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A detailed account is given of a recently developed pair theory of the Hubbard Hamiltonian for
the case of a half-filled band. The resulting pair Hamiltonian is an exact reformulation of the origi-
nal Hubbard Hamiltonian in terms of pair operators which satisfy elementary boson commutation
relations. The Hamiltonian takes the familiar form of a sum of a quadratic part representing
independent-pair energies and a quartic part representing pair interactions. The matrix elements
entering the pair Hamiltonian are the pair energies and products of pair wave functions, which are
formally given as the solutions of a certain eigenvalue equation. By the solving of the eigenvalue
problem, explicit analytical expressions are obtained for both pair energies and wave functions for
an arbitrary number of dimensions. For the case M =1, where M is the number of spin-down elec-
trons, pair interactions do not enter since there is only one electron-hole pair, and the exact energies
of the Hubbard Hamiltonian are obtained. This will be explicitly verified for the one-dimensional
case; here we demonstrate that the pair energies agree with the exact energies found by other au-

thors for this case.

I. INTRODUCTION

The one-band Hubbard model! has been widely studied
in connection with correlation effects in narrow-band
solids. The general interest in this model was further
stimulated by the discovery of the exact solution for the
one-dimensional ground-state energy by Lieb and Wu.?
Although the results of Ref. 2 are important for a proper
understanding of correlation effects in one-dimensional
systems such as long polyenes, they cannot be generalized
to more than one dimension. Despite the relative simplici-
ty of the model, only few exact theorems for certain limit-
ing cases exist so far. The significance and usefulness of
these results have been critically reviewed by Cyrot.> Fur-
ther references to previous work in this field can be found
in the review articles by Bari* and Ovchinnikov et al.’

A novel approach, completely different from all previ-
ous ones, has been recently proposed by the present au-
thor.® This approach is basically a pair-theory method,
and it leads to an exact reformulation of the original
Hamiltonian in terms of pair operators. The latter obey
ordinary boson commutation relations and the resulting
pair Hamiltonian takes the familiar form of a sum of a
quadratic part representing independent pair energies and
a quartic part representing pair interactions. Owing to the
simplicity of the Hubbard model, the independent pair en-
ergies and wave functions can all be obtained explicitly.®

The purpose of the present work is to give a detailed ac-
count of the ideas developed in Ref. 6 and to add a few
new results. As in Ref. 6, only the case of a half-filled
band will be considered here. The paper is organized as
follows.

In Sec. II particle-hole (p-h) operators are introduced
and the Hubbard Hamiltonian is rewritten in terms of
these operators. Owing to the fact that p-h operators do
not obey simple Bose or Fermi commutation relations,
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some mathematical problems arise such as nonorthogonal-
ity and overcompleteness of state vectors generated by the
p-h creation operators. These mathematical problems are
analyzed in Sec. III. There it will also be shown how
these difficulties can be overcome by imposing certain
subsidiary conditions on the space of wave functions. The
results of this section provide a proper basis for an expan-
sion of the Hamiltonian in terms of ordinary (“ideal”) bo-
son operators; this will be done in Sec. IV. In the past
several boson-expansion methods have been proposed, the
earliest one being that developed by Dyson.” Here we
have preferred to follow the method of Girardeau,® which
is ideally suited for application to the present problem. In
Sec. V the band limit and the atomic limit of the Hubbard
model are reconsidered. These limits will serve mainly as
test cases to show the equivalence of the Hubbard Hamil-
tonian with the one derived in Sec. IV. The final pair
Hamiltonian is obtained in Sec. VI. The independent pair
energies and wave functions entering this Hamiltonian are
derived in an explicit form for an arbitrary number of di-
mensions. By specifying our solutions to one dimension,
we recover the solutions derived by Lieb and Wu? for the
particular case M =1. The main results of the present
work are summarized in Sec. VIL k

II. TRANSFORMATION TO PARTICLE-HOLE
OPERATORS

The main purpose of this section is to reformulate the
Hubbard Hamiltonian in terms of (p-h) operators. We be-
gin with a brief discussion of the Hubbard model’ ~* and
its main properties.

The one-band Hubbard Hamiltonian may be written as

f u t T
H Zzekakaaka+ ~ 2 Ak 44,1919 —q,19k, >
o,k

(2.1a)
N k.p.q
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where az,,,ak[, are, respectively, the creation and annihila-
tion operators for an electron with spin o and reduced
wave vector k. The first term of (2.1a) is usually referred
to as the hopping term, where the energies €; are given by

€x=—1explik-R,) . (2.1b)

Here ¢ > 0 is the hopping matrix element and R, denotes a
nearest-neighbor lattice vector. The second term in (2.1a)
describes an effective short-range Coulomb interaction. In
the one-band Hubbard model, it is assumed that each site
is capable of accommodating only two electrons of oppo-
site spins with an interaction energy U >0. All matrix
elements other than those for which both interacting elec-
trons are on the same site are neglected. We specify the
model further by restricting ourselves to the case of a
half-filled band, where the total number N, of electrons
equals the number N of lattice sites.

It is an important property of the Hubbard Hamiltoni-
an that it commutes with N(,:Eka;oak,,. Hence the
eigenvalues M of N, and M’ of N, are good quantum
numbers; here M and M’ can assume all integral values
between zero and N so that M +M’'=N is fulfilled.
Moreover, as has been shown by Lieb and Wu,? one may
restrict the range of M to O0<M <N /2 without loss of
generality. We next define a new vacuum by

| Wo) =TTai, |0, 2.2)
k

where the product extends over all wave vectors of the re-
duced zone, and we redefine the operator a;, as
b, for o= (particles)
Qo=
7 ! (holes).

¢y foro=1 (2.3)

[pk(q),pk'(q’)]=[p1<q),pll(q’)]=0 ,

Lok (9),p5Ag")] =5kk'5qq'—5kk'cl:r+q'ck +q—0k +q,k’+q'blz’bk ,

[Lok(@),pk(a) )0k (@)1= — 8t Bk 1 g+ gPRA@" +K —k') =SBk 4 gk 4gPh(q" +K —K") .

Equations (2.7a) and (2.7b) strongly resemble the commu-
tation relations of “ideal boson” operators. For this
reason, particles obeying commutation rules like those of
Egs. (2.7) are sometimes referred to as “physical bosons.”
The additional terms by which (2.7b) differs from an ideal
boson commutator simply reflect the fact that the p-h
operators are composite particles whose constituents obey
Fermi-Dirac statistics rather than being really indepen-
dent Bose-Einstein particles. It may already be mentioned
here that Egs. (2.7) will also entail some mathematical dif-
ficulties such as nonorthogonality and overcompleteness
of state vectors generated by the p-h creation operators.
These mathematical problems will be dealt with in some
detail in the following section where it will also be shown
how they can be overcome.

The physical meaning of the p-h operators becomes ob-
vious by considering the vector pZ(q) | Wo). As follows
from (2.6), this vector describes a state where a hole has
been created (a spin-up electron has been annihilated) at
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It is easy to show that | ¥,) is an eigenvector of both N
and H with respective eigenvalues M =0 and
Ey=2,€x=0. We mention in passing that the particle
and hole destruction operators both annihilate the new
vacuum: by | Wo) =ci | W) =0. It should also be clear
from the definition that all particle operators anticom-
mute with all hole operators because they refer to dif-
ferent spin components. The Hubbard Hamiltonian may
now be rewritten in terms of the new operators as

H=USbibi+ Sec(biby—cicy)
k k

U
-2 bick 1 q¢prabp - 2.4)
k.p.q
Since N =N, + N, we have in addition that
(2.5)

N, =2b£bk =2c,:rck .
k k

The latter equation expresses the well-known fact that, for
a fixed total number of fermions, particles and holes
necessarily have to occur in pairs.

