at situations where the curve eq.(3.42) is infinitely degenerate leaving
only a finite genus curve.

One common way to do that is as follows. The two equations (3.40, 3.41) are exactly
of type of eq.(??) whose solution was built using the usual analytical tools.

To interprete the two equations (3.40,3.41) as evolution equations with respect to
two different “times” for a system with finite number of degrees of freedom we need a
Lax matrix L(A) satisfying

0. —U\),L(N)] = 0 (3.43)
[0: =V (A),L(N)] =

To exhibit such Lax matrices, we consider the higher order flows associated to higher
Hamiltonians. They provide a family of compatible linear equations (9;, — V;)¥ = 0 for
1=1,2,3,--- where we have identified t; =z, V3 = U and t5 = ¢, Vo = V. Since these
equations are compatible they satisfy a zero—curvature condition:

EjE(‘)tiVj—ath%—[V%’Vj]zoa Vi,j=1,---,00

We now look for particular solutions which are stationnary for some given time t,, i.e.
0, Vi = 0 for all i. The zero curvature conditions F,; = 0 reduce to a system of Lax

equations:
dL
T [M;, L], i=1,---,00 with L=V, M;=1V;,
i
This is an integrable hierarchy for a finite-dimensional dynamical system described by
the Lax matrix L(\). Taking n larger and larger, the genus of the corresponding spec-
tral curve usually increases and we get families of solutions involving more and more

parameters.
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3.7 The Its-Matveev formula.

Let us apply these ideas to construct solutions of the KdV equation. As explained, one
way to get a Lax matrix compatible with the equations of the KdV hierarchy is to seek
for stationary solutions with respect to some higher time ¢;.

A very simple example of this situation occurs when u is stationary with respect to
the first time ¢3 = ¢. In that case the Lax matrix is V' given in eq.(3.20). The associated
spectral curve is:

1 1 1
: det(V —p) = p? — 1)\3 + 1(3u2 —u" )X\ + E(Quu" —u? —4u®) =0

The zero—curvature condition becomes the Lax equation 9,V = [U, V] and reduces to
the stationary KdV equation
6uu’ —u" =0

Integrating, one gets 3u? — v’ = C; and 2u® — v? = 2C u + Cy for some constants Cf,
Cs. So the spectral curve reads

p? = X\3/4 — Ci N4 — Cy/16

It is independent of = as it should be. This is a genus 1 curve and w is given by the
Weierstrass function.

u(x) = 20(x + )

For higher times the matrices V4,;_, are defined by

2j—1
U\ (LT ) ]
8152;‘—1 <8a:\Ij> - (895(112]2_1)_5_\1/) - Vtzj—1 <3x\1’>

The matrices Vi, , are not hard to compute but it is quite clear that they are 2 X
2 traceless matrices. Stationarity with respect to any higher time always lead to an
hyperelliptic spectral curve and we will just retain this feature.

Hence we consider an hyperelliptic curve of the generic form:

2g+1

I: ?=RN=J[(-N) (3.44)
=1

The point at oo is a branch point, and a local parameter around that point is z = V/\.
Our goal is to construct a function ¥ on I' satisfying the equations

2j—1

LU = (02 —u)U = U, 0y, W= (L"7 )V

(3.45)
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for some potential u. If we succeed to do it, u(z,ts,t5, - - -) will have to satisfy the KdV
hierarchy equations by consistency.

Baker—Akhiezer functions are special functions with essential singularities on Rie-
mann surfaces. It is a fact that there exists a unique function ¥ on I' with the following
analytic properties

e [t has an essential singularity at the point P at infinity:

U(t, z) = (b2 (1 O 0(1/22)) (3.46)

t
y4
where z = v\ and &ty z) = 2221 22 9, .

e It has g simple poles, independent of all times. The divisor of these poles is denoted
D= (y1,-+,7)-

This function is called a Baker—Akhiezer function. Even though Baker—Akhiezer
functions are not meromorphic functions, they have the same number of poles and zeroes.
In fact the differential form d(log ¥) is a meromorphic form. The sum of its residues is
the number of zeroes minus the number of poles of ¥ and this has to vanish. The essential
singularity does not contribute because around P we have d(log V) = d{(¢, z) + regular
and d¢(t, z) has no residue (remember that 1/z is the local parameter around P).

The uniqueness is then clear. If we have two such functions with the same singularity
structure and divisor D, their ratio is a meromorphic function on I' with g poles which
can only be a constant.

The existence will be proved by giving an explicit formula for ¥ in terms of 6 func-
tions.

But before that, we will prove that this Baker-Akhiezer function solves the KdV
hierarchy equations. Let ¥ be the Baker-Akhiezer function as above with the following
behaviour at infinity:

=14+ 0(z7), &t2)=) 27 g
j=1

Then we have
Proposition 19 There exists a function u(x,t) such that

(02 —u) U = \T (3.47)
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Proof. Consider on I' the function 89%\11 — AW. To define this object as a function on the
curve, A is viewed as a meromorphic function on I'. Remark that A\ has only a double
pole at 0o and such a function exists only if I' is hyperelliptic. We see that 92¥ — AW
has the same analytical properties as W itself at finite distance on I'. At infinity we have
by eq.(3.46):

D20 — AU = £ (20,00 + O(1/2)), z=VA

So it is a Baker—Akhiezer function, but with a normalization 20« instead of 1 at infinity.
By the uniqueness theorem of such functions, we have:

D2V —\U =¥, u=20,a (3.48)

Having found the potential u, we construct the differential operator L = 8> — u and
show that the Baker—Akhiezer function W obeys all the equations of the associated KAV
hierarchy.

Proposition 20 The evolution of ¥ is given by:

2i—1

Oty ¥ = (L2 )+¥

where L = 0% — u is the KdV operator constructed above.
Proof. Consider the function 0,, , ¥ — (L%'; : )+W. It has the same analytical properties
as U at finite distance on I'. At infinity we have d;,, ,\¥ = 2%71¥ + €£0(1/z) and

2i—1 2i—1 2i—1

(L2 ), U =L"2 U— (L2 ) ¥ =22"10+4¢0(1/z), where we have used LV = 220,
Hence we get:

2i—1

Opyy ¥ — (L2 ), ¥ = e£(6:2) 0(271) JRRNS

By unicity, this Baker—Akhiezer function which vanishes at co vanishes identically.

We now give a fundamental formula expressing the Baker—Akhiezer functions in terms
of Riemann theta functions. Recall that a differential of second kind is a meromorphic
differential with poles of order > 2. Let Q=1 be the unique normalized second kind
differential (all the a—periods vanish) with a pole of order 2j at infinity, such that:

Q-1 = ¢ (sz_l + regular) , for z—o00
Let U,ng*l) be its b-periods:

@1 _ 1?{ 02i-1)
k A% b

Define
0= Z Q(2j—1)t2j_1
J
and denote by 2iwU the vector of b-periods of €.
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Proposition 21 IfD =Y | ~; is a generic divisor of degree g, the following expression
defines a Baker—Akhiezer function with D as divisor of poles:

U(P) = const. exp (/P Q) (A(P) + U — ¢)

Po 0(A(P) = ¢)

(3.49)

Here ¢ = A(D) + K with K is the vector of Riemann’s constants and A denotes the Abel
map with based point Py.

Proof. It is enough to check that the function defined by the formula (3.49) is well-
defined (i.e., it does not depend on the path of integration between Py and P) and has
the desired analytical properties. Indeed when P describes some a—cycle, nothing hap-
pens because the theta functions are a—periodic and €2 is normalized. If P describes the
bj—cycle the quotient of theta functions is multiplied by exp(—2iwU; while the exponen-
tial factor changes by exp(2inU;), so that ¥ is well-defined. Clearly it has the right
poles if deg D = g. [ |

As a consequence, the normalized Baker-Akhiezer function with the divisor of poles
D = (71, -+,74) can be expressed as:

L ma OAP) + U = Q0(Q)

e P) GAP) — Q0 — )

(3.50)

where A(P) is the Abel map on I" with base point oo, and ¢ = A(D) + K with K the
Riemann’s constant vector.

The KdV potential, u, is given by the Its—Matveev formula:

u(z,t) = —202 log@(Ztgj,lU(Qj_l) - C) + const.
J

(3.51)

In fact, in eq.(3.50) the integral f£ has to be understood in the following sense: for z in a
vicinity of 0o, one defines f£ Q271 a5 the unique primitive of Q1 which behaves as
227714+ 0(1/2) (no constant term). Of course, when this is analytically continued on the
Riemann surface, b—periods will appear. However they will cancel out in eq.(3.50) due
to the monodromy properties of f—functions, leaving us with a well-defined normalized

Baker-Akhiezer function. The formula for the KdV field is found by using:
A u = (821og U) + (9, log ¥)?
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Setting QW (2) = d(z + g + 0O(272)), where 3 does not depend on times, we have:
Oylog¥ = 2z+0.log Q(A(P) + Z t2j_1U(2j—1) _ C) _
J

—ax 10g e(zj:tgle@j_l) - C) + g + 0(2_2)

We evaluate this expression when z — co. Using Riemann’s bilinear identities, we can
expand the Abel map A(P) around oo, and we have:

: —2j+1 '
0| AP)+> to;aUP D —¢| = 0> (tgj_l - Zj ~ 1> U=l _¢
J J

1 1
= 0(<x—Z>U(1)+<t3—323>U(3)+~'—C>

_ Lo 2j—1) p 1
Orlog ¥ = = — ~0%log Q(Zt2j,1U<J —() +2+0(3)
J

Keeping the 1/z terms, we obtain:

Differentiating once more with respect to z, we also get 92log ¥ = O(1/2). It follows
that 22 + u = 22 — 202 log 0 + 283 + O(1/z) proving the result.
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Chapter 4

The Jaynes-Cummings-(GGaudin
model.

