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In this paper we consider the one-dimensional Hubbard model and study the deviations from the ground-
state values of double occupation which result from creation or annihilation of holons, spinons, and pseudopar-
ticles. These quantum objects are such that all energy eigenstates are described by their occupancy configura-
tions. The band-momentum dependence of the obtained double-occupation spectra provides important
information on the degree of localization/delocalization of the real-space lattice electron site distribution
configurations associated with the pseudoparticles. We also study the band momentum, on-site electronic
repulsion, and electronic density dependence of the pseudoparticle energy bands. The shape of these bands
plays an important role in the finite-energy spectral properties of the model. Such a shape defines the form of
the lines in the momentum-energy/frequency plane where the peaks and edges of the one-electron and two-
electron spectral weight of physical operators are located. Our findings are useful for the study of the one-
electron and two-electron spectral-weight distribution of physical operators.
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[. INTRODUCTION spin) ideal string excitations of length (Refs. 22 and 3j1
were found to bexp-spin singlet 2-holon (and spin singlet
Recently, there has been a renewed experimental intereg8i-spinon composite quantum object$The ¢ and a,v
in the exotic one-electron and two-electron spectral properpseudoparticles are obtained naturally and directly from
ties of quasi-one-dimensional materi&ié? Some of these analysis of the Bethe-ansatz solutfnin that reference, the
experimental studies observed unusual finite-energy# 1/2 holons(and +1/2 spinon¥which are not part of such
frequency spectral properties, which are far from being welRv-holon compositec,» pseudoparticlesiand 2v-spinon
understood. For values of the excitation energy larger thagomposites, v pseudoparticlesvere calledt+ 1/2 C. N. Yang
the transfer integrals associated with electron hopping befyang holons [and *+1/2 Heilmann and Lieb (HL)
tween the chains, the one-dimensiondlD) Hubbard  spinong.! Following the notation of Ref. 31, here we call
modef'~?*is expected to provide a good description of theN, and N, , the numbers ofc pseudoparticles and, v
physics of these materials:*"*® Moreover, recent angle- pseudoparticles belonging to branches=c,s and »
resolved ultraviolet photoemission spectroscopy revealee-12 3 ... respectively. On the other hand, it was found in
very similar spectral fingerprints from both high-super- Ref. 31 that the charge excitations associated with ¢he
conductors and quasi-one-dimensional compodnd$ie  pseudoparticles are independent of thespin-holon and
similarity of the ultraviolet data for these two different sys- spin-spinon excitations. Moreover, the results of Ref. 32 re-
tems could be evidence of the occurrence of a charge-spifeal that the above quantum objects can be expressed in
separation associated with holons and spinons. The anomgerms ofrotated electronsAccording to these results the first
lous temperature dependence of the spectral function coulstep of the nonperturbative diagonalization of the model cor-
also indicate a dimensional crosso%é?=® The results of  responds to a mere unitary rotation in Hilbert space which
Refs. 29 and 30 also suggest that the unconventional specti@aps the electrons onto rotated electrons. For rotated elec-
properties observed in two-dimensioriaD) materials could trons double occupation is a good quantum number for all
have a 1D origin. Thus the holons and spinons could play awalues of the on-site repulsion. Interestingly, such a rotation
important role in spectral properties of both 1D and 2D low-corresponds to a unitary transformation previously intro-
dimensional materials. duced by Harris and Langé. Such a transformation is
The present study is related to both the investigations o§hown in Ref. 32 to play a key role in the expression of the
Refs. 31 and 32. In Ref. 31 the nonperturbative organizatiomolon and spinon number operators in terms of electronic
of the N electrons andN"=[2N,—N] electronic holes, operators for the whole parameter space of the model. The
which results from the many-electron interactions, was studN, ¢ pseudoparticlegsand N, spinon$ describe the charge
ied. In that paper it was found that all energy eigenstates obart (and spin paitof the N, rotated electrons which singly
the model can be described in terms of occupancy configusccupy lattice sites. Thus the charge and spin degrees of
rations of o.==*=1/2 holons, o0s==*=1/2 spinons, andc  freedom of such aN.-rotated-electron fluid separate. For
pseudoparticles wherke, and o are -spin and spin projec- eachc pseudoparticle there is a chargdband a rotated-
tions, respectively. Moreover, the v pseudoparticlesand  electronic hole. Such a chargeon corresponds to the charge
s,v pseudoparticlosassociated with Takahasi's char@@nd  part of a rotated electron which singly occupies a site. We
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note that the numbeis,, [N—N.]/2, and[N"—N.]/2 equal  weight of physical operators contains peaks and/or edges
the number of rotated-electron singly occupied sites, doublwhich are located on well-defined lines in the momentim
occupied sites, and empty sites, respectively. The nonpertugnd energy/frequency plane. Importantly, the shape of
bative organization of the electronic degrees of freedom alsghese peak and edge lines is fully defined by the band-
includes g N— N.]-rotated-electron fluid associated with the momentum dependence of the pseudoparticle energy bands
rotated-electron pairs occupyif§l—N.]/2 sites. Each such studied in this paper. Moreover, the expressions of the finite-
a doubly occupied site corresponds to a spin singlet rotatec@nergy_correlation functions involve these pseudoparticle
electron pair which is nothing but a 1/2 holon. Such a bands®’ Therefore, our investigation is important for the
two-fluid picture shows some formal analogies to thoseStudy of the one-electron and two-electron spectral-weight
which characterize a superconductor or a superfluid. Finallydistribution —of physical operators. The study of the

the rotated-electrofN"—N_]/2 empty sites are nothing but localization-delocalization degree of the real-space lattice
the +1/2 holons. electronic occupancy configurations which describe the

