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Abstract. The maximally-decoupled method has been considered as a theory to apply an
basic idea of an integrability condition to certain multiple parametrized symmetries. The
method is regarded as a mathematical tool to describe a symmetry of a collective subma-
nifold in which a canonicity condition makes the collective variables to be an orthogonal
coordinate-system. For this aim we adopt a concept of curvature unfamiliar in the con-
ventional time-dependent (TD) self-consistent field (SCF) theory. Our basic idea lies in
the introduction of a sort of Lagrange manner familiar to fluid dynamics to describe a
collective coordinate-system. This manner enables us to take a one-form which is linearly
composed of a TD SCF Hamiltonian and infinitesimal generators induced by collective vari-
able differentials of a canonical transformation on a group. The integrability condition
of the system read the curvature C' = 0. Our method is constructed manifesting itself
the structure of the group under consideration. To go beyond the maximaly-decoupled
method, we have aimed to construct an SCF theory, i.e., v (external parameter)-dependent
Hartree—Fock (HF') theory. Toward such an ultimate goal, the v-HF theory has been recon-
structed on an affine Kac—Moody algebra along the soliton theory, using infinite-dimensional
fermion. An infinite-dimensional fermion operator is introduced through a Laurent ex-
pansion of finite-dimensional fermion operators with respect to degrees of freedom of the
fermions related to a v-dependent potential with a Y-periodicity. A bilinear equation for
the v-HF theory has been transcribed onto the corresponding 7-function using the regu-
lar representation for the group and the Schur-polynomials. The v-HF SCF theory on an
infinite-dimensional Fock space Fi, leads to a dynamics on an infinite-dimensional Grass-
mannian Grs, and may describe more precisely such a dynamics on the group manifold.
A finite-dimensional Grassmannian is identified with a Gro, which is affiliated with the
group manifold obtained by reducting gl(oo) to sl(N) and su(N). As an illustration we
will study an infinite-dimensional matrix model extended from the finite-dimensional su(2)
Lipkin—Meshkov—Glick model which is a famous exactly-solvable model.
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An original version of this work was first presented by S. Nishiyama at the Sixzth International
Wigner Symposium held in Bogazici University, Istanbul, Turkey, August 16-22, 1999 [1] and
has been presented by S. Nishiyama at the YITP Workshop on Fundamental Problems and
Applications of Quantum Field Theory “Topological aspects of quantum field theory” Yukawa
Institute for Theoretical Physics, Kyoto University, December 14-16, 2006. A preliminary
version of the recent work has been presented by S. Nishiyama at the KEK String Workshop
(poster session) 2008 held at High Energy Accelerator Research Organization, KEK, March
4-6, 2008.

1 Introduction

1.1 Historical background on microscopic study of nuclear collective motions

A standard description of fermion many-body systems starts with the most basic approximation
that is based on an independent-particle (IP) picture, i.e., self-consistent-field (SCF) approxi-
mation for the fermions. The Hartree-Fock theory (HFT) is typical one of such an approxima-
tion for ground states of the systems. Excited states are treated with the random phase ap-
proximation (RPA). The time dependent Hartree-Fock (TDHF) equation and time dependent
Hartree-Bogoliubov (TDHB) equation are nonlinear equations owing to their SCF characters
and may have no unique solution. The HFT and HBT are given by variational method to
optimize energy expectation value by a Slater determinant (S-det) and an HB wave function,
respectively [2]. Particle-hole (p-h) operators of the fermions with N single-particle states form
a Lie algebra u(N) [3] and generate a Thouless transformation [4] which induces a representa-
tion of the corresponding Lie group U(N). The U(N) canonical transformation transforms an
S-det with M particles to another S-det. Any S-det is obtained by such a transformation of
a given reference S-det, i.e., Thouless theorem provides an exact wave function of fermion state
vector which is the generalized coherent state representation (CS rep) of U(N) Lie group [5].
Following Yamamura and Kuriyama [6], we give a brief history of methods extracting collec-
tive motions out of fully parametrized TDHF/TDHB manifolds in SCF. Arvieu and Veneroni,
and Baranger and independently Marumori have proposed a theory for spherical even nuclei [7]
called quasi-particle RPA (QRPA) and it has been a standard approximation for the excited
states of the systems. In nuclei, there exist a short-range correlation and a long-range one [8].
The former is induced by a pairing interaction and generates a superconducting state. The
excited state is classified by a seniority-scheme and described in terms of quasi-particles given
by the BCS-Bogoliubov theory [9]. The latter is occured by p-h interactions and gives rise to
collective motions related to a density fluctuation around equilibrium states. The p-h RPA
(RPA) describes such collective motions like vibrational and rotational motions. It, however,
stands on a harmonic approximation and should be extended to take some nonlinear effects
into account. To solve such a problem, the boson expansion HB theory (BEHBT) has been
developed by Belyaev and Zelevinsky [10], and Marumori, Yamamura and Tokunaga [11]. The
essence of the BEHBT is to express the fermion-pairs in terms of boson operators keeping a pure
boson-character. The boson representation is constructed to reproduce the Lie algebra of the
fermion-pairs. The state vector in the fermion Fock space corresponds to the one in the boson
Fock space by one-to-one mapping. Such a boson representation makes any transition-matrix-
valued quantity for the boson-state vectors coincide with that for the fermion-state ones. The
algebra of fermion-pairs and the boson representation have been extensively investigated. The
fermion-pairs form an algebra so(2N). As for the boson representation, e.g., da Providéncia
and Weneser and Marshalek [12] have proposed boson operators basing on p-h pairs forming
an algebra su(N). By Fukutome, Yamamura and Nishiyama [13, 14], the fermions were found
to span the algebras so(2N +1) and so(2N +2) accompanying with u(N+1). The BET ex-
pressed by Schwinger-type and Dyson-type bosons has been intensively studied by Fukutome
and Nishiyama [15, 16, 17, 18]. However, the above BET’s themselves do not contain any
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scheme under which collective degree of freedom can be selected from the whole degrees of
freedom.

On the contrary, we have a traditional approach to the microscopic theory of collective motion,
the TDHF theory (TDHFT) and TDHB theory (TDHBT), e.g., [19, 20]. The pioneering idea
of the TDHFT was suggested by Marumori [7] for the case of small amplitude vibrational
motions. Using this idea, one can determine the time dependence of any physical quantity,
e.g., frequency of the small fluctuation around a static HF/HB field. The equation for the
frequency has the same form as that given by RPA. A quantum energy given by this method
means an excitation energy of the first excited state. Then, the RPA is a possible quantization
of the TDHFT/TDHBT in the small amplitude limit. In fact, as was proved by Marshalek and
Horzwarth [21], the BEHBT is reduced to the TDHBT under the replacement of boson operators
with classical canonical variables. Using a canonical transformation in a classical mechanics, it is
expected to obtain a scheme for choosing the collective degree of freedom in the SCF. Historically,
there was another stream, i.e., an adiabatic perturbation approach. This approach starts from
an assumption that the speed of collective motion is much slower than that of any other non-
collective motion. At an early stage of the study of this stream, the adiabatic treatment of the
TDHFT (ATDHFT) was presented by Thouless and Valatin [22]. Such a theory has a feature
common to the one of the theory for large-amplitude collective motion. Later the ATDHFT was
developed mainly by Baranger and Veneroni, Brink, Villars, Goeke and Reinhard, and Mukherjee
and Pal [23]. The most important point of the ATDHFT by Villars is in introducing a “collective
path” into a phase space. A collective motion corresponds to a trajectory in the phase space
which moves along the collective path. Standing on the same spirit, Holtzwarth and Yukawa,
Rowe and Bassermann [24], gave the TDHFT and Marumori, Maskawa, Sakata and Kuriyama
so-called “maximally decoupled” method in a canonical form [25]. So, various techniques of
classical mechanics are useful and then canonical quantization is expected. By solving the
equation of collective path, one can obtain some corrections to the TDHF result. The TDHFT
has a possibility to illustrate not only collective modes but also intrinsic modes. However,
the following three points remain to be solved yet: (i) to determine a microscopic structure of
collective motion, which may be a superposition of each particle motion, in relation to dynamics
under consideration (ii) to determine IP motion which should be orthogonal to collective motion
and (iii) to give a coupling between both the motions. The canonical-formed TDHFT enables
us to select the collective motion in relation to the dynamics, though it makes no role to take
IP motion into account, because the TD S-det contains only canonical variables to represent the
collective motion. Along the same way as the TDHFT, Yamamura and Kuriyama have extended
the TDHF'T to that on a fermion CS constructed on the TD S-det. The CS rep contains not only
the usual canonical variables but also the Grassmann variables. A classical image of fermions
can be obtained by regarding the Grassmann variables as canonical ones [26]. The constraints
governing the variables to remove the overcounted degrees of freedom were decided under the
physical consideration. Owing to the Dirac’s canonical theory for a constrained system, the
TDHFT was successfully developed for a unified description of collective and IP motions in the
classical mechanics [27].

1.2 Viewpoint of symmetry of evolution equations

The TDHF/TDHB can be summarized to find optimal coordinate-systems on a group manifold
basing on Lie algebras of the finite-dimensional fermion-pairs and to describe dynamics on the
manifold. The boson operators in BET are generators occurring in the coordinate system of tan-
gent space on the manifold in the fermion Fock space. But the BET’s themselves do not contain
any scheme under which collective degrees of freedom can be selected from the whole degrees of
freedom. Approaches to collective motions by the TDHFT suggest that the coordinate system
on which collective motions is describable deeply relates not only to the global symmetry of the
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finite-dimensional group manifold itself but also to hidden local symmetries, besides the Hamil-
tonian. Various collective motions may be well understood by taking the local symmetries into
account. The local symmetries may be closely connected with infinite-dimensional Lie algebras.
However, there has been little attempts to manifestly understand collective motions in relation
to the local symmetries. From the viewpoint of symmetry of evolution equations, we will study
the algebro-geometric structures toward a unified understanding of both the collective and IP
motions.

The first issue is to investigate fundamental “curvature equations” to extract collective sub-
manifolds out of the full TDHF/TDHB manifold. We show that the expression in a quasi-particle
frame (QPF) of the zero-curvature equations described later becomes the nonlinear RPA which
is the natural extension of the usual RPA. We abbreviate RPA and QRPA to only RPA. We had
at first started from a question whether soliton equations exist in the TDHF/TDHB manifold
or do not, in spite of the difference that the solitons are described in terms of infinite degrees of
freedom and the RPA in terms of finite ones. We had met with the inverse-scattering-transform
method by AKNS [28] and the differential geometrical approaches on group manifolds [29]. An
integrable system is explained by the zero-curvature, i.e., integrability condition of connection on
the corresponding Lie group. Approaches to collective motions had been little from the viewpoint
of the curvature. If a collective submanifold is a collection of collective paths, an infinitesimal
condition to transfer a path to another may be nothing but the integrability condition for the
submanifold with respect to a parameter time ¢ describing a trajectory of an SCF Hamiltonian
and to other parameters specifying any point on the submanifold. However the trajectory of
the SCF Hamiltonian is unable to remain on the manifold. Then the curvature may be able
to work as a criterion of effectiveness of the collective submanifold. From a wide viewpoint of
symmetry the RPA is extended to any point on the manifold because an equilibrium state which
we select as a starting point must be equipotent with any other point on the manifold. The
well-known RPA had been introduced as a linear approximation to treat excited states around
a ground state (the equilibrium state), which is essentially a harmonic approximation. When
an amplitude of oscillation becomes larger and then an anharmonicity appears, then we have to
treat the anharmonicity by taking nonlinear effects in the equation of motion into account. It is
shown that equations defining the curvature of the collective submanifold becomes fundamental
equations to treat the anharmonicity. We call them “the formal RPA equation”. It will be useful
to understand algebro-geometric meanings of large-amplitude collective motions.

The second issue is to go beyond the perturbative method with respect to the collective
variables [25]. For this aim, we investigate an interrelation between the SCF method (SCFM)
extracting collective motions and 7-functional method (7-FM) [30] constructing integrable equa-
tions in solitons. In a soliton theory on a group manifold, transformation groups governing
solutions for soliton equations become infinite-dimensional Lie groups whose generators of the
corresponding Lie algebras are expressed as infinite-order differential operators of affine Kac—
Moody algebras. An infinite-dimensional fermion Fock space F is realized in terms of a space of
complex polynomial algebra. The infinite-dimensional fermions are given in terms of the infinite-
order differential operators and the soliton equation is nothing but the differential equation to
determine the group orbit of the highest weight vector in the Fo, [30]. The generalized CS
rep gives a key to elucidate relationship of a HF wave function to a 7-function in the soliton
theory. This has been pointed out first by D’Ariano and Rasetti [31] for an infinite-dimensional
harmonic electron gas. Standing on their observation, for the SCFM one can give a theoreti-
cal frame for an integrable sub-dynamics on an abstract Fo,. The relation between SCFM in
finite-dimensional fermions and 7-FM in infinite ones, however, has not been investigated be-
cause dynamical descriptions of fermion systems by them have looked very different manners.
In the papers [32, 33, 34, 35, 1], we have first tried to clarify it using SCFM on U(N) group and
7-FM on that group. To attain this object we will have to solve the following main problems:
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first, how we embed the finite-dimensional fermion system into a certain infinite one and how
we rebuilt the TDHFT on it; second, how any algebraic mechanism works behind particle and
collective motions and how any relation between collective variables and a spectral parameter in
soliton theory is there; last, how the SCF Hamiltonian selects various subgroup-orbits and how a
collective submanifold is made from them and further how the submanifold relates to the formal
RPA. To understand microscopically cooperative phenomena, the concept of collective motion
is introduced in relation to a TD variation of SC mean-field. IP motion is described in terms of
particles referring to a stationary mean-field. The variation of a TD mean-field gives rise to cou-
plings between collective and IP motions and couplings among quantum fluctuations of the TD
mean-field itself [6], while in 7-FM a soliton equation is derived as follows: Consider an infinite-
dimensional Lie algebra and its representation on a functional space. The group-orbit of the
highest weight vector becomes an infinite-dimensional Grassmannian Gy. The bilinear equation
(Pliicker relation) is nothing else than the soliton equation. This means that a solution space of
the soliton equation corresponds to a group-orbit of the vacuum state. The SCFM does not use
the Pliicker relation in the context of a bilinear differential equation defining finite-dimensional
Grassmannian Gjps but seems to use implicitly such a relation. In the SCFM a physical concept
of quasi-particle and vacuum and a coset space is used instead. If we develop a perturbative
theory for large-amplitude collective motion [25], an infinite-dimensional Lie algebra might been
necessarily used. The sub-group orbits consisting of several loop-group paths [36] classified by
the Pliicker relation exist innumerably in Gjs so that the SCFM is related to the soliton theo-
ry in Go. The Pliicker relation in a coset space m [37] becomes analogous with
the Hirota’s bilinear form [38, 39]. Toward an ultimate goal we aim to reconstruct a theoretical
frame for a v (external parameter)-dependent SCFM to describe more precisely the dynamics on
the Fi. In the abstract fermion Fock space, we find common features in both SCFM and 7-FM.
(i) Each solution space is described as Grassmannian that is group orbit of the corresponding
vacuum state. (ii) The former may implicitly explain the Pliicker relation not in terms of bi-
linear differential equations defining G5s but in terms of the physical concept of quasi-particle
and vacuum and mathematical language of coset space and coset variable. The various BETSs
are built on the Pliicker relation to hold the Grassmannian. The latter asserts that the soliton
equations are nothing but the bilinear differential equations giving a boson representation of
the Plicker relation. The relation, however, has been unsatisfactorily investigated yet within
the framework of the usual SCFM. We study it and show that both the methods stand on the
common features, Pliicker relation or bilinear differential equation defining the Grassmannian.
On the contrary, we observe different points: (i) The former is built on a finite-dimensional Lie
algebra but the latter on an infinite-dimensional one. (ii) The former has an SCF Hamiltonian
consisting of a fermion one-body operator, which is derived from a functional derivative of an
expectation value of a fermion Hamiltonian by a ground-state wave function. The latter intro-
duces artificially a fermion Hamiltonian of one-body type operator as a boson mapping operator
from states on fermion Fock space to corresponding ones on 7-functional space (7-FS).

The last issue is, despite a difference due to the dimension of fermions, to aim at obtaining
a close connection between concept of mean-field potential and gauge of fermions inherent in
the SCFM and at making a role of a loop group [36] to be clear. Through the observation, we
construct infinite-dimensional fermion operators from the finite-dimensional ones by Laurent
expansion with respect to a circle S'. Then with the use of an affine Kac-Moody (KM) algebra
according to the idea of Dirac’s positron theory [40], we rebuilt a TDHFT in Fi,. The TDHFT
results in a gauge theory of fermions and the collective motion, fluctuation of the mean-field
potential, appears as the motion of fermion gauges with a common factor. The physical concept
of the quasi-particle and vacuum in the SCFM on the S' connects to the “Pliicker relations” due
to the Dirac theory, in other words, the algebraic mechanism extracting various sub-group orbits
consisting of loop path out of the full TDHF manifold is just the “Hirota’s bilinear form” [39]
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which is an su(N)(€ sl(IN)) reduction of ¢gi(/N) in the 7-FM. As a result, it is shown that an
infinite-dimensional fermion many-body system is also realizable in a finite-dimensional one
and that roles of the soliton equation (Pliicker relation) and the TDHF equation are made
clear. We also understand an SCF dynamics through gauge of interacting infinite-dimensional
fermions. A bilinear equation for the v-HFT has been transcribed onto the corresponding -
function using the regular representation for the group and the Schur polynomials. The v-HF
SCFM on an infinite-dimensional Fock space Fy, leads to a dynamics on an infinite-dimensional
Grassmannian Gro, and may describe more precisely such a dynamics on the group manifold.
A finite-dimensional Grassmannian is identified with a Gro, which is affiliated with the group
manifold obtained by reducting gl(co) to sl(NV) and su(N). We have given explicit expressions for
Laurent coefficients of soliton solutions for sl/(N) and su(N) on the Gry, using Chevalley bases
for si(N) and su(N) [41]. As an illustration we will attempt to make a v-HFT approach to an
infinite-dimensional matrix model extended from the finite-dimensional su(2) Lipkin—-Meshkov—
Glick (LMG) model [42]. For this aim, we give an affine KM algebra sl (2,C) (complexification
of 5u(2)) to which the LMG generators subject, and their T representations and the o mappings
for them. We can represent an infinite-dimensional matrix of the LMG Hamiltonian and its HF
Hamiltonian in terms of the Schur polynomials. Its infinite-dimensional HF operator is also
given through the mapping oy for ;9] of infinite-dimensional fermions ¢; and ¢}, which is
expressed by the Schur polynomials Si(x) and Si(9;). Further its 7-function for a simple case
is provided by the Pliicker coordinates and Schur polynomials.

In Section 2, we propose curvature equations as fundamental equations to extract a collective
submanifold out of the full TDHB manifold. Basing on these ideas, we construct the curvature
equations and study the relation between the maximal decoupled method and the curvature
equations. We further investigate the role of the non-zero curvature arising from the residual
Hamiltonian. Making use of the expression of the zero-curvature equations in the QPF, we
find the formal RPA equation. In Section 3, we present a simply unified aspect for the SCFM
and the 7-FM and show a simple idea connecting both the methods. We study the algebraic
relation between coset coordinate and Pliicker coordinate. Basing on the above idea, we at-
tempt to rebuilt the TDHFT in 7-FS. We introduce v-dependent infinite-dimensional fermion
operators and a F,, through Laurent expansion with respect to the degrees of freedom of the
original fermions. The algebraic relation between both the methods is manifestly described.
We embed a HF u(N) Lie algebra into a gl(co) by means of infinite-dimensional fermions.
The v-SCFM in 7-FS is developed. The role of the shift operators in the 7-FM is studied.
As an illustration, explicit expressions for Laurent coefficients of soliton solutions for sl(N)
and su(N) are presented. A problem related to a nonlinear Schrodinger equation is also dis-
cussed. In Section 4, we construct a formal RPA equation on F,, and also argue about the
relation between a loop collective path and a formal RPAEQ. Consequently, it can be proved
that the usual perturbative method with respect to periodic collective variables in the TDHFT
is involved in the present method which aims for constructing the TDHFT on the affine KM
algebra. In Section 5, we introduce infinite-dimensional “particle” and “hole” operators and op-
erators IA(O and IA(i defined by infinite-dimensional “particle-hole” pair operators. Using these
operators, we construct an infinite-dimensional Heisenberg subalgebra of the affine KM algebra
sl(2,C). The LMG Hamiltonian and its HF Hamiltonian are expressed in terms of the Heisen-
berg basic-elements whose representations are isomorphic to those in the corresponding boson
space. They are given in terms of infinite numbers of variables x and derivatives 0, through
the Schur polynomials Si(z). We give also an infinite-dimensional representation of SU (2N )
transformation of the particle and hole operators. Finally, in Section 6, we summarize and dis-
cuss the results and future problems. We give Appendices A—J. Especially in Appendix J, we
show an explicit expression for Pliicker coordinate for the LMG model and calculate a quantity,
det(1ny + p'p) (p: coset variable) for the LMG model, in terms of the Schur polynomials.
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2 Integrability conditions and collective submanifolds

2.1 Introduction

Let us consider an abstract evolution equation dyu(t) = K (u(t)) for u, which is dependent only
on a parameter, time t. If there exists a symmetry operation to transfer a solution for u to
another one, then introducing another parameter s specifying various solutions, we can derive
another form of evolution equation with respect to s, dsu(t, s) = K(u(t,s)) for which we should
want to search. The infinitesimal condition for the existence of such a symmetry appears as
the well-known integrability condition 9sK (u(t,s)) = 0K (u(t, s)). The “maximally decoupled”
method proposed by Marumori et al. [25], invariance principle of Schrédinger equation and
canonicity condition, can be considered as a theory to apply the above basic idea to certain
multiple parametrized symmetries. The method is regarded as a mathematical tool to describe
the symmetries of the collective submanifold in terms of ¢ and collective variables, in which the
canonicity conditions make the collective variables to be orthogonal coordinate-systems.

Therefore we adopt a concept of curvature unfamiliar in the conventional TDHBT. The
reason why we take such a thing is the following: let us consider a description of motions
of systems on a group manifold. An arbitrary state of the system induced by a transitive
group action corresponds to any point of the full group parameter space and therefore its time
evolution is represented by an integral curve in this space. In the whole representation space
adopted, we assume the existence of 2m parameters specifying the proper subspace in which
the original motion of the system can be approximated well, the existence of the well-defined
symmetries. Suppose we start from a given point on a space, which consists of ¢t and the
2m parameters, and end at the same point again along the closed curve. Then we have the
value of the group parameter different from the one at an initial point on the proper subspace.
We search for some quantities characterizing the difference of the value. For our aim, we
introduce a differential geometrical viewpoint. The our basic idea lies in the introduction of
a sort of Lagrange manner familiar to fluid dynamics to describe collective coordinate systems.
This manner enables us to take a one-form which is linearly composed of TDHB Hamiltonian
and infinitesimal generators induced by collective variable differentials of an SO(2N) canonical
transformation. The integrability conditions of the system read the curvature C' = 0. Our
methods are constructed manifesting themselves the structure of the group under consideration
to make easy to understand physical characters at any point on the group manifold.

2.2 Integrability conditions

We consider many fermion systems with pair correlations. Let ¢, and CL (e =1,...,N) be the
annihilation-creation operators of the fermion. Owing to the anti-commutation relations among
them, some sets of fermion operators with simple construction become the basis of a Lie algebra.
The operators in the fermion so(2N) Lie algebra, Eo‘ﬁ = chB — %%ﬁ, Eup = CaCB; EoB — CLCTﬁ
generate a canonical transformation U(g) (the Bogoliubov transformation [9]) which is specified
by an SO(2N) matrix ¢:

*

R R e P O U R
Ul g)=U'g), U@U(g)=Ulgg),

where (¢, c") = ((ca), (c})) and (d, dt) = ((d;), (dI)) are 2N-dimensional row vectors and a = (a%)
and b= (b%) (i =1,...,N) are N x N matrices. loy is a 2N-dimensional unit matrix. The
symbols §, * and T mean the hermitian conjugate, the complex conjugation and the transposition,

respectively. The explicit expressions of the canonical transformations are given by Fukutome
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for the various types of the fermion Lie algebra [16]. The fermion Lie operators of the quasi-
particles (Eij, E;;, E') are constructed from the operators d and d' in (2.1) by the same way as
the one to define the set (EO‘B, Eag, E®B). The set E in the quasi-particle frame is transformed
into the set E in the particle frame as follows:

EE-AEIEE AP

The E°, = (EZJ) and E°, = (Eo‘ﬁ) etc. are N x N matrices. A TDHB Hamiltonian of the system
is given by

T _F* —_D*
C
HHB = ;[C,CT]}_[ c :| N F = |:

D ]:ﬁ, (2.3)

where the HB matrices F' = (F,3) and D = (D,g) are related to the quasi-particle vacuum
expectation values of the Lie operators (E) as

Faﬁ:haﬁ+[aﬂ|’75](<E’y§>+%5'y5) (FT :F)’
Dag = 3[01|B0](Esy) (DT =-D),
[aBvd] = —[ad|yB] = [vd|af] = [Baldy]”.

The quantities hog and [a3|yd] are the matrix element of the single-particle Hamiltonian and
the antisymmetrized one of the interaction potential, respectively. Here and hereafter we use
the dummy index convention to take summation over the repeated index.

