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The application of the Jucys—Murphy operators, generating a maxi-
mal Abelian subalgebra in the group algebra of the symmetric group, in
the process of immediate diagonalisation of the one-dimensional Hubbard
Hamiltonian is demonstrated. The way of construction of appropriate pro-
jection operators of the Young orthogonal basis is pointed out, and the fact
that these operators play a role of eigenvectors for Jucys—Murphy operators
in the group algebra of the symmetric group is underlined. It is indicated
that this operator technique is competitive to the Kostka matrix at the level
of bases, which yields matrices of appropriate Clebsh—Gordan coefficients.
The permutational symmetry of the lattice chain with N sites occupied by
two electrons is discussed in detail.
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1. Introduction

The single-band Hubbard model [1] allows to understand many interest-
ing phenomena of the solid state physics like ferromagnetism, antiferromag-
netism, the Mott transition, etc. That is why many research groups from
over the world are still involved in this bottomless topic. The strongly de-
veloping theory of quantum dots and generally nanostructures of properties
very similar to the finite set of objects, induces to look closer on the models
simulating such systems. In the present paper we consider one-dimensional
Hubbard model, which is great for its possible generalizations to higher di-
mensions, and as one of the exactly solvable models [2,3]. Lieb and Wu [4]
solved the one-dimensional Hubbard model in the year 1968, and after them

(1825)
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many authors have tried to improve the theory with the book of Essler et al.
[5] as the proper summary and supplement of their work. Although many
highly sophisticated papers of tremendous importance were published in this
area, the problem is still far from full understanding. In the present paper we
give the application of the Jucys—Murphy operators [6,7,8], and the Schur—
Weyl transform [9, 10, 11] in one-dimensional Hubbard model, resulting in
reducing significantly the size of an effective Hamiltonian matrix through
dividing it into blocks related with given permutational symmetry of the
nodes of the one-dimensional lattice chain.

2. The symmetries of the model

The one-dimensional Hubbard model of a finite chain of N atoms has
dynamics given by the Hubbard Hamiltonian in the following form

i€2 jeN JEN

—_
~—

where N = {j = 1,2,...,N} denotes the set of nodes of the chain, 2 =
{i = +,-}, njy = d;r«idﬂ, and finally &;’iv aj; are the canonical Fermi op-
erators, that is creation and anihilation operators of electron of spin i, on
the site j. The Hamiltonian (1) apart from the obvious translational sym-
metry (an+1; = a1;) has two independent SU(2) symmetries [5,12,13], that
is SU(2) x SU(2), involving the spin and charge degrees of freedom. There
are many ways of constructing the Hilbert space ‘H for IV, particles, moving
along the ring with N nodes. One can start from defining the single-node
space h;, with the basis consisting of the vectors denoting all possible occu-
pations of one node. Since we are dealing with fermions

dlmhj :4, h‘] = ZCC{®,+,_,:I:}, (2)

where () denotes the empty node, + and — stand for one-node spin projection
equal to 1/2 and —1/2 respectively, + denotes the double occupation of the
one node by the two electrons with different spin projections, and lccA
stands for the linear closure of a set A over the field C. One can obtain the
final space H of all quantum states of the system in the following way

N 2N
H=]]ehr, H=> on", (3)
j=1 Ne=0

where HNe denotes the space with fixed number of electrons N,. The set
4 = {0,+,—, %} can be decomposed into two parts, where first, being the
set 2 = {4, —}, is related with the first factor of the cartesian product
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SU(2)xSU(2) of the symmetry groups of the system, reflecting the invariance
of H under the spin rotation, and the second 2/ = {0, £} is related with the
remaining factor. Thus one has two sets of generators, {5;,5’*,5’*} and
{jz, J +, J ~}, for spin and charge space, respectively. These generators can
be written in the following forms

S. =3 (d}+&j+ - d;&j—> ) Sp=81=3 a0, ()
jeN jeN

J. = %§:<@+%++d}@%”_07 i+:Ji:<—Uj§:dL@f’
jeN jeN

(5)

and the transfer between these two sets is known as the Shiba transforma-
tion [4,5]. The total number of particles N, taken as the eigenvalue of the
operator N, = > jen(fij4 +7j—), together with the number of particles N,
with given one-node spin projection ¢ € {4, —}, taken as the eigenvalues of
the operators N; = ZjeN n;, are the good quantum numbers, this mean
the conservation of the total magnetization M given as the eigenvalue of
the operator M = S,. As the result, we have four good quantum numbers
(S, =M, J,,S,J) related with the operators from Egs. (4), (5).