The main goal of this paper is the study of the pseudoparticleg also 'contributes to important informa.tion
c-pseudoparticley, v-pseudoparticle= 1/2 Yang holon; and @bout the physics behind these elementary quantum objects.
—1/2 HL spinon double-occupation spectra. These function$Uch & study also provides information about the electron
are evaluated by use of the Hellmann-Feynman thedfé. site dlistr|but|on conflgl_Jratlons of the real-space lattice which
In the case of the pseudoparticles we find band-momentunfléscribe the energy eigenstates. .
dependent double-occupation spectra. Analysis of these spec- 1€ paper is organized as follows: In Sec. Il we introduce
tra provides important information about the localization/the 1D Hubbard model. The concepts @pseudoparticle,
delocalization degree of the real-space lattice electroniéolon, and spinoriCPHS ensemble space and subspace are
occupancy configurations which describe the pseudopamtmduced in Sec. lll. In Sgc. IV the double-occupation func-
ticles. We find that for some of the pseudoparticle branchefonal and its pseudoparticle; 1/2 Yang holon, and-1/2
such a degree of localization/delocalization is strongly deHL Spinon spectra are obtained and discussed. In this section
pendent on the value of the pseudoparticle band momenturi/€ also considet)/t—o selection rules in the values of
Our analysis leads to a double-occupation functional whosgouble-occupation deviations which result frolitelectron
coefficients are the double-occupation spectra. This stud§Xcitations. In Sec. V we study the band-momentum depen-
confirms that the complex electron site distribution configu-dence of the energy pseudoparticle bands. Finally, the con-
rations of the real-space lattice which describe the energgluding remarks are presented in Sec. VI.
eigenstates are dependent on the valud kif We also con-
sider U/t—oo electron double-occupation selection rules. Il. THE 1D HUBBARD MODEL
These rules are used in Ref. 32 to find exact rotated-electron , . L
selection rules which provide for all values of the on-site In a cheml(_:al potentlap and_magne'uc fielH the 1D
electronic repulsion the number of holons and spinons of thstubbard Hamiltonian can be written as
final states which contribute most significantly to few- o R
electron correlation functions. These selection rules imply H=Hggua)+ 2 LaSy (8]
that a large number of matrix elements between energy a=cs
eigenstates are vanishing. This simplifies the derivation ofvhere the Hamiltonian
general expressions for correlation functions at finite excita- R ~ R
tion energy. This problem is studied in Refs. 36 and 37. Hsoay=Hu—(U/2)N+(U/4)N, (2

Ir) additior), we study the band momentum, on-site elecy 54 S@4) symmetry®*® and
tronic repulsionU, and electronic densitp dependence of
Lhe gseudoaarticleﬁenergy b]:':lr;]ds].c Suchdpseudopafrtiﬁlefenergy Hy=T+UD 3

ands are the coefficients of the first-order term of the finite- . . .
energy Landau-liquid functional. That functional was ob- is the basic 1D Hubbard model. On the right-hand side of Eq.
tained in Ref. 38 by expanding the-pseudopatrticle; 3,
¢, v-pseudoparticle; ang, v-pseudoparticle band-momentum ~
distribution functions around their ground-state values. This T= —tz [CJ-T'(TCJ-JFL(,-F H. c.] (4)
is similar to the case of the quasiparticle energy functional of he
Fermi-liquid theory?*“°The pseudoparticle bands are the ba-js the kinetic-energy operatdrjs the first-neighbor transfer
sic blocks of the energy spectra of the elementary exc'tat'onﬁ]tegral, andU is the on-site repulsion associated with elec-
of the 1_D Hubbard model, such as, for example, the oneg§qnic double occupation. The operator
studied in Refs. 41-46.

The finite-energy theory constructed here and in Refs. 31, . ~ -

32, 36, and 37 is applied elsewhere to the study of the finite- b=2 nj, 1Ny, ®)
energy/frequency one-electron and two-electron spectral .

properties of quasi-one-dimensional materials. Reference 4gounts the number of electron doubly occupied sites and the
is an application of a preliminary version of our finite-energy operator

theory. The evaluation of the spectral functions of the model R N

reveals that the one-electron and two-electron spectral Nj,e=Cj6Cj,0 (6)
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counts the number of spim electrons at sitg. The operators  S;, M, andMg does not fix theN;- andN -electron num-
c;r’a and ¢; , which appear in the above equations are thebers.
spin o electron creation and annihilation operators at fite In proceeding sections of this paper and in Refs. 32, 36,
respectively. Moreover, on the right-hand side of Et), and 37 transitions from a ground state with given spin
Mme=2m, ms=2uoH, g is the Bohr magneton, and electron numbers to excited states are studied. Thus it is
convenient for these studies to consider subspaces with fixed
&=- E[Na— N], &=- E[NT—NJ (7)  humber of spinr electrons. From the use of E(f) and Eq.
2 2 (35 of Ref. 31, theN;- and N -electron numbers can be
are the diagonal generators of the (8U»-spin S and spin ~ expressed in terms of thé , 1, andM 1, holon numbers
S* algebrag’®“® respectively. On the right-hand side of Egs. andMg .1, andMg _ 1/, spinon numbers as follows,
(2) and (7) the number of lattice siteN, is even and large, 1
Na/2 is 0dd N=2,N,, andN,=Z;n; ;. Ni=5{Na=(Mc 412~ Mc,-12) + (Ms 112~ Ms - 10)}
There areN; spin-up electrons antll; spin-down elec-

trons in the chain ofN, sites and with lattice constart 1D
associated with the modél). We assume periodic boundary gnd
conditions and employ units such treat% =1. WhenN,, is
odd the Fermi momenta are given bks,=*[Kg, 1
—(7IN,)], where N =5{Na= (M 412~ Mc 1) = (Ms 112~ Ms —10)},
7N, (12
Keo= N, ®) respectively. We find from the use of E®2) of Ref. 31 that

) . . . the M, , 15> holon andMg . 1/, spinon numbers are exclusive
I1;-3gWhenN,, is even the Fermi momenta are given by functions of theN,, c-pseudoparticle number and; _ 1/, ho-

+ _ - _ _ _ +
Keo=keo and Ke,=—[ke,—(27/Na)] or by Ke,=[kes |00 andMy _,,, spinon numbers and can be written as
—(2m/Ny)] andkg,,= — kg, . Often we can ignore the 1} ’

corrections of these expressions and conskfer= kg, Mc +12=Na=Nc—Mc _152, Mg r10=Nc—Mg _1p5.
=*mn, andKe=[Kg,+Kg 1/2=mn/2, wheren,=N,/N, (13
andn=N/N,. The electronic density reads=n,+n,, and ) ) .