Let |0) be the free-particle vacuum satisfying c¢4|0) = 0. The SO(2N)(HB) wave function
|¢(g)) is constructed by a transitive action of the SO(2N) canonical transformation U(g) on |0):
|6(9)) = U~1(9)|0), g € SO(2N). In the conventional TDHBT, the TD wave function |¢(g)) is
given through that of the TD group parameters a (a*) and b (b*). They characterize the TD
self-consistent mean HB fields F' and D whose dynamical changes induce the collective motions
of the many fermion systems. As was made in the TDHF case [25] and [27], we introduce a TD
SO(2N) canonical transformation U(g) = U[g(A(t), A*(t))]. A set of TD complex variables
(A(t), A*(t)) = (A (1), A5(t); n=1,...,m) associated with the collective motions specifies the
group parameters. The number m is assumed to be much smaller than the order of the SO(2N)
Lie algebra, which means there exist only a few “collective degrees of freedom”. The above is
the natural extension of the method in TDHF case to the TDHB case.

However, differing from the above usual manner, we have another way, may be called a Lag-
range-like manner, to introduce a set of complex variables. This is realized if we regard the
above-mentioned variables (A(t), A*(t)) as functions of independent variables (A, A*) = (A, A¥)
and ¢, where time-independent variables (A, A*) are introduced as local coordinates to specify
any point of a 2m-dimensional collective submanifold. A collective motion in the 2m-dimensional
manifold is possibly determined in the usual manner if we could know the explicit forms of A
and A* in terms of (A, A*) and t. The above manner seems to be very analogous to the Lagrange
manner in the fluid dynamics. The pair of variables (A, A*) specifies variations of the SCF
associated with the collective motion described by a pair of collective coordinates o and their
conjugate 7 in the Lagrange-like manner, a = %(A* +A)and 7 = i%(A* — A)[25]. Thus, the
SO(2N) canonical transformation is rewritten as U(g) = Ulg(A, A*,t)] € SO(2N). Notice that
a functional form §(A(t), A*(t)) changes into another form g(A, A*,t) due to an adoption of the
Lagrange-like manner. This manner enables us to take a one-form 2 which is linearly composed
of the infinitesimal generators induced by the time differential and the collective variable ones
(O, Or, On+) of the SO(2N) canonical transformation U[g(A, A*,t)]. By introducing the one-
form €2, it is possible to search for the collective path and the collective hamiltonian almost
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separated from other remaining degrees of freedom of the systems. It may be achieved to study
the integrability conditions of our systems which are expressed as the set of the Lie-algebra-
valued equations.

We define the Lie-algebra-valued infinitesimal generators of collective submanifolds as follows:

He/h 2 (iU~ (9))U(g),

O} £ (105, U (9))U(g),  On 2 (i0n,.U " (9))U(9)- (2.4)

Here and hereafter, for simplicity we abbreviate g(A,A*,t) as g. The explicit form of the
infinitesimal generators for the TDHF was first given by Yamamura and Kuriyama [27]. In our
TDHB, the Lie-algebra-valued infinitesimal generators are expressed by the trace form as

= —yrefiog- | fe ]} = dedlaag-ah | ], 25)

OL _ —éTr{(ZaAnQ'QT) |: E_‘.. _E_".T :|} = %[C,CT](ZaAng-gT) |: 2 :| )
E*,

0n=—yt:{(ong-a | fo o0 b= dedong | ). 26)

Multiplying the SO(2N) wave function |¢(g)) on the both sides of (2.4), we get a set of
equations on the so(2N) Lie algebra:

Dilé(g)) L (8, + iHo/B)|é(g)) = O,
D, |6(9)) £ (9a, +i00)|6(9)) =0, Das|é(g)) £ (s +i0,)|6(g)) = 0. (2.7)

We regard these equations (2.7) as partial differential equations for |¢(g)). In order to discuss
the conditions under which the differential equations (2.7) can be solved, the mathematical
method well known as integrability conditions is useful. For this aim, we take a one-form (2
linearly composed of the infinitesimal generators (2.4): Q = —i(H,/h-dt + O}, -dA, + O,, - dA}).
With the aid of the €2, the integrability conditions of the system read C LI0-QAQ = 0,
where d and A denote the exterior differentiation and the exterior product, respectively. From
the differential geometrical viewpoint, the quantity C' means the curvature of a connection.
Then the integrability conditions may be interpreted as the vanishing of the curvature of the
connection (D¢, Da,,, D} ). The detailed structure of the curvature is calculated to be

C = Ct,AndAn Adt + Ct,AﬁbdA:(L Adt + CAn/,A;dAZ A dA,,
+ %CAn/,AndAn A dA,, + %CA*”A;dA; AN dA:L/,

where
Cin, LDy, Dy, ] = 0,08 —i0n, Ho/h+ O}, He/H),
Ciax L [Dy, Dax| = i0,0,, — i0ps He/h + [0y, He /R,
Ch,ax LDy, Das] = idr,Op — i0p: OF, + [0, 01 ], (2.8)
d

The vanishing of the curvature C' means C, o = 0.
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Finally with the use of the explicit forms of (2.5) and (2.6), we can get the set of Lie-algebra-
valued equations as the integrability conditions of partial differential equations (2.7)

T
Cia, = 3le,clCun, [ Z ] , Cen, = 100, — iOn, Fe/h+ [0}, Fe/ 1),
i
Ct,/\:fl = %[C, CT]Ct,A:fL |: Z :| ’ Ct,Afl = Zaten - /LaAZZfC/h + [e’na Fc/h]a
| [ : o ot f
CAn/,A:L = 5[0, c ]CAnhAZ c , CAnhAZ = ZaAn,en — Z@A;ﬂn, + [Hn, Hn,], (2.9)
Lr. ot : cf ~ t_ t t ot
C(An/,An = E[Ca c ]CAn/,An c ) CAn/,An = ZaAn/ en - Za/\nen/ + [671,’ en/]a
-
Chas,ax = 3[c, cTChx, Ax z » Cax, ax = i0p*,0n — iOAx O + [0, Or].

Here the quantities F, 9};, 0, are defined through partial differential equations,
ihorg = Feg and i0p, g =019, i0px g = Ong. (2.10)

The quantity Ce . may be naturally regarded as the curvature of the connection on the group
manifold. The reason becomes clear if we take the following procedure quite parallel with the
above: Starting from (2.10), we are led to a set of partial differential equations on the SO(2N)
Lie group,

Dyg L (O +iFe/h)g =0,
Da,g L (O, +i05)g=0,  Dayg < (0as +iba)g = 0. (2.11)

The curvature C, o (i [Ds, Ds]) of the connection (D, Dy,,, Dasx ) is easily shown to be equiv-
alent to the quantity Cee in (2.9). The above set of the Lie-algebra-valued equations (2.9)
evidently leads us to putting all the curvatures Co o in (2.9) equal to zero. On the other hand,
the TDHB Hamiltonian (2.3), being the full Hamiltonian on the full SO(2N) wave function
space, can be represented in the same form as (2.4), Hyp/h = (i0,U~'(¢'))U(g’), where ¢’
is any point on the SO(2N) group manifold. This Hamiltonian is also transformed into the
same form as (2.5). It is self-evident that the above fact leads us to the well-known TDHBEQ),
1hdyg’ = Fg'. The full TDHB Hamiltonian can be decomposed into two components at the
reference point ¢’ = g¢:

HHB|U—1(g/):U—1(g) = H¢ + Hiyes, f|g’:g = Fe + Fress

where the second part Hyes(Fres) means a residual component out of a well-defined collective
submanifold for which we should search now.
For our purpose, let us introduce another curvature C; , ~and C; . with the same forms as

those in (2.9), except that the Hamiltonian F¢ is replaced by F|y—g (= Fc + Fres). The quasi-
particle vacuum expectation values of the Lie-algebra-valued curvatures are easily calculated as

<C£,An>g = —idh, <HreS/h>g’ <Ct/,A;L>g = _ia/\,*1 <HreS/h>ga (2.12)
-1 0 .
(Hres), = —1Tr {g [ 5 Iy ] 9" (Fy — ihdyg - g' )} , (2.13)

where we have used (Cya,) = 0 and (Ciax) = 0. The above equations (2.12) and (2.13)
are interpreted that the values of (C';4,,) , and (C't ax )g represent the gradient of energy of
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the residual Hamiltonian in the 2m-dimensional manifold. Suppose there exists the well-defined
collective submanifold. Then it will be not so wrong to deduce the following remarks: the energy
value of the residual Hamiltonian becomes almost constant on the collective submanifold, i.e.,

I

6g<Hres>g 0 and 8An< res) go, 8A*< res) goa

where J, means g-variation, regarding g as function of (A, A*) and ¢. It may be achieved if we
should determme g (collective path) and F. (collective Hamiltonian) through auxiliary quantity
(6,601) so as to satisfy H. + const = Hyp as far as possible. Putting F. = F in (2.9), we seek
for g and F. satisfying

Ct,A

yidn

=0, C@A; =0, CAnuA?L =0, CAn/;An =0, CA*HAZ =0. (2.14)

The set of the equations Cs o = 0 makes an essential role to determine the collective submanifold
in the TDHBT. The set of the equations (2.14) and (2.11) becomes our fundamental equation
for describing the collective motions, under the restrictions (2.21).

If we want to describe the collective motions through the TD complex variables (A(t), A*(t))
in the usual manner, we must inevitably know A and A* as functions of (A, A*) and t. For this
aim, it is necessary to discuss the correspondence of the Lagrange-like manner to the usual one.

First let us define the Lie-algebra-valued infinitesimal generator of collective submanifolds as

OF £ (105, U @)U @),  On 2 (0, U @U@, (3 €9),

whose form is the same as the one in (2.4). To guarantee A, () and A%(t) to be canonical,
according to [25, 27], we set up the following expectation values with use of the SO(2N) (HB)
wave function |¢(g)):

(0(9)]id5,16(9)) = ($(9)|Of|6(9)) = i34,
(0(9)|i05:16(8)) = ($(9)0nl¢(9)) = =iz, (2.15)

(@O}, 0L 116(9)) =0, ($(9)][On, Ourllé()) = (n,n"=1,...,m) (2.16)

the proof of which was shown in [25] and [27].

Using (2.7), the collective Hamiltonian H./h and the infinitesimal generators O}, and O, in
the Lagrange-like manner are expressed in terms of infinitesimal ones O} and O, in the usual
way as follows:

Hc/h = OtAnOIL + 815[\20117
OqTL — 8AnAn’ OL/ + 8An[X:;’ On’a On = aA;LAn/OL/ + aAizA:L/Ovn/' (217)

Substituting (2.17) into (2.8), it is easy to evaluate the expectation values of the Lie-algebra-
valued curvatures Cy o by the SO(2N) (HB) wave function |¢[g(A(t), A*(¢))]) (= |#[g(A, A*, 1)])).
A weak integrability condition requiring the expectation values (¢(§)|Ce o|¢(G)) = 0 yields the
following set of partial differential equations with aid of the quasi-particle vacuum property,

dl¢(g)) =
O, M O Y — D6, Ay O = Ope Ry &A%, — Ope A% Oy A = ITe{R(g) (0], Fe/H]}, (2.18)
s RO K — Ons MO, Ry = 1T0{R(9) [0, 6] ]},
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O A On A%y — O, NyOn A = YT {R(9)[6],, 6] 13, (2.19)
Ons R Ons Ak — Ons Ay Ops A = 2Te{R(9) [0, O]},

where an SO(2N) (HB) density matrix R(g) is defined as

Rig) £ g [ _1]8 1 0 ] g, Rig) =R, Rg)=lan, (2.20)
N

in which g becomes function of the complex variables (A, A*) and ¢t. We here have used the
transformation property (2.2), the trace formulae equations (2.5) and (2.6) and the differential
formulae, i.e.,

(6(9)i03,0nl6(@)) = ~0un,  (#(9)[i05+ O S(D) = 36,
(6(9)lid ,0f16(9)) =0, (6(9)li0+ Onl(9)) =0,

which owe to the canonicity condition (2.15) and weak canonical commutation relation (2.16).
Through the above procedure, as a final goal, we get the correspondence of the Lagrange-
like manner to the usual one. We have no unknown quantities in the r.h.s. of equations (2.18)
and (2.19), if we could completely solve our fundamental equations to describe the collective
motion. Then we come up to be able to know in principle the explicit forms of ([\, A*) in terms
of (A,A*) and ¢ by solving the partial differential equations (2.18) and (2.19). However we
should take enough notice of roles different from each other made by equations (2.18) and (2.19),
respectively, to construct the solutions. Especially, it turns out that the Lh.s. in (2.19) has a close
connection with Lagrange bracket. From the outset we have set up the canonicity condition to
guarantee the complex variables (A, A*) in the usual manner to be canonical. Thus the variables
(A, A*) are interpreted as functions giving a canonical transformation from (A, A*) to another
complex variables (A, A*) in the Lagrange-like manner. From this interpretation, we see that

the canonical invariance requirements impose the following restrictions on the r.h.s. of (2.19):
—AT{R(9) (00,071} = 0prs  ITe{R(9)[6},60,1} =0,  LTe{R(9)[0,00]} = 0. (2.21)

Using (2.19) and (2.21), we get Lagrange brackets for canonical transformation of (A, A*)
to (A, A¥).
2.3 Validity of maximally-decoupled theory

First we transform the set of the fundamental equations in the particle frame into the one in
the quasi-particle frame. The SO(2N) (TDHB) Hamiltonian of the system is expressed as

il

+ I . S 0}
HHB:;[d,dT]fO[d], }"O:[ Lo DO}, = F,, (2.22)

d D, F,

the relation of which to the original TDHB Hamiltonian F is given by F, = ¢ Fg, g € SO(2N).
The infinitesimal generators of collective submanifolds and their integrability conditions ex-
pressed as the Lie-algebra-valued equations are also rewritten into the ones in the quasi-particle
frame as follows:
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Crne = Hdod'lComrn, | ‘g | =o.

co,t,Anzz'atal_n—z'aA_ Foofh— 0} Foef ),

Ciag = 31d, d'Co i ns ‘g | <o,

Cots, = 0480 — 1053 Foc/ T — [Bons Foo/ .

Ca,An = 3d,d")Cocn A, ij _ =0,

Cor, s Ay = 00,00, — z@Anﬂl n — 6,601, (2.23)
Ch,ax = 21d, d'Cocn , As Cg _ =0,

Coon,, Az = 04,00 n—zamel n — [Bo—n, 0F_ 1,

Car,as = 3[d,d"IComnx, A, Cg | = 0,

Conr,ay = 106, Oo—n — 103 00— — [Bo—n; Oo—r].

The quantities F,_, HZ,n (= gTGILg) and 0,_,, (= g'6,,g) are defined through partial differential
equations on the SO(2N) Lie group manifold,

—ihdyg" = Fo_eg' and —i0p,9 :9Jr ng ) —i@Ang =0,_ng'. (2.24)

In the above set of (2.23), all the curvatures Co—e,e should be made equal to zero.
The full TDHB Hamiltonian is decomposed into the collective one and the residual one as

HHB = Hc + HreSa -7:0 = fofc + ]:071“68, (225)

at the reference point g on the SO(2N) group manifold. Following the preceding section, let us
introduce other curvatures CA A, and C’é’ A% with the same forms as those in (2.23) except that
Fo—c is replaced by F,. Then the corresponding curvatures C._, A, and C!_, r» are also divided
into two terms, 7 o

/ __ pc res / __ e res
o—t,Ap — Coft,An + o—t,Ap> o—t, A}y — Coft,Aﬁ + Coft,A;‘L'

Here the collective curvatures C;_, 5 and Cj_, As arising from F,_. are defined as the same
forms as the ones in (2.23). The res1dual curvatures Creﬁ't A, and Cp%, A% arising from F,_,es are
defined as

ZeStA Z@An o— ros/h [ o—mn>s o—res/h]a

(I;e—StVA; = _ZaAg ofres/h - [ o—mn> ofres/h]- (226)
Using (2.24) and (2.25), the Lie-algebra-valued forms of the curvatures are calculated as
C;,ein = _iaAnHres/hy rei* = —Z@A* res/h

Supposing there exist the well-defined collective submanifolds satisfying (2.24), we should de-
mand that the following curvatures are made equal to zero:

Co-tr, =0, Co—taz =0, (2.27)
Co-n,nn =0, Co—A,nx =0, Co—nr, Az =0, (2.28)
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the first equation (2.27) of which lead us to the Lie-algebra-valued relations,
A, = Cin, = =106, Hyes/ N, i ax = CiRx = =iz Hyes/h. (2.29)

Then the curvature C} A, and Cf \» can be regarded as the gradients of quantum-mechanical
potentials due to the existence of the residual Hamiltonian H,es on the collective submanifolds.
The potentials become almost flat on the collective submanifolds, i.e., Hgg = H. 4+ const, if the
proper subspace determined is an almost invariant subspace of the full TDHB Hamiltonian. This
collective subspace is an almost degenerate eigenspace of the residual Hamiltonian. Therefore
it is naturally deduced that, provided there exists the well-defined collective subspace, the
residual curvatures at a point on the subspace are extremely small. Thus, the way of extracting
the collective submanifolds out of the full TDHB manifold is made possible by the minimization
of the residual curvature, for which a deep insight into (2.29) becomes necessary.

Finally, the restrictions to assure the Lagrange bracket for the usual collective variables and
Lagrange-like ones are transformed into the following forms represented in the QPF:

-1 0
1 N S
4TI‘ { |: 0 1y :| [00—n7 Ho—n’]} 5nn )

1 —1y 0 1 1 B 1 —1N 0 o
4TI' {[ 0 1y :| [Gofrwea—n’] =0, 4T1“ 0 1y [90—”700*n'] = 0.

We discuss here how the Lagrange-like manner picture is transformed into the usual one.
First let us regard any point on the collective submanifold as a set of initial points (initial value)
in the usual manner. Suppose we observe the time evolution of the system with various initial
values. Then we have the following relations which make a connection between the Lagrange-like
manner and the usual one

Foe/h=07000  + 0N 0.y, (2.30)
0 = O A0+ N Ao, Oon = Ons R0 4 One RSO, (2.31)

in which the transformation functions are set up by the initial conditions,

A (V)]i=0 = A (A, A% ) |1=0 = A, Ar () tmo = AL (A, A% )]0 = A

mn?

6AnAn"tZO - 5nn’7 aA;*LA:L/ ’tzO = 6nn’7 aAnAZ’ ’tzO = 07 8A;‘l An’ ’t:O = O;

in order to guarantee both pictures to coincide at time ¢ = 0. On the other hand, our collective
Hamiltonian F,_. can also be expressed in the form

Foe/h=vp(A, A5 )00_ 4 02 (A, A%, )0, (2.32)

where the expansion coefficients v, and v} are interpreted as velocity fields in the Lagrange-like
manner. Substituting (2.31) into (2.32) and comparing with (2.30), we can get the relations

j\n = at]\n = /UnlaAn/ ATL + U;(L’a/\*,]\na A; = atA;)’(L = vnlaAn/AZ + /U:“(L’al\*,[\;7
from which the initial conditions of the velocity fields are given as
A (t)li=0 = OrAnli—0 = vn (A, A", )]1—0, A (8)|i=0 = OuAA =0 = vjs (A, A", )]i—0.

Then we obtain the correspondence of the time derivatives of the collective co-ordinates in the
usual manner to the velocity fields in the Lagrange-like one.
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Finally we impose the canonicity conditions in the usual manner,
(@(9)0F16(9)) = i3A%,  (6(9)[0nld()) = —izAs, (2.33)

which leads us to the weak canonical commutation relation with the aid of (2.28) and (2.21).

The TDHBT for maximally-decoupled collective motions can be formulated parallel with TD-
HFET [25]. The basic concept of the theory lies in an introduction of the invariance principle of
the Schrodinger equation, and the TDHBEQ is solved under the canonicity condition and the
vanishing of non-collective dangerous terms. However, as we have no justification on the valid-
ity of the mazimally-decoupled method, we must give a criterion how it extracts the collective
submanifold effectively out of the full TDHB manifold. We are now in a position to derive some
quantities by which the criterion is established. For this aim, we express the collective Hamilto-
nian F,_. and the residual one F,_,qs in the same form as the one of the TDHB Hamiltonian F,
given in (2.22). We also represent quantities Gl,n, Cg‘isa A, and C(r)eft Ax Which consist of N x N
block matrices as follows: !

S ¥
gl—n = |: ¢Z _g'g y Q;Z)OT = 7'@&03 SOOT = —Po, (234)
o n
Cres Cres
ge—St,An = |: C%es _CfesT :| ) CfpeST = _Cé)esv CfpeST = _C;es’
¥ ¢ n
cres cres
S =g cer | GES-GULarearopecr 2s)
n

Substitution of the explicit form of F,_,es and equations (2.34) and (2.35) into (2.26) yields

Cr,es = ia/\n Fg—res/h + [5077% Fo*—res/h] - QPOJLDO*I“BS/h - D;—res/h¢0,na
Clrpejl = _iaAn Dofres/h + forI:nDofres/h + Dofres/hgo,n+wo,an_res/h + Fofres/hwo,ny (236)
C;ejz = Z.af\n Dz—res/h + gO,nD;—res/h + DZ—res/hg;[:n - SOO,nFO*TGS/h - F;—res/h(poyn‘

The quantity 98—71 can also be expressed in the same form as the one defined in (2.34). Substi-
tuting this expression into (2.30) and (2.33), we obtain the relations

Fores/h = Fo/ b+ 0iM&,, + OiRAGES
Do—rcs/h - Do/h + 8tAn1LoT7n + 815]\*()5;777,7 (237)

n

together with their complex conjugate and
Tr 50771 = ZAZ: Tr gl,n = _iAna (238)

where we have used (2.25) and the explicit forms of the Hamiltonian.

As was mentioned, the way of extracting collective submanifolds out of the full TDHB mani-
fold is made possible by minimization of the residual curvature. This is achieved if we require
at least expectation values of the residual curvatures to be minimized as much as possible, i.e.,

(@(9)ICIR,10(9)) = 5T Ce =0, ($(9)|CiRy [6(9)) = 5Tr CES, = 0. (2.39)

We here adopt a condition similar to one of the stationary HB method as was done in the
TDHF [27]: The so-called dangerous terms in the residual Hamiltonian F,_,es are made to
vanish,

Dores =0,  Di .. =0. (2.40)
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With aid of equations (2.36), (2.37) and (2.38), equations (2.40) and (2.39) are rewritten as

Do/h= =0y, — QAL 0h . Di/h=—0iRnpon — AL, (2.41)
107, Tr Fyres /T = 06, Tr Fy /i — O, (O Ay Ay — O A% Ary) 20
iaA;*lTr Fo—res/h = Z'aA;LTI' Fo/h — 8]\; (&gAn/A;/ — 8tA:l/An/) = 0. (242)

First, we will discuss how equation (2.41) leads us to the equation of path for the collective
motion. Notice that the quantities él,n and ,_,, are subjected to satisfy the same type of partial
differential equation as that of (2.24). Remember the explicit representation of an SO(2N)
matrix g given in the previous section. Then we have partial differential equations

G = —i(0x bTa+ 05 a'h),  @on = —i(0y aTb* + 05 blar). (2.43)

together with its complex conjugate. Putting the relation F, = ¢ Fg and (2.43) into (2.41), we
get

a"{(Da + Fb)/h — (ka0 b+ iN; 05, b))
+ BT = (F*a+ D*b)/h— (iAndy a4+ iN;05. )} =0, (2.44)

Let H be an exact Hamiltonian of the system with certain two-body interaction and let us
denote the expectation value of H by |¢(g)) as (H)4. It can be easily proved that the relations

Ou (H)g = —3(F*a+ D*b), Oy (H)y = 3(Fb+ Da), (2.45)

and their complex conjugate relations do hold, through which the well-known TDHBEQ is
converted into a matrix form as

O 5 —0
ig/V2 = [ . V2 ab/ﬂ ] (H),5/h. (2.46)
v /v2 T Ya/V2

The quantity (H) g/v/3 eans now in turn an expectation value of H, being a function of

a/v/2, b/+/2 and their complex conjugate. With the aid of a relation similar to (2.45), equa-
tion (2.44) is reduced to

; i 13
+ o {aa*/ﬂ(mg/ﬁ/h - (ZA 0%, f - zA*(?A* \/Q> } =0, (2.47)

As one way of satisfying (2.47), we may adopt the following type of partial differential equations:
Oy 15l H) oy ya/ T — (iMndy, a/V/2 + 8505, /V/2) = 0,
Oy vz (H) gy s/l — (iAndy b/V2 +iA505,5/V/2) = 0. (2.48)

Here we notice the invariance principle of the Schrodinger equation and the canonicity condition
which leads us necessarily to the equation of collective motion expressed in the canonical forms

Ny, = =0y (H) gy e/l ik =05, (H)y) 2/, (2.49)

which can be easily derived with the use of (2.46) and (2.38). Instead of solving approximately
our nonlinear time evolution equation (2.27), we adopt the above canonical equation. Then, as
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is clear from the structure of (2.48), it is self-evident that equation (2.48) becomes the equation
of path for the collective motion under substitution of (2.49). In this sense, equation (2.48) is the
natural extension of the equation of path in the TDHF case [25, 27| to the one in the TDHB case.
The set of (2.48) and (2.49) is expected to determine the behaviour of the mazimally decoupled
collective motions in the TDHB case. However, it means nothing else than the rewriting of
the TDHBEQ with the use of canonicity condition, if we are able to assume only the existence
of invariant subspace in the full TDHB solution space. The above interpretation is due to the
natural consequence of the mazimally decoupled theory because there exists, as a matter of case,
the invariant subspace, if the invariance principle of the Schrédinger equation does hold true.
The mazimally decoupled equation can be solved with the additional RPA boundary condition,
though its solution is, strictly speaking, different from the true motion of the system on the full
SO(2N) group manifold. But how can we convince that the solution describes the well-defined
maximally decoupled collective motions from the other remaining degrees of freedom of motion?
Therefore, in order to answer such a question, we must establish a criterion how we extract the
collective submanifolds effectively out of the full TDHB manifold.

