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47870 21078 Dijon Cedex France
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Abstract. Quantum Toda lattice may solved by means of the Representation Theory of
semisimple Lie groups, or alternatively by using the technique of the Quantum Inverse Scattering
Method. A comparison of the two approaches sheds a new light on Representation Theory and
leads to a number of challenging questions.

1. Introduction

Modern representation theory of Lie groups was started with the famous paper of Wigner on
representations of the Poincaré group and developed by Bargmann and Gelfand and Naimark
in the late 1940’s and early 1950’s. One of the fundamental problems of representation theory is
the decomposition of natural representations of a Lie group, e.g. its regular representation, into
irreducible components. For non-compact semisimple Lie groups this problem is equivalent to
the study of common eigenfunctions of G-invariant differential operators (the Laplace operators)
and has much in common with the quantum mechanical scattering theory. In a series of highly
technical papers written in late 1950’s Harish Chandra has almost solved the spectral problem
associated with the Riemannian symmetric spaces, i.e. the spectral decomposition of Ly(G/K)
[4]; he reduced it to the study of an explicit meromorphic function, the Harish Chandra c-
function; in his initial paper Harish Chandra was unable, however, to evaluate this function or
even to prove its key analytic properties. It came as a big surprise, a few years later, that the c-
function may be computed explicitly; the famous Gindikin—Karpelevich formula [3] expresses it
as a product of functions of one variable, namely, the classical Beta-functions. This fundamental
discovery has lead to an important paradigm: while the properties of the eigenfunctions of
the Laplace operators are very complicated, their asymptotic behaviour appears to be much
more simple and is described by factorized formulae reducing it to the rank one case and to
meromorphic functions of one variable. This Harish Chandra philosophy culminated in his
proof of the Plancherel theorem for non-compact semisimple Lie groups and admits various
important generalizations.

Already in 1960’s there was established a link between the representation theory of semisimple
Lie groups and integrable systems; namely, the Hamiltonian of the so called Sutherland system
(a special instance of the famous Calogero—Moser systems) coincides, up to a simple change
of variables, with the radial part of the Laplace operator on G/K [7]. Hence the solution of
the associated quantum model is reduced to Harish Chandra’s theory of spherical functions.
Another important example is the quantum Toda lattice; as noticed by Kostant in 1978 [5],
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the Toda Hamiltonian may be identified with the radial part of the Laplace operator associated
with the so called Whittaker vectors. In both cases, the eigenfunctions of the integrable models
in question are appropriate matrix coefficients of irreducible representations of G. To prove the
spectral theorem one has to study the asymptotic behaviour of these matrix coefficients which
again is associated with factorized scattering [10].

In another development, which has started almost simultaneously, a new fundamental
technique, the Quantum Inverse Scattering Method, has been developed. It provides a systematic
way to construct quantum integrable models and to solve the associated spectral problems [1].
The application of QISM to the quantum Toda lattice was not immediate, but as we realise
it now, it brings about a totally new picture of representation theory. The treatment of the
Toda lattice based on QISM was started by the seminal papers of Pasquier and Gaudin [8] and
Sklyanin [9]; it was continued by Kharchev, Lebedev and Gerasimov [6, 2]. The rather radical
change of the old paradigm brought about by QISM consists in the following main points:

(i) There exists a representation (in the sense of Dirac) in which the algebras of quantum
integrals of motion for the Toda lattice, or of the Sutherland system are freely generated
by first order difference operators.

(ii) In this representation the common eigenvectors of these algebras are decomposable, i.e.,
they are products of functions of one variable.

(iii) This realization of the algebras of quantum integrals of motion extends to a genuine
representation of the full underlying Lie algebra, again acting by difference operators.

(iv) The transformation operators which relate this representation to the standard coordinate
representation may be constructed recursively and amount to a sequence of ordinary Fourier
transforms.

While these results were obtained already about 20 years ago, they still remain almost
unknown in the representation theory community and their implications for the representation
theory of semisimple Lie groups should be a matter of much future work. The purpose of this
review talk is to draw attention to this highly promising area.