the spin density is given bjm=n, —n, . This paper uses the It is convenient for_our studies to express tNe- a_nd
same notations as those in Ref. 31 and often uses and refd¥g-€lectron numbers in terms of thid; c-pseudoparticle
to the equations introduced in that paper. For instancegiumbersM. i, holon numbers, andls 1/, spinon num-
M. -1 (@and Mg . 1/;) denotes the number of 1/2 holons ~ bers, with the result

(and £1/2 spinony whereasl .1, (and Lg .1/, denotes

the number of+ 1/2 Yang holongand = 1/2 HL spinons. Ni=Nc+Mc 12~ Ms 152, (14)

The HamiItonianHSO(4) defined in Eq.(2) commutes and
with the six generators of thep-spin S, and spin Sg
algebrag®*° their off-diagonal generators reading N =M¢ 10+ Mg 150, (15)

e : e : respectively.
Si—}j: (_1)JCJ'TYLCJTVT’ S*_zj: (=D'¢jc0, 9 We call anelectron ensemble spae Hilbert subspace
spanned by all states with fixed values for tNe- and
N,-electron numbers. Furthermore, we call @PHS-
ensemble spacevhere CPHS stands far pseudoparticle,
§i=2 CJ-TYLCM, §;=Z c;ch,l. (10 —1/2 holon, and—1/2 spinon, a Hilbert subspace spanned
! ! by all states with fixed values for the numbéts, M. _ 45,
The Bethe-ansatz solvability of the 1D Hubbard model isand Mg 1/, of ¢ pseudoparticles;-1/2 holons, and-1/2
restricted to the Hilbert subspace spanned by the lowesgpinons, respectively. It follows from Eqgd4) and(15) that,

weight statesLWSs) of the 7 spin and spin algebras, i.e., in general, an electron en_semble space _contains geveral
such thats*= —s¢ .50 CPHS-ensemble spaces. This means that different choices of

the numberdN,, M. _1,, andMg _4/, can lead to the same
electron numbersl; andN, . In contrast, according to Egs.
(14) and(15), a given choice oN., M¢ _1/», andMg _y»
always corresponds to an unique choice for theand N,

The studies of Ref. 31 considered Hilbert subspaces asswalues of the electron numbers.
ciated with fixed values ofy-spinS., spinSs, holon number Each CPHS-ensemble space contains several subspaces
M., and spinon numbelg. That was the choice suitable with different numberd. . _,,, of —1/2 Yang holonsl g 4,
for the investigations onzy-spin-holon, spin-spinon, and of —1/2 HL spinons, and sets of numbéis, ,} and{Ng,}
chargec-pseudoparticle separation of the excitations of theof ¢c,» ands,v pseudoparticles, respectively, corresponding
1D Hubbard model at all energy scales. However, fixéag  to differentv=1,2,3 ... branches. According to the results

and

I1l. CPHS-ENSEMBLE SPACES AND GROUND-STATE
DISTRIBUTIONS AND RAPIDITIES
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of Ref. 31, the fixed values of each subspace obey the con- The finite-energy Landau-liquid functional discussed in
straints imposed by the following equations, Ref. 31 and used in the ensuing sections corresponds to the
CPHS-ensemble subspace description in terms of the values
of the numbers of-1/2 Yang holons and-1/2 HL spinons
M -12=Le 1o+ 2 »Neui Mg 1p=Lg 1 and of the values of the numbersmpseudoparticles at band
vl momentumq and of «,v pseudoparticles belonging te
=c,sandv=1,2,3 ... branches at band momentugnAc-
+> vNg . (16)  cording to the studies of Ref. 31, such a choice corresponds
v=1 again to the description of charge transport in terms of elec-

) trons. In this case the,v pseudoparticle carries charge
We call aCPHS-ensemble subspaeeHilbert subspace _o,e.

spanned by all states with fixed values for the numibérs

L¢,—12, andLg 4/, and for the sets of numbe{#\. ,} and IV. ELECTRON DOUBLE OCCUPATION

{Ns,} corresponding tav=1,2,3 ... branches. It follows OF THE PSEUDOPARTICLES, YANG HOLONS.
from Eqgs.(16) that in general, a CPHS-ensemble space con- AND HL SPINONS

tains several CPHS-ensemble subspaces. This means that dif-

ferent choices of the values fbg _;, andLg _ 1/, and sets of Let us denote the number of doubly occupied siteby
numbers{N. ,} and{Ng,} corresponding tov=1,2,3 ... By the number of doubly occupied sites we mean here the
branches can lead to the same values fbg _;, and expectation value of the operat(),

Mg _152. In contrast, a given choice of the values M,

L¢—1/2, andLg 10 and set§N, ,} and{Ng ,} correspond- — /D)= AP

ing to v=1,2,3 ... branches always corresponds to unique D=(D) 2 (€1.11.1611C5.0)- (18)
choice of the values e, M¢ —1p, andMg _ypp.

Finally, we note that one does not need to provide the Another useful quantity is the kinetic energywhich we
values ofM. 1, and Mg . 1, in order to specify a CPHS- define as the expectation value of the opergdor
ensemble space. These numbers are given by(E).and
are not independent. Furthermore, from the combination of TE—tZ [(c]T o-Cj+1o>+<C]T+1o-Cj | (19)
Egs.(30), (32), and(34) of Ref. 31 one finds that

[

Let | ) be an energy eigenstate of the Hamilton{@nhof

Le +12= Na_NC_ZZl vNe,—L¢ 12 energyE, = (y|Hy|¥) given by the general expression
17 Na (qF
En=—2t5 | “daNc(q)cosk(q)
Ls+12=N 22 VNs,—Ls-172- %
qc v
ThusL .1, andLg 1, are not independent and one does +4t_ 2 quC A(a)
not need to provide these values in order to specify a CPHS-
ensemble subspace. Therefore, often we do not consider the X Re| \/1—[AC,V(q)+iVU/4t]2}+ULC’_1/2,