Up to the present stage, equation (2.42) remains unused yet and makes no role for approa-
ching to our aim. Finally with the aid of (2.42), we will derive some quantity by which the
range of the validity of the maximally decoupled theory can be evaluated. As was mentioned
previously, we demanded that the expectation values of the residual curvatures are minimized as
far as possible and adopted the canonical equation in place of our fundamental equation (2.27).
Then, by combining both the above propositions, it may be expected that we can reach our final
goal of the present task. Further substitution of the equation of motion (2.49) (rewrite (H) /v
in the original form (H), again) into (2.42) yields

On, Ay Tr {(f% R=KudR. 5 R—Awd} | 5 R)

n!’

TR

+ (2R = A0 R = Ay, R)Og ﬂ

R)

> W

N [T T T N S

S < - F
+ (2R = A%d5s R — Apndy |, R)js h} >~ 0, (2.50)
Here we have used the transformation property of the differential 95, = Oa, Ay 95 ,+04, f%%,
and the differential formulae for the expectation values of the Hamiltonians H and Hyp .

Ox, (H)g = =3 Tr [03, R(9)F]
05 (Hug)g = —30; TrF, = 85 (H)y — 3T [R(9)0; F] .

2.4 Nonlinear RPA theory arising from zero-curvature equation

Our fundamental equation may work well in the large scale beyond the RPA as the small-
amplitude limit. A linearly approximate solution of the TDHBEQ becomes the RPAEQ. Suppose
we solve the fundamental equation by expanding it in the form of a power series of the collective
variables A and A*(n = 1,...,m; m < N(2N — 1)/2) defined in the Lagrange-like manner.
Then we must show that the fundamental equation has necessarily the RPA solution at the
lowest power of the collective variables which approach in the small amplitude limit. A paired
mode amplitude g(A, A*,t) is separated into stationary and fluctuating components as g = ¢ 3.
This means that the SO(2N) matrix g is decomposed into a product of stationary matrix g(°)
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and §(A,A*,t) (~ §). The stationary g(°® satisfies the usual static SO(2N)(HB) eigenvalue
equation.

Using the above decomposition of g, an original SO(2N)(HB) density matrix R(A, A*,¢) and
a HB matrix F (A, A*,t) are decomposed as R = g(o)ﬁg("” and F = g(o)]?g(oﬁ, respectively.
The fluctuating R and the HB matrix F in fluctuating QPF are given in the following forms:

~ - 2R(7) — 1 —2K*(j
R(@) = g R(9g®, R =| T 2 (251)
2K(g)  —2R*(g)+1n
" " _ (o) _ f* —d*
Fegoipge — Fo| € , 2.52
97" Fg p ) 4 (2.52)

in which all the quantities are redefined in [14]. Quasi-particle energies EZ(O) include a chemical
potential. B )
Introducing fluctuating auxiliary quantities 6,, = ¢(?76,,¢(® and QIL = g(")mibg("), then under

the decomposition g = ¢{°)§, the zero-curvature equation Cee = 01in (2.9) is transformed to

008 — iOn, Fo/h+ 05, Fe /B =0, 0, — i0ps Fe/h+ [0n, Fo/H] = O, (2.53)
(06,0 — i0ns 01, + [0,,61,] = 0,

i0n,, 08, — 00,00, + [05,0],] =0, i0a+ 0 — 103 O + [, 0] = 0, (2.54)
— TR0 O} = Gprs FT{RGIO], 051} =0, {Te{R(§)[6n, 6]} = 0, (2.55)

where the quantities .7?0, 6, and 0,, satisfy partial differential equations,

ihog = Fef, 06§ =01 and  idpxg = 0,3 (2.56)
Putting F. = F (2.52) in (2.53), we are able to look for a collective path (§) and a collec-
tive Hamiltonian (fc) under the minimization of the residual curvature arising from a residual
Hamiltonian (ﬁres). Next, for convenience of further discussion, we introduce modified fluctua-
ting auxiliary quantities él_n = §T9~L§ and 0,_, = §T0~n§. Then we can rewrite our fundamental
equations (2.53), (2.54) and (2.55) in terms of the above quantities as follows:

i0,0!_, — igt (aAjc /h) G=0,  i0fpp—ig' (% 7. /h) G=0, (2.57)
iaA"/éo,n — i@Azéiin/ — [éo,n, éiin,] =0, Z'aA"/éZ_n — z’@AnéLn/ — [él_n, éiin,] =0,
Z.aA*,éofn - ia{\;;éofn/ - [éofna éofn’] = O, (258)

1 =l 05 Gt _

1 —ly 0 gt ot _ 1 —1n 0 ~ ~ B
4Tr{[ 0 1y } [06—n>05_ ] ¢ =0, 71r 0 1y [o—n +0o—n] p =0. (2.59)

In the derivation of equations (2.57) and (2.58), we have used (2.56). The equation (2.59) is
easily obtained with the aid of another expression for the fluctuating density matrix R (2.51),

R(G) =3 [ _1]\6 1]3 ] g'. (2.60)

In order to investigate the set of the matrix-valued nonlinear time evolution equation (2.57)
arising from the zero curvature equation, we give here the 95, and djx differential forms of the
TDHB density matrix and collective hamiltonian. First, using (2.60), we have

_ T=1x 01 _[-=1n 0 i
8AHR(9)=8A,L9{ ]BlN]g“rg{ ]Bhv]@/\ngT
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RS

<t | —1 0 At
—onatn) | Ty |atea] T ot 261

where we have used the relation §'g = gg' = 1. Using (2.56), the above equation is written as

~ L~ [ =1 0] .. ._[-1 0] i~
O R(G) = =000 | ) 4 g*+zg[ 0 1y ]gwl
e =1y 01 [ =In 07 e
= —Z(ggT)@ig[ 0 Iy }gT +1i§ [ 5 n } 'l (3g").

Next, by using él_n = 01§ and 0,_, = §'0,3, equation (2.61) is transformed into
S/~ o~ | A _1N 0 ~
Or,R(9) = —ig {92_7“ [ 0 1y ” g'. (2.62)
On the other hand, from (2.51), we easily obtain

(2.63)

b* ) §o—n Po—n

o |t (= [ )
into the r.h.s. of (2.62) and combine it with (2.63). Then, we obtain the final 0y, differential
form of the TDHB (SO(2N)) density matrix as follows:

n

- 200, R(§)  —20n,K*(g)
Or,R(9) = [ 205, K(§) —204, R*(9)

(S RESH

Let us substitute explicit representations for g (z [

I R(G) = i (0" ond' — dpo-nd"), I, R*(9) = —i(@*o-nb! — bpo_na®),
K (G) = i(@Pond —bpondT), I, K*(§) = (D" Ponb — dpo_na®).

The O+ differentiation of the SO(2N) density matrix is also made analogously to the above.

As shown in [14], the fluctuating components of the HB matrix F (2.52) are linear functionals
of R(g) and K(g). We can easily calculate the 0y, differential as follows:

On,d = (D)0, K(§) + (D), K*() + (d)n, R(§) = i(D}on + i(D}on,
O, f* = (F)On, K (3) + (F)Or, K*(§) + (£)0n, R(§) = i(F* }omn + i(F }pomn.

Here the matrices (D) etc. are given in [14]. Similarly, new matrices (D} etc. are defined by

(D} = ||(i| D|kL}]], (D} = [|(¢j| DIk} and
(F*} = [|(ig | F*|kL} ], (F"} = ||(65[F7 [k}, (2.64)
(ij| DIk} = (ig| DIK'l)ag.ap, — (i) DIk'T)bgbry + (ig]d|E'1)bj.az,,

—(i§|D|kl} = (i5| D|K' U)oy — (i5| DKV )awnarn + (ig]d|k'l )aw b,
(ig]| F*|kl} = (ig| F*|K'V)aan, — GG|F K U)bopbh, + (5] 1K) ap,
—(i§|F"|kl} = (3| F*|K'U)boprbyn — (i5[F K U)agwar + (ij| £k 1) awrbi.

The above summation is made with indices ¥’ and I’ (1 ~ N). Putting Fe=F , we have

aAnﬁc — _(F*}qbofn - (i;‘ }QOO,n, T—‘(D}*wofn _T(]zi*@ofn (265)
(D}%—n + (D}Spo—n; (F*}wo—n + (F }on—n

where T(F*} etc. stand for the matrices in which the indices ¢ and j in (2.64) are exchanged.
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We here derive a new equation formally analogous to the SO(2N) RPA equation. To
achieve this, we first further decompose the fluctuating pair mode amplitude g into a prod-
uct of a fluctuating SO(2N) matrix and a 2/N-dimensional diagonal matrix with an exponential
time dependence as follows:

expliet/hl, 0
0, exp|—iet/h]
= (0ye), s =eilh,AY), (2.66)

§—>§§7(€a—€)a g(&,—t’;‘): [

where we redenote a new fluctuating pair mode as g and ¢; is the A and A* dependent quasi-
particle energy including the chemical potential. Next, using (2.56), Hl_n = LE]TGILQ and 6,_, =
G10,,g, the modified fluctuating auxiliary quantities él_n can be written as

—0y, et/ h, 0

gt AT PN Y | BTSN
6! g'(e,—e)0)_.q(e,—¢) + 0, On. ct/h

where we again redenote the new fluctuating auxiliary quantities as HNZ_n Accompanying the

above change, Otél_n are modified to the following forms by using the explicit expression for éi_n:

0,0}, — g'(e. ) (2.67)
Otlo—n — O, /B —ile/h,Eo—n], Orpo—n — ile/Ry Yo—n]+ (e, —e)
atwo—n + i[g/h, 1/10—71]—1—7 _8155;[‘711 + aAnE/h - i[g/h, gonn] 9 ‘

In the above, hereafter we adopt (A, A*)-independent £(°) given in (2.52) as the quasi-particle
energy . If we substitute equations (2.65), (2.66) and (2.67) into the set of the matrix-valued
nonlinear time evolution equation, i.e., the equation of (2.57), we finally obtain the following
set of matrix-valued equations:

ihat€o—n+[5(o)a §1—n} ihat@—n"‘ [5(0)7 (Po—n]-i-
~1(_(0) (0) - {F*}wo—n - {F }‘PO—H - {D}*¢O—n_ {D}*SOO—TL
g (6 , —€
Zlhat”l)bO,n - [5(0)7 ¢07TL]+ _ZatgoT—n_‘_ [5(0) ) foT—n]
+{D}w0—n+{ﬁ}(p0—n +T{F*}¢o—n+T{F}QPO—n
x §(e©, —©) =0, (2.68)

with the modified new matrices {D} etc. defined through
{D} = |{ij|DIk}]l,  {D}=[{ij[DIkl}||  and
{F*} = (il FY IR, T} = {6 | F IR,
whose matrix elements are given by
{ij| DIk} = agiajoj(i'5' | DKL} — bisbye; (i'5'|DIkL}*
— by ("5 | F*|kl} + @i (75| F 7 |kLY*,
—{i5|D|kl} = by;bjr;(i'5'| D|kI}* — agsage;(i'5'|DIkL}
- &i’z‘l;j’j(i/j/‘F*|kl}* + badiye; (8§ F (KLY,
—{ij|F*[kl} = B*ftj 3 (@3 |\ DIkLy — @by (i'5' | DI kL
asag (75| F*|kl} +b”*“(u [F| k1),
{ij|F"|kl} = a, } j (@' | DKL = by;a0; (5| DI kLY
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— B3byr (85| PRIV + @y (57| F7 |k,

in which summation is made over indices i’ and j’ running from 1 to N. In (2.68) by making
block off-diagonal matrices vanish, we get a TD equation with respect to 1,_,, and @,_,, which
is formally analogous to that of the SO(2N) RPA, though our TD amplitude and matrices {D}
etc. have (A, A*,t)-dependence.

2.5 Summary and discussions

We have studied integrability conditions of the TDHBEQ to determine collective submanifolds
from the group theoretical viewpoint. As we have seen above, the basic idea lies in the introduc-
tion of the Lagrange-like manner to describe the collective coordinates. It should be noted that
the variables are nothing but the parameters to describe the symmetry of TDHBEQ. By intro-
ducing the one-form, we gave the integrability conditions, the vanishing of the curvatures of the
connection, expressed as the Lie-algebra-valued equations. The full TDHB Hamiltonian Hyp is
decomposed into the collective Hamiltonian H. and the residual one H,s. To search for the well-
defined collective submanifold, we have demanded that the expectation value of the curvature is
minimized so as to satisfy Hyes = const or H. 4+ const = Hyp as far as possible. Further we have
imposed the restriction to assure the Lagrange bracket for the usual variables and Lagrange-like
ones. Our fundamental equation together with the restricted condition describes the collective
motion of the system.

We have proposed the minimization of the residual curvature arising from the residual part of
the full TDHB Hamiltonian to determine the collective submanifold. With our theory it is also
possible to investigate the range of the validity of the mazimally decoupled theory of the TDHBT
with use of the condition to satisfy (2.50). This condition makes an essential role to give the
criterion how we extract well the collective submanifold out of the full TDHB manifold. The
reason why the condition occurs in our theory which did not appear in the maximally decoupled
theory lies in the consideration of the dfd-type in the residual Hamiltonian to calculate the
residual curvature and in the adoption of the canonical equation. Since the mazimally decoupled
theory has no consideration of such type from the outset, the condition is trivially fulfilled. This
is the essential difference between the maximally decoupled theory and ours.

We have investigated the nonlinear time-evolution equation arising from zero-curvature equa-
tion on TDHB (SO(2N) Lie group) manifold. It is self-evident that the new equation has an
SO(2N) RPA solution as a small-amplitude limit. The new equation depends on the collective
variables (A, A*) defined in a Lagrange-like manner. It works well in the large scale beyond the
SO(2N) RPA under appropriate boundary and initial conditions. The integrability condition
is just the infinitesimal condition to transfer a solution to another solution for the evolution
equation under consideration. The usual treatment of the RPA for small amplitude around
ground state is nothing but a method of determining an infinitesimal transformation of sym-
metry under the assumption that fluctuating fields are composed of only normal-modes. We
conclude that the set of equations defining the symmetry of the SCF equation and the weak
boson commutation relations on the QPF becomes the nonlinear RPA theory.

Finally, following Rajeev [43], we also show the existence of the homogeneous symplectic

2-form w. From (2.20), using the Sg((]zvj;]) coset variable ¢ (= ba™') = —¢q", the SO(2N) (HB)

density matrix R(g) is expressed as

B -1 0 | 2R(g9) -1 —2K*(g)
R(g)—g[ ON lN]gT_[ 2?((g)N —2R*(g)—|g—1N ’

R(g) =q¢la(iv +dfe)™,  K(9)=—a(ln +d'a) " (2.69)
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_1
Introducing a new N x 2N matrix Z(g) as Z(g) = (1N + quq) 2 [1N, qT] with Z(9)TZ(g) = 1an,
we have a very simple expression for R(g) as

tg) to) gt
e FR e A

TrR(g) =0,
which has quite the same form as the one given by Rajeev [43]. The two-form w is given as

w=—§Tr{ (dR(9))’ } = —§Tr{ (4R(9))’ R(9)*},
dw = —dw =0 (closed form).

0

UT

0 v

If we introduce hermitian matrices U = [ g ] and V = [ ot 0 ], then we have

—1y

W(U,V) = —1 r{[lév 0 ][U,V]}—gTr{uTv—vTu},

which is a symplectic form and makes it possible to discuss geometric quantization on a finite/in-
finite-dimensional Grassmannian [44, 45].

3 SCF method and 7-functional method on group manifolds

3.1 Introduction

Despite the difference due to the dimension of fermions mentioned in Section 1, we ask the follo-
wing: How is a collective submanifold, truncated through the SCF equation, related to a subgroup
orbit in the infinite-dimensional Grassmannian by the 7-FM? To get a microscopic understan-
ding of cooperative phenomena, the concept of collective motion is introduced in relation to TD
variation of a SCF. Independent-particle (IP) motion is described in terms of particles referring
to a stationary MF. The TD variation of the TD SCF is attributed to couplings between the
collective and the IP motions and couplings among quantal fluctuations of the TD SCF [6].
There is a one-to-one correspondence between MF potentials and vacuum states of the system.
Decoupling of collective motion out of full-parameterized TDHF dynamics corresponds to trun-
cation of the integrable sub-dynamics from a full-parameterized TDHF manifold. The collective
submanifold is a collection of collective paths developed by the SCF equation. The collectivity
of each path reflects the geometrical attribute of the Grassmannian, which is independent of the
characteristic of the SCF Hamiltonian. Then the collective submanifold should be understood
in relation to the collectivity of various subgroup orbits in the Grassmannian. The collectivity
arises through interference among interacting fermions and links with the concept of the MF
potential. The perturbative method has been considered to be useful to describe the periodic
collective motion with large amplitude [25, 6]. If we do not break the group structure of the
Grassmannian in the perturbative method, the loop group may work under that treatment.
Thus we notice the following point in both methods: Various subgroup orbits consisting of loop
path may infinitely exist in the full-parameterized TDHF manifold. They must satisfy an infinite
set of Pliicker relations to hold the Grassmannian. As a result, the finite-dimensional Grass-
mannian on the circle S! is identified with an infinite-dimensional one. Namely the 7-FM works
as an algebraic tool to classify the subgroup orbits. The SCF Hamiltonian is able to exist in the
infinite-dimensional Grassmannian. Then the SCFT can be rebuilt on the infinite-dimensional
fermion Fock space and also on the 7-functional space. The infinite-dimensional fermions are
introduced through Laurent expansion of the finite-dimensional fermions with respect to the
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degrees of freedom of the fermions related to the MF potential. Inversely, the collectivity of
the MF potential is attributed to gauges of interacting infinite-dimensional fermions and inter-
ference among fermions is elucidated via the Laurent parameter. These are described with the
use of affine KM algebra according to the Dirac theory [40]. Algebro-geometric structure of
infinite-dimensional fermion many-body systems is realized in the finite-dimensional ones.

3.2 Bilinear differential equation in SCF method

Owing to the anti-commutation relations {c,, c};} = 0a8, {Casc3} = {ch, cTﬁ} = 0, fermion pair
operators e,z = cTac/)) satisfy a Lie commutation relation [eqg, e45] = 0gv€as — das€ys and span

the w(NV) Lie algebra. A canonical transformation U(g) = easches (vF = —v, g =€ 2 U(N))
generates a transformation such that

U(g)chU™(g) = chgpa:  Ulg)cal (9) = a9
UNg)=U(g")=U(g"), Ulgd)=UU(d), g'g=gg"=1n. (3.1)

Let |0) be a free vacuum and |¢as) be an M particle S-det

al) =0,  a=1,....N, |on)=ch - c]l0),
d
Ug)léar) = (c'g)ar - (cg)1l0) = 1g),  Ulg)|0) = o), (3:2)
where the ¢ is an N-dimensional row vector ¢! = (cJ{, e ,c}[\,). Equation (3.2) shows that the M

particle S-det is an exterior product of M single-particle states and that U(g) transforms |¢nr)
to another S-det (Thouless transformation) [4] under (3.1). Such states are called “simple”
states. The set of all the “simple” states of unit modulus together with the equivalence relation,
identifying distinct states only in phases with the same state, constitutes a manifold known
as Grassmannian Gry;. The Grjs is an orbit of the group given through (3.2). Any simple
state |prr) € Grps defines a decomposition of single-particle Hilbert spaces into sub-Hilbert
spaces of occupied and unoccupied states [46]. Thus, the Grj; corresponds to a coset space
Gry ~ m Using a variable p of the coset space, following [15, 16] and [37], we
express the third equation of (3.2) as

U(9)léar) = (U (gegu)lom)eP = pns), g = gegu (3.3)

where we have used the relations
Mmax

E . A 1 1 — oPiacle
1 + A(leal .. .pzpap)cilcal N Cipcap = elia% a,7
p=1 1<a;<-<a,<M,
MA+1<i; <-<ip,<N

_1
(U (gc9w)dar) = [det(1 4 pTp)] 72 - detw (3.4)
and the definition
Piyar pila,,
d
A(pilal o 'pipap) = det
Pipar Pipa,
In (3.4) a maximum value Mpay is given by Myax = min(N — M, M) and A(---) is an anti-
symmetrizer. det w is a determinant of matrix w and is a phase appearing in the decomposition

of any U(N) matrix as g = g¢gw. The indices ¢ and a denote unoccupied states (M +1,...,N)
and occupied states (1,..., M), respectively. The matrices p and w are defined in Appendix A.
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In the Grp; we can introduce an expression called the Pliicker coordinate which has played
important roles for an algebraic construction of a soliton theory in its early stage [38],

Ulglom) = D, a9k, -k, 10),
1<an,..,an <N
Jor,1 0 G, M
Ué’i;:’.%M (9) = det : : (Pliicker coordinate). (3.5)
Jonr,1 "0 Yo, M

From elementary determinantal calculus, we prove easily the Pliicker coordinate has a relation

M+1

i—1, 1,....M 1,....M . . .
Z( 1) Uar ot 1.8s " VB Bin BistroBrtss = O (Pliicker relation),
i=1

where the indices denote the distinct sets 1 < ayg,...,apy—1 < Nand 1 < f1,...,0m+1 < N.
The Plicker relation is equivalent to a bilinear identity equation

N N
> cU(9)lo) @ call(g)ld) =Y Ulg)chle) ® U(g)cale) = 0.
a=1 a=1

The bilinear equation has a more general form

N
ZcTU o) © cal(@)lor) = 3 Ulg)ehlon) @ Ulglealdr) =0, N >k>1>0,
a=1

where |¢r) and |¢;) denote k-particle simple state and l-one, respectively. It is noted that the
Gryy is essentially an SU(N) group manifold since the phase equivalence theorem does hold.
Now we study the relation between the coset coordinate appeared in (3.3) and the Pliicker
coordinates in (3.5). Both the well-known coordinates make a crucial role to clarify the algebraic
relation between the SCFT, i.e. TDHFT, and the soliton theory.
Using the expressions for unoccupied and occupied states in (3.3), we can rewrite (3.5) as

Mmax

1,...M
Ulg)lon) = |oar) + Z Z U1 =L 4Lty Mt iy (9C90)

=1 1<a1<<ap<M,
MA+1<i1 <<ip<N

i Tor T T T T T

X Cip e Cich e Cap+1cap_1 e ca1+1cal_1 . Cl|0>

M 17 5a1,.- 7a’l)7 &l
max v i (9cgw)
1,...,M 1ysttyensip,e, M
= [on) + 0170 (9c9w) D > T 7,,
p=1 1<aj<-<a,<M, vy, (gng)
MF1<iy <-<ip<N
X ¢l ay ] caylonr). (3.6)

The last line of the above is recast again into the form of (3.5) after many time exchanges bet-
ween Cq, -+ Cq, and all creation operators so that all the annihilation operators are ordered in
such a way that they are to the right of all the creation operators including the ones in |@ar).
Then we have the relation
T )
M—-j—a,—;
17 1M _ i— 17 @15y @pyenny
v]-v 51— 1 a1+17 5Ap— 1 aP+17 7M 117 -2 (gcgw) - (_1)J ’ U]-v 7117 vlﬂf a (g(g'w)
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and the following decompositions:

1,...,a1,...,ap,....M 1,...,a1,...,ap,....M

1,..,M
ULt sy, M (9¢gw) = ULt sy, M (gc)vlf...,M(gw%
oo, M 1,..,M oo, M 1., M _1
op T (gcow) = vy (9o (gw), vy (g0) = det C(C) = [det(1+pTp)] 2,
where
[ C(O1a COum |
C(Qar-11 ++ C(Qa—1,m
S o S(Qiym
CQai+1,1 =+ C(Qar+1,M
1,..,01,.,0p,..., M . . yeeny
Ul,...,ill,...,ip/,)...,M (g¢) = det : : , v}%(gw) =detw. (3.7)
C(Qap-11 - C(Qap-1,m
S(Qipr o S(Qipm
C(Qapt11 - C(Qapr1,m
L COma - COmm |
Here matrix elements in the ai-th, ... and a,-th rows, C(()a;,1~n,-.. and C(C)ap,1~M are
replaced with S(¢)i; 1~n,--- and S(()i,1~m to describe p (1 < p < M) times particle-hole
excitations from hole state a; to particle state i1,... and those of hole state a, to particle

state i,, respectively.
Equating equations (3.3) and (3.5) with equations (3.6) and (3.7), respectively, we obtain the
anti-symmetrized A(---) and the coset variable expressed in terms of Pliicker coordinates as

,017"'70‘17"'7G‘P7"'7M(gC) U17"'7a7"'7M(gC)

Loty M _ Loy M

‘A(pilal o 'pipap) = “17”.?;4 ’ Pia = [S(C)C 1(()]1‘(1 = 1,.’L..,M ’ (38)
vy (9¢) 01 e (9¢)

goeey geeey

in the second Pliicker coordinate of which, only one row matrix elements of its determinantal
form (3.7) C(¢)a,1~nm are replaced with S(¢);1~n. Expanding the anti-symmetrized A(---) in
the left-hand side of the first equation of (3.8) with respect to, for example, the first column,
we have a decomposition rule

1,..,a1,..,ap,...,M
1,...,i11,...,ipi7...,M (94)

p
j+1
vl,..,7M(gg) - Z(_l)ﬁ Pijar APivay * * Pi;_1,0;Pijirazpr " Pigay)
1,..,M j=1
1,...CL ,...,M 1,---70,1,...7(12,...7(1',---7(1' 1--,@ 7"'7M
_ & 1 j+1vl,...,i;,...,M(gC) Ul,...,al,...,il,...,z‘jj_l,...fi;l,...,fp,...,M(QC)
- Z(_ ) 1,....M 1,....M )
j=1 ”1,...,M(QC) ”1,...,M(94)
which is rewritten to another form (the second Pliicker relation)
17“~aM 17"'7 3ty 7"'7M
Ul,...,M(gC)Ul,...,?f,...,z’i?...,M (9¢)
P
() oy (g (9e) = 0, (3.9)
j=1

in which hole state a; in the last Pliicker coordinate make no changes (a7 — a1) since in the
second one particle-hole excitation already occurred from hole state a; to particle state i; [1].
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It is well-known that the Pliicker relation is equivalent to a bilinear identity equation

N N
> U9)em) @ cal(9)|énr) =D Ulg)ehlén) @ U(g)ealéar) =0,
a=1 a=1

which have made an important role to construct many kinds of solitons on various group mani-
folds [30].

