universicé

PARIS

:DIDEROT

Symmetric Functions
and
Many Body Integrable Systems

Matthieu Deneufchatel
Supervisor: Professor J.Y. Thibon
Institut d’électronique et d’informatique Gaspard Monge
Laboratoire d’informatique

January - May 2009




Acknowlegments

First of all I want to thank Professor Jean-Yves Thibon who accepted to supervise this work.
I also want to express my gratitude to Alain Lascoux who took time to explain me his algorithms,
and to Jean-Gabriel Luque for his classes which helped me to become familiar with the symmetric
functions. I thank all the members of the Algebraic Combinatorics and Symbolic Computation team
that I met. They have been helpful and were always ready to give me the explanations I needed.



Contents

General introduction
Introduction to Many Body Integrable Systems

Links between Matrix Theory and Integrable Systems
3.1 Links between Random Matrix Theory and Integrable Systems . . . . . ... .. ..
3.2 Radial part of Laplace-Beltrami Operator on a matrix space . . . . . . . .. .. ...

Introduction to Symmetric Functions

Different proofs of the integrability of the Calogero system

5.1 Lax pairs and Conserved quantities . . . . . . . . . .. .. .. ... ... ... ...

5.2 Rotation of Calogero’s Hamiltonian . . . . . . . . .. . ... ... ... ........

5.3 Explicit construction of the eigenfunctionsof D . . . . . . . .. ... ... ... ...

5.4 Expression of the Calogero Hamiltonian in terms of the Elementary Symmetric Func-
TIONS . . . . e e

5.5 Equivalence of Calogero’s problem to a system of free particules. . . . . . . ... ..

Appendix

6.1 Proof of the relation 33 . . . . . . . . .. L

6.2 Proofs of several relations of Section 5.3 . . . . . ... ... 0000
6.2.1 Proof of relation (34) . . . . . . . ...
6.2.2 Proof of relation (37) . . . . . . . . ...
6.2.3 Proof of relations (40), (41) and (42) . . . . . . . . ..o
6.2.4 Proof of relations (53), (54) and (55) . . . . . .. ...

6.3 Proof of relation (66) . . . . . . . . . ..

6.4 Proof of the relations (70) . . . . . . .. ... L L

6.5 Proof of the commutation of H et Iy . . . . . . . . . . . . . . . ... ... ... ...

12
13

18
21



1 General introduction

The subject that I studied during this training is a link between two disciplines: first, it has a big
part of physics because it deals with the many body problem; then, it is an interesting problem of
combinatorics, because it involves multivariate symmetric functions and polynomials.

The fact that there exist several classical and quantum many-body solvable systems is not very
famous. Most of the time, physics students are told that when NV, the number of bodies, is greater
than 2, we cannot solve the N-body problem. This is not true. Indeed, for some pair interaction
potentials, it is possible to show the integrability of the problem and it is even possible to exhibit
eigenfunctions of the hamiltonian, as we shall see in this work.

The long-term motivation of this work is the following: by a certain transformation, it is
possible to show that the following differentiel operator play a key role in some of the N-body

N
0?2 1 0 0
Z;E):c?Jr;x—x] (axi‘ax) (1)
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solvable systems:

This differential operator is interesting because it also appears in the theory of random matrices.
The dynamics of some classes of random matrices is in fact governed by this operator (or by slighty
modified operators that are linked to this one). The aim of my work is to give a simple interpretation
of these links. A good way to get a deeper understanding of the problem is to use the symmetric
functions that are linked to this operator (eigenfunctions, functions that belong to its kernel...).
The theory of symmetric functions is rich and is one of the interests of the team I worked with
during this training. In particular, Jack polynomials are of great interest and play an important
role in some of the many body integrable problems. It would be interesting to explain why.

So far, I only began to learn the basic notions that allow me to understand the way people
deal with this problem; I also spent a lot of time to get used to the algorithms that have been
developed by Alain Lascoux and Jean-Yves Thibon to manipulate symmetric functions with Maple
(the ACE package). I gathered informations about these questions and the different ways that can
be followed to solve the problem. In particular, I made a short review of four different ways of
proving the integrability of the Calogero problem. This work gave me the opportunity of studying
a lot of methods and ideas that play a key role in this problem.

2 Introduction to Many Body Integrable Systems

Let us recall some basic notions of analytical mechanics. In hamiltonian mechanics, a system with
N degrees of freedom is called integrable if it is possible to find N functions of the generalized
coordinates {q1, ..., qN, P1, ---, DN }, denoted by Fj, ..., Fiy such that:

{Fi,F;}=0,Vi,jel,..N (2)

. When the motion is

N
0A0OB 0AO0B
where the Poisson crochet is defined by {A, B} = Z [ —

| 0q; 9p;  Op;i Dqi

bounded, it is possible to find a canonical transformation that maps H(qi,...,qn,P1, ..., PN) Onto
a new function, K(F1,..., Fy,w1,...,wn), which satisfies Hamilton’s equation, such that the w;’s
vary linearly with the time (the time derivative of the F;’s being zero). This new system, which is
equivalent to the physical one, has a much simpler dynamics. However it is always hard to give the
expressions of the solutions in terms of physical variables.



Calogero showed that integrable many-body systems have a potential such that V(z) = a?(z)
with a satisfying the functional equation:

a(z)d'(y) — a(y)a'(z) = a(z + y)(f(x) — f(y)) (3)

f being some arbitrary function which can be appropriately chosen for every solution a. The most
general form of the potential is a?p(ax), where o denotes the Weierstrass elliptic function, defined
by:

1 ! 1 1
p(z):?—l—z [(z—n—m)Q_(n—l—m)2 )

n,me7Z

(the prime over the sum excludes the case n = m = 0). Note that the relation (3) implies

V(@)V'(y) = V)V'(@) + (V)V'(z) = V()V'(y) + (V()V (@) = V(@)V(2) =0 (5)

forx+y+2z=0.
By taking different limits of the p function, we find that systems with the following pair inter-
2 2
a a

action potential are integrable: —, , .
P 8 x?’ sinh?(ax)’ sin?(ax)
We will study systems whose hamiltonian has the following form:

H = ZUI {L'] +ZU2 x],azk (6)

i<k

where Uj represents the kinetic part, and Us is one of the potentials listed above, with possibly a

harmonic potential (w2:v2 or w? (azz — :L'jQ) up to a constant). We are especially interested in the

Calogero problem, with a potential defined by:
1

(j — k)2

(7)

Us(zj, x1) =

3 Links between Matrix Theory and Integrable Systems

3.1 Links between Random Matrix Theory and Integrable Systems

There are many links between different physical subjects and the random matrix theory. The study
of random matrix theory applied to physics began with the interest of Wigner for high dimensional
Hamiltonians that describe the energy levels of nuclei. His idea, formulated in the 1950’s, was that
the properties (eigenvalues, eigenvectors...) of such high dimensional matrices are not very different
from the properties of random matrices. In particular, it appeared that, for matrices of a given
form, the probability density function of the eigenvalues was the Boltzmann weight

1ﬁexp — ZUl x] —|—ZU2 m],a:k

i<k

for a gaz with a peculiar interaction between the particules in equilibrium at ”temperature” (.
Indeed, the two-body potential was the potential of charged particules in a two dimensional space
that move on a line. But the parameter 8 can take on a small numbers of values, depending on
the form of the matrix. Thus the probability density function is the Boltzmann weight for a gaz



at fixed temperature. This is the first link between a many-body problem (but with a statistical
point of view and not a hamiltonian one) and random matrix theory.