4.1 Physical context.

4.1.1 Rabi oscillations.

This is the interaction of a two levels atom and photons in a single cavity mode. When
the electromagnetic field is classical, the system is described by the Hamiltonian

H= MQ% +EQo b+ o bi)

le> m—— O -]

|g>_ (O

\/

We assume

b(t) = e b

The resonnance condition is A = wg — w = 0 but we keep A # 0 for a while. Let us

denote
_—iwblpot (V1
) = et (41

The Schroedinger equation becomes

(5) == (s ™57 ) ()
() Qbfeit e Ps
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From this we get a second order equation for

. . 1
1 —iwyhy + <ng(T)bO + Z(Wg - 2w0w)> Y1 =0

If the atom is in its fundamental state at time ¢t = 0, i.e. 11(0) = 0, then the solution is

¥y = aefz%t(eifyt _ efi'yt)7 Yy = €i%t((2’y+ A)ei'yt + (27 _ A)efifyt)

o
2Qbg
where we introduced the Rabi frequency

_A
20

The norm of the state is (|1)) = i1 + ¥3102. The probability to find the atom in the
excited state at time t is

QRani = L°(K% + bgbo), K

These are the famous Rabi oscillations, the amplitude is maximal at the resonnance
A = 0. Notice that

Wo*[6) _ it — s v,
() () (ly)
so that
(Wlo*lp) 21, Sin° Qrabit
Wl 1y~ 1 # e
(4.1)

What happens if the electromagnetic field is quantum? and in particular if the
number of photons is small (5 < i < 40)? The system now is described by the Jaynes-
Cummings Hamiltonian [1]

z

H= hwo% + TwbTb + EQo b + o bl
Where we recall the usual commutation relations
(0%,0%] = +20F, [oF,07]=0% [bbl]=1
It turns out that the model is still exactly solvable. The key is the existence of an

extra conserved quantity. Let

1 A
Hy =blb+ ioz, Hy=ro? +blo™ +0tb, k= 20

We have
H =wH, +QHy, [H1,Hy=0
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The Heisenberg equations of motion are
is* = [H,s*] = Q(Ho — 2Ks" — 2bs+>

But for the spin 1/2 representation, we have

Kk b
=i )

bs™ = (Ho + ) (; - SZ>

so that

Hence, we get

5% = i) </{ — 2H05Z>

Since Hj is conserved the solutions is extremely simple (keep the order of the operators)

Sz(t) — gH(;l + e—QiQt Hy (SZ(O) _ gHal)

We now introduce the states
[n, 1) = @0y @[ 1), |n,1)=@)"0) & 1)
We have
Holn, 1) = &ln, 1) + In+1,1),  Holn, 1) =nln—1,1) = kln, |)

which implies
HZn, 1) = (k* +n+1)n,1)

Let us define
Q2 =%k 4+ n+1)

It is then simple to show that

sin? Q,t

(m. 1 187[1.1) = 38 () [1 202+ )™

We introduce the coherent states b(0)|a) = a|a).

o n
|a> = e_%|a|2 Z L|n>



For such states, the average number of photons in the cavity is i = |a|?. We obtain

01 o Ol T) e < [ sin? 01
o @l =" Z% S (1)

Drawing this quantity as a function of time, we observe a collapse and resurgence phe-
nomenon of the Rabi oscillations.

‘ MHHwamnmwWm,mwuummm
20 HH po \UUHW”H!H

Figure 4.1: The collapses and revivals of Rabi oscillations. 7 = 30, A =22, Q = 1.

4.1.2 Cold atoms condensates.

Consider alcali atoms like Li, K, Na, etc... Let I denotes the magnetic moment of the
nucleus and S the spin of the electron. By choosing the isotope, we can arrange that the
atom is a fermion or a boson. We will consider the case of a fermion. The Hamiltonian
of a single atom in a magnetic field is

H:gf-§+gB§-§

For two atoms far apart, the Hamiltonian is simply the sum of the Hamiltonians of the
idividual atoms.
H=H;|+ Hy

When they come closer together however they start to interact. We consider a situation
where we can have formation bound states or "molecules” between two atoms. Atoms
are fermions, molecules are bosons.
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Let c} » and cj, be creation and annihilation operators for fermions in the state o =T or

| in an orbital of energy ¢;. Let b' and b be creation annihilation operators of a molecule
at zero momentum. The Hamiltonian of the boson-fermion condensate is

H= Z ejc;chg +wblb+g Z (bTCjich + bcj.TcL> (4.2)
30 J

This can be rewritten in terms of pseudo spins

287 = Zc}acjg -1, s; =cjc, S;L = c}Tc;l (4.3)
g
we get
n—1 n—1
H = Z ¢85 + wb'b + g Z (st; + bs;r) (4.4)
j=0 j=0

This is the Jaynes-Cummings-Gaudin Hamiltonian.

In the Born-Openheimer approximation the energy levels become a function of the
distance £ — E(r) as shown in Fig.[4.2]. A Feshbach resonnance occurs when a bound
state becomes degenerate with a scattering state. By tuning the magnetic field, one can
adjust the molecule state to be just above or below the atomic state. We can thus induce
a transition in the system at will. A particularly interesting situation is the case of a
soudain perturbation. At ¢ = 0 the system is in an atomic state, and at ¢ > 0 molecules
start forming in the fundamental state (at zero temperature). What is the dynamical
evolution of the system? What is the rate of formation of “Cooper” pairs?

4.2 Settings.
Let b, bl and sj be quantum operators
1 — + -1 — z z k] +
[0,6T) =h, [s].s;]=2hs;, [s],s;]=+hs;

We assume that s; acts on a spin s representation

si|myj) = hmj|m;), sji|mj> = h\/s(s +1) —mj(m; £1) |m;£1), mj;=—s,—s+1,---
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Figure 4.2: Feshbach resonnance.

where s is integer or half integer. Notice that

(1= = oy | =5 )

2 2s! 7! '2s+1)I'(r+1)

so that

1) = s)

(2s—7)! T(2s—r+1)

(4.5)

Hence, if » > 2s the norm is automatically zero because the I' function in the denomi-

nator has a pole. Similarly, we assume that b, b’ act on the Fock space bT"|O>.

Instead of the representations above, we will work with the Bargman spaces. For the

oscillator b, b' this is the space

2 2
By, = {f(z), entire function of z ‘ /!f(z)]ze_ﬁdzdz < oo}

On this space we have

d
b=h—, b=
dz’ :

For the spin operators, following Sklyanin [5], we set

d
z It
S = h <w w S)

st = hw
d? d
- _ P
s h( wdw2—|— de)
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Notice that the value of the Casimir is

1
(s%)* + 5(3*3_ + 57 sT) =h%s(s+ 1)

The lowest weight vector corresponds to the constant function 1. Other states are
obtained by applying sT ~ w. Let Z be the ideal in the set of polynomials C[w] generated
by w?*1. The above operators are well defined on C[w]/Z. This amounts to showing
that s®Z C Z. We have only to check the dangerous case

sTw T = —(25 4+ 1)2sw — 25(25 + 1)w?* =0

The representation space is Clw]/Z and is of dimension 2s + 1.

4.3 Bethe Ansatz.

On this Hilbert space acts the Hamiltonian

n—1 n—1
H=>Y 2¢s7 +wblb+g> (bls; +bs))

=0 j=0
o A) BOY
w=(200 )
where
n—1 z
2\ w S’
AN = S-S+ J
( ) 92 92 J:ZO )\ _ 6]
n—1
2b S
B\ = —+)
g =0 €
QbT n—1 S+
c\) = —+ A_”
g =0 €

A0, Aw)] = 0
BO), B = 0
OO, Cn) = 0
AN B = 57 (BO) — B(w)
AN = 52 (C0) =€)
BO).C] = (A — Alw)



One can rewrite these equations in the usual form

P,
[L1(A), La(p)] = —h 3 _12 L1(A) + La(p)
where
1 0 0 O
0 0 1 0
Pe=10 100
0 0 0 1

‘We now show that

Tr (L%(\)) = 2A2%(\) + B(A\)C(\) + C(A\)B(N)

generate commuting quantities.

