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Preface

This is a mini course on integrable systems given at the Yerevan Physics Institute in February 2020.
The course is of an introductory nature and we tried to keep the presentation at the level assessable
by graduate students and postdocs.

We start the discussion with recalling the basic notions of classical mechanics including the
elements of Poisson and symplectic geometry. This creates an environment conducive to formulate
the Liouville theorem and outline its proof. For a mechanical system that satisfies the requirements
of the Liouville theorem, equations of motion can in principle be solved by means of a special
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procedure — the "quadrature”, although a practical implementation of this procedure often meets
severe difficulties. We then give a few examples of finite-dimensional integrable models which
will serve throughout the lectures to demonstrate various methods and techniques aimed at finding
their solutions. These models include the SO(n) generalisation of Eulers’ top, the Calogero-
Moser-Sutherland (CMS) multi-body systems and the Lieb-Liniger model for the Bose gas. The
contemporary approach to integrable models relies on the Lax representation of the equations of
motion that provides an explicit construction of integrals of motion. The involutive property of
these integrals, hence the Liouville integrability, is guaranteed by a special form of the Poisson
bracket between the components of the Lax matrix. This brings forward the notion of the classical
r-matrix — a ubiquitous structure in the modern theory of integrable models. In some cases,
however, the Lax representation fails to generate the necessary number of integrals to render a
dynamical system Liouville integrable, as it happens, for instance, for Euler’s top. In this situation
the Lax representation and the procedure of constructing integrals can be generalised to include the
dependence on an auxiliary (spectral) parameter and in this way to overcome the above-mentioned
difficulty.

The next topic concerns with a geometric origin of integrable models. In many important
cases these models can be constructed by means of the hamiltonian reduction procedure. At the
same time, this procedure reduces the problem of solving the corresponding differential equations
of motion to a certain factorisation problem in Lie algebras and Lie groups that can be further
solved by means of algebraic operations. The starting point of this approach is a symplectic
manifold that carries a symplectic action of a Lie group G. One can then construct in a canonical
way a new (reduced) manifold, smaller in dimension, which, according to the Marsden-Weinstein
theorem, is also symplectic with the symplectic structure inherited from the parent manifold. A
dynamical system with a G-invariant hamiltonian on the parent manifold descends on the reduced
manifold where, under certain conditions, it defines an integrable model. To describe the reduction
procedure in full detail, we start from recalling the theory of coadjoint orbits, the Lie-Poisson
structure, symplectic action of a Lie group and the notion of moment map. This brings us to
the Marsden-Weinstein theorem and the discussion of the reduced symplectic structure. As an
illustration of the hamiltonian reduction procedure, we apply it to construct the hyperbolic CMS
model by reducing the cotangent bundle T*G over the adjoint action of G and show how to solve
the equations of motion of this model by means of a special factorisation in G.

Further we proceed with quantum integrable systems. Given a classical integrable system with
independent involutive integrals Hp, its quantum-mechanical version should admit the quantum
counterparts Hy that all pairwise commute and, for this reason, share a common spectrum. The
multi-body wave function can thus be searched as a common eigenstate of these operators. The study
of models with discrete or continuous spectrum of the Schrédinger operator proceeds differently. For
the discrete case, rather than to develop any general scheme, we consider a concrete model, namely,
the quantum version of the trigonometric CMS model. Analysing the action of the corresponding
hamiltonian on symmetric functions of exponentiated coordinates, we explain how to diagonalise
it on the basis of Jack polynomials. Further on, we discuss the quasi-particle interpretation of the
spectrum and its encoding by the corresponding Baxter polynomial.

The case of models with continuous spectrum is naturally related to the scattering theory.
We first embark on scattering in classical mechanics by restricting ourselves for simplicity reasons
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to repulsive, impenetrable potentials, rapidly decreasing at infinity. A new feature brought by
integrability in the scattering picture is the conservation of a set of asymptotic momenta, which
essentially means that scattering in integrable models is non-diffractive. In classical theory, the
main characteristic of scattering is the phase shift which shows how much a particle is advanced
with respect to a would be freely moving particle with the same asymptotic momentum. We then
discuss a general formula expressing the phase shift via the two-body potential and apply it to the
rational and trigonometric CMS models.

The conservation of the set of asymptotic momenta pertains to quantum integrable models
admitting scattering. Moreover, this conservation restricts the form of the asymptotics of the
wave function at large separation of neighbouring particles to be a linear combination of plane
waves constructed from the one and the same set of asymptotic momenta. This special form
of the asymptotic wave function is known as the Bethe wave function. The coefficients in the
expansion of the Bethe wave function over plane waves can be expressed via the two-body S-
matrix. Integrability then implies a factorisation of the multi-body scattering into a product of
two-body events and requires the two-body S-matrix to satisfy a compatibility condition known as
the quantum Yang-Baxter equation.

Although for most of integrable models the Bethe form of the wave function is only asymptotic,
this form can still be used to gain the knowledge of the spectrum when a model is compactified on a
large circle. This amounts to subjecting the Bethe wave function to periodicity conditions that result
into quantisation conditions for particle momenta known as Bethe equations. As an illustration, we
present the Bethe equations and the wave function for the cases of the Lieb-Liniger model of the
Bose gas and the rational CMS model. Actually, in the first case the Bethe wave function gives
an exact solution of the problem due to the extreme short-ranginess of the potential, while in the
second case the Bethe equations can be solved exactly and the corresponding spectrum appears to
coincide with the exact spectrum of the trigonometric CMS model found from solving the latter
model in terms of Jack polynomials.

In this course we decided to mainly talk about finite-dimensional integrable models. This
decision is based on our educative experience that once the Bethe Ansatz approach for the asymptotic
spectrum of a quantum-mechanical integrable model is understood, it does not take much effort
to adapt it for the field-theoretic case. Notwithstanding, in the last part of the course we offer a
glimpse on the theory of two-dimensional integrable PDEs. Admittedly, this is a very vast subject
on its own, so to keep the size of our presentation within reasonable, we restricted ourselves to
stressing only some basic features, such as an existence of soliton solutions and the zero curvature
representation.

1. Liouville integrable systems

Traditionally, we start with a brief overview the basic notions of classical mechanics and a digression
on the Liouville theorem.
1.1 Dynamical systems in classical mechanics

There are two ways to describe dynamical systems in classical mechanics [1]. The first description
is known as the lagrangian formalism based on the principle of "stationary action". Consider a point
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particle with mass m which moves in an N-dimensional space with coordinates ¢ = (¢',...,g")
and a potential V(g). Newton’s equations which govern the particle’s trajectory are

OV

These equations can be obtained by extremising the following action functional

%) 5]
Slq] =f dr L(q, 4,1) =f dr
1 1

According to the principle of stationary action, the actual trajectories of a dynamical system are the

mc)2
(T - V(q)) - (1.2)

ones that extremise S.
In general, we consider the lagrangian L as an arbitrary function of ¢, ¢ and time ¢t. The
equations of motion are obtained by extremising the corresponding action

oS oL _a(oL)_
sqgi  dqt  dr\dgi)

and they are called the Euler-Lagrange equations. An assumption that L does not involve higher
order time derivatives implies that the corresponding dynamical system is fully determined by
specifying initial coordinates and velocities. Indeed, for a system with N degrees of freedom there
are N Euler-Lagrange equations of second order; the general solution will depend on 2N integration
constants, which are determined by specifying e.g. the initial coordinates and velocities. Note that
adding to the lagrangian a time derivative of a function which depends on coordinates and time
only: L —» L+ iA(q, t) will not influence the Euler- Lagrange equations

If L does not explicitly depend on ¢, then dL = q + —q Substituting here aL from the
Euler-Lagrange equations, we get

AL _ 9L, d Ly ddL
E?_an+dAaq) dxaq i').

Therefore,

d (0L
(=4 -L]=0,
di (Wq )

as a consequence of the equations of motion. This means that the quantity

H= "4 —-L 1.3
Mq (1.3)

is conserved under the time evolution. For our particular example,

-2
m
H:mf—L:€?+w@:E
where ¢% = ¢'¢'. Thus, H is nothing else but the energy E of the system; the energy is conserved
due to the equations of motion. In general, dynamical quantities which remain unchanged under
the time evolution are called conservation laws or integrals of motion. Conservation of energy is
one of the main examples of conservation laws.
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Introduce the quantity called the canonical momentum

oL

za_c]i’ p=(pi,....PN).

Pi
Obviously, for a particle p; = mg'. If V = 0, then p; = 0 by the Euler-Lagrange equations. Thus,
in the case of vanishing potential, the particle momentum is an integral of motion. This is another
example of a conservation law.
The second description of dynamical systems exploits the notion of the hamiltonian. The
energy of a system expressed via canonical coordinates and momenta is called the hamiltonian:

pZ
Iﬂn®=§Z+Vm%

where p? = p;p;. Given the hamiltonian, Newton’s equations can be rewritten as

. OH 0H
J = —— = —— . 1.4
q apj ’ p_] 6(,11 ( )

These are equations of motion in the hamiltonian form or Hamilton’s equations. These equations
can also be obtained by means of the variational principle. The corresponding action has the form,
¢f. (1.2) and (1.3),

15) .
Slp.ql = f (pi¢" — H(p,q))dt .
n

Varying this action with respect to p and ¢, considered as independent variables, one obtains
Hamilton’s equations.
Hamilton’s equations can be represented in the form of a single equation. Introduce two

o
P 0,

0 -1
J:(]l 0), (1.5)

where 1 is the N X N unit matrix. Then (1.4) are concisely written as

2N-dimensional vectors

and 2N X 2N matrix J:

x=-J-VH, or J-x=VH. (1.6)

The point x = (x',...,x?") defines a state of a dynamical system in classical mechanics. The
set of all states forms the phase space &7 = {x} of the system which in the present case is the
2N-dimensional space with the euclidean metric. Solving Hamilton’s equations with given initial
conditions (pg, gqo) representing a point in the phase space, we obtain a phase space curve

p = p(t; po, q0) » q = q(t; po, q0)
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passing through this point. As follows from the uniqueness theorem for ordinary differential
equations, there is a unique phase curve through every phase space point.

Let F(£2) be the space of smooth real-valued functions on &2. It carries the structure of an
algebra with respect to the pointwise multiplication and its elements are called observables. Using
the matrix J, one can define on F (&) the following Poisson bracket

N
i af dg Of dg
1f.8)(x) = JY0;fo;¢ = (— -

; dp; 0q dq' dp;

for any f,g € F(&?). The Poisson bracket is a map F () X F(&) — F (<) which has the
following properties

1) Linearity {f + ah g} ={f. g} +alhg};

2) Skew-symmetry {f,g} = —{g, f};

3) Jacobiidentity {f,{g, h}} + {g {h f}} +{h{f,g}} =0;
4) Leibnizrule {f,gh}={f,gth+gl{f, h}

for arbitrary functions f, g, h € F(Z?) and a € R. The first three properties imply that the Poisson
bracket introduces on F () the structure of an infinite-dimensional Lie algebra, while the Leibniz
rule expresses the compatibility of the bracket with multiplication in (7). Due to this rule, the
bracket is fully determined by its values on the coordinate functions x* for which {x’, x/} = J% or,
explicitly,

{d.¢'y =0, {pupj}=0, {pnqg'}=6]. (1.7)

Using the Poisson bracket, Hamilton’s equations for the coordinate functions can be rephrased in
the following concise form
¥ ={H,x'}.

As a consequence, evolution of any function f on the phase space is governed by the equation

f=1H.1}.

Due to the skew-symmetry property of the Poisson bracket, this form of Hamilton’s equations makes
the conservation law for H obvious.

Poisson and symplectic manifolds. The properties /) — 4) provide a general definition of the
Poisson bracket for an arbitrary smooth manifold &2. Any Poisson bracket is described by a skew-
symmetric tensor J on & satisfying the Jacoby identity. In local coordinates this identity takes the
form

Z Jikakjlm — O,
(i,l,m)

where the sum is over the cyclic permutation of indices. A manifold endowed with a Poisson bracket
is called Poisson.
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For later we will need the notion of a Poisson map. For Poisson manifolds .# and .4, a
smooth map ¢ : .# — .4 is called Poisson, if for any f,h € F(A)

{fshb oy (o) ={@" f, "My (x), (1.8)

where ¢* f(x) = f(@(x)) and ¢*h(x) = h(e(x)), x € ., are pullbacks of f and h. Here {, } 4
and {, } 4 stand for the Poisson brackets on the respective manifolds.

In general, the rank r of the matrix J is less than or equal to the dimension dim &7 of a manifold
and it might change from point to point. In the case when r = dim & at every point, the matrix J
is invertible and the corresponding Poisson bracket is called non-degenerate. This is only possible
if dim &2 is even. Indeed, since J* = —J, one has

det J = det(-J) = (-1)4™? det J,

so that (-1)4™Z = 1 gince det J # 0.

A manifold & supplied with a non-degenerate Poisson bracket is called symplectic. The
inverse of J with entries w;;, where J "kwkj = 6;, defines a skew-symmetric bilinear differential
2-form w on &

w= —%a)ij(x) dx' A dx’ .

The Jacobi identity for J implies that this form is closed, i.e. dw = 0. To show this, we first note
that the Jacobi identity implies the following identity for J

TEo T + 7" o T + TR g ™ = 0.
Then, we multiply both sides by w;jw,,s and use J ikwk‘,- = 6;. to obtain
—6J-Jmla)ms - wij(?kJ” + wijjlkﬁkJm"wms =0.
In the last relation we put derivatives on w by using dgJ L i+J Qs ;= 0. This gives
I8 wms — T 0swij — I dmwjs = 0.
It remains to multiply the last relation by wy; and get
Oiwjk + Okwij + djwii =0,

which is equivalent to
a[ia)jk] =0 — dw=0.

A non-degenerate closed 2-form is called symplectic.

An example of a symplectic manifold is the space R*V

with the bracket (1.7). The corresponding
symplectic form is

w =dp; Ndq' = d(pidq") .

The 1-form « = p;dq' is called the canonical 1-form.
Given a Poisson manifold, to any function f € (&) one can associate a vector field &
defined as

E&=1{f, - }. (1.9)
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This field is called the hamiltonian vector field generated by f, and f is the generating or hamiltonian
function of &¢. In local coordinates x' we have

& =JY0,10; .

If we let & = f} 0;, then the relation above gives

g} =JY8;f, O;f = wijf}- (1.10)
The Jacobi identity for the Poisson bracket implies

Eirgy = €, 6] (1.11)

Hence, the map f — &¢ is a homomorphism! F(2?) — X (&), where X(2?) is the Lie algebra of
vector fields on &.

If & is symplectic, the definition (1.9) of the hamiltonian vector field can be formulated with
the help of the interior product iz

ig;w+df =0, (1.12)

while the one-to-one correspondence between the Poisson bracket and the symplectic form w can
be expressed as

w(&p,&n) ={f. h} = Eph = =&nf . (1.13)

A function C is called a central or Casimir function if it Poisson-commutes with any element
of F(£2), that is
{C.f} =0, VfeF(P).

Casimir functions form a ring. If C is a Casimir function then it is annihilated by any hamiltonian
vector field &y, i.e. the latter lies everywhere tangent to the level set of the function C. On the
other hand, the hamiltonian vector field £¢ vanishes as the one-form dC belongs to the kernel of
J: JdC = 0. Thus, the existence of non-constant Casimir functions means that » # dim &, i.e. the
Poisson bracket is degenerate.

Let {C;},i =1,...,m, be a complete set of independent Casimir functions. Consider a level
set . ={x € & . Ci(x) = ¢;}, where ¢; are constants. Any hamiltonian vector field is tangent to
P,

&G ={f.G} =0, VfeF(P).

The same is true for the commutator of any two hamiltonian vector fields. Thus, by the Frobenius
theorem, the level set &, is an integral submanifold in &?. On £, one can naturally define a
2-form w

wx(&f &g) =1/, 8}(x), xe P, (1.14)

I'The map is from functions into vector fields, not vice versa, because functions which differ by a constant have, in
fact, the one and the same hamiltonian vector field.
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where wy is the value of w at x. The differential of w can be computed with the help of the formulaZ

3dw(&f, &g &n) = Erw (&g, En) + Eqw(En, &) + Enw &y, &)
—w([&r, &gl €n) — w([En. &1 &g) — w([€g. €nl. Ep)

Using (1.11), definition (1.14) and the Jacobi identity, we get dw = 0. Since the hamiltonian vector

(1.15)

field of any Casimir function vanishes, the form w is non-degenerate and, therefore, it is symplectic,
i.e. . is a symplectic manifold. Thus, the hamiltonian vector fields foliate &7 into integral
even-dimensional sub-manifolds called symplectic leaves, each of which inherits a symplectic form
from the original Poisson bracket on &.

Canonical transformations. Consider a smooth coordinate transformation x — x’ = x’(x). In
terms of these new coordinates Hamilton’s equations (1.6) take the form

dx’' ox"dx*  ox" Ix" Ox -
= _:_ka VXH:__ka V.H = J IV.H/’
dt  9xk dt  9xk (X)Vn dxk oxm (X)V; (X)V;
where H'(x") = H(x(x’)) and
. ox" 0x"’
T (x) = JEm(x) | 1.16
) oxk oxm (x) ( )

Hence, under coordinate transformations J transforms as a contravariant anti-symmetric tensor
field. Evidently, the equations for x” are of the hamiltonian form with the new hamiltonian H’(x")
if and only if

Ax"t dx"

A gkm — Jij(y
S g = 1) (1.17)

Diffeomorphisms of the phase space which satisfy this condition are called canonical. In other
words, canonical transformations do not change the form of the Poisson (tensor) bracket. An

k

infinitesimal diffeomorphism x’* = x* + &* is generated by a vector field £&. Under such a

diffeomorphism the form of an arbitrary contravariant tensor J varies according to (1.16),
(Led)Y = JU(x) =TT (x) = EX0 IV — Q&' TM — &0 I (1.18)

Here £¢ is the Lie derivative of J along the vector field &. It is now obvious that infinitesimal
canonical transformations correspond to those ¢ for which £¢J = 0.

If a manifold & is symplectic, then canonical transformations preserve the corresponding
symplectic form, that is

Pew =0. (1.19)

For this reason, these transformations are also called symplectic or symplectomorphisms.

2The general formula for the differential of a differential form of order £ is [2]

k
(k+ Ddw(&o.€1, o) = ) (D 0o i)+ Y. DM 0(EE L &0 i & 80

i=0 0<i<j<k

10
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An important class of canonical transformations is constituted by hamiltonian vector fields.
Consider a diffeomorphism generated by a hamiltonian vector field £¢. From the definition (1.18)
of the Lie derivative we deduce that

(Ze, N = T fORTT = (T D I = 84 (JT™ Dy )T

~Ouf Y. T*aI™ =0,
(i,j,m)

where the sum over the cyclic permutation of indices i, j, k vanishes due to the Jacobi identity. The
same result follows immediately from the Cartan formula

Peyw = d(igw) +ig, (dw) = —d*f =0,

since w is closed. Hence, any hamiltonian vector field generates a canonical transformation. If a
Poisson manifold is not symplectic, then hamiltonian vector fields generate symplectomorphisms
of the corresponding symplectic leaves.