values of the holon numbed. ,,, andL ., and of the
spinon numberdd , 1, andLg 45, in the expressions con- (20
sidered below. wherek(q) and A, ,(q) are the rapidity functionals defined
According to the studies of Ref. 31, our choice of usingby the integral in Eqs(13)—(16) of Ref. 31 andN.(q) and
the numbersN; andM¢ 4, to label the charge sector of a N_ ,(q) are pseudoparticle band-momentum distribution
CPHS-ensemble space corresponds to a description of charfighctions also defined therein. The expressions of the band-
transport in terms of electrons. In this case the elementarshomentum limiting values of the integrals on the right-hand
charge carriers are thé, chargeons anl; _;, —1/2 ho-  side of Eq.(20) are given in Eqs(B14)—(B17) of Ref. 31.
lons, which carry charges e and — 2e, respectively. Here This energy expression is obtained by combining the energy
—e denotes the charge of the electron. The alternative use @fxpression provided by the Bethe-ansatz sol@oh*®with
the numbers\, andM. ./, to define the charge sector of a the SA4) symmetry of the model and the holon and spinon
CPHS-ensemble space would correspond to a description afescriptions introduced in Ref. 31. Note that such a general
charge transport in terms of electronic holes. In this case thenergy expression refers to the whole Hilbert space of the 1D
elementary charge carriers would be the Hubbard model. The term involving the number of1/2
Nc-rotated-electronic holes arM. .1/, +1/2 holons, which  Yang holons vanishes in the case of the LWSs of th¢28U
carry chargeste and + 2e, respectlvel)?1 Also the trans-  5-spin algebra associated with the Bethe-ansatz solution and
port of spin has two alternative descriptions which corre-is not provided by such a solution.
spond to the—1/2 spinons and+1/2 spinons, respectively.  According to the Hellmann-Feynman theoréhi® the
Here we have chosen to label the spin sector of the CPHSlectron double occupation, and kinetic energyl, associ-
ensemble spaces by the numibég _,,, of —1/2 spinons. ated with the above energy eigenstate, are given by
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(9|:|H P ¢||:|H|¢> JE4 vyhereANC(q), ANC,V(q),_ arlldA.NSV(q) are the p§e_udopar—
D=(y| U | )= U =20 (21)  ticle band-momentum distribution function dev+|at|ons. The
band-momentum limiting valuess ;, d, ,, andq, are de-
and fined in Egs. (B14)—-(B17) of Ref. 31, Wrg)ereas the
. N pseudoparticle energy bandgq), €s1(q), ande, (q) are
TE<¢|taH—H|¢1)=t KNP Hy| ) :tﬁEH, (22  defined by Eqs(C15~(C21) of the same reference.
at at at The expression for the energy parametgron the right-

. ~ L , . hand side of Eq(24) which controls the finite-ener hys-
respectively, wherﬁH s the Hamiltonian defined in E¢3) ics is determingfj b)y the number ef1/2 holons ang(]j)i 5)/2y
and the energy,, is given by Eq.20). spinons(except those associated will pseudoparticleof

The use of expre;sm@l) in the evalgat|0n O.f the e"'?‘c' tPe final states relative to the ground state. Creation of a
tron double-occupation spectrum associated with creation o

ac pseudoparticlex, v pseudoparticle= 1/2 Yang holon; or 1/2 holon requires an amount of energy 2nd momen-

—1/2 HL spinon involves the pseudoparticle Landau-liquidtum m whereas creation of a 1/2 spinon (except those
energy functional. This functional was introduced in Ref. 38WhICh are part 06,1 pseudoparticlggequires an amount of

and expressed in terms of holon and spinon numbers in Ref €Y .aLOH _and Z€ero mon?e”t!*m- Thus the energy param-
31, eter wg is a simple expression in terms of the deviations in

the numbers of-1/2 holons and- 1/2 spinons, which reads

A. The pseudoparticle, holon, and spinon Landau-liquid
energy functional

The energy Landau-liquid functional introduced in Ref. whereAMa,,mE[Ma,,m—sz,l,z] are the deviations in
38 is generated by expanding theand «, v-pseudoparticle the numbers of-1/2 holons @¢=c) and of —1/2 spinons
band-momentum distribution functioi&(q) and{N, ,(q)} (a=s), andANg=[Ng1— Ngyl] is the deviation from the
wherea=c,s andv=1,2,3 ... . Such an expansion is per- ground-state value of the numberoi pseudoparticles. The
formed around the ground-state values of these functionground-state pseudoparticle numbers are given in Appendix
given in Appendix C of Ref. 31 and inserting these distribu-C of Ref. 31.

0o=2uAM¢ 1+ 2ugH[AMg 1= ANg 4], (25

tions in the energy functiondt associated with the Hamil- The final states associated with the energy functi¢24l
tonian(1). Such an energy functional is given by belong to different CPHS-ensemble spaces, depending on the
numbers of quantum objects of these states. According to the

E=E,+ 2 L, S+ E Les1o—Le_1o— % ’ form of the general energy spectrum defined in Eg4) and
ases 421" ’ 2 (25), final states belonging to CPHS-ensemble spaces with

(23)  finite occupancies of 1/2 holons have finite excitation en-
whereE,, is the functional(20), the parameters., are the ©€rgy relative to the ground state. These states belong to
same as in Eq(1), andS? are the eigenvalues of the diago- CPHS-ensemble subspaces which are spanned by states with
nal generators defined in EG7). Let us consider that the finite occupancies of-1/2 Yang holons and/or ot,»

initial ground state corresponds to values of the electroni®@Seudoparticles. Again following expressib), for finite
density such that €n<1 and values of the spin density values of the spin densityn, states belonging to CPHS-

such that &m=n. Throughout this paper we consider such €Nsémble subspaces spanned by states with finite occupan-
ground states. The studies of Ref. 38 have not expressed tG¥S ©f —1/2 HL spinons, and/or o, » pseudoparticles be-
energy Landau-liquid functional in terms of the deviations in/0Nging to»>1 branches, have also finite excitation energy
the value of the- 1/2 Yang holon and- 1/2 HL spinon num- relative to the ground st_ate. Hovv_ev_er, most of t_he resu_lts of
bers. That problem was first addressed in Ref. 31. As disth® Present paper consider the limit of zero-spin density,
cussed in that reference, the general excitation spectrum 6f0, Where the energy spectrum of these states is gapless.
interest for the problem of the finite-energy correlation func- ©On the other hand, for general values fand m the

tions can be written as the sum of a finite enesgyand of ~ 10W-energy Hilbert subspace corresponds to the CPHS-
a gapless contribution expressed in terms of the pseudopa‘?-”semb'e space which contains the ground state. The corre-

ticle energy bands. Such a energy Landau-liquid functionafPonding ground-state pseudoparticle;—1/2 holon, and
reads —1/2 spinon numbers are given in E¢€24) and (C25 of