Proposition 22 we have

[TrL2(\), Tr L3 (1)) = 0

Proof. First one has

[Tr (L2(A)), L(p)]q = IM(A, 12), L)

with
M\ p) = _QhM
A—p
where we distinguished the commutators in the quantum space and the commutator in
the auxiliary space. Alternatively, we have

2h 2h

[TI‘ (LQ()‘))a L2(N)]q = _H[LQ()‘% LQ(N)]aux = -

P MTrl [P1oLy(N\),Lo(p)]  (4.7)

It follows that

[T (L)), L3l =~ 7 LoV L0 e = =T [PaaLa (1) L)

and therefore
2h

[Tr (L(X)), Tr (L2 ())]q = e MTI“12P12[L1(/\)7L§(M)]

= o TP (IP12 L1 (M) + Lau)] Lo () + La()[Pr2, Ly (M) + La(w)] )
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Expanding the four terms and using P = 1 and the cyclicity of the trace (for Py only)
we arrive at
5 5 2h?
[T (1200), T (12(0)] = 757 53 T2 ([La X, L)) = PralL (3), L (s)
The first term in the right hand side vanishes because Tr L(A) = 0. The second term
vanishes too because

Trio Polli (), La(p)] = 5 T ProfPia, L (M) + ()

D . T (La(3) + L)) [Pra, Prz] = 0

We are now in a position to write the Bethe Ansatz. Let

‘0>:|0>®’_81>®®’_Sn>7 b‘0>:O7 8]_‘07_3]>:O

‘We have
B(N)|0) =0
and
A(N)[0) = a(N)]0)
2)\ w FLSj
a(/\)_gz_gz_zj:A—ﬁj
Since

[B(A), C(N)] = 2nA"(\)

we also have

B(A)C(A)]0) = 2ha’(A)]0)

With all this we have )
5T L2(X\)]0) = (a%()\) + ha'()))]0)

Let

Qpa, p2, - ) = C(pa)Cp2) - - - Cpar)|0)
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For the following, we need the

4h

[TrL2(3). Cm] = 3

(C(w)AN) = CA)A(w)

which is obtained from eq.(4.7) by pushing the A’s to the right. We recall also that
[AN), C(p)] = = (C(A) = C(w)) (4.8)

Proposition 23 One has

1
iTI‘L2()\)Q(M1,,U,2, i) = A g wan) Qs p2, e ) (4.9)

+ZAZ'()\HU17'"7/J'M)Q(>‘aula"'7/jia"' 7,UM) (410)

The first term is called the wanted term, and the other ones are called the unwanted
terms. Their coefficients are respectively

A 1y par) = a2(N) + ha' (A +ZA +2;;A M)\ " (4.11)
Ni g, ) = 5 2_ﬁm (a(ui) + ; m f Mj) (4.12)
Proof. We have
ST, o) = (@) + b/ )2, oz, piar) (413)
5 [T L2(0), C(m)C(pz) -~ Clana)]0)
But
ST, C(Ml)c(m)“‘C(MM)HO) - (4.14)

—Z

We now push A(A) and A(p;) to the right, using eq.(4.8). Clearly, when we do so we
will generate terms only of the form (remember that |0) is an eigenvector of both A(\)
and A(p;))

5 Cl) )+ (Clu)AN) = COVA() ) C i) -+ Clpan)|0)

Qpa, p2, -+ pm) = Clun)Clp2) - Cun)|0)
QA prs s iy pr) = CA)C(ua) -+ Cg) -+ Cumr)[0)
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The wanted term cannot come from the term C'(X)A(u;) in the above formula because
one of the C(u;) has already replaced its argument by A\ and there is no way to recover
it. Hence one has to use the first term C(;)A(X) and push A(A) to the right using only
the second term in eq.(4.8). We get in this unique way

oh
- 222/\ MM m Q(p1, p2s -+ par)

T J>1

Adding the wanted contribution, eq.(4.13), we obtain eq.(4.11). Let us see now how to
get the first unwanted term, the one where 1 has been replaced by A. Clearly this term
has to come from the term C(A\)A(u1) in eq.(4.14). Then one has to push A(u1) to the
right using only the second term in eq.(4.8). We get in this unique way

2h
P a(p1) + Z

#1

Q()\,,LLQ, e 7,uM)
[ — pj
Since Q(u1, o, - - -, par) is completely symmetrical in the p;, we have proved eq.(4.12). ®

The unwanted terms vanish if the Bethe equations are satisfied

a(pi)
J#l
(4.15)
Taking into account these conditions, the eigenvalue can be rewritten as
A()\al’Ll)"'?/’LM)ZQQ(A)—i_ha +2hz L
M
(4.16)

4.4 Riccati equation.

We now analyse the Bethe equations egs.(6.8). We introduce the function

S =Y !

2= [

Proposition 24 The Bethe equations (6.8) imply the following Riccati equation on S(z)

S’(z)+52(z)+};2((2z—@5 —QM) 2253 26])

(4.17)
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Proof. The Bethe equations read

Y e Y =0
J

g v

we multiply by 1/(z — ;) to get

2wy hsj 1 h 1
P Do - _Z > =0
N ) 9 z €j 2 — M i Hi — fj 2 — [

‘We now sum over 7. We have

Zzﬁl Z,uz—z : =—-M+2z5(z)

2= i 2y

3 '1' 1‘: 1 Z( Lo, 1 >_S(Z)—S(6j)

A Z =€

M . ) LM . , :

;;M—N;‘z—m B 2;;“1‘_!% <Z—Mz—;¢j>_

2;;(2—/%)(2—,&])_2 %(Z_MZ)(Z_NJ)_Z(Z—MZ')
= (S +5)

In equation (4.17) the S(e;) appear as parameters. They can be determined as

follows. Suppose first that s; = 1/2. We let 2z — ¢; into eq.(4.17) getting

S'(e:) + S%(ei) + h2<(2@ )S(ei)—2M> S EZ+Z

— €
J#i J

The remarkable thing is that S’(e;) cancel in this equation and we get a set of closed

algebraic equations determining the S(e;).

Proposition 25 Let s; = 1/2. In that case the constants S(ej) are determined by the

set of closed algebraic equations:

2 Séi — S(e; X
SQ(Ei)+hig2<(2€i_w)s(€i)_2M) :ZM’ i=1,---,n
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Suppose next that s = 1. We expand the Riccati equation around z = ¢;:

2 (26— w)S(es) — 2M) = 28/(e1) +2 Y w

0 . 2 —
(2 =€) + S'(&)+S%(e) + g2 — € — €
JFi !

(z—e)t  8"(e;) 4+ 25(e)S (e;) + h;((%i —w)S' (&) +28(&;))

S(ei) —S(e;)  S'(e)
_ S// N _9 % Jj) %
() Z (e — €5)? :

J#i
We see that in the second equation S”(¢;) cancel. The first equation allows to compute

S’(e;) and the second equation then gives a set of closed equations for the S(e;). We
have shown the

Proposition 26 Let s; = 1. In that case the constants S'(e;) and S(e;) are determined
by the of closed algebraic equations:

S? (&) + 71292((251' —w)S(e) —2M) = S'(e;) +2 Z S(i):f(ﬁj)
i v
25(e:)S' () + 7;2((2@ —w)S'(e) +25(e) = -2 S((Z)__ j)(;j) - ES 566)]

J#

The general mechanism is clear. For a spin s, we expand

§(z) — 252 =50 = 2 gl (,  yme

Z—€ m!
m

and we see that the coefficient of S(%)(¢) vanishes in the term m = 2s. The equations
coming from (z — €)™ ! for m = 1,---,2s — 1 allow to compute

S'(e),- -, 5(23*1)(6)

by solving at each stage a linear equation. Plugging into the equation for m = 2s , we
obtain a closed equation of degree 2s 4 1 for S(e).

Pysy1(5(€)) =0 (4.18)

Notice that if M < 2s, the system will truncate at level M because there always
exists a relation of the form SM) = P(S, 5", ... §M-1)),

The S(e;) also determine the eigenvalues as well. Recall that

A o, ) = a?(\) + ha'(\) + 27@2 W
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so that

a(\) — a(u;) 2 Z hs; ( 11 >
A — g9? j A= pi \A—€  pi—¢€j
2 th 1
= S+

g9° zj: A— €l — €

hence
Z a(A) — a(p) 2M hs;S(€))
p A= Wi 92 A =€

and

Expanding a(\) we find

1 4 2
AN = S —w) + S Hy+ 5>
g g 9> <

A —¢€j
with h
Zs] + 5
J
and hQ
2w 4 SiS;
H; = ?hsj — gjsjej - 2h28jS(6j) + 22 67_3@

itj 7
4.5 Baxter Equation.

We can linearize this Riccati equation by setting

_Y'(2)
"=
Obviously
M
v(z) =[] - m)
i=1

The linearized equation reads

H; hQSj(Sj +1)
2> (A—¢)?

V() + Sal ) + (W vy W) v(z) =0
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Here, we should understand that S(e;) are determined by the procedure explained in
the previous section. For such values of the parameters, the equation has the following
remarkable property.

Proposition 27 For the special values of the parameters S(e;) coming from the Bethe
equations, the solutions of eq.(4.22) have trivial monodromy.

Proof. This is clear for the solution 1(z) defined by eq.(4.21) since it is a polynomial.
A second solution can be constructed as usual

val2) = () [ exp <—2/ a(t)dt — 2log iy (y )) dy=un(a) [ we R0 g

The monodromy will be trivial if the pole at y = u; has no residue preventing the
apparition of logarithms. Expanding around p;, we have

( [ (t) (y) (=7 J1 al®)dt=2 3 1 (ni—py)
exp —/atdt—210g¢1y> = X
h (y — p4)?
2 2
exp | =3 (y = ) |alp) +0(z — i)
J?él
but the coefficient of the dangerous (y — p;) term vanishes by virtue of the Bethe equa-
tions. [ ]
Next we set
1 4
P(z) = exp (—h/ a(y)dy> Q(2)
(4.23)

We obtain for Q(z) the equation

P*Q"(z) — | a*(2) + hd'(2) + h2zsi*i(j) Q(2)
j J

Comparing with eq.(4.19), we obtain Baxter’s equation

RQ"(2) — A(2)Q(2)

(4.24)
Notice that 1
exp <_h/ a(y)dy> A wz)H (z —€)°
so that L) L
eth zé—wz 61‘192 z fwz M
= )= i 4.25
Qo) =1 oo ¥ = g L (4.25)
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4.6 Bethe eigenvectors and separated variables.