Generally, a hamiltonian system is a triple (<, { , }, H): a phase space &, a Poisson structure
{ , } and a hamiltonian H. For any function f on the phase space, evolution equation is

daf
— ={H, f}.
o = H S
Since {H, H} = 0, the hamiltonian is automatically conserved. Therefore, the motion of the system
takes place on the submanifold of the phase space defined by the equation H = E where E is a fixed

constant (energy).

1.2 Liouville theorem

Among a large variety of physically relevant dynamical systems, those which admit an exact
solution turn out to be rather rare. Remarkably, however, for a special class of systems solutions
of the corresponding Hamilton’s equations can always be found by quadratures, i.e. by solving a
finite number of algebraic equations and computing a finite number of definite integrals. Dynamical
systems falling in this class are generally known as Liouville integrable systems because they satisfy
the assumptions of the Liouville theorem. The modern formulation of this theorem and its proof is
due to Arnold [3].

Arnold-Liouville theorem. Let & be a 2N-dimensional symplectic manifold. Suppose there exist
N functions f; € F(Z?) that are pairwise in involution with respect to the corresponding Poisson
bracket

{fi, fi}=0, Yi,j=1,...,N.

Consider a common level set &2, of these functions,
P.={xeZ: fix)=¢;, i=1,...,N}, (1.20)

where ¢; are constants. Assume that functions f; are independent on &, which means that the
1-forms df; are linearly independent at each point of &Z.. Then

1) 2. is a smooth manifold invariant under the hamiltonian flow with H = H(f;).

11
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2) If &, is compact and connected then it is diffeomorphic to the N-dimensional torus

TV = {(¢1, ..., ¢n) mod 21} .

3) The motion on &, under H is conditionally periodic, that is,

do;
dt

= w;(c).
4) The equations of motion can be integrated by quadratures.

We only sketch the proof referring the reader to [3] for the full treatment. Consider the hamiltonian
vector fields &; corresponding to the functions f;. Since &; f; = 0, these vector fields are tangent
to . and their linear independence implies that they span the tangent space of £, at any point.
Taking into account that the vector fields are in involution [&;, £;] = 0, we conclude on the base of
the Frobenius theorem, that 2. is a maximal integral submanifold for the distribution spanned by
&;. Clearly, the manifold &7, is invariant under the hamiltonian flow triggered by any H = H(f;).
Varying the constants c¢;, we obtain a foliation of almost all> & into invariant submanifolds.

The main part of the proof consists in showing that whenever & is compact and connected, it is
a torus but not, for instance, a sphere. Let gfi ,t; € R, be a one-parametric group of diffeomorphisms
of & corresponding to the hamiltonian vector field &;. The one-parametric groups corresponding
to different vector fields commute because the vector fields commute. As a result, one can define
the following action of the abelian group RN ={t,...,ty} on P,

gh(x) =gl g (x). (1.21)

Since <. is an integral manifold for the distribution spanned by &;, this action is transitive and,
therefore, &2, is a homogeneous space. Thus, . is diffeomorphic to the quotient RY /T", where I’
is the isotropy subgroup of R, i.e. a set of all points r € RN for which g’(x) = x. The fact that
the fields &; are independent at any point of &2, implies that the action (1.21) is locally free (none
of the group elements has a fixed point) and, therefore, I must be a discrete subgroup of RY. By
assumption Z.. is compact and, therefore, I' should be nothing else* but an integral lattice Z, so
that &, is diffeomorphic to R /ZN = TN . By the standard construction of a homogeneous space
as a coset, the vector fields &; are mapped by this diffeomorphism to the translation-invariant vector
fields on T™V. The angle variables {¢; mod 277} parametrising the torus provide a coordinate system
on . and they can be linearly®> expressed via ty, ..., x, namely,

wi(t) = Ajitj + (,DEO) mod 27

for some constant matrix A that depends on the level set ¢. Since the evolution of ¢; in the direction
t; is driven by the vector &; = {f;, - }, Hamilton’s equation for ¢; is
dei

d_tj ={fi il = Aji.

3There could be values of ¢; for which the equations f; = ¢; cease to be independent.
4All discrete subgroups of RV correspond to integral lattices Z* k < N.
SThis follows from RN /zZN = TN,

12
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From here we can find evolution of angle coordinates with respect to H = H(f;)

dei OH OH
={H,oillp, = Afieille, =
dt Ze T of 2. 3fil,

Aji = Wi .

Thus, the uniform motion on the torus T™ happens according to the law ¢; = (p‘i) + w;t where the
numbers w; = w;(c) are called frequencies. Now consider an equation

kiwy + ... knoy =0, (1.22)

where k = (ky,...kn) is a vector with integer components. If (1.22) has at least one non-zero
solution, the frequency set (wy,...,wy) is called resonant, otherwise it is non-resonant. For a
non-resonant set of frequencies every trajectory is dense on TV and the corresponding motion
is called conditionally periodic. Evidently, if all the frequencies are commensurable (rationally
comparable), that is for any w; and w; there exist integers m and n such that

wimzwjn,

then the motion is periodic. This completes the discussion of the proof.

Note that the Arnold-Liouville theorem can be extended to the case when &, is not necessarily
compact. With an additional assumption that the hamiltonian vector fields &; are complete® on &,
one can show that each connected component of 2, is diffeomorphic to T* x RV,

Action-angle variables. The variables f;,¢;, i,j = 1,..., N featuring in the Arnold-Liouville
theorem are not in general canonical coordinates on &?. However, the latter coordinates can be
constructed. First we note that in a small neighbourhood of . the symplectic manifold & is
diffeomorphic to the direct product D x TV, where D is a small domain in RV . It turns out that in
D x TN there exist coordinates I;, 6 i, where I; € D, 6; € TY such that all f; are functions of / i only
and that the symplectic structure has the canonical form w = dI; A df;. An explicit construction of
the canonical variables I;, 6; proceeds as follows.

It is clear that in the small neighbourhood of &, the non-singular matrix of Poisson brackets
takes the form

({fi,fj} {fwj})z( 0 Aif)_ (1.23)

{oi fi} {ei @)} Aji  Bjj

The matrix A is constant on &, and therefore A;; = A;;(f). We show that B;; also depends on f;
only. Consider the Jacobi identity

{fms Lpi» o1} + i A@js it} + {@)s { fms it} = 0. (1.24)

We have

{leiA@js fm}) + @i {fm @i}} = —{i, Amj ()} + {e), Ami(f)}
aAmj 6Am aAm]A aAmi
== A - ki —

W{%‘,fk}"r 11 {ojs i} = P 31

6A vector field is complete if any of its flow curves exists for all values of time.

Ak (1.25)

13



Lectures on Integrable Systems Gleb Arutyunov

which is the expression independent of ¢. Thus, the bracket

OB OB;;

o)) = V=Y -
{fma{‘pzaﬁoj}} = {fmaBu} = don {fms ox} = Ak don

is also ¢-independent. Since the matrix A is invertible (otherwise the Poisson bracket (1.23) would

O0B; j
be degenerate), oor

also depends only on f which further implies that

Bij = ¢;(er + 8 (f) -

Single-valuedness of the bracket requires that cfj = 0 (otherwise the bracket at 0 and at 27 for any
of the angles will have different values although it corresponds to the one and the same value on
the torus), i.e. B;j is a function of f. One of the consequences of this fact is that the Jacobi identity
(1.24) reduces to

A ,
ofc M afk

Let us now perform the change of variables f; = f;(I;) such that {I;, ¢;} = ¢;;. For this we need to

LAk =0. (1.26)

solve a system of equations

dfi
Aij ={fi ¢} = a_i{l"’ vjl

_9fi
- Ol

afi
Okj = —.
YT
The compatibility condition for this system of equations is

6Aij _ afl _ 6fl _ 0Ais
al, ~ 01,01, ~ 9oL, Al

aAij _ Ofk 6A,:j 6Aij

Since ol = ol oh = of Ay, this condition is equivalent to
0A;j 0A;s
Ay = T Ay,
afc 0 ofi

which is nothing else but the Jacobi identity (1.26) for functions f;, ¢;, ;.

If the variables ¢; do not Poisson-commute, we should introduce new angle coordinates
6; mod 27 by making a shift ¢; = 6; + h;(I), where functions /; are determined from the condition

oh;  Oh;
Bij = {hi,0;} +{0i, hj} = — — —, (1.27)
J / e oL

The solubility condition for (1.27) is equivalent to the system of equations

0B;j; 0B; OBy
g ]k+ ki

=0
ol al; dl;
which is the same as
5Bij 8Bjk OBy
— A A Ani=0. 1.28
R Y Y (1.28)

14
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Since {{¢i, ¢j}, ox} = {Bij, ok} = %{fm, oK} = %Amk, one immediately recognizes that (1.28)
is just the Jacobi identity

Hen @il i} + Hejn il it + Her wil @i} = 0.

In this way we have constructed the action-angle variables /;, ¢; realising the canonical structure.
Note that even in the one-dimensional case action-angle variables are not uniquely defined.
Action variables ; are defined up to additive constants and angle variables ¢; can be shifted
Oh; _ Ohj _

6; — 6 + h;(I) by any functions &; of action variables which obey the conditions T Al =

Example of an explicit construction of action-angle variables. Consider a Liouville integrable
system with the phase space R?". According to the Liouville theorem, the motion occurs on a
N-dimensional torus TV being a common level of N commuting integrals. Let Y, 1 <j<N,be
the fundamental cycles of this torus depending continuously on the level {c;}. Consider a set of
equations f;(p, g) = ¢; and solve it for p;: p; = p;(c, g). Introduce the so-called action variables’

1 1
Ii(e) = 2—95 pi(g, )dg; = —95 @, (1.29)
T Jy; 2 Jy,

where « = p;dq; is the canonical 1-form. Since c¢; are time-independent as they are values of the
integrals of motion, the variables I; = I;(c) are also time-independent. Moreover, assuming that
I; are independent functions of c;, the map ¢; — I;(c) given by (1.29) has an inverse. The angle
variables 6; are constructed by requiring that the transformation

(pj»qj) — 1}, 0;) (1.30)

is canonical. To construct this canonical transformation, we will use the following generating
function depending on the "old" coordinates ¢ and the "new" momenta /

q
S g) = f pi(q’. Ddq,
q

0

where an integration path lies on &7.. We have

0S8
pPj = % — Pj= Pj(I, q). (1.31)
The angle variables are introduced as
a8
0; = E - 6;=0;q). (1.32)
Thus, for the differential of S we then have
a8 a8
ds = a—q]dq] + %dlj = pjdqj + delj .

Acting on this relation with d and taking into account that d>S = 0, we get

w =dp;j Ndq; = dl; Adb;,

"The physical dimension of /; coincide with the dimension of action that is the same as of angular momentum.

15
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which shows that /;, 6; are canonical variables.
A subtle point concerns a dependence of S on the integration path. Consider a closed path:
from ¢g to g and further from g to gg. If this path is contractable, then by Stokes’ theorem

q0
AS=9§ a=fdcx=fcu=0.
q0

Here the vanishing of the integral of w is due to the fact that w vanishes on &7,

w(&i, &) ={fi. fi} =

If an integration path encloses a non-trivial cycle y, the generation function undergoes a shift by an

AVS:fa/
Y

that depends on I; only. As a result, going over the cycle the variables 6; undergo a jump

integral of @ over this cycle

0
A)’Hl al fpl(q’ I)dQl9

i.e. 6; are multi-valued functions on &.. In particular, A,,6; = 276;;. This shows that 6; are
independent angle coordinates on the cycles. The same conclusion can be also drawn from the
following consideration

oS 0 0 o5 0

95519,:56[1—:—56[1 SE—d 56 day) = 2165,
-’ Y 8Ii( ’ S) a1, ( dq "") al( P ‘”‘) 70
J J J

as along y; € TV the variables ; are constants and the function S(I, ¢) depends on g only.

In the variables /, 6 the hamiltonian is a function of / and the equations of motion are

5:—2—5:0, Hj:g—Zzwj(I).

These equations are trivially solved, ; () = I 0 0;(t) = HO +w;(I 0)¢. On the way of constructing the
angle coordinates 6, algebraic operations were used to ﬁnd pj from f;(p, q) = c¢j and a computation
of a definite integral was implicitly done to obtain S(/,g). Finally, the inverse of (1.30) was
constructed by solving equations (1.32) for g; = ¢;(/, 8), which is also an algebraic operation. This
way of solving a Liouville integrable system is behind the term "quadrature".

A simple example of the above construction of the action-angle variables is provided by the
one-dimensional harmonic oscillator (of unit mass) which dynamics is driven by the hamiltonian

1
H= 5(192 +w'q),

and the canonical bracket {p, g} = 1. The reader can verify that the action-angle variables I, 8 are

related to p, g as
[21
q=+/—sinfd, p=7V2Iwcos§.
w
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1.3 Some examples of integrable systems

By now a vast number of dynamical systems that fit the framework of Liouville integrability is
known. Below we introduce a few such finite-dimensional systems which either were historically
among the first discovered or will serve for illustrative purpose of various methods and techniques
in the subsequent discussion. Our examples include spinning tops, multi-body systems of Calogero-
Moser-Sutherland type and the one-dimensional bose gas.

Generalised Euler’s top. The motion of rigid bodies is one of the classical problems of analytic
mechanics. Since 18th century a special attention was paid to the dynamics of spinning tops, where
the cases of Euler, Lagrange and Kowalevski give ubiquitous examples of completely integrable
systems. Here we restrict ourselves to the discussion of the generalised Euler top. This is an n-
dimensional rigid body without any particular symmetry that rotates in the absence of any external
forces around a fixed point that we choose to coincide with its center of mass. For case n = 3
corresponds to the conventional Euler top. To describe the dynamics, we introduce a matrix
g € SO(n) that connects a rotating coordinate frame rigidly fixed to the body with a stationary
(inertial) frame. The lagrangian of the system is

L=-iTr(5Q%), Q=-g's, (1.33)

where .¥ is a symmetric positive definite matrix (inertia tensor), which we can always take diagonal.
This lagrangian defines a left-invariant riemannian metric on SO(n) and, therefore, describes the
geodesic flow on SO(n) corresponding to this metric. The orthogonal matrix g comprises n(n—1)/2
degrees of freedom which play a role of generalised coordinates. Since g’g = 1, the matrix Q is
skew-symmetric: Q' = —Q. Introducing a skew-symmetric matrix

A=1(QF +59), (1.34)
the equations of motion for g can be written as
A =[QA] (1.35)

and they are known as the Euler-Arnold equations. Physically, Q and A are the angular velocity and
the angular momentum in the body frame, while (1.35) are Euler’s equations describing evolution
of the angular momentum (or angular velocity) in the body frame. The invariance of the lagrangian
under constant left shifts g — hg, h € SO(n), leads to the existence of the conserved Noether’s
charge J = gAg~!, which is nothing else but the angular momentum in the stationary frame.
Although the lagrangian is invariant under left shifts, the Noether charge is not, it transforms as
J — hJh~!. The invariant integrals are constructed as I = TrJX = Tr A¥.
The hamiltonian description is constructed by introducing the canonical momenta?®

oL
08ij

pji =-3(g7'8I8 ™) ;i —3(Fg " ge™)

In the matrix form p = %(QJ +.FQ)g™!, so that

pg=A. (1.36)

8By definition we regard pj; as the canonical momentum conjugate to the coordinate g;;.
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In deriving the canonical momentum, we have treated all the components of g as independent. In
the hamiltonian formulation the fact that g is an orthogonal matrix can be accounted by introducing
a constraint

Ci=1-g'g=0. (1.37)

Differentiating this constraint in time, we get C; = Q' + Q. Thus, if we want to keep C; = 0 for all
times, we have to require that € is a skew-symmetric matrix. Then, it follows from the definition
(1.34) that A is also skew-symmetric which yields due to (1.36) another hamiltonian constraint

G =(pg) +pg =0. (1.38)

This constraint means that not all the components of the canonical momentum are independent,
rather from (1.38) together with (1.37) one gets that

t —

D =-8p§ -

Note that the above relation also implies that (gp)’ + gp = 0. No new constraints further arise; if
we differentiate C, then the corresponding equation will be satisfied due to the equations of motion.
The hamiltonian is determined through the Legendre transform

H=pjgji—L = Tr(pg) + iTr(AQ) = —-1Tr(pgQ),

where we have used (1.36) and ¢ = —gQ. Further, the expression for Q in terms of canonical
variables follows from (1.34) combined with (1.36)

2(pg)ij = (QF + FQ)i; = (Fi + )5,

from where we find

Q. - 2(pg)ij  2Aij
l]_ji+jj _ji-l-jj'

(1.39)
Thus, the positive-definite hamiltonian is the following function of the canonical coordinates and

momenta

9
Ji + jj ’

1
H = =5 (p8)ij&ji = (1.40)

i#]

Determination of the Poisson structure between the canonical variables is not straightforward.
Because of constraints, it is clear that the Poisson bracket between the coordinates and momenta
cannot be the canonical bracket {p;;, gki} = 6i10;k, as the latter is incompatible with constraints
(1.37) and (1.38). An educated guess for the Poisson bracket compatible with constraints is

{gij» g1} =0,
{pijs 8t} = 5 (010 k — kigj1) - (1.41)
{pijs pra} = 5 (O (gP)ji — 8;1(Q)ik) -
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One way to derive (1.41) from the canonical Poisson bracket {p;;, gxi} = 0,10« is to use the Dirac
bracket construction known in the theory of constrained hamiltonian systems. Another way is to
note that (1.41) is equivalent to the canonical Poisson structure of the cotangent bundle T*SO(n)
of the orthogonal group SO(n).

More generally, the cotangent bundle T*G to a Lie group G is a manifold isomorphic to the
product T"G ~ G X g*, where g* is the dual space to the Lie algebra g of G. If the space g is
supplied with a non-degenerate bilinear form, we can use this form to identify g* with g: g* ~ g,
so that the cotangent bundle is isomorphic to G X g. As such, it can be parametrised by elements
(g,€), where g € G and ¢ € g. Matrix elements of the defining representations of G in GL(n, C)
and g in Mat(n, C) can be regarded as coordinate functions on the cotangent bundle; we denote
these coordinate functions as g;; and ¢;;, respectively, where i, j = 1, ..., n. Finally, the cotangent
bundle of G is a Poisson manifold with the following Poisson bracket which we write as the set of
brackets between the coordinate functions

{1,821 =0,
{1, 82} = g2C12, (1.42)
{€1,62) = [Cro, €1] = 3[Cr2. 61 = 62

Here subscript 1 and 2 stands as a concise notation for the matrix indices ij and kI, respectively,
and Cj; € g ® g is the so-called split Casimir. For any A € g the spilt Casimir has the property that

A1 = TI'2C12A2, (1.43)

which in components means A;; = C;;j x1 A, i.e. C is the identity operator in g.