The link between random matrix theory and Calogero models appears more precisely when we
consider the dynamics of the eigenvalues of a random hermitian matrix X, N x N, that obey the
equation X (t) = 0 (see, for example, in [1]). Indeed, the dynamics of the eigenvalues is described
by the following equation:

N
/ szkz
~ Jz::l - QJ )) ®)

Vi e {1,..., N}, where the coefficients C;; are functions of the coefficients of the matrix X. This
system of differential equations represents the equations of motions for a classical and conservative

N N
1 ! Cir.Cl
system of N particules whose energy is — pr — Z % . In terms of statistical
2 | &P 2 ) - )

mechanics, the Boltzmann weight can be written as exp(—SH) for a system in equilibrium at
temperature 3. However for some random matrices, the probability density for the eigenvalues
(with some conditions on the form of the matrix) is (see [2]):

—exp ZUl xj +ZU2 T, Tk) 9)

i<k

Thus the probability density of the eigenvalues is, up to a constant, the Boltzmann weight for a
Calogero system.

It is possible to go further by considering one parameter random matrices (e.g. time-dependent
random matrices). For example, for Wishart matrices, the probability density for the positive root
of the eigenvalues obeys a Fokker - Planck equation of the form:

dp ow 1 0
— = Lp avec L = — (== +==— 10
Yor = 5P ;ax,- (axj+ﬁaa:j> (10)
This equation also describes the dynamics of a gaz of N particules in the potential W with a friction
coefficient v, at temperature 3, p denoting the probability density of finding the N particules at
the points z1,...,zy. This equation can be transformed, with a change of variables, into the

Schrédinger equation that describes the dynamics of a N-body Calogero - Sutherland model.

3.2 Radial part of Laplace-Beltrami Operator on a matrix space

Let us consider the radial part of the Laplacian on F(Hy), the space of functions on Hy, where
Hy denotes the set of hermitian N x N matrices. On a Riemannian manifold (M, g), the Laplace-
Beltrami operator (that generalizes the Laplacien) is given by:

1 0 ik ~ O
EZ@ZQ \/”6870@ (11)
k i

where g = |det(gi5)], 91 = 9(a0 50) 97 = [(9i7)]
Let us begin by defining the gradient. For f € C*°(M), V f is defined by:

Vf-X =df(X) (12)
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In order to define the divergence, we define before a (n — 1)-form, X.w, from the volume form
w = y/gdxi A --- A dxy,, by the relation:

Thus Vf = Zgij

Xw(Xo, ..., Xn) =w(X, Xo,...,Xn) (13)

Its differential is a n-form. But the n-forms are all proportionnal to the volume form. We call
divergence the coefficient of proportionality between w and d(X.w).
The computation gives:

6=f2% x7) (14)

Laplace-Beltrami operator is thus generally given by:
- 1 0 gt
Af=V-Vf=— kz f (15)
k
On Hy, the scalar product of two matrices, defined as (A, B) = Tr(AB'), becomes
By =" A;Bl, =" A;B;;
1, 1,J

The metric is constant, in particular its determinant is constant and this simplifies the expression

; o0 0
of the Laplacian: A = ¢** — )
g kz,z 8xk 83:1‘

Finally,
Z aH2 * Z aH aH (16)

But it is possible to prove differential equations hnkmg the derivatives of f with respect to the
components of H to the derivatives of f with respect to the eigenvalues of H if f is invariant under
conjugation/cy, i.e. f(UHU ') = f(H). Let us consider, in order to prove these equations, the
perturbation of a diagonal matrix A with a perturbation e H whose diagonal form is dA.

We denote by A; the non zero elements of A, that we suppose all different. Applying the theory
of stationary perturbations in the non-degenerate case, we get (for a more rigourous demonstration,
see [3]):

Ni(e) = N\ + e0Hy; + €2 ; # +0O(e%) (17)
N+ ) = J0) 4 3 g o+ E:‘—QZL*M%ww+0@%
8H o 5 OHuw0He
But since f is U(N) 1nvar1ant7 -
FA+eSH) = f(A+ eSA) ) + Z L o't L 5Ni0A; + O(6N?)
~ ONOA;
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Replacing 6)\; by ed Hy; + € Z and identifying term to term, we obtain the following

— N\ —Aj
G
relations:
of of
0H;; o\
2 (18)
of 1 of  of
8H,‘j(3HjZ' N N — )\j o\ 8)\j
Using the previous relations in (16), we obtain the following expression for the radial part of
the Laplacian:
9? 1 o) o)
A _ = _ - 19
rad zi:@)\f—i—;)\i—)\j <8>\i aAj> (19)

This operator is a special case of D for e = 1. D seems to be the generalization of the previous
Laplace-Beltrami operator on a space with a modified metric. But the geometrical interpretation
of this metric is still to be found.

Note that an operator of this type appears (see [2], page 126) in the differential equation that
is satisfied by the probability density function P(H; H 0, t) for the elements of a random matrix
H real and orthogonal, hermitian or “self-dual real quaternion” (with, respectively 5 = 1,2,4)
depending on the parameter t:

oP 5, 1. 0P
o= <8H (HuP) + 5Dy 8H2> 2
p a p

where 1 describes the set of the independent elements of the matrix, and with D, = 1 for the

1
diagonal elements, D, = 3 for the non-diagonal elements.

4 Introduction to Symmetric Functions

Let us begin with some definitions. When we deal with N particules in one dimension, their
coordinates are denoted by Xi,..., Xn. The alphabet is the sum of the coordinates: X = X; +
-+« + Xpu. Therefore, when we deal with a function of the N variables x1,...,zy, we will often
write f(X) instead of f(x1,...,zxy) We denote by Sy the symmetric group on the set {1,...,N}.

Definition 1 A function f of the variables X1,..., Xy is called symmetric if
f(Xo@y, - Xow)) = f(X1,..., XN), Vo € Sy
Definition 2 A function f of the variables X1,..., Xy is called homogeneous of degree d if
flaXy,...,aXy)=ao%f(X1,..., XN)
If f is a polynomial, then it is made up of monomials of the same degree d.

Definition 3 A partition \ of the integer n of length | is a set of | positive integers, Ai,..., )\,
such that



There are several bases of the space of symmetric functions. The bases that are easy to define
are the elementary symmetric functions, the power sums and the monomial symmetric functions.