We recall that
Qpa, p2, 5 par) = Cpa) -+ C(par)|0)

By definition of the separated variables, we have

_ 22[[in (A=)
V=)

Inserting into the Bethe state and remembering that

() =[]z - )

i

we get

1 2.\ M
b M 1;[ ¥(e€j) < g > 1:[

Proposition 28 In the separated variables, the Hamiltonians read

17— Lile =) [Tzi(Xj — €x) <d2 2 d M)
h

i = — + —a(\j)=—— —
chyéi(ei — €k) P Hk:;éjo‘j — k) d)\? hdN,

(4.26)

Proof. Write eq.(4.22) for each separated variable as

1 2 2 d M
> ﬁﬂﬂﬁ(&) = - (d)\g + ﬁa(&)m - h> (i)

J

Since this formula holds for a basis of eigenvectors, we can “factor” by 1 ();). Inverting
the Cauchy matrix B;; = 1/(\; —¢;), and taking care of the order of operators we obtain
the Hamiltonians H; in terms of the separated variables

H;=—B;'V;, Bij= + Za()j)

— Vi=—
Ai — € J d/\jz h

dX;

1 a2 2 d M
h

explicitly, they are just eqs.(4.26). [ |

Proposition 29 The Hamiltonians eq.(4.26) commute.
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This is a general result and we will prove it in section 4.8.

We now introduce the scalar product

19> = /d)\idA,» WW p(xy, 29, z0) |0 (N)|? (4.27)
where
w=TI =)
i#j
and )
1 I e — Al

= -
A Tjpi(ei — €x)?
+

The rationale for this is that we want to change variables from the spin variables s ;=
hw; to the separated variables \;, that is

2 (€5 — N\ z
_ 2z Jli(g — M) ww; =
hg ITiz;(€5 — €x)

h
The factor WW just comes from the Jacobian of this transformation. In the reduced
model however, the variables z,Z are integrated out. The measure p(x1,x2, -+, x,) is
determined by requiring that the Hamiltonian H; are Hermitian.

Proposition 30 The Hamiltonians H; are Hermitian with respect to the scalar product
eq.(4.27) with

> _ n—S" (s JQSZ 1(2 y%)
P(ﬂcl,l‘z,"'@n):/o dye YyM+ Zz(sz+1/2)H +82+1\//2 (4.28)

where Jas,11(x) is the Bessel function. For n =1, the formula for p(x) can be simplified
qiuving
p(l’) — 83]ew+1 [efxfo%] _ eixPM—Zs(x)

where Pyr_os(x) is a Laguerre polynomial of degree M — 2s.

Proof. We have to show that
d? 2 d M 1 9
/d/\kd)\k’@/} ik Z ( d)\2 h@ ~a(Aj) + h) B W p(x1, -+, 2n) (429

is real. Now
-1 -1
Bij =ATAy
where Aj; is the minor of the element Bj;. It is clearly independent of A;. Hence

d d d
S Bl=Bl(-—-A1lA
dx; T i (d)\ X )
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We have

. Hi;éj(Ai - )\‘)Hi;éj(ﬁi - €5) B A N— _
A= Hi,j(])\i — ) “=1e o) 1W1:IZ' 1

where we introduced
L [1;(ei = Aj) . ZiZi
oI —e) Tk

Remark the important formula

d

di)\jZk = Bjkzk

hence

d _
AT A=w"! ‘W—ZBjk
), A -

so that

d 1 2 _ —1 2 d
W SR+ B

€k — €

& e —1777|2
T)\?Bij W] :Bij W d)\2 +ZZBﬂkd)\ +2ZBﬂkZ
k I#k

Next, we have

d
3y —p(z1,- -,z ZB]kxk p(z1, -, Tn)
d2 82
d/\2/)<$1, xn) = ZB]kB]lkala a P( x”)
k,l
= Z 3 x )—i-QZB' ! TpT G (x Tn,)
= ik ka 2,0 1 s Tn . jkﬁk—q k l@xkamlp L s Tn

Putting everything together eq.(4.29) becomes

_ - 1
/d)\kd)\kz/;()\k)]2 > B W] {— > BhawDp+ Y BjOp + hDo} plat, - an)
J k k
(4.30)

where
Dy = 2,02, + 2(s, + 1)0n,

k
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and
o = g(a-3) -2y

The conditions on p(z1,--,x,) are that the quantity in the curly bracket in eq.(4.30)
should be equal to its complex conjugate. When we do the sum over j, we have

Z BingjkOk =Q0;

((xkaxk + sp 4+ 1)(2104, + 51+ 1) — sps; — 1)

which is real and gives no condition. Next we have the identities

E Bij = —z
J

1 =z
B 'B} = - = itk
Z ig ok Gi_szk, s
J
B lp2 — _ - _
; R 25 Z € — €k Zz
The conditions on p(x1,- -+, x,) then read
22 — ZkZi
—(2i — Z) [Dip + Dop] + Z R Dip — Dyp) = 0
pi 0k
Finally find the n conditions
Dip—Dpp = 0, k#i (4.31)

Notice that eq.(4.32) is independent of i if the conditions eq.(4.31) are satisfied. A
solution of eq.(4.31) is

p(l‘l,"',xn)zch Z qu 251+1+QZ)

p=0 q1t+-t+gn=pi=1

Then eq.(4.32) gives
Cop1+(M+n+p+1)C, =0

the solution of which is

M—I—n—l—p) |
» p

¢y =17 (

Hence we have found

P(wl,xz,...7:):n):Z(—1)P<M—|—pn+p)p! > qu 2sz+1+qz) (4.33)

p=0 qQ+-+qn=pi
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This is just eq.(4.28) ]

This important formula should be further studied. In particular, for ¥(z) being a
Bethe state, one should be able to compute it exactly because we know that by Gaudin
formula

||Q(,LL1,,M2, T 7NM)||2 = M!det A

where A is the Jacobian matrix of Bethe’s equations. This is still very mysterious.

4.7 Quasi-Classical limit.

The exact formula relating Q(z) and ¥(z), eq.(4.25), allows to study the properties of
the solutions of Bethe roots u; in the quasi-classical limit 7 — 0.

Let us set Q')
z
y(z) =h
=100
Then Baxter’s equation, eq.(4.36), becomes
hy'(2) +9°(2) = A(2) (4.34)

where we recall that

2M hs;S(€;) 2z w hs;
A(z) = a? ha/ 2h ——Eiiﬂ J — J
(2) = a®(z) + ha'(2) + 7 _ . | a(z) 27 Ej:z_ej

In the semi-classical limit eq.(4.34) becomes the equation of the spectral curve of the
model (in that limit As; = O(AY)):

y'(2) = A2)
This also means that we can write in the semi-classical limit, as expected,

Q(Z) = 6% fz y(A)dx ~ e%fz \/WCDH*O(hO)

From eq.(4.23) we deduce that

h
A

y(z) = a(z) + )
i
so that we expect in the semi-classical limit

S L VAG) - al2)

2=

i
This is a remarkable formula. It gives us the distribution of Bethe roots u; in the
semi-classical limit, as we now show.
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Let \/A(z) be represented as a meromorphic function in the cut z-plane. Let us put

the cuts so that 5
AR,
VA(z) = Z 2 +0(zY, |2| = 0

and (we neglect terms of order /& which do not contribute in the leading A approximation).

VARZ)=— s +0(1), z—¢

Z—Ej

By the Cauchy theorem, we have

where C is a big circle Cp at infinity, minus small circles C; around z = €;, minus contours
A; around the cuts of y/A(z). Hence

002271'2—2 Z/ 2277,2—2 Z/ 217Tz—z

dz' /(2 2z w
/Co. ():( A(2))4 = - T 3

2z7r Z -z

But

2im 2 — 2z g

and

/ d' A(Z) dz' —hs; _ ks

o, 2im 2 —z B o 2im (2 —€)(2' —2) z—¢€

so that we arrive at

hence

and therefore

Zz,ul_z/ 2w z— 2 +O(h)

Comparing both members of this formula suggests that the Bethe roots p; accumulate
in the semiclassical limit on curves A; along which the singularities of both side should
match. To determine these curves we assume that the Bethe roots u; tend to a continuous
function u(t) when A — 0 (¢t =hiand i = O(h™1)).

;zfui:;z—%'):/z—d;(t) :Ad“<5fa> ziu

109




Here A = > A;. Hence, comparing with the semi-classical result, we conclude that the
function p(t) should satisfy the differential equation (we rename the function p(t) to
z(t).) ,
d=_ _2im (4.35)
dt A( Z)
The boundary condition is that the integral curve z(t) should start (and end !) at a
branch point of the spectral curve 3% = A(z).
This result can be checked by numerical calculation. We consider the one spin-s
system. A typical situation is shown in Fig.(4.3). The agreement is spectacular.
We can say a word on how the Bethe equations were solved. We first determine S(e)
by solving the polynomial equation eq.(4.18) and then determine ¥(z), eq.(4.21), by
solving eq.(4.22). The Bethe roots are then obtained by solving the polynomial equation

P(z) = 0.

4.8 Riemann surfaces and quantum integrability.

Let us consider a set of separated variables

We want Baxter’s equation, so we start from the linear system

> Rj(Ni i) Hj + Ro(Aiy i) = 0 (4.36)
J

Here the H; are on the right, and in R;(\;, 1t;), Ro(Ai, i15), we assume some order between
i, i, but the coefficients in these functions are non dynamical. Hence we start from
the linear system

BH =-V (4.37)

We notice that we can define unambiguously the left inverse of B. First, the determinant
D of B is well defined because it never involves a product of elements on the same line.
The same is true for the cofactor A;; of the element B;; (we include the sign (—1)"7 in
the definition of A;;). Define

Bigl = (Bil)ij = DilAji

We have
(B™'B)ij =Y D 'AyiBy,
k

But Ay; does not contain any element By, hence the product Ay;By; is commutative,
and the usual construction of the inverse of B is still valid. If right inverse of B exists,
and it exists at least classically, it coincides with the left inverse in an associative algebra
with unit. So we have the identities

(BB™)ij = > BuByj' =Y BnD™' Aje = by (4.38)
k k
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We write the solution of eq.(4.37) as
H=-B7'V (4.39)

Theorem 12 The quantities H; defined by eq.(4.39), which solve Baxter’s equations
eqs.(4.36), are all commuting
[Hi, H;] =0

Proof. Using that Vj and V; commute, [Vi, V}] = 0, we compute

[Hi, Hj] = > [By'Vi, B;'VI] (4.40)
k,l
= Y [Bi' B ViVi - BB, VilVi + By By ViV
k1l
Using
[A71, B =A'B A, BB 1A' =B 1A YA BA'B™!
so that
(B!, Bl = Z B;,'B; 1 [Bys, By By B!