Let us now specify the group G and the Poisson structure of its cotangent bundle to the case of
interest G = SO(n). For the orthogonal group the corresponding split Casimir is

Cijki = 3(616jk — 6ikbj1) -

It is skew-symmetric with respect to the interchange i <> j and separately with respect to k < [
and it fulfils (1.43) for any skew-symmetric matrix A. For the Poisson structure (1.42) we then find
in components

{gij» g1} =0,
{Cij, 8xt} = 8kmCijomi = 5 (Su18kj — 0u8ki) » (1.44)
{ijs tat} = Cimpilmj = LimCmjkt = 5 Bale; — Sixlij — Sjali + 6j1lix) -

Now one can verify that with an identification

the Poisson structure (1.41) for g and p precisely yields the structure (1.44). To prove this result,
upon evaluation of the brackets by the Leibniz rule one has to use the constraints (1.37) and (1.38).
This shows that a generalised Euler’s top can be understood as a dynamical system on the cotangent
bundle of the orthogonal group SO(n).
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Formulae (1.42) render the Poisson structure of T*G in the left parametrisation. The right
parametrisation amounts to replacing £ with an element

m =glg".

The Poisson structure of the cotangent bundle in the right parametrisation is

{81,821 =0,
{m1, 82} = Cng2, (1.46)
{mi1, ma} = —1[Ciaymi — ms].

Physically, m coincides with the angular momentum in the stationary frame: m = g(pg)g~! =
gp = gAg™! = J. By using either (1.41) or (1.42), one can show that angular momenta in the
moving and stationary frames Poisson commute {£;;, .} = {A;j, Jii} = 0.

According to the last line in (1.44), the Poisson bracket between the components of A is closed

{ANijs A} = %(51'11\@' = 0ikNjj — Okj Ayt + 01 \ix) - (1.47)

The matrix A is skew-symmetric and the above relations coincide with the defining relations of the
Lie algebra so(n) for the case of general n. The hamiltonian can also be expressed via A only

A2

H = v 1.48
Zji+ji ( )
1#] ‘

The Euler equations are hamiltonian with respect to the Poisson structure (1.47) and the hamiltonian
(1.48). An algebraic variety generated by the matrix elements A;; of a skew-symmetric matrix A
coincides with the dual space g* to the Lie algebra g = so(n). In opposite to the Poisson structure
of the cotangent bundle, the bracket (1.47) is degenerate and Cy = Tr A% with k = 1,...,[n/2]
are its independent Casimir functions. As will be shown later, symplectic leaves of (1.47) coincide
with orbits of the coadjoint action of G in g*. A phase trajectory of the top lies entirely on the orbit
specified by constant values of Ci. For n = 3, a coadjoint orbit, which is the phase space of the top,
has dimension 2 and, therefore, having the conserved hamiltonian is enough to render Euler’s top
Liouville integrable. For general n, in addition to Cy, there are }‘n(n -1) - %[n/ 2] integrals that
guarantee the Liouville integrability of the top on a regular orbit of dimension %n(n -1) —[n/2].
We present these integrals in slightly after.

Calogero-Moser-Sutherland (CMS) models. Inverting the harmonic potential of the one-dimensional
oscillator, one obtains a model with the hamiltonian

2 2
H = p_ + 7_ .
2m  mq?
The corresponding dynamical system can be thought of as describing radial motion of a free particle
on a two-dimensional plane with fixed angular momentum L,, attributed to the coupling constant
v, the latter has the physical dimension of Planck’s constant. The potential gives rise to centrifugal

inverse-cube force. As any one-dimensional model with conserved energy, it can be elementary
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solved by quadratures. It is remarkable, however, that this model admits an integrable generalisation
to many degrees of freedom

1 & v Y
1. H=— 24l —. 1.49
2m Zp, 2m £ g2 (149)

i=1 i#j 1ij

The latter model describes N particles on a line interacting by the inverse-square potential. Here
gij = qi — g, is the difference between coordinates of i’th and j’th particle on a line. This mechanical
system with n degrees of freedom is historically tied up with names of Calogero and Moser who
solved it first in the quantum and classical cases, respectively.

It has been shown by Sutherland that the model (1.49) can be further generalised to account
for a periodic boundary conditions. The corresponding potential is a trigonometric generalisation
of the one in (1.49) and the hamiltonian is

1 & X 1
II. H=— > p?+20— Y ——— . (1.50)
21
2m ; " 2m ; 4% sin? 5 qij

This is the Sutherland model. It can be viewed as an integrable deformation of (1.49) depending
on an additional length parameter £. Particles are confined here to a ring of circumference 2x¢,
the decompactification limit £ — oo brings (1.50) back to the rational case (1.49). Sutherland used
this model to study thermodynamical properties of quantum fluid based on (1.49). The Sutherland
model has an interesting variant where the length ¢ is analytically continued to imaginary values
¢ — i, giving rise to the hyperbolic model with the inverse-sinh-squared potential

1S, v 1
. = 2m ;pi " om ; 4¢2 sinh? ﬁ%‘j . (>0
This time ¢ is naturally interpreted as an interaction length that sets the size of the region where
interactions between particles are sizeable. In the limit £ — oo one again recovers the long-range
model (1.49).
Evidently, the three models (1.49)-(1.51) are particular instances of the hamiltonian system
with a pairwise potential v(g) = v(—q)

| N N

2

H = %Zpi +Zv(q,~_,~). (1.52)
i=1 i<j

One can therefore ask a question on the most general function v(g) for which the model defined by

the hamiltonian is integrable in the Liouville sense. The answer turns out to be

32
Iv. v(g) = "—9(q), (1.53)

where p(q) = p(glwi, wr) is the Weierstrass elliptic function with half-periods w; and w;, where
we choose w1, —iw; to be any positive numbers, possibly infinite.® This potential defines an elliptic
model from which the previous models follow as degenerate cases when one or both periods become
infinite. Specifically, we have

9The @-function is homogeneous p(Ag|lwy, Awy) = /l_zg)(qlwl,wz). With the assumption that wy, w; has the
physical dimension of length, this property allows one to use in ¢(g) the dimensional coordinate g.
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Rational case: w1 = 00, wy = ioo,

1
p(q) — ;

Hyperbolic case: w) = oo, wy = ind,

1

+ .

2 2
402 sinh —zqf 12¢

9(q) —

Trigonometric case: w1 = nl, w, = (oo,

1
.2 q 2"
4£2 sin % 12¢

p(q) —

The models with rational, trigonometric, hyperbolic and elliptic potentials are marked as I, II, IIT
and IV, respectively. In the following we abbreviate the dynamical systems I — IV as the CMS
(Calogero-Moser-Sutherland) models.!® These CMS models are related to the root system of the
Lie algebra Ay _; and can be generalised to other root systems [4].

Bose gas with delta-interaction. The so-called delta-interaction model is defined by the hamilto-
nian

N
1 2
H = m :El p; + K E o(qi — qj), (1.54)

i i<j

where « is a real coupling constant. For x > O the interaction is repulsive and for x < 0 it is
attractive. A solution of the corresponding quantum-mechanical problem for the repulsive case was
first obtained in the case of bosons by Lieb and Liniger, while the general case of distinguishable
particles was solved by C.N. Yang. Expanded in many directions, this model serves as a prototype
example of applications of the Bethe Ansatz techniques.

1.4 Lax representation and classical r-matrix

Lax representation. Let L and M be two square matrices whose entries are functions on a phase
space. Consider the following matrix equation

L=[M,L], (1.55)

where as usual dot stands for the time derivative. If equation (1.55) is identically satisfied as a
consequence of hamiltonian equations for a given dynamical system, then this dynamical system is
said to admit a Lax representation (1.55) with L being the corresponding Lax matrix. Such a pair
of matrices L and M is often referred to as Lax pair.

The importance of the Lax representation is that, once found, it allows for a simple and universal
construction of an extended set of conserved quantities as spectral invariants of the corresponding
Lax matrix. Indeed, consider

H, = TrLF.

10We follow the classification of the CMS systems by [4] but for our presentation purposes interchanged II « III.
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for k € Z. We have
Hy = kTr(L*'L) = kTr(L*"'[M, L)) = Tr[M, L¥] = 0,

i.e. the Hy are time-independent as a consequence of the hamiltonian equations implying (1.55).
In fact, the matrix equation (1.55) can be readily solved as

L(t) = g()L(0)g() ™",

where the invertible matrix g(¢) is determined from the equation
M) =gg™".

By Newton’s identities, integrals Hy are functions of the eigenvalues of the matrix L and vice versa.
Since the eigenvalues of L are preserved in time, evolution of such a dynamical system is called
isospectral.

It should be emphasised that a Lax pair, if it exists, is not uniquely defined. First, the one and
the same dynamical system might admit Lax pairs represented by n X n matrices of different size n.
Second, there is a freedom related to transformations of the type

L'=gLg™", M =gMg'+gg", (1.56)

where g is an arbitrary invertible matrix possibly depending on dynamical variables. If here L, M
is a Lax pair, then L’, M’ is another one for the same dynamical system. Indeed,

L'=¢Lg " +g[M, Llg™' —gLg '¢g7 = [gMg™' +¢g ', gLg ' 1= [M" L].

Note that M undergoes a gauge-type transformation. Lastly, for a fixed L shifting M by any
polynomial of L will not influence the Lax equation (1.55).

We illustrate the concept of Lax representation on the example of the CMS models I, II and III.

I. Lax representation for the rational CMS model can be chosen as

N N N
L= ZpiEii —iy ) —Ej, M= i?’Z — (Eii = Eij) . (1.57)
i1 iz i iz 4dij

Using the canonical structure (1.7) and the hamiltonian!! (1.49), one can verify the validity of the
Lax representation, namely, that

L={H,L}y=[M,L]. (1.58)

The first two spectral invariants of L produce the total momentum P and the Hamiltonian 2H = H,.
Starting from TrL? one obtaines new integrals of motion that cannot be expressed via P and H.

"For simplicity we put in this section m = 1 and ¢ = 1.
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More explicitly,

=TrL = Zp,
Hy = TrL? = Zpl+'yz =

i£] l_]
Hs = TrL? = Zpl 1392 Z pi (1.59)
£ l]
4 zptp/
Hy=TrL" = Zpl+4yz Z +2y Z -
i ti] i#j#k ql_]q_]k

As y — 0 the integrals behave as Hy ~ }’; p;?, which gives a reason to call the basis of conserved
quantities constituted by these integrals the power sum basis.

The integrals Hy have the distinguished feature of being local. This means that in the asymptotic
limit of large time, they take an additive form with respect to the number of particles

Hy ~pr,
J

where p; is an asymptotic momentum of j’s particle. Exhibiting a commutative family of operators
is not exciting by itself, but the fact that these operators are local is truly remarkable. For instance,
powers of the hamiltonian, although commuting, are not local operators. Thus, the existence of
local commuting operators adds to the notion of (quantum) integrability.

IL. Lax representation for the trigonometric CMS model. It is convenient to introduce Q; = 9. In
terms of this variable the Lax pair reads

L= ZplEll +'}’Z l]? 172 f(En - ) (1.60)

i#] i#j
One can verify that (1.58) holds for the canonical structure (1.7) and the hamiltonian (1.50). In
terms of Q-variables the hamiltonian is

H_zzz QZ

i£j

Computing the spectral invariants of L, we generate the conservation laws for this model

H, = TrL = Zpi
i

H2=TrL2:Zpi2 Z

i#]
Hy =TrL? = Zp, 392 Z—pl (1.61)
i#]
QQ
H4:TrL4:Z yz 4pl+2plpj +yZ QJ +2y* Z%
i#j ” i£j ] i#j+k Qt'ijk
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III. Lax representation for the hyperbolic CMS model. This time we introduce Q; = e4:. The Lax
pair reads

N
L:ZI i Eii WZ Q} l] l’yzQLQ} Ei; - l])' (1.62)

i£j i£j

Again, (1.58) holds for the canonical structure (1.7) and the hamiltonian (1.51), the latter takes in
terms of Q-variables the form

Heg S 22

i£]

Computing the spectral invariants of L, we generate the conservation laws for this model

Hy=TeL = ) p;

Hy = TrL? = Zpl +y Z

[£3)
Hy = TrL3 = Zpl + 392 Z —p, (1.63)
i£j 7
QQ Q&
Hy=TrL* = Z pr+y? Z 4p, + 2pzpj Z ? —§ 2
i#j " i#] '] i#j+k Qr'ijk

The formulae for integrals of the trigonometric and hyperbolic models share the features of their
rational cousins. Restoring the length parameter ¢ by rescaling ¢; — ¢;/¢ p; — €p;, which is a
canonical transformation, followed by L — L/f and M — M /€2, one can see that in the limit
{ — oo the Lax pairs for both models II and III go into the Lax pair of the model I, and the same
is for integrals of motion.

Babelon-Viallet theorem and dynamical r-matrix. The Lax representation makes no reference
to a Poisson structure. Spectral invariants of the Lax matrix are integrals of motion but without
specifying this structure it is impossible to conclude anything about their involutive property.

A relation of integrals to the underlying Poisson structure gets established due to the Babelon-
Viallet theorem [5], see also [6]. According to this theorem, having the involutive property of the
eigenvalues of L € Mat, (C) is equivalent to the existence of a function r on the phase space with
values in Mat,, (C)®? such that the Poisson bracket between the entries of L is

{L1, Ly} = [r12, L1] = [r21, La] . (1.64)

As an explicit matrix, ri = (r;jx1), where i, j = 1,...,n correspond to the first matrix space
and k,/ = 1,...,n to the second one. The matrices on the right hand side of (1.64) are multiplied
according to the standard rule of matrix multiplication. Thus, being written in components, formula
(1.64) looks like

{Lij, L1} = risgaLsj — Lisrsjki — Tks,ijLst + Listsiij, Vi j, kIl €1,...,n
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where we have separated the indices belonging two different matrix spaces of 1, by comma. Clearly,
the use of the concise notation as in (1.64) saves a sufficient amount of work and space.

The matrix r is called dynamical r-matrix, which reflects the possibility for this matrix to
depend on the phase space variables. Note that the bracket (1.64) is manifestly skew-symmetric.
To obtain (1.64), we assume that L is diagonalisable,

L =SAS™,

where A is a diagonal matrix whose entries A; are prospective integrals of motion. Assuming that
the phase space is equipped with a Poisson structure such that {A;, A;} = 0 for any i, j, we compute

(L1, Ly} = (iA1S7, 2A28,") = kioLiLo + LiLakia — LikiaLy — Lokio Ly
= gulo+ gl — Ligix + Lagoy s
where we introduced the notation
kip = {S1, 3871850, qio = Sa{SLALSTIST L gon = SifSa A}STISy

From the explicit form of kj» one sees that kp; = —kj>. This allows one to further rearrange the
bracket as

{L1, Ly} [k12Ly — Lakio, L1] + [q12, L1] = [g21, L2]

k12, Lol, L11 = 3[ka1, L1], Lo + [q12, Li] = [g21, La] .

The last expression has precisely the form (1.64), where the corresponding r-matrix is

12 = qi2 + 3[kio, Lo] .

Note that 15 is not assumed to have any specific symmetry properties. Also, it is not uniquely
defined: one can readily see that a shift rjo — rjp + [0712, Ly], where 012 = 031, does not influence
the right hand side of (1.64). Also, the bracket (1.64) does not change its form under symmetry
transformations (1.56), although the r-matrix does.

Concerning the Jacobi identity for (1.64), it yields the following constraint on the r-matrix

(L1, [r12, r13] + [r12, 7231 + [r32, 113l + {La, 113} — {L3, r12}] + cycl. perm = 0.
In the case when r is independent of the dynamical variables, the last equation simplifies to
[L1, [r12,713] + [12, 723] + [r32, 71311 + cycl. perm = 0.
In particular, the Jacobi identity will be satisfied if » obeys the following equation
[r12, 7131 + [r12, 23] + [r32, 7131 = 0. (1.65)

Another important point about the Poisson structure (1.64) is that it yields the Lax representation
for evolution equations driven by any of the hamiltonians Hy = TrL¥, k € Z. Indeed, from (1.64)
one gets

dL
o {Hy, L} = [My, L], (1.66)
Ik
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where M = —kTry (rzlLlf’l) and 1 is the time evolution parameter along the hamiltonian flow
triggered by Hg.

Lax representation with spectral parameter. The number of integrals constructed as eigenvalues
of the Lax matrix L cannot exceed the rank of L. For systems with a substantially large number of
degrees of freedom and with a Lax representation by low-rank matrices, the Liouville integrability is
not guaranteed by the Lax method. For instance, for the generalised Euler top, we can immediately
identify the Lax representation by taking L = A and M = Q, see (1.35). However, the spectral
invariants TrL¥ yield only the Casimir functions and are not enough to declare the model to be
integrable. Remarkably, there is a way to extend the original approach based on (1.55) such that it
will produce enough integrals for Liouville integrability.

Introduce a variable A € C, called the spectral parameter, and consider two square matrices
L(A) and M (A1) that are functions of the phase space variables and 4. A given dynamical system
admits a Lax representation with the spectral parameter, if there exist L(A) and M (1) such that the
matrix equation

L(A) = [M (), L(D)] (1.67)

is satisfied for any value of A as the consequence of the equations of motion for this system. For a
system which admits a Lax representation with the spectral parameter, the quantities

I (1) = TrL* () (1.68)

are conserved for any A. Assuming [;(A) are rational functions of A, the coefficients of their
Laurent expansion around each pole are integrals of motion. The determinant det(L(1) — 1),
which generates I (1) in the power series expansion over the parameter £, defines the classical
spectral curve

det(L(1)-{¢1)=0, ¢ A1€C. (1.69)

This procedure yields an extended set of integrals. Their involutive property can be established
with a generalisation of the Babelon-Viallet theorem: the spectral invariants of L(A) will Poisson
commute at different values of A, iff there exists a dynamical r-matrix (A, @) such that the Poisson
bracket between the components of L(A) and L(u) is of the form

{L1(D), La(w)} = [r12(A, ), Li(D)] = [r21(i, A), Lo ()] - (1.70)

As an example, consider Euler’s top. The spectral dependent Lax representation is given by
Manakov’s pair

L) =F*+3IA, M) =215 +Q. (1.71)
To check (1.67), consider
1A = [M(2), L(D)] = [Q 5] +2[F, Al + L[Q, Al

Vanishing of the constant term here is automatic due to the definition (1.34) of A, while vanishing
of 1/A-terms is equivalent to the Euler equations. Further, by applying the Poisson brackets (1.47),
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we compute the left hand side of (1.70) and find that it can be written in the r-matrix form with the
following non-dynamical r-matrix
1 Eij ®Eji 1 Eij®Eij
MW= T Tl A
ij H ij H

It is convenient to define integrals polynomial in A
k
Ie(A) = AFTrL()F = Te(A + 2970 = 3 1A,
s=0

where k = 2,...,n. Coefficients I ¢ are independent integrals and the existence of the r-matrix
guarantees that they are in involution. Since A is skew-symmetric and F2 is symmetric, I s is
non-zero only if s has the same parity as k. This observation allows one to compute the total
number .4 (n) of integrals

roo- S48 2

k=2

from which [n/2] integrals I o with k even are Casimirs of (1.47). The number .4 (n) — [n/2] of
the remaining integrals is exactly half the dimension of a regular coadjoint orbit of SO(n).