Definition 4 The previous functions are defined as follow:

e Elementary symmetric functions: en(X) = Z Xmy - X, s

mi,...,Mn

all different
N
e Power sums: p,(X) = ZX{L;
i=1

e Monomial symmetric functions: my(X) = Z Xf(/\l)...XX,(’\l), where X\ is a partition.

oeSN
Each permuation o appears only once.

The elementary symmetric functions (sometimes denoted by ESF) are the functions that allow
us to express the coefficients of a polynomial as functions of its roots. The monomial symmetric
functions are simply the functions obtained after symmetrisation of a monomial of degree ) . ;.
It is the same thing to take the sum over the permutation of the variables or the sum over the
permutation of the exponents.

5 Different proofs of the integrability of the Calogero system

5.1 Lax pairs and Conserved quantities

A discussion of the existence of N conserved quantities in involution can be found in e.g. [1]
(chapter 2). A rigourous proof is given in [4]. However the integrability of these systems can be
proved by others arguments as we shall see.

In this section, we will consider the Hamiltonian of the Calogero system in the form

N
1 1
H:§E pk+§€§‘v($i—ﬂfj)
k=1 1#£]

Let us come back to a question that we already mentionned (see Section 3.1): the evolution of
the eigenvalues of a hermitian N x N matrix X satisfying the dynamical equation

X(t)=0 (21)
We mentionned the fact that the eigenvalues satisfy the following equation:

. ol CikCri
W0 =23 =G OF (22)

To derive these equations (see [1]) we need to introduce what is called a Laz pair, i.e. a pair of
time dependant matrices (L(t), A(t)) such that the dynamics of X is represented by
dL(t)

7 (L, A] (23)



The Lax pair method is a very general method to solve partial differential equations which consists
in rewriting the PDE of interest in the form (23). Indeed, denoting by Q(¢) the matrix that
diagonalize X (t), we have: X (t) = U(t)Q(t)U'(t). The first derivative of X with respect to ¢ may

be written U(t)L(t)U ' (t) with L(t) = {U_lU, Q} + Q. Equation (21) then gives

L=[L,M], M =U"U (24)

and the coeeficient Cj; are defined as [Q(0), L(0)];;.

Usually, the set of integrals is the set of the Tr(L*), k € {1,..., N} (the Tr(L*) for k € N are
all constant, but only N of them are functionally independant). The involutivity of these integrals
is not proved directly. For ¢ — £o00, the system is equivalent to a system of free particules (because
of the repulsive interaction potential) and thus

N
Tr(L*) = ) pf = p1(p)
=1

(where p denotes the power sum) in both limits. These quantities are functionally independent
since they are polynomials of different degrees in the p; and are thus in involution. Since they are
constant, they are also in involution during the evolution of the system.

Let us now define another set of integrals (following [4]). The first one, denoted by Iy, is defined
as:

1 o 0\
In = exp —ieZV(xi—a:j)a—pi@ Hpk (25)
1#] k=1

This quantity is well-defined. Indeed, the number of terms that are involved in the exponential is
finite. The argument of the exponential is a differential operator that acts upon a quantity that
is linear in each of the pi’s. Thus the non vanishing terms are these that do not have second
derivative with respect to one of the pi’s. But if 2n > N, it is not possible to find a N-uple with
each subscribe different from the others, and therefore the components of the development of the
exponential for 2n > N are equal to zero. Iy is a symmetric function of the N-th order of the
pi’s; it is translationally invariant, i.e. {pg,Iny} = 0. This is easily seen from the expression of Iy
that involves only differences of the spatial coordinates (x; — x;). The other integrals are defined
inductively by taking the successive Poisson brackets of Iy with Z]kV:1 Tp:

N
In—l = {In7 Z .Z'k} (26)
k=1

We will need the Jacobi identity for the next proofs. This relation is true for every arguments
of the Poisson bracket, i.e. for every function of the z;’s and py’s. It states that {A,{B,C}} +
{B,{C,A}} +{C,{A, B}} = 0. Therefore,

N N N
{H AL, Y i}t + {Tn, > wr HYy +{D ok, {H, I}} =0
k=1 k=1 k=1

and

N N N N N N
Do pi AL Db+ L D@ Yo wihy + D e {D_pida}} =0
j=1 k=1 k=1 j=1 k=1 j=1

10



The following relation, whose proof is straightforward, will also be useful:

N N
D o HY == p;
k=1 j=1

Assuming that {H, I,,} = 0 and that {{p;, [,,} =0, Vj}, and using the previous relation in the two
expressions of the Jacobi identity yields:

N
=1

and

N
Z{pja In1} +{In, (-N)} +0=0
j=1
N
or {H,I,_1} =0 and Z{pj,ln,l} = 0. Since the p; are functionally independant, we find that

7j=1
{H,I,} = 0 and {{p;,In} =0,V } implies that {H,I,—1} = 0 and that {{p;,[,—1} =0, Vj}.
Since I is translationally invariant, we have proved by induction that I,, is translationally invariant
Vn < N. If we prove that Iy commutes with the Hamiltonian, the induction will assure us that
the I,, are constant. This proof is to be found in Appendix (Section 6.5).

It remains to be proved that the constants I, are in involution. Let us consider the quantity
{Imn, I,} which is equal to a function of the spatial coordinates and of the momenta through the
I,’s:

{In, I} = F(1Iy,...In,X) (27)

N
0
Applying 0 = Z —— on both sides, we find that
— Opk

N N
oOF OF
Iy, 1 I, I, :E —— (I ZE I
{ml; n}+{man1} k:181k8( k) k:18Ikk1

Let us assume that all the Poisson bracket of the form {I,, I;} with r +s = m+n — 1 vanish.Then

{Ln-1,In}+{Im, I,—1} = 0 and the functional independency of the I}’s implies that SZ = 0. Thus,

F(I,...In,x) = F(x). But from the independency of p; and from the form of the Hamiltonian,

it immediatly follows that —— = 0. It is always possible to chose appropriate coordinates such

that F(x) is equal to zero. xl@[oreover, {I1,I2} = 0 because H is translationally invariant and
N

I = aZpk, I, = 6112 +~vH, a,8,7 € R. Therefore we proved by induction that the I,,’s are in

k=1
involution.

This makes one proof of the integrability of the Calogero problem.

11



5.2 Rotation of Calogero’s Hamiltonian

See for example [5], [6] or [7].
We recall that the Hamiltonian of the Calogero system has the following form:

N
1 0? 1 ala —1)
ne=}3 (i) 4 3t =)

2\ o 2 s (@0 = )
Let us first consider the form of the eigenfunctions of this Hamiltonian and the equation of the
dynamics of the polynomial part of the eigenfunctions of the Calogero system. This idea is de-
velopped in the books by J. Hoppe ([1]) or Perelomov ([8]). Let us begin by noting that, using

1 1
the notation r* = N Z(:C’L — 4)%, the second term of the Hamiltonian presents a irz.

i>j

We can

thus think about a polynomial in r times a gaussian function: P(r)exp (—%) where P(r) is the

polynomial part. Changing the coordinates to work in the center of motion frame, it is possible to
show that this problem is equivalent to a problem with an harmonic potential of the form Z xlz

(2
(see [8]).