1 —1n-1
— ZBJT,B [Brs, Byrs') B, By,

rs,r’s’

the first term can be written

S BBV = Z 5B Byt Brs, Buo) (B3 By + BIAB ) ViVi

k1
1
= DB B B Bl (B Byl + B B ) vivi
Using that [Bys, Byrs'] = 04/ [Brs, Brs] and is therefore antisymmetric in ss’, and setting

-1 1p—1 —1p-1 —1p-1
( s’ Bsk +B le _le Bs’k _Bsk Bs’l)vk‘/l

we get

Z[Bz;l,B]_ll]Vk‘/l = Z B 1B Br57B7’S]K55/

k,l rss’

= Z4B]rlB BTSaBrs]Kss’

rss’

= ZS[BzrvB HBTSvBrs’]KSS'

rss’
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The last two terms in eq.(4.40) are simpler, we get

Z Bﬁl[Bﬁc17w]Vk - Bi gl aVk Vi = Z ir , BTS’V]Bsk Vi
k,l

rsk

The quantities H; will commute if

B, B;'| =0, Vijr (4.41)

ir 0

This is true as shown in the next Lemma. [ ]

The condition eq.(4.41) says that the elements on the same column of B~! commute
among themselves. In a sense this is a condition dual to the one on B. It is true
semiclassically because

(B;L. By = 3 Bi'BiHBay, By} By Byl = Y BB H{Buy, By} By, Byl = 0
a,a’,b,b’ a,b,b’

where in the last step we use the antisymmetry of the Poisson bracket. We show that it
is also true quantum mechanically

Lemma 1 Let B be a matriz whose elements commute if they do not belong to the same
line
[Bir, Bj] =0 ifi#j

Then the left inverse B~' of B is defined without ambiguity and moreover elements on
a same column of B! commute
[BW , By, =0

Proof. We want to show that
AniB; = A B!

denote by ﬂi(r) the vector with components By;, k # r. Then we have (with j > )

Am'Bj_Tl _ (_1)r+iﬂ§r) A ﬁér) N 61(7") A ﬂj(r) A--- ﬂér)Bj_rl
_ (_1)r+i+g*jﬁ£’”) A ﬁér) N ﬁz‘(r) A-- '/BJ(T) A--- ﬂé”) A ﬁ](,’”)Bj—rl
_ (_1)T+i+gfj+15§’") A 52” Ao 51,(’”) A .gj(ﬁ") A 55(77’) A Z@(ﬁ”)Bk—Tl
k#j

_1)r+i+g—j+1ﬁ§7") A ﬁg”) A 51(7“) A-- B](T) A-- ﬁér) A ﬁi(T)Bi;l

(
(_1)T+Jﬂ§7”) A ﬁé”) A--- 51,(7“) A-- .IBJ(T) A-- 'ﬁg(]r)Bi_rl
= AyB!
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where in the third line we used eq.(4.38). In the above manipulations, we never have two
operators B;; on the same line so we can use the usual properties of the wedge product.
Moreover it is important that the line 7 is absent in the definition of 3("). Remark that
this equation can also be written AriD_lArj = ATjD_lAm- which is a Yang-Baxter
type equation. [ ]

With this Lemma, we have completed the proof of our theorem. It is remarkable
that, again, only the separated nature of the variables \;, ; is used in this construction,
but the precise commutation relations between A;, ; does not even need to be specified.
This is the origin of the multi Hamiltonian structure of integrable systems, here extended
to the quantum domain.
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Figure 4.3: Red dots are the Bethe roots u; for the one spin system. Green dots are the
branch points. The thin black curve is the solution of eq.(4.35). (h = 1/30, s = 1/,
M = 4/h, highest energy state).
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Chapter 5

The Heisenberg spin chain.

5.1 The quantum monodromy matrix

We have seen that in the case of two dimensional integrable field theories, the analog of
the Lax matrix is the monodromy matrix

T(\) = Pexp [/OL de} (5.1)

In order to define this quantity at the quantum level, it is convenient to start from the
discretized version of the theory. Thus, we consider a lattice with N sites and lattice
spacing A = L/N. To each site n of the lattice, we attach the local transport matrix
L, (\) (we retain traditional notations). The matrix elements of L,(\) are functions
of the local quantum fields of the model. Over each site of the lattice, there is a local
Hilbert space H,, on which the field operators act non trivially. The total Hilbert space
of the discretized system is the tensor product of all these local Hilbert spaces.

We now define the quantum monodromy matrix T (A) by the discretized version of
eq.(5.1)

(5.2)

This is our basic object of study in this Chapter.
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5.2 The XXX spin chain.

We now provide the canonical example of this construction: the XXX spin chain. Con-
sider a lattice with N sites. On each lattice site n, we attach a Hilbert space H,, = C2.
The total Hilbert space is of dimension 2.

H=CioCi®- - -C%

On each site we introduce the spin operators si acting non trivially on #,, only where
they are represented by Pauli matrices

h
§n=1®1®'--1®§5®1--'®1
where the non trivial innsertion is on the n-th position. We recall that

L (01 o (0 —i 5 (1 0
U‘(lo’“_z'o"’_O—l

We will also use s = sl +is2. We define

1
Piz=3(d@d+508) =

o O O
o= O O
o O = O
o O O

On each lattice site we introduce the local L,-operator

A+ isd 18, Lo
Ln()\):< ist )\_2,53):)\Id+zasn

n

Define now the following matrices of operators,
Lin(A) =L, AN)®1, Lo(A) =11 Ly(A)

where the tensor product now refers to the auxiliary matrix space. It is a simple exercise
(multiplication of 4 x 4 matrices) to check that it satisfies the relation

Rig(A — p) L1n(A) Lan (1) = Lon (1) L1n(A) Ri2(A — p)

(5.4)

with

R12()\) = (/\ Id + ihPm)

A +ih
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or explicitly

1 0 0 0
0 () b(N) O
Ri2(N\) = 0 b(A) c¢(\) 0
0 0 0 1
with
ih A

"N =5 N =35
Note that the so called ultralocality condition holds

Lin(A) Lo (1) = Lom (1) L1in(A) n#m

We now construct the monodromy matrix T (\) for a lattice of N sites

N
= H Ln()‘)
n=1

As in the classical case, one can go from the local formula eq.(5.4) to a global one for
the quantum monodromy matrix.

Proposition 31 If L,()\) is such that (5.4) and the ultralocality condition holds, then

Rio(A — p)Th(N)T2(p) = To(p) T (N) Ri2(A — )

(5.5)
Proof. We use ultralocality to write
N
Ty (N To(p) = [ [1Z1n(N) Lan(p)]
n=1
Then, using (5.4), we find
N
RisA =) Ti(NTa(p) = [][Lon(m) Lin(M]Ria(A = p)
n=1
= D) Ti(A)Ri2(A = p)
In the last step we have used again the ultralocality property. [ ]

Remark. This is a quantum analog of the classical formula

{Ti(N), Ta(p)} = [r2(A, 1), T (N) Ta(p)]
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to which it reduces in the semi classical limit

Ris(\, i) = 14+ hria(\, p) + O(F?) (5.6)

Remark. Since Ri2(A — i) depends only on one variable, A — u, the same argument
works for inhomogenous models. defined by

TN, --,an) =Li(AN—a1)La(A —ag)--- Ly(A — an)

From these commutation relations we can extract a family of commuting Hamiltoni-
ans. Define

t(\) = Tr T(\)

then

[E(A), t(w)] = 0

This is because
Ty (N T (i) = Riy (A — ) To(p)T1 (N) Riz (A — )

then take the trace and the cyclicity property to bring R=1(\ — p1) to the right where it
cancels the R(\ — p) factor. Then use the fact that

TripTi(A)To(p) = t(N)t(p),  TrioTo(p)Ti(A) = t(u)t(N)

Local Hamiltonians are obtained by expanding around a point A = Ay such that
Li2(Ao) = P12, the permutation operator. To see that we get local quantities by expand-
ing around Ao, we write Li2(A) = >, i €;; ® LY (). Then

t(\) = Z LilNi1 ® LéliQ Q- ® L?\Il\f—ﬂN
11, N

The point \g is such that L% ()\0) = eji. Replacing LY(\)]y, = eji, we get

the = 3 @t e e
L1,iN
tilo‘)b\o — Z e]N]l ® ejQijz R ® eN ~-1JN
.717 7]N
t/ A _ ’LllN 227,1 Zn 1in—2 Lin—lin / in4+1in ININ-1
()b\o - Z €1 & - €n—1 ®( n )®en+1 ®€N
11,7 IN
so that
d
D iog 1My = 7 O, = 3 DL 0
n  ijk
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In this expression, we see that only nearest neighbours sites are coupled. More generally,
a derivative of order p couples p + 1 sites. In our case

Lin(A) = (A= BV Id + iliPr, = (A + ) Ry, (A — )

(5.7)

so that ‘
L, (%i) = ZhPln

Expanding around that point we get a local Hamiltonian.