Ref. 31. Such a CPHS-ensemble space is spanned by states
Na (o with finite pseudoparticle occupancy for the- and
AE=wo+ ZLC dgec(q)AN(q) s,1-pseudoparticle bands only. We recall that according to
¢ the results of Ref. 31 the,1 pseudoparticle is a composite
Ng [*+ds1 quantum object. It is constituted of two spinons of opposite
+Zﬁ dges,1(9)ANs 1(q) spin projection. In the studies of Refs. 51-53 tteand
Gt s,1-pseudoparticle branches were referred to pseudopar-
N, Tl o ticles ands pseudoparticles, respectively. The excited states
o > X f dae, ,(A)AN,,,(a), contained in that CPHS-ensemble space have band-
a=Cs v=1tdys I~ Gay momentum distribution functions whose occupancies are dif-
(24)  ferent from the ones of the ands,1 ground-state distribu-

o0
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tions provided in Egs(C1) and (C2), respectively, of Ref.

31. At fixed spino electron numbers, the occupancies of 2mog (AN)=2 Re{
these excited states can be generated from the ground state

by pseudoparticle-pseudoparticle hole processes ic Hrel

4t
V(41)°— (4tA —ivU)?

s,1 bands 4th dk o
' ' Cw) oo (vU)Z+(4t)2(sink—A)?

B. The ground-state electron double occupation X 2mpc(K), (3D

In the particular case of a zero-spin-density ground statesngd
from the use of the general EQ1), we find
4t (Q vU
2mog (A)= —J dk

7KUY (a0 sink— A )22 TP

7 U 212

f(n,U), (26)

2t (B 1| (A=A
-5 A O ————|2mag i (A,
whereD denotes the ground-state electron double occupa- /-8
tion andEggy stands for the ground-state energy (32
. where the expression of the functi@ﬂ(x) and the param-
Ecsi= —ZtE chdQCOSkO(Q) etersQ andB are given in Eqs(C22) and(C23) of Ref. 31.
27 Jqr, We note that 2rp.(k) and 2mog1(A) equal the functions
N. (Q 2mp(k) and 2ra(A), respectively, introduced by Lieb and
_ _2t_af dk2 K)cosk. 2 Wu.=* At half filling and spin densityn=0 the parameter®
2m) -q mpe(K) @ and B read Q=7 and B=« and Egs.(30)—(32) can be

solved by Fourier transform. Use of the obtained expressions
Here the Fermi band momeng, are defined by Eq§C4)—  in Eq.(28) and in Eq.(29) for a,v=s,1 leads to the follow-
(C7) of Ref. 31 and the ground-state functiok¥q) and Ng €Xpressions,
2mpc(k) are studied below. This energy expression corre- _ o
sponds to the Hamiltonia(8) and is obtained by use of the ey )+2dexJ (X)S”'[X sink™(g)] ql<
ground-state numbers and deviations of H@i)—(C3) and q q o 9 x[1+exV2 =
(C24 and(C25 of Ref. 31 in the general energy functional (33
(20). In order to study the ground-state double occupation
(26), let us provide useful information on the related energy@"
(27). The ground-state functiok’(q) on the right-hand side . XA
of Eq. (27) is related to the distribution2p.(k) considered q:j dx () sin x s,1(Q)]; =iz, (34
below by the following equation, 0 xU

X cos!{ E)

ak°(q) _ 1 28) whereJy(x) andJ;(x) are Bessel functions. These expres-
aq 2mp KO(q)] ' sions define the inverse functions kf(q) andAgyl(q), re-
spectively. Based on these expressions it is straightforward to

The functionk®(q) is also related to the ground-state rapidity ind that at half filling and zero-spin density the energy)
functionsAg (@) such that can be written in closed form with the resilt

INY (@) 1 Ec— 4N tf“’dx Jo(X)J1(x) 35
GSH™ — _—
C(;(; q = 5 (AO ( )); a=c,s, v=123.... a X[ 1+ exV/2t]
770-01,1/ o, v q
(29) One can use the obtained ground-state energy expressions

in the evaluation of the electron ground-state double occupa-
The above functions 2p.(k), 2wo, ,(A), and 2ros,(A)  tion (26). We find that in the limits of vanishing and infinite

are the solutions of the following integral equations, on-site repulsionU/t the functionf(n,U/t) of Eq. (26) is
given by 1 and 0, respectively. Closed-form expressions for
4t cosk that function can be obtained for electronic densitiesn0
2mpe(k)=1+ =<1 in the limitsU/t—0 andU/t>1, with the results
aw
B U f(n,U/t)=1; U/t—0,
X dA . 2 A), 36
f_B U7+ (4)7(A—sinky22 "7s1() 4t 2 sin(27m) (36
(30) f(n,U/t)z(U) In 2[1——2“] } u/t>1.
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For the specific case of half fillingy=1, one finds from the while D.(q) and D, ,(q) denote thec-pseudoparticle and
use of Eqs(26) and(35) the fgélowmg closed-form expres- , ;,_pseudoparticle double-occupation spectra, respectively.
sion for the functionf(n,U/t), These double occupations and spectra equal the correspond-
. Jo(x)31(X) ing deviation in the value of double occupati@B) which
f(llult):4f dx— 28 (37)  results from creation of a 1/2 Yang holon or—1/2 HL
0 14 xU spinon and of creation of e or «,v pseudoparticle at band
cosh — . .
2t momentum ¢, respectively. The pseudoparticle double-

) ) occupation spectra can be expressed as
According to the general expressi@®p), the ground-state

kinetic energyT, is given byTy=tdEgsy/dt,>* whereEggy deu(q) de, ()

stands again for the ground-state energy associated with the Dc(a)= v Da(@)=—F7,
- > Ju ' ouU

Hamiltonian(3).