2. Phase spaces with symmetries and reduction

Here we describe a way of constructing integrable models by using the method of hamiltonian
reduction. This method is based on the Marsden-Weinstein theorem which allows one to construct
a symplectic manifold from another one by reducing the latter over its symmetry. We start from a
general definition of the Lie-Poisson structure, one example of which has been already accounted
in the theory of Euler’s top.

2.1 Lie-Poisson structure and coadjoint orbits

Let G be a Lie group and g be its Lie algebra. Let also g* be the dual of g with the natural pairing
(- - ) between g and g*. Consider the algebra of smooth functions F(g*) on g*. If f € F(g*) then
its gradient V f € g is defined as

(m, V() = 1ir%f(€+m:) SO ey,
t—
The Kirillov-Kostant Poisson bracket is defined as
{f, h} (&) =L, [V (L), VA(D)]) 2.1

and it supplies the dual space to the Lie algebra with the structure of a Poisson manifold. One often
refers to (2.1) as to the Lie-Poisson structure. Let us fix a basis {e;} in g, so that

k
[ei’ ej] = fijek’
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where fl.kj are structure constants. Denote by e’ a dual basis in g* defined as (¢, ej) = 6; Then
¢ = ;€' and ¢; are coordinates on g*. In these coordinates

_9f
V= eigr (2.2)

so that V{; = ¢;. Therefore, the bracket between the coordinates is
(i b)) = (L leinej]) = £ bk (2.3)

It is clear that the Kirillov-Kostant bracket is degenerate as is seen, for instance, from the vanishing
of the corresponding Poisson tensor at £ = 0. There is a geometric characterisation of symplectic
leaves of the bracket (2.1) as orbits of the coadjoint representation of G [7]. Below we recall the
corresponding construction.

Coadjoint orbits. Denote by Ad, and adx the adjoint representations of G and g, where g € G
and X € g. Assuming G is a matrix Lie group, one has

AdoX = gXg™', adx¥ =[X,Y], Yeg.
Then the coadjoint action (representation) of G in the dual space g* is defined as
Ad;L(X) = £(Adg1X) = £(g7' Xg),

for any X € g. The derivative map of this action at the group unity g = e defines the coadjoint
action (representation) of g in g*:

ad’ l = %Ad;X{’L:O,
so that

ady ((Y) = —t(adxY) = —€([X,Y]). 2.4)
Under the coadjoint action the space g* splits into orbits. Consider an orbit

On ={Adyn, g € G}

that passes through a point n € g* and denote by G,, C G the stabiliser (stability group) of this
point. Evidently, the orbit can be modelled as a homogenous space G/G,, ~ O,,. Let us show that
the tangent space to &, at n is then naturally identified with the factor-space g/g,,, where g,, is the
Lie algebra of G,

gn ={X eg: adyn =0}.

Any element X € g gives rise to a vector field on g* tangent to the orbits of the coadjoint action.
For f € F(g*) this vector field is defined as

d
Exf(0) = - [(Ad_x )] =~y LVS(0). (2.5)
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From here we find that

. 0 d . 0
&x = —(adyl, e;) a0 - (¢, [X,e]) o - (e, [X, ei]>£ja_€i~ (2.6)

These fields satisfy the relation

[€x, év] = éx.v7» 2.7

implying that the map X — £x is a homomorphism g — X(g*). As follows from (2.5), for X € g,
the field £x vanishes at the point n and vice versa. The tangent space to &, at n is spanned by
non-vanishing vector fields and is, therefore, isomorphic to g/g,, .

The fields £x are hamiltonian, they are generated by the following linear functions of ¢

fx (&) =<, X).
Indeed, Vfx(£) = X and, therefore,

{fx, B}(O) = (€, [X, VR(O)]) = —(ady {, VA(0)) = Exh(l), YheF(g).

G-invariant symplectic structure on coadjoint orbits. According to (1.14), one can define on
O, aclosed 2-form

we(éx, &y) = {fx, fr}©) =X, Y]) = fixn(O), €€ 0,, (2.8)

where &x and &y are hamiltonian vector fields (2.6) tangent to the orbit at the point £. The fact
that w is G-invariant can be demonstrated in different ways. One way is to note that the fields
&x representing the group action on F(g*) are hamiltonian and, according to the general theory,
must preserve the Poisson bracket and the 2-form (79). Another way to be now explained appeals
to a direct computation. The group acts on points of the orbit by £ — ¢’ = Ad,{. Under this
action the vector fields transform: &x — £&5. For a fixed g € G the point ¢’ has coordinates
f; = (Adyl, ej) = ({, Adg-1¢;), so that the Jacobi matrix is
at;  aty

—_— k _ L) — ] _ .
5, = 37, Adgen) = (¢ Adgier)

The field &5 can be then found by using the standard transformation rule for vector fields

i j 0 d
6€] afl’ = <£, [X, e]]> <€ ,Adg—1€i>— = <f’ [X, AdgfleiD v

Ex () =(6[X, e;]) ae! a0

where we have used that |e j><ej| is the identity operator on g. Therefore,

9

Ex () = (U [AdgX, e;]) ae!

= énd,x (0,
where in the last step we used the comparison with (2.6). It remains to evaluate

we (Exy Ey) = W (Endy x> Eadgy) = (Adgl, [Adg X, AdgYT) = (£, [X, Y1) = we(éx, éy),
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which shows that w is invariant under G.
From (2.8) it follows that at the point o giving rise to the orbit &, one has

wn (£x,€y) = (0, [X,Y]). (2.9)

The right hand side of this formula is a bilinear skew-symmetric form on g which kernel coincides
with g, . This form is non-degenerate on the factor space g/g,, that is isomorphic to the tangent
space to the orbit at 7. Since the action of G on &, is transitive and preserves w, this form is
non-degenerate at any point of &,, and, therefore, any coadjoint orbit is a symplectic leaf of the
Kirillov-Kostant bracket. As a consequence, any coadjoint orbit is even-dimensional. Functions on
g”* invariant under the coadjoint action are obviously constant on any coadjoint orbit and, therefore,
they are Casimir functions of the Kirillov-Kostant bracket.!?

2.2 Hamiltonian reduction

Let & be a symplectic manifold. The hamiltonian or symplectic reduction is a procedure of
obtaining a new symplectic manifold &, from & by means of reduction over the symplectic action
of a Lie group G.

Given on & a dynamical system with a hamiltonian H invariant under a continuous symmetry
group, Noether’s theorem gives rise to integrals of motion corresponding to this symmetry. Reduc-
tion consists in eliminating some degrees of freedom by setting these integrals to constant values.
Initial dynamics restricted to the corresponding locus of the phase space is typically degenerate
and to obtain a well-defined dynamical system, one has to factor out some additional degrees of
freedom. Integrability of the reduced system, if present, is conventionally inherited from some
simple and solvable dynamics on the initial phase space. Here we explain the basics of hamiltonian
reduction traditionally founded on the geometric notion of the moment map. Further subtle details
together with a number of important applications can be found in [1, 8].

Hamiltonian action of a Lie group. Let & be a connected manifold. Suppose & is endowed
with a smooth action of a Lie group G: G X & — . Denote by g - x the image of x € & under
the action of g. Then for any g1, g» from G we have (g1g2) - x = g1 - (g2 - x) and e - x = x, where e
is the identity element. This action induces a representation of G in the space F(?):

T()f(x)=f(g" -x), feF(P). (2.10)

Any element X of the Lie algebra g of G gives rise to the vector field £x according to

(e = 2 fe )| @1

t=0"

Since T'(g) is a representation, the map X — &x is a Lie algebra homomorphism g — X(&2)
meaning that

[€x,év] = éxy - (2.12)

12Any function f € F(g) invariant under coadjoint action has the gradient V f for which (£, [X, Vf]) = O for any
X € g, as follows from (2.5).
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An example of the group action is provided by the coadjoint representation of G in & = g*. For
this example formula (2.11) turns into (2.5).

Let & be a symplectic manifold with the 2-form w. The action of G on &7 is called hamiltonian,
if for any X € g the corresponding vector field £x is hamiltonian, i.e. there exists a single-valued
function fx € F(&) such that

iexyw+dfx =0. (2.13)

Since £x is hamiltonian, it generates a symplectic transformation. In other words, a hamiltonian
action of G on & is symplectic. Vice versa, at least locally, symplectic transformations by G are
hamiltonian [3].

The hamiltonian function fx is determined by (2.13) up to an arbitrary constant which can
always be chosen such that the dependence of fx on X is linear.!> This choice is not however
unique as one can shift fx — fx + (£, X) for any x-independent £ € g* without violating neither
(2.13) nor linearity in X. Fixing then a concrete linear map X — fx, we will find that it satisfies
the following relation

Sy = {fx fr}+e(X,Y). (2.14)

Here c is a bilinear skew-symmetric 2-form on g that is a constant on &7, i.e. its value does not
depend on a point x € &. To prove (2.14), we write (2.13) for a Lie algebra element [X, Y]

i_g[X,YJa) + df[x’y] =0.

Since &1x,y) = [€x, &y], we have ijgy g 1w + dfix,y) = 0. But a general property of hamiltonian
fields is that [£f,&,] = £(f,¢) and since Ex = &p 14, we will have that [€x, &yl = &4, ) and,
therefore,

igpe @+ dfixy) =0 (2.15)

On the other hand, by the definition of the hamiltonian vector field

i @+ dUfx fr} = 0. (2.16)

Comparing (2.15) with (2.16), we conclude that d{ fx, fr} = dfix,y], implying (2.14). The Jacobi
identity for the Poisson bracket yields for ¢ an equation

c([X,Y),Z) +c([Y,Z], X) + c([Z,X],Y) =0,

meaning that ¢ is a 2-cocycle: g A g — R defining an element of the second cohomology class
H? (g,R). A trivial cocycle (coboundary) corresponds to ¢(X,Y) = (£, [X, Y]) for some ¢ € g* and
it can always be eliminated from (2.14) by redefining the hamiltonian function as fx — fx — (¢, X).

13 Linearity of the map X — fy is achieved by first picking particular hamiltonian functions for all elements in a basis
of g and extending to all X € g by linearity.
14This identification is applied precisely after the linear map X — fx gets fixed.
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Moment map. For any x € & a correspondence X — fx(x) defines a linear functional on g
which can be identified with some u € g*. Explicitly,

(u(x), X) = fx(x). 2.17)

This relation gives rise to a map u from the symplectic manifold into the dual space to the Lie
algebra

u: P -g-, (2.18)

known as the moment map.
We further assume that the hamiltonian action of G on a connected manifold &2 is such that
the hamiltonian functions can be chosen to satisfy

{fx: fy} = fix.rr - (2.19)

In particular, this is always the case when the second cohomology class is trivial. Formula (2.19)
means that the linear map X — fx is a homomorphism of the Lie algebra g into the Lie algebra of
hamiltonian functions. For the freedom fx — fx + (£, X) to be compatible with (2.19), the map
¢ : g — R must be a 1-cocycle, i.e. it must satisfy the condition (£, [X,Y]) = O for any X,Y € g.
Consequently, the space of such £’s coincides the first cohomology class H'(g,R) =~ (g/[g.g])".
For semi-simple Lie algebras [g,g] = g and therefore H'(g,R) = 0, which implies that the map
X — fx obeying (2.19) is uniquely defined. From (2.17) it is then follows that the moment map
(2.18) is also uniquely defined for this case.

According to its definition, the quantity (u, X) is a Poisson algebra generator of the hamiltonian
group action

(e X), -} =éx.

From linearity of the Poisson bracket, for any function f on the phase space one has

(w f1,X)=éxf VX eg. (2.20)

Evidently, functions invariant under the group action Poisson-commute with the g*-valued function
u(x). Below we point out the two most important and interrelated properties of the moment map.

First, condition (2.19) implies that the moment map u : & — g* is a Poisson map provided
the algebra of functions on g* is equipped with the Kirillov-Kostant bracket. The left hand side of
(2.19) can be written in the form

{fx: fr}(x) =X @Y, {u®u}(x)). (2.21)

Here the symbol of tensor product within the Poisson bracket indicates that its arguments are
regarded as elements of two different vector spaces. For the right hand side of (2.19) one gets

Fixy1(x) =X, Y], u(x)) = (X @Y, (u(x), [es, ej]y e’ Ael). (2.22)

By comparing we conclude that

(e uh(x) = (u(x), [ei, el e’ A e/, (2.23)
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where the bracket in the left hand side is evaluated on &?. This shows that if we endow g* with the
following Poisson bracket

lpeuly = (wlenely e Ael, (2.24)

then (2.18) is a Poisson map. Obviously, (2.24) is the Kirillov-Kostant bracket (2.3) for the
coordinates y; on g* amalgamated into

u= e . (2.25)

Second, (2.19) implies that the moment map is G-equivariant. This has the following meaning.
Let g(¢) be a one-parametric subgroup corresponding to X € g. According to the definition (2.11),
a shift x — g(¢)~! - x is generated by the vector field £x. This vector field acts on the moment map
as follows

Expu(x),Y) = Ex fr(x) = {fx, fr}(x) = frxr(x) = (ux), [X,Y]),

from which we deduce that

Exp(x) = —adipu(x). (2.26)

The global version of this action is u(g™" - x) = Ad;1 u(x) or, upon replacing g — g~!,

(g - x) = Ad;p(x) (227)

Thus, the moment map intertwines the group action on & with the coadjoint action so that an orbit
of G in & is mapped under u into a coadjoint orbit in g*.
To summarise, the moment map (2.18) is a G-equivariant mapping of Poisson manifolds.

Marsden-Weinstein theorem. Let &2 be a symplectic manifold with the 2-form w. For a fixed
m € g* denote by G, C G its stabiliser under the coadjoint action. Consider the inverse image
w'(m) c 2. This subspace is invariant under the action of G,,. Indeed, for g € G,, and
x € p~'(m) one has

p(g - x) = Adgu(x) = Adgm =m,

thatis g - x € u~'(+n). Thus, one can define the quotient
Py = (m)/Go, - (2.28)

This quotient is usually referred to as the reduced phase space, see Fig. 2. If m is chosen such
that the action of G,, on u‘l(m) is free and proper, then according to the known theorem 27,
is a smooth manifold. The Marsden-Weinstein theorem [8] is a statement that &2, is a symplectic
manifold with the symplectic structure inherited from w on &.

To get an idea of the proof of the Marsden-Weinstein theorem, let us evaluate w on the vector
field & = &, of a basis element ¢; and an arbitrary vector field 7. We have

w(&i,m) = —du;(n) = —nu;,
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constraint surface

orbits of G

Figure 1: Geometric picture of reduction.

because &; has y;(x) as its hamiltonian function, see (2.25). If we further assume that 7 is tangent
to ,u_l(m), then

wx (&) = —npal

Since & span at x € u~!(m) the tangent space to the orbit of G through x, this space is a
skew-orthogonal complement of the tangent space to the level set S = u~!(m)

TS =T (G- x)*.
Since w is non-degenerate,
I:8* = (Ix(G - 0)*) " =Tu(G - ),
i.e. these two tangent spaces are orthogonal complements to each other. Obviously,
T.8NT(G-x) =T (Gp - x) .

Thus, the kernel of w restricted on § is spanned at x € § by all the vectors tangent to the orbit of
G, at this point.'> This allows one to define a non-degenerate closed 2-form Q as

Qx([£]. [nD) = wx(&m),

where &, i are vectors tangent to ,u‘l(m) at x, and [£], [7] are their equivalence classes defined
modulo vectors from 7(G,, - x). This form does not depend on a point x along G, , because w
is invariant under G,,,: wg.x(g:&, g:1) = wx(&, 1) for g € G,,,. Hence Q is a well-defined form
on &7, which equips it with the structure of a symplectic manifold. If u is a submersion, then the
dimension of &, is

dim &, = dim & —dimg — dim g, , (2.29)

which is ipso facto an even number.

15 In particular, any orbit of G, in § is an isotropic submanifold, as the symplectic form evaluated on any two vector
fields &,  tangent to an orbit vanishes: wx(&,7) =0, x € §.
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The symplectic form Q can be effectively inverted with the help of the Dirac bracket construc-
tion. According to (2.23), the Poisson brackets of u; (x)’s reduced on the constraint surface take the
form

(s ) ()| g = (), [eis ) = (ad; m, e;). (2.30)

u(x)=m
We arrange basis vectors {e; } of g such that the first dim g,,, vectors withi = 1, ..., dim g,,, constitute
a basis of g, , where g,,, C g is the Lie algebra of the stabiliser G,,, of m. In the case e; € g, the
bracket (2.30) vanishes for any e¢; € g. This observation motivates to split all the constraints into
two sets

{/“tl(x)} = {/ltl(x)’ a € 19 .. adlmgm} ) {/J@(X), a € 1’ . ’dlm(g/gm)} . (231)

Constraints from the first set are called first class, they have the characteristic property that their
Poisson bracket with any constraint vanishes on the constraint surface. Transformations of the
phase space induced by the hamiltonian vector fields of y, are known in physics context as gauge
transformations. These transformations form a gauge group which, by construction, coincides with
the stabiliser G,,, of the fixed value m of the moment map.

The constraints from the second set are called second class, the matrix Y55 = {ua. ug} is
invertible in some neighbourhood of the constraint surface. The hamiltonian vector fields &4
corresponding to functions ugs are “transversal” to §. For any two functions f and & on & the
Dirac bracket is then defined as

(f. 1o = {f kY = {f. pa ¥ g kg ) (2.32)

One can show that this bracket obeys the Jacobi identity and its inverse on &, coincides with Q.

Invariant dynamics. The Marsden-Weinstein theorem gives a construction of a symplectic man-
ifold from another one equipped with a hamiltonian action of a Lie group G. Let on a symplectic
manifold & a dynamical system be given with a hamiltonian H invariant under the action of G.
Let £x be the hamiltonian vector field of X € g. The invariance of H means that

d
—&éxH ={H, fx} = % =0, (2.33)

where ¢ is the time parameter along the flow generated by H. Hence, the hamiltonian functions fx
are integrals of motion and, as a consequence, the moment map (2.17) remains constant along the
trajectories of the dynamical system u(x(¢)) = const. Equation (2.33) is a hamiltonian analogue of
Noether’s theorem that provides a relation between variational symmetries and conservation laws.
From a geometric point of view, conservation of the momentum map means that if the starting point
of a trajectory of the hamiltonian system is on the surface u(x) = m, then the whole trajectory lies
on this surface.

Coadjoint orbits from reduction of T*G. As a straightforward application of the hamiltonian
reduction technique, we consider the reduction of T*G with respect to the left or right action of G,
which in both cases produces coadjoint orbits as reduced phase spaces. Recall that the left and right
actions of G on TG ~ G X g* are

h-(g€) =(hg?), (g.0-h! = (gh_l,AdZ{’), (2.34)
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where & € G and used employed the left parameterisation of the cotangent bundle by a pair (g, £).
By using (1.42) one can verify that the moment maps of these actions are

lu[(g’ f) = —Adz,f =-m, ,Llr(g, 5) =0,

see, for instance, [9] for details. For the reduction under the left action, we fix the moment map
to a constant value —m. The constraint surface § = u;l (my) is then

$ =1{(gAd,_mo), g€G}=GC.