Then a physical argument forces us to multiply the previous term by a power of the Van-
dermonde determinant. Indeed, the singularity of the potentiel for x; = x;, ¢ # j implies that
two particules cannot be at the same point at the same time. The solution is equal to zero
when x; = z;, 1 # j and must respect this feature of the system. Thus it must be divisible by

z = H(xl — xj) or by a power of this product. Let us look for the eigenfunctions of Hc with the

1>]
form:
P(x) = 20(r)Q(x) (29)
The eigenvalue equation can be written, denoting by E the energy associated to :

(;s/

—% (-1 — 6+ (N(N - Det N =22 44"| 2Q

itk (i — k)

r =
i

1] ¢ ]
= [2 Z(aﬁi - X)@'Q] z (30)

(D@6 + |5 +ele~1) Y $Q = B62Q

i>j

1
2 (zi — z5)?

Assuming that D@ = 0 (which is the reason for my interest in the kernel of D; I spent quite a
long time during my training to write a program that makes easy the study of the kernel of D) and
that ), 2;0,Q = kQ (relations whose physical meaning is to determine), the equation for ¢ looks
like a one dimension Schrédinger equation:

—Z¢ ———[N(N—1)6+N—2+2k]+%T2¢=E¢ (31)

Therefore, we consider the eigenfunctions of this operator in the form
1
$0) = 6P exp (o

12



(with ¢ a symmetric polynomial, x = (z1,...,zy), P(x) = H lz; — xx|°, b=a or a — 1 and
1<j<k<N

Z xj). The system forbids the situations in which two particules are at the same point, so

that We can consider only the cases where z; — xj, for j < k is positive and take off the absolute
value. The energy of the ground state is E; = JwN [(N — 1)a + 1] and the eigenfunction that is
associated is 94(x) = P(x) exp (—iwr?). In order to get the equation that the polynomial part 1
obey, we are going to transform the Hamiltonian to get rid of the ground state. Let us now define
the transformation:

H = ¢g_1(HC - Eg)% (32)

which gives us the two following relations (whose proof can be found in Appendix):

N

1 0% 0 1 1 0 0
H‘E(‘wxg”xlag@)‘za 2 1 — T ((%l_axm>

lymil#m

(33)

N
1 0
=—-D i
5 +lz;wzlaxl

Note that we call respectively Lassale (denoted by O ) and Fuler operator (denoted by Og) D

N
0 1
and 236]8—% We can thus write Ho = wOp — ioL'

5.3 Explicit construction of the eigenfunctions of D

Let us now exhibit some commutation relations between the four following operators: Or, Og, x

Y 9
and A = 92 We will use the notation 0; = Er
€I €Ty
i=1 i
First
[Or, Op] =20y, (34)
Then
[A, O] =2A (35)
(because
A, Op] = Za (6,05 + x;02 ij
= 262 +25”02 =2A)
and
[X2,0E] = —2x? (36)
(because

Z:p x;0; ij Zx x;0; QZl‘J 0i jT; + x; x](?))

7.7

13



Finally,
[A,x*] =2(20g + N) (37)

Using these relations and relation (38) which stems from the Baker-Campbell-Hausdorft’s for-
mula, Eq. (39), it is possible to prove the relations (40), (41) and (42).

n—1times

N —
[a,[a, ... [a,b]]

exp(a) b exp(—a) = exp(—a) b = Z (n—1)! (38)

n<l

:b+[a,b]—l—%[a,[a,b]]+...

exp(X)exp(Y) =exp(X +Y + %[X,Y] + %[X, [X,Y]] - %[Y, (X, Y]] +...) (39)

(the dots indicate that there is a series of terms that can be written as commutators of the com-
mutator of X and Y).

1 1
exp(EOL)HC exp(—EOL) =wOp (40)
1 1 1
exp(—EA) wOg exp(—EA) =wOg — iA (41)
1 1 1 1 1 1
exp(—inQ) exp(—@A) wOpg GXP(EA) eXP(§WX2) =3 Z(P? + ngjz) - §Nw (42)
j=1

These relations show that, after some transformations, the system is equivalent to a system of N

independent quantum harmonic oscillators. Indeed, the Hamiltonian of this system of N oscillators
N

1 1
is (when we take off the ground state energy) 3 Z(p? +w2x§) — §Nw, which is precisely the
j=1
expression that we find if we conjugate Hc with T~!, i.e. if we consider the operator T~ 'HoT,
with 7 = exp(—450L) exp(1-A) exp(3wx?), using the relations proved above.
Let us now introduce creation and annihilation operators, respectively a} and a;, defined by:

1 . . .
a} = %(pj +iwz;); aj = i(p; — iwz;)

1 1
Denoting by n; = a;raj = 2—(p3 + me? — 5) the number operator associated with the jth oscilla-
w
tor, we can write that:
N
T'HeT =w) n, (43)
j=1
The eigenfunctions of the total number operator w Zjvzl a}aj are indexed with N integers and
their form is:

n1,...onn) = [J(aD)™|0) (44)

N
i=1



1
where (x|0) = exp(—-wx?). The search for the eigenfunctions of the Hamiltonian is thus easier

after these transformations. But how can we find the expression of the eigenfunctions in terms of
the original variables?

It is possible to show that the action of T' on |ni,...,ny) allows us to get back to expression
in terms of the z;:

N
1 )
T|n17...,TLN> = exp(_@OL)HJ;;LJ (45)
j=1

First let us note that the transformation 7' can be factorized into a product of N transforma-
tions of the same form acting on each of the variables (the x; being independent). We will note

9; — 0, 1 1
T; = exp(—ﬁ? —a Z #xz) exp(@ajz) exp(iwx?). Let us take w = 1 (it is always possible with

a change of units). With these notations, we obtain that:

N
Ty, ....nn) = | ] T5(aD)™ | 10) (46)
j=1

The eigenstates of the harmonic oscillators obey the following relations (see e.g. [9] page 397, with
attention to the normalization of the operators):

(a))™ ! 1
or
f 1 z}
_ ni10) — . _
) = (@)10) = ot (1) exp(~ ) (49)
with (generating series of Hermite polynomials)
H, (z;)t"
> Hn, ()t ?‘) = exp(2w;t — ) (49)
S0 n;!

and thus

(abma - exp(—22/2) ~ Hy,(z;) (t\™
Ve i )

n;>0 n; 20 (50)
exp(—x?/Q) t?
=——m exp(z;t — Z)
Therefore, (the t; are parameters),
Inj) ) 0 =0k, Lo 1 t;
Z n ' J = GXp(—aj —QZH)GXP(Zaj) 1/4 eXp(.’IZ‘Jt Z) (51)
n;>0 k#j

But 1 1
102 (exp(tjzy) = 112 exp(t;z;)
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therefore

k k
192 1,2
04 St 2
1Y 1 4t ts
E 7< k!> exp(tjx;) = exp(402) exp(z;) = E ( nj!> exp(tjz;) = exp(zj) exp(t;jx;)
k>0 k>0

Thus we have:

1 0; — Ok
T; Z |nJ i exp(—@? - az Ji) exp(z;t;)

n;>0 " Kty T T Tk
and
A 1 1
T Z Wmh---,nm = TMQXP(_ZOL)QXP(X -t) (52)
ni,...,nn>0 1 N* 7T
Developping the factor exp(x - t) we get:
N
(z1t;)"
exp(x-t) = H Jnijl
j=1n;>0 J
N
N e
ni!...ny!