(40)

where the pseudoparticle banelgq) ande, ,(q) are given
C. The electron double-occupation functional by

Our goal is the study of the deviationsD from the _ —
ground-state electron double occupatib given in Eq.  €c(A)=€(Q)+U2—u+uoH,  €51(0)=€51(q) —2uoH,
(26), generated by changes in the numbers of pseudopar- __ _ (41)
ticles, —1/2 Yang holons, and-1/2 HL spinons associated ecyy(q)zegy(q)ﬂL vU, e,= Eg,V(Q); v>1.
with transitions to other energy eigenstates. Such a StUdMere the pseudoparticle energy bands(a), e 1(q).

provides information on th&/t dependence of the electron 0 :
site distribution configurations of the real-space lattice which€c,»(d), @nd &s,(q) for »>1 are defined by EqdC15-

describe the energy eigenstates. The above-mentioned devi&2D Of Ref. 31. These are the energy bands of the energy
tions are interesting quantities that provide useful informafunctional (24). The —1/2 Yang holon and-1/2 HL spinon
tion about the localization/delocalization degree of the corre€lectron double-occupation deviation numbers are simply
sponding elementary quantum objects. Fortunately, th@Ven by

electron double occupatidd of the final energy eigenstates
can be obtained by means of the general expres&@n

Thus one can compute the electron double-occupation devia-
tions AD=[D —Dg]. These can be obtained simply by tak- du
ing theU derivative of the excitation energy defined by the
following Landau-liquid energy functional,

D¢ _1p=1; Dg_1,=0. (42)

As for electron double occupation, we could also intro-
ce a kinetic-energy functional associated with the kinetic-
energy deviation T=[T—T,]. However, the only infor-
mation we need for our present study is whether creation of
U an elementary quantum object leads to a finite or a vanishing
AEL=AE— > p ASI— S[ALc 1o~ ALg -], kinetic-energy deviatiol\ T.
a=c,s The pseudoparticle electron double-occupation spectra
(38) (40) and —1/2 Yang holon and-1/2 HL spinon electron
whereAE is the energy functiondR4), AL . 1, denotes the double occupatior42) provide interesting physical informa-
deviations in the numbers of 1/2 Yang holons, and the tion about the degree of localization/delocalization of the
remaining quantities are the same as on the right-hand sid#rresponding quantum objects. For instance, @§) re-
of Eq. (20). veals that for the whole parameter space creation of a
The deviationsAD can be written in functional form. To —1/2 Yang holon leads taD=1. That excitation involves
first order in the—1/2 Yang holon and—1/2 HL spinon creation of two electrons. From the expression of the
number deviations and pseudoparticle band-momentum disz-spin-flip generators given in Eq9), it follows that cre-
tribution function deviations, the double-occupation func-ation of a—1/2 Yang holon involves the creation of an extra
tional reads on-site electron pair on a ground-state empty site for all real-
space lattice electron site distribution configurations which
describe the initial state. Consistently, we find that creation
of a —1/2 Yang holon leads to a kinetic-energy deviation
AT=0. Since creation of such quantum objects leads to no
N, Z . (Ga change in the value of the ground-state kinetic energy, we
t5- H:Ecs ;1 ~ dgAN,,(9)D.(@). (39  say that the—1/2 Yang holon carries no kinetic energy.
' Aoy Therefore, in spite of having charge2e, — 1/2 Yang holons
HereAL, _y/, is the deviation from the ground-state numberdo not contribute directly to charge transport, as mentioned
of —1/2 Yang holons &=c) and —1/2 HL spinons & in Ref. 31. This concept of an elementary quantum object
=s), and AN¢(q) and AN, ,(gq) are the c- and carrying kinetic energy when its creation leads to a finite
a,v-pseudoparticle band-momentum distribution functiondeviationAT is inspired in the electronic conductivity sum
deviations given in Eq(58) of Ref. 31, respectively. On the rule. That sum rule refers to the frequency-dependent elec-
right-hand side of Eq(39) D, 4, is the —1/2 Yang holon  tronic conductivity and states that it is proportional 1.4
(e=c) and —1/2 HL spinon @=s) double occupation, Thus if creation of a quantum object does not change the

N +
AD= AL, 12D 10t ﬁqu_c dgAN¢(q)D¢(q)

a=C,S
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value ofT, it follows that the conductivity sum rule remains —2kg] carries kinetic energy. This means that for finite val-
unchanged. Therefore, we say that such a quantum objeaes ofU/t the 2v extra electrons are not always created at
carries nokinetic energy. Furthermore, we find from analysis the same site and thus that composite quantum object con-
of EQ. (42) that creation of a—1/2 HL spinon leads to no tributes to charge transport. However, we find that is a
change in the ground-state double occupation. This is cordecreasing function ofJ/t which vanishes in the limitJ/t
sistent with the form of the generators defined in Eif)). = —o. Thus creation of a,» pseudoparticle leads in that
Thus the spin flip associated with creation of-dl/2 HL  limitto AT=0 and these objects become localized and carry
spinon corresponds to electrons located at singly occupiedo kinetic energy. It follows that in spite of having charge
sites for all real-space lattice electron site distribution con—2ve, for U/t—o the c,» pseudoparticles do not contrib-
figurations which describe the initial ground state. ute directly to charge transport, as mentioned in Ref. 31. In
Let us start the discussion of the pseudoparticle electrothat limit they describe a number of localized electron
double-occupation spectra defined in E40) by considering  pairs, each pair localized at the same site.
the limit U/t—oc. These spectra can be easily evaluated and On the other hand, in agreement with the results of Ref.
in that limit the elementary quantum objects have simpler31 the chargeons have chargee and we find that in the
expressions in terms of real-space lattice electron site distrid/t—  limit they carry kinetic energy and thus are the only
bution configurations. As discussed in Refs. 31 and 32, sucbarriers of charge. Whel)/t—o the finite-energy Hilbert
U/t— configurations describe the energy eigenstates fogubspace is spanned by states vilith O because it requires
all values ofU/t in terms of an effective electronic lattice. an infinite energyPU, to excite the system into states with
Such a lattice refers to the occupancy configurations of th@ >0 electron double occupation. In this limit, the
rotated electrons introduced in Ref. 32. It has the same nunpseudoparticles become the spinless fermions of Refs. 54—
ber of sitesN, and lattice constant as the real-space 57. The associated chargeons describe the charge excitations
lattice®*? In the limit of U/t—, electron double occupa- associated with the electron singly occupied sites of the real-
tion D is a good quantum number which equals the numbegpace lattice. The spin degrees of freedom of the electron
of rotated-electron doubly occupied sifés$?We recall that  singly occupied sites are described by the spinons. In the
for rotated electrons double occupation is a good quantury/t— oo limit creation of +1/2 spinons describes spin flips
number for all values ofJ/t. As a result we find that as of localized electrons at singly occupied sites. Therefore, cre-
U/t— the electron double-occupation functioriab) sim-  ation of spinons does not contribute to double occupation, as