Hxxx =) &nfni1
n
This is the Heisenberg spin chain Hamiltonian.

Another remark obvious from eq.(5.7) is that L(A) and R(\) are essentially the same
thing and eq.(5.4) is identical to the Yang-Baxter equation for R(\).

The product of operators is associative. Writing this condition on eq.(5.5) puts a
constraint on the matrix R(\ — p).

Proposition 32 A sufficient condition for associativity is that the matriz R(\ — )
satisfies the Yang-Baxter equation

Ri2(A1 — A2)Ri3(A1 — A3)Rag (A2 — A3) = Raz(A2 — A3)Ri3(A1 — A3)Ri2(A1 — A2)

(5.8)
This is an equation in End(Vy @ Vo @ V3). The notation R1o means as usual that it acts
non trivially on the space Vi ® Vo, and is the identity on Vs ...

Proof. One should check the equation by a direct calculation. However there is a good
reason for this equation to hold. Consider the product T7(A1)T5(A2)T3(A3). There are
two ways to bring it to the form T3(\3)T2(A\2)T7 (A1) with the help of eq.(5.5 ):

Ri2R
YAV 12743 LY EYE
R/12 Ri2R13R23
T15T3 13151
Ras Ra3Ri3R12
Ro3Ry3

TyT5Ty ~ == 13111y

Following the upper path of the diagram produces the combination of R-matrices in
the left hand side of eq.(5.8), and the lower path produces the right hand side of this
equation. The Yang-Baxter equation ensures the commutativity of the above diagram,
which itself reflects the associativity of the product of the T"s. [ |
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Remark. In the classical limit eq.(5.6), the Yang-Baxter equation becomes the
classical Yang-Baxter equation

(112, T3] + [r12, 23] + [r13,723] = 0

We end this section by listing a few supplementary important properties of the mon-
odromy matrix T (A) of the XXX spin chain. Writing

2R
TN(A)‘(C(A) D(A))

we see that A(A) and D()) are polynomials of degree N in A, while B(\) and C()) are
polynomials of degree N — 1. In fact we have

TnA) = ANId +idV=1 3. §+ oAV )

where S is the total spin operator
S=> s,
n

Also, we have the important conjugation property (for real \)

We note the obvious relation (SU(2) symmetry)

h
[Ln()‘)7 50-(1 + SZ] =0

which implies as well

[Tn(N), gaa + 5 =0
(5.9)
Finally, we have the relation (quantum determinant)
02L,(\)o?LE (A —ih) = (M(\ — ih) 4+ K?s(s +1))1d
which implies the same type of relation on 7'(\)
o?T(N)o®THN — ih) = (A(A — ih) + h2s(s 4+ 1))V1d 5.10)
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5.3 Algebraic Bethe Ansatz.
One can use the fundamental commutation relations

Ria(A, p)Ti (M) T2(p) = To(pw)T1(A) Raz(A, p) (5.11)

to diagonalize t(\) = TrT(\). The method applies to the case of 2 x 2 matrices. Larger
matrices will be treated in the next Chapter. Let

(AN B
TW‘(O(A) D(A))

and let us write the R-matrix in the form

1 0 0 0

_ 10 ehp) b(Ap) 0
B =1 g b(A, 1) c(Ap) 0
0 0 0o 1

so that the formulae will apply to cases more genaral than the XXX spin chain. Writing
explicitly eq.(5.11) we obtain the following set of commutation relations:

[AN), A(w)] = 0
[D(A), D(w)] = 0
[B(A), B(u)] = 0
[C(A),C(w)] = 0
BAA(r) = b\ pu)B(u)AN) + c(A, ) A(p)B(N)
B(u)D(A) = b\, w)B(A)D(p) + c(A, 1) D(N) B(p)
CNA() = c(p, NVA(R)C(A) + b, A)C (1) A(N)
C(p)D(A) = c(p, A)DN)C () + bk, A)C(N) D (w)
c(A,W[CA), B(w)] = —bA, u)(AN)D (k) — A(p)D(N))
(A [AN), D(p)] = =b(A, 1)(C(A)B(k) — C(1)B(A))

Although all these relations are useful, we will need here only three of them which we
rewrite in the convenient form:

[BOV, B()] =0 (5.12)
ANB() = -5 BUIA) - 2 BO)AG) (5.13)
DOVB() = 3= BOD(Y) — S0 B D) (5.14)

The idea of the algebraic Bethe Ansatz is to use the operator B(u) as a creation operator
to generate eigenstates of the operator

t(A) = A\)+ D(N)

123



We recall that this operator is a generating function for the commuting Hamiltonians.

We need a reference state to start with. On each site, introduce a local vacuum |0),,
in the local Hilbert space H,,.
1
o)

The action of the local operator L, (\) eq.(5.3 ) on |0),, is given by

(a0 (La(A)12l0)
Ln<A>\0>n( ) AT )

The action of the monodromy matrix 7°(\) on the state
0) =10)1@[0)2®...®|0)N

is obtained by taking the product of these local triangular matrices. Therefore, it is also
triangular and the diagonal elements are just the products of the local diagonal elements

_ (a0 BO))
rov = (" )

Thus we have

AWI0) = a(N)N]0)
DMI0) = 5(N)M]0)
c\N[0)y = 0

Notice that |0) is an eigenstate of I(\) = A(A) + D(\). We shall now generate new
eigenstates by applying operators B(u;) to |0).

Proposition 33 The vectors Q(u1, ..., pua) defined by:

Qpa, -y i) = B(pa) B(p2) - - B(par)|0) (5.15)

are eigenstates of t(X\) if the following relations are satisfied :

o) \™ _ 1l 1)
(55) i e (510)
I#j

The corresponding eigenvalue of () is given by

t<A-{u-}>—aN<A>ﬁ ! +6N<A>ﬁ ! (5.17)
B el D) e )
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Proof. To evaluate the action of the operator A(A) on the vector Q(u1, ..., 1), we use
the commutation relation eq.(5.13). When pushing A(\) to the right of the chain of
B(p) operators, we generate 2M terms, coming naturally in M + 1 groups

M
ANB(u1)B(p2) - Blpa)|0) = A pa, -, ) [ B()|0)
1=1
M

M

+> ANy ) B T B(w)l0)
j=1 =1
1]

where A and A; are numerical coefficients. The first term is of the form required for an
eigenvector, and we call it a wanted term, the other ones are the unwanted terms.

The wanted term is obtained by using only the first term in eq.(5.13) for the commutation
of A(X) through the B(y;). Otherwise one of the B operators would carry the argument
A. Since this is the only way to obtain it, this gives immediately

M

| g
A rseeeoiae) = ¥ [T 7

To obtain the coefficient Aj;(A;p1,...,uar) of the unwanted term, we first bring the
operator B(y;) in the first position in the chain of B’s (the B operators commute by
eq.(5.12)). In the first commutation of A(\), we use the second term of eq.(5.13). The
operator A carries now the argument p; and must keep it until hitting the reference state
|0). Hence we commute it using only the first term in eq.(5.13). This gives uniquely

M
b(pj, \) 1
A gty ping) = — P2 G N () T ——
3Aip1s-- - ) (g, N) (1) el )
12

Similarly, we have

=

DN)B(u1) ... B(um)0) = ANpa,...opa) | | B()|0)
M . M
+ZA}()\;M1,---,MM)B(/\)HB(Ml)\())
= =
with
/ N - 1
Nspr, oo puy) = 0 ()\)11_116()"‘”)
o~ o bAm) v T
Ailsum,op) = C(%uj)(s (MHIC(M,M)



The vector Q(u1, ..., unr) will be an eigenvector of I(A) if all the unwanted terms van-
ish. This gives the conditions A; + A’ = 0. Since the function b(\)/c(}) is an odd
function of A, these conditions reduce to eq.(5.16). The corresponding eigenvalue is sim-

Ply A pars ooy pinr) + N (A5 py s o). n

Let us write these equations explicitly in the case of the XXX spin chain. The Bethe
equations take the form

Hj =+ Hu] Pk +ih
u]—— ik — ih

ki F

(5.18)

and the corresponding eigenvalue is

vt = (v 3) T2 (- 5) TS0

(5.19)

A special property of the XXX spin chain is that the Bethe eigenvectors are all highest
weights vectors for the total spin operator S. To prove it we start from eq.(5.9) which
implies
h
(5%, B = =hB(),  [7, BV)] = 5(A() = D))

The first relation implies immediately

N

SsQ(Ml,"'a,uM) = <2_M> Q(:U’177,U’M)

To prove that

STQ(pa, -+ par) =0

we use the second relation to get
STQ(pa, -+, pinr) ZB (1) -+ B(pj—1)(A(p) — D(p1)) B(pji1) - - - B(par)|0)

when we push the oprators A and D to the right, we get a sum of terms of the form

—

ST, ) ZF ps s ) B(pn) - - Bpag) - - B(paar)[0)
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Let us compute I';1(p1, -+, uar). The only way to get this term is to start from

(A(p1) — D(p1))B(pz2) - - B(par)|0)

and push A(p;) and D(puq) to the right using only the first terms in eq.(5.13,5.14). Hence
we find

! 1
Fa(pns o sman) = o™ () [ ] coms = 0% ) [ [ =5
1 " ( 1)l£éllc(ﬂkam) ( 1)11:6[16(”1’“’“)

This vanishes if the Bethe equations are satisfied. Clearly the same is true for the other
Lj(p1, -+, par) by symmetry.