If Gy, is an isotropy subgroup of ¢, then the reduced phase space can be either modelled as a left
coset &, = G, \G or alternatively as the coadjoint orbit &2, = {Ad;lmo, g € G} = Oy, through
mg. Note that this kind of reduction is physically realised in the case of hamiltonian dynamics
of Euler’s top. Fixing my is the same as fixing the value of the conserved angular momentum
J in the stationary frame. Identifying g* with g by means of the non-degenerate bilinear form
(a, b) = Tr(ab), where a, b € so(n), we obtain a coadjoint orbit £ = g‘1 Jg which is the phase space
for Euler’s top.

For the right action the moment map y, coincides with the projection of an element (g, ) on
its second component and fixing it to a constant value £( gives § =~ G X £y ~ G. The reduced phase
space is a coadjoint orbit &y, which is modelled this time by the right coset &2, = G/Gy,.

2.3 Hyperbolic CMS model from reduction

Here we consider an interesting application of the reduction technique for deriving an integrable of
the CMS type from T*G. Historically, this derivation goes back to [10], where the corresponding
models with rational and trigonometric potentials have been obtained from T*g and T*G, respec-
tively. Since we are mostly interested in the algebraic aspects, we neglect the issue of reality
conditions by working within algebraic (holomorphic) approach, where the role of the phase space
is played by a complex algebraic manifold [11]. Adopting this approach and staring from T*G as
an initial phase space, we derive the CMS model of type III.
We take G = GL(N, C) and consider the combined left-right action of G on T*G, namely,

h-(g,€)-h™' = (hgh™",Ad}0).

It follows from our considerations that this action is hamiltonian and the corresponding moment
map u is obtained as the sum of the moment maps for the left and right actions

p==C-gtg™",

where we have identified g* with g = Mat(, C) so that the coadjoint action becomes equivalent to
the adjoint one. We choose a value n of the moment map such that it would have the stabiliser G, of
maximal dimension, so that the corresponding coadjoint orbit would have the minimal dimension.
We therefore take

n=e®e -1.

where e is a N-dimension vector with all entries equal to one. Indeed, n has N — 1 coincident
eigenvalues, G,, =~ GL(1) X GL(N — 1) and, therefore, the orbit in g* we are interested in, is
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isomorphic to the coset &, ~ GL(N)/(GL(1) x GL(N — 1)). This orbit has a complex dimension
2(N — 1) and is among the orbits of minimal positive dimension. Thus, the moment map equation
we will consider is

C—gltg ' =iy(e®e — 1), (2.35)

where vy is an arbitrary constant. To solve this equation, we restrict ourselves to diagonalisable
elements g € G which admit the following representation

g=TQrl ", (2.36)

where Q is a diagonal matrix with pairwise different non-vanishing eigenvalues. To fix matrix
T € G uniquely, we requite it to obey the so-called Frobenius condition [12]

Te =e. 2.37)

Obviously, the set of matrices satisfying this condition form a group F. The Lie algebra § of this
group is Frobenius, i.e. it admits a a non-degenerate 2-cocycle that is coboundary, which explains
the name "Frobenius condition" for (2.37). The group F is then called Frobenius group.

Substituting (2.36) into (2.35) and multiplying (2.35) with 7! from the left and with 7 from
the right, we get

L-QLQ '=iy(e®e' T-1), (2.38)
where we have introduced
L=T"%Teg. (2.39)

First, we note that the diagonal part of the left hand side of (2.38) vanishes which for the right
hand side implies the condition e’T = 0. With this condition at hand, we project (2.38) on the
off-diagonal part and solve the corresponding equation for L;;

Q.
Lijj=—-iy—, i#], (2.40)
Y Qij

with Q;; = Q — Q;. The diagonal part of L decouples from (2.38) and therefore remains arbitrary.
Hence, for L we find the following solution

N N Q
L= piEi-iy) —LE;. (2.41)
i=1 i#] Qj

which is obviously the same that matrix L from the Lax pair (1.57) for the hyperbolic CMS model.

The stabiliser G,, consists of the one dimensional center of GL(/N) together with a group defined
by two conditions

{TeEG: Te=e, T =¢"}~GL(N-1). (2.42)

Because of the center, the coadjoint (adjoint) action of GL(/) is not effective and as the result
equation (2.35) comprises N2 — 1 constraints rather than N, as is seen from the fact that the trace of
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(2.35) is automatically zero and does not lead to a separate constraint. For this reason the dimension
of the reduced phase space is computed by the formula which is slightly different from (2.29) and
takes into account the presence of the center

dim 2, = dim(T*G) —dim(GL(N)/GL(1)) —dim(G(N —1)) = 2N?> - (N*=1) = (N-1)> = 2N .

These 2N degrees of freedom are precisely n variables Q; and n variables p;, and they parametrise
the reduced phase space. Moreover, we can now see the geometric origin of the Lax matrix: its
entries are functions on the cotangent bundle invariant under the action of G,. Indeed, under
h € G,, we have

> hth™', T > T, (2.43)

in particular, here the transformation for 7' follows form the fact that a non-central 7 € G,, is an
element of the Frobenius group. Under (2.43) the quantity L = T~'¢ T remains invariant.

To complete the discussion of the reduced phase space, we need to establish the Poisson
structure between the variables p;, Q;. Starting from (1.42), computation of the Poisson brackets of
T, Q and ¢ yields

{Ty, 62} = TiTas 12T {Q. 6} = -QLCnT; !, (2.44)
{Q. 12} =0, (Q, Q) =0. '
where
N B N
S12 = _Za(Eii_Eij)®Eji, Ci2 :ZEii®Eii- (2.45)
izj Y i=1

In deriving these formulae the Frobenius condition was essentially used, see [9] for details. Now
we obtain

{Q, L} = {Q. T, 621} = -QiCys . (2.46)

From the structure of the right hand, it is clear that only the diagonal part of L contributes which
allows one to conclude that on the reduced phase space one has {Q;, p;} = —Q;6;;. If we parametrise
Q = e, then the last formula implies the canonical bracket {p;, g;} = 0;;.

We can further compute the Poisson bracket between components of the Lax matrix. We find

{L1, Ly} = [r12, L1] = [r21, L2, (2.47)

where rip = %C 12 — S12, which explicitly reads as

N N
1 Z Z Q
rip = 5 Eij ® Eji + aj(Eii - Eij) ® Eji . (248)

LJ i#]

Thus, the Poisson brackets between entries of the Lax matrix admit the required r-matrix form to
guarantee involutivity of 7Hy = TrL¥. Clearly, the r-matrix is dynamical as it depends on ;.
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Concerning the dynamics, we can take any invariant function of £ as the hamiltonian H.
Since invariants of ¢ are Casimirs of the Kirillov-Kostant bracket for ¢, the evolution equation for
L = T~'¢ T with any such hamiltonian will take the form of the Lax equation

dL .
— =Ly =[M,L], M=-T"T, (2.49)
as ¢ = 0. Here the element 7 = T(¢) takes values in the space of solutions (2.42) of the moment
map equation (2.35). As aresult, M can always be chosen to satisfy two conditions

Me=0, eM=0. (2.50)

As an example, consider the hamiltonian H = %Trf2 = %TrLz. The Poisson bracket of H with L is
easily computed from (2.44) and one finds

N . .
M = TI'](L]SQ]) = i)/ E @(El - E,‘j) . (2.51)
i#j Ny

Evidently, this matrix satisfies the conditions (2.50). As a consequence, M commutes with the
elemente @ e’ = 3;; E;;.

Let us now show that solving equations of motion reduces to a variant of the factorisation
problem. On the initial phase space the equations of motion triggered by H = %Tr{’2

are trivially solved
¢ =Q0)e'’, ¢ =const

where we assumed that at ¢+ = O the point g lies on the reduced phase space. Then at any later
moment of time, the exponentiated coordinates Q(¢) are determined by solving the factorisation
problem

QO =TH)QNT®)™", T@e=e, (2.52)

with the initial condition T(0) = 1. Since L(t) = T~ (¢)¢T(¢), we can identify £ = L(0), so that £
encodes the information on the initial coordinates and momenta. Once 7'(¢) is found by algebraic
factorisation, one can compute p;(t) by projecting L(¢) = T-'(t)L(0)T(¢) on its diagonal part. In
this way solving the differential equations of motion was reduced to algebraic operations, hence to
quadrature.

This completes our derivation of the CMS model by means of the reduction from T*G. For
recent applications of more involved reduction techniques which use the Poisson action of Poisson-
Lie groups and derivation in this context the relativistic generalisations of the (spin) CMS models,
known as the Ruijsenaars-Schneider (RS) models [13], see [14, 15] and the references therein.
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3. Quantum integrability I: Discrete spectrum

Determination of the spectrum of the Schrodinger operator is one of the central tasks of quantum
mechanics. The particularity of an integrable model is that the hamiltonian defining the correspond-
ing Schrodinger operator is a member of a commuting family of differential operators, so that one
can search for a basis of common eigenfunctions for all of them. Among various approaches to the
spectral problem the following two are the most advanced — the first is rooted in the theory of multi-
variable orthogonal polynomials, and the second is based on a special ansatz for the asymptotic
wave function. In particular, the second approach, known as Bethe Ansatz, is applicable to a large
variety of integrable models that support scattering, and we address it later. Here we concentrate
on the method of orthogonal polynomials, suitable for the case of a purely discrete spectrum. The
corresponding models include, for instance, the rational CMS model with a harmonic oscillator
potential, the trigonometric CMS and RS models.

3.1 Quantum trigonometric CMS model

To illustrate the procedure of constructing the spectrum of an integrable model by using the theory
of orthogonal polynomials, we employ the quantum trigonometric CMS model as an example. The
hamiltonian of this model is the following Schrodinger operator

Zaz 7(7 ﬁ)z 3.1)

i£]

where 0; = 6%[‘ This operator is obtained from the classical hamiltonian (1.50) by replacing the
classical momentum p; with its quantum counterpart p; — —ihd;. We also found convenient to
write the potential via the exponential variables Q; = ¢'%/¢ that are periodic functions of ¢; with
the period 27f. The coupling constant g = y*> > 0 of the classical theory was replaced with
g = y(y — ) so that in this parametrisation g automatically obeys g > —7- 2 for any real y # 5 h . This
replacement is related to the fact that in the rational degeneration of the model the negative Values
of the coupling constant —%2 < g < 0 are also allowed.

Commutative operator families. The model is quantum integrable and the hamiltonian is a part of
the family of N pair-wise commuting operators. These operators can be constructed as quantisation
of the classical integrals (1.61). The first few read as

H, = (=ih) Z i

Hy = (—ih)? [Zaz ﬁ(ﬁ—l)z Q,,]

i£]
Hy = (—ih)? [Zas 3ﬁ(ﬁ 1>ZQLQJ ] (32)
i#j iy

Hy = (-ih)* [Z a?

i ' . 4
. B ”ZQ‘Q’[462 STARCAL PR e i R
i£] fQU fQU
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28-1)2 « Q°QF 282(B-1)? QA
NRCREVEy %+ﬂ(ﬁ ZQJ ,

1 7 2 2
¢ 5 % ¢ ik %Yk
)

where we have introduced the dimensionless coupling constant 5 = % In particular, H; = P is the
operator of total momentum. Note that starting from H, the classical expressions get i-corrections
to yield the normal ordered quantum integrals where all momenta (derivatives) are on the right from
coordinate-dependent expressions. There is another convenient basis of integrals which allows for
a compact general formula for k’th integral [16]

[k/2]

Dy = k¥ )

(=) I (B — 1)/ Z' QQ, Qo Qy
2J‘]'(k - 2‘])'£2] [1yeeelf Ql%ig o Qé'—liz'

where £’ means that no two summation indices coincide. In the limit of zero coupling integrals Dy,

i+ - iy s (3.3)

12j+1

turn into symmetric functions of derivatives that justifies for this bases the name symmetric. As is
seen from (3.3), the ordering of the coordinate and momentum operators within any individual sum
is irrelevant. Introducing the quantum Lax operator

L=-ih ) Eidi+y ) &Eij, (3.4)
i i#] Qj
one can verify that the integrals Dy are generated in the expansion of the following determinant
over the formal parameter ¢

N
det((1-L) = Z INRDEDE, Dy =1, (3.5)
k=0

where L is given by (3.4). As the reader can verify, in computing the above determinant by the
Laplace expansion no ordering ambiguity arises. Since classically L(y)’ = QL(-y)Q ™', where
Q = Y; QE;;, the determinant (3.4) is a function of y?, so that once the determinant is computed,
one needs to substitute y> — A2B(B—1) to get formula (3.3) for Dy. Finally, the relations between
the power sum and symmetric bases of integrals are given by the following determinant formulae

D, 1 o --- 0 H, 1 o .- 0
2D, D, 1 --- 0 H; H 2 .- 0
1
H = : O E > S (3.6)
(k=1)Dyx-y Dy - --- 1 Hi. Hyo - -+ k-1
k Dy Dy - -+ D H, Hy, - --- H

In fact this are the same formulae that relate the power-sum symmetric functions and elementary
symmetric functions.

The boost operator. In addition to the hamiltonian and momentum operator, sometimes it is
convenient to consider the operator of the Galilean boost that is defined as

N
B=]_[Q,.S.
i=1
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where the parameter s € R plays the role of the velocity of the moving frame. This operator boosts
the hamiltonian to give

1 s Ns?
B "HB=H+-P+—.
4 202
More generally, one can study the spectrum of this boosted hamiltonian, which is essentially an
admixture of H and P, but we will restrict ourselves to the spectrum of H.

The ground state. The first step towards the spectrum of the model is to find the ground state wave
function and the ground state energy. This can be done by noting that the hamiltonian (3.1) can be
represented as

1
=§Z;AiAi+EO,
1=

where

—zha—zl; Al = —ino; + 212

are two hermitian conjugate operators and

y_ZN(N2— 1)

Eq =
0T T 24

3.7

Since Zi’i 1 AITAI- is a hermitian semi-positive operator, E( coincides with the ground state energy,
while the ground state wave function A, is determined by a compatible system of equations

AjA=0, j=1L...,N. (3.8)

The solution of this system is a Jastrow wave function

A= ]_[(@ Q) ﬂ Q Ne, (3.9

i<j

which up to a phase coincides with Hl < Q- Q 8.

Note that the ground state energy admits the thermodynamic limit where the length L = 2n{
of the box (period) and the particle number N both tend to infinity, such that the particle density
D = N/L remains finite in this limit. From (3.7) for the density &; of the ground state energy of
the we find in the thermodynamics limit

. Ey (m '}’)2 3
&= 1 —=——D". 3.10
0% NIne T 6 (3.10)
Excited states. To find the spectrum of excited states, we pass from the hamiltonian to a new operator
# which is obtained by conjugating H with the ground state wave-function and subtracting the
ground state energy: # = 2‘) (A‘lH A —Ep). Explicitly,

N

Aloga) #5554 (o7 -osg)

i=1 i<j
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This operator is invariant under the action of the symmetric group Gy and its spectrum will be
spanned by symmetric polynomials of Q;. Indeed, consider the following monomial symmetric
functions

A M A
m. = Z Qol(l)Qoz(Z) s ch](VN) 3.11)

O'GGN

associated to the Young diagram A = [Aj, Ay, A3, . . .], where the non-negative integers A; (dominant
weights) form a weakly decreasing sequence

M=2h=2M>.... 3.12)
Applying the operator 7 to m;, yields

76111)L =&my) + Z ChuMy s
pu<h

where

a= ) MBI =Ny, (3.13)
7

i<j
Here we have also used the notion of a dominance partial order defined on a set of partitions as
w<hifandonlyif wi+...+p; <M +...+%;, forallj=1,...,N.

This order is only partial because not all the partitions can be compared in this way.

Thus, # is triangular in a symmetric monomial basis and its eigenfunctions can be searched as
linear combinations of m; with all subordinate m,. This leads to the construction of the spectrum
in terms of symmetric Jack polynomials.

3.2 Spectrum via Jack polynomials

For a given partition A denote by m; multiplicity of its part 1, by m, multiplicity of its part 2, etc.
Let us associate to A the following number

2= 1"m12"my! ... (3.14)
With this notation we define on the space of symmetric functions the following scalar product
(P pp = Srp B, (3.15)

where £()\) is the length of the partition A (the number of parts). The Jack polynomials J,(Q; 8)
are known to be uniquely defined by the following conditions [17]

1) (@ B) = my + Ly un(B)my ,

2) (=0 if h#p,
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where the coefficients u, () are rational functions of 8. If /() > N, then J,(Q, 8) = 0. For g =1
the Jack polynomials coincide with Schur polynomials. The Jack polynomials are orthogonal with
respect to the scalar product

(fis f2) = (2m)N1_[ ¢ —fl(Q)fz(Q)DIQ Q. (.16)
|Q_]| 1

In fact, the scalar product (3.16) is proportional to (3.15). Among other properties of the Jack
polynomials the following relation is noteworthy

(H QL-)JA(Q;m = ha(QGB), A+l=Da+Lla+1.. ], (3.17)

i

Finally, the Jack polynomials are the eigenstates of % and #

Hh(QB) = ahlQp)), Ph(Q; B) = ph(Q; B),

where eigenvalues &) are given by (3.13) and

M

p= A (3.18)

Jj=1

Here & = % ATV PA = %P is the operator of total momentum because P annihilates the ground
state wave function.

A simple and explicit formula for Jack polynomials is currently unknown. The reader can
consult the Table 3.1 in [9] for the list the first seven polynomials together with the corresponding
eigenvalues of the operator #. Combing all the pieces together, we obtain the following formula
for eigenfunctions of H

N —~(N-1D)B/2 N
¥(Q) = (H q-) [J@-ofres. (3.19)
i=1 i<j

Quasi-momentum. The spectrum of the trigonometric model has a striking interpretation in terms
of quasi-particles which makes the integrable structure of the model manifect. Taking into account
the expression for the ground state energy, we obtain the following formula for the spectrum of the
hamiltonian (3.1)

RN RRNN~ 1)
= — X+ N+1-2j))\ + 3.20
e Fl A DI+ == (320)
Introducing the dimensionful quasi-momenta!'®
h . .
pi= (e + G -2HB). j=1...N, (3.21)

!6Quasi-momenta p; have the physical dimension of momentum.
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the formulas for the energy and total momentum can be written as

N
E:%Z;pj., P=>"p;, (3.22)
=

J=1

2

where they obviously coincide with the sums of energies and momenta of free non-relativistic
particles with momenta p;. For p; a selection rule applies, namely, p;| — p; > y/{. The formulae
for £ and P hint on the degeneracy of the spectrum, as the same values of of these integrals can
be realised by different configurations of p;. It turns out that the eigenstates of the hamiltonian are
separated by the values of higher commuting charges.

Sekiguchi operators. The commuting integrals of the model are given by (3.3). Conjugating these
integrals with the ground state wave function, we get

D = AT D A (3.23)

These new mutually commuting differential operators are known as Sekiguchi operators. They were
introduced in [18] as a one-parametric deformation of the generators of the algebra of the invariant
differential operators on symmetric spaces.