Parallel to the regular representation method by Fukutome [15, 16], we can prove that the
Lie commutation relation is also satisfied by the differential operators for particle-hole pairs in
Appendix B:

wd (.0 0 QD . o 0 i 0
Pial g " Opia  270r ) ai Piabivy, o " apr. 2P a7 )
d 0 0 .0 d 0 0
€ab = Pia apib Dip apra + 104b o7’ €ij Dia ap;a DPja apm ( )

From the calculations in Appendix B, these differential operators are also proved to satisfy
relations

e“®r(p, p°7) = Pi@u(p, p°,7),  eai®arn(p,pt,7) =0,
eab @ v (P, %5 7) = Sap®rs (P, 07, 7), eij @ (p,p*,7) =0, (3.11)
and a commutator [ei“,p;b] = —p;kbp;‘»a. A free particle-hole vacuum function ®as as(p, p*, 7) is
given as
1 .
®arr(p,p*,7) = [det(1 +plp)] 2. (3.12)

Further we can introduce higher order differential operators obeying the relation

ey Q1 ey Oy M i i1a1 TuQy
e (p, Op, Op=,07) = €1 .. g
,...,(ll,...,(lu,...,M

1’
17
1
Dy (00 8py O, O )P i (P, 075 T) = APy Pia, )@ ane (007, 7),

which show that by operating the differential operator D on the vacuum function ®, we obtain
the Pliicker coordinate .A. The Pliicker relation (3.9) becomes a finite set of partial differential
equations satisfying

1,..,a1,..,0p,...,M
q)M,M(pap*yT)Dlr,.’:'lll’”,,;:/j’”,]\/[ (I’M,M(p,p*ﬂ')

p
7 1,...,a1,.‘.,M * 1,...,a1,...,ag,...,aj,...,aj+1,...,ap,...,M * .
+ : :(_1) Dl,...,il,...,M (I)M,M(p,p 7T)Dl,...,al,...,il,...,ij,1,...,ij+1,...,ip,...,Mq)MvM(p7p 7T) - 07
Jj=1
1,...,a1,...,au,....M * - 1,...,a1,...,ap,....M det *
O iniear (Gegw) )= {0y T T (9¢) detw
_ nlean,enau,e, M *
= ity M Qe (pyp”, 7).

Thus, in both the SCFT and the soliton theory on a group, we can find the common feature that
the Grassmannian is just identical with the solution space of the bilinear differential equation.
The solution space of each differential equation becomes an integral surface [32, 34, 1].
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3.3 SCF method in F

We will give here a brief sketch of the SCF equation, i.e., the TDHFM. According to Rowe et
al. [46], we start with a geometrical aspect of the method in the following way:
Let us consider the time dependent Schrédinger equation 10, ¥ = HWV with a Hamiltonian

H= h[gac[gca + %(”ya\éﬁ)ciycg%ca, (3.13)
where (ya|d) denotes a matrix element of an interaction potential. The starting point for the
TDHEFET lies in an extremal condition of an action integral

to
d ,

6 [ dtL(g() =0,  L(g(t) = (em|U(g"(1)(ihd, — H)U(g(t))|dnr)- (3.14)

t1

To get an explicit expression for the TDHFEQ, we calculate an expectation value of one- and
two-body operators for the S-det (3.2). Using the canonical transformation (3.1), we have

M
Was 2 (6ua[U (") heall (0)]621) = (@) a(g D walbrrlchicalirr) = 3 gaarglryr  (3.15)
o’'=1
(om|U(gN)el eleseall (9)|dar) = (9)(9")55(9 ) pr8(g ) araldnrlel el carcardnr)
= Wy Wis — WasWs. (3.16)

Introducing triangular matrices C(¢) and S(¢) in Gryy [37, 16] and using an isometric matrix u™

uT = [CT(C)7 ST(C)] ) uTu = lu,

W in (3.16) is expressed as W = uu' and satisfies W? = W (idempotency relation). Then, it
turns out that the above matrix W is just the density matrix. From (3.16), we get an energy
functional, i.e., an expectation value of the Hamiltonian (3.13)

d
H[W] = (ou|U(gNHU(9)|¢n) = hpaWas + 317|681 Wary Wis,
[yeldB] = (yeldB) — (vBloar). (3.17)
By projecting the original hamiltonian onto the Grjys, we obtain also a HF Hamiltonian Hyp[W]

OH(W
HinlW] = FoslWiean o = ) = oo + a8l (3.18)

The Lagrange function £(g(t)) in (3.14) is computed as

ih, 4. . . .
L(9(t)) = = (9hp9ba + 9hsdia — Gipgha — G4igia) — HIW], (3.19)

using 9, U (g"(¢))U (g(t)) + U(g'(t)) - U (g(t)) = 0. The condition (3.14) gives the TDHFEQ

a(oLy o d(ory or

dt \ 94t agt 7 dt \ 9g dg
and then we obtain a compact form of the TDHFEQ iho,g(t) = F[W{g(t)}|g(t). The time
evolution of the S-det (3.2) is given by

ihoU(g(t))|om) = Hur[W (9(2))]U(9(1))| o) (3.20)
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On the other hand, using a v-dependent fermion operator given soon later, from (3.14) we also
obtain a compact form of v-dependent HF equation, instead of time ¢, as

ihdyg(v) = FIW{g(v)Hg(v),  (ihdyu(v) = FIW{g(v)}u(v)). (3.21)

Following the observation by D’Ariano and Rasetti’s [31] for the relation between “soliton
equations and coherent states”, we may assert that the SCFM presents the theoretical scheme
for an integrable sub-dynamics on a certain infinite-dimensional fermion Fock space, by iden-
tifying |¢ppr) with the highest weight vector and by regarding the TDHF-manifold Gry; as the
projection onto a subspace of the T-function.

We reconstruct a v-dependent SCFM in a F, and study a relation between soliton equation
and v-dependent HF equation [41]. We start from a single-particle Schrédinger equation with
a v-dependent and a Y-periodic potential V(r,v) =V (r,v+7T)

2
h(r,0) =~ A V() (. 0a(r,) = cathalr, ).

Here we have supposed that an eigen-spectrum ¢, is v independent, though the potential is
dependent on v. It holds an iso-spectrum under a v-evolution of the potential. An eigen-
function ¥, (r,v) constitutes an orthonormal complete set and satisfies the same periodicity,
Ya(r,v+T) = Po(r,v) (Floquet’s theorem). This picture is very different from that in [1]
and [32]. According to Goddard and Olive [47], we can make Laurent expansion of a fermion-
field creation-operator ¢T(r, v) with a parameter v as

1

00 =S X (1) orsas v o),

a rez

where z = exp (iQW%) given on a unit circle. Thus, the ¥, can be regarded as a new fermion
creation-operator. We obtain also a new fermion annihilation-operator in the same way. The
anti-commutation relations can be rewritten as

{ea(v),ch()} = bapd(v =), {eal(v),cs(0))} = {c(v),ch(v)} = 0. (3.22)

Through Laurent expansion of the fermion-field operators, infinite-dimensional fermion opera-
tors with particle spectra and Laurent spectra can be obtained as

ca(v) = <;~> : Uhrpa?s b)) =) (;) : UNr+a?
S(v—1') = % > exp {m(“}”/)r} : (3.23)

where Z means the set of the integers. The indices v and r are called the label on particle
spectra and that on Laurent spectra, respectively. Substitution of (3.23) into (3.22) leads to the
anti-commutation relations

{¢7Vr+oz7wN8+ﬁ} = 50&ﬁ67"87 {Qp?VT’-l—oz’w}k\ferﬁ} = {wNT+Oé7¢N8-¢76} =0. (324)

If the canonical transformation (3.1) has the v-dependence and generates the v-evolution of the
potential, it is possible to embed a U(N) group induced from (3.1) into a group which can be
induced from a canonical transformation of the infinite-dimensional fermion operators (3.24).
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According to Kac and Raina [48, 49] in Appendix C, we introduce a F5, and an associative
affine Kac-Moody algebra. Here we restrict ourselves to the case of the Lie algebra u(N). The
corresponding perfect vacuum |Vac) and “simple” state |M) are defined, respectively as

ri+a|VaC> = 07 <Vac|¢7\/r+a =0 (T < _1)’
1/}7VT+Q|V3C> =0, <Vac|ri+a =0 (T > 0)’
|M) =1 - - - 11| Vac), (M|M) =1, (Vac|Vac) = 1. (3.25)

We embed the free vacuum |0) and simple state |pr) into Foo as [0) — |Vac), |pa) — |M)
(M =1,...,N). Assume that a state with Laurent spectrum corresponding to |0) is a stable
state with minimal energy. This means a choice of gauge under which |0) corresponds to |Vac).
The matrix v (€ u(N)) in U(g) has also the periodicity Y. Mapping from a unit circle S*
to u(N) [47], we make Laurent expansion of v as y(z) = Y 7,2" and impose v(2) = —y(2)

v =—~_, and 27! = 2* (|| = 1). Using the corresponde;eci between basic elements: CLCgZT —
{eap(r)} < Zz YN(s—r)+a¥iss g and normal-ordered product : Yty = UNraWigsg—
daplrs (8 < Os)e, let us define the following 5u(N)(C sl(N)) Lie algebra [1, 32]:

X, = )/(\'7 +C-¢, C"=—-C (pure imaginary),

Xy =33 (Was : Unte-ntatios s Trw =0,

reZ se’
[Xyodim =0, [Xy, Xylkn = Xy +0(3,7) e e[ M) =1-|M),
a(v,7) = —a*(v,7) =D _rTr(wy,), (3.26)
reZ

where ¢ denotes a center. As for the T representation (rep) and KM bracket, see Appendix C.
Using equations (3.24) and (3.26), adjoint actions of X for ¢ and ¢* are computed as

[X’ya riJra] = Z ¢N(rfs)+,8 ('Ys)ﬁaa [X’y7 1/17w+a] = Z ¢7V(T_s)+g(7§)ga. (327)
SEZL SEL

Let us introduce a canonical transformation U(§) = X satisfying U~(§) = U(§~ ") = U(g")

and U(gg') = U(g)U(g'). The g (= €7) has a form analogous to g but with infinite dimension
and satisfies §Tg = §§' = 1. Further, using (3.27) and the operator identity eXvAe=% =
A+ (X, Al + %[X,,[X5, A]] +- - -, the infinite-dimensional fermion operator is transformed into

A\ d A —1/a A
Unr+al§) = U@)YnralU 1 (9) = ZwN(rfS)Jrﬁ(gS)ﬁav INr+a,Ns+3 = (gs—r)ap (3.28)
SEZ

where g; means the s-th block matrix of § on each diagonal parallel to the principal diagonal and
satisfies the ortho-normalization relation. Using the correspondence |¢pr) — | M), U(g) — U(g)
(= eXv) and

N N N
Z ch @ co — Z Z chz T @ = Z Z¢Nr+a ® YNras
a=1

a=1re7Z a=1reZ

the bilinear equation on the finite-dimensional Fock space is embedded into the one on F,, as

N
Z Z wNT-i-aU(g)‘M) ® w}er+aU(g)‘M>

a=1rez
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N
=3 S U@)dnrtalM) © U@) kol M) =0, (3.29)
a=1rez

N
Z Z riJraU(g)‘k) ® ¢TVT+O£U(.§)|Z>

a=1reZ

N
=3 Y U@ ¢nr+alk) @U@ ¢Nrsall) =0, k=1, kl=1,...,N.  (3.30)
a=1reZ

where M = 1 ~ N and kK > [ (k,l = 1 ~ N). Thus we arrive at the following picture:
An algebra of extracting sub-group orbits made of loop path from Grys belongs to the si(IN)-
reduction of gl(co) in the soliton theory. Relieving from restrictions of su(N) and (3.29) and
taking v € sl(N) with M and k > [ (€ Z), (3.29) and (3.30) can be regarded as the bilinear
equations of the reduced KP (Kadomtsev—Petviashvili) hierarchy and the modified KP in the
soliton theory [30]. The algebra of extracting various sub-group manifolds made of several loop-
group pathes [36] from Grjs belongs to an sli(IN)-reduction of gl(co). This picture suggests us
the possibility to construct a v-dependent HF soliton equation by using the v-dependent SCFM
governed by conditions (3.29) and (3.30) on the space sli(/N) bigger than su(N). However we
must note that in the SCFM bilinear equations (3.29) and (3.30) are considered to play roles of
conditions for assuring of existence of sub-group orbits on Grj; different from the soliton theory
in which boson expressions for them become an infinite set of dynamical equations. Notice also
that the concept of quasi-particle and vacuum in the SCFM on S' is connected to the Pliicker
relation.

Following [1] and [32], we embed the original Hamiltonian (3.13) into Fi. By replacing the

annihilation-creation operators of fermions as C,];, = > UNsip and co = Y Yipa, We get
SEL reZ

Hpy = hga Y UNetslNsra +3000108) Y UNkr®Ni4s¥NsrgUNrar (3:31)
r,SEL kJl€Z, r,s€Z

Previously we had the v-dependent SCF Hamiltonian F[W{g(v)}| through equations (3.18)
and (3.21) where v-dependence is directly brought from g(v). This is contrast that in the
usual TDHFEQ (3.20), the time ¢-dependence of course arises from ¢(¢). To embed this SCF
Hamiltonian, we introduce a general Hamiltonian on F, as

*
HFOO = § th+ﬂ,Nr+asz+ﬁ¢Nr+a
r,SEL

+3 > (Nk+7,Nr+a|Nl+5,Ns + B)YNksr¥NiesUist s¥Nrpar  (3.32)
r,S€EL, k€L

which is equivalent to (3.31) if hnsyg Nrta = hga and (NEk+v, Nr+a|NIl+06, Ns+3) = (ya|63)
(equivalence conditions for Hp,_ ) hold. To calculate the formal expectation value of (3.32) for
the vector U(g)|M), first we do it for one-body and two-body operators. Using (3.28) we obtain

(M|YNs+8UNrpalM) = 050080 (forr=0, a=1,...,M and for r <0, a=1,...,N),
<M’ka+'y¢Nl+6w}sz+,8w}er+a’M> = 6kr6'ya : 5!5(556 - 5k55'yﬁ . 517"55(17
(for r(s) =0, a(B) =1,..., M and for r(s) <0, «(B) =1,...,N).

Then, for one-body and two-body type operators we obtain

WirtaNsts = (M|UG) N+ 58N U(G)| M)
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M
Z —r) 6+ZZ 9t—r)ar (91 )vs: (3.33)

t<0 y=1
<M’U(QT)¢Nk+’wal+5sz+,8w}er+aU(g)’M>

= Wnrta,NetyWNst 8N+ WNr£a, NIt sWNs 18, Nkt -

The W is just the so-called density matrix since it is easily proved to satisfy the idempotency
relation W2 = W which has not been given explicitly in [1] and [32]. It provides a strong tool
to develop our SCF scenario on the Fo,. Taking summation over infinite integers, inevitably
we have an anomaly in the above expectation value. To avoid this anomaly, the one-body
operator (3.33) must be changed to a normal-ordered product as

Widap = (MU () : tlega(—k)}: U@)IM) = S (MIUGY) : Unanyes8hrra: UG)IM)

reZ
/\ M
= Z WNr+a,NGr+k)+6 — Z Ok,008a = Z Z(gr)ow(gi—k)vﬁ» (3.34)
reZ r<0 reZ y=1

where we have used the correspondence relation between basic elements. The W, is identical
with a coefficient of the Laurent expansion of the density matrix W (3.15)

Wap(z) = Zwkaﬁz —ZZZQSMQS L
keZ k€EZ se€Z v=1

We compute formal expectation value of (3.32) for the state U(g)|M). Introducing a new
integer K, due to the equivalence conditions for Hr_, from (3.31) we get

(He )W =3 (hi)sa D WistaN(s— )45

KeZ SEZL
+ 2 Z 7’7 a| L 5 Z WNr+aN (r— K)Jr’yZWNerB N(s—L)+6>
K,LeZ r,8€7L SEL
(ht)pa = hpa, — [(k,7),0l(1,6),8] = [yaldp]  VEk, L. (3.35)

Changing W in (3.35) into its normal-ordered product and using (3.34), we obtain
(Hp )WV =) {hﬁa(w— Jagp + 5[ve|d/) Z(W—w)aw(w—z)ﬁé} :
keZ leZ
This result coincides with formal Laurent polynomials of H[W] (3.17) in the sense of the expan-
sion
HW(2)] =) {hﬁa(wl)aﬁ + 5 [yelop] Z(Wl—k)a'y(wk)ﬂé} 2. (3.36)
lez keZ

To get a v-independent Hamiltonian, in (3.36) it is enough for us to pick up only the term with
Laurent spectrum ! = 0. Then, we may select a density-functional Hamiltonian

(Hr )V = hgaOMo)as + 3170108] > (Wi)ay WV-k) gs- (3.37)
kEZ
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This is the extraction of the sub-Hamiltonian H}}i’ out of the original Hamiltonian (3.31) as
shown below

H;'li,) = hﬂaz sz-i-ﬁw}sz—‘,—oc—i_ %[70456] Z Z wN(r—K)—&—'wa(s—i—K)—‘r(s¢7Vs+ﬁ¢}k\/r+a' (338)
SEZ KeZr,seZ

We here adopt (3.37) as an energy functional for the u(N) HF system on the F,,. Through the
variation

S(Hp )W = Y (Foi)apdWVi)gar  (Fi)as = hagbho + [@B178](Wi)sy, (3.39)
keZ

we get a SCF Hamiltonian on the F, similar to formal Laurent expansion of Hyr (3.18) on the
Grps as

Heome = YO (FK)ap i UNG—K)+aWisis - (3.40)
KeZ set

For the v-dependent HF equation on the Fi, the state vector U(§)|M) is required to satisfy
the variational principle

v2
55 =6 [ avL@) =0, @) = (MUGH0, — Hr UG, (3.41)
v1
where we use i = 1 here and hereafter. First by using U(§) = e we get the following relations:

5g/du<M\U(gT)i8UU(§)|M) :5g/dU<M|¢avyM>+5g/dv<M|iavX,,

— 5[ Xy, 100 X5] + - | M), (3.42)
iaUX’Y = Z Z {(iaUﬂYT)Otﬁ : wN(s—r)—&—oaw}k\fs_hB : +(’7T)aﬁiav : wN(s—r)—i-aw}kVS#»ﬁ :}
reZ s€Z
+i0,(C - 1), (3.43)

where we have used (3.28). From the definition of T{e,s(r)} and the normal-ordered product,
we can calculate the v-differentiation of the second term in the curly bracket of (3.43)

10y Z PN (s—r)+a¥Nstg = 100 1 T{eap(r)} =0y Inz : T{eap(r)} :

SEL

Assume the parameter of Laurent expansion to be z=e ™V, Then (3.43) is rewritten as

iavX’y = Z Z(Dr;v(%)aﬂ) : ¢N(s—r)+a¢}k\/s+ﬁ : +i0,(C - 1),

reZl s€Z

Dy £ i0y + 1. (3.44)

It is seen that in the first term of the r.h.s. of (3.42) a v-evolution of the reference vacuum
through z(v) has no influence on variation with respect to §g. Concerning the v-evolution
of X, (3.44) a v-differential 0, acting on v,(v) and on v and 1* through z(v) is transformed to
a covariant differential D,.,, with a connection rw. which acts only on the ~,(v) from the gauge
theoretical viewpoint. We denote simply the covariant differential as D. Therefore we can put
(M|i0,| M) = 0 and C = 0 since it has no influence on the energy functional (3.37). Then the
v-differential term in equation (3.41) is calculated as

U(§")i0uU(§) = i0u Xy + 5100 Xy, Xo] + %[00 X5, X)), X] + -+
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= Xpy+ Y Gl [100Xy, X5), ], Xy 4 (3.45)
k>2

Using (3.26) and the symbol D for the covariant differential, each commutator is calculated as

100X+, X3) = Xy + > 7 Te{(DY)ry—r}

reZ
[[100 Xy, X5, X5] = )?[[D'y,'y];y] + Z r Te {([Dy,])rV—r}
reZ
00X ] LX) = R o) - ST D) Do (346)

Substituting (3.46) into (3.45) and using D, 4 D,., and § = €7, we get

U(g")id,U(3) = X1 pg + C(3'Dy),

C(G'Dg) = rTra | D ml— Dy AL LA v - (3.47)

reZ k>2 .

The expectation value for the reference vacuum is expressed as
(M|U(§")idsU (g ZZZ D)oy (Dszus)va + C(31 D).
SEZ a=1~vy=1

Using C(g'Dg) — C(Dg' - §) = 0 which is proved later, we obtain an explicit expression for the
L(g) as

w\'—‘

M N
Z Z Z{ gs ay(Ds;v9s)va — (D—S;vgi)ow(gs)wa} — (Hrpo)[W].
€Z a=1~=1

Thus L(§) is nothing less than the coefficient of 2" in the Laurent expansion of L(g(z)) (3.19).
We give another v-dependent HF equation for §: Laurent expansion of

iOug(v) = FW{g(v)}lg(v)  and  i0,U(g(v))|¢) = Hur[W(g(v))]U(g(v))|e).

Demand the extremal condition of (3.40) leads to D,g = F(§)g where F(§) has an infinite
N-periodic sequence of block form {...,F_1,Fo,Fi1,...} like (C.5) in Appendix C. Defining

(}"C)ag(g,wc) = W, Z (gsgS +)ap, the Dyg = F(§)g is transformed to

0, = FP(@)a,  FPG) L F(§) - F(),

(FF)asp = (Fr = F)ap = hapdro + [aB]y0](Wr)sy — we Z S(QSQZ—r)Ocﬂ’
SEZL

introducing D, 28, + Hf .y, this time which is cast into that on the state vector U(g)|M) as

A N c d c *
U(g)|M> = HFoo;HFU(g)|M>7 HFOO;HF = Z (fr)aﬂ : wN(s—r)—i—asz—&-ﬁ 5
r,SEL
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. A A~ d E3
i, U(9)|M) = Hﬁm;HFU(g)\M% Hf«“oo;HF = Z (F¥)ap : UN(s—r)+a¥Nsip 5 (3.48)
r,SEL

which suggest symmetry breaking and arising of collective motion due to recovery of symmet-
ry. Suppose that § to diagonalize FP in H§w§HF and U(g)|M) to do F¢ in Hf, gy are
determined spontaneously when § ~ §% %V and 9,6° = 0. Using the definition of F¢ we
have w.I'(§%) = F(3°)3° — §° where I'(§") has an infinite N-periodic sequence of block form
{...,—¢%,,0,¢%,...} like (C.5) and &é = diag{...,e,...}. We also obtain g,z" oc e~ HeFweln)v,
Thus the quasi-particle energy €(6,3 = €a0q3) and the boson energy w,. are unified into gauge
phase. The static v-HFT on Grjs has obviously no collective term and leads inevitably to
weI(G%) = 0. §° should compose of only a block-diagonal 98 = €7°, g9 being a block-diago-
nal su(N) matrix.

Equation (3.48) brings a v-evolution of particle degrees of freedom and a common language,
infinite-dimensional Groo and affine KM algebra, to discuss the relation between SCFT and
soliton theory. The SCF'T on F is nothing else than the zero-th order of the Laurent expansion
on Grys. Through the construction of the SCFT an explicit algebraic structure of the SCFT
on F, is made clear since it is just the gauge theory inherent in the SCFT. The mean-field
potential degrees of freedom occur from the gauge degrees of freedom of fermions and the
fermions make pairs among them absorbing a change of gauges. The sub-Hamiltonian (3.38)
exhibits such a phenomenon in u(V) algebra, which allows us to interpret absorption of gauge
as a coherent property of fermion pairs. Thus the SCFTM is regarded as a method to determine
self-consistently both quasi-particle energy €,(§) and boson energy w,, to the v-evolution of the
“fermion gauge”. Then we can say that both the energies have been unified into the gauge phase.

Let € and €¢* be parameters specifying a continuous deformation of loop path on the Grys
and independent on z. Using the notation in (3.26) and calculating in a similar way to (3.47),
e~ *79.eX7 is obtained as

e 10,65 = X195+ 0.(C-1) + C(3710.9),

C(g‘lﬁeg) =0+ 0y + Z %[ o [8677 ’7]7 e L’Y] (349)
k>2

To avoid the anomaly, )?7 reads

Z(’W)aﬂ {Z wN(s—r)+a¢7Vs+ﬂ + 0r0 Z (5o¢ﬂ} (TI' Tr = O)

r€Z SEZL s<0

Then equation (3.49) is computed to be

e 0™ = > (57 0cir)ap  UN(s—r)ralisrs t + D Tr(dg  Oedo)- (3.50)

r,SEZL s<0

From (3.50), we get C(§7'0:9) = 3 Tr(gy *0edo) = 0, G '0cgo € sl(N,C) and C(§10e+g) =
s<0

C(0+g" - §) = 0. We obtain also C(§tDg) = C(Dg! - §) = 0 in the same way as the above.