2. A brief reminder

Let us start with a brief reminder of the basic facts on representation theory of semisimple Lie
groups. Let G be a semisimple (or reductive) Lie group, g its Lie algebra, Z5 C U(g) the
center of its universal enveloping algebra, K C G its maximal compact subgroup. Zg naturally
acts in Lo(G) and commutes with left and right translations; they are usually called generalized
Laplace operators. The spectral analysis of Laplace operators in Lo(G) is tantamount to the
decomposition of Ls(G) into irreducible components.

In general, generalized Laplace operators are not elliptic. The standard way to circumvent this
difficulty is to consider K-finite eigenfunctions, i.e. to combine the spectral decomposition of Zg
with the decomposition into K-irreducible components, in other words, to consider generalized
spherical functions. The structure of the joint spectrum of Z in Ly(G) is rather complicated.
The discrete spectrum of Z is non-empty if and only if G contains a compact Cartan subgroup.
Besides, there are several branches of continuous spectrum; each branch is associated with an
equivalence class of cuspidal parabolic subgroups P = M AN C G. The simplest case, which
yields the main branch of the continuous spectrum, is associated with minimal parabolics; in
that case M C K and the dimension of the continuous spectrum is maximal (it is equal to the
split rank of GG). In this case we may take the trivial representations of both M and K; this
gives the class 1 principal series representations of G and the corresponding spherical functions,

62 (2) :/ X p (k) g1
K
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Another important matrix coefficient of the principal series representation is the Whittaker
function. Let B = M AN be the minimal parabolic, V' C G the opposite unipotent subgroup,
v a principal character of V. Let H be a representation space of G, T the corresponding
representation. A vector w = wy, € H is called a Whittaker vector if

Tw)w =) -w forall veV.
The Whittaker function is the matrix coefficient

Wi(g) = (Tx(9)wy, 1)g,. (1)

Some care is needed, since the Whittaker vector does not lie in Lo(V'); one can show that for
principal characters 1 the Whittaker function admits an analytic continuation and is in fact an
entire function of A.

The Whittaker function W) satisfies functional equation

Wi(kgv) = ¢(v)Wi(g) for all k € K,v e V; (2)

The standard integral representation for W) is quite similar to (2),

Wi(g) = /V ATPHEN) () dy 3)

Spherical functions satisfy a simple functional equations which bring into play the
fundamental symmetry with respect to the Weyl group,

PA(z) = Par(w); (4)

one can show that after a proper normalization the Whittaker functions satisfy the same
equation. Both spherical and Whittaker functions are completely determined by their
restrictions to A = expa. Radial parts of generalized Laplace operators induced by this
restriction give rise to two famous quantum integrable systems. Specifically, for G = GL(N)
let us put Hg = J 1A 4J, where we use the parametrization a = e*,x € a, for the split Cartan

subgroup and put
J = H sinh'/?(z), — xj)
k<j

:—A+Z

This is the so called Sutherland Hamiltonian describing a system of N particles on the line.
Thus up to a simple factor the eigenfunctions of Hg coincide with spherical functions on G.

In a similar way the radial part of the Laplace-Beltrami operator associated with Whittaker
functions yields the Toda lattice Hamiltonian, as noticed by Kazhdan and Kostant in 1978.

Then
(5)

sinh? (g — ;)

r=—A+V(@), Vie)=Y et (6)

n

The configuration space of the Toda lattice is identified with the Cartan subalgebra of gl(IV);
linear functions ay,(z) = x, — x,4+1 which appear in the potential are its simple roots. In the
periodic case one more root ag(z) = xx — x1 is added; this brings into play the affine root
system An_1.
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While the integral representations for the spherical and Whittaker functions do not admit
any simplification, their asymptotic behaviour for large values of the argument is much more
simple. In particular, we have

@ gy (%) ~ Z c(wX)e™ @) g e a, (7)
weW

where the sum is taken over the Weyl group and ¢()) is the Harish-Chandra c-function defined
by the integral

c(\) = / elMp HW) gy, (8)
|4

where again V' = N is the opposite nilpotent subgroup and H(v) is the split Cartan component
in the Iwasawa decomposition v = ke (). This integral is explicitly given by the Gindikin—
Karpelevich formula,

_ _ D@D/ -
c()\)—a!—ALca()\), @) = Fe 71/ e i=V/—1. ()

The asymptotics (7) holds for large = € ay lying inside the positive Weyl chamber; a
similar asymptotics holds for the Whittaker functions when z lies in the Weyl chamber where
Tn — Tng1 — —oo for all n. As already noticed, this simple asymptotic behaviour is the basis of
the old paradigm in Representation theory referred to above.