5.3.1 Baxter equation.

Let us introduce the polynomial

M
Q(A) = H ()‘ - /~Lm)

m=1

Then the Bethe equations eq.(5.18) ca be rewritten as

in\ Y , in\ N ,
(Mk + 2) Q(pk — ih) + (Mk - 2) Q(ux +ih) =0

This means that the polynomial of degree N 4+ M

(Hf)NQ(A—mH (A— ZL)NQ(HH@)

is divisible by Q(\). Hence there exists a polynomial t(\) of degree N such that

2 2

<)\ + m>N Q) — i) + ()\ - m)N QO+ ih) = L))

This is Baxter’s equation. The polynomial ¢(\) is the same as in eq.(5.19) because that
equation can be rewritten as

in\YN Q(\ — in) < ih) N QO +in)
tN{uh) = (A + > - N— — | X Y
Pitisl) ( 2) QM 2) QW
hence the coefficients of this polynomial are just the eigenvalues of the set of commuting
Hamiltonians.

Just as in the Gaudin model, it is interesting to introduce the Riccati version of this
equation. We set (do not confuse this S with the total spin !!)

QO — ih)

SN ="am

127



Then Baxter equation becomes

()\ + Zj)N SO\ + ()\ - f)N S\ 4+ ih) = t())

This equation determines both S(A) and ¢(A). To find the equation for ¢(\), we expand
around A = —ih/2 getting

(e —iR)N S~ e+ ih/2) = t(e — ih/2) — €V S(e — ih/2)
Similarly, expanding around A = i%/2 we get
(e +ih)NS(e+ih/2) = t(e +ih/2) — VST (e + 3iR/2)

Multiplying the two, we find

t<6+i2ﬁ>t<e—i2h> =R+ N +0(N)

(5.20)

This is a system of N equations for the IV + 1 coefficients of ¢(A) which determines it
completely if we remember that t(\) = 2AY +O(AV~1). In fact the sub leading coefficient
is also easy to compute

N(N —1)

t(A) = 22N — B2 ( 1

+M(M - N — 1)> AV=Z L o(AN3)

For chains with a small number of sites N, we find by solving directly eq.(5.20) (we set
h=1):

N | t(\) M | S® | mult dim

2 [2x2 -1 0o 1] 3

2 [2x243 1]0 1 22=3+1
3 2/\3_%)\ 0 % 4

3 lon 43N Ll 2

S IS CIUE P L[] 2 2 =4+2x2
4123 —3x% + 1 0125

4l axt 42 -1 1)1 3

Aot X2—2x4+% | 1 1| 3

A0t + X2 +2204+% |1 T3

4 1 2at+3a2 -2 210 1

4o p3N24 18 210 I [ 22=5+3x3+2x1
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This construction can be generalized to the case of a spin-s chain. The Baxter
equation then reads

(A +ilis)N QA —ih) + (A —ihis)Y QA +ih) = t(N)Q(N)

The Riccati equations reads

(A +ihis)N S(A) 4+ (A —ihs)N STVA +ih) = t())

(5.21)

For s = 1 for instance we expand around A = ih, A = 0, A = —ih to get

(e +2in)NS(e +ih) = t(e+ih)+ O(N)
(e +in)NS(e) + (e —ih)N ST (e +ih) = t(e)
(e — 2iR)NS71(e) = t(e—ih)+ O(Y)

from which we deduce (s = 1)

t(e + ih)t(e)t(e — ih) = (e — ih)N (e + 2ih)Nt(e — ih) + (e + ih)N (e — 2ih)Nt(e + ih) + O(V)

Clearly, for a spin-s, s > 0, the degree of the equation is 2s + 1. If however s < 0 the

equations generically do not lead to a finite degree equation.

5.3.2 Separated variables.

Suppose for a while that the spin in eq.(5.3) is classical. Then the spectral curve reads
det(T\) — ) = p? —t\p+ AN+ sHV =0 (5.22)

where t(A) = A(\) + D()\) = 2\ + O(AN=2). This is a hyperelliptic curve. To put it in

canonical form, we set y = p — 3t()\) so that

Y= %tz()\) — N+ HY ~ (tg = NNV 2 4

from what we see that the genus is N —2. Remark that the dynamical moduli H; appear
linearly in t(\). If we vary them, we get
5,ud>\ B Ot(N)dA _Gt(N)
poo = (2Nt 2y

dA = holomorphic

Hence the natural (and correct !) Poisson bracket for the separated variables is
{ ks b } = O 1 (5.23)
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Setting otherwise
p=M\+is)Ns

the spectral curve becomes

A4is)VS+ (A —is)NSTt =t(N)

We see that the Riccati equation eq.(5.21) can be viewed as a deformation of the spectral
curve. The fact that this deformation involves difference operators instead of differential
operators can be understood because the natural quantization of eq.(5.23) is that py is
a shift operator

PR = (A — ih) g

(5.24)

We now prove this formula in the quantum XXX spin chain. Following Sklyanin, we
introduce the quantum separated variables as the zeroes of B(\).

N-1

B(\) =i~ [T =)

k=1

Because [B(\), B(X)] = 0, we have

[S_a)\k] :Oa [)\ka)\k’] =0

For an operator X(\) =) X,\", we define
NIXOR)] =D XX,

where the operator Ay is ordered on the left. Substituting ;1 — A\ according to this rule
in eq.(5.13) which we write in the form
(A = wA(p)BA) = (A — p +ih) B(A) A(p) — ihB(p) A(N)
we get
NI = M)A B(A) = N (A = A, + ih) B(N) A(Ar)] — ihN [B(Ap)]A(N)

Now N[B(Xg)] = B(Ax) = 0 because all coefficients of B(\) commute with A;. Next,

obviously N[(A = X)) A(Ai)] = (A= Ap)NA(A)]. Finally again because B(\) commutes

with A\, we have N[(A— A, +ih) B(A)A(M\g)] = (A=A +ih) B(N)N|[A()\)] Hence, setting
p = NAOW)
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we get
(A=) i BO) = (A= A +iR)B(Y) ol

and therefore

=) g ST TIO=A) = A=A+ ims™ T = a)uf”

J

By eq.(5.9), we have
_ 1
(57 AW = 3 BOY
which implies also
1577 =0
Simplifying on the left by (A — A\g)S™, we get
I TIO =20 = = d+ i) TTO = Ayl
J Jj#k
this means
e A = O — i)
(+)

at least when p; "’ acts on symmetric functions of the A\;’s. By exactly the same argu-
ment, defining

ny ) = NDOW)]
we show that
wNe = O+ b))
From their definitions, we have

ue” = (VA + DOW))] + ) =0 (5.25)

To finish the identification of u,(f) with p*! in eq.(5.22), we show that

,ugj)u,(c_) = (A} — ik, + W%s(s + 1)N

(5.26)
We start with the identity eq.(5.10) which implies in particular

AN)D(X —ih) — BONC(A —ih) = (A(\ — ih) + h2s(s + 1))V
Now, we have

NTAG)D, —ih)] = > (A —ih)"N[A(M)| Dy,
= > = i) Do = > PN D, = i PONDOW)] = i
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More simply, we have N'[B(A;)C(\; — ih)] = 0. This completes the proof of eq.(5.26).
We can solve eq.(5.26) by redefining
) = O +ihs)N S, pl) = (N — ins)N S}
where S, is the shift operator for the variable Ag
Sk = (A — ih)Sk

Then eq.(5.25) becomes

(O + ihs)V Sk 4+ (A — ihs)N St = N (t(\g))

As in the Gaudin model, the Bethe states can be expressed in terms of the separated
variables. The formula is

Qs+ par) = (SHM T QOWwI0)
2

At this stage, what seems to be still missing is the scalar product in this representation.
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Chapter 6

Nested Bethe Ansatz.

There exists a non trivial generalization of Bethe equations to the case of SU(n) spins.
We present here the algebraic version of this construction.

6.1 The R-matrix of the Affine s/, algebra.

Our starting point will be the R-matrix associated to the quantum loop algebra Uy (sl,+1®
C (A, A1), It can be written as

AR - )\"1R

LC A vy v s

with

R = Zeu®€j]+qzezz®ezz q_q Zelj®eﬂ

1#£] 1<j
R = Ze“@)eﬂ—l—q Ze'n@ezz_ q—q ZG@]®€]1
i#j i>]

Here e;; denotes the matrix with elements [e;j]ag = diad;3. The matrices R and R are
the R-matrices of Uy(sly+1).
The matrix R(\) satisfies the Yang-Baxter equation.

Rio(AN/p)R13(N) Ras () = Rag(p) Ri3(A) Ria(N/ )

Let us write explicitly the matrix elements of R(\). They read

A=t A=t —q!
) e ,3 qa—4q e(a—b ey
RO = 3 oo + [( P A_lq_1> bt L= 0| 67
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6.2 sl,.1 generalization of the XXZ model.

We use R to define the matrix of statistical weights of a vertex model, and we construct
as usual the transfer matrix

Tin(A) = Rii(A)Ri2(A) - Rin(N)
This matrix satisfies

Rio(A/p)Tin (M) Ton (1) = Ton (1) Tiv (A) Rz (A 1) (6.1)

As usual, the traces Ty () = triT1n(A) commute
[Tn(A), Tn ()] = 0

Since R(\)|a=1 = P, the permutation operator, we can construct local commuting quan-
tities

Proposition 34 Let

q—q ! \Qlog T (A)

H=-"— o\

1 _
+5N (g+4 )

A=1

we have

al (¢+¢7Y q ) (g—q 1)
1
=3O Tedell + Z enen, | — — > eli—j)eiel,

n=1 | i#j i,J

Proof. We write Ri2(A) = >_, ;€ ® LY()\) with

Ago = ATl q—q" -
< L)) = A=) .
)\q — )\_1q_1 ’ ( )

L*(A) = M- Nlg T €ji

then remark that L% ()\)|x=1 = e;i, so that the general construction applies:

TV TN har = DD el (LiF) ®elf,

n  ijk
This Hamiltonian acts on the Hilbert space

N
Hy = [[®h;; hy=Crt
j=1

For n = 1, we recover the X X Z model.
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6.3 Commutation relations.