For subsequent discussion it is convenient to define infinitesimal generators of the collective

submanifold as follows [50, 17]:

Xgr 2i0.U(9) - U(§)" = Xt +Ci0g - 3') = Xgr, 01 Li0eg- 4,
Xy Li0-U@G)-U@G) = Xg+C(i0-5- 1) = Xg, 02 i0-§-4". (3.51)
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3.4 SCF method in 7-functional space

Along the soliton theory in the infinite-dimensional fermion Fock space [30, 48, 49, 54], we
transcribe the v-dependent HFT in F, to the one in 7-functional space. We restrict ourselves
mainly to the cases of sI(N) and su(N) and the group orbit of the fundamental highest weight
vector |M). Let us consider infinite-dimensional charged fermions v; and v} (i € Z) satisfying
the canonical anti-commutation relation {17,v;} = &; and {¢;,¢j} = {ts,¢;} = 0. The
perfect vacuum |Vac) and the simple state |M) given by (3.25) are represented in terms of
another basis v; (i € Z) and the present fermions v; and 1} as

|[Vac) >~ vg Av_y Av_g A--- (A : exterior product), (Vac|Vac) = 1,
BiVac) =0 (1<0),  [Vac) =0 (i>0),

(Vaclgi =0 (i<0),  (Vacl =0 (i>0),

|M) ~ vy Avpp—i A=+, (M|M) =1,

M) = gag -+ r[Vac) (M >0), M) =gy bglVac) (M <0).

The basis {v;]i € Z} is given by the column vector with 1 as the i-th row and 0 elsewhere. The
number M is called the charge number. The fermions v; and ¢} (i € Z) generate an algebra
gl(oo) = {aiji *; all but a finite number of agjs are 0} satisfying [¢; ;f,@bk@/}l*] = 0] —
5il¢k¢;- We consider further a bigger Lie algebra than gl(co) so as to include a Heisenberg

subalgebra (bosons). Following Appendix C, it is defined as the vector space as = { Y aij
i,jEL
tpf  +C e, ay; = 0, for li — j| > N} and : Yy} = Pl — by - c (j <0). Define a KM

bracket among such elements X, = )?a 4+ C-cas

[Xo, XoJint = Xy + @ b) e, [Xaydm =0,  Xa= Y ay: v :.
1.JEL

For detail see Appendix C. A Heisenberg subalgebra S [49] is defined as

d *
S = @k;ﬁoAk +C-c, Ap = E : wlwwk : (k‘ S Z).
1EZ

From the definition of the normal-ordered product, the boson algebra is obtained as [Ag, A;] =
kdk41,0 - c. Ay is called the shift operator and Ag belongs to the center. Suppose level-one
¢ =1. Let FM) be a linear span of semi-infinite monomials with charge number M. For the
representation of Ay on F(M) Ay |M) = 0 holds for k& > 0. All the elements A_j_ ---A_, | M)
(0 < kp < kg < --- < kg) are linear independent with each other. Thus, we have obtained an
irreducible representation of the algebra S in the fermion space F (M) This is isomorphic to the
representation of S in the corresponding boson space B (M) below.
Let ojs denote this isomorphism

oy FOD s BM = C(ay,29,...)  (deg(ay) =3),  |M)—1,
AkHi, A — kxy (k}>0), Ao — M.
oxy,
A mapping operator is introduced as oy 4 (M@ H(z) = 3 xjA; (Hamiltonian in 7-
i>1

FM) [30]. Then we see the correspondence of FM) — @kZOF,gM) with BM) = @kezB,(gM) and
BWM) — FMC(x1,29,...), where we have defined the direct sum of maps ¢ = @pezoy and

have introduced a new variable Z to keep a track of the index M and then o (M) = 2™ for
M) s (M)
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The contravariant hermitian form on the B) is given as

o \' 9 10
) =1, (ax,) ke (PQ) = P (%,2%,...)@@” (3.52)

where the P* means the complex conjugation of all the coefficients of the polynomial P and
x = (x1,T2,...). R
We construct a representation in B in reduction to sl (N). Let the generating series be

()= P ) =) pIP;  (peC\0).

JEZ. JEL.

and introduce Schur polynomials Sk (x) given in Appendix D. It should be emphasized that in [1]
and [32], we already have obtained explicit expressions for the basic elements

on Y zij(a, Oy), oa Ul o 2 (2, 0,) (= 2zij — b5, 1 <0),
sa(0 10 Y
Bxl 281’2

2 (@,00) = > Sivkiu—2(2)S—j—prvanr (—2) Sy (—02) S (0z), (3.53)

>0, k>0

which makes a crucial role to construct a v-dependent HFT on U(§)|M) as shown later. For
any element of the gl(co) and the as in the BM) | we have got

Xy = Z aigpi; — Z ai;jzij (v Oz

©,JEZL i,JEL
o Xo= Z aij : iy 1 +C -1 Zaijzj(a@,gx) +C-1. (3.54)
1,JEL 1,7

Using exp{H (z)} = exp { Z:L']A } = Z A;Sj(x) and H(x)|M) = 0 due to Aj|M) = 0,

z-evolution of the infinite- dlmensmnal fermlon operator is given in terms of the Schur polyno-
mials as

H@pe B0 =N "8 (), M@y M) = Z@ﬁ Sj—i(=z),
j=0
> pla; > plw;
@ y(p)e @) = y(pyei=t | M@y (p)eHE) =y (p)eiz (3.55)

Following Appendix D, under the action U(g), the group orbit of the highest weight vector |M)
is mapped to a space of T-function 7/ (z, g) M |e Ul\gg[aM Let the Pliicker coordinates

M, M M,M—1,..., ol
lM:‘Z]W—h'“:Zl( ) b .71M774M—17"~7'>L1( ) - det ‘glM 74]% 1. 7741 7/M7'LM 1. Matrlx located on lnter_
section of rows iz, ip/-1,...,%1 and columns M, M — 1 ,1 of g and iy = Nr+ «a etc. The

Schur-polynomial expression for the 7-function is given in a compact form as

MM—1,...,1
Tv(z,g) = Z Vit inrn i (@) Sing—Miing 1 —(M—1),....i1—1(2)- (3.56)

A>T 1> >0

By using (3.5) and (3.55), the derivation of the above is made as follows:

* * x M,M—1,...,
M (T, 9) = (Vac|yi -- -wMeH( ) Z Uz'M,iM,ll,...,lil(g)sz‘M -+ ;| Vac)

IN >N —1> >0



38 S. Nishiyama, J. da Providéncia, C. Providéncia, F. Cordeiro and T. Komatsu

M,M—1,...,
= Z UZIW,Z]VI 1y 71(9)

i]\[>iM 1>"'>’i1

X Z Z Z Sin— IM lefl_IM—l(x) ++ Sy, (@) (Vaclyy - - '¢7\4¢1M' -thp, [Vac)

=M Ipy1=M ©L=
= > v%%;f;;zzibl(m (3.57)
TN >N —1>0 >0
Sin—m () Sip—M41(z) Sivi—m+2(®) o Siy—my -1 (2)
« det SiM,lf(Mfl)fl(x) Sz'M,lf(Mfl)(m) SiM,lf(Mfl)H(x) T SiM,lf(Mfl)Jr(MfQ)(x)

Sz‘l—l—(M—l)(ZU) Sil—l—(M—1)+1(93) Sil—l—(M—1)+2(93) Sz'l—l—(M—1)+(M—1)$)

This equation reads (3.56), the generalization of which to infinite-dimension is given in [49].
To see that the affine Kac-Moody algebra associated with the Lie algebra gl is contained

as a subalgebra, we give a reduction of gl to sl,. A subalgebra X, ( > aij: Yi;  +C- )
,j €L
of a is called n-reduced if and only if the following two conditions are satisfied:

(i) airngen =ay (L,5€Z)  and (i) Y aiyn; =0 (j€Z).

From (i) and Anj = > @ ¥ithfy ;¢ (J € Z), [Xa,Anj] = 0 is proved. This means 7a(z, g)
1€Z

(g € sl(N)) is independent on zx;, though Ay, does not satisfy (ii). As a result, the Hirota’s

equation includes no xy;. Adopting the prescription for 7-FM, we transcribe the fundamental

equation (3.29) for v-dependent HFT on U(§)|M) ¢ F™) into the corresponding function

c BM) in the following forms:

0
8xNj

(1) U@@)|M)(U(g) = e X, € sAl(N)) +— N-reduced KP 7-function,
(%,

§)nkp = (M|e"@U(g)|M), ™ (2, §) NP = 0.

The gAl (00) group symmetry transformation acting on the 7-function of the KP hierarchy was
studied in [51, 30]. The KP hierarchy was also studied extensively together with the KdV
hierarchy by Gelfand and Dickey [52]. The generalized KP hierarchy was obtained out by making
use of the Gelfand-Dickey approach via the algebra of pseudo-differential operators [53]. The
7-function 73/ (x, §) vxp has a v-dependence through § (= €7) in which the anti-hermitian matrix

v is given as v(z) = > ~v,-2" with z = exp (i27r%).
reL
(2) Quasi-particle and vacuum state — Hirota’s bilinear equation (see Appendix E [30, 39]):

53 U @IM) & ey D @IM) = 0

a=1rez

— ZS 2y S]+N+1 exp Zys s TM X g)NKp TM(.%' g)NKp = 0. (3.58)
7>0 s>1

D = (D1, Do, ...) denotes the Hirota’s bilinear differential operator and D= (Dl, %DQ, .. )
(3) v-dependent HF equation on U(§)|M) — v-dependent HF equation on 7ps(x, §) Nkp:

i0,U{g(v)}|M) = Hp, {9(v)}U{g(v)}[ M)
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— i0par{z, §(0)}NrP = HEomtr {2, Op, §(0) yrar{z, §(v) } NP, (3.59)

in which it is seen that an explicit and important role of the v-dependence of T-function appears.
Using (3.53) and (3.54), Hp._.ur (2, 0y, §) is given as

Hpur(z Z {Fr(9) YapZN(s—r)+a,Ns+8(T, . ),
r,SEZL
M
{Fe(@}Yap = hapdro + (@B We)srs  We)as =D D _(s)ar (9], )s- (3.60)
~v=1 s€Z

3.5 Laurent coefficients of soliton solutions for sAl(N ) and for su(INV)

We here show typical T-functions called n-soliton solutions.
On gl(o0) [51]: We get a 7-function for gl(co) as

n

H > apP(Pu)¥*(qu)
TMmsapg(®) = (M e enzt | M), (3.61)

which is a famous solution of the KP hierarchy obtained from (3.58) [54, 48, 49]. As was shown
n [51], from the second line of (3.55) and the Wick’s theorem, we get a determinantal formula
for 7-function as

M
TM;n;a,pg(II?) = det 6#” + Qy, Pu <pu> eé(l’,p“)fﬁ(m,qy) .
Pu—4qv \ Qv

If we use I'(p, ¢)?7 = 0 for a good formal power series of 7, we have an explicit form of Tar.:0.p.4()

z:: { ”PHPH‘IV (ZS)MF(I’M»%)} q

:1+Z":<W>Mem+ T <pu>M<pu>M(pu_pv)(QM:QV)emﬁrnu_’_,,,7

y=1 qu 1<p<v<n qu qv (pu_QV)(qM pz/)

where &(z,p) = X5 jp) and gy = (2, pp) = € a) + I (a2 ).
3>
On Uy: We get a 7-function for ., as

Patmea(E) = <M‘€H(x)€§l{aw(pu)w*(qn—a;w(%)w*(%) } ),

On é\l(N) [32, 48]: Making a special choice of parameters p, and ¢, in (3.61) as g, = €**p,,

with € = e2™/N and sy =1,...,N—1, and using [ X4, An;] = 0, we get a 7-function for si(N) as
H(z) i apP(pu)P* (e’ pu)
TM;n,a,p,esp(x) = <M’€ er=t ‘M> (362)

On su(N): Taking the exponent in (3.62) anti-Hermitian, a 7-function for su(N) is given as

> {aﬂ(pu)w*(e*ﬂm)fazw(m)w*(,%*)}

TM;n;a,p,eSp( ) <M|€ x)e“ ! |M>

We have a one-soliton solution on su(N) and on the simplest su(2), respectively as

su(N) : TM;l;am’esp(a:):<M|€H(I)e{“w(p)w*( p)= *¢< )W( )}]M>



40 S. Nishiyama, J. da Providéncia, C. Providéncia, F. Cordeiro and T. Komatsu

= 1 4 e Mspn(zp.e’p) 4 Msn(z,e/p*,1/p*)

(pp" — ) (pp" — *) 2% /=" ) a—e) Hog e
(pp* = D)(pp* = 1) ’
n(z,p, €p) Za;]pJ 1 —e) 4+ Log{a/(1 — €},

j>1

n(x, € /p*,1/p*) Z —xip"T 1—6 )—f—Log{—a*/(l—e*S)},

j>1
SU(2): Tatstiap-p(@) = <M|eH("”)e{w(pW(‘p)‘a*w(‘f*)w(z%*)}!M>

2 3 xjpj+L0g% -2 > = *J
=14 ¢ J€odd + e d€odd

lpl/—1 —lal?
(pf +1)° 2,5, 7 +Loa=
(Ip* = 1)?

Finally, we give a reduction of soliton solution in as, to the simplest case of ;l(2) (KdV).

A subalgebra X, (= > aps: ¥pipf : +C - 1) of as and the Chevalley bases for si(2) [48, 51]
r,SEL
are expressed as

Xo = Z (ar)aﬁ : 1/}2(sfr)+a¢;s+ﬂ :+C-1 (O%ﬁ =1,2,Tra, =0, a, € ;\l(2))7
r,SEL

—~ 01 " 0 0 ~ o~ ~ 1 0
6[0 0], f[l 0}, hh++h_[0 _1} (Chevalley bases for sl(2)).

Using ¢(p) = > pp" and ¥(p)* = > ip~", the algebra X for n-soliton in (3.62) is compu-

reZ reZ
ted as
Xo = Zauw(Pu)T/J*(_Pu) = Z Zau
pn=1 r,s€Z n=1

X {B+ ’ ¢2(s r) +1Pi(S " +1¢2s+1( Pu)_@s“) +e- 7/)2(s—r)+1pi(s_T)+1¢>2ks+2(*Pu)_(2s+2)

+f Yogsmryr2Pi P25 (—p) T + h_- ¢2(s—r)+2pi(8_r)+2¢;s+2<_p,LL)_(28+2)}

T p—(2r+1)
Y S [ O ] Vateory s (3.69
r,s€Z p=1 —Pu ’ Dy af
n A~
Thus, we obtain an n-soliton solution a”(z) = Y a2" + C-1 (C = Y a,/2) for sl(2) in
reZ p=1
a matrix as
n _p—2r p—(2r+1)
= Z ar(Pus ap), ar(p,a) =a- 1) o2 (a, = const).

Restricting a solution to the case of su(2), along the similar way as the above, from (3.63) we
also get

n

X3 =x7 - X1 = S {abo ) - i (0o ()]

p=1 /L pl’“

= Z (777})015 : w2(s—r)+a¢25+ﬁ . Z (au - a;*;,) /27

r,SEL pn=1
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which reads

n _(ap 2r a*p*2r) ap—(27“+1) _|_a*p*(2r+1)
= y A )y , @) =
l;%(pu ") ¥r(p, a) _(ap7(2r D 4 grpHr= 1)), ap~2 — a*pr
We can generalize the above n-soliton solutions to the cases of gl(N ) and su(N). Using the

Chevalley bases for sl(N) and for su(N) [48, 51], the Laurent coefficients can be derived for
each case as

n

- Z ar (Pus € Pps by)

sl (N) : a:} |soliton

1—¢€’

n
2
pn=1

pn=1
ar{: Qp (pa 68p7 b)aﬁ (Oé, ﬁ =1,..., N)} = (bp_Nr+a_/6€_Sﬁ)
1 p VT s '
P 1 6725
~ bp—NT .
—1
: . . P
_prl p 1 L G_Ns_
n b*
SN+ APleoiion = 30 (s €y by) + z ( L ) ,

p=1

77"{: Y (p’ Esp, b)qﬁ (a’ ﬁ _ (bp—Nr—i-a Be—sﬁ_b*e—sap*Nr+[3—a)

)} a, *T

1 pil . e ( ) r 6_5 T
D 1 6725
~ bp—NT .
-1
p
—N
i prl PPN p 1 i | € § i
- 675 - B 1 p* p*(Nfl) T
6_28 p*fl 1
_b*p*Nr .
: . p*
i e Vs | | V-1 p 1

Suppose the external parameter v to be a time ¢t and solve the TDHFEQ by restricting
a solution space to the above spaces. We get a soliton solution, i.e., a solitary wave propagating
on a surface rather than a colliding soliton [55]. This is in contrast with a two-dimensional
soliton [56], i.e., dromion [57], of the Davey—Stewartson equation (DSE) [58] which provides
a two-dimensional generalization of the celebrated nonlinear Schrédinger equation (NLSE) [57].
The dromion for gl(200) was derived from the standpoint of a Clifford algebra with generators
of infinite free fermions, in terms of a reduction of the two-component KP hierarchy [59, 60, 61].
As Kac and van der Leur pointed out [61], the dromion solution of the DSE was first studied
from the point of view of the spinor formalism by Heredero et al. [62].

3.6 Summary and discussions

We have transcribed a bilinear equation for v-HFT into the corresponding 7-function using
regular representations for groups [3] and Schur polynomials. The concept of quasi-particle and
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vacuum in SCFT is connected with bilinear differential equations. So far SCFM has focused
mainly on construction of various types of boson expansions for quantum fluctuations of mean-
field(MF) rather than taking the bilinear differential equations(Pliicker relations) into account.
These methods turn out to be essentially equivalent with each other. Various subgroup-manifolds
consisting of several loop-group paths [36] exist innumerably in Gry; relating to collective motions.
To go beyond the perturbative method in terms of the collective variables, we have aimed to
construct v-HFT on affine Kac—-Moody algebras along soliton theory, using infinite-dimensional
fermions. These fermions have been introduced through Laurent expansion of finite-dimensional
fermions with respect to the degrees of freedom of fermions related to MF. Consequently v-SCF'T
on F leads to dynamics on infinite-dimensional Grassmannian Grs,. Grjs is identified with
Grso affiliated with a manifold obtained by reduction of gls to sl(N) and su(N)(reduction of
KP hierarchy to DS, NLS and KdVAhierarchies). We have given explicit expressions for Laurent
coefficients of soliton solutions for sl(N) and su(N) using Chevalley bases for sl(N) and su(N).
In this sence the algebraic treatment of extracting subgroup-orbits with z(|z| = 1) from Gry,
exactly forms the differential equation(Hirota’s bilinear equation). The v-SCFT on F results
in gauge theory of fermions and collective motion due to quantal fluctuations of v-dependent
SCMF potential is attributed to motion of the gauge of fermions in which common gauge factor
causes interference among fermions. The concept of particle and collective motions is regarded
as the compatible condition for particle and collective modes. The collective variables may have
close relation with a spectral parameter in soliton theory. These show that v-SCFT on Fi
presents us new algebraic method on S for microscopic understanding of fermion many-body
systems.

We have studied the relation between v-SCFT and soliton theory on group manifold and
shown that both the theories describe dynamics on each Grassmannian Gr which is the group
orbit of highest weight vector. The former stands on the finite-dimensional fermion operators
but the latter does on the infinite-dimensional ones. Each Gr is just identical with the solution
space for respective finite and infinite set of bilinear differential equations on the boson space
mapped from those on the fermion space. We have investigated the dynamics on v-dependent HF
manifold using regular representations for groups [16]. A picture of quasi particle and vacuum
in v-SCFT is connected with the bilinear differential equation. v-HFT on finite-dimensional
Fock space is embedded into v-HFT on infinite one. The wave function in an SC YT-periodic MF
potential becomes dependent on the Laurent parameter z on a unit circle S'. This owes to the
introduction of affine Kac—Moody algebra by infinite-dimensional fermion operators, Laurent
expansion of finite-dimensional fermions with respect to z. The Pliicker relation on coset variab-
les becomes analogous to Hirota’s bilinear form. The v-SCFM has been mainly devoted to the
construction of boson-coordinate systems rather than that of soliton solution by 7-FM. It turns
out that both the methods are equivalent with each other due to the Pliicker relation defining Gr.
From loop group viewpoint and with clearer physical picture we have proposed description of
particle and collective motions in v-SCF'T on Fy, in relation to iso-spectral equation in soliton
theory. Then the v-SCFT on F,, may be regarded as soliton theory in the sense that it bases
on Gry and may describe dynamics on infinite set of real fermion-harmonic oscillators though
the soliton theory describes dynamics on complex ones. The soliton equation is nothing but the
bilinear equation and the boson coordinate x; with highest degree plays a role of an evolutional
variable on 7-functional space (FS) on which in v-HFT, the bilinear equation provides algebraic
means to extract subgroup orbits parametrized with z from Grj;. The infinite set of x3 becomes
coordinates on 7-FS and their v-evolution yield trajectories of the SCF Hamiltonian H f,oo.

Though we have started with a periodic potential to introduce infinite-dimensional fermions,
it is easy to see that v-dependence with periodicity Y is by no means a necessary condition. The
fact that Schrédinger function is dependent on an unit circle S', however, makes a crucial role
for construction of infinite-dimensional fermions. As pointed out in [32], it turns out that the
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fully parametrized v-dependent SCF Hamiltonian is made up of only the v-dependent Hamilto-
nian Hr_.pr. Then, we have a very important question why infinite-dimensional Lie algebras
work well in fermion systems. As concerns this problem, Pan and Draayer (PD) [63] have de-
veloped an infinite-dimensional algebraic approach using affine Lie algebras su(2) and su(1,1).
They have introduced fermion pair operators with two parameters for the general pairing Hamil-
tonian and boson operators through Jordan—Schwinger fermion-boson mapping for an exactly
solvable su(2) Lipkin—-Meshkov—Glick (LMG) model [42]. They have obtained analytical ex-
pressions for exact eigenvalues and eigenfunctions of this Hamiltonian based on the Bethe an-
zatz (BA), from which BA equation [64] or Richardson equation [65] is derived.

It is interesting to study a relationship between various subgroup-manifolds of Gr, and col-
lective sub-manifolds of v-SCF Hamiltonian by using a simple and exactly solvable LMG model.
Notwithstanding, it is possible to provide a theoretical frame of formal RPA [34, 35] as a tool
of truncating a collective motion with only one normal mode, i.e., a collective submanifold out
of Groo. As mentioned in [34, 35], the collective submanifold may be interpreted as a rota-
tor on curved surface in Gro,. It is stressed that the v-HFT on F,, describes a dynamics on
real fermion-harmonic oscillators while soliton theory does the same but on complex oscilla-
tors. This remark gives us an attractive task to extend the v-HF'T on real space su(N) to the
theory on complex space sl(N,C) removing the restriction |z| = 1. We have discussed a close
connection between v-SCFM and 7-FM on an abstract fermion Fock space and denoted them
independently on S'. It means that algebro-geometric structures of infinite-dimensional fermion
many-body systems is also realisable in finite-dimensional ones. The v-dependent HF equation
on 7pr(x, g), however, should lead to multi-circles, relating closely to a problem of construction
of multi-dimensional soliton theory [66, 67, 61]. It is also a very exciting problem to investi-
gate such new motions on the multi-circles (d: Number of circles) in finite fermion many-body
systems. As suggested by the referee, the motions, on the other hand, may be related to the
coupled (d 4 1)D systems [61] or the linear flows on the Birkhoff strata of the universal Sato
Grassmannian [68].

4 RPA equation embedded into infinite-dimensional Fock space

4.1 Introduction

The purpose of this section is to give a geometrical aspect of RPA equation (RPAEQ) [50, 69]
and an explicit expression for the RPAEQ with a normal mode on F,,. We also argue about
the relation between a loop collective path and a formal RPAEQ (FRPAEQ). Consequently, it
can be proved that the usual perturbative method with respect to periodic collective variables n
and n* in TDHFT [25], is involved in the present method which aims for constructing TDHFT
on the affine KM algebra. It turns out that the collective submanifold is exactly a rotator
on a curved surface in the Gro,. If we could arrive successfully at our final goal of clarifying
relation between the SCFT and the soliton theory on a group, the present work may give us
important clues for description of large-amplitude collective motions in nuclei and molecules
and for construction of multi-dimensional soliton equations [61, 66] since the collective motions
usually occur in multi-dimensional loop space.