K1, k>0 j=1

Identifying the left-hand side of (52) and the right-hand side of the previous relation we obtain, by
linearity of T', the relation that we wanted to prove for w = 1, up to a constant.

The following relations give the expressions of the operators in the physical variables in terms
of annihilation and creation operators:

1 1 1 1
T = exp(@) exp(inQ)a; exp(—inZ) exp(—@) (53)
0 1 1 1 1
oz, = exp(E) exp(iwxz)aj exp(—iwx2) exp(—@) (54)
1 1 1 1
xj%j = exp(@) exp(gwx2)nj exp(—iwxg) eXp(—@) (55)
But we cannot apply this inverse transformation to the |ny,...,ny) functions, because such a

transformation creates essential singularities. Indeed, this transformation is created by the expo-

nentiation of the Lassalle operator; this operator has a

term. Applied to |nq,...,ny), this
Ty — T4
term gives rise by exponentiation to essential singularities. In order to solve this problem, it is
necessary to symmetrize the functions that we used so far. This symmetrization is the same that

defines the bosonic wave functions in quantum mechanics and is thus called bosonization. Let us

consider a function such as: N
Ao
ORI B 2

oceSN j=1
where the symmetrization is done so that each permutation appears only once. Acting with the

O — 0.
— 7 term of the Lassale operator, we find that:
Ty — Ty

az 1>‘o' a 1)‘0
(O '(”_Aojm @~ T (©)

i |

i#j 0€SN J ki, k#j
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The sum over the (different) elements of Sy can be written as a sum over the (different) elements of
7i, ;SN where 7; ; is the transposition that switches ¢ and j. Let us do this transformation in the term

\ (,)x%a<j>—1x%a(i> \ (‘)x%am—lx%om
g . . . ot .
E E DA ' . We obtain the following expression: E E J ' . This
Ti — Tj T — Tj

i#j 0€SN i#j o€SN
transformation allows us to factorize Ay ;) (x; — x;), which can be simplified with the denominator
and this takes off the problem of the singularities.

This symmetrization acting on a fixed monomial gives rise to the monomial function of degree

SN A Thus,
A, A,
my(x) = g A S (57)

geSN

We will note |A) = Z Aa(1)s - Aa(N)) = my(a)|0). The |\) are eigenfunctions of every operator
g€SN
that is itself a function of the number operators n; (because these operators commute two by two).

In particular, they are eigenfunctions of the power sums (see above) of the number operators.
Therefore, we have:

pi(m)[A) = pi(N)|N) (58)

The p;(n) form a set of conserved operators commuting with each other. The eigenvalue of the
p;(n), p;(A) are thus numbers that can be used to index the states: the symmetrized states |\) are
fully described by the set of the p;(\) pour i € {1,...,N}.

The |A) functions form a set of eigenfunctions for the Hamiltonian we consider and we can act
on them with the inverse transformation to get expression in terms of the physical variables. Let

us denote by M, (x; 2, w) the function obtained by applying T to |A): T|\) = M, (x; %, w). In order
to express the solutions in terms of the original variables, we recall the M) are only the polynomial
part of the eigenfunctions of the Calogero Hamiltonian.

To get compact formulae, we act on creation and annihilation operators directly with the inverse
transformation 7T'. Therefore we define:

_ 1 1
b;' = Ta;[.T ! = exp(—@(f)L) xj exp(@(’)L) (59a)
_ 1 0 1
b; = Ta;T" = exp(—EOL) 87933 exp(EOL) (59b)
vy = b;bj (590)

then, taking into consideration the non-polynomial part:

b = hgbl ! (60a)
bj = bty (60b)
v; = blb; (60c)

The eigenfunctions of Ho can then be expressed as:
-+
Ay =m (B [0) (61)

Let us note n; the degeneracy of A; in A (i.e. the number of times that A; appears in A, considering
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that the \; are all different; A = {A;...A1,...,An ... An}). Then this basis is orthogonal and:
——— —_——

n1 nN

N O

W) = o LA (62)

This section presents and explains the content of an article that shows how to map the Calogero

problem (N bodies in interaction through a potential of the form 1/72) onto a system of N indepen-

dent quantum harmonic oscillators. This transformation simplifies greatly the problem and shows

its integrability. The eigenfunctions of this problem can also be expressed in a simple manner,

provided we make use of the good symmetrization in order to avoid the singularities due to the

potential. The symmetrization is the same that is used when one deals with the wave functions of

a system of bosons. We showed that the eigenfunctions of the Hamiltonian are simply the result of

the action of monomial symmetric functions (with creation operators as variables) on a gaussian
function:

A =ma (b7)[0)

where A is a partition of size N. It is possible to express the monomial symmetric functions as
superpositions of Jack polynomials, and this gives the first link between our problem and the Jack
polynomials. Indeed, we have:

Ia(x,1/a) =) vau(a)mu(x), van (63)

HSA

where v, is the matrix of the change of basis, and < denotes the dominance order. Thus, we can
write:

ma(b) = exp(— - O)my(x)
= exp(—1-01) Y 03 (@), 1/a)
H<A

5.4 Expression of the Calogero Hamiltonian in terms of the Elementary Sym-
metric Functions

We have already presented the elementary symmetric functions and used the monomial functions,
two types of symmetric functions. We also showed that the interesting functions in this problem are
symmetric. It is useful, if we want to go further in this problem, to express the differential operators
that are used by the Calogero Hamiltonian in terms of the elementary symmetric functions (see [6],
paper in which the new coordinates are invariant under translation - the new frame is the frame of
the center of mass of the system) whose definition is recalled below:

k
oR(x) = > 1= (64)

I<ii<-<iy<N j=1

Indeed, this transformation accelerates the computations, especially when we deal with eigenfunc-
tions that have simple expressions in one or another basis of the space of symmetric functions.