In the following it is convenient to introduce the following generating functions for Dy and &y

N N
D)= Y (NFEDEDe, @) = ) VD (3.24)

k=0 k=0

so that D(¢) = A‘ID(g’ ) A. Recall that D({) coincides with determinant (3.5). According to [18],
the function @ (¢) has the following explicit form

1 N
DO = Y DT[N (g + %(a’(i) SNy ihai) , (3.25)
H. Qij ocebn i=1
i<j

where Gy is the symmetric group. The Jack polynomials diagonalise not only the momentum and
the hamiltonian, but also all the Sekiguchi operators, namely,

D) - h(QB)=a) - WGP,

where the eigenvalue is

N

an =] (4 - ?(x,- - (- NT“)ﬁ)) :

J=1

Upon shifting the index j — N + 1 — j, the expression for Q({) can be rewritten in terms of the
quasi-momenta (3.21) as

N
a0 =[]w-pp- (3.26)
=1

J

The polynomial Q({) is an example of a Baxter polynomial. Its roots p; coincide with the allowed
values of quasi-momentum.
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4. Quantum integrability II: Scattering and Bethe Ansatz

4.1 Scattering in classical integrable models

We start with scattering in classical mechanics. The simplest situation corresponds to a single
non-relativistic particle scattering elastically off a fixed target modelled by a potential with a finite
interaction range. Excluding from consideration bounded orbits which might exist for attractive
potentials, far away from an interaction region asymptotic trajectories are straight lines.

qt) > qin () =q" +p't, t— Foo, 4.1)
out

where coordinates g* and momenta p* = p(+o0) constitute the scattering data and a transformation
from (¢~, p7) to (¢, p*) defines a classical scattering operator, also known as classical S-matrix.
Scattering of several particles interacting via an admissible (see below) pair-wise potential is
considered in a similar manner.

To understand what is special about scattering processes in an integrable model, we consider
the example of N particles of equal mass m = 1 governed by an integrable hamiltonian of the type
(1.52) with an admissible potential v that is symmetric v(q) = v(—¢q), repulsive and impenetrable,
and falls off sufficiently rapidly with the distance between particles, to guarantee the existence
of an asymptotic region. Examples satisfying these requirements are provided by rational or
hyperbolic CMS models, Classical integrability for these models follows from the existence of the
Lax representation with the matrix L given by

N N

L= piEj+ ) uqEy 4.2)
Jj=1 i<j

with an appropriate function u(q).

Non-diffractive scattering. Since the potential is repulsive and impenetrable, particles cannot
overtake each other and one can label them according to the order

q1(t) < @) <...<gn(D). (4.3)
Since these inequalities are valid for any ¢, from asymptotic conditions (4.1) one obtains the
following orderings of the asymptotic momenta
DL >DPy > ... > Py
Pl <py <...<ppn-

Since |g; —g;| = O(t) ast — oo, the Lax matrix in the limits # — *oo reduces to a diagonal matrix
that supports the set of eigenvalues A; of L. These eigenvalues are integrals of motion, and if we
set p; = A; then,

A1 >/12>...>/1N.
Obviously, the same order of eigenvalues must be found at # = +oc0, which is only possible if L (+00)
has the same eigenvalues as L(—oo0) but in the reversed order:

L(-c0) =diag(py,....py),  L(+o0) =diag(py,....p])-
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This leads to a simple relation between the scattering data:

P;’+1—j =pj - 4.4)

Thus, the set of incoming asymptotic momenta {p; } coincides with the set of outgoing ones {p;}.
This fundamental result is usually referred to as conservation of asymptotic momenta and the
corresponding scattering process is described as non-diffractive. Relations (4.4) are independent of

the value of the coupling constant that governs the strength of the potential.

Classical phase shift. Due to the coincidence of the sets of incoming and outgoing momenta,
we can reinterpret the scattering picture in a different way. Namely, we can associate to each
particle a unique asymptotic momentum and assume that the order of particles is the same as that
of their momenta. In particular, before scattering the fastest particle is the most left one, and
after the scattering it reappears on the right of all the others, as if interactions would be completely
absent. This is the so-called transmission representation of scattering in comparison to the reflection
representation we started with. From the transmission point of view, individual particles always
keep their asymptotic momenta, while scattering shows up in the discontinuity 6; of the asymptotic
coordinates

6 = dnsioj ~ 47

. ) (4.5)
- tEIPw (gn+1-j(t) = qj(=1) = 2pj1).

The quantity 6;, also known as the classical phase shift, completely characterises the scattering
process: it shows how much the jth particle has advanced in comparison to a freely moving particle
with momentum p;. The simplest case is the two-body problem, when one considers scattering of
two particles giving rise to the corresponding phase shifts 8; and 6,. In this case there is a general
formula for the two-body phase shift 6; = 5(k), where k = p| — p; > 0, which expresses the shift
via the potential [19]

© 1
0(k) = xo(k) —f dx| ——-1]1. 4.6)
xo(k) | - )
k2
Here xo = xo(k) is found from 4v(x() = k%. The shift depends on the difference k of asymptotic
momenta but not on the asymptotic coordinates ¢; . It also follows from (4.6) that 6(k) is an even
function of k. The detailed derivation of (4.6) can be found in [9]. As discussed in this book, for

the rational and hyperbolic CMS models the corresponding phase shifts are

01 =0=-20, (rational),
2

4.7)
3, = log (1 + %) =~ 3 (hyperbolic),

If we restore the physical dimensions and the dependence on ¢, the answer for the hyperbolic case
d(k) = 0 reads as

y2
o(k) = {log (1 + k2_52) . (4.8)
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Now we can discuss 0; for the case of many particles.

Factorisation of the classical S-matrix Recall that the hamiltonian of a dynamical system gives
rise to a one-parametric group U; of canonical transformations with time ¢ playing the role of
parameter. For any function f(p, g) on the phase space its time evolution f(p, g,t) = f(p(¢), q(t))
is given by

a0 = UNP.q) = Vo fpg).

We assuming the existence of in- and out-asymptotics, namely,

'V o (prgi) = (pEpft+qf), 1o *oo, (49)

where the variables (p}, ;") define the asymptotic phase spaces
P ={(p*.q") RN, prsSpys...Spy} (4.10)

Since the Poisson brackets between canonical variables are preserved under the time evolution,
the asymptotic data (p;,¢;) and (g;", p/) also form canonical pairs, i.e. the asymptotic spaces
are symplectic. This allows one to define the classical analogue of the quantum-mechanical wave
operators Q. : T — P,

t{H

Q. = lim e "H:- '} o ottHG- 4.11)

I—>F0

where Hj = % Z}v: | (p;—.')2 are free hamiltonians. The wave maps are canonical and they are used to

construct the classical S-matrix
Sclass = QZIQ+ P o P 4.12)

which is also a canonical transformation.
Phase shifts 6; for many-body scattering can be found by relying on canonicity of the asymptotic
phase spaces and the relations (4.4). One has
o . 006;
6ij = {p+];/+]_i’ q[tu.]_j} = {pl 7ql + 8J} = 61] + _]
i
Hence, d 6;/dq; = 0,i.e. §; does notdepends on g~ and, therefore, it can be computed by arranging
the asymptotic data g7, . . ., gy into a special configuration such that collisions take place pairwise,
with asymptotically large times in between of any two subsequent collisions. This shows that the
multi-body phase shift can be found by simply summing up the two-body phase shifts arising from
collisions of j’s particle with the rest

8 = a1 = a4 =, 8y =)= . (P} — i) 4.13)
k>j k<j
right particles left particles

see Fig. 2 which describes the corresponding kinematic configurations before and after scattering.
This result (4.13) is a consequence of the existence of a complete set of integrals of motion

49



Lectures on Integrable Systems

Gleb Arutyunov

T

(j — 1) particles . (N — j) particles

— |

7’s particle

Before scattering

(N — j) particles e (5 —1) particles

T —

j's particle

After scattering

Figure 2: Rearrangement of particles in the scattering process.

responsible for (4.4). There are no separate three- and higher-body events and the multi-particle
scattering process is completely characterised by the two-body phase shift.

To determine the classical S-matrix, we consider the generating function ®(g~, p*) of the
canonical transformation (¢;, p;) — (q;", p;")

_ 0D(q,pt) ov(qg~,p*)  _
pi = T =PNsi-is 4 = ‘9—1’7 = dns1—i + ON+I-is (4.14)

where, according to (4.13),

Svaii = . 8(pF—pD) = ). S(pf =P

k<i k>i
Integrating (4.14), one gets
N N
(g p") = D G PR+ ) 00T — ). (4.15)
i=1 i<j

where 6(k) is an integrated phase shift

3 _ e _ 4v(x) B % 3
(k) = kxo(k) kfxo(k) dx( 1 2 1) T o(k) . (4.16)

According to this formula, 6(k) is an odd function of k. Were the theory free, the relation
between 7" and &~ would reduce to relabelling of particles described by the generating function
DOy(g~,p") = Zf\i 1 49; Pnyy—;- The non-trivial part of the generating function is, therefore, the
classical S-matrix

N
Sa = 0 = p). (4.17)

i<j
From the point of view of the correspondence between classical and quantum mechanics, this S-
matrix is the leading term in the semi-classical expansion of the phase 6 of the quantum-mechanical
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wave function ¥ = ae7? in powers of h. The fact that this S-matrix factorises into the sum of
its elementary two-body phase shifts is a deep consequence of integrability and it persists in the
quantum theory as well.

4.2 Factorisation of scattering matrix

Here we consider the scattering problem in quantum mechanics. Our starting point is the

Schrodinger equation for the multi-body wave function W(qj, . .., gn)
1 82
-— > —Y¥Yq1,-.., + i —q;)¥Y(q1,. .., =E¥Y(q,-.., . 4.18
o ; Py (q15---,9N) ; v(gi = q;)¥(q1, ..., qN) (15 -,9N) (4.18)

The potential v is taken to be admissible and translation invariant, thereby the total momentum P is
conserved; h = 1. We also assume that particles are distinguishable, so that the wave function does
not have any particular symmetry under permutations of coordinates.

Bethe wave function. If a quantum model is integrable, we can search for the wave function as a
common eigenstate of a family!” of N pair-wise commuting operators Hy

HY(q,....qn) = i¥(q.....qn), k=1,...,N. (4.19)

When separation between any two neighbouring particles is large, the potential terms in Hy are
negligibly small and can be ignored, so that Hj turn into the conservation laws H,EO) of the free

HY = " (=iop*.
J

Considering a kinematic domain (sector) where particles are far apart according to the pattern

theory

Q<@ <...<gn, (4.20)
a common eigenstate of the free problem H lio)‘l’ = hiV is elementary to guess

Y ~ P11+ IPNGN 4.21)
Here the numbers p; are asymptotic momenta which satisfy a system of N polynomial equations

N
>k = (4.22)
j=1

In particular, the energy and momentum are

N N
1 2
Ezzz;pj, Pzz;pj. (4.23)
J= J=

We assume that for given /y this system has a unique solution where momenta p; respect the
ordering

pPrL>p2>...>PDN. (424)

17"We assume that the hamiltonian H and the total momentum P belong to this family.
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Then any other solution of (4.22) will be obtained by permutations of the set (4.24). This implies
that the general solution of the free theory in the kinematic domain (4.20) will be given by a
superposition of free waves characteristic to solutions of scattering type

¥(gi,....qN) = Z Szﬂ(T)eiqlpT(l)+“'+inpT(N) , 4.25)

T7eCN

where the sum runs over permutations 7 from the symmetric group Gy. For the asymptotic
expression (4.25) the amplitudes 9 (7) are arbitrary.

In general, the configuration space R™V can be divided into N'! disconnected sectors, each sector
corresponds to a certain ordering of coordinates

o) < o) < ... < go(N)» (4.26)

where the latter are labelled by permutations o~ € Gy . The set {p;} of asymptotic momenta must
be the one and the same for any asymptotic domain because the spectral invariants & are globally
defined. The asymptotic wave function in the o--sector (4.26) is a superposition of plane waves

¥(qi,...,qnlo) = Z &q(o-|T)eiq(r(1)Pr(1>+---+iqrr(N)PT<N) , (4.27)

TEGN

where the complex amplitudes (o |7) are combined into a N! X N! matrix with undetermined
coeflicients. To deal with all sectors at once, it is convenient to introduce the following function

N-1
O(Gom) <--- < qom)) = l_l O(qoii+1) — 4o i) » (4.28)
i=1
where O(x) is the Heaviside ®-function. Multiplying (4.27) with (4.28) to account for the sector
restrictions, we then sum over all sectors to get

\P(Cll, - ,QN) — Z Z Sﬂ(O_|T)eiqo—(1)PT(1)+...+i(10-(N)PT(N)@(qo_(l) < ... < Q(T(N)) . (429)

0'661\] TGGN

The expression (4.29) is called the Bethe wave function and it was introduced by C. N. Yang [20] .
The Bethe wave function describes an asymptotics of the multi-body wave function in inte-
grable models. The fact that any asymptotic wave is determined by the same set of momenta,
up to permutations, means that the scattering process is non-diffractive. Three- and higher-body
events that would lead to a continuous redistribution of momenta are prohibited by a sufficiently
large number of conservation laws. The coefficients gl(o|T) should be recovered by considering
asymptotics of the exact solution of (4.18). Fortunately, there is a way to find these coefficients
from the asymptotic data of the two-body problem, which brings to light the concept of S-matrix.

S-matrix. Consider two sectors which differ only by the order of two neighbouring particles ¢; and
gj» so that in the first sector g; < g; and g; > g; in the second. These sectors are neighbours and
have the hyperplane g; = ¢; as acommon boundary. Extrapolation of the wave function through this
boundary can always be done by keeping all the other coordinates far away from ¢; ~ g; and from
each other. Physically, this extrapolation corresponds to a two-body scattering event. Starting from
any sector, one can obviously reach any other by passing through the adjacent sectorial boundaries,
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albeit not in a unique way. The neighbouring sectors are thus connected by simple transpositions
aj € Gy, j=1,...,N — 1. The relation between the corresponding amplitudes can be described
as follows. We introduce a column vector ®(7) which comprises the amplitudes in all the sectors
corresponding to the same permutation 7 of momenta

®O(7) = {d(o|t), o0 € Gn}. (4.30)

The following connection formula that expresses the scattering of two neighbouring particles at g;
and g, particles with momenta p.(;) and pr(j+1) is

D (a;7) = Yi(pe(jys Pr+1)P(T), 4.31)

where we introduced Yang’s scattering operators Y;

Y;(p1,p2) = A(p1, p2) 1 + B(p1, p2) m(a;), (4.32)

where j = 1,..., N — 1. Here m is the left regular representation of &y, the functions A and B are
the reflection and transmission coefficients of the two-body scattering problem. Yang’s operator ¥;
is a N! X N! matrix which acts on the vector ®(7) by the usual matrix multiplication. Equation
(4.31) can be called a connection formula as it can be used to connect any two sectorial amplitudes
and eventually to express them all via @(e), where e is the identity permutation. For the proof of
(4.31) the reader can consult, for instance, [9].

More generally, one introduces the two-body S-matrices

Sii(pi»pj) = B(pi, pj) 1 + A(pi, pj) (0j) (4.33)

where «;; is a transposition, in particular, o; = a;;+1. The relation between Yang’s operators and the
S-matrices is ¥; = m(a,;)S;;j+1. Further we note that the defining relations of the symmetric group
impose non-trivial conditions on Yang’s operators and on S-matrices. In particular, the S-matrix
must satisfy

S12(p1, p2)S21(p2, p1) = 1 (4.34)

and

S12(p1, 2)S13(P1, P3)S23 (P2, p3) = S23(p2, P3)S13(P1, P3)S12(P1, P2) - (4.35)

The last relation is the Yang-Baxter equation for the two-body S-matrix. It expresses the equivalence
of two different ways to factorise a three-body S-matrix S1»3 into a product of two-body S-matrices.
Thus, integrability implies consistent factorisation of scattering process and the corresponding S-
matrix in a sequence of two-body events and S-matrices, giving rise to the notion of Factorised
Scattering Theory [21].

Thus, combing ansatz (4.28) with the description of scattering in terms of transmission and
reflection coefficients allows one to determine all the amplitudes in (4.28) via ®(e). The amplitude
column ®(e) remains undetermined which reflects the absence of symmetry of the wave function
for distinguishable particles. For the ultimate determination of the transmission and reflection

53



Lectures on Integrable Systems Gleb Arutyunov

coefficients one needs to solve the Schrodinger equation for two particles, the latter being the one-
dimensional problem due to translation invariance. Below we illustrate the concept of the Bethe
wave function and computation of the reflection and transmission coefficients on two examples: the
Lieb-Liniger model for distinguishable particles (the delta-interaction model) and the CMS models
(rational and hyperbolic).

Lieb-Liniger model for distinguishable particles. As an explicit realisation of the Bethe wave
function construction above, we consider the two-body problem for the Lieb-Liniger model de-
scribed by the Hamiltonian (1.54). The Bethe wave function (4.29) for the two-particle case reads
as

Y(g1, q) = O(q1 < ¢) {ﬂ(12|12)€i(P1611+P2Q2) + 94(12|21)€i(p2q'+p1q2)}

‘ , (4.36)
+0(q < q1) {'94(21|12)el(l91612+l?2%) + d(21|21)el(!72¢12+m¢11)} .
Thus, we have four amplitudes involved. Separating the center of mass
=01 -9 Q0=q+q,
so that
_Q+gq Q-4
q1 = 2 » o= T7
we get
¥(g1, 42) = €277V (g), (4.37)
where
w(q) = 6(-q) {¢(12|12)e%<1’1"’2)‘1 + d(12|21)e‘%<P1‘P2)‘I}
; ; (4.38)
+ 0(q) {g«(21|12)e‘§<m‘”2” + g«(21|21)e§<f’1"’2)‘/} .
Continuity of ¥(g) at 0 requires
A(12|12) + A(12]21) = A(21|21) + A(21]21) . (4.39)

The left and right derivatives at zero are

¢’ (+0)

i i
=5 (P1 = p2)d112) + S (p1 = p2)sl(21]21),

¥'(~0) %(m — p)sl(12]12) - %(pl — po)sd(12]21) .

The wave function for the relative motion is the subject of the following Schrodinger equation

k2
" (q) + vy (q) = qu), k=pi—ps. (4.40)

For the case at hand the potential is v(g) = kd(q) and we get

k2
" (q) + k6(QY (q) = Zw(q) - (4.41)

54



Lectures on Integrable Systems Gleb Arutyunov

We then integrate both sides of equation (4.41) over a small segment [—¢, €] and then send € — 0.
Due to continuity of the wave function, we get an equation for the discontinuity of its derivative at
the origin

Y (+0) = ¢ (=0) = i (0) . (4.42)
Substituting here the derivatives found above, we get
%(pl - p){ = A(21112) + d(21]21) - A (12]12) + s1(12]21) }
= k{s1(12]12) + d(12[21)} . (4.43)
By using (4.39) we first remove from this equation of(21]21)
%(pl = p){ = AQ21112) + AU2H2) + 1(12]21) - d(21]12) - AA2HZ) + s (12]21)}
= k{al(12]12) + s (12]21)},
so that
A(1221) = d(21]12) = —xp{sd(12]12) + sh(12]21)sd }, (4.44)

where we have introduced

iK

X12 = . (4.45)
P1L— D2
The last equation can be solved for 1 (12|21)
A(12121) = ——2_g(12112) + A1[12). (4.46)
1+ x12 I+ x2
Now we look at (4.43) again and remove this time {(12|21) by using (4.39)
%(Pl —pg){ - AQRHIZ) + A (21|21) — A(12]12) + ARHTZ) + A(21]21) — 91(12|12)}
= k{sl(21]21) + d(21[21)} .
This gives
A21121) = ——12_g01112) + A(12[12) . (4.47)
1+ X12 1+ X12
Equations (4.46) and (4.47) can be compactly written as
X12 1 0 1
OQR21) =YD(12), Y =- 1 = 4.48
(21) (12), T+ +1+x12ﬁ12, T2 (1 0), (4.48)
where Y = Y| and ®(7) are columns of /(o |7), namely,
A12[12 A(12|21
D(12) = (12]12) , O(21) = (12121) . (4.49)
dA(21]12) A(21)21)
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Comparing (4.48) to the general form (4.32), we read off the reflection and transmission coefficients

for the Lieb-Liniger model

R LS T - 2
p1L—p2+ik’ pL—po+ik’

The vector ®(21) is fully determined by ®(12), on the other hand ®(12) = ®(e) remains arbitrary,

i.e. amplitudes in different sectors remain unrelated.