4.2 Construction of formal RPA equation on F,

We construct the FRPAEQ on Fi,. We put the following canonicity conditions which guarantee
the variables (e, €*) to be an orthogonally canonical coordinate system [6, 25, 32]:

(910.]9) £ (MU@GHOU@IM) = 3e*,  (310e-1) £ (MU (510U (§)| M) = —Le. (4.1)
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Previously we define the infinitesimal generators of the collective submanifold Xy and Xy
(3.51) in which the term C(§10,g) is proved to vanish. From these infinitesimal generators and
O (§]0e|G) — 0c(|Oex|G), we obtain the weak orthogonality condition

X X)) = 35 (000 W o+ 3 TH(0,07 ), (4.2)

a=1y=1reZ r€Z

where we have used (3.26) and (3.34).
As shown in [32], using Lax’s ideas [70] we recast (3.47) and D;g = F(§)g, and (3.51) into

Dig=F (@4, 3" =0,  F(g) = f(g"),

0.9 =0'(9)g,  0"(g) = 0"(") + 5"(9:¢)g
09 =0(3)g,  0(9) =0(3°) + §°(9e-8)g"" - . (4.3)
M
Upon introduction of E = Y €4(¢, €*), the canonicity condition (4.1) transforms into
a=1

(910cl9) = <§0|36|§ ) — 0 E -t = 6 —10.FE - t,
(3]0e+19) = (3°0e|°) — 10 E -t = —Le —i0-E - t. (4.4)

From (4.4), the weak orthogonality condition (4.2) is expressed as

1= 9e(1061g) — 9e(310e-19) = e (9°1061°%) — 0e(3°10ex13°) = (3°1[ X0 Xt (30)]19°)-

To satisfy integrability conditions for €, €* and t, curvatures obtained from (4.3) should vanish;

Cre L D01 () — i0.7(9) + [01(5), F(9)] = 0,
Cre L Dy0(§) — i0F () + [0(), F(§)] = 0,
Ceer 2 0.0(9) — i0-01(9) + [0(9),01(9)] = 0, (4.5)

and 0,§° = 0. Here D0 and D,0" are defined as
(D), = Dysby = (i0; + rwe)0y,  (D01), = Dyl = (i0; + rwe)0’,

The expressions for the curvatures on the quasi-particle frame (QPF) have the same form
as those of RPAEQs in the finite Fock space [50]. As mentioned before, the TDHFEQ on
the Fi leads to the RPAEQ if we take into account only a small fluctuation around a stationary
ground-state solution. The form of RPAEQ on the QPF has a following simple geometrical
interpretation: Relative vector fields made of the SCF Hamiltonian around each point on loop
pathes also take the form of RPAEQ around the same point which is in turn a fixed point in
the QPF. Thus, the curvature equation in the QPF is regarded as the FRPAEQ on the Gry.
Using (3.28), the canonical transformation for § is given by

N
Unral@) =D n—s)18(90) gac ",

s€EZ B=1

together with its hermitian conjugate. Owing to [50], (4.3) is rewritten on the above QPF as

~ N N N d ~ AN A
—Dig" = F(§)aped™s  F(G)|apr = 9T F(9)8,
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A A N R N d - AN A
—i0egt = 019" aped’s 0" lgpe = 9707 (9)9,
. N N N ~ d . AN A
—i0eg" = 00| td’, 0D |gpr = §70(9)3, (4.6)

“

The subscript “qpf” means the quasi-particle frame (QPF). For (4.5) we obtain also another
expression on this QPF as

(D407 — i0.F — (01, F])|ept = O, (D10 — i0s F — [0, F)) |t = 0,
(100 — 00" — [0, 01]) | ot = 0. (4.7)

Further, using (4.6) and the relation i0cF|qpt = i10:(4TF(§)§) = — [0, Fl|qpt + §1i0.F g, one can
rewrite equations in the first line of (4.7) as

D't — §1i0F (9)§ =0,  Dyblqpt — §1i0F(§)§ = 0. (4.8)
From (4.6) and (4.3), the infinitesimal operators are expressed as
07 (@) lapt = —i0eg" - § = e {0ck - £+ 07(5°)apr fe ", (4.9)

together with the same relation for 6(§")|qpr. We have also 07(§°T)|qpr = —i0:.6°T - §° and
0(3°7)|qpt = —i0c+§°T - ¢°. Then, from (4.8) we can derive the FRPAEQ on the Gry in the form

wel {015 o } + 0 — [8,01(3") e | — 19”107 (3%)5° = 0, (4.10)

To obtain an explicit expression for the last term of the L.h.s. of (4.10), we introduce an auxi-
. D A0 . -1
liary density matrix R = §°diag [ Iy ] §°t, where Ivev—n) 4 [ M 7 ]
N-M
The R is related to density matrix WasR=1-2W (f infinite-dimensional unit matrix).
Then, we obtain

i0W = —1g°{ —i0.g°" - QOTM@)(N—M) - fM@(N—M)(_iaegoT g0}t

9° [GT(QOT)‘qpf’fM@(N—M)]QOTa (4.11)

N[—= N

and we have used (4.9). Further we introduce the following quantities:

il & o d 0 —¢Y
9$T|qpf = [ 0 éo ] ) B:[|qpf = _%[eg”qpfv IM®(N7M)] = [ wo 0 )

Using these, we rewrite (4.11) as

Zaew = AOB\T’qprOT = Z(iaeWr)ZT,
reZ

. 0 —¢Y
0Wr = > aBL laptglT = > 9k [ 0 (bko_l_T } gt (4.12)
k,lcZ kIcZ k—l—r

Let a (a) and i (i) be 1,...,m hole-states and m + 1,..., N particle-states of the QPF,
respectively. Substituting the second equation of (4.12) into (3.39), for r # 0 we get

iae(fr)aﬁ = [O‘ﬁh/é] Z { (92)& (glOT)a,y (wl(g—l—r)m - (92)(5(1 (Q?T)iy (gbg—l—’r‘)ai }

kIEZ
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Thus, we can reach the desired form of the equation, part of the FRPAEQ on the Gro, (4.10),

; (goT . (96]:.@0>T _ Z 9O i0.Fiiir - g
k,IEZ

> [fé ¥ fj R ];zl; 7] Z (-tenr)
[ ( (

- . ki kl ki
klezZ, kleZ .
a

)
DI = w?/}-’)-(k-l)_r>—.__ i D| o
)

kL = KL/
|D| = . |D| ai <¢(E77)7(k71)7r a7

ia ail

i
Kkl 0 [kl —, Kl 0
[ ij g | \Wen-mo- )™ i PG CrE
Substituting the above result into (4.10), we can derive the FRPAEQ on Fi.
Finally we show the following equations to determine the collective submanifold and motion:

The canonicity condition (4.1):

o =2 () =[]

a=1 s€Z
The FRPAEQ (4.10):
Wl {07 (51 ot + + i0cé — [&,07(8°N)|qpr] — 10°TOF(§9)3° =0, G = §°e, e)e e,

Through constructions of the TDHFT and the FRPAEQ on F., the following become apparent:
The ordinary perturbative method for collective variables n and n* [25] is involved in the way of
construction of the TDHFT on the affine KM algebra if we restrict ourselves to su(N). When
the n and 1* are represented as n = v/Qe'?, we can always express

Z '77‘577 "0t = Z’Yr

r,sEL

on the Lie algebra if we put z = e’?. This means that the infinite-dimensional Lie algebra
in the SCFT is introduced in a natural way and is useful to study various motions of fermion

many-body systems.

4.3 Summary and discussions

FRPAEQ has been provided as a tool for truncating a collective submanifold with only one
normal mode out of an Gr,,. We have given a simple geometrical interpretation for FRPAEQ.
The collective submanifold is interpreted as a rotator on a curved surface in the Gro,. In Fj,
to study motions of finite fermion systems, it is manifestly natural and useful to introduce an
infinite-dimensional Lie algebra arising from anti-commutation relations among fermions. In
order to discuss the relation between TDHFT and soliton theory, we have given expressions for
TDHEFT on 7-FS along soliton theory. From the loop group viewpoint and with a clearer physical
picture, we have proposed a way of describing particle and collective motions in SCFT on Fi,
in relation to an iso-spectral equation in soliton theory. Then, SCFT on F' o, may be regarded
as soliton theory in the sense that it is based on the Gro, and may describe dynamics on an
infinite set of real fermion-harmonic oscillators. On the other hand, soliton theory describes
dynamics on complex fermion-harmonic oscillators. 1t is one of the most challenging problem
to extend real space su(N) to complex space si(N) in TDHFT on F,, together with removal
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of the restriction |z| = 1. Concerning the construction of soliton theory on multi-dimensional
space [61, 66], we have an interesting future problem that is to extend the Pliicker relation
(Hirota’s form) with only one circle to the case of multi-circles such that SCFM on F, can
describe dynamics of fermion systems in terms of multi-RPA bosons.

5 Infinite-dimensional KM algebraic approach to LM G model

5.1 Introduction

To go beyond the maximaly-decoupled method, we have aimed to construct an SCF theory,
i.e., v-HFT. In constructing the v-HF theory we must observe, however, the following two
different points between the maximaly-decoupled method and the v-HF SCFM (i) The former
is built on the finite-dimensional Lie algebra but the latter on the infinite-dimensional one.
(ii) The former has an SCF Hamiltonian consisting of a fermion one-body operator, which
is derived from a functional derivative of an expectaion value of a fermion Hamiltonian by
a ground-state wave function. The latter has a fermion Hamiltonian with a one-body type
operator brought artificially as an operator which maps states on a fermion Fock space into
corresponding ones on a 7-FS. Toward such an ultimate goal, the v-HFT has been reconstructed
on an affine KM algebra along the soliton theory, using infinite-dimensional fermion. An infinite-
dimensional fermion operator is introduced through a Laurent expansion of finite-dimensional
fermion operators with respect to degrees of freedom of the fermions related to a v-dependent
potential with a Y-periodicity. A bilinear equation for the v-HFT has been transcribed onto
the corresponding 7-function using the regular representation for the group and the Schur-
polynomials. The v-HF SCFM on an infinite-dimensional Fock space F, leads to a dynamics
on an infinite-dimensional Grassmannian Grs, and may describe more precisely such a dynamics
on the group manifold. A finite-dimensional Grassmannian is identified with a Gre, which is
affiliated with the group manifold obtained by reducting gl(co) to sl(N) and su(NN). We have
given explicit expressions for Laurent coefficients of soliton solutions for si(N) and su(N) on
the Gro using Chevalley bases for si(N) and su(N). As an illustration we make the v-HFT
approach to an infinite-dimensional matrix model extended from the finite-dimensional su(2)
LMG model and represent an infinite-dimensional matrix LMG model in terms of the Schur
polynomials.

5.2 Application to Lipkin—-Meshkov—Glick model

To show the usefulness of the infinite KM algebra and to avoid an unnecessary complication, we
apply it to a simple model, the LMG model consisting of N (= M) particles. Let us introduce the
LMG Hamiltonian which has two N-fold degenerate levels with energies %5 and — %5, respectively

H =Ky — V(K2 + K?).
The operators IA(O, K + and K_ are defined by

Ky = % ( E cgci — E cjlc,I) , K, = E czca = Ki, (5.1)
i=1 a=1

1=a=1

where the indices ¢ and a stand for particle-state and hole-state, respectively and satisfy the
SU(2) quasi-spin algebra

(Ko, Ki] = +Ky,  [Ky K_]=2K,.
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Then the S-det, |SY), in which the N particles fill the lower level, satisfies
¢|SNy=0, SNy =0 (i,a=1,2,...,N), K_|sV)=o.

We here use a notation [c!] denoting a 2N-dimensional row vector [c:;,cj] (1t = 1,2,...,N;

a=1,2,...,N). We introduce the following SU(2N) Thouless transformation:

U(g)[c*w*(g) =[cllg,  Ulg) = e¥Foea(Ks—K-)gieko

9= Sin g . ezé(d}_@) . 1N COS g %('@b‘i‘(ﬂ) 1N ’
9'g=g9" =1an,  detg=1, (5.2)

UlgU(g) =Ulgg), Ul H=U g =Ug), UQ)=L

The above SU(2N) matrix is essentially the direct sum of the SU(2) matrix. Any N-particle
S-det is constructed by the Thouless transformation of a reference S-det, |SV) (the Thouless
theorem) as

l9) = U(9)|SN) = (SN [U(9)|S™) explp exp(iv)) K4 ]|SV),
(SNU(g)[SN) = (cos &)Y, p=(pia) = tan (£) e - 1n, (5.3)

which is the CS rep of fermion state vector on the SU(2N) group [5].
The HF density matrix is given as

W= cos? %~ 1n %sinﬁe*w N
%sin@e“/’-lN sin2Q~1N

’L

= *IQN + cos b th + 3 Lsinfe éqn + fsmHe“ﬁng

where ng is a 2N-dimensional unit matrix and th, éon and ng are defined in the next
subsection. The usual HF energy (g|H|g) (= H[W]) is obtained as

H[W] = % [SinZ% co g X{2 sinfe” “Z’} X{%sin@eiw}ﬂ , X = (N-DV

The Fock operator F[W] (= §H[W]/dW™T), in the HF approximation is represented as

FW] = —82 1n —ax% sinfe¥ - 1y
B —5st1n06 Wy l-1N
= —fth — Xginhe¥én — X sinfe” W N (5.4)

5.3 Infinite-dimensional Lipkin—Meshkov—Glick model

Using (3.25), we introduce the following infinite-dimensional “particle”- and “hole”-annihilation
operators ¥y, for particle-state and 1,14 for hole-state, respectively, and a vacuum sta-
te | M):
YNrgs M) =0 (i=1,...,N, r>0), UNrta|M) =0 (a=1,...,N, r<0),
[M) =1bnr - p1|[Vac) (M = N).

Then the Ky and K. (5.1) are expressed in terms of the above infinite-dimensional operators
as follows:

Ko = > (%i@N) s UN(s—r)+a¥Nsts |
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N N
% Z <Z : Ql}]\[(s_r)""izizj}k\fs-‘ri C Z : d}N(S—r)—l—ad)}szJ,_a :) s

r,s€Z \i=1 a=1

N
[?-4- = Z (éQN)a,B : wN(s—r)+a¢}sz+ﬁ = Z Z : wN(S_T)+i1/)}<V5+a "

r,8EL r,s€Z i=a=1
N
K_ = Z (fZN)aﬂ : wN(s—r)—i-aw}kVﬁ»ﬁ = Z Z : wN(s—r)+a¢}kV5+i 5
r,5€Z r,s€Z a=i=1

and

K |M Z Z wN (s—r) +a¢Ns+z : | > 0 (5 > O)'

r,s€Z a=i=1

Let us introduce the following 2/N-dimensional dual elements of the direct sum of the algebra
sl(2,C) multiplied by z":

Ko(r) = $honz" =% [ v 0 } 2" = 3h(r),

Using the formulas in Appendix C, the T reps of the operators I?o and K. 1 are given, respectively,
in the following forms:

T(Ko) =T {Z Ko(r)} = Z <%E2N)aﬁ {eap(r)}

reZ reZ
= Z (%BZN)OCIB EN(s—r)+a,Ns+,(3 = Z (%hﬂv)aﬁ wN(s—r)—i—aq/)}kVS-s—/@a
r,SEZL r,SEZL
€aN
T(Ki) =7 {ZKi(T)} => <sz> ﬁT{eaﬂ(T)}
reZ rel @
62]\[) é2N *
= Z EN(S—T)+()£,NS+,6 = Z <A > wN(s—r)—&—aszJrL%
r,sEZL <f2N r,8SEL f2N af

from which we have the KM brackets among the operators Ko(r) and Ky (r). For detailed
calculations see Appendix F.

[Ko(r), Ko(s)ln = 3N10rrs0 ¢ [Ka(r), K ()l = 0,

[Ko(r), K+ (s)|lgy = £K£(r + 5), (K4 (), K—(s)lnm = 2Ko(r + 5) + Nrdris0 - c

Following Lepowsky and Wilson [71], we introduce the elements of sl(2,C) in the linear-
combination forms of ésn and fon:

<);:> = (é2v)apas(r) = (fan)apeas(r +1) = (f;:) €as,

af
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S 0 1In | , S 0 x| _
Xk_[le 0 ]z, Yk_[_le 0 ]z (k=2r+1),

the 2-cocycle o’s on a pair of the above elements read

1 1
X, = kbjt10, ——Yi, —Y; | = —kbp1i0,
1 1
—X,—Y =0 , —Y., —X; ) =90
a(ﬁ k \/N z> k+1,0 Oé<\/N k \/N l> k+1,0

(k=2r+1,1=2s+1).

For details see Appendix F. Then we have the following KM brackets and the map og:

1 1 1
Xk, Xz] = kdg41,0 - ¢ [Yk, Yl} = —kdp110 - ¢,
[\/ VN lxum KM

VN U VN

ey e -t (R

ks f k4l + Okt1,0 ° G
VN VN km \ﬁ\ﬁ

1 0 1

0K - ﬁXk - 67,; 0K - ﬁyk — ky,
1 1 0

OK : \/—NX_;C — kxy, OK : —NY_k — 8—%

Then \/L%Ko(r), \/%Xk (k=2r+1) and \/—INYk (k = 2r 4 1) are clearly an infinite-dimensional

HeiAsenberg subalgebra of the KM algebra sl (2,C). We also introduce the element in the form
of hon as

A ~ _ “1y 0
Yar = ((—han)apeas(r)) = (Yar)apeas; Yor = { ON Iy ] -

5.4 Representation of infinite-dimensional LM G model
in terms of Schur polynomials

The expressions for the operators IA(O and I?i (5.1) in terms of the operators ﬁX 241, T]'NYQT_A'_l

and \/—INYQT and the expressions for the map ox for the operators ﬁX%H and ﬁX_(QT_A'_l)
are given as follows:

Ko=Y Ko(r) = Z \/» Yor,

reZ rez

(5)-2 - 7 S (G )
1 0 )

og: ——X P —— o : ——X_
K VN 2r+1_)8$2r+1 K VN (@r+1)

Consequently we can obtain important sum-rules for the operators Ys,1 and Y3, as

Yo, Sor(2) Sopi1(2
22( 2 )_Z<527«2+1:2Ex>2828 —20) +Z<2H x>2528+1 —20)

Y-
2r+l >0 $>0 >0

— (2r+ a1 (r>0). (5.5)

j:e m=0

o[

o0 o0
2 z -2 S R — -2 x 2 L0
{6 mzz:o 2m+le nz::O 2n+1 9z2p 41 Z 2m+1 Z 201 9o 41 ,
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2
(22 Y2r+1> =1

reZ

X X1 ) = S 2
42 T2m+1 742 2n+1 Oz 742 T2m+1 42 2n+1 812n+1

e m=0 e n=0 2n+l [ m=0 e n=0 — 2] 5 (57)

where we have used the relation

SQn(x) =1 ex 3 x ex — N T T = n
nZZ;) <S2n+1(95)> a 2{ P <27LZ:% 2”“) + p( 2;::0 2n+1>} (x2, =0, n>1),

which is derived from the definition of the Schur polynomial Si(x) in Appendix D. Further we
have an expression for a quadratic operator Ki + K? as

2 2
0 ~, N 1 1 N 1 1
K2 + K2 == (X +—Y- > + = (X Y- >
+ i {Z VAR Rea) § G PP S i e

rEZ
2 2
r Yar . (5.8)
S en) + (2 )

Finally from (5.5), (5.6), (5.7) and (5.8) we get an expression for the LMG Hamiltonian as

oV s
H = cRo— 5 (R2+K2)

VN e 1 VN 1 ’ ;
= —67 Z ﬁYQT — 55 (Z \/NXQTJrI) <Z f}éT+1)

reZ
1 ) VN | 0 &= 0
= —- 2 2 - ——
4eexp ( mz:OTL'Qm-&-1> €xp ( Z on +1 a$2n+1> 2 92 Z 6$2m+1 nz:;) a$2n+1
o o oo [o.¢] a
2n+ 1)z + 2n+ 1)z
Z axgmﬂ 7;)( )Zan+1 mfo( )T2mt1 Z OTami1
o oo V
mz (2m + 1)xzom+1 Z 8x2n+1 + mz_o (2m + 1)xom+1 HZO (2n 4+ 1D)xopy1| + 33
1% = =1 )
— 4
6 {exp mz:OCCQm-H exp ( Z: o+ 1 aanH)
8
—exp | —4 Tom+1 | €xp 4 (5.9)

5.5 Infinite-dimensional representation of SU(2NN), transformation

We prepare operators IA(O(QD), IA(O(w) and K (0) to generate an infinite-dimensional representa-
tion of an SU(2N ) transformation-matrix. First we give Ko(¢) and Ko(v)) as

I?O <ZZ) - Z {< ¢r> h2N}aﬂ : I'Z}N(S_T)""Oéw?\fs-i-ﬂ :

r,SEL
= Z (_907’) Tr |: %1N 10 :| |: : I/JN(sfr)+iw7Vs+j - wN(S*T)+i¢7V8+b : :|
e \Yr 0  —sly PUN(s—r)ra¥Nstg 1P UNGs—r) v s |

N
- % Z < W ) {Z ¢N(5 7")+1¢Ns+z F Z : ¢N(s—r)+a¢}k\/s+a :} )
=1 a=1

r,SEL r
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adjoint actions of which for ¢ny1q and ¥y, are computed as

[f(o(so(w)), <ri+“)] = Unposps { (:ZEZ;) %EQN}M :

w?\/ﬂ—a

SEZL
Then the infinite-dimensional fermion operator 1/JNT+O[(§(:Z)) is transformed into
<¢1Vr+a(.?(:z))> ] U3(e) (Q’bi\[”a(‘?@))) U’l(g(w)) _ iRo(%) <¢ivr+a(?(i)))eu?o(;ﬁ)
@DNHQ(Q(QZ)) ¢ %Z)NTJFQ(Q(i)) B wNT*"‘(g(i))

_ i) 3hen

T/JN(rfs)m(g(is)) g(;zz)
= s ) o\ 15 . (5.10)
SEZZ (¢7V(r—s)+ﬁ(g(iz))>ﬁa < gzi:) — ez(ws>§h2N )

In a similar way as the above we also give K (0) as

~

K+(0) = Ki(@) = Z (_eréZN)alg : ¢N(sfr)+aw}k\fs+ﬁ :

r,SEZL
o _ 0 0 : wN(s—r)—i—iw}kverj R ¢N(s—r)+i¢}kvs+b :
— Z (—60,) Tr ) A
el In 0 : wN(sfr)Jrad}Ns_H’ s wN(sfr)Jraq/)Ns_H) :
N
= Z (_97") Z : ¢N(sfr)+iw}k\fs+a 5
r,SEZL i=a=1

and from (I.2) adjoint actions of which for 1, are given as

[(?EZ;) : ¢Nr+a] =Y UN(s-ris <__9962V> L =0

SEL
Then the transformed infinite-dimensional fermion operator ¥n,1+4(gg) is transformed into
ri—&-oz(gH) = U(Q@)ri-&-aU_l(g@) = e%{K-‘r(e)iK_(0)}¢N7‘+a€7%{K+(9)7K_(9)}
1 o — £ —
=Y UNG—s)+8(90.)5a,  go, = 2NV, (5.11)
SEZL

The whole transformation of the infinite-dimensional fermion operator ¥n,14(g) is given as
Unr+al§) = UGe)U(96)U (9)0Nr+aU " (90)U 1 (90)U " (g4)

= U(3y) Y _U(30)¥n(—s)+5U " (90)U " (90)(9p.) o
SEZ

= > U@)¥n(—s-t)t+U " (99)(98.)45(95.) e
S,tEZL

= Z wN(r—s—t—u)—‘ré (g'l/)u )57 (get )’yﬁ (94,05 )Ba
St UEZL

= Z 2[)N('I‘—s—t—u)—‘,—[3(.gu,t,s),ﬂoz- (512)
S,t,UEZ

The block matrix g, s of an SU(2N )y transformation-matrix is given by (I1.5). For simplicity,
in the sum over u and ¢ of (5.12), we pick up only the term u = s and ¢t = —s, then we have
a simple transformation of the infinite-dimensional fermion operator ¥)n,+4(§) as

VYNr+alg) = Z VN (r—s)+5(9s) Bas

SEZL
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| cos (%S) — L (stes) | 1y —sin (%S) e_%'(%_%) Ay
9s sin (%) %( s—Ps) | 1N cos (95) 6%(¢S+¢S) ‘ 1N .