The Calogero Hamiltonian is a differential operator of degree 2. It is thus entirely defined by its
action on the elementary symmetric functions and on products of two of these functions. Indeed,
we can write that:
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N N
dey, 0 02 d%e, 0O
S (Lo 5y~ 2 [Aledengp otz o]

N
1 ey, O Oe, 0
-9 —_ _r =
azxi—sz<8:ciaek (91']8 )

i<j k=1 Ck
e, ... : Jey,
The term 900 is trivially equal to zero: of course when [ # k; if [ = k, e = 1 and the second
€10; el

derivative makes it zero.

Let us consider the action of He on e;(X) (where X =21 + -+ 4+ zy), and first of all, let us
consider the action of the laplacian. The e; are all linear in each of the variables so their second
derivative with respect to each of the variable is equal to zero. Therefore:

N 0%ey, 0
— =
P ox;
Moreover,
Oi(ex(X)) = ep—1(X — )
k—1
where e (X — ;) = Z H z;;. Thus,
I<ii<-<iny j=1
i1, i,

0 — 0, 1 k—1 k—1
Yo p@tn= | Y Jla- X I

x
i<g b i<j I\ 1<l <<y n=1 1<li<-<ly n=1
ll,.‘.lN,;ﬁi llw-le?éj

The sums over [, are the same if all indices are different from ¢ and j. These sums simplify with
each other and in the remainder, we can factorize x; — ;. Thus, the term that remains is:

22 61 : 2; (ek(X)) = 22@1672()( — ;- $j)

— Iy —
1<) 1<)
It is possible to show that:

Zek—2(X -z —35) = Lk k+2)2(N e 1)ek—2(X)

1<j

Finally,

N N
D zi0i(en(X)) =D wmier—1(X — z;) = kep(X)
=1 =1
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The Laplacian applied on the product of two e; only uses the double product of the first
derivatives because the second derivatives are equal to zero. We just have to express the following
term in terms of the e (X):

D 0i(en(X))Bi(em(X)) = Y en1(X — wi)em1(X — )

It is equal to

min(n—1,N—m+1)

Apm = (2 - 5n,m) (N—m+1)ep16m—1 — Z (m—n+2k)ep_1_kem_1—k
k=1

where e means eg(X).
Putting together the different elements, we get the following result:

N N

0? (N—k+2)(N—-k+1) 0 0
Heo = ;Almﬁelﬁem — akz 5 6k_2(97€k + kzlkekaek; (65)

N
1
If we consider translation invariant coordinates, y; = z; — N E zj, [6] gives the following result:
7=1

(with our conventions):

1< N 9 11 al 0
Ho=—>5 B2 PO N—i+2)(N—i+1)mo—r
c Qj;Q gkaTjaTk-l-iZ;zT 67¢+2 <N+a> ;( i+ 2)( i+ 1), 25, (66)
where (N j 4+ (k1)
—j+ 1)k~ .
Bj = : N Tam—it+ Y, (k—j— 2D

[>max(1,k—j)

and where 7; = 0;(y(x)) (the sum begins with j,k = 2 because the coordinates transformation
separes the center of mass dynamics, that is, for the relative motion, takes off one degree of
freedom).

Note that the expression of H¢ as a differential operator on the elementary symmetric functions
is a way to prove the integrability of the underlying problem (see [6]). Indeed, this expression allows
us to write Ho as an element of the Lee algebra of de GLx(R). It is possible to represent this Lee
algebra in terms of differential operators, using the notations:

o ..
J’i7j = tzaitj, 1,] = 2,...7N
The Lee algebra of GL(N,R) is formed by the set of all N x N with real valued coefficients, with the
commutator ([A, B] = AB — BA). We denote by t; the canonical basis of RV. A basis of My (R)
(the set of all real N x N matrices) is given by the F;;, matrices with a one at the intersection of the

ith row and the jth column. With these notations, E;;t, = t;0;,. We would have the same result

if we considered the differential operator J; ; = t; It is easy to verify that the J; ; operators

0
ot
obey the same commutation relation E;; obey, i.e. ([Eij, Exltm), = 0n,i0jk0m1 — 0nk0jmdri. The
operators J; ; are thus a representation of the Lee algebra of GL(N,R).
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The following expression of H¢ in terms of the J; ; is available, replacing t; by 7;:

N . . Jj—1
(N—-j+1)(H -1
Heo = { ~ (Ji-15)" —2 ZZ; Wjti-1,jJj-1-1

. . k_l
N—-j+1)(j—1 Z :
+9 2 : { ( J )(.7 )ijl,je]k—l,k — (] —k+ 2[)Jj+l—17j<]k:—l—1,k} (67)

, N
2<k<j<N =1
N 1 N

_ ka_gkjk’k — (N + a) kZ_Q(N —k+2)(N —k+1)Jp_o

The expression of H¢ in terms of the J; ; shows us that the set of the

N
Vo(t) = Vee(J] 7,0 <) “ny <n) (68)
Jj=2 J

is invariant under the action of this operator (indeed, the J; ; preserve the degree of every homo-
geneous polynomial of n variables; their products conserve also the degree). But the integrability
of a system in hamiltonian mechanics is equivalent to the conservation by the Hamiltonian of the
system of a set such as V,,(t) (see [6]).

5.5 Equivalence of Calogero’s problem to a system of free particules

See [10].
It is possible to construct explicitly a transformation that maps Calogero’s Hamiltonian onto
the Hamiltonian of a system of N free particules. Let us prove this by introducing the following

operators:
N N
1 P  a 1
T, =— -+ — (69a)
w ; 2 2 ”21 (@i — q;)?
1#]
)
T =w % (69b)
=1
|
=35 z; 4iPi (69¢)
1=

with the canonical notation ¢;, p; = ¢;. From now on, we take w = 1.
The following ”commutation” relations between these operators hold:

{To, Ti} = :|:Ti (70&)
(T, T_} = —2T (70b)

These commutation relations do not involve a. They also hold for a = 0, in which case we
denote Ty, T by Ty and Ty respectively. These relations define the Poisson algebra, the algebra
of SL(2,R).
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Consider now the following transformation:

A — exp(irTy) x A = Z
n=0

{11, A}} (71)

-~
ntimes

where T = % (T'+ + T-) where A is any operators functions of the g;’s and the py’s. This transfor-
mation maps T onto T_ for A = m:

exp(inTy) * Ty =T =T- (72)

Indeed, it is possible to show by induction the following relations p € N* and N respectively:

{irTh,...,{irTy,Ty+}} = (—1)P 7T22p(TJr —-T°)
2p times (73)
{ir Ty, ..., {inTy, Ty }} = (—1)PTL 22PTLT,
2p+1times
Therefore,
)
exp(inTy) * Ty = Z % {irTy,... {irTh, T4 }}
n=0

++Z {erl,.. {zﬂTI,T+}}+Z o +1 iy, {in Ty, Ty )