The new fermion operators will now be used to con-
struct p-h operators. These are defined by

Pr(@)=ck +qbrs PL@ =bRCA g » (2.6)

where k refers to the particle momentum and gq is the total
quasimomentum of the p-h pair. The operators obey the
following commutation relations:

(2.7a)
(2.7b)
(2.7¢)

I

wave vector k +¢g with subsequent creation of a particle
(creation of a spin-down electron) at wave vector k. The
px(q) operators can therefore be regarded as spin-deviation
operators. The state vector is schematically depicted in
Fig. 1.

Now let % ; denote the subspace spanned by all simul-
taneous eigenvectors of H and N, for some fixed eigen-
value M of N, (the spaces %, will be explicitly con-
structed in Sec. III). Since N, | ¥y ) =M | ¥, ) for any
vector of this subspace, the operator N, may be replaced
by its eigenvalue M in % ;. Hence, in the following, we
will focus our attention on a definite subspace %, for
some O <M < N /2 (the trivial case M =0 will be excluded
from our further considerations since it has already been
solved at the beginning of this section). Consider now the
following relation:

cxexN, = pl(k —q)p,(k —q) (2.8)

q9
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FIG. 1. Graphical illustration of the state vector pZ(q) | Wo).

which is readily verified with the help of Egs. (2.5) and
(2.6). It then follows from the above discussion that on
any subspace % 5 (0 <M <N /2), Eq. (2.8) may be rewrit-
ten as

chck=M""Sphk —q)p,(k —q), O<M <N/2.
q

(2.9)

With the help of Eq. (2.9) and a similar relation for b;:rbk,"
the Hamiltonian (2.4) can now be completely rewritten in
terms of p-h operators. One obtains:

He=3 3 EIZ"”‘(‘I)S""'_% pl(@pilq), (2.10a)
where

wr(q)=¢€(q)+ U (2.10b)
and

€(g)=€x—€x1q, O<KM<N/2. (2.10c)

Because of Egs. (2.5) and (2.9), we can also express the
particle-number operator N, in terms of p-h operators as
follows:

N,=M~'Spl(q)pr(q), O<M<N/2.
k.q

(2.11)

In view of the rather complicated commutation rules
obeyed by the p-h operators, it would be very helpful if
there existed some formalism allowing one to expand the
physical boson operators in terms of ideal boson operators.
Such methods do, in fact, exist, the earliest one being that
developed by Dyson’ in connection with the theory of
spin-wave interactions. Later Girardeau® presented a
theory for composite particles which, in this author’s
opinion, is ideally suited to apply to the present problem,
and it is essentially this method that will be used in the
present work. A brief outline of Girardeau’s method and
its application to the present problem may also be found
in Ref. 6. Before we can express the Hubbard Hamiltoni-
an in terms of ideal boson creation and annihilation opera-
tors, however, it is first necessary to examine more closely
the spaces % ), mentioned above.

III. PHYSICAL-STATE SPACE

In the preceding section the space % ,, was defined to
be the subspace spanned by all simultaneous eigenvectors
of H and N, for some fixed eigenvalue M of N, where
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O0<M <N /2. Here we wish to show how the space % s,
also denoted as physical-state space, is actually construct-
ed. In view of the importance of this section for the
theory presented here, we find it necessary to rephrase the
essential elements of Girardeau’s® treatment, which as pre-
viously mentioned, form the basis of the subsequent
development.

Consider an arbitrary vector | W,,) of % ,;, which may
be written as

}\pM): 2 2 ¢kl,...,kM(ql"'~,qM)
kisoooskpr qp, -0y
X | (k1,q1); - - -3(kproqng)) s
(3.1

where
| (k1,q1); - -3 (Kas@a)) =i (@1 * Py () | Wo)
(3.2)

and each of the 2M summations in (3.1) éxtends over the
whole first Brillouin zone. We will show in Appendix A
that |W,,) is an eigenvector of N, with eigenvalue M.
Since | W) of Eq. (3.1) is completely arbitrary, this im-
plies that any vector of % ;s (which is, by definition, an
eigenvector of N ) can be expressed in the form of Eq.
(3.1). Hence the set of all M-pair product states (3.2)
spans %y, i.e., any vector of %, can be represented as
some linear combination of such product states.

The wave functions ¥ in Eq. (3.1) are required to be
symmetric with respect to an arbitrary permutation of the
p-h pairs. More formally, let P denote any permutation of
the pair indices {1,2,...,M}. We then require that

A QM) *
(3.3)

Py, o dn s a) =Yk, k(41 -

This requirement is the same as for a wave function
describing a system of ideal bosons, and is due to the
fact that all pl(q) operators commute.

We now proceed to show that for M >2 the set of all
M-pair product states (3.2) is not linearly independent, i.e.,
that there exist linear relations among these states. Since
we have already shown above that they span the space
% yr, it then follows that they form an overcomplete set (if
they were merely complete, they would be linearly in-
dependent). This is the overcompleteness problem men-
tioned briefly in Sec. II. The physical reason for the linear
dependency between the pair product states (3.2) rests
upon the fact that, for M >2, there is no unique assign-
ment of particles or holes to the p-h pairs, i.e., there is the
possibility of exchange of particles (or holes) between dif-
ferent p-h pairs. To see this explicitly, consider two dif-
ferent pairs labeled by the pair indices i and j, where we
assume that 1 <i <j <M. These pairs are then described
by

Pk, (90PL, () =bL ek, g bhCl 1q - (3.4

An interchange of the particle operators b' between the
two pairs leads to



4146 H. BARENTZEN 28

PL(%' )P;rc.(qj')z —blir.cl:+q~bl:cl:r.+q~ = “PL(%’ +k;—k; )PZ.(Qj +kj—k;j)= *P;\c‘(qj' +kj—k; )PIA(q,' +ki—kj), (3.5)
¢ J J 4 L J 7 i i j

where use has been made of the anticommutation relations for fermions and Eq. (2.7a). One easily verifies that the same
result is obtained by interchanging the hole operators instead of the particle operators. Inserting (3.5) into (3.2), one has
| (ki,q1); - 5(kingi)s o 5(Kjuq)5 5 (Kkng,Gag))

showing explicitly the linear dependence between the pair product states. An immediate consequence is, of course, that a
given vector | W, ) of %, (M >2) does not possess a unique expansion in terms of these product states. For if the
right-hand side of Eq. (3.6) is inserted into (3.1) and the summation variables are appropriately changed, one obtains

|Wyd=— > Ky, ...k, a0 an) [ kg1 s (kangum)) (3.7a)
ki o kpg s ool
where
Kijhe,, .. k0 -+ 505 G5 - - -5 ay)
=V, .. kG GGt —KiGign g R — K gi - qy), 1KE<j<M .
(3.7b)

A comparison of Egs. (3.7a) and (3.1) clearly shows that the same vector | W, ) can be expanded in two different ways,
since ¥+ —K;;1, in general. There exist other similar relationships between the pair product states, which can be ob-
tained by interchanging more than one pair of particle operators in Eq. (3.2). These additional relationships, however,
are not independent since any permutation of particle operators is a product of particle interchanges K;;.