What is remarkable is that with the ansatz (4.36) and coefficients (4.50) we were able to obtain
the exact rather than asymptotic solution of the Schrodinger equation. This phenomenon happens

A= (4.50)

due to the extremely short-range behaviour of the potential and therefore is peculiar to this integrable
model.

Hyperbolic CMS model. Writing the two-body wave function of the hyperbolic CMS model as
(4.37), for ¥ (q) we have the following Schrodinger equation (£ = 1)
” 7(7 - 1) kz
Y+ ——=7v(x) = —¥(g). 4.51)
vl 4 sinh? %qlﬁ 41# 1

The potential is repulsive for 8 > 1. Since it is also impenetrable we are looking for the solution
that vanishes at ¢ = 0. We can thus solve the problem for ¢ > 0 with the condition ¥ (0) = 0 and
then extend the solution for negative g in two possible ways ¢ (—¢q) = +y/(g) corresponding to the
symmetric or anti-symmetric wave function. For the symmetric wave function we deal with hard
core bosons and for the anti-symmetric one with usual fermions. The solution for ¢ > 0 which
satisfies the required boundary condition reads

—ik 1
w(g) = (1% - e?) " oF (y+ik, 1=y +ik 1 +ik; )
1—e4

(1 + k) i) | 4.52)
—etkar T Y T p [y 1 -y, 1 — ik
S TA =iy +ik) X\ 7 T T T )
where ,Fi(a, b, c; z) is the hypergeometric function. In the limit ¢ — +co one find
wig) — e kal?_ Id+ l:k)r(y - l:k) oikarz
I'a—-ik)I'(y +ik)
Comparing this asymptotics with the second line in (4.38), we get
(1 +ik)C(y —ik
AQ112) =1,  d@1p1) = LG HROI =ik (4.53)

T —ik)[(y +ik)

We further have of(12|12) = ol (21]12) and A (12|21) = +A(21|21), where signs “ +  and “ -
correspond to the symmetric and anti-symmetric wave functions, respectively. From (4.49) for both
symmetric and anti-symmetric wave functions, one concludes that

A21121)
D221) = ————=P(12 4.54
(2D A0112) (12), (4.54)
so that there is non-trivial reflection coefficient, which is a pure phase,
I'(l+ik)'(y —ik ;
SEEACL LN At ) (4.55)
I'(l—-ik)I(y +ik)
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while the transmission coefficient B vanishes. Restoring all the parameters by substitutions y —
v/h, k - k — kf/h, 8 — 8/h, we obtain for the scattering phase

T(1+ifr% - ikt

0 =ihlo
*Ira — kO (% + ik

(4.56)

There are two interesting limiting cases of this formula. Firstly, one can consider the rational limit
{ — oo. In this limit one gets 8 = n(y — h)sign(k). From here 8(k) = 8’(k) = n(y — h)6(k) which
vanishes for k # 0, i.e. we observe the same result as for the classical theory where the phase shift
was found to vanish. Secondly, there is a classical limit corresponding to taking the action variable
k< to be large in comparison to 4. In this limit on finds

2 kt
0 = kflog(l + #) +2yarctan7.

which is the integrated phase shift corresponding to 8(k) in (4.8).

Thus, for the hyperbolic (and rational) CMS model the exact two-body wave function (4.52)
for intermediate values of its arguments is rather intricate but is well approaching the Bethe form
of the wave function in the asymptotic limit.

4.3 Bethe-Yang equations

To describe thermodynamics of an integrable model, we need to consider a system of N interacting
particles confined in a one-dimensional box. If the size L of the box is large enough one can
still well separate particles to apply the concept of the Bethe wave function. However, the new
feature is that to account for the box boundaries one needs to subject the wave function to certain
boundaries conditions, of which the periodic boundary conditions is the simplest choice. Thus, the
wave function ¥ depending on variables 0 < ¢; < L is now required to satisfy

Y(q1,....q;=0.....qn) =¥(q1,....qj = L,....qn), Vj. (4.57)

For the Bethe wave function (4.29) this yields

N
i Y qok)Pr(k)
Z Z d(o|r)e k=2 O(go2) < --- < qo(N))

O'EGN TEGN
7= (4.58)

N

; i qdo(k)Pt(k
- Z Z d(o|netrrme STV (g, ) <L < goiv-n) -

oce6Gn TeCN

o(N)=j
where on the right hand side in the exponent one has g, (y) = g; = 0. To be able to compare these
expressions, we introduce the cyclic permutation § € G which in the two line notation reads as

(4.59)

23 N 1

12 N-1N
EIOLN_l...OHI
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and change on the right hand side of (4.58) the summation variables o, T as o0 — Eo- and 7 — E7.
Since o obeys o (1) = j, then Eo-(N) = o (E(N)) = o(1) = j. This yieds

N
i 2 qo(k)Pr(k)
Z Z d(o|t)e k=2 0(gr@) < --- < qow))

oceby TEGN
o()=j

N (4.60)
i ] Z o (K T
= d(Eofgn)e P e N0 (gr0) < L < gom)
ogeG N TEGN
o()=j
Here pzr(n) = preav)) = Pr1)- From (4.60) it follows that
d(o|t) = d(Eo|Er)e! P, (4.61)

This is a requirement on the coefficients of the asymptotic wave function in order for the latter to
satisfy periodic boundary conditions. Invoking the left regular representation it of Gy, equations
(4.61) can be written as conditions for the vector ®(7) defined in (4.30):

n(E)D(1) = e HPrOD(ET) . (4.62)
Obviously, (4.62) should be satisfied for any 7. It is convenient to consider a set {7; }in |» Where
123 j oj+1 N
TiE0...0j-] = i 5, o1+l N)’ T =e,
so that E7; = a1 ... a;. With this choice 7(1) = j and (4.62) boils down to
m(an-g ... 0)DP(0g ... aj_1) = P D(an-1 ... 0;). (4.63)

Applying to both sides of this expression the connection formula (4.31), one gets

n(aj-1) . ..7w(o) i(p1, pj) - - - Yi-1(pj-1, pj)@(e)
= e'tPi w(a)) ... w(an-1)YN-1(Pjs PN) - - - Yi(pjo pjs1)D(e) .

Using the definition (4.33) of the two-body S-matrix the last expression can be cast in the form
Si+17Sia2j - SNj Sty ... Sio1; D(e) = e'FPI D(e) . (4.64)
Introduce the following matrices
Tj=Sjv1jSje2j---Snj =St ... Sj-1j - (4.65)

Equations (4.64) are equivalent to the statement that |®) = ®(e) is a common eigenvector of N
matrix operators 7}

T; |D) = A |D), (4.66)

where j = 1,..., N. These are matrix Bethe-Yang equations. Once a common eigenvalue, which is
a function of momenta, is found, one is left to solve a system of scalar Bethe equations

Aj = e'lri, (4.67)
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to determine the momenta p;. Equations (4.67) can be thus considered as quantisation conditions
for particle momenta that arise in a large but finite volume.

Compatibility of the system (4.66) requires that matrices 7} for various j pair-wise commute.
They do indeed so as a consequence of the condition (4.34) and the Yang-Baxter equation (4.35).
Demanding the Bethe wave function to be of the symmetry type described by the Young diagram
A, we should also require the vector |®) to transform in the same representation. Correspondingly,
the scattering operators and the operators 7; are also restricted to A. The problem therefore
reduces to solving the system (4.66) for a given irreducible representation of G with a subsequent
reconstruction from this solution of the corresponding Bethe wave function.

In the case of scalar S-matrices, where |®) is one-dimensional, the diagonalisation problem of
T; does not arise. For multi-dimensional |®) to find A; one has to rely on special diagonalisation
techniques such as, for instance, the nested Bethe ansatz. Below we consider only the simplest
one-dimensional examples.

Lieb-Liniger model. The two-body S-matrix for the Lieb-Liniger model with vector |®) in the irrep
Lhof Gy is S;; = B1+Am(a;;), where A and B are the reflection and and transmission coefficients
(4.50). There are two representations for which § is scalar: the anti-symmetric representation
A = [1V] corresponding to fermions and symmetric representation A = [N] corresponding to
bosons.

1) Case of fermions. For A = [1"V] one has m(a;;) = —1 for any o, sothat § = B— A =1 and
Aj =1 for any j. As a result, equations (4.67) become the familiar quantisation condition
e'Pit = 1 for momenta of free fermions put on a circle of length L. To find the wave function,
we notice that ¥; = —1 for this case. Therefore, from (4.31) we obtain the following equation

@ (a;7) = Y;0(1) = —0(7),

which is solved as (1) = sign(t)®@(e). Since ®(e) belongs to the anti-symmetric irrep
A =[1V], we have ®(e) = sd(o|e) = sign(c~")d(e|e). Up to an overall normalisation factor
d(ele), the Bethe wave function (4.27) is then given by the Slater determinant

Wip (g qn) = Y sign(o T T)e 0P = det (07 |

T7eGN

2) Bose gas. For A = [N] one has m, (a;;) = 1 for any o}, so that S = A + B which explicitly is

S(prpy =2L=P27 s 0. (4.68)
p1—p2+ik
The Bethe equation (4.67) reduce to
; N N pi = pr + ik
etijII—[S(pk,pj): 1_[]_—_ (4.69)
k#j kzj DI Pk K

This set of N equations determine the allowed values of the particle momenta in this
model.The vector ® in (4.62) is one-dimensional, i.e. the amplitude /(o |t) does not
depend on o. From (4.31) we then have

Pr() ~ Prg+1) — l:KSﬂ(
Pr(j) — Pr(j+1) T 1K

dl(oyT) =
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The last equation has a unique, up to an overall normalisation, which we pick up to produce
a solution

d(r) =signt [ | ey = pecyy + %)

i<j

Substituting this expression into the Bethe wave function (4.29), we find

N
i Y Go(k)Pr(k)
¥(g..oan) = Y, Y, e

ogeGn TeECN
N-1

X signt 1_[ (Priy — Pr(j) +iK) 1—[ O(Gor(i+1) = 9o (i) -
i<j i=1
Using the invariance of the scalar product and making the shift 7 — o 7, after which the sum
over o can be performed with the following result

N N N .
[ X qkPr(k) ike(qi — q;)
\P{pj}(ql,...,qN)=l_l(pl._pj) Z e k=1 1_[[1_#

i<j 76N i<j Pr(i) = P(j)

The wave function is parametrised by a set of N momenta {p;} which was reflected in its
notation above. The function is symmetric under permutations of coordinates and anti-
symmetric under permutations of momenta, so that it vanishes if any two momenta coincide.
This result for the Bose gas is exact [22].

Rational CMS model. Second, we consider the rational CMS model for which the Bethe-Yang
equations in the repulsive regime can be solved exactly. For this model the phase shift 8 is given by

6(k) = m(y — h)sign(k). The S-matrix reduces to the reflection amplitude S = A - m; = —e™? - m;,
where m; = 1 for bosons in the symmetric, A = [N], representation and 7y = —1 for fermions in the
anti-symmetric, A = [1V], representation. Accordingly, the Bethe equations (4.67) are
. N
ehPil — (_1)(1\/—1)0 l_[ T B-Dsign(pj—pi) , B= Y , (4.70)
k#j R

where ¢ = 0 for fermions and ¢ = 1 for bosons and we restored the the Planck constant 4. Equation
(4.70) can be solved by passing to its logarithmic version

_ 2mhl; . nh(B -
L L

N
1) . .

> sign(p; = pi)s J=1....N, 4.71)
k#j

Pj

where the numbers I; = n; + %0, n; € Z, arise from the phase ambiguity. They are integers for
fermions for bosons with N odd, and half-odd integers for bosons with N even. It is convenient to
order momenta as

p1<...<pnN. 4.72)
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According to this ordering, px < pjfork =1,...,j—1,and px > p; fork = j+1,...,N. Then,
summing up in (4.71), we find

22hl;  2mh(B - 1) (j N+ 1) , (4.73)

Pi=—p L 2

The distinguished case 8 = 1 corresponds to free fermions or hard-core bosons. For this case the
particle momenta are quantised as p; = 2xhl;/L, where I; are distinct (half)-integers satisfying
I} < ... < Iy. Introducing a reduced length parameter £ = L/2n, we can write the formula (4.73)
as

h
pi=7 S5+ 2 -+ g - ). (4.74)

A crucial observation is that this formula coincides with the expression for the quasi-momenta
(3.21) of the trigonometric CMS model, provided we make the following identification of quantum
numbers I; with integers Ay parametrising Young diagrams

N+1 |
AN+1-j = h+———J.
The ground state of the trigonometric model has all A vanishing, which gives I; = j — N2+ L and

pj = %( Jj- N N+1y "N odd, for the ground state. The expressions for the total energy and momentum
written in terms of p; are the same for both models, see (3.22). In the trigonometric model p; is a
quasi-momentum and in the rational model it is an asymptotic momentum. Thus, solutions of the
Bethe Ansatz equations for the rational CMS model yield the exact spectrum of its trigonometric
(finite-size) counterpart. It is worth pointing out that while for the trigonometric model the length
parameter L = 2x{ (the period) occurs directly in the hamiltonian, for the rational model it enters
the spectrum only through the Bethe equations that follow from the periodicity condition imposed
on the wave function.

5. Two-dimensional integrable PDEs

So far we dealt with systems with a finite number of degrees of freedom. In the rest of these lectures
we will take a brief look at some interesting examples of infinite-dimensional hamiltonian systems
which appear to be integrable.

Remarkably, there exist certain partial differential equations for functions depending on two
variables (x,?), which can be treated as integrable hamiltonian systems with infinite number of
degrees of freedom. Examples include

* The Korteweg-de-Vries (KdV) equation
ou

— = OUlly — Uyxx -

ot
* The non-linear Schrodinger equation

551’
“or

where = ¥(x, t) is a complex-valued function.

= —Uxx + 2K|¢’| v,
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* The Sine-Gordon (SG) equation

¢ %0 m? |
W—ﬁﬁ-FSlnﬁgb:O
* The classical Heisenberg magnet
s . 9%
— =8SX—=—,
ot x2

where § (x, 1) lies on the unit sphere in R3.

The complete specification of each model requires also boundary and initial conditions. Among
the important cases are

1) Rapidly decreasing case. We impose the condition that
Yx,t) >0 for |x| > o0

sufficiently fast, for instance, i (x,) belongs to the Schwarz space .Z(R!), that is ¢ is a
differentiable function which vanishes faster than any power of |x|~! for |x| — co.

2) Periodic boundary conditions. Here we require that v is differentiable and satisfies the
periodicity requirement

Wix +2mt) =w(x,t).

A characteristic feature of the above equations that they have solutions of a special type, the
so-called solitons. The soliton was first discovered by accident by the naval architect, John Scott
Russell, in August 1834 on the Glasgow to Edinburg channel. The modern theory originates from
the work of Kruskal and Zabusky in 1965 [23].

5.1 Soliton solutions

Here we discuss the simplest cnoidal wave type (periodic) and also one-soliton solutions of the
KdV and SG equations.

Korteweg-de-Vries cnoidal wave and soliton. By rescaling of 7, x and u one can bring the KdV
equation to the canonical form

Uy + Outy + uyxx =0.

We will look for a solution of this equation in the form of a single-phase periodic wave of a
permanent shape
u(x,t) = u(x —vt),

where v = const is the phase velocity. Plugging this ansatz into the equation we obtain
d 2
—VUy + OUlly + Uyxy = —( —vu+3u” + uxx) =0.
dx

We thus get
—vu+3u2+uxx+e=0,
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where e is an integration constant. Multiplying this equation with an integrating factor u, we get

1
3+—u2+eu):0,

2 d L)
—vuu, + 3u ux+uxuxx+eux=—(—§u +u Sl

dx

We thus obtain
ui =k —2eu+vu® - 2u’ = —2(u—b1)(u—by)(u—b3),

where k is another integration constant. In the last equation we traded the integration constants e, k
for three parameters b3 > by > by which satisfy the relation

v=2(b1+by+Db3).
Equation
W = =2(u — by)(u — b2)(u — b3), G.D

describes motion of a "particle" with the coordinate u and the time x in the potential V = 2(u —
b1)(u— by)(u — b3). Since ufc > 0 for by < u < bs the particle oscillates between the end points b,
and b3 with the period

bs du 2V2

=2 =
by V=2(u—b))—Dby)(u—1b3) (b3—by)l/?

K(m),

where K(m) is an elliptic integral of the first kind and m is an elliptic modulus 0 < m = % <1l

The equation (5.1) can be integrated in terms of Jacobi elliptic cosine function cn(x, m) to give

u(x,1) = by + (b3 = by) en®(y/(b3 = b1)/2(x — vt = xo). m),

where x¢ is an initial phase. This solution is often called as cnoidal wave. When m — 1, i.e.
by, — by, the cnoidal wave turns into a solitary wave

u(x,t) = by +

A
coshz(\/g(x — vt — xo)) '

Here the velocity v = 2(by + by + b3) = 2(2by + b3) = 2(3b; + b3 — by) is connected to the amplitude
A = b3z — b; by the relation
v =6b; +2A.

Here u(x,t) = by is called a background flow because u(x,t) — b; as x — +oo. One can further
note that the background flow can be eliminated by a passage to a moving frame and using the
invariance of the KdV equation with respect to the Galilean transformations u — u+d, x — x—6dt,
where d is constant.

To sum up, the cnoidal waves form a three-parameter family of the KdV solutions while solitons
are parametrised by two independent parameters (with an account of the background flow).

KdV and isospectral deformations. Consider the Sturm-Liouville operator

L=8§—u(x),
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where x € R. Assume that u(x) develops in time according to the KdV equation (u” = uy)

uw—6uuw +u’” =0.