2p f01s 2p+1fois
1 o0 2p—|—1
=T T -1 )=
e )5 ;( T Z 2p 1)
1
=Ty + (T —T-) |:COS(7T) - §(T+ - T)] — sin(m)To
1 1
= (Ty +T2) — 5 (T4 = T-)
2 2
=T_

A
Note that the transformation exp(iAT}) x A also defines the time evolution (with ¢ = 2—) of a
w

system whose Hamiltonian is the Hamiltonian of the Calogero model. Let us now consider another
transformation that we apply to T_:

exp(—inTy) « T = Z b
i=1
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As for the previous computation, we have:

. - - 1 pe1 s/ i » 2+l
exp(—inTy) «T_ =T_ + 2];( 1) )] <T+ —T,) —l—pgo(—l) o1 1] 0
- s ) N - - -
S o) - (1)
AL () - ()

We have thus established that the following transformation maps the Hamiltonian of the
Calogero model onto the Hamiltonian of a free particule system:

SN

N
exp(—inTy) * (exp(inTy) « Ty) = Z b (74)
i=1

2

23



6 Appendix

6.1 Proof of the relation 33

To make the proof, we consider the action of H as a differential operator on a function f of x. We

have:

Hf =, (Ho — Ey) (g f)

i | (e B o 3 e Eas

Js J#k

We recall that 03 (1 f) = 07(f)tg + 2(9;£)(9jthg) + fOF1hy. Let us start with ;¢ and 071,.

1
i1y = P(x) exp(—iwr2 —wz; +a Z

ki T
2
0%, = P(x) exp(—lwrg) —w—a Z # —WwT;
J g 2 ) (.%'j - .’Ek)2 !
kk+#j k k#]
1, 1
Indeed, 8; ( exp —gwr = —WT;j exp —§wr and 0;P = aP kkz;é e
J

The ground state part disappears because we can factorize by it in the dlfferentlal term, so that:

Hf:% Z(x(“_lJrZw%?—zE Z Zr2y > L w0 || f

jiegen (3 T2 =1 kkrg 0 TR
2
1 a a
S 2 o= v X o
2 |\ %9 7 oy (@3~ )
0j 0
However 2 Z 9if = Z Jif — Z kS if we change the subscripts j and k
a1 TR g T TR e T T R
in the second term.
Thus,
al 1 1 ala—1)
Hf =w) 2;0;f —=Df+=| > ——% +—awN(N - 1)
- 2 2 |~ (vj— )
J=1 Jk.J#k
1 a T a®
) > (m._xk)2+2aw > € —Tn > (7 — 2x)(z; — 7,7)
J7k7.77ék J ]7k7]7ék J j,k,k/;k,k/#j J J k
T Tk Tj — T
Moreover, 2aw = aw L = aw .
Z ]_-Tk Z Tj— Tk Z Tj— Tk Z Tj — Tk
Jk.g#k J,k.j#k Jk.g#k J,k.g#k
We thus have 2aw Z —— =awN(N - 1)
dkgk T xk
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A factorization into simple elements then yields, for j,k, & all different:

1 B 1 1
(2 —xp) (x5 — 780) (g — ) (w — xy) (w5 —ap)(zy — xk)
1

(zj — i) (@ — 2

The part with k£ = & in the sum of the

can be simplified, and the sum of the

simple elements should be zero.
After simplification, the following term remains:

N
d
Hf:wz.rj&g;—;Df (75)
j=1

6.2 Proofs of several relations of Section 5.3

6.2.1 Proof of relation (34)

01, 0] = Za x;0; —i—az

wkak ijaja —a Z wkak < 8 >
2%

Z

i#],k i#5,k
= Z (202 + x;0;07) — Z g;jajaf +
i —
The last part yields:
9 9 Tk O Ok,j
a Z 51“8;@ Ok,jOk + 21(0;, — ajk)) - (05 — O) + ki(al Om)
T Ty — Ty ( - :IZ])

1#£5,k
0; — 0;
or 2az ———=. As the third derivatives in the first term are equal to zero, we get the relation

i#£]j T xj
that we wanted to prove.

6.2.2 Proof of relation (37)

If we develop the commutator, we get:

2 0% aj| f= Z (9F («31) = «30F ()
—Z (07 (22) f +20; (23) 0i (f))
:4in8i(f)+228i(azi)f

and the relation written before.

6.2.3 Proof of relations (40), (41) and (42)

Relation (40) is proved as follows: using formula (38), we find that

(@) (@) (@) Or O @)
exp(— OL)Hcexp(—OL)_wOE—;qLLli ()E_QL}JF[J’ [4570) QL”JF'”
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ﬁ(’) 1, commutes with itself, so the commutators that are in the right-hand side of the previous equa-
tion only contain commutators of commutators of ﬁOL with Og. However, since [Or, O] = 201,
[Or,[Or,Og]] and the following terms (forgetting the constants for the moment) are zero. Only
remains:

1 1 1 w
eXp(@OL)HC eXp(—EOL) = wOE - iOL + @ [OL, OE] (76)

and the relation we wanted to prove. In the same way, as [A, O] o< A
(= A0 exp(—=A) = wOp + | —A, w0 LA+ wo
exp(—— exp(—A) = — =——
Xp A WEXP4w wUE 1w yWUE 1 wUE
we prove the relation (41). Let us apply the same method to

1 1 1 1 1 1
exp(—ngQ) (w(’)E - A> exp(§wx2) =wOg — iA + [—wXQ,wOE = ]

2 2 A
L [ ZLe _ 1 e 1 Zhe | Zle b
+[ 2wx7[ 2wx,w(’)E A”—i—[ 2wx,{ SWX, 2wx,w(’)E A + ...

We have:

1 1 1
A= [—2wx2,w(’)E - A] = w?x? —wOp — in

1
B = [—2w,A] = —w?x?

2

Since C is equal to 0, the next terms are also equal to zero. The different parts of the equation
yield:

C = {—%},B] x [x2,x2} =0

1 1 1 1 1
exp(—inQ) (w(’)E - 2A> exp(§wxz) =wOpg — §A + w?x? - wOp — §wN — wx?

We recall that p; = —1 0
Bxi

. Thus, using relation (41), we prove relation (42).

6.2.4 Proof of relations (53), (54) and (55)

We can, for example, prove the relation (55) using the relation (38). We have:

1 1 1 1
C = exp(zwx?) | — (—8? +w?r?) — - exp(—iwx2) =

2 2w J 2
1 1 11
o (207 +whaf] = 5 — o [25.07] + 290 (23, [3,05]] +
thus
1 2, 297 1 1 1 2
C= W [—07 + w’z]] — §+Z(2+4x]’0j)+1w (25, 2;0;] + ...

26



As the z; variables are independent, the commutation relations proved for the sums also hold
for each term. As [x?,xjﬁj] = —233?, the commutators that are involved in the rest of the de-

veloppement are all equal to zero because they involve m? on both side. Therefore we have

1
C= —58]2 + x;0;. Moreover,

11
24w

1

o) (07, (07, 2;0;]]

L ) C exp(—

o :——a2+m]a+ [62 0] +

exp(-—

t [0]2, xjaj] x 8? so all terms but the first commutator are equal to zero and we get the relation
(55).