There have been several attempts in the past to overcome the difficulties associated with the overcompleteness prob-
lem just discussed, which is a basic difficulty of all composite-particle theories in solid-state and nuclear physics. Some
of these attempts are reviewed in a recent monograph by Ring and Schuck.’ In a series of papers, Girardeau® has made
a particularly thorough investigation of the many-body problem for composite particles. He solved the overcompleteness
problem by imposing subsidiary conditions on the space of wave functions ¥ so that the latter all represent physically
possible many-pair states, i.e., states which have the correct symmetry under exchange of fermions (particles or holes) be-
tween different p-h pairs, and thus satisfy the Pauli principle. The subsidiary conditions imposed by Girardeau are

Kij¢k1,...,kM(ql’"-)qi)""qj;--~’qM)=_1/}k‘,,.,,kM(q1’-'~;qi1-'-’qj)~-~)qM)7 1S1<]SM > (3.8)

where the left-hand side is defined by (3.7b). In order to show that any wave function satisfying Egs. (3.8) obeys the ex-
clusion principle, we first set k; =k; =k in Egs. (3.8). It then follows from (3.7b) that

By, oo ki ki ek ko kg (1 s Qi1 it -5 G101 - - <5 Gy)
= =Wk ki pkk kg kg (s s Gis e s )
f
But from the symmetry property (3.3), ning the space % ). The proofs of these assertions are
—0 (3.92) clearly presented in Ref. 8(a) so they will be omitted here.
LTI koo kG qu) =0 ~7a It then follows immediately that any given vector | ¥y, ) of

% py can be uniquely represented by an expansion such as
(3.1), provided the wave function 1 satisfies the conditions
(3.8). In this context we note that the arguments given
above to show the nonuniqueness of the expansion of

Similarly, let ¢;+k;=g;+k;=q +k in (3.8). Then from
Egs. (3.7b) and (3.3)

iy, k(G5 4 +k—ki...,q+k—kj....qu) | W) fail if Eqgs. (3.8) are satisfied. In summary, the
subsidiary conditions (3.8) suffice to remove the redun-
—0 (3.9b) dancy of the pair product states (3.2) and, at the same

time, ensures the proper statistics under exchange of parti-

Equation (3.9a) obviously states that two particles cannot
occupy the same state characterized by the wave vector &,
whereas (3.9b) does not allow two holes to occupy the
same state g +k. Hence any wave function satisfying
Egs. (3.8) obeys the exclusion principle.

Girardeau then proved that the subsidiary conditions
(3.8) just suffice to remove the redundancy of the product
states (3.2), but without destroying their property of span-

cles and holes between different p-h pairs. This is no ac-
cident since, as was discussed above, the overcompleteness
results precisely from the possibility of such exchanges.
We conclude this section by pointing out that the
M (M —1)/2 subsidiary conditions (3.8) associated with
different values of i and j are not independent. Using the
symmetry (3.3) of ¥ with respect to interchanges of whole
pairs, one can readily show that these conditions for one
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pair of values for i and j (e.g., i =1,j =2) imply the condi-  tion condition
tions for all other values of i and j. 2
2 2 I‘/jkl,...,kM(qb"',qM)l =1.
IV. BOSON EXPANSION OF THE HUBBARD koo qu - ooam
HAMILTONIAN (4.2b)

The results of the preceding section enable us to express  Given any such |Wy ) of %, we define its correspon-
the Hamiltonian Hj, of Eq. (2.10) in terms of ideal boson  dent | W,,) in %, by
operators. These are defined by their commutation rela-

; 1
tions I‘PM)=‘/H' 2 2 ‘l’kl,‘..,kM(QI’---;qM)
’ t T ’ Cky oo kp gy qpy

[Bi(q),Br(q')]1=[Bi(q),Bx:(q")]=0, @D

[B(@),B{(g)]=514:4g » X | o113 (Kagsqa)
together with the condition By (q) | ¥y)=0, where | W) is 43
the ideal boson vacuum. (4.3a)

Once these operators are def;\ned, it is possible to con- with the same wave function ¥ as in (4.2), and where

struct an ideal-state space % p (the analog of the + ¢
physical-state space % s described in Sec. III). This will [(k1,q1); .. 3 (kar,qm)) =By, (q1) - - By, (qn) | Wo) .
again be done along the lines developed by Girardeau in
Ref. 8(a). In the preceding section it has been shown that
any vector |Wy ) of the physical-state space can be It can be easily shown that |W¥,,) is also normalized to
represented in the form unity provided ¥ is normalized as in Eq. (4.2b). More-
1 over, one can prove that the inner product is conserved,
'WM)zm > > LT L SRR 9 ie., wehave(‘PM|\PM)—(\I/M|\l/M)
A L The ideal-state space %, is then defined to be the set
L of all such states |W,,) as | W) runs over all of % ,,,
X | ki,q); - 5k an)) thereby establishing an isomorphism between %,, and
@ M- We emphasize the importance of the subsidiary
(4.2a) conditions (3.8) for the construction of % M, since witl)\out

(4.3b)

with wave functions ¥ which are made unique by imposi-  them one state in %), would have many images in % .
tion of the subsidiary conditions (3.8). Here the factor These conditions will now be reformulated in terms of an
1/M! has been chosen so that | ¥,,) is normalized to uni- eigenvalue problem in % ,;. According to Egs. (3.8), we
ty provided the wave function ¢ satisfies the normaliza- require that
]
1
|‘I’M)=—*—‘/'ﬁ 2 2 Kijd’kl,...,kM(ql:-"qu)[(kl’Ql);---;(kMqu))‘ 4.4)
fky kg ay

Consider now the following Hermitian operator K, hereafter referred to as exchange operator:

R=%3 SB} 1(q)Bl(q")Bi(q +Kk)By 1(q' —k) . (4.5)
k,k' ¢,.q'

It is not difficult to show that I? | War), where | W,,) is given by Eq. (4.3a), yields the following expression:

K |Wy)=7M(M—1) ‘/——' 2 2 Kk, .. k(@ -« am) [ (kigy); o 5(kygy)) (4.6)
kg -ay
where use has been made of Egs. (3.3) and (4.1). A comparison of Egs. (4.6) and (4.4) shows that the latter equation and,
hence, the subsidiary conditions (3.8) are fulfilled for all those vectors | ¥,,) satisfying the following eigenvalue equa-
tion:

K|Wy)=—1+M(M—1)|¥,y). 4.7)

Equation (4.7) is completely equivalent to Egs. (3.8) and one may, therefore, say that only those vectors | W,,) satisfying
(4.7) can be vectors of the ideal space 2% m- This implies that, for example, the product states (4.3b) themselves are not
contained in % m because they do not satisfy Eq. (4.7).

In order to express H,; of Eq. (2.10a) in terms of ideal boson operators, we must find the image of H,, in 2% m- Quite
generally, the correspondence between operators O on % ,; and those O and % wm is determined by expressing O | ¥, ) in
the form (4.2a), using (4.3), and identifying the result as some operator o) acting on | W,,). Our first task, therefore, is to
calculate Hys | W5, ). A somewhat lengthy calculation, which is carried out in Appendix B, yields
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HM(\PM>——_| >

ki,ookpyr qp,ees 1Y

{Hux,, ... Kk, q1 -

The expression in curly brackets is given by

Hyk, ... k,4q1 - -

i=1

where
U
Wik(q) =i (q)dir — N

and wy(q) is defined by (2.10b).

L qy) = ZEWk k(@)W ;

H. BARENTZEN 28
a)} [ kg - - kagsga)) - (4.8a)
k;+k,..., kM(qlJ > qm)

..,kM(ql’ :qx_k’~ "qj+k;---’QM)
..,kM(ql’ :qi+k: -’qj_k,---;qM)} ’ (4-8b)
(4.8¢)

The expansion (4.8a) is unique since Hy 9, as given by (4.8b), satisfies the subsidiary

conditions (3.8), which is also shown in Appendix B. To H), | ¥,,) there corresponds a vector a | War) in % M which,

according to (4.3), is given by

with the same function H,s ¢ as in Eq. (4.8b). Since Hy
satisfies Eqs. (3.8), the mapping Hy, | Wy ) —H | Wy,) is
one to one as discussed above. We now ask what operat-
or ﬁ, expressed as an explicit function of the Bi(g) and
B,I(q) operators, leads to Eq. (4.9) with expression (4.8b)
for Hy. Subsequently, we will prove that the following
operator has the desired properties:

H= S Wi(q)Bi(q)B(q)
k,k',q

U
-V 2 23k+k (q)Bf.(g")
k, k', k"

X By(q'—k)By(q +k) . (4.10)

We note that H is Hermitian and that the quantum num-
ber M _no longer exphcltly occurs in (4.10). Moreover,

since H is defined on ?/ M and any vector of that space
must satisfy Eq. 4.7), H and K possess common eigenvec-

|

{Hu¥x,, ... k(90 - -

sam)} | (ky,qr); .. (kaan)) (4.9)

tors. This is only possible if these operators commute
[H,K]=0. 4.11)

In fact, it is not difficult to verify that Eq. (4.11) is ful-
filled. Another useful way of writing H is as follows:

H=w(q)B{(q)Bi()— TV, (4.12a)
k.q
where
P=~ 3 SBlw(@Bilg +KBl(gBylg k) .
Nk,k k" q,q'

(4.12b)

Here it can be shown that K commutes separately with
each term on the right-hand side of (4.12a). Equations
(4.12) will now be used to prove that H leads to 4.9),
where the expression in curly brackets is identical to that
given by Eq. (4.8b). First, it is an easy exercise to show
the validity of the following equation:

M
Bi(q) | (k1,q1); .. s(karsgm ) = zskkisqq, | (k1,q1); .. (ki —1,0: —1)3(Ki 11,60 +1)5 + « 3 (kaggag) (4.13)
i=1
A simple and straightforward calculation then yields
M
S o @BLUPB(Q | (k1,q1); . . 5 (Kprsqr )= D 0k () | (k1,q1); -+ -5 (Kag,qar) (4.14)
k,q i=1
and
M
s(kasqu)) =2, [ (k1,q1); .. (kg +K); .o (kaggag)) (4.15)

S B,Iu(q’)Bku(q’—-k) | (k1,91);
k",q'

i=1

Using (4.13) again, we further obtain from (4.15)
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M
Bk'(q +k)2 ‘ (kl,ql ); . ;(k”q,+k); .. ‘)(leqM))
i=1
M
= > 8,04, | (k1,q0);5 - - 50k 1,45 —1)5(Ki 4 1Gi 1); . Akpam))
i=1
+ E 8kk q+kq l(kqul ’(k —qu_]——l)( j+l’qj+1) -;(ki’qi+k);' . (km7qM))
t'j>—11
+ 2 81k, Bq +iegy | (k1,q1); - o 5 (Kin @i +K); -+ 50k gy 05Ky 1,5 405 - 5 (Kagsgn) (4.16)
Lj=1
15
From (4.16) one then easily deduces the following result:
VIki,q1)s .- 5 kanqp)) = —2 El(kl,ql s(ki —koqi); - - 5 (kpg,qar))
l=1
+——— E 2 (k1,q1); - - (ki —k,qi+k); .. 5 (kjq;—K); .. 5 (kar,gar)
1lj<—Jl
=+ I(k1,¢11); -;(knql‘_k);~';(kj—k:qj+k);~;(kM:qM))} . (4.17)
r

If Egs. (4.14) and (4.16) are now multiplied by (M!)~1/?y
and summed over all k; and gq; (i =1, ..., M), one ends
up with Eq. (4.9), where H ;1 is precisely given by (4.8b).
This completes the proof.

Equation (4.10) is not yet our final pair Hamiltonian,
the latter being related to the former by a unitary transfor-
mation of the operators. Before we turn to the pair Ham-
iltonian, however, it is expedient first to investigate two
well-known limiting cases of the Hubbard Hamiltonian.
These will serve as test cases to show the equivalence of
the original Hamiltonian (2.1) with its correspondent H of
Eq. (4.10).

V. BAND LIMIT AND ATOMIC LIMIT

There are two limiting cases of the Hubbard Hamiltoni-
an (2.1a), frequently referred to as “band limit” and
“atomic limit,” for which the eigenvalues and eigenvectors
can be readily found. The band limit is obtained by set-
ting U =0 in Egs. (2.1), while the atomic limit results for
t =0. These two cases and, in particular, the transition
from band limit to atomic limit, were studied extensively
by Hubbard! himself in order to explore the occurrence of
the metal-insulator transition.* In the present section
these two limits will be reconsidered, since they will serve
as test cases to show the equivalence of the original Ham-
iltonian H of Eq. (2.1a) with its correspondent H in ideal
boson space.

In terms of the fermion operators a;:r,, and ag, the band
limit of the Hubbard Hamiltonian, Eq. (2.1a), is given by

Hozzeka,:r,ak,, (band limit) . (5.1)

k,o

The atomic limit is more conveniently described by using

Wannier operators a,,. These are related to the a;, by

1 .
ak”:—\/—_ﬁ-;anaexp(—tk'Rn) , (5.2)
where R, is a lattice vector and n runs over all N lattice
sites. In terms of Wannier operators the atomic limit of
(2.1a) is then characterized by

Hy=UYN,N,, (atomic limit), (5.1
n
where N, —a,j,,am,
In terms of 1dea1 boson operators Bk(q) and By (q) the
band limit of H, Eqgs. (4.10) or (4.12), is described by

Ho=e(9)Bl(g)Bi(g) (band limit) ,
k.q

(5.3)

where €;(q) is given by (2.10c). Again the atomic limit of
(4.12) is more conveniently described by using Wannier
operators B,,, instead of the B;(q), these operators being
related by

sz (5.4)
where Eqs. (5.2 , (2.3), and (2.6) have been used. In terms
of Wannier operators, the atomic limit of (4.12) is then
obtained as

q@)exp{i[k‘R,, —(k +¢)'R,]1} ,

Hy=USB, B,,—V (atomic limit) (5.3
nm
where ¥ is now given by
P=US 3B BuB,mBum - (5.3")

nn' m
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For later purposes we also need the exchange operator K

expressed in terms of Wannier operators. From Egs. (4.5)
and (5.4) one obtains

:22 EBJmBJmBntnm .

nnmm

(5.5)

After these preliminary considerations, we will now show
that the eigenvalues of the operators (5.1) are the same as
those of the corresponding operators (5.3).
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Here | ¥,) and €, (q) are defined by Egs. (2.2) and (2.10c¢),
respectively.

To solve the eigenvalue problem of Ho, Eq. (5.3),
have to remember that since HO and K commute, the
eigenvectors of A o also must be simultaneous eigenvectors
of the exchange operator satisfying Eq. (4.7). Eigenvec-

tors of H o with the required properties are readily found
and read

A. Band limit ki+q, kv +am
. e . |\I/M 2 Xo , '
One readily verifies that the eigenvectors of H, have v'M ' ki+q; ky +qum
the form ol
¥
( ‘I’R«ﬂ:alzpl R PR I A
X [ (kliqll ); .. ’(kM’qllvl)) ’
X g gy | v, , (5.6)
while the corresponding eigenvalues are given by (5.8)
M
Ef, = 2 fki(‘]i) (5.7) where X is the following determinant:
i=1
l 1
914, 6k1+qll ki+a, 8"1""13 Ky +an
ki+q; ka +aqum (5.9)
Xo ki+4q ky+qgm 8":‘*’1."”‘1‘*"11 5ki*"lilykzﬂlz Bki+qi,’kM+qM ’
BkM"”‘lel“‘ql SkM*'q){rkﬁ'qz 8‘hlvtv‘iM

We shall now prove that | ¥,) satisfies Eq. (4.7) and is an
eigenvector of H,. If we let K act on | ¥Y,), a straightfor-
ward calculation yields

R|¥)= ‘/—,21 z Ko
’lj<_j q1 -----
X | (k1,1 ). 5 (karsgm)) (5.10)

where K;;X, is again a determinant similar to (5.9), differ-
ing from X, only in that the ith and jth rows have been
interchanged. Since K;;Xo= —X), it follows immediately

from (5.10) that {\I'M ) satisfies Eq. (4.7). To obtain
H, | ¥},), we use Eq (4.14) and find
Hy | W3)= 2 2 ek,.<q.-' o
1—1
X | (kg1 ). kagsgar))

(5.11)

Here it is not 1mmed1ate1y obvious that (5.11) is an eigen-
value equation for | ¥Y,). By using elementary properties
of determinants, however, one readily proves the follow-
ing:

M M
sz',(q," )X(): Eek’,(q; )XO .

i=1 i=1

(5.12)

f

If this result is now inserted into Eq. (5.11) we see at once
that | ¥%,) is an eigenvector of ﬁo with eigenvalue Ejy,
where Ey is precisely given by Eq. (5.7). This then clearly
shows the equivalence of the Hamiltonians (5.1) and (5.3)
in the band limit.