3. Introduction to QISM
Let ¢m,pm, m = 1,...n, be canonical position and momentum operators acting in a Hilbert
space ) with commutation relations

[Djqk) = —idjk, @ =V —1.

We introduce a family of 2 x 2-matrices with operator entries depending on a complex parameter

: Lun(u) = (“eiqﬁm _%qm> . (10)

The space §) is commonly referred to as the quantum space and the space C? as the auziliary
space. The success of the QISM machinery relies on a clever way to encode the commutation
relations in the quantum space by an appropriate linear transformation in the auxiliary space.
Let R(u) be a linear operator acting in C? @ C?,

R(u) = ul —1iP, (11)

where I is the identity operator and P € End(C? ® C?) is the permutation operator, P(v®w) =
w & v.
We have:

(i)
[P, €] = FieT% 5y, i =/—1. (12)

(i) Put L. (u) = Ly(u) @ I, L2, (u) = I ® Ly, (u); we regard L) (u),L2,(u) as operators in
End(C? ® C?) ® End($). The commutation relations (12) are equivalent to the operator
identities

L2,(0) Ly (w) = R(u — v) L}, () L2, () R(u — v) ™', L}, ()L} (v) = L3(v) L, (u) for m # k.
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(iii) Let Ty (u) = Ly(u)Ln—1(u) ... L1(u) be the monodromy matrix associated with ‘local’ Lax
matrices L, (u); we put as usual T!(u) = T(u) ® I, T?(u) = I ® T'(u). The monodromy
matrices satisfy

T (v) Ty (u) = R(u — 0)Tx (w)Tx (0) R(u — v) ™. (13)
(iv) We write
Ty (u) = <éﬁz; g]fi EZD . t(u) = tr T (u) = An(u) + Dy (u). (14)

Commutation relations (13) imply that
[t(u), t(v)] = 0. (15)
Clearly, t(u) is a polynomial in u,
t(u) = u + N f N T2

where in particular —t; = Py = p1 + - -+ + py is the full momentum and

1 1
to = P} — 5(]0% b pR) — €I PN TINSL g TITEN (16)
is the Hamiltonian of the periodic Toda lattice of length N.
For applications to open Toda lattice (and hence eventually to Representation theory) we
need other coefficients of the monodromy matrix. Commutation relations (13) imply that

[An(u), An(v)] = [Bn (u), By (v)] = [On (1), Cn (v)] = [Dn(u), Dy (v)] = 0,

(u—v+1i)An(v)Cn(u) = (u—v)Cn(u)An(v) + iAN(u)Cn (v). (7)
We can write
N N
An(u) = u + Z XuN"" Dy(u) = Z Y uN ™, (18)
m=1 m=2

where X,,,Y,, are two sets of mutually commuting operator coefficients. The coefficients
X1 = —P and Xy = %PQ — H give the total momentum and the Hamiltonian for the open
Toda lattice; the coefficients Y, add up to X, to yield the quantum integrals of motion for the
periodic Toda.

Moreover,

An(u) = (u—pNn)An—1(u) + e *NCpn_1(u), Cn(u)=e WAN_1(u). (19)

Note that An_1(u), which is the generating function for the Hamiltonians of the open Toda
lattice of length N — 1, commutes with gy, py. Clearly, Cy(u) is a polynomial in v and hence
it may written in factorized form,

N-1
Cn(u) = e ] <u - im) , (20)
m=1
where 5\m, m = 1,..., N — 1, are mutually commuting self-adjoint operators (“the operator-

valued roots of Cn(u)”).
We are now able to introduce our key definition:
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e Operators A are called quantum separated variables
e Spectral representation for these operators is called separation representation.