ply reads confirmed by the results of Eg43) for the 2v-spinon com-
posites, v pseudoparticles. This holds true for all finite val-
AD=AM¢ _1p=AL¢ 12 ues ofU/t in the case of the HL spinons, as confirmed by Eq.
% (42). Moreover, creation of single-3 spinons associated
Na s qu dgqrAN, (q); Ult—oe with creation of single electrons describes creation of local-
27 =1 J—q, eriin ' ized spin*3 electrons singly occupied sites and annhilation
43) of empty sites.
From comparison of Eq939) and (43), we arrive at the D. Electron double-occupation spectra for finite values ofJ/t
following U/t—< expressions for the pseudoparticle elec- and zero-spin density

tron double-occupation spectra, Let us now study the pseudoparticle electron double-

B . . occupation spectra of E@40) for finite values ofU/t. For
De(@)=Ds(a)=0; De,(@)=v; Ult—oe. (44) simplicity, let us again consider the case of zero-spin density

These electron double-occupation spectra expressions shdf— 0+ In that case we find the following relations, which are
that increasing the number ofpseudoparticles by one does Valid for values of electronic density in the domair=@
not change electron double occupation wheh —c. on =1 and for all values ot)/t,
the other hand, from Eq44) we find that increasing the A
number ofc, v pseudoparticles by one leads to an increase Ds@)=0; »>1, (45
in electron double occupatidd. Moreover, we also studied
the corresponding deviations in kinetic energy and found that
in this limit the c pseudoparticlesq v pseudoparticloscarry
kinetic energy(carry no kinetic energy

These results reveal that in the present I'm't’. t‘he_ The electron double-occupation spectra are derived from
pseudoparticles correspond to electron singly occupied S|te]§] . —
and that the—1/2 holons and+1/2 holons correspond to € expressions of Eq41) for the energy bande.(q) and
electron pairs and electronic hole pairs at the same real-spa€e,(d) by means of the relation provided in E¢0). There-
lattice site, respectively. In Ref. 32 it is found that such afore, the features of these bands fully control and determine
property is closely related to the rotated-electron effectivdhe band momenturm, electronic density, and on-site re-
electronic lattice mentioned above. As we discuss below, w@ulsion U/t dependence of the pseudoparticle electron
find that at finite values ofJ/t a composite 2-holonc,»  double-occupation spectra. As we discuss in the ensuing sec-
pseudoparticle with band momentugsuch that|q| <[ tion, the energy width of the banel.(q) is independent of

De,,(0)<Dc (@)<Dc (£[7—2ke])=v;

Ds1(+kg)=0=<Ds1(q)=<Ds1(0). (46)
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U/t, being constant for all values &f/t andn, and is given

by W.=|e.(7)—€e,(0)|=4t. In contrast, the widthw, , o 82
=|ec ,(m—2kg) — €,(0)| of the c-, v-pseudoparticle en- 0.3 - 05|
ergy bands is a decreasing function @ft, vanishing as - . 81? .
U/t—w. The same behavior occurs also for the '

041
s,1-pseudoparticle band, which is such théf ;=|es 1(kg) ;
—€5,1(0)]—0 asU/t—oo.

This qualitative difference between thepseudoparticle
and the remaining pseudoparticle energy bands leads ti
qualitative differences in the corresponding electron double-
occupation spectra as well. For instance, there are qualitativi

.03
]

0.2

differences between tteedependence of the electron double-
occupation spectrurd(q) on the one hand, and that of the
electron double-occupation specidg 1(q) and D, ,(q) on
the other hand. While the functioD.(q) changes slowly
with band momentuny, for finite values ofU/t the functions
Ds1(0) andD¢ ,(q) show a significant) dependence. For
instance, the valueBg ;(kg)=0 andD, ,(7—2kg)=v are
U/t independent, whereas the valuedxf,(0) andD. ,(0)
depend on this quantity. In contrast, tbhiét dependence of
the spectrunD(q) is very similar for all band-momentum
values g. For finite values ofU/t the electron double-
occupation spectrunDg ;(q)=Dg1(—0q) is a decreasing
function of |q|, having its minimum valueD;(kg) =0 at
la|=0qs1=ke and its maximum value dty|=0. For finite
values of U/t the electron double-occupation spectrum
D¢ .(q)=D¢ ,(—0q) is an increasing function dfj|, having
its minimum value at|g/=0 and its maximum value
D, (7—2kg)=wv at|q|=qc ,=[ 7~ 2ke].

Since both the electron double-occupation spedtra(q)
andD. ,(q) are not dependent dd/t for the limiting band-
momentum valueqy= *kg and q= *=[7—2kg], respec-
tively, and they show the strongest/t dependence fog
=0, below we consider mainly thd/t andn dependencies
of the =0 parameter®,,(0) andD ,(0). In agreement
with the inequalities of Eq(46), for increasing values of the
band-momentum absolute vallg|, these spectra reach
smoothly theU/t-independent limiting value®g ;(*kg)
=0 and D, (*=[7—2kg])=v, respectively. According to
the results obtained in Ref. 32, am=0 only the
c-pseudoparticles,1-pseudoparticle;,1-pseudoparticle; and

c,2-pseudoparticle bands contribute significantly to the en-
ergy spectra of one-electron and two-electron excitations.

Thus, below we limit our studies of the spectridg ,(0) to
the brancheg=1 andv=2. In the case of th®.(q) spec-
trum, we consider th@ and U/t dependencies of both the
parameter® (0) andD.(—2kg)=D.(2kg). Although the
spectrumD.(q) is gently dependent og, in addition to the
value at the band momentugp=0 we also consider the

value at*2kg-. On the one hand, we study the parameter

D.(2kg) because creation and annihilation ®pseudopar-
ticles at the Fermi points: 2k are associated with impor-
tant one-electron and two-electron excitati8h€n the other

hand, since for the other pseudoparticle branches we study

the U/t and n dependencies of the electron double-
occupation spectrum at=0, for completeness we also con-
sider in our study the parametBr,(0).