B. Atomic limit

Here again an elementary calculation shows that the
eigenvectors of Hy, Eq. (5.1'), have the form

+

w5 =al - (5.13)

a:M,laml,t T Ayt [Wo) ,
where the Wannier operators of Eq. (5.2) have been used.

The corresponding eigenvalues are given by

EY=U|M— 2 Sy, (5.14)

i,j=1

As is evident from Eqgs. (5.13) and (5.14), Ef] can take the
values MU,(M —1)U,...,0 according to whether
MM —1,..., etc., lattice sites are doubly occupied by a
spin-up and a spin-down electron.

Turning now to the eigenvalue problem of ﬁU, Eq.
(5.3'), we again recall that since A v and K commute, the
eigenvectors of A v must be simultaneous eigenvectors of
K such that Eq. (4.7) is fulfilled. As in the band-limit
case, it is not difficult to find eigenvectors with the re-
quired properties. Consider
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1 ny o ony where
¥)=—= 3 Xy , , . ne t
M!"'p-n»"z'u n Ny !(nhml):---:(nM’mM))=Bn'l,ml ,,,MI‘I’O)
X | (ny,my);. . (np,mp)) (5.15b)
(5.15a) and Xy is the determinant
]
8n;nl Sn'lnz 8n"nM
ny o ony
Xu ny nyp - 6":""1 8"." ny 8",’ npp (5.16)
8"1‘4"1 nany naga
In order to prove that | W) satisfies (4.7), let K, as given by (5.5), act on | Wjy). :I;he result is similar to that of Eq.
(5.10), :
K|¥))=—— \/ﬁ 21 S KXyl (ni,my);..s(ni,ma)) (5.17)
ij= ny,...ny
i<j

where K;;Xy is again a determinant differing from (5.16) only in that the ith and jth rows have been interchanged.
Hence, by the same arguments as m the band-limit case, | W) satisfies Eq. (4.7). To obtain Hy, | \I/M) we first calculate

V| ni,my);...;(ny,my)), where Vis given by (5.3"). This yields
V0(ni,my);. . (nima) )—Uz 8t my | (151 )5 5(migymag)) (5.18)
i,j=1
From (5.18) we then easily get the express1on for Hy | W)
Hy |YY)=MU [¥Y)— ‘/—_‘ 2 > Sn’_,mj)(u[(n'l,ml);...;(n[w,mM)). (5.19)

=1,
iJj ,...,nM

As the last step, we again use elementary properties of
determinants to obtain

za" mxu_zan,,,x,, .

i=1 i=1

(5.20)

From Egs. (5.19) and (5.20) it is now quite obvious that
| Wiy is A0 eigenvector of H v Wwith the eigenvalue EY,
where Ejj is the same as in Eq. (5.14). This result again
shows the equivalence of the Hamiltonians (5.1’) and (5.3")
in the atomic limit.

In summary, the results of this section show that the
original Hubbard Hamiltonian and its correspondent Hin
ideal boson space have identical eigenvalue spectra in two
important limiting cases, namely the band limit and the
atomic limit. As a by-product we have also obtained the
eigenvectors of H for these limits. These might turn out
to be useful in constructing trial eigenvectors of H for the
intermediate region between the two limits.

VI. PAIR HAMILTONIAN

In Sec. V we have studied the limiting behavior of the
boson expansion of the Hubbard Hamiltonian. We will
now continue the development of Sec. IV by transforming
the operators By (q) so that the first term of Eq. (4.10) as-

[

sumes diagonal form. The Hamiltonian resulting from
this transformation will be our final pair Hamiltonian.

Let 4,(g) be new boson operators related to the By(q)
by the unitary transformation

Bi(q)=3¢ip(q)4,(q) . (6.1)
)
Since (6.1) is required to be unitary, the coefficients must
satisfy the following orthogonality and completeness rela-
tions:
> bko(@rp(@) =8rk »
P (6.2)

> bko (@) dip(q)
k

The new operators A4,(q), hereafter referred to as pair
operators, are then given by

A,(q) = ¢%p(q)Bi(q) , (6.1
k
and it is easy to show that they obey the ideal boson com-
mutation relations (4.1). The pair wave functions ¢;,(q)
will now be chosen such that the real symmetric matrix
W (q) of Eq. (4.8¢c) is brought to diagonal form. This will
be the case if the pair wave functions satisfy the eigen-
value equation
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S Wi @dip(q) =E, (@), (q) (6.3)
g
Equation (4.10) is then transformed into the pair Hamil-
tonian®

H=SE,(@4,(94,(q)
P9

U
—‘F 2 2 Vpl,..., kq’ ")

Py P k49’

XA, (@A) (g4, (g'—k)

><Ap4(q +k), (6.4a)

where E,(q) are the pair energies and the interaction ma-
trix elements are given by

Voo ...psk0,9") = 2<lf’k+kp1

Py )¢;”,p2(ql)

Xbrp,(q' =Ky p, (g +K) .
(6.4b)
The pair Hamiltonian (6.4) now has a form which one
would intuitively expect: The first term represents in-
dependent pairs, while the second term describes the pair
interactions. The exchange operator can be transformed
similarly by inserting (6.1) into (4.5). This results in

2 2K, ke

Py---2Ps kg’

XA, (4] (g)4,,(g'—K)A, (g +k) ,

A

K=+

(6.5a)
where the exchange matrix elements are given by
Ky, ... .pkaq") k2¢k+k 2 (D% p,(0)
Xk 4kp,(@"—k)
X i p, (g +k) . (6.5b)

We emphasize once more that all eigenvectors of H must
be simultaneous eigenvectors of K such that Eq. 4.7) is
satisfied.

The pair energies E,(q) and wave functions ¢,(q)
entering the pair Hamiltonian, Egs. (6.4), are formally
given as the solutions of the eigenvalue equation (6.3). We
will now show that these quantities can all be obtained in
an explicit form.® From Eq. (6.3) we find that

Bip(q)=(U/N)[wy(q)

where N,(q)=3,¢x,(g) is a normalization factor to be
determined later. By summing Eq. (6.6) over k, one ob-
tains the characteristic equation for the eigenvalues

—E,(@)]7'N,(q) (6.6)

D(E,@)=1+(U/N)J[E —or(q)]7" . (6.7)
k
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The pair energies E,(q) are then given as the zeros of

D(E,q). We next multlply Eq. (6.6) by ¢kp g), sum over
all k, and make use of the orthogonality relations (6.2).
This yields

UaD(E,q)

=—N|N,(q) |2,
oE E=E,(@ [ Np(a)|

(6.8)

showing that the slopes of D(E,q) at E=E,(q) are all
negative. The qualitative behavior of this function is
represented in Fig. 2.

The normalization factors N,(g) can be obtained from
Eq. (6.8) and the easily proven relation

2 (@) — k(@] HEy (@) —x(@)] !
_ E,(q)—t3E,(q) /3t —U
[E,(q)—wk(g)]?

where ¢ is the hopping matrix element of Eq. (2.1b). In
this manner one obtains®
N 3E,(q)
t_.....__
U at

>

—E,(q) (6.9)
Equations (6.6) and (6.9) determine the pair wave func-
tions once the energies E,(g) are known.