In order to justify this definition we need to introduce some operator calculus. We define
operators A;-t, j=1,...,N —1 by setting

N-2 N
- _ _ 3N Z AN—2-m +_ _ Z AN-m
Aj = AN(u)’u:S\j = )‘j + 1Xm/\j s Aj = DN(U)’u:;\j = 2Y;n)\j , (21)

where X,,,Y,, are defined in (18). Note that X,,,Y,, do not necessarily commute with ;\j; the
definition (21) fixes the ‘left ordering’ of the coefficients.

The coefficients of the monodromy matrix may be restored from Xj,A;-t by means of the
Lagrange interpolation formulae,

N-1 N-1 [ N-1 2

. . - . U—Ag
An(u) = <u—P+A1+...AN,1) [Tew—3)+ 3 [ TT 35 |,
j=1 i=1 | k=1 Aj = Ak
#J (22)
N—-1 [ N-1 w— j\k
DN(’U,) = Z = = A+
j=1 \ k=1 Aj = M !
kg
Basic commutation relations (13), (17) imply that
303 ] = [ax Al — 5 (5 4. £
Y ] = [AF, AF] =0, A A = (M ioe) A, i= V-1 (23)

Thus in the spectral representation for A\ the operators Aj[ act as translation operators affecting
only one variable. Explicitly, this spectral representation is given by

ANif (DA A2y AN—1) = Aj - Fky AL, Agy e AN,

. . (24)
A;-tf(p, )\1, )\2, ey /\N—l) = ZiNf(k, )\1, )\2, Ceey /\j + Tyovny /\N_l);

where we have added one more variable p, the eigenvalue of the total momentum P. The
phase factor iV is introduced for convenience. Together with the conjugate variable x the
momentum P completes the set of independent variables to yield a representation of the rank
N Heisenberg algebra.

The action of P,z in the spectral representation is given by

Pf(p, Ais A2y An—1) = pf(ps A1, Aoy oy AN—1)s

- | (25)
€ Nf(pv/\17>\27"'7>‘N—1) f(p_za)\la)‘Qv"'v/\N—l)‘

Remark. The roots of the polynomial equation (20) are defined only up to a permutation; it
is thus natural to assume that functions f in the spectral representation (24) are symmetric with
respect to the variables A\;. With this symmetry condition imposed the Toda wave functions
will automatically satisfy the simple functional equation (4).
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3.1. Toda wave functions in separation representation.
In the separation representation the simultaneous diagonalization of the quantum integrals
of motion for the open Toda lattice is reduced to a system of difference equations. We can

parameterize the common eigenfunctions 1., o = (a, ..., ay) so that
N
AN (u)ha = H(u — ;) - Ya. (26)
j=1

The commutative pencil A(u) is completely determined by its values A();) = A, j=1,...,N—
1 together with the value of the total momentum. Since in the separation representation the
total momentum acts as multiplication operator, the common eigenfunctions of A(u) have the
form

Ga(P A, . AN—1) = 8(P — a1)da(M, - ., A1), (27)

where ¢, satisfies the system of difference equations

N
AT ga(M, - Av-1) = [JO — an)da(Xas o Avor), j=1,..., N — L. (28)
k=1

The explicit solution of this system is given by

Pa(A1, .-y AN-1) = l:I IIr </\J;ak> : (29)
j=1 k=1

In order to complete the solution of the open Toda lattice we must describe the transformation
operator which relates the separation representation to the standard coordinate representation
(in which the Toda Hamiltonian is a 2nd order differential operator). Its description is already
implicit in formula (19) which states that the diagonalization of the operators Cy (u) is equivalent
to the solution of the rank N — 1 open Toda lattice (up the introduction of an extra coordinate
variable). Speaking accurately, the wave functions which correspond to the operators with
continuous spectrum (of course, such wave functions do not lie in the Hilbert space) should
be interpreted as distribution kernels of transformation operators which rely different sets of
quantum observables. Following Dirac, we shall label different “coordinate systems” in the
space of quantum states (alias, quantum representations) by indicating the complete sets of
observables which are diagonal, i.e., act by multiplication. The relevant representations are

e Coordinate representation in which the diagonal operators are the standard coordinates.

e Separation representation which diagonalizes operator roots A = (A1, ..., Ay_1) of Cx(u).

e Spectral representation operator which diagonalizes roots of Ay (u).