5.6 Representation of infinite-dimensional HF Hamiltonian
in terms of Schur polynomials

Using the T rep of (5.4) and (5.5), an infinite-dimensional HF Hamiltonian for the LMG model
is represented in terms of the Schur polynomials as

FW]=-)" [E%(BQN)M +ex 2 sin0e' (Ean)ap + X sinfe( fZN)aﬁ} {eas(r)}
re€Z
=— Z |:€KQ +exssin0eV K (r) + exs sinfe Y K_ (r)}
reZ
_\F copl( i =i 1 s opl (i =i 1
= Z; { T Yor — exsinf3 (e + e )WXQT-Fl —exsinf3 (e —e “/’)WYWH]
re
_ 11 {62 m§0x2m+1672n§0ﬁ7812i+1 N 672m2:0x2m+162n2::oﬁr;-&-l }
= 2%7
1 .
—sexsind - cosyp
2 TEZZ 8332r+1
25 oyt 2% plogt— -2 5 o QEn Ty
—%Exsine-isinwi {e o +1e nzo 2l 9mamyr o T, 2 He o InF1 Doz g1 ,

the second line of which has a form very similar to the Hamiltonian given by Mansfield [72].
The HF density matrix for the LMG model is also represented in terms of Ky(r) and K4 (r) as

=% [coseé(ﬁw)aﬁ + Lsin 0™ (égn )ap + & sin O™ ( fQN)aﬁ] {eas(r)}
reZ

= Z [cos 0Ko(r) + sin fe WK (r) + 3 sin BV K (r)] ,
reZ

The infinite-dimensional HF operator for the LMG model Hp_.nr(z, 590, g), corresponding to
(3.60), is expressed in terms of Zon(s—y)+a2Ns+8(2,0z) (o, =1,2,...,N,N +1,...,2N) as

Hp.oaie(2.95.9) = 3 {FWI() ] Zonteoryraaners(@. 5)

r,SEZL
- —erh(r) — evi sinfe?e(r) — eyt sin e f P .
€5 ( ) EX3smve 6(7‘) EX3smbe f(’l”) ZQN(sfr)+a,2Ns+,3(x7 x)
r,SEZ ap
N 2N ~
= Z [ Z (s—r)+a, 2Ns+a(l‘ 8 ) 28 Z zQN(s—r)—&—a,QNs—l—a(SUa aﬂﬁ)
r,8€EZL a=N+1

N
—fsxsmee Z (s— r+a2Ns+a+N( ,O0z)
a=1

N
—%EX sin fe~"¥ Z ZQN(S—T)+a+N,2Ns+a(337 8:1:)] 2", (5.13)

a=1
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in which the explicit form of Zon(s—r)4a,2ns+3(7 596) is given by (3.53). For example, the first

term in the last line of (5.13), picking up only the first order in Si(—0,) and Sk (), is given as

z2N(s—r)—i—oz,2]\fs-|—oz—‘,—N ('T7 533) = SQN(S—T)+a+k+1—N(x)S—QNS—Oé—k(_x)Sl (—5I)

+ Son(s—r)+atk—nN(T)S—aNs—a—kt1(—2)S1(0z) + -

+ S2N(s—'r)+a+k (:U)S—QNs—a—k(*l‘)SN(*ax)

+ Son(s—r)+atk—nN(T)S—aNs—a—kt N (—T)SN(Oz) + -+ - . (5.14)
On the other hand, from (3.57), we have first leading terms of the 7-function, Tp=n(z, g),
for the LMG model with indices of the Pliicker coordinates, ipy = N, N + 1,..., ipj—1 =
N —1,...,71 =1 and etc., in the following form:
So(a}> Sl({L') SQ(JZ) ce SN_l({L')
r(e,g) = NN gy der| 0 S0 S S )
0 0 0 oo So(x)
_ S S <o Sy_
PN (| 0 SO SIS
0 0 0 <o Sp(x)
N,N—1,....1 N,N—1,.1

=unN-1.19) F NN 1(9) (Si(@) + -+ Sn(a)) + -+

= (cos g)N e~ sN@W+e) 4 (cos g)f\H e s(N=1)(W+¢) (sin 9) o3 (—9)

X (Si(z) +---+Sn(x)) +---. (5.15)

The v-dependent HF equation (3.59), i0,7n{z, §(v)} = Hp,_ur{z, B, ()} {z, G(v)}, on the
7n(x, g(v)) may be expected to give a new v-dependent HF solution, where the v-dependent
HF operator is given by (5.13) and (5.14) and the 7-function is provided by (5.15).

5.7 Summary and discussions

In the preceding section, for the LMG model we have an approximate HF operator and a 7-
function up to the first order in Si(—0.), Sk(0z), Sk(z) and Sk(—z) which should satisfy the
v-dependent HF equation. Then, we meet inevitably with an interesting and exciting problem
of solving the v-dependent HF equation on the 7n(x, g(v)). After determining HF parameters 6
and 1 self-consistently, a further study should be made to obtain a soliton solution derived
from a v-dependent Hirota’s bilinear equation regarding v as time t and relationship between
a collective motion and the soliton solution. Such attractive problems have not been treated yet
and just begin to open.

Here, we will recur to the representation of the infinite-dimensional LMG model. In the
previous section, we already have obtained the expression for the LMG Hamiltonian (5.9) in
which, however, the commutator term in the first term in the forth line of the equation brings

an anomaly (an infinitely divergent result) for us, as shown below,

Z 9 ,2(271 + Dzopt1 | = Z(Qn +1) = o0 (anomaly).

m=0 n=0 n=0

ax?erl

For the present, we ought to discard this anomalous term to construct the anomaly-free infinite-
dimensional LMG model.
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Finally, we will point out the possibility of the extension of the present algebra si(2,C) to

the affine Lie algebra Agl). Corresponding to an extension of the adopted simple LMG model
to the so-called coupled LMG model [73, 74], we have a very interesting problem of constructing

an Agl) LMG model for which the idea given in the paper [51] is considered to be very suggestive
(1)

and useful. According to [51], we can choose the Chevalley basis for A;"’ as follows:
hl = [617f1]7 h2: [627f2]7
er = Z V142,03, e = Z%uwﬁgw
vEZ vEZ
= Z ¢2u¢j1+2w f2 = Z 1/}1+2V1/}§w
VEZ VEZL

in which the total Hamiltonian of the coupled-LMG system is composed of two LMG model
Hamitonians H; = H; (K1 05 K1 i) and Hy = Hy (Kg 05 Kg i) and an interaction term K1 +K2 _

—I—IA(Q;JFIAQ;,. We will discuss the above Ag ) LMG model elsewhere using the present infinite-
dimensional SCF method in 7-functional space on Fi.

6 Summary and future problems

In Section 1, from algebro-geometric viewpoint, we have given a brief history of microscopic
understanding of theoretical nuclear physics. It is summarized that we seek for an optimal
coordinate-system describing dynamics on a group manifold based on a Lie algebra of fermion
pairs. The TDHF/TDHB are nonlinear dynamics owing to their SCF characters. Seeking for
collective coordinates in a fully parametrized dynamical system is exactly finding a symmetry of
an evolution equation in nonlinear dynamics. In differential geometrical approaches for nonlinear
problems, the integrability conditions are stated as the zero curvature of connection on the
corresponding Lie groups of systems. Nonlinear evolution equations, e.g., the famous KdV and
sine/sinh-Gordan equations and etc., come from the well-known Lax equation [70] which arises
as the zero curvature [29]. These soliton equations describe motions of the tangent space of local
gauge fields on a time ¢ and a space x, which are Lie group/algebra-valued-equations arising
from the integrability condition of gauge field with respect to ¢ and . In the TDHFT/TDHBT,
the corresponding Lie groups are unitary transformation groups of their ortho-normal bases
dependent on ¢ but not on z.

In Section 2, along the Lax form for integrable systems, we have studied essential curvature
equations to extract collective submanifolds out of the full TDHF/TDHB manifold and shown
the following:

(i) Expectation values of the zero curvatures for a state function become a set of equations of
motion, imposing weak orthogonal conditions among infinitesimal generators, i.e., equations for
tangent vector fields on the group submanifold. Those of non-zero curvatures become gradients
of a potential arising from a residual Hamiltonian along collective variables. These quantities
are expected to give a criterion how the collective submanifold is truncated well.

(ii) The zero-curvature equation in QPF is nothing but the FRPAEQ imposed by the weak
orthogonal conditions and has a simple geometrical interpretation: Relative vector fields made
of the SCF Hamiltonian around each point on an integral curve constitute solutions for the
FRPA around the same point which is in turn a fixed point in QPF. It means the FRPA is
a natural extension of the usual RPA for small-amplitude fluctuations around a ground state to
RPA at any point on the collective submanifold. The enveloping curve, made of a solution of
the FRPA at each point on an integral curve, becomes another integral curve. The integrability
condition is the infinitesimal condition to transfer a solution to another solution for the evolution
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equation. Then the usual RPAEQ becomes nothing but a method of determining an infinitesimal
transformation of symmetry if fluctuating fields are composed of only normal modes.

In Section 3, to go beyond a perturbative method with respect to collective variables to ex-
tract large-amplitude collective motions, we have studied an algebro-geometric relation between
SCFM and 7-FM, method of constructing integrable equations (Hirota’s equations) in soliton
theory. At the beginning, descriptions of dynamical fermion systems in both the methods had
looked very different manners at first glance. In abstract fermion Fock spaces, each solution
space of dynamics in both the methods is the corresponding Grassmannian. There is, however,
a difference between finite-dimensional and infinite-dimensional fermion systems. In spite of
such a difference, we have aimed at closely connecting the concept of mean-field potential with
gauge of fermions and at making a role of loop group clear and consequently we have shown the
relation between both the methods:

(i) The Pliicker relation on the coset variable becomes analogous to the Hirota’s bilinear form.
The SCFM has been mainly devoted to the construction of boson-coordinate systems rather
than to the construction of soliton solution by the 7-FM. It turns out that both the methods
are equivalent with each other from the viewpoint of the Pliicker relation or the bilinear identity
equation defining Grassmannian.

(ii) The infinite-dimensional fermion operators are introduced through Laurent expansion
of the finite-dimensional fermions with respect to degrees of freedom of fermions related to
a v dependent mean-field potential. Inversely, the mean-field potential is attributed to gauges
of cooperating infinite-dimensional fermions. The construction of fermion operators can be
contained in that of a Clifford algebra. This fact permits us to introduce an affine KM algebra.
It means that the usual perturbative method with respect to collective variables with time
periodicity has implicitly stood on a Gro,. Then we rebuilt the v-HFT with the use of the
affine KM algebra and map it to the corresponding 7-functional space. As a result, the v-HFT
becomes a gauge theory of fermions and the collective motion appears as the motion of fermion
gauges with a common factor. The physical concept of quasi-particle and vacuum in the SCFM
on S! is connected with the Pliicker relations. Extracting sub-group orbits consisting of loop
paths out of the Grjs is just the formation of the Hirota’s bilinear equation for the reduced KP
hierarchy to su(N) (C sl(N)). The present theory gives the manifest structure of gauge theory
of fermions inherent in SCFM and provides a new algebraic tool for microscopic understanding
of the fermion many-body system.

(iii) Through the investigation of physical meanings for the infinite-dimensional shift oper-
ators and the conditions of reduction to sl(N) in 7-FM from the loop group viewpoint, it is
induced that there is the close connection between collective variables and spectral parameter
in soliton theory and that the algebraic mechanism bringing the physical concept of particle
and collective motions arises from the reduction from u(N) to su(N) for the v-dependent HF
Hamiltonian.

(iv) It must be stressed that though the v-HFT describes a dynamics on real fermion-
harmonic oscillators, the soliton theory does on complex fermion-harmonic oscillators. This
suggests us an important task to extend the v-HFT on real space su(N) to that on complex
space gl(N ). It gives us a deeper understanding of the concept of quasi-particle energies and
boson ones, in other words, independent particles and mean-field potential, in a microscopic
treatment. Recently Wiegmann et al. have developed an approach in which the theory of classi-
cal integrable systems is applied to studies of 1D-fermion systems and the so-called orthogonality
catastrophe in a Fermi gas. They have introduced a boundary condition changing operator [75]
but have made no map o @ : ¥} 1 Zij(x, d,) (3.53) contrary to the present v-HFT.

In Section 4, we have given a geometrical aspect of RPAEQ [50, 69] and an explicit expression
for the RPAEQ with a normal mode on F,. We also have argued about the relation between
a loop collective path and a FRPAEQ. Consequently, the usual perturbative method is shown to
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be involved in the present method which aims for constructing TDHF'T on the affine KM algebra.
It turns out that the collective submanifold is interpreted as a rotator on a curved surface
in the Gro,. The present theory may lead to multi-circles occurring multiple parameterized
collective motions. If we could arrive successfully at such a final goal, the present work may give
us important clues for description of large-amplitude collective motions in nuclei and molecules
and for construction of multi-dimensional soliton equations [61, 66] since the collective motions
usually occur in multi-dimensional loop space.

In Section 5, as an illustration we have attempted to make a v-HFT approach to an infinite-
dimensional matrix model extended from the finite-dimensional su(2) LMG model [42]. For
this aim, we have given an affine KM algebra sl (2,C) (complexification of su(2)) to which the
LMG generators subject and their T representations and the ox mappings for them. Further
we have introduced infinite-dimensional “particle” and “hole” operators and operators IA(O and
IA(i defined by the infinite-dimensional “particle-hole” pair operators. Using these operators,
we have constructed the infinite-dimensional Heisenberg subalgebra of the affine KM algebra
sl (2,C). Thus the LMG Hamiltonian and its HF Hamiltonian have been represented in terms
of the Heisenberg basic-elements whose representations are isomorphic to those in the corre-
sponding boson space. They have been expressed in terms of infinite numbers of the variables
xy and the derivatives 0, through the Schur polynomials Si(x). Further we have obtained an
approximate HF operator and a 7-function up to the first order in Si(—95), Sk(y), Sk(z) and
Sk(—x)

In Appendices, we have given the infinite-dimensional representation of SU (2N )., transfor-
mation of the “particle” and “hole” operators. The expression for T rep of (Y_(2i+1) + Yo +1)),
L€y 9Y_ g5 1)+Y (2i41) (z) has been first given in terms of the Bessel functions. We have also shown
an explicit expression for Pliiker coordinate and calculated a quantity, det(1y + pr), in terms
of the Schur polynomials.

Finally intimate relation of SCF'T to soliton theory has been shown to come from ways of
constructing a closed system of solution spaces. The ordinary SCFM has been almost devoted
to approach cooperative phenomena in finite fermion systems. We must contrive construction
of the optimal coordinate-system on the group manifold. For this purpose the relation between
the boson expansion method for finite fermion systems and the 7-FM for infinite ones should
be intensively investigated to clarify algebro-geometric structures of integrable systems. Such
algebro-geometric approach will make a bridge between finite fermion systems and infinite ones.
Various physical concepts and mathematical methods will work well also in the infinite ones.
The SCFM based on global symmetry should be much improved noticing local symmetry of the
infinite ones and then may open a new area in vigorous pursuit of wider fields of physics.

We have many future problems in connection with the above discussions, which are itemized
as follows:

(i) To study the relation between the quantity of non-zero curvature and the collectivity: It is
interesting to study the relation using the simple LMG model, which leads to an investigation of
the effective condition for the collective submanifold extracted by the zero-curvature equation.
Temporarily digressing from the integrability condition, adopting the Bethe anzatz (BA) we
have obtained exact solutions for the LMG model solving the BA equation [76]. Contrary
to Pan and Draayer’s work [63] and our previous works [77], we do not use any bosonization
nor infinite-dimensional techniques and hence have no restrictions on interaction-strengths of
LMG Hamiltonian. Considering the advantage of the integrability condition, the famous Gaudin
model plays an important role to solve effectively the BA equation [78]. From the loop group
viewpoint, as shown by Sklyanin, with the use of the exactly-solvable Gaudin model obeying the
Gaudin algebra, an exponential generating function of correlators is obtained from the Gauss
decomposition for si(2, C') loop algebra, which gives correlators including the Richardson-Gaudin
determinant formula for the Bethe eigen-function [79]. A generalization of the Gaudin algebra is
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given by Ortiz et al. [80]. These works may have an intimate relation with our recent work [35]
and the present work.

(ii) To clarify the explicit relation between spectral parameter and collective variable and
the physical concept of the geometrical connection: The spectral parameter of the iso-spectral
equation in soliton theory and the collective variable in SCFM, though showing different aspects
at a glance, work as scaling parameters on S'. The former relates to a scaling by analytical
continuation of S', i.e., z. The latter makes roles of deformation parameters of loop paths
in Gr M-

(iii) To study the relation between weak boson operators and boson mapping operators, i.e.,
the shift operators in 7-FM: The generators for collective variables in Fi, can never take exact
boson commutation relations because of the finite-dimensional matrices.

(iv) To study a relation hidden behind gauge of state functions and construction of fermion
pairs: In the usual algebraic treatment of fermion many-body systems, we assign an abstract
number to each of the set of quantal numbers and let their fermions make the Lie algebras
(u(N), so(2N), so(2N + 1) and etc.). For the pair-constructions we have an interpreta-
tion as classifications of Laurent spectra in the infinite-dimensional fermions, although we did
not manifestly state. On the other hand, as well known, electron spin can be described as
a geometrical phase of gauge with the help of Mdbius band. Then we inversely start from
fermions with the abstract numbers and through any way we could return to the original
fermions with the physical quantal numbers. We think it not so wrong to attempt to under-
stand quantal numbers as the geometrical attribute of the Grassmannian made of the abstract
fermions.

(v) To establish mathematical tools to obtain subgroup-orbits of loop paths in Grjs, basing
on the Pliicker relations on S', i.e., soliton equations. This problem is most fundamental to
solve the new theory: For this aim we must know sub-group orbits or corresponding sub-Lie
algebras and establish mathematical tools to extract them out of Grjs. In this concern, we are
intensively interested in the algebraic mechanism for spontaneous decision of a fixed point and
a collective submanifold around the point.

(vi) To study a relation between nonlinear superposition principle in soliton theory and
generator coordinate method (GCM) in SCFM: The GCM may provide a superposition principle
on a nonlinear space [81, 16]. Standing on the viewpoint of local symmetry of infinite fermion
systems behind global symmetry of finite ones, we might reconstructed the GCM and nonlinear
superposition methods using the infinite-dimensional shift operators. What relation does exist
between the construction of exact solutions based on the idea of the imbricate series in soliton
equations [82] and resonating mean-field theories [83]7

(vii) To study why soliton solutions for classical wave equations show fermion-like behaviours
in quantum dynamics and about what symmetries are hidden in soliton equations. To both
the questions suggested by Tajiri et al., we cannot give a satisfactory answer yet within the
present framework. Because both the methods are a priori based on the fermion system from
the outset. That is to say: SCFM describes a quasi classical dynamics on Grassmannian (S-
det orbit) which is induced owing to the anti-commutative property of fermions. On the other
hand, 7-FM also uses the fermions to explain Grassmannian of solution space which reflects the
fermion-like behaviours of soliton solutions. Therefore we should study further why extraction
of soliton equations out of classical wave equations brings out Grassmannian. In the reductive
perturbation method [84], soliton equations appear as the symmetry space in a classical wave
equation with respect to a transformation and a scaling transformation with a common parame-
ter for independent and dependent variables. We can see a relation between the power exponents
of the parameter and the degree of shift operators. At any point on extracting way of soliton
equations from classical wave equations did we introduce the “anti-commutative character”, in
other words, did we introduce the structure of Grassmannian?
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A Coset variables

Following [16], let us introduce the triangular matrix functions S(¢), C(¢) and C(¢) defined as

1
S(€) = (Sia(Q)) = kzo(—l)kMC(CTC)k,
C(¢) = (Cap(¢)) = 1nr + Z CTC) cr(Q),
C(¢) = (Ci(¢) = In-m + Z CCT) c1(Q),

which have the properties analogous to the usual triangular functions

C?(Q)+STOS) =1, CHO+SQSNQ) =1n—nr,  SQOCC) =C(Q)S(Q).

Then the matrix p in (3.3) is defined as p = (pia) = S(C)C~1(¢). The matrix g in (3.3) is
decomposed as g = g¢ gy using the matrices given below

(2 ] O[T w3 2]

7 0
w:en’ 7]]:6777 //:|:T] —:|7 Tzia 7T:77a
Y 0 7 n n n n
where (¢ is a (N — M) x M matrix ((,) and n and 77 are M x M and (N — M) x (N — M)
anti-hermitian matrices (745) and (7;;), respectively. The indices ¢ and a denote unoccupied
(M +1 ~ N) states and occupied (1~ M) states, respectively.

B Properties of the differential operator e;, acting on ® s

Let us introduce a differential operator and a function corresponding to the so-called particle-
hole operator and the free particle vacuum in the physical fermion space, respectively as

v d 0 0 ;0
Cia — — psz]aa ap a ’

e (p,p*,7) = [det(l +pr)] 27, (B.1)

By using the formula for the differential of a determinant, we can easily calculate as

1 1

) 1 . B B
3y, detl +p'p)] 72 = —1p [(1+p'p) ! [det (1 + p'p)] 2,
J

1 =

o ldet(1+ ) = ~Lpual(1+ p1p) anldet(1 4 p1p)] (B:2)

[un

where a~! denotes an inverse matrix of a. Then from equations (B.1) and (B.2) we get
e = {%pibpja i+ )T + tpial(1+ ') Maa + %pm} Dprar
=1 [{p(l +p'p) 1+ pfp) e + %pm} D ar s = Pia® s,

* *
€iaPjb = —DibPja + Djb€iq-

Thus we can prove
i@y = Pia®us 0, [€ia> Pjb] = —DPibDja-

These are just the relation given in the first line of (3.11). The other relations in (3.11) can be
proved in a similar manner [37].
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C Affine Kac—Moody algebra

According to Kac and Raina [49], let gl(N) be the Lie algebra of all N x N matrices with complex
entries acting in CV and let Clz, 271] be the ring of Laurent polynomials in indeterminate z
and z~!. The loop algebra [36] gl(N)(Du(N)) is defined as gl(N)(Clz, 27 1]) (Du(N)(C[z, z71])),
i.e., as the complex Lie algebra of N x N matrices with Laurent polynomials as entries. An
element of gl(N) is given in the form

a(z) = erar (ar € gl(N)). (C.1)

reZ
As was pointed out by Kac and Raina, we regard the fermion pair- and single-operators as

cheg o cas

ol

«

(1<a, B<N),
—u, (1<a<N), Ca—ul (1<a<N),

where the matrix elements e, are equal to 1 in the (a, ) entry and 0 elsewhere. The matrix
elements e, 3 form a basis of gl(NN). The components of N x 1 column vectors u, are equal to 1
in the a-th row and 0 elsewhere. They span the vector space C"V in which the gl(N) acts. The
symbol T means the transpose of a vector or a matrix. The matrices e,g(r) 4 2"eqp constitute

a basis of gl(N). The loop algebra gl(N) acts in the vector space C[z, 71| consisting of N x1

column vectors with the Laurent polynomials in z and z~! as entries. The Lie bracket on gl(N)
is the commutator

leas(T), e45(5)] = 0gyeas(r + 5) — daseyp(r + s). (C.2)
The vectors defined as

__ T * _ T r
UNr4a = 2  Ua, I/N'r‘+a = Uy 2,

also form a basis of the vector space Clz, 2~ !]" indexed by Z and its dual space. The {v; |i =
Nr 4+« € Z} is given by the column vector with 1 as the i-th row and 0 elsewhere. Thus it is
possible to identify C[z, 2] with C*. The relation e,g(r)Vnsig = VN (s—r)+a is casily derived.

For a(z) € gl(N) we denote the corresponding matrix in @s by T{a(z)}. Then we deduce
a matrix representation for T{e,g(r)} in G as

T{eaﬁ(r)} = Z EN(s—T)+a,Ns+B' (03)
sEZ

Ei; (i,j € Z) have 1 as the (i,7) entry and 0 elsewhere and form a gls. Suppose a bigger
algebra @

Aoo = {(aij) |Z,j €7, Qi = 0 for |Z — ]| > N} (C4)

There exists such an N satisfying the above condition. The corresponding matrix of the a(z)
in (C.1) in @ has an infinite N periodic sequence of block form

a_1 aq al .
T{a(z)} = a_—1 ag al . (C5)

a_1 ag ai
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We regard (C.5) as a representation of the matrix @, in which elements on each diagonal parallel
to the principal diagonal form a periodic sequence with period N. Let X (k) = 2*X (X € gl(N))
be an element of gl(N). Define an antilinear anti-involution w on gl(N) by w[X (k)] = 2 *XT.
Then in the @y we get T{w[X (k)]} = TH{X(k)}.

Using the fundamental idea of the Dirac theory [40], we define the vacuum state in which
the state labeled by the “Laurent spectrum” with positive energy is empty but all the negative
energy states labeled by the “Laurent spectra” are occupied. Denoting an exterior product of
vectors as A, a perfect vacuum Vg and a reference vacuum W,; are expressed as

Ug=1vgAV_1 AV_g N+, Uy =vpm Avp—1 ANUpr—o A

Let the space V' = @;ezCr; and its dual V* = @©;ezCr; be an infinite-dimensional complex
space with a basis {v;, v |4, j € Z} giving a linear functional v on V' by v} (v;) = d;5 (i,7 € Z).
Each v € V and v* € V* defines a wedging operator U and a contracting operator v* on the Fu
as

D(Viy, NVig N-+-) =V AV, ANVig A=+
VF(Vig Avig A -++) = U5 (Vi Wig A Vig AViy Ao — V5 (Vig Wiy A Vig AUy A -+
+ V*(l/i3)Vi1 NVjg NVjy N--- . (CG)

Then the operators {7;, V}* |i,j € Z} generate a Clifford algebra

{vroy =06, {v;viy ={m,v) =0. (C.7)

Thus the anti-commutation relations lead us to the identification of the new fermion annhilation-
creation operators (3.23) with the present operators at a pointwise z with |z| =1 as

1”(\/7’—&—04 = lp}k\fr-l—oz’ ri—&—oz = ﬁN'H-Oé' (08)

Using the above identification, the corresponding perfect vacuum and reference vacuum, it can
be shown that

U, — |Vac), Wpr = | M) = ar-- -1 Vac),
wNT+O‘|VaC> =0, <Vac|¢7\/r+a =0 (T < —1)7
w}k\/r+a|vac> = 07 <Vac|ri+a =0 (7' > 0)

From (C.3), (C.6), (C.8) and the Clifford algebra (C.7) we obtain representations

T{eaﬁ(r)} = Z EN(S—T)—I—a,Ns—}—B = Z ﬁN(s—r)—l—ozﬂ]*Vs—s—ﬁ = Z ¢N(s—r)+a¢}k\fs+ﬁ' (Cg)
SEZ SEL SEZL

Construction of the SCFM on the infinite-dimensional Fock space is an interesting illustrative
problem in order to clarify an algebraic structure among the original fermionic field, the vacuum
field defined in the SCF potential and the bosonic field associated with Laurent spectra.