The pair energies can be determined by evaluating the
characteristic function D (E,q). A closer look at Fig. 2 re-
veals that the zeros of D(E,q) fall into two distinct
categories: There is one isolated zero (bound state), here-
after denoted as E (g), which lies below the quasicontinu-
um of p-h energies wy(q). Since in this case none of the
terms in Eq. (6.7) is divergent, E(q) can be simply ob-
tained by converting the sum in (6.7) to a k-space integral.
Thus E (g) is determined by®

Qdede[cok(q)—E]_lzl, Q,=UV,/2m)",
(6.10)

where BZ indicates the Brillouin zone. Here V, is the

D(E,q)

vvvvv

l4———— quasicontinuum of ——————»|
p-h states
FIG. 2. Schematic plot of D(E,q). The crosses (X ) and cir-
cles (O) indicate, respectively, the positions of the poles w,(g)
and zeros E,(q) of D(E,q) on the real E axis. The bound-state
solution E (q) is indicated by an arrow.
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volume of the unit cell and d is the number of dimensions.
All other solutions E,(q) (scattering states) of Eq. (6.7)
fall inside the limits of the band in a way depicted in Fig.
2. To obtain these roots, much more care is needed in
evaluating Eq. (6.7). In Appendix C we have demonstrat-
ed one possible method, based on Wentzel’s!® treatment,
by which these roots may be obtained. According to Ap-
pendix C, these solutions are given by®

- 1 A E )]
Ep(q)—wp(q)fTrAp(q)tan —_—DO[Ep(q)] ,
(6.11a)
where
ME,q) =m0y fBde S[E —wr(q)], (6.11b)
Do(E,)=1+QuP [_dk[E—w(@]™", (6.11c)

and A,(q) is the spacing of two successive poles w;(g) at
wave vector p. From Eqgs. (6.10) and (6.11a) it is not diffi-
cult to see that in the limit U /¢ >> 1 (atomic limit), the en-
ergies E (q) are separated from the E,(q) by a gap of ~U.
Hence, by the results of Sec. V B, the former energies cor-
respond to low-energy states where all sites are singly oc-
cupied (homopolar states’), whereas the energies E,(q) be-
long to excited states where one site is doubly occupied
(ionic states®).

The preceding expressions for the pair energies and
wave functions are valid for any number of dimensions.
Before we proceed to evaluate Egs. (6.9), (6.10), and
(6.11a) for the one-dimensional case, we wish to add a few
remarks here: The pair energies and wave functions deter-
mined above are the exact eigenvalues and eigenfunctions
of the full pair Hamiltonian (6.4a) for the particular case
M =1. This is true because the interaction term of (6.4a)
vanishes on the subspace Y M=1- Moreover, since the ex-
change operator K also vanishes on that subspace, the
eigenvalue equation (4.7) is trivially fulfilled for any vec-
tor of this subspace. This implies that the pair energies
and wave functions are, at the same time, the exact solu-
tions of the Hubbard Hamiltonian for M =1, since (2.1a)
is completely equivalent to (6.4a). Although this has been
proved for general M in Sec. IV, the equivalence for
M =1 can also be seen more directly by applying the Hub-
bard Hamiltonian (2.1a) on

|, (@) =3 b, @)af \ak g1 | ¥o) -
k

The requirement that |W,(q)) be an eigenvector of H
leads to a condition for the ¢y,(q), which is exactly the
same as Eq. (6.3). In particular, by specifying our solu-
tions to one dimension we should recover the solutions de-
rived by Lieb and Wu? for M =1. This will be verified
below.

In one dimension, Eq. (2.1b) yields

wp(q)=U —2t{cos(pa)—cos[(p +q)al} , (6.12)

where a is the lattice constant and the wave vectors p and
g range over the one-dimensional Brillouin zone
(—m/a,m/a). From (6.12) the pole spacings A,(g) are ob-
tained as
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A,(q)=(8mt/N)|sin(5ga)cos[(p +5q)al| ,  (6.13)
while Egs. (6.11b) and (6.11c) yield the following:
N(E,q)=U{[4tsin(+qa)]*—(E —U)?} 12,

(6.14a)

Dy(E,q)=1. (6.14b)

By Egs. (6.14a) and (6.14b), the pair energies® and wave
functions are now readily calculated. Thus Eq. (6.10) be-
comes

E(q)=U —{U*+[4tsin(+qa)]*}'/?, (6.15)
while Egs. (6.11) lead to
E,(q)=U —2t{cos(g,a)—cos[(g,+q)al} , (6.16a)

where the ¢, are pseudo-wave-vectors given by

2t . .
%,zpi%—%tan" F{sm[(pﬁ-q)a]——sm(pa)} .

(6.16b)

Here the upper or lower sign applies according to whether
the argument of the arctangent function is positive or neg-
ative, respectively. Equation (6.16b) is correct up to, and
including, terms of the order 1/N. Equations (6.15) and
(6.16a) explicitly show that, for U/t>>1, the energies
E(q) and E,(q) are separated by a gap of ~ U since, in
this limit, E (q) tends to zero, while E,(¢q) approaches U.
The pair wave functions are given by Eq. (6.6), the nor-
malization factors being determined by (6.9). From the
latter equation we find that the normalization factor cor-
responding to the bound-state solution (6.15) is given by

fN(q)lz=7_}Xg(—q), 6.17)
while the one corresponding to (6.16a) is obtained as
1
| Ny(q) | *=— 20052[(f+?q)1a] , (6.18a)
&(g)+cos“[(p +5q)a]
where
EX(q)=U?/[4tsin(+qa)]? . (6.18b)

Having obtained the solutions for the one-dimensional
case, we will now compare our results with those of Lieb
and Wu? for M =1. According to Ref. 2, the ground-
state energy of the one-dimensional Hubbard model for
M =1 is determined by the coupled equations:

EA)=—2 7 dksink)tan='[6~(sink —A)] ,

(6.19a)

Qa==L [ dktan—'[£~"(A—sink)] . (6.19b)
m —T
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Here
E=U/(4t)
and (6.19¢)
_2r
Na

where J is integer (or half-odd integer) for N even (or odd).
We will not attempt to solve Egs. (6.19) for arbitrary
values of A and &, but consider only two special cases for
which these equations can be solved by a modest amount
of labor. Consider first the case £>>1; here a Taylor-
series expansion of the integrands leads to

E+A
where only terms of the order £~ ! have been considered.
By inserting A into the expression for the energy and re-
placing Q by g £ /a, we find

A=E&tan(5Qa),

4%
E(q)=——(7[l—cos(qa)] . (6.20)
It is now easy to verify that the same expression results
from Eq. (6.15), if the square root is expanded to the same
order of £. Consider next the case A=0; here the integral
in (6.19a) can be evaluated for arbitrary £ yielding

E0)=U —4t(1+4+£&4)1/2

This again agrees with (6.15) for ga = +7.

We next turn to the energies E,(q) of Eq. (6.16a). Ac-
cording to our previous discussion, these belong to excited
(or ionic-type’) states. As described in some detail by the
authors of Ref. 5, such an excited state can be created by
first adding an additional spin-down electron of wave vec-
tor k. to the system of N electrons in the state | ¥,) [see
Eq. (2.2) and Fig. 1], and then removing one of the spin-
up electrons with wave vector k _. In the notation of Ref.
5, the energy of such a state is given by

E(k, ,k_)=U—ulk )—pk_), (6.21a)
where

u(ki)zE(N,O)—[E(N—1,0)];0I , (6.21b)
and use has been made of the relation®

E(N,1)=U+E(O,N —1). We mention that Egs. (6.21)
differ from the exact expressions by terms of O(1/N)
since, in the chemical potentials u, terms of the order 1/N
have been neglected.’ In Eq. (6.21b), E(N,0) is the energy
of the state | W), which has been found to be zero in Sec.
I1, while

N
[E(N —1,0)]x, =—2t> cos(k;a) .
+ ot

(6.21¢c)

Here the prime on the summation sign indicates that the
term k; =k, is to be omitted. We further note that, for
M =0, the pseudo-wave-vectors k; reduce to ordinary
wave vectors [see Eq. (9) of Ref. 2] so that (6.21c) may be
rewritten as

[E(N-—l,O)]kiZZI COS(ki-a) » (6.21d)
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where we have used the fact that chos(ka)zo. If we
now set k , =p+w/a and k _ =p +¢q, Eq. (6.21a) becomes

E(k,k_)=w,(q),

and we recover Eq. (6.16a), if terms of O(1/N) are
neglected in the latter equation. The preceding discussion
should suffice to demonstrate that our pair energies are, in
fact, identical to the energies found in Refs. 2 and 5 for
the case M =1.

In the present work we have restricted ourselves to the
calculation of pair energies in one dimension since our pri-
mary purpose was to develop the general theory. The ex-
tension to higher dimensions presents no principal prob-
lems since the pair energies are given explicitly by Egs.
(6.10) and (6.11) for an arbitrary number of dimensions.
Although the integrals, occurring in these equations can
no longer be evaluated in closed form, they can be treated
numerically. The numerical study of higher-dimensional
lattices is planned to be considered in future work.