6.3 Proof of relation (66)

The following expression of H¢ in terms of the J; ; is available, replacing ¢; by 7;:

N . . Jj—1
(N—-j+DG -1 2
He =) { N (Jj-15)" =2 Wjwie1 i1

j=2 =1

) . k—1
N—j+1)@G-1 :
f2 Y { W=g+ D=, SG-k+ 2Z)Jj+l1,jjkl1,k} (77)

, N
2<k<j<N =1
N 1 N
_ ggkjk,k - (N + a) k;z2(N —k+2)(N —k+1)Jp_ox

Indeed, we have, for every function f:

N

> SE +N1)(j ==Y (Jj-19)°| f =
j=2

N —j+1( -1, 3<t 8f>
N ot \ ot

M-

<
||
I\

I
E

. . 2
(N j—i-Nl)(J 1){] 185 1§tf—i—tj 12{} (78)

<.
[|
N

(N—j+1)(j—1)t *f
N i- 1at2

I
WE

<.
[|
o

N j—1 N j-1 af
=2) ) Wi | f=-2) ) M- 13, <J "1at»>
i=2 ’

=2 =1 7=2 =1
N j—1
0*f

0
:—2ZZZ{J+I 10,1 laif + -1t 18t2} (79)

7j=21=1 J

N j—1 8f
:—QZZ“;H 11— lat

7j=21=1
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2N —j+1)(k — 1) ON —j+1)(k—1), 8 of
Z Jic1j k16 f = Z ti1m (15—
2<k<j<N N 2<k<j<N N ot Ot
B Z 2(N—j+1)(l<:—1)t' e 0% f
— 1tk 15—
a<hTI<N N 8t]8tk

(80)
Moreover

k-1 k-1
SO G-kt Tkl = =20 > Y (G — k4 20t0-10; (te-1-10k )

2<j<k<N I=1 2<j<k<N I=1

0% f
Z Zj—k‘+2l Mjpi—1tp—i— T

2<j<k<N I=1

(with 0 = a%) The previous term for j = k is precisely equal to (79). In the same way, (78) is
k

equal to the sum (80) for k£ = j. In each sum with j < k, we make use of the factor 2 to consider
the the sum over j # k, and we add the term for k = j. The last two terms of (67) are obtained
directly. Thus we obtain the terms of the expression (66).

6.4 Proof of the relations (70)
Indeed,

1 N N 5(an) O(n2 Ag:p:) O 1
{T07T+}:ZZ ZZ (gjfj) éilz)+azz(<;qu1]j])% <(‘1k_fﬂ>2>

thus
1 N N 5 5
ik il
{TH, T4 } = ZZ 2225”51kp]pk+2a2252] ]ﬁ
=1 \ j=1k=1 j=1 k=l q qi
Iy 2a !
2 k — 4l
QZZZ;Z 4;(%—%)3
N N N N N
1 0(4;p;) 9gi) d(g;p;) 9(a3)
CESEE N D ILTEE L 9
g N N N
= =122 Oi0inajgk = —{jqz,
i=1 j=1 k=1
and



1 N X op?) o(q? = @) 9 1
{T+7T—}:ZZ ZZ 8qz ég;]?]:)JraZZ 8pj¢ %(qk—ql>

N NN@(Q

1
_ZZ Z Op; aq@ +GZZ Qz apz (Qk_Ql>

i=1 \ j=1 k=1 j=1 k#l

—_

Therefore

N N
Z Z 0ij0ikpiqr | = —2To

i=1 \j=1 k=1

NG

{T4, T} = -

6.5 Proof of the commutation of H et Iy

N

OH 0l 6[N OH oln OIx OH . . .
1 = - . Denot by M the diff tial
{ wh= Z [6pk Tk Opy, 8m;j ; [pk Oz, i 83%} enoting by e differentia

and using the fact that since V' is an even function of its argument,

operator Z V(x )8(?9 aa

its deriva?ié\je, denoted by V’, is an odd function, we have
zpk (50 ) - zzpkv — ) (ba— )
k=1 1i#j
- Zk: zz%:k opi (9]9 Vi = @) = Vi = )
0 0
= 2%;[‘/ T) — xl)aplp’“apk
= —2%1// Ty — l’l)aa pl@iz

The term in €” in the development of the exponential of the first term in the previous relation is
equal to

N n N N n N
0 \[L(_ 1 1\" 0M n
a_ - - = M'I‘L m = — 77Mn—1 m

and thus

S V- o)L | L (L) |
‘ T e P op [ (n— D\ 2¢ 11w

k£l

The term in € in the second term is equal to

, 0 1 TR il
eZV(xk—xl)a—pk [(71—1)!(_26) M 1]nglp

k£l
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Gathering the term of the same power of €, we find

(1) g () i o

k£l

The terms of the previous expression that are non vanishing are those that are in M"™~! H%ﬂ Dm

0
where py is present and p; absent. Indeed, if pg is absent, then —— acting on the term will be

Ipi;
equal to zero, and if p; is present, then plaapl does not change the expression and is thus equal to
1 (since the product of the p;’s is linear in each of the p;’s); but since it has to be subtracted to 1,
it gives 0. Therefore, for the non vanishing terms, 1 — pla— is equal to the identity.

Therefore, exhibiting one of the factor M, the last expression without the constant gives

N
8 0 0 0
Vi(zgp —x =Y V(w; — ) M2 m
; k l pl o, ; ( ]) ap; 8pj nglp

Assuming (without loss of generality) that differentiation with respect to p; appears in the left
factor of M, this factor can be rewritten as

o 0
Z V(x; — zpm) + V(2 — x1)] = =— + non essential terms
k£l apl apm

and, within to a factor, (81) yields

o 9 0 N
Vizr —x) [V(zg — zm) + Ve, — 1)) — — —— M" 2
kg;m (zr —2) [V (21 )+ V( )] Oor. 01 Do I[lpt

o a0 0 N
> Vak—a) Vi —om) +Viam a5 g oM ]
k#l#m -

o & o N
Vizp —x) V(e —xm) + Ve — M2
kgm (xr, —x1) [V (2 )+ V(r—zm)] 5— 8pk8pl0pm 1;[11%

> Viwk—a) V(e — 2m) = V(wm — x)] aa 88 aa n_zﬂpt
i i Op1 Opm et

9 90
Opi, Op Opm,
Vi (zg —x) [V(z — 2m) = V(em — )] + Vi(xg — 20) [V (2 — x1) — V(2 — 21)]

by permuting k, in the second sum. For fixed (k,1,m), is multiplied by

V(0 =) V(o — )~ V(a1 — )

But this last quantity is equal to zero by virtue of (5) and the identity (zy — z;) + (2 — xm) +
(xm — ) =0.
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