3. The electron configuration

The electron configuration f : N — 4, with 4 = {0, +, —, £}, is the
N-sequence of the elements from the set 4

1f)=1fW)f2)... f(N)) = liia...in), ij€4, jeN, (6

with - ~ ~ -
4N:{f:N—>4}, H = lecd? . (7)

The action A : Xy x 4V — 4V of the symmetric group Xy on the set 4V
provides us with orbits O, of the group Xy labelled by the weight ;1, which
is a sequence of non-negative integers p = (p1, p2, 3, it4), with relation
> iciMi = N, defined by the following equation

, ied. (8)

MiZ‘{ij:iUGN}

Such an orbit constitutes the transitive representation R*~*" of the group
XN with the stabilizer

I =X X By x Xy x Xy, (9)
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given as the Young subgroup for the appropriate f € O,. The stratum S(v)
of the action A, is labelled by the sequence v

N
V:(V07V17V27"'7VN)7 ZZVIZN, (10)
=0
where . -
vi={p =1ied}|, leN, (11)
and
1/0:4—21/1. (12)
led

The stratification of the set 4V of all electron configurations under the action
A of the symmetric group is the following

Z;N
with
4! N!
1S(v)| = Ol = =——, 4V =>"1SW)|- |0,
[Ticam! y

vo! [Tey ! ’

(14)
The stratification of the set 4V under the action of the symmetric group
XN, for the chain with N = 4 nodes is presented in Table 1.

TABLE I

The stratification of the set 4% of all electron configurations under the action of the
symmetric group Xy.

p v [Ou [ | 1SW) [ 1Sw) ][]0
01 2 3 4
4 0 003000 1| 1 4 4
310 0[2 1 0 1 0| 4 12 48
2 2 0 0[2 0 2 0 0| 6 6 36
2 1 1 01 2 1 0 0] 12 12 144
1 1 1 1[0 4 0 0 0| 24 1 24
4* = 256




On the Permutational Symmetry of the Hubbard Model 1829

4. Jucys—Murphy operators

The operators M]- [14,15], defined within the symmetric group algebra
C[XN] as the sum of all transpositions (j,j’) of the node j € N with pre-
ceding nodes j' < j, are introduced by Jucys [6,7] and independently by
Murphy [8], thus they are called Jucys-Murphy operators. These N — 1
Hermitian operators of the form

Mj= Y (.Jj)., j=23,....N, (15)
1<5'<g

constitute a complete set of commuting operators along the general Dirac for-
malism of quantum mechanics [16]. The standard Young tableaux |Ay) [17]
of the shape A - N, i.e. the tableaux of this shape in the alphabet N of
nodes, with strictly increasing entries in rows and columns, constitutes the
common eigenvector |Ay) of the set of M; operators [18,19], that is

M; [y) = m;() [Ay) . (16)
with eigenvalues
m;(y) = ¢;(y) —r;(y) (17)

where the pair of positive integers (c;(y),;(y)) gives the position (the col-
umn and the row) of the number j in tableaux |Ay). In this, way each basis
function of the irreducible representation (irrep) A* of the symmetric group
YN, labelled by the Young tableaux |Ay), can be completely determined
by the sequence m(y) = (m; = 0,ma,...,my) of eigenvalues (17). The
realization of each such irreducible vector within the group algebra C[Xy]
is given via the projector operator e;)y of the well known Young orthogonal
basis [6,7,8,10,11], where the remarkable significance of the Jucys—Murphy
operators is underlined.

5. The irreducible basis

Now we are going to construct the multi-electron basis in H™e, reflect-
ing the permutational symmetry of the N nodes of the lattice chain, using
the theory of representations of the symmetric group Xy. This technique
reduced significantly the size of the Hubbard Hamiltonian by decomposing
it into blocks. We start with only one electron on the ring, and with the
initial basis of HNe=! being the orbits O,=3100) and O,,_(3010) of the sym-

metric group Xy, with elements taken as the subsets of the set 4V of all
electron configurations. Such orbits are invariant under the action of the
symmetric group X'y and form the carrier spaces of the transitive represen-
tations R¥N**"  with the stabilizers X* being the Young subgroups (9), and
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x denotes the Cartesian product. One can obtain the states with definite
permutational symmetry of the N, particles by taking the irreducible basis
of the appropriate irreps A* of the symmetric group Yy, where A\ - N, in
the tensor product of N, transitive representations R¥~N*" along with the
appropriate decomposition