VII. SUMMARY AND CONCLUSION

In the present work a detailed account has been given of
a recently® developed pair theory of the Hubbard Hamil-
tonian. The resulting pair Hamiltonian is an exact refor-
mulation of the original Hubbard Hamiltonian in terms of
pair operators, which satisfy elementary boson commuta-
tion relations. The Hamiltonian takes the familiar form
of a sum of a quadratic part representing independent pair
energies and a quartic part representing interactions be-
tween the pairs. The price one pays for this particularly
simple formulation of the many-pair problem is that all
eigenstates of the Hamiltonian are required to be simul-
taneous eigenstates of an exchange operator, which com-
mutes with the Hamiltonian. Eigenvectors satisfying
these requirements have been explicitly constructed for
two limiting cases of the Hubbard model, the band limit
and the atomic limit. We were also able to show that in
these limits the eigenvalues of the pair Hamiltonian are
the same as those of the original Hubbard Hamiltonian.

The energies and wave functions entering the pair Ham-
iltonian are formally given as the solutions of an eigen-
value equation. By solving the eigenvalue problem expli-
cit analytical expressions for both pair energies and wave
functions have been obtained for an arbitrary number of
dimensions. The spectrum of pair energies is shown in
Fig. 2 and may be described as follows: There is one
eigenvalue (bound state), which lies below the quasicontin-
uum of p-h energies. In the atomic limit (U /¢— o0 ), this
eigenvalue corresponds to a homopolar state,’ where all
sites are singly occupied (N —1 sites by spin-up electrons
and one site by a spin-down electron). All other eigen-
values (scattering states) fall inside the limits of the band
of p-h states; in the atomic limit these eigenvalues are de-
generate with each other and correspond to ionic states,’
where one site is doubly occupied. In the same limit the
ionic states are separated from the homopolar state by a
gap of ~U.

By a simple argument, we could further show that the
pair energies and wave functions are the exact solutions of
the Hubbard Hamiltonian for M =1, where M is the num-
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ber of spin-down electrons. This has been explicitly veri-
fied for the one-dimensional case, where we demonstrated
that our pair energies are, in fact, identical to the exact en-
ergies found in Refs. 2 and 5 for the case M =1. In this
connection, we mention a recent paper by Chui,'! where
he proposed the existence (in one dimension) of a bound
state with an energy > U, based on an extension of the
Bethe-ansatz solution of Ref. 2 to complex wave vectors.
Since, as demonstrated in Sec. VI, all solutions of the
M =1 problem are given by the zeros of the characteristic
function D (E,q) of Eq. (6.7), where only real wave vectors
occur, the existence of such a bound-state solution'! seems
to be ruled out, at least for M =1.

In this work we attempted to show that the pair-theory
formalism possibly represents a very useful and interesting
alternative to other methods of treating the Hubbard
Hamiltonian, e.g., by more sophisticated Green’s-function
decoupling schemes. Further-reaching conclusions about
the possibilities of the pair Hamiltonian approach can,
however, only be drawn once a suitable variational (or per-
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turbational) treatment of the pair Hamiltonian has been
worked out.

So far we have restricted ourselves to the case of a
half-filled band. We believe that the theory presented here
can be extended to the case of arbitrary band filling, but
preliminary considerations seem to indicate that such an
extension is nontrivial. This question will be investigated
in future work.
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APPENDIX A

In order to prove that | ¥,,) of Eq. (3.1) is an eigenvector of N, with eigenvalue M, we start with the following equa-

tion which is readily proved by the use of induction:

<t
skaagy)) = Epk,(‘h)

i=1

St

+ 2 Pkl(ql)'”
i,:i=.l
1<j

Pi(q) | (ky,q1);

XPIH,(QJ'H) "

Here |(ky,q1);
and insert Egs. (2.7) for the commutators. This yields

’ pl,._]<q,--1)pl,.+l<q.~+x)

pl,._l(qi_l)pl,,“(qwl) o 'pIH

" Phyy (@ Ui (@),pk (40 )pk (91 | Wo)

PkM am)lpxlq ,Pk (g)]] ¥o)
(q_,'__l)

(A1)

.;(kas,qar)) is given by Eq. (3.2). We next multiply (A1) by ¥/M!, sum over all k; and ¢; (1<i <M),

«(q) | ‘I’M)— 2 > 2 Sk, Bgq, ¥k, .. kp (@15 - - -5 QM)
x—lkl,.. Jky gy - say
X (k115K 02105k 415G 415 - - 5 (KagaGag)
1 M
M, > 2 Sk Bkrgk+q ¥k, k(1 s dar)
ihj=1 ky, oo kpy qp -9y
l<]
X | (k1,q1); . 5kingi+k —kp)s ok 1,q; 1030k 41,5415 - - -5 (Kagogag))
1 M
~ 2 = > Ok, Ok +q.k;+q, ¥k, ... kp(G1s - -5 Gnr)
,1—1 kl""’kM qp -9y
i<j
X | (kiyq1); e 5k _1,qi 15Kk 1,Gi 415 - - 5(kjogi+k —K); oo (Kkag,qar)) s
(A2)

where the normalization factor 1/M! has already been included. In order to obtain N, | ¥,, ), where N, is given by Eq.
(2.11), we multiply (A2) by pk(q)/M and sum over k and ¢g. This results in
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2 M
N, |VYy)= |‘I’M>_MM| 2 E > '/’kl ..... kM(ql,...,qM)
."7:’.:.1 kl’ ’kM S TREET) (/174
i<j

X | (k1,q0); - s (kingi+ki—k); o 5 Kjgi+ki—kj); oo (kaggag))

The final step of the calculation consists in applying relation (3.6). This immediately yields the eigenvalue equation
N, | Wy )=M | V¥, ), which we set out to prove.

APPENDIX B

In order to show that Hy, | ¥, ) has the form of Eq. (4.8a) with Hy 1 given by (4.8b), we consider Eq. (A2) of Appen-
dix A. On multiplying this equation by M _lwk(q)pl(q) and summing over k and g, one obtains

1 T
- a)k(q)pk(q)pk(q)le) 2 2 2 wk'(q')l//k,..‘,k (ql"'"qM)l(kl’ql);---;(kM,qM)>
M% 1‘4j‘l't—lkl ..... kpye qy5- -4 '1%s i ! M
1 M
- [k, (g +K; — ki) +or (g +ki =k Wk, .k (@1, - - - aar)
MM!,.’J.Z?1 "1v~§”w 9p~z,qM TV AT A AL J 1 w91 M
i<j

X |(k1,41); .. -;(ki,qj +kj-—k,), ey

.,(kj,q,—‘—kl—kl);...;(kM,qM)> . (Bl)

The second term of (B1) can be simplified by recalling Eq. (3.6) and by using the easily proven relations

wk,(qj+k-—k~)+wk_(q,~+k‘—k~)=wk,(q,-)+wkj(qj) , (B2a)
2 [wk (ql)+a)k qj)]"‘(M_l zwk (ql . (B2b)
hj=1 i=1

i<j

Equation (B1) then asssumes the simple form

ﬁzwk(quq)pk(qﬂ‘lw E > > orlg), ..., kM(ql’---:qM)I(kI:QI);'--;(kM’qM)) .
kg

1_1 ki,ooos kyap, - 1%
(B3)
We next multiply Eq. (A2) by (U/N)p,t:(q), sum over k,k' and g to obtain

-~ E PeA@Ip(@) | War )

kk ,q
U M . .
= 23 2 > Yk, Kotk kG qa) [ (R1gy); e s (kagga))
NMY S e, Tohgan ey i M
U M
~~1\/’ 1 2 2 2 2 lvbk] ..... kM(ql’---:qM)
'i,ij=jl k ky,..., Kag Gpsees am
<

X[ | (erygr); - - kingj+kj—ki); oo 5k +Kog +ki—kp); . 5 (kag,qa)

“+ |(k1,q1); .. .;(k,+k,q,+k_,—k,); . ;(kqu,-l*k;—kj); .. -;(kM7qM))] .