In Dirac notation the wave function which diagonalizes the open Toda Hamiltonians may be
written simply as ¥q(21,...,2n) = (z]|@). In a similar way, the notation for Wy \ (z1,...,zn)
may be condensed to

\I/)\,)\N(xlv s 7$N) - <x’)‘>

with A = (A1,...,An). Finally, the wave function (27) in separation representation is condensed
to
Va(P, A1, ..., An—1) = (), Pla).

This interpretation immediately yields the following integral formula for the wave function of
the open Toda lattice in the coordinate representation:
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N1 n—1 N
wa(xl,,,,7xN) :/ (zP (DI 1)‘m TN H HF( ) wk(xl,...,a:N_l)u(/\)d)\dP. (30)

=1 k=1

The measure density u(A) is determined by the symmetry conditions for the monodromy,
Tx(u) = Tn(u) which leads to a system of finite difference equations for p [9]; its explicit

solution is given by
N-1

M(}\l,. . -;AN—I) = H

j<k

1
(YZWSNES (31)
m (27)]

7

Formula (31) is equivalent to the Gindikin-Karpelevich formula, although its derivation is
totally different. From (30) we immediately get a simple recursion which ends up with an
explicit formula for ¥, (x1,...,zN) in terms of multiple Fourier transforms of an agregate
composed of Gamma functions. This is the famous Mellin—-Barnes type formula first obtained
by Kharchev and Lebedev [6]. In order to write down this formula explicitly let us rearrange the
integration variables into a triangular array A, = (An1, A2y .-y Ann), m = 1,... N; the upper
raw (An1, AnN2, ..., Ann) is identified with our spectral variables o = (a1, ..., ay). With this
notation we get

Uay(T1,...,28) =

n n+l Ak At L
N-1 k]jl H—1F (%) N n-1
/H h — F<Ans_)\w> exp{ ZZ nk = An—1,k)T }Hd)‘"ﬂ (32)

i<n

Formula (32) represents the main result of the QISM technique as applied to the open Toda
lattice. Extending the fundamental result (29), Gerasimov, Kharchev and Lebedev have shown
that the entire Lie algebra g admits a realization by first order difference operators (acting in
an appropriate space of meromorphic functions of several variables) In this realization both
spherical and Whittaker vectors are factorizable, hence the spherical functions also admit a
Mellin—Barnes type representation similar to (32). Explicit description of these results may be
found in [6], [11]. A generalization of these results to other irreducible representations of g
induced from cuspidal parabolics and to semisimple Lie groups over various local and global
fields remains unknown and represents a major challenge for the representation theory.

References
[1] Faddeev L 1995 Acta Appl. Math. 39, 69-84.
| Gerasimov A, Kharchev S and Lebedev D 2004 Int. Math. Res. Not., 17 823-854.
| Gindikin S G and Karpelevich F I 1966 Izv. Akad. Nauk SSSR Ser. Mat., 30 1147-1156
[4] Harish-Chandra 1958 Amer. J. Math. 80 241-310; 80 553-613.
| Kostant B 1979 Quantization and representation theory. In: Proc. of Symposium on Representations of Lie
groups, Ozford 1977, London Math. Soc. Lect. Notes Series, 34 287-316.
] Kharchev S and Lebedev D 2001 J. Phys. A 34 2247-2258.
] Olshanetsky M A and Perelomov A M 1983 Phys. Rep. 94 C 313-404.
[8] Pasquier V and Gaudin M 1992 J. Phys. A 25 5243-5252.
| Sklyanin E 1985 Lecture Notes in Physics 226 196-233; 1995 Progr. Theor. Phys. Suppl. 118 35—60.
| Semenov-Tian-Shansky M 1994 Quantization of Open Toda Lattices. Encycl. Math. Sci. 16 Dynamical
Systems VII (Springer) pp 226—2509.
[11] Semenov-Tian-Shansky M 2021 Quantum Toda lattice: a challenge for representation theory. Proc. Symp.
Pure Math. 103 403-428.