RZN:Z“ ~ ZK)\MA)\ . (18)
A p

The K, denotes Kostka numbers [20], and the sum runs over all partitions
A greater than, or equal to p in the dominance order [21]. Combinatorially,
K, denotes the number of all standard Young tableaux of the shape A and
weight p. Decomposition (18) can be written at the level of bases [10,11] in
the form

e =Y |40 0 wesvron, rewron).
fy
feo,

(19)
where SYT(A) denotes a standard basis vectors of the irreps of the sym-
metric group, that is the set of all standard Young tableaux of the shape A,
WT (A, n) denotes a standard basis vectors of the irreps of the unitary group
U(n), that is the set of all Weyl tableaux (or semi-standard Young tableaux)
of the shape A in the alphabet 71, i.e. with entries increasing weakly in rows,
and strictly in columns. The symbols in square brackets denote an element
of the Kostka matrix, with p denoting the matrix, f its rows, and the triple
(Aty) its columns. That is the way of finding the irreducible basis of the
symmetric and the unitary groups for the case with any dimension n of
single-node space h; and any number of electrons N.. The equally efficient
way for providing such basis leads through using the Jucys—Murphy opera-
tors, what we present in details on the example of N, =2 and N =n = 4.
In order to obtain Young orthogonal basis [6, 7, 8] of the tensor product
of the appropriate transitive representations (we will omit the zeros in the
weight 1)

(RENZE(N*LU)®2 ’ (20)

with the decomposition into irreps A* given by the Eq. (18), we are going
to create the projection operators

by = [Xawy) (A (21)

in the space of the tensor product H? = lec| A\ A2 wy), where w denote
appropriate repetition label. Thus we have
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N M;—m; (v ) I

A J J ( ]—1)

Cyy = H H n ’
j=2 {yi—1ly}_ #vs} mj(y) — My (yjfl)

where y € SYT()), y; denotes the tableaux obtained from y by extracting
the set {j+ 1,7+ 2,... N} of numbers, y _, is created from y;_1 by adding

(22)

to its entries the number j in a regular way, and I stands for the appro-
priate unit operator. Let us briefly remind that within the group algebra
C[Xn], spanned linearly on N! Young operators ez’/\y,7 A = shy = shy’, each
eigenvalue m;(y) of the Jucys-Murphy operators is realised in terms of the

corresponding operator e;j‘y. This operators satisfy

AN A
Coyry2Cylyy, = OAN Oyt Cyryl (23)
A

069192 = Z Aylyl( ) ) (S ZNa (24)

Yy €SYT(A

and R
Mjeé‘y = mj(y)e;/\y . (25)

Eq. (23) implies that

clEn] =Y gl (dim AN, <c) , (26)

AEN

i.e. the group algebra C[Xy] is the direct sum of simple matrix algebras
gl(dim A*, C), corresponding to each irrep A* of Xy, with the bases ez‘y,

Eq. (24) displays the fact that each set {ey1y2|y1 € SYT(A)} with fixed

tableau yo spans a carrier space of the irrep A* when Xy acts on C[Xy]
by the left multiplication, so that y; and y» in eg‘lm serve as labels of the
standard irreducible basis and multiplicity, respectively. Eq. (25) proves
that each diagonal element egy, A N, y e SYT(A), is the eigenvector of all
Jucys—Murphy operators, specified by the sequence m(y) = (my,ma...my)
given by Eq. (17). At the same time, it is a representative element of the
group algebra C[Xy].

6. The example

Tables II-IV present the decompositions of the irreducible basis for the
case N = 4 and N, = 2 onto the electron configurations f for the tensor

product
2(2,12)

SSLGHY 3.1)

R¥sECY g REeZOY = pEur®h g pre (27)
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of the transitive representations with appropriate decomposition into irre-
ducible representations A* given as follows

RE4:Z<3’1) — A{4} fas) A{371}’ (28)

and

(A{4} & A{&l}) ® (A{4} ® A{3’1}) — oAl @ 3AB g A{Z) g A2}
(29)

TABLE 11

The irreducible basis of the representation A{3} in the tensor product space H?2.

1]3]4] 1]3[4] 13]4] |[1]2]4] 1]2]4] 1[2]4]
f 12] sd | 2] st | 2] a | 3] sd | 3] st | 13 a
1 1
+000 7 0 0 7 0 0
D+00 N 0 0 ? 0 0
-/
0o+0 0 0 0 Ve 0 0
000+ 0 0 0 0 0 0
1 1
+-00 0 0 i 0 NG of
1 1 —1 —3
+00 - 0 33 i 0 = —1
3 |
—+00 0 0 = 0 % of
—1 —1 —1 —Vv3
b+0-1 0 s T 0 v W
1 -1 -1 V3
-0+0 0 775 =+ 0 NG ?
—1 1 —1 3
0—+0 0 o5 1 0 B £l
vl I ! 5 ’ TG
D—0+] 0 2 i 0 o W3
—1 —1

The irreducible basis can be marked by additional repetition label due to
the symmetry of the system of two particles. The states related with the first
component of the r.h.s. of the tensor product in decomposition (27) describe
the situation when two particles occupy the same atom (repetition label sd

»(2.12)

in Tables IT and III). The transitive representation R** contains the
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symmetric (repetition label st in Tables II and IIT)
(RZ‘“E(Q’IQ)) — Al g AB g AP} (30)
st
and the antisymmetric (repetition label a in Tables II and III)
<RZ4:E(2’12)> = AB} g A{2712}, (31)
a

part of the tensor product (27).