We can arrange the matrix elements of R(\) as follows

11 17 g1 g7

11 /1 0 0 0
B = Lo i dn o
i \0 0 0 RD
where
q—q" - q—q7 ! A=Al

. R 15 . R .
[b()‘)]ij = m)\éijv [bO‘)]u - m)\ 5@]7 [C()‘)]w - mfsu

Since b, l~), c are all proportionnal to the identity matrix, we will treat them as ordinary
C-numbers in what follows.

To take advantage of the block structure of the R-matrix, we also decompose the
matrix T'(A) in a similar way

where

AN) =Tu(A); Bi(A) =Tu(N);  Ci(A) =Ta(N);  Dij(A) = Ti5(N)

Thus B(]) is a line vector and C() is a column vector of dimension n. D()) is a n? x n?

matrix. The fundamental equation eq.(6.1) yields the following relations

ANBG) = s BDAW) - bﬁz N B)AGw (6.2)
DINBA = s B0 D R o) = L BUOND) (63
Bi(NBa(n) = Ba(w)Bi(\R () (6.4)

We will use the second relation eq.(6.3) in the form

b(A, 1)
(A, 1)

Di(\Bs(p) = C(;mBﬂu)Dl(A)Ri?(A,m—

Ba(AN)D1(p) Prz

where Pjo is the permutation operator P]’}j = 5,?5;-.
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6.4 Reference state.

To apply the algebraic Bethe Ansatz, the first step is to find a reference state to start
with. In our case this is provided by

Proposition 35 Let |1) be the vector
1) =1y @ 1) ® L)y, where 1), =
The action of operatorial entries of T'(\) on |1) is given by

AN = MWL)
D) = N(\Id[1)

cN1y =0
where
A=At
aN)=1; d(A)=c(\) = N g
Proof. We have
LW, = 0
LIV = a1
LyN) L = 0dA)[L)n
LIN)n = 0, i#j

The result is obtained by multiplying these triangular matrices at each site of the lattice.
|

The idea of the algebraic Bethe Ansatz is to look for eigenstates of the form

Ux({p}) = Y X% Bi, () - By, (1p)|1)

i1-ip

Since B is seen as a line vector, we consider X as a column vector. We can rewrite our
state in a tensor notation

Ux({n}) = Bi(p) -+ Bp(pp)| )X
We want to find the action of
T(A\) =AW\ +Tr D(N)

on this vector using eqs.(6.2,6.3,6.4).
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Proposition 36 The action of T(\) = A(X)+Tr D(X) on the vector ¥x ({p}) is of the
form

TNIx({u}) = B1(m)-“ p(1p) 1) Y0 (6.5)

+ZB Bip1(pit1) -+ Bp(pp) -+ - Bic1(pi-1)[1)Y:  (6.6)

The first term is called the wanted term, Yy is given by

p p

H X+5N

C C
=1 MZ’ 171

T\ A{phX

(6.7)

The other terms are called the unwanted terms. Setting them to zero yields the equations

o) [ ] s X = 800 [ oy Tl )X =

ioas Cugs i) o s 1)

(6.8)

The matriz T (A, {u}) appearing in these equations is defined as

T\ {u}) = TeoRSY (V) - RS (M 1)

This is the transfer matriz of a spin model where the spin takes n values instead of n+1.

Proof. Wanted terms. Let us start with A(X\). The wanted term is obtained by commut-
ing A(\) through the B’s using only the first term in the commutation relation eq.(6.2).
We get

ANV x ({#}) lwanted = H \I/X {u})

1=1

C

Let us now evaluate Tr D(A)Wx ({11})|wantea- This term is obtained by commuting D(\)
with the B’s using only the first term in eq.(6.3). We have

Do () = [ i Brlon) - Byl DoV AS () - B O 1) X

p
11 Oy Brlm) By DR (A i) - B i) X
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and taking the trace, we get

p

Tr DAY x ({#1})|wanted = H O p) - Bp(up) [T (A {p}) X

z
=1 ’

Adding these two contributions, we obtain exactly the wanted term and the expression
for Yj.

Unwanted terms. The unwanted term Y) has a contribution proportional to ™ (1)
coming from the commutation of A()), and a contribution proportionnal to 6V (u)
coming from the commutation of Tr D(\).

To calculate the first contribution, we commute first A(\) with B(u1) using the
second term in eq.(6.2), and then we commute A(p;) with the other B’s using only the
first term in eq.(6.2). We get

M

AL () = o )t T s BBty By 1) X

Let us now evaluate the term proportional to 6" (u1) It is obtained by commuting
first D(A) and B(u) using the second term in eq.(6.3) and then pushing D(u;) through
the right using only the first term in eq.(6.3). We get

D)) = 8" T] s B Bt~ By 1)

1
R(()2) (11, p2) -+ R(()p) (111, pp) Por X
taking the trace Trg and identifying Py, with Réll)(,ul, 1), we get

bA ) Tr 1
C()\, /J'l) i—9 C(:ulv MZ)

trDA) Y x ({1}) lunwa. = =0 (1) B1(N)Ba(p2) - - Bp(pp) )T (pa; {n}) X

Putting all this together we obtain

YV, — N( )b(luflv)‘)ﬁ 1 X 5N b ﬁ { })
1 — (0% )ul C(/,l,l,)\) 41 C(IU,Z,/_,Ll) lu’l c /_,L lu/l Ml? /’L

1=

It remains to examine what happens for an unwanted term where A takes the place
of p;,i > 2. Tt is enough to assume that it is po. To compute it, we first push By (p1) in
the last position using eq.(6.4). Thus, we write

x({u}) =TI Balz) -+~ Bylpp) By (ua) V)RS (pia, o) -+ - RS (pia, 1) X
i#£1

Using the relation TrgPy M2 = M1 we can rewrite this formula as

x({x}) HB2 (12) - Bp(pp) Br(pa)|1)T (pa; {p}) X
i#£1
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Performing exactly the same analysis as before, the unwanted term takes the form

By(A)Bs(u3) -+ Bp(pp) B1(p1)[1)Y2

where

) b(MQa/\) 1
ez, A) 5 i, pi2)

. T (pr; {p})X
£2

b(Anu’?) 1 . .
0¥ ) g T s o T s X

—~

and since 7 (uo; {p}) commutes with 7 (pu1;{p}) we can rewrite Y5 as

Vo = ~Tui () | ) 2D T] X
, o iy

N b()‘a MQ)
) L

Notice that when we set the unwanted terms to zero, the A dependence drops out because

b N) B )
(i N) )

6.5 Bethe equations.

The vector X must be a simultaneous eigenvector of the matrices 7 (A, {u}) for arbitrary
values of A. These equations are compatible since

[T A}, TN {u})] =0

We are back to the original problem of diagonalizing a tranfer matrix for a model
where the spin takes n values instead of n + 1. Therefore, the solution will be obtained
by repeating n-times the procedure.

At each step we introduce a set of pu’s

{pm = {Mgm),...’uéﬂi)} m=1,---.n
To the set {u(™} is associated the transfer matrix of an inhomogeneous vertex model
TR} = TroRGY O™ VR /™) - Ry (M)
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In the matrix R(™) the spin takes the values m+1,---,n+ 1. In particular, R(")(/\) =1
is a C-number.

The elgenvalues Al ()\ {p™}) of T (X, {u(™}) depend on all the subsequent
{ k)}’ k=m+1,--

Proposition 37 The sets of numbers {u(m)},m =1,---,n are determined by Bethe’s
equations

W\ N p2 1 @

o(p; )> 11 @ e(ps 1)

c(pu; ;") = Hi

(5(#51)) j=1 ! j;ﬁz (:uz(l)a:ug ))

Phi1 k+1 Ph— - Pr (Mgk)7u2( ))
H ’“z H (k; N H G0
j=1 j=1 ; 7/’Lj ) j#i C c(p; » Mg )
”ﬁl 1 _ H e(u”, ui™)

j=1 C(:U’z(n)a g )) 3767, (:U’z(n)v Mgn))

The eigenvalues are given by solving the set of recursion relations

Pk+1

1
AP AP = —_— (6.9)
H c(pF D)
Pr (k) Pr+1 1
- (k+1) (k+1)
1 ehm )[[1 oy MO
Pn Pn—1 1
S e | v | G o) Hi@o
iil C(/"LZ 7 ()\ ,LL )

these equations completely determine the A¥)’s once the {u*)}’s are known.

Proof. Eqgs.(6.9) are just coming from the expression of Yj eq.(6.7) in the k' step and
remembering that o = 1 and 6" ()\) should be replaced by [T e(N, ,ug.k)) since we are

dealing with an inhomogeneous model. The expression for A1 takes into account the
fact that in the last step, R™(\) = 1 is a C-number.
The {*)}’s are solutions of Bethe’s equations eq.(6.8), which in the & step read

Pk+1 Pk Pk+1 1

k+1) k+1), (k+1) k+1
H (k+1 k+1 H H (k+1)  (k+1) Al )(Mz‘ 7{,“( )})
i ey g j=1 i el )
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Now, since ¢(A, A) = 0, from eq.(6.9), we have

Pk+1

A 5™ = TT -
j=1 C(u§k+l),u§k))

so that Bethe’s equations become

PE+1 1 Pk (k 1) (k:) Pk+4+1 1 Pk+42 1

+
H k1 klZHc(“i ’“')H ) le +2)  (htl
el ey D e Y e )
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