It is well known that the operator of (C.9) acting in the F, has in general an “anomaly”.
To avoid the “anomaly”, we had better use either of the normal-ordered products given below

d
: ENT+&,Ns+ﬂ = ENT+a,Ns+ﬂ - 60(,657“5 (3 < 0)7
~ . d . .
ONrtalNstg = UNrtaVNsig — 0aplrs (s <0),

* d *
: wNT+a¢Ns+ﬂ = ¢N7‘+O¢¢Ns+ﬂ - 5aﬁ5rs (3 < O) (010)
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We define important shift operators A; and A_; (j € Z4) in the soliton theory on a group as

[0 1 o o071’
1
Aj:T s
: 1
_Z 0_
[0 1
1 . :
A=l 1 " : = Al (C.11)
0 10 |

which are images under T as

N—1 J N-1 J
Aj=r1 [Z €a,at+1 + zeNJ] ~T [Z chaH + chlz]

a=1 a=1

Through an easy calculation with the use of (C.9) and (C.10), the 2-cocycle v on G (C.4)
induces the following 2-cocycle on a pair of basis elements of gl,,:

a(t{eap(k)}, Tlers(D)}) = Basdsdisno - by (C.12)

where the Kac—Peterson 2-cocycle o [85, 48, 54] is defined as

1, forj=4k j>1,i=1i<0,
a(Eij, Ep) =60y (i <0) =60k (j <0) =4 —1, fori=1,i>1, j=k, j<0,
0, otherwise.

Then we have for the shift operators (C.11)

(Mg, At) = Ok110 - K-

For any elements a(z) and b(z) in the gl(N) the formula (C.12) is written as

a(t{a(2)},t{b(2)}) = ResoTrda’(2)b(z),

where a'(z) is the derivative of a with respect to z and Resp is the residue at z = 0, i.e., the

coefficient of z 1. Investigation of the highest weight representation of gNZ(N ) leads to its central

extension gl (N) = glyy + C - ¢ in which general elements a(z) and b(z) and center C - ¢ satisfy

the KM brackets

[a(z)v C]KM =0,
[a(2),b(z)]km = [a(2),b(2)] + {ResoTra’(2)b(2)} - c. (C.13)

The Lie algebra gAl(N) is called the affine KM algebra associated with the Lie algebra gl(V).
For simplicity consider the level one case, ¢|M) = 1-|M). Using the one-level formula it is

possible to rewrite (C.13) as

Xa:)?a—i—(C-c,
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N
v 4 * _
= Z Z(QT)Oéﬂ : wN(s—r)—i—ocherﬂ 5 (aT)a,@ = (G’T)N(S—T)+Q,Ns+ﬁv
r=—Ns€Z
[Xa, cJkm = 0, [Xa, XoJkm = Xjgp) + (a,b) - c.

The matrices a and b are any elements of (C.5). The [a,b] denotes the Lie bracket of their
matrices. The T-rep of a(z) is given as

T{a } - ZZ aT (s—r)+a Ns—i—ﬁq/}N (s—r) +asz+57

reZ sEL

from which the commutator and the 2-cocycle a between t{a(z)} and t{b(z)} are calculated as

[T{a( )} T{b Z Z aTaas N(t— r—s)—&-oa,Ns—&—ﬁwN(s—r)—i—aw}k\fﬂ»ﬁa
r,s€Z tEZL
a(t{a(2)},t{b()}) = > rTr(ab-
reL

D Schur polynomials and 7-function
The Schur polynomials Si(x) belonging to C(x1,z2,...) are defined by the generating function
e.9]
eXpZ:rkpk = ZSk(x)pk. (D.1)
k>1 k>0

The Schur polynomials and their associated recursion formulas play important roles to evaluate
matrix elements between two number-projected Hartree-Bogoliubov states [86]. The Schur

polynomial is related to a symmetric function hy, > hgp* = N (1 — ¢;p)~t. Then the Schur
k>0
polynomial Si(x) is written as

Sk(z) = hi(e1, €2, .. en), xj:%(ﬁji‘"eg"‘““"egv)
and is given explicitly as

So(z) =1, Si(z) = a1, Sa(z) = w2 + 327, S3(x) = x3 + x122 + %x?,

1.2, 1,2 1,4
Sy(w) = x4 + 2123 + 575 + 5TTT2 + 5777,

We here construct an explicit form of the polynomials in the bosonic Fock space which under
the o corresponds to the finite monomials of the FM) . Tt is given by

OM; Vigg N Vig_y ANVigg_ o Noo s ANV == S0 Moing 1 —(M—=1)inga—(M—=2),....i1—1 (), (D.2)

where ipy > ipr—1 > - -+ > i1. The Schur polynomial Sy () = Sx; asxs,...0, () Is given as

Sx (@) Sa+1(x)  Sxaqe(@) o Shak-1(@)
Sho—1(2) Sxe (@) Shot1(®) 0 Shgpr—2(2)
S)\l,)\27/\3:--~7/\k (x> = det S>\3 2(1’ SAsfl(x) S>\3 (l‘) T S>\3+k73(x) )
SAHHc(x) Saer2—k(®)  Sxeys—k(x) - Sy (2)

where X\ denotes a partition ParA = {A\; > Ay > --- > X\ > 0} [48, 49]. As for the contravariant
hermitian form (3.52) in BM) they form an orthogonal basis (Sy|S,) = dy,. For the special
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partition ParA = 1M = {\; = 1Ay = 1,A3 = 1,M\s = 1,..., My = 1}, i.e., the completely
anti-symmetric Young diagram,

Si(z) Sa(z) S3(z) Su(z) - Swu(x)
SlM(.’L') = det 0 1 Sl(l') SQ(JJ) s SM 2(.%') = (—1)MSM(—30).
0 0 0 0 - Sl(x)

A group orbit of the highest weight vector |M) under the action U(g) is mapped to a space
of 7-function 7y (x,g) = (M|e®U(g)|M). Using (D.2), the Schur-polynomial expression
for 7-function is given by (3.56). Noting the relation (S)[S,) = Sx(0:)Su(%)|z=0 = Irp,

M,M—1,- 1 . .
iM,iM_l,...,il(g) is obtained from 7ps(z, g) as

M,M—1, dots,1 M,M—1,...,1 5
iM¢M4wa( ):UmmM;hﬂh{(xﬂM:OZZ&M-AuM r%M—nw¢AaﬁﬂM@%®b=m

v{g(:c)} = eH(w)v(g)e—H(:ﬂ)’ gzy Z Sk— z gk]

k>i

M,M~-1,...,1
M z}VI 1 7/1

(g) is called the Pliicker coordinate [87]. In the soliton theory on
MvM 17 51
1M, ip— 1

The coefficient v;

a group the Pliicker relatlons among v;
KP hierarchy.

i 1g9(z)} correspond to the Hirota’s forms in the

E Hirota’s bilinear equation

According to Kac [48], a vector |1p;) € F™) belongs to the group orbit of the highest weight
vector (the vacuum) if and only if it satisfies the bilinear identity equation

> Wity @Yilrn) =0 = ) =U@G)|M),  § € GL(c).
€L

This identity is cast into an infinite set of nonlinear differential equations for TM(:c)i<M leH @)1

1 d 17 *
0= 5rs § LM+ UMW) & (O - U ()l (E.1)
// p = 0 / "
— — ¢ dpexp Zpi x; — 7)) > exp Z (%U ~ 9 v (2') - T (2”).
j>1 jz1 J i

It is described by the Hirota’s bilinear differential operator as

P(D)f-gL P (53(;3) (e +) 90— 9)lyo

where P(D) is a polynomial in D = (D1, Ds,...). Note that Pf - f = 0 if and only if P(D) =

—P(—D). Defining new variables z and y by the relations 2’ = x — y and 2" = 4y, with the
help of (D.1) and the notation D = (Dy,3Ds,...), (E.1) is brought to the form

ZS Sj+1(D)exp Zys s | Tv(x) - () = 0. (E.2)

>0 s>1

If we expand (E.2) into a multiple Taylor series of variables y1, y2, ... and make each coefficient
of this series vanishing, we get an infinite set of nonlinear partial differential equation for the
KP hierarchy.
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F Calculation of commutators and 2-cocycles among
operators K

Commutators and 2-cocycles among operators Ko(r) and Ki(r) are calculated using (C.2)
and (C.12) as follows:

fan

[Ko(r), K+(s)] = [ €ap(r), < o ) 6%(8)
Y

- €aN
%h2N)aﬂ 8 ( fon >7J {0 Canlr 3) = astoslr )

= (ih é?N) €a T+s<éA2N ih > eyg(r+s
(2 N fon s s ) fon 272N 8 8 )
— ([%B e2N }) eap(r+s) = ( 2N ) eap(r +s) = £Ki(r+s),
" fan B —fan /o

a{Ko(r), K=(s)} = a{t{Ko(r)}, t{Kx(s)}}

. { (o) o). (2 )w T{ems)}}

= (Lh <é?N> 505030 45.0
(2 2N>aﬁ fon » 008y Orts0 ¥

N é
= %T‘r <h2N A2N > 5T+S70 = 0’
fon

[ N)apeas(r (sz)véevé(S)}
[ N)ag X fZN)vé} {081€as(r+s) — daseqs(r + )}
= (é2n fan)as€as (T + 8) — (fanéan) pers(r + 5)
- ([ém ngDaﬁ Caplr + ) =2 (%ﬁm)aﬂ Cap(r + s) = 2Ko(r + 5),
a{Ky(r), K_(s)} = a{t{K (r)} t{K_(s)}}
= a{ (@n)agieas M)}, (fon)rot{ers(s)} |

= (éQN)aﬂ(f2N)765a55676r+8,0 = Tr(éZNfQN)5r+s,O = NT6T+S,O-

Commutators and 2-cocycles among operators Xy and Yy (k = 2r + 1) are calculated as follows:

(X, Xi] = Y3, V1] =0,

() ()} ) ) e
= a{(ean)asT {eas(r)} £ (fon)as {eas(r + 1)},

(6an)rT {45(5)} = (oo fena(s + 1)} }
= (é2N)aﬁ(é2N)'y55a65,875r+5,0 T
+ (é28) 0 (fan )1500608,0r+541.0 - 7 £ (Forn)ap(€an ) 1600608, 0r+ 1450 - (74 1)

+ (fon)ap(fan)160a503,0rs 145110 - (r + 1)

N - kdyrr0,
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N)ageas(r) + (f2N)aBeaﬂ(T + 1), (é2N)75675(5) - (fQN)76676(5+1)]
Nap % (€28)r5] {0p1€as(r + ) — daseqp(r +5)}
Nap X (fan)ys] {3py€as(r + 5+ 1) = Saseqs(r + 5 + 1)}
N)ag X (62N)76] {08y€as(r +1+s) = dageqp(r +1+s)}
Nap X (fan)vs) {0aveas(r + 14 s+ 1) = dageqp(r + 1+ s + 1)}
aNE2N)asCas (T + 8) — (Ean€an)ypeqp(T + 8)
— (2N fan)aseas(r + 5 + 1) + (fanéan)ypeys(r + s+ 1)
+ (fonéan)aseas(r + 1+ 8) — (éan fan)ygerp(r + 1+ )
— (fan fon)as€as(r + 1+ 5 + 1) + (fan fon ) pers(r + 145 +1)
—([éan, ngDaﬁeag(r +s+1)+ ([fmv, é2NDa5€a5(T +s+1)
=2(— ﬁ2N)aB€a,8(7" +s+1) = 2Yar 142541 = 2Yjep,
[(é28)apeas(r) + (fan)agas(r + 1), (—han)yseys(5)] (Yor = (—han)apeas(r))
= [(éan)ag: ( h2N)76] {08y€as(T +8) — baseyp(r + 5)}
+ [(fan)aps (—han)s] {8pyeas(r + 1+ 5) = Saseys(r + 1+ 5)}
—(éanhan)aseas(r + 8) + (hanéan ) ges(r + 5)
— (fanhan)as€as(r + 5 + 1) + (han fon ) sess(r + 5+ 1)
= ([han, é])aﬁeagO" +35) + ([, ng])aﬁeag(r +s+1)
= 2{(é2n)ageas(r + 5) — (fan)apeas(r + s+ 1)} = 2V5( 1911 = 2Yjesas,
(X, Yas) = a{t(Xy), 7(Yas)}
= a{(éan)apT{eas(r)} + (fon)asT{eap(r + 1)}, (—han)ysT{ess(s)} }
= (éan)ag(—han)150a508,0r450 - T
(fQN)aﬂ(_EZN)765a65ﬁ75r+1+s,O (r+1)=0,
Vi, V] = [(é2 aﬁeaﬁ — (fan)apeap(r + 1), (—han)seqs(s)] (k=2r +1, 1= 2s)
= [(éan)ap X ( h2N)75] {05yeas(r + s) — dasep(r + )}
- [(fQN)aﬁ X (_hQN)’Y5] {0py€as(r + 1+ 8) = daseqp(r + 1+ 5)}
= ([han, égN])aﬂealg(T’ +5) — ([han, ng])aﬂeaﬁ(r +s+1)
= 2{(éan)apeas(r + s) + (fan)apeas(r + 5+ 1)} =2Xp4,
o' (1er,

s ¢1NY8) {\F &Y} -

}/27“ —Y 2r — 27’y2r,

oK. —F—Yop > —,  OK: —
K UN Byar K \F

1 1 2 1
a( Xy, Yas) = 0, X ——Yas| = o Yiige -,
(X, Yao) {WWWLM VN Nk

1 1 1 1 2 1
Vi Y )= k10 =0 (k£ 1), | Vi, ——Yi| = X
a<\/ﬁk\/ﬁz) k1,0 (k # —1) [\/ﬁk\/ﬁl]KM NV R

€2
€2

[Xk, V1] = [(
= [(

— (&2
+ [(f2
—[(f2

('b>

= (

l\D

Xk‘7Y28

= 2T5r+s,0; Yor, =2r- 57‘—1—5,0 - G,
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G Sum-rules for 2(Y; + Y_;)
First we give the vertex operator for I'(p) in terms of the Schur polynomials
m " 3
I(p) = exp { > (2xm)} exp { > (> (2an)}
Moda>1 noaa=1 P
oddZ oddZ
S S (208 (-20)
1€Z n=0

According to Kac [48], we have

S P — L) - 1),

leZ

2Y, + 60 = Z Sp_1(22)S,(—20) (2 = O, = 0 for even n). (G.1)

n=0

Then using (G.1), the sum-rules for 2(Y; + Y_;) are derived as follows:

2Yy = S1(22)51(—20) + S2(22)S2(—20) + S3(22)S3(—20)

+ 84(22)S4(—20) + S5(27)S5(—20) + S6(27)S6(—20) + - - -,

[e.9]

2(Yoy +Y2) = ) (Sns2(27) + Sn-2(22)) Sn(—20)
n=0

= SQ(?.%‘) + SQ(-Q@) + 53(2.%‘)51(—28) + 51(237)53<—28) + 54(21')52(—28)

+ 52(2x)S4(—20) + S5(22)53(—20) + Se(2x)S4(—20) + - - -

o0

2V_4+ Y1) = 3 (Snsa(22) + Sp-1(22)) Su(~20)

n=0

= 54(2) + S4(—20) + S5(23)51(—20) + S6(22)S2(—20)
+ 57(22)S5(—20) + Ss(2x)S4(—20) + - - ,

2Y_1 + Y1) = Y (Sns1(27) + Sn-1(22)) Sn(—20)

n=0

=9 (2.%') + Sl(—28) + 52(2.%')51(—28) + 51(237)SQ<—28)

+ S5(22)S2(—2D) + S(22)S3(—20) + S4(22)S3(—29) + - -

[e.e]

25+ Y3) = 3 (Snsa(20) + S-3(22) Su(~20)

n=0

= S3(2x) + S3(—20) + S4(23)51(—20) + S1(22)S4(—20)

+ 55(21')52(—26) + 36(2.%')53(—28) + 57(21')54(—28) + -

2(Yos +Y5) = Y (Sns5(27) + S5 (22)) Sn(—20)
n=0

= 55(237) + 56(237)51(—28) + 57(21')52(—26)

+ Ss(22)S5(—20) + So(22)S4(—20) + - - - ,

)

)

i
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H Expression for gy_,, , 1Y@, (2) in terms of Bessel functions
Using the formula for (Y_(2i11) + Y2i41)),

Y_(2i41) + Yair1) = (Ban)apas(—i — 1) — (fon)ageas(—i)
+ (€2n)apeap(i) — (f2N)a,gea5(i +1),
anz T = fonzT + ban2t — fan2 T = on (27 4 2Y) — fon (27 + 2T
=27 (27 oy — fon)(1 + 22D, (H.1)

we express straightforwardly the gy_ .., +v,; +1)(z), T rep of (H.1), in terms of the Bessel
functions as,

0 —i(,—1lpz_  _ F i
gY7(2i+1)+Y(2i+1) (Z) =T |:{64Z (z 162N f2N)(1+22 +1)}aﬂ eaﬂ:|
B 910 ]-N 0 1 /0\2 72—(2’5-&-1)(1 + Z2i+1)2 . 1N 0
=7(4¢ (%) 0 1n + 91 (%) 0 @) (1 2412
1 ond (zf(2i+1))2<1 +22i+1)4 N 0
+a (1) 0 (z~(RAFD)2(] 4 L2414y +-
b —i 3, 31\, —1a . .
_'_(g) p z(z 1€2N fQN)(l—i-ZQH_l)‘F ?}' (g) (—Z 31 1)(2, 1€2N_f2N)(1+z2z+1)3
5 _pi_ 1. ~ .
+ar (§)7 27 (= e —sz)(1+221+1)5+"‘} @eaﬂ]
(03

0 2 —(2i i 4 —(2i i /
DT 3 (D (A 2T () O A o
1

i —(2i i 3 —(2i i
{2 1 g (§)° (2P 4 2
-i-é (g) (z7(2i+1))3(1+22i+1)5_|_”_}é2N

_itl {(%)lz—(%—&-l)(l § 2Ly 3; (%)3(_Z—(2i+1))2(1 213

() PR 2 4 o] eaﬁ]

= 17 o (8) )t en(2107) el 2171} = o (8) Qo fean(0)
+ 2;0(1)TJ2r+1 (£) (Ean)apT {eap((2i + 1)1 +0) + eag(—(2i + 1)r — (i + 1))}

- Z:O(—l)”sz (%) (Fon)apT{eap((2i+ 1)r +i + 1) + eap(—(2i + 1)r — i)},

where we have used the relations

Z ( ){z (2i4+1)r 42 (2i+1)r } Z J2r g (2z'+1)r7

>0 rez

Z(_l)rJQH-l (g) {Z(2i+1)r+z —(2i4+1)r—(i+1) } Z J2r+1 g L2+
r>0 rez

Z(—l)TerH (g) {Z(2i+1)r+i+1 —(2i4+1)r— z} Z ) a1 ( g —(2i4+1)r—i
r>0 re’

Finally we can express the gy, v, ), (2) as

Y ¥ i) (2) = T ”Z<‘1)TJ2T (§) 22 Ly

reZ



Self-Consistent-Field Method and 7-Functional Method 69

D (1) g (§) 2P gy = > (—1) Targ (§) z_(gm)r_ifmv] Cap

re’ re’ af
= Z J2r g IZN)aﬁT{eaﬁ((2Z + 1) )}

+> (=)o (5) [(éw)aﬁT {eap((2i + 1)r + 1)} = (fon)apT {eas(—(2i + r — )} .
r€Z

This is the first expression which we give in terms of the Bessel functions.

I Properties of SU(2N ) transformation matrix

In (5.10) the 2N-dimensional matrix g,, is expressed as

A . i Ps i Ps it 0s\4 2y
g = Tax (=5 gy (= 5) v+ (<) i or iy () R

1 %2 L/ ps\*
R Ie IR IC
{ al\"2) talte) T Loy
~ 7ﬁ)7l(7¢)3 l<7ﬁ)5 U
H{( o) T3l 2) Talte) T N
i Ps
Ps s\ 3 e "2 -1y 0
= cos (—7) 12N+’LSIH< 25> hon = [ 0 oy . ] . (I.1)

Adjoint actions K+ (0) for ¥nyiq are computed as

(K1 (0), ¥nrta) = Y UN(s—r)45 (—Oré2n) ga »
K<Y/

[K_(0), ¥nv+al = Un—r+s( q«fmv)ﬂa, (1.2)

SEZL

from which we obtain

[f{+(9) ~ K_( 0), YNrtal Z UN(s—r)+5 (—0r) (éan — fQN)ﬁa (0 =0,).

SEZ
We also have the relations
(éan — fon)? = — Iy, (éan — fon)® = —(éan — fan),
(éan — fon)* = Lo, e (1.3)

Using (1.2) and (I.3), the transformed ©n,4q(gg) is shown to be (5.11). The 2N-dimensional
matrix gg, is expressed as

2 3
= lon + <—9> (éan — fon) + L <—03> (é2n — fon)? + L (—98> (éan — fon)?

2 2! 2 3! 2
A B A P
+a <—2> (éanv — fan) +a D) (€an — fon)” + -+

= {1—21!(—628)2+41!(—628)4+“'}12N (L4)
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3 5
+{<—92> —;(—Z) +51,(—92> +~‘}<é2N—f2N)
Os
= COS <—025> . igN +sin <—928> . (égN — ng) = [ :)j ((9;)) )

Using (I.1) and (I.4), we obtain an explicit expression for the block matrix g, s of an SU(2N)
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transformation-matrix appeared in (5.12) as

0 7%(wu+§05) 1 — 8 et 7%(¢u*<ﬁs) . 1
Je” xomem(g)e Y1 e=0). )
sin (5) e3(Vu=ps) . 1y cos (5) ez(Wutes) .1y

The transformation (5.12) is rewritten under the change of index of the block matrix as follows:

ri+a = Z Z ¢N (r—s—t—u)+3 (gu,t,s)ﬁa (gu,—t,s = gu,t,s)

SEZL \t,u€Z
s—s—t—u
= E ¢N(r—s)+ﬁ § Gu,t,s—t—u
SEZL t,ueZ Ba

= Z 77Z)N(r—s)—+-ﬂ (gs)ﬁa gs = Z Gu,t,s—t—u
SEZL t,u€Z
Noting the definition (§) Nr+a,Ns+8 = (gs—r)ag in the second equation of (3.28) and again chan-
ging the index of the block matrix, the above transformation is further rewritten as

ri—&-oz Z¢Ns+ﬁ Ns+,8 Nr+a — ZszJr,B(gr s Ba = ZwN(r s) +ﬁ(gs) Ba

SEL SEL SEL
= ) Ly 3
= wN(rfs)+ﬁ Gu,t,s—u—t = wN(rfs)Jrﬁ Gu,t—u,s—t
SEZ tuEZ Ba SEZ tuEZ Ba
Then the matrix element of § is also represented as
(g)Nr+a,Ns+6 = E Gu,t,s—t—u—r = E Gu,t—u,s—t—r
t,uEZ af tuEZ aB

J Explicit expression for Pliicker coordinate and calculation of
det(1nx + p'p) in terms of Schur polynomials for LMG model

From (3.8), the coset variable p is expressed in terms of Pliicker coordinates as

1,...,a,....M
p = (Pia) = ([S(OCT(Qia) = (11<g<)> _
or 7 (9c)

Using explicit expression for SU (2N ) matrix of the Thouless transformation (5.2), the matrix

oy U;M@ymwgm (M = N).

seeesbyeeey M

gc) = sin 2 1y,
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Then we have p = tang - 17, which is identical with the expression given in (5.3) except the
phase ¥, Following [37], using the famous formula

det(1 4+ X) = exp{Tr In(1 + X)} = exp {i(—l)l_lTr (Xl)/l}

=1

and the Schur polynomials given in Appendix D, we have an expression for det(1+pp) in (3.12)
as

det(1 + p'p) Z Si(x xi = (1) T((pp) ) /1,

= S(x)=0 (I>M+1). (J.1)

Using the formula

o

[det(1+ X)] "2 = exp{Tr In(1 + X)"2} = exp {2(1)1 Tr (Xl)/(QZ)} ,

=1

the vacuum function ® 7 a7 (p, p*, 7) (3.12) is also expressed in terms of the Schur polynomials as

Qa0 (p,p*,7) ZSZ N g = (=) T [(0p)]'/(20),

& =251(6) =0 (lZM+1)- (J.2)

Rowe et al. have showed the number-projected SO(2NN) wave function satisfies some recursion
relations. They express it with the aid of the relations in a form of determinant [88] which is well
known as the completely anti-symmetric Schur function in the theory of group characters [89].
In the present U(N) case, equation (J.1) is also given by a determinant form

X1 1 0 0 ... 0
2X2 X1 2 0 e 0
1 3X3 2x2 X1 3 e 0
pi(z) = il det : : : : : = (_1)151(—907
: : : e e =1
i (=Dxi-1 (=2)xi2 (=3)xi-3 -+ x1

which is exactly the same form as that given in [86]. The Schur function ¢;(x) satisfies the
recursion relation and the differential formula
-1

wi(x) = % {Xl -y '+ DX"“ai } w1-1(x), 8?@ pi(x) = (="M (x). (1.3)
I'=1

By using the second equation of (J.3), we can rewrite the above recursion relation as

l
1
1 Z D' W er(x) (po=1),

With the aid of the second equation in (J.1) with p = tan 2 5-1n and the explicit form of the
Schur polynomials given in Appendix D, the y; and Sj(x) take simple forms, respectively, as

N

ﬁlN ! (tan2 g)l . (J.4)

41 l
x= (=D (tan? )N, Si) =



72 S. Nishiyama, J. da Providéncia, C. Providéncia, F. Cordeiro and T. Komatsu

Then using the first equation in (J.1) and (J.4), we have

)—2N

) N
N! N-1 2 0\! 2 9\ 0
det(1+p'p) = ;Sl(x) = IZ: ml (tan®$) = (1 + tan* &)~ =(cos § ,
=0 =0
which coincides with the result by the direct calculation of det(1 + p'p). The vacuum func-
tion (J.2) is obtained as

* N _iNr *
Qv (p,p*,7) = (cos g) e INT eai® v (p,p*,7) =0 ((3.10) and (3.11)).
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