TABLE III

The irreducible basis of the representation A1} and A} in the tensor product
space H?2.

1]2]3] 1]2]3] 1]2]3]

f 14] sd | 4] st | 4] a ‘1‘2‘3‘4‘% ‘1‘2‘3‘4‘%
+000 ﬁ 0 0 % 0
D£00 @ 0 0 ? 0
Do£0 53 0 0 i 0
oo+ | =B 0 0 L 0
+—00 0 ﬁ 0 0 ﬁ
+0-0 0 ﬁ 0 0 ﬁ
+ 00— 0 e % 0 ﬁ
—+00 0 ﬁ 0 0 ﬁ
0D+—0 0 % 0 0 ﬁ
0+0— 0 A % 0 31%
—0+0 0 21% 0 0 31%
0—+0 0 . 0 0 53
0o+ — 0 e % 0 31%
-00+ 0 —* ;—}s 0 ﬁ
0 -0+ 0 —* ;—}3 0 ﬁ
Do—+ 0 — % 0 ﬁ

First four rows of the Tables II-IV are labelled by electron configura-
tions which do not form the linear combinations with the twelve left. They
contribute to the symmetric part of the tensor product (27), and can be
treated separately like four atoms with single-node basis given by the set
2! = {+, ()} with the configurations of the weight u = (1, 3).
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TABLE IV

The irreducible basis of the representation A2’} and A%} in the tensor product
space H2.

L[2][[1]3]][1]4]
1[3]|[1]2]][3] 2] 2]
f 2[4 | [3]4] | [4] 4] 3]
+000 0 0 0 0 0
D+00 0 0 0 0 0
00+0 0 0 0 0 0
(NNIES 0 0 0 0 0
1 1 —1
Tp—0| L | =L 1 D
22 26 4 4\\7; NG
—1 -1 -1 -3
-+00| O —= 0 = | ==
T I O R
br-0las | ae | 3 | w5 | @
1 —1 —1 3
D+0-1 55 | o | 3 | 5 | O
—p+0 1 =1 =1 =1 -1
22 2v/6 4 4\(5 V6
D—+0 =1 —1 =1 1 1
2v/2 2\{6 411 44/3 V6
D0+ —1 0 G 3 3 0
—1 —1 1 3
—00+) 55 | o | 1 Sl
1 —1 1 VA
00—+ 1| 0 G 5 0 0

7. Final remarks and conclusions

We have provided the efficient way of construction of the multi-electron,
orthonormal basis appropriate for the one-dimensional Hubbard model, us-
ing the Young idempotents expressed by the Jucys-Murphy operators. We
have found this method as being competitive to the Kostka matrix at the
level of bases. This approach reduces the size of the Hubbard Hamiltonian,
decomposing it into blocks which consist of some irreps of the permutational
symmetry group Xy.

The matrix of the Hamiltonian given by the Eq. (1) for the case of gen-
eral N, N, = 2 with Ny = N_ =1, in the irreducible basis of the symmetric
group Xy, is quasidiagonal as expected. For example, of N = 4, (basis given
by the Tables II-1V), that is for the pair (5, J,) equal to (0, —1), it turns
out to have four blocks on the diagonal. The first block is determined by
the states of the permutational symmetry given by the Young tableaux of
the shapes A = {4} with the repetition labels sd and st, and A = {22}.
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The symmetry of the second block is given by the shape A = {31} with the
repetition labels sd and st, the third by A = {31} too, but with the anti-
symmetric ones, and the fourth by A = {212}. The case with two electrons
of the same spin projection, that is N =4, No =2 = N4, (S,,J,) = (1,-1)
(or No =2= N_, (S;,J,) = (—1,-1)), is reducible to blocks on the diago-
nal by using vectors from Tables II and III with the repetition label st only.
The first block is determined by the states of the permutational symmetry
given by the Young tableaux of the shapes A = {4} with the repetition label
st, and A = {22}, the symmetry of the second block is given by the shape
A = {31} with the label st too.
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