(5.2)

Then the spectrum of L appears however to be time-independent under the KdV evolution. Below

we prove this statement.
The spectral problem reads

Ly = Ay,
that is
U= (u+ D)y,
Take the time derivative of this equation, we get
g -y -+ DY o= Ay
Now multiply both sides by ¢
U= = e+ DY =
~——
wl!
Hence,
l&”lﬂ—lﬂ”lﬁ—ulﬁzzﬁwz-
The fist two terms can be written as a total derivative, so we obtain
(0w —gy’) —ay® = dy?.
Now we replace # for the right hand side of the KdV equation which gives
(w1¢1 _ wwl) . (61/”/!/ . I/t"’)',llz — /11112 )
Successively differentialting the spectral equation (5.3), we obtain

1/ W+ D'+ W+ Dy,
/2 w+D"Y+2w+ DY + @+ Dy,
U= D)"Y A3+ D) A3+ DY+ (u+ Dy

In the expression u’”/y? = (u+ 1)"""y?* we replace (u + 1)"”"y by using the last relation:

u///(/IZ — l//”’”(ﬁ—3(u+/1)”lﬁ’(ﬁ—3(u+/1),lﬁ”(ﬁ—(I/t+/l)l//lﬂ”, —
— lﬂ/"”i,[/—lﬁ”l//”'—:i(u‘l‘/l)”l,[//w—3(bt+/l)/lﬁ”w -
— (lﬂ’mlﬁ—W”W)’—3(M+/l)"lﬂ,lﬁ—3(u+/1),lﬁ”lﬁ-

Analogously,

w'y® = wp'y) = uy (v = @+ DY) =u(y Y - e+ Dyy’) =

64

(5.3)



Lectures on Integrable Systems Gleb Arutyunov

’

= u(wy -y ) =u(wy - ww’) = s O - = A - ')
On the other hand,
@+ D" =p'’) =+ D+ DY =+ DYy
Thus, we can write
uu'y? = %[(u N (V0 R (R AV 1 (Ve R I
Finally, combining everything together, we find
R R e R A A ]
=3 W 3+ DW= S [ D)+ k)] =
which upon simplification gives
[0 =’ + "y =gy + 6AW "y — ') -
=3+ D)"Yy =6+ DYy =3+ D)WY —yy') = Ay,
One can further note that

W+ D)"Yy +2u+ D"+ w+ D"y -y'y') =
= [+ 0p"w + @+ 'y -+ Dy'y'| =
= [(@+0w") v = (@+09)w]".

With this relation at hand, we obtain

Ay? = [ (6 +y” + 6y =3+ A)¢')'¢ — (s +y” + 6y =3+ A)w’)w’]

Hence, introducing the short-hand notation
W=y = 3=y,
we will get
wr= -yl

The right hand side is the total derivative. Thus, if the field u decreases sufficiently fast at infinity,

we find that
A f Yldx =0,

which implies that A = 0, that is an eigenvalue A does not depend on time. The KdV deformation
of the Sturm-Liouville operator is isospectral. From the point of view of dynamical systems this
means that the spectrum of the Sturm-Liouville operator comprises integrals of motion of the KdV
equation.
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Sine-Gordon cnoidal wave and soliton. Consider the Sine-Gordon equation

2

Bt — Px + ’%sinﬁqs =0,

where we assume that the functions ¢(x, t) and ¢(x, t) + 27/ 3 are assumed to be equivalent. Make
an ansatz

d(x,1) = p(x —vi)

which leads to 5

(V2 = D)oy + ’% sin B = 0.
This can be integrated once

2_1 2 2_1 2m 2 2
4 ¢§—m—zcos,8¢:v 2+—sm2@—m—

B 2 B 2 B

where C is an integration constant. This is nothing else but the conservation law of energy for the

C =

mathematical pendulum in the gravitational field of the Earth. We further bring the equation to the
form

2 _
¢x_v2—1 C—i—E—IB2 sin >

After making a substitution y = sin 2 the equation becomes

2
2 n n? M) (5.4)

2 C+—2
0 = (1 =y =L

)
V2-1) Y

BZ
This equation has solutions in terms of elliptic functions which are analogous to the cnoidal waves
of the KdV equation. However, as is known, the pendulum has three phases: oscillatory (an elliptic
solution), rotatory (an elliptic solution) and motion with an infinite period. The later solution is
precisely the one that would correspond to the SG soliton we are interested in. Assuming v? < 1,
we see'® that such a solution would arise from (5.4) if we take C = —F In this case equation (5.4)

2m
¢y = ———=sin @

BV1 =2

reduces to

This can be integrated to!°

m(x — vt —xo))

4
¢(x,t) = o— arctan exp (
B 1-v2

Here o = 1. This solution can be interpreted in terms of relativistic particle moving with the
velocity v. The field ¢(x, t) has an important characteristic — topological charge

0- ﬂf 20 = L (46 - g0,

2 2

18Restoring the speed of light ¢ this condition for the velocity becomes v , i.e., the center of mass of the soliton
cannot propagate faster than light.

9Tf ¢ (x, t) is a solution then —¢(x, t) is also a solution, as follows from (5.4).

<c
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On the solutions one gets
- 75) G-0)
= — — _ = 0 = .
e=5\73/\3 7

In addition to the continuous parameters v and xg, the soliton of the SG model has another important
discrete characteristic — topological charge Q = 0. Solutions with Q = 1 are called solitons (kinks),
while solutions with Q = —1 are called ani-solitons (anti-kinks).

The stability of solitons finds its origin in the fine balance of nonlinearity and dispersion in
the corresponding PDEs. Nonlinearity drives a solitary wave to concentrate further; dispersion is
the effect to spread such a localized wave. If one of these two competing effects is lost, solitons
become unstable and, eventually, disappear. In this respect, solitons are completely different from
linear waves.

The SG model has even more sophisticated solutions. Consider the following function

. mwi (t—vx)
4 wy S (P4HEE + g)
é(x,1) = — arctan —= v )
B W1 cosh (mwg(x—vt—xo))
Vi-v2

This is solution of the SG model called the double-soliton or breather. In addition to the uniform

motion with velocity v corresponding to a relativistic particle, the breather oscillates both in space
mvwi and mwj

. oy . . 1—\12 1_V2 ’ . . . . . .
initial phase. In particular, if v = O the breather is a time-periodic solution of the SG equation. It

and in time with frequencies respectively. The parameter ¢¢ plays the role of the

has zero topological charge and can be interpreted as the bound state of the soliton and anti-soliton.

5.2 Zero curvature representation

The inverse scattering method (the method of solving a certain class of integrable non-linear
PDEs) is based on the following remarkable observation. A two-dimensional PDE appears as the
consistency condition of the overdetermined system of equations

¥
(9_ =U(x,t, )Y,

ox
6—T =V(ix,t, )Y >
6t - LS .

for a proper choice of the matrices U(x, 1, 1) and V(x, t, 1). The consistency condition arises upon
differentiation the first equation with respect to ¢ and the second with respect to x:

2
¥y
(;)tc') = QU(xt, )Y +U(x,t,1)8,¥ = ((‘)tU(x, L) +Uxt, HV(x1, /1))\11,
X
oy
v ri AV t, DY + V(x,1, 1)0,¥ = ((’)XV(x, 6+ Vixt, HU(x,1, /1))‘}’,
X

which implies the fulfilment of the following relation
U -0,V +[U,V]=0. (5.6)

This relation can be viewed as an analogue of the Lax representation (1.55). In the case when there
is no x-dependence, (5.6) turns into (1.55) with the identification L = U and M = V.
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If we introduce a gauge field %, with components %, = U, % = V, then (5.6) can be
interpreted as a condition of vanishing of the curvature F,z of .Z

Ou-Ls — 0L — [ Lon L5 = 0. (5.7)

Correspondingly, we will refer to (5.6), (5.7) as the Lax representation or, equivalently, as the
zero curvature condition (representation). Below we present two examples of differential equations
admitting the zero curvature representation.

Example: KdV equation. Introduce the following 2 X 2 matrices

0 1 Uy 410 - 2u
U= , V= ) 5 .
A+u 0 A7 4+ 24U + Uy — 2u —Uy

On can verify that

o,U-0,V+[U,V]= 0 0 .
Uy + OUlly — Uy O

Note that there is yet another representation of the KdV equation which has the Lax form
(1.55) and does not involve the spectral parameter. This is a representation by means of differential
operators, namely,

L=08>—u, M =-48>+6ud+3uy.

One can verify that with this choice for L and M equation (1.55) reduces to the KdV equation
(5.2). According to the general theory, the spectrum of L must be conserved, which explains the
isospectral property of the Sturm-Liouville operator that we have proved earlier by direct means.

Example: SG equation. Introduce the following 2 X 2 matrices

k k
U = %%0'3 + 70 sin %0'1 + Tl cos %0'2,
k k
V = ﬁ.¢x0'3 + —1 sin @0'1 + —,0 cos @0'2,
4i i 2 i 2

where o; are the Pauli matrices and
m 1 m 1
kozz(ﬂ'l‘z), klz—(/l——).

Again, by direct computation one verifies that the condition of zero curvature is equivalent to the
SG equation.

Consider now a model which admits the zero curvature representation (5.6) for fields satisfying
periodic boundary conditions with the period 2xr. The one-parameter family of the flat connections
allows one to define the monodromy matrix T(A) which is the path-ordered exponential of the Lax
component U(A):

27
T(A) = ,@expf dxU(Q). (5.9)
0
Let us derive the time evolution equation for this matrix. We have

2 - x
&HT(1) = f dx Pels WU (5,U) Pels HU
0
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27 . x
- f dx Pels" DU (5. v 4+ [V, U]) Pels DU | (5.9)
0

where in the last formula we used the flatness of %, = (U, V). The integrand of (5.9) is the total
derivative

2n 2n x
aT) = f dx o (2l OV Y el o) (5.10)
0
Thus, we obtained the following evolution equation

0T = [VQ2nt, A1), T()]. (5.11)

This formula shows that the eigenvalues of T(A1) generate an infinite set of integrals of motion upon
expansion in A. Thus, the spectral properties of the model are encoded into the monodromy matrix.
In particular, one can define a Riemann surface P(A4, ) = det(T(1) — {1) = 0, where {, 4 € C,
analogous to the spectral curve (1.69) in the finite-dimensional case. The coefficients of P(4, {)
are integrals of motion. The word "monodromy" for T comes from the fact that T(¢) represents the
monodromy of a solution of the fundamental linear system (5.5)

Y(2r,t) = T()¥Y(0,1).
Indeed, if we differentiate this equation over ¢ we get
Y (2m,t) = 0, TY(0,¢) + To,'¥(0,1),
which, according to the fundamental linear system, gives
ZQ2m,t)TY(0,t) = 0, TY(0,7) + TZ(0,1)¥(0,7) .
This leads to the same equation for the time evolution of the monodromy matrix as found before
o,T=[4,T].

5.3 Local integrals of motion

The Lax representation of the two-dimensional PDE allows one to exhibit an infinite number of
conservation laws. The procedure to derive the local conservation laws from the Lax representation
is known as abelianization procedure and we will outline it below.

Starting from the zero-curvature condition (5.6), we assume that the matrices U(x,t, 1) and
V(x,t, A1) depend on the spectral parameter A in a rational way and that they have poles at constant,
i.e. x,t-independent, values of A = A;. Thus, we can write

-1
U = Up+) U, Uc= D U= 4,)",
k r=-ng
-1
Vo= Vot ) Vi, V= D Vir(xnn(d=2,)"
k r=—my
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Matching the pole structure in the zero curvature equations shows that that these equations are
always compatible: there is one more variable than the number of equations, but there is a gauge
transformation (see below) of the connection (U, V) which leaves the zero-curvature condition
invariant.

To understand solutions of the zero-curvature condition, we will perform a local analysis
around a pole 4 = Ag. Our aim is to show that around each singularity one can perform a gauge
transformation which brings the matrices U (A1) and V(1) to a diagonal form. Finally, to make the
consideration as simple as possible, we assume that the pole is located at zero.

In the neighbourhood of 4 = 0 the functions U and V can be expanded into Laurent series

Ulx,t,A) = Z U (x,)A",  V(xtA) = Z Vo (x,0)A" .

r=—n r=—m

Let g = g(x,t, 1) be a regular gauge transformation around A4 = 0 that is

g=igr/lr, g =ih,/1’.
r=0 r=0

Consider the gauge transformation

gUg™ " +d.gg™",

<1
I

gVg ' + 887"
Consider the transition matrix T(x, y, 1) which is a solution of the differential equation
(Ox —U(x,))T(x,y,1) =0

satisfying the initial condition T(x, x, 1) = 1. Formally such a solution is given by the path-ordered
exponent
T(x,y,4) = Pely UG

Under the gauge transformation we have
g(x, 1)(0x — U(x, /l))g_] (x, DTg(x,y,1) =0,

where
Te(x,y, 1) = g(x, VT(x,y, Vg™ (3, 1) .

is the transition matrix for the gauged-transformed connection U, which also obeys the condition
Tg(x, x, 4) = 1. This formula shows how the transition matrix transforms under the gauge transfor-
mations of the Lax connection. By means of a regular gauge transformation the transition matrix
can be diagonalized around every pole of the matrix U, namely,

T(x,y, 1) = g(x, 1) exp(D(x,y, ))g™ (y, 1),

where

D(x,y,0) = Y Dp(x, A"

r=-n
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is the diagonal matrix. Below we consider a concrete example which illustrates the abelianization
procedure, as well as the technique of constructing local integrals of motion.

Example: The Heisenberg model. We start with the definition of the model classical Heisenberg
model. Consider a spin variable S(x):

S(x) = Z Si(x)o .

Clearly, S?(x)? = s%. Here o are the standard Pauli matrices obeying the relations
o, 0] = 2i€jjrok, Tr(oioj) = 26;; .
The spins S?(x) are the dynamical variables subject to the Poisson structure
(50, 8 (0} = €755 (0)6(x ).

The phase space is thus infinite-dimensional. The hamiltonian of the model is

1 2
H=-—- f dx Tr(0xS0xS)

4 Jo

and the equations of motion are
1 2n o )
iS(x) = (H,$(x)} = -7 f dy {Tr(9,S8,5), S(y)} = €755 (x)328 (x) s .
0

These equations can be compactly written as

0,8 = _%[5, 28] = —%ax[s, 9,5]. (5.12)

These are the Landau-Lifshitz equations. Written in the form (5.12), they admit a generalisation to
any Lie algebra. If we introduce the su(2)-valued current J with components

L=S. Ji==315.0:8),
then the equations of motion take the form of the current conservation
5,]x - 6)6‘11 = 0,

which is 6"'860],3 =0.
Integrability of the Landau-Lifshitz equations relies on the fact that they can be obtained from
the zero curvature condition
(0q — ZLa)¥(x,1) =0.

Here
L = —%Sux
2is? 1
<z = —7S(x)—ﬁ[5(x),0x5(x)].
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Indeed,

atgx - axv%‘ + [gm .,%]

i 2is?
—ZatS()C) + 78XS()C)

_I_

1 i
Ezék[S(X),axS(X)]+-Eig[S(XL[S(X),axS(X)H =0.

Further, computing the Poisson bracket between the components .Z, = U(x, 1) of the Lax connec-
tion, we find

(U6 DU ) = ——={S x), S Mo ® o = —;—ﬂeffks’%x)m ® 50— y).

Au
On the other hand,
o ®0; oi®o; 1 i
[ U D) @I+ 10 Uy ]6(x —y) = ~[ = ~5(0) @ I+1® —5(»)]6(x ~ y)
- H A—p A H

i 1 1
= ————8W)(lor ol ® 01 + —01 ® [0, 01])5(x = y) =
- H 1 H
2 (l - l)eiijk(x)a'i ®cTio(x—y)= —ieiijk(x)O'i ®0ido(x—y).
A u J Au J

Thus, we observe that the Poisson bracket between the components of the Lax connection admits
in the r-matrix form

(U ), Uy, @)} = [r(A, ), Ux, ) @ T+ 1@ Uy, i) | 6(x - ),

where the classical spectral-dependent r-matrix appears to be

lo; ® o
r(/l,/l)zz/;_ul

This form of the brackets between the components of the Lax connection implies that the Poisson
bracket between the components of the monodromy matrix

thﬁwﬂthU@M]
0

is
(T() @ T(w)} = [r(4, 1, T() @ T()] .

This is the quadratic Sklyanin bracket. It is quadratic in the matrix elements of the monodromy
matrix.

From the definition, T(A1) is analytic (entire) in 4 with an essential singularity at 4 = 0. It is
straigntforward to find the expansion around A = oo:

. 2 1 2 x
T(/l)=]1+%f(; de(x)—?j(; de(x)f(; dy S(y) +---

The development in 1/4 has an infinite radius of convergency.
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To find the structure of T(A) around A = 0 is more delicate but equally important as this yields
the local conserved charges in involution. To proceed, introduce the so-called partial monodromy

X
T(x, 1) = P exp [f dy U(y, /l)] .
0
The main point is to note that there exists a local gauge transformation, regular at A = 0, such that
T(x, 4) = g(x)D(x)g™'(0),

where D(x) = exp(id(x)o3) is a diagonal matrix. We can choose g to be unitary, and, since g is
defined up to to a diagonal matrix, we can require that it has a real diagonal part

1 1 v
§= "1 s 1]

(IT+vw)z \ 7V
Then the differenial equation for the monodromy

yT = UT = —=ST

A
becomes a differential equation for g and d:
g '0,g +idcdos + %g—lsg ~0.

We project this equation on the Pauli matrices and get

OV

—%(S_ + 2085 — 8,v2)

Oxd

1
ﬁ(—283 +vS, +vS.).

The first of these equations is a Riccati equation for v(x). Expanding in A the functions v(x) and
d(x) as

N - n
Oyd = —z+nZ:0pn(x)/l

(o) S _
V@) = Y@, w= 2l

n=0 S+

we rewrite the Riccati equation in the form

n

2isVy41 = =V, + 1Sy Z Vit lomVm
m=1

and !
Pn = E(Vn+1S+ + Vnr1S-) .

Note that v(x) is regular at 4 = 0. Equations above recursively determine the functions v, (x) and
pn(x) as local functions of the dynamical variables S*(x). This describes the asymptotic behavior

73



Lectures on Integrable Systems Gleb Arutyunov

of T(A) around A = 0. The asymptotic series become convergent if we regularize the model by
discretizing the space interval.

Concerning the monodromy matrix T(A1), since g(x) is local and if we assume periodic
boundary conditions, we can write

T(A) =cos p(D) +isinp(A)M(A),

where M (1) = g(0)o3g(0)~! and

2r
p(d) = f dx 0xd .
0

The trace of the monodromy matrix, called the transfer matrix, is
TrT(Ad) =2cosp(A).
Thus, p(A4) is the generating function for the commuting local conserved quantities
2
H”H:f dx pp(x), n=0,1,...
0

The first three integrals are

H ifhd lo S+ d,S

= —_ X _ s

1 4s J, g o 3
1 2

H o= - i dx tr(0:80,5)
i 27T 2
Hy = o fo dx tr(S[0x S, 87S1) .

The integrals H| and H, are the momentum and energy, respectively.

This discussion finishes our brief presentation of some properties of integrable PDEs. Con-
cerning finding explicit solutions of such equations, the powerful inverse scattering method and
algebro-geometric (finite-gap) integration were developed basing on the existence of Lax repre-
sentation. The reader is invited to consult, e.g., [24, 25], [6] on thorough explanation of these
techniques.
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