(B4)



28 PAIR THEORY OF THE HUBBARD HAMILTONIAN 4157

In the middle term of (B4) we now substitute k; —k for k;, g; —k for g;, and g; +k for g;, while in the last term k; is re-
placed by k; —k, g; by ¢; +k, and g; by q; —k. This leads to

U
3 Pk(@pila) Wy
k,k'.q

U M
= NM! 2 E 2 'l’k, ..... ki+k, ..., kM(‘Ib---»‘IM)‘(kh(h);---;(kM,qM)>
Yislk k..., Kppdpsenos au
U M
—NM' 22 2 2 [d’kl ,,,,, kj—k ..... kM(ql"",qi—k’-"lqj+k)"',qM)
Lj=1k ky, ..., Kpgdps oo anm
i<j

+¢k] ..... ki—k,..., kM(ql"")qi+k)'-"qj'_k"'-:qM)]
X l(kl’ql)’ . .;(k,,qj+k]—k,); .. ;(k_,’q,"‘kl_k]); .. ~;(kM’qM)> . (BS)

The final step consists in recalling Eq. (3.6) again and to subtract the resulting expression from Eq. (B3). These opera-
tions immediately lead to Eq. (4.8a), where the wave function H)s ¥ is precisely that given by Eq. (4.8b).

To conclude our proof, we still have to show that H,, ¢ satisfies the subsidiary conditions (3.8), provided that ¢ itself
satisfies these conditions. In view of the discussion given at the end of Sec. III, it suffices to consider only the case
M =2. We thus have to prove the equation

K Hot k,(q162)=Hotg k(@2 +ko —k1,q1 +ky — ko) = —Hyi k,(9192) (B6a)
where K;;1 is defined by (3.7b) and H, is given by

U
HY x,(9192)= [@k,(q1) +0k,(42) ¥k k,(q192) — 7\,‘2[%1+k,k2(Q142)+¢k1,k2+k(‘11‘12)]
k

U
— =3V 1 ik, (@1 — K g2+ K+ ke 4k(q1 +Kk,q2—K)] . (B6b)
N % 1 2 %2

From Egs. (B6) and (3.7b) we then obtain
KoHoe x,(9192) =Hy ¥y k(@2 + Kk, — k1,91 + k1 —k3)
= [0k (g2 +ky—k )+ ok, (g1 +ky —k) 1k &, (g2 + ko —k1,q1 + k1 —k2)

U
_—ﬁz[ Ui, vk, (g2 ko —k1,q1 +ki—ko) ik, 1k (g2 Hka—k 1,1 +ky —k3)
3
+ ¥k, +kky (g2 +Kky—k i —k,q1 +ky—ky +k)

+ ¥k, k,+k(g2+ky—k1+ kg1 +ki—k,—k)] . (B7)

With the aid of Eqgs. (B2a) and (3.7b), this equation can be rewritten as
KipHok x,(9192)= [0k, (q1) +0k,(2) 1K 12¥k k,(4192)

U
— FzKlz[d/k, +hky (@1 =K@ +K) + i, 1 k(g1 + K92 —K)]
k

U
—F%Ku[’l’kl+k,k2(41q2)+¢k1,k2+k(41‘]2)] . (B8)
Since by assumption ¥ itself satisfies the subsidiary condi- APPENDIX C
tion (i.e., we have K,¥= — 1), Eq. (B8) immediately leads
to Eq. (B6a). Hence H, satisfies the subsidiary condi- We wish to determine here the zeros E,(q) of the

tions, ensuring the uniqueness of the expansion (4.8a). characteristic equation



4158

D(E,q)=1+(U/N)S[E —wr(q)] !, (C1)

k

with the exception of the bound-state (homopolar) solu-
tion E (g), which is determined by Eq. (6.10). A schemat-
ic plot of D(E,q) is shown in Fig. 2.

In order to determine these roots we closely follow the
treatment given by Wentzel in Ref. 10. Subsequently, we
shall consider, instead of Eq. (C1), the complex function

D(2)=14+(U/N)J(z —wp)"", (C2)
k

where z (Rez =FE) is a complex variable and where, for
simplicity, we have dropped the parametric dependence on
the wave vector gq. As follows from Eq. (C2) or Fig. 2,
D(z) is a meromorphic function with simple poles and
zeros at z =wy, and z =Ey, respectively, which are all lo-
cated on the real axis. Moreover, there is an equal number
of poles and zeros and, except for the bound-state solution
E(q), there is exactly one zero between two successive
poles (see also Fig. 2). From these remarks we may infer
that Eq. (C2) can also be written as

11(z—Ey)

k

H(Z —og) '

k

D(z)= (C3)

Subsequently, we shall also need the logarithmic deriva-
tive of D(z). From Eq. (C3) we obtain

ilnD(z)=D(Z) 1 1
z—E, z—ow

dz D(z) < 4

Let now g(z) be a function which is analytic in the vi-
cinity of the real axis and let I" be the rectangular path in
the complex plane as indicated in Fig. 3. The contour I
encircles one pole at @, and one neighboring zero E, such
that both g(z) and the logarithmic derivative of D(z) are
analytic on I'. Then by Cauchy’s integral formula and
Eq. (C4) one obtains

d
frdzg (Z)ElnD(z)

1 1
z—Ey, z—wy

=3 frdzg(z)
k

=2mi[g(E,)—g(w,)] .

In particular, for g (z) =z the following equation results:

z plane
. r
im 4
-O—»
Ep wp E
- ,—" —t—
‘—Ap_‘*

FIG. 3. Integration contour I in the complex plane. T encir-
cles one pole w, and one zero E,. A, denotes the spacing of two
successive poles at wave vector p.
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1 d
Epzwp—{—z—ﬂfrdzz—zlnD(z) . (C5)

d
According to the principle of argument, the variation in
the argument of InD (z) over the contour T is zero, since I’
contains exactly one pole and one zero; integration by
parts then yields

E

P (C6)

1
=a),,—5;_lffrdz InD(z) .
Thus the problem of finding the zeros of D(z) is reduced
to the evaluation of a contour integral over the function
InD(z).

As the next step, we let I' approach the real axis by tak-
ing the limit 17— 0+, where 0+ is a positive infinitesimal.
In this limit the integral in (C6) becomes

lim frdz InD(z)= lim

b—in
[ [ dzInD(z)
n—0+ n—0+ | ~a—in

a+in
+ [,y 92ID@ | .
Here a and b =a + A, are the points where I' intersects
the real axis and A, denotes the spacing of two successive
poles at wave vector p (see Fig. 3). We now substitute
z=E —in in the first integral and z=EFE 4in in the
second integral on the right-hand side of the last equation.
Equation (C6) then takes the form

D_(E)
D, (E)’

1 . b
E,=w0,— > lim [ dEIn (C7a)

27i 7—0+
where

D.(E)=D(E+in)=1+(U/N)J(E —a,tin)~".
k

(C7b)

By recalling the standard expression

lim

. =Plii7r8(x) ,
n—0+ X tin X

where P denotes Cauchy’s principal value and 8(x) Dirac’s
8 function, we may rewrite the functions D +(E) as

D (E)=Dy(E)FiAN(E) , (C8a)
where

Dy(E)=1+(U/NPI(E —awy)" ", (C8b)

k
NE)=m(U/N)J.E —wy) . (C8c)
k
Now insert Egs. (C8) into (C7) to obtain
1 b L ME)
E,=w,—— [ dEtan DB (C9)

The final step of this analysis follows by application of
the mean-value theorem, whence Eq. (C9) becomes

1 ‘/V‘(EP )

=W, — - . C10
E,=w, Aptan DolE,) ( )

1
T
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Here the variable E has been replaced by the zero E,,
which is located somewhere in the middle of the interval
(a,a +A,). Since the pole spacing A, is of ~1/N, Eq.

4159

(C10) becomes exact in the large-N limit. This concludes
the proof of Egs. (6.11).
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