0

10
un

15 20

FIG. 1. The electron double-occupation param&gf0) plot-
ted as a function of)/t for different values of the electronic density
n.

In Figs. 1 and 2 the electron double-occupation
pseudoparticle parametdps,(0) andD.(2kg) are plotted as
a function ofU/t for different values of the electronic den-
sity n. The electron double-occupation pseudoparticle param-
etersDg1(0), D¢ 1(0), andD, ,(0) are also plotted as a
function of U/t and for the same values of the electronic
density in Figs. 3-5. The curves plotted in these figures
show thatD.(0) andD.(2kg) are decreasing functions of
U/t. Both of these functions have the maximum value
D.(0)=D.(2kg)=n/2, for U/t—0, and vanish in the limit
U/t—. On the other hand)g ,(0) vanishes both folJ/t
—0 andU/t—o and has itsn-dependent maximum value
for a value ofU/t between 1 and 4. While for small values

0.5

0.4

0.3
o
<,
]

0.2

0.1

FIG. 2. The electron double-occupation paramebey2kg)
plotted as a function ob/t for different values of the electronic
densityn.
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' l ' l ' l ' we find the following expressions valid for densities<
i = n=09 1 <1,
025 - oo 82 —
—- 03 D¢(0)=Dc(*=2kg)=n/2; Ds1(0)=0; D ,(0)=vrn.
i - 01 1 (47)
— 1
021 -
On the other hand, in the limil/t>1 the same quantities
s I o7 7 can be written as follows,
e AN ] 2t)2 in(27n)
3 . SI mn
L {7 N | _ .
; ) ) nin(2)| 1 o |
0.1 - _
....... \.'
- BN ] D (= 2k)— 2t\? in(2)| 2 sir? 1 sin(2mn) |
0.05 :.'.’___\~ .."-..'.:'\..\ _ C(_ F)_ n n( ) SI (Wn)+ - 27Tn ’
;/:~ \\‘§‘~~ e T 1
N AT ot PRl S P mn[ _ sin(2mn)|
0 5 10 15 20 2 1- 2mn |
Ut
FIG. 3. The electron double-occupation paramétgg(0) plot- sin2m(1—n)]
ted as a function ofJ/t for different values of the electronic density D¢ .(0)=v— U (1—n) T o |
n. (48)
of the electronic densityn the parameterD, ,(0) and Moreover, the following expressions are valid for all val-
D, ,(0) are decreasing functions &f/t, for values ofn ~ Ue€s ofU/t>0 in the limit of vanishing density—0,
close to 1 there is a minimum value at a small but finite
value of U/t. These parameters are given yand 2n, re- Dc(0)=Dc(*2ke) =D51(0)=0;
spectively, forU/t—0, and tend to 1 and 2, respectively, as (49
U/t—co. _ vU
Before discussing the physical information contained in -v (40)%+ (vU)2

the curves plotted in Figs. 1-5, we consider some limiting

cases where we could evaluate analytical expressions for the |, the case of density=1 we could derive the following
pseudoparticle electron double-occupation spectra. In addisypressions, which are valid for all values@ft>0

tion, before that discussion we also indicate the cases in
which creation of the elementary quantum objects leads to a
vanishing kinetic-energy deviatioAT. In the limit U/t—0

D,

0 ! | 1 | 1 | 1

D(0)=D(* 2kg) = f:dx

1 (>
D01~ | “axn

J1(X) )
xU\’
1+ cosl{ —)

2t
(50)
- [xU
SIH"( E)

4t

TN D¢,(0)=v.
cosl{ —”

Comparison of the expressiof%7)—(50) with the curves of
the Figs. 1-5 reveals there is agreement between these ex-
pressions and the curves.

As we mentioned above, we can also evaluate the kinetic-
energy deviationd T=[T—T,] associated with elementary
excitations. In the present study we are mostly interested in
whether the deviationAT which result from creation of a
pseudoparticle~1/2 Yang holon, or—1/2 HL spinon are
finite or vanish. Importantly, by combining our analysis of
the AT deviation expression with the related properties of

0 5 10 15 20 the electron double-occupation spectra, we find that when

Ust

such a deviation vanishes, creation of these quantum objects

FIG. 4. The electron double-occupation paramégg(0) plot- IS either associated with creation of localized electrons or
ted as a function o)/t for different values of the electronic density involves on-site spin-flip processes. From our study of the
n kinetic energy(19) we find that the deviatiod T which re-
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FIG. 5. The electron double-occupation pa-
rameterD ,(0) plotted as a function of)/t for
different values of the electronic density
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20

sults from creation of pseudoparticles;1/2 Yang holons, or configurations describing the exact energy eigenstates. As a

—1/2 HL spinons vanishes in the following cases: result of the nonperturbative character of the electronic cor-
(i) Creation of one or a vanishing density afl relations, the description of the pseudoparticles, holons, and

pseudoparticles at band-momentum valges* kg, for all spinons in terms of electron site distribution configurations

values ofU/t, n, andm. of the real-space lattice is a very complex many-body
(i) Creation of one or a vanishing density afv  problem®

pseudoparticles at band-momentum valges=[ 7 — 2kg] For finite values otJ/t the electron double occupatid@h

for all values ofU/t, n, andm. defined in Eq(18) is not a good quantum number. This just

(iii) Creation of one or a vanishing density sfr  means that the ground state and the other energy eigenstates
pseudoparticles belonging to branches such tatl at  can pe expressed as a superposition of real-space lattice elec-

band-momentum valueg= *[kg;—kg, ] for all values of
U/t, n, andm.

(iv) Creation of—1/2 Yang holons for all values df/t,
n, andm.

(v) Creation of—1/2 HL spinons for all values dfli/t, n,
andm.

(vi) Creation ofa,v pseudoparticles witlw=c,s and v
=1,2,3... for m=0, all band-momentum valueg, all
densitiesn, andU/t— oo,

tron site distribution configurations with different numbers of
electron doubly occupied sites. On the other hand, in the
limit U/t— o0 both electron double occupati@y double un-
occupation, spin-down single occupation, and spin-up single
occupation become good quantum numbB&ré Thus in this

limit all energy eigenstates can be expressed as a superposi-
tion of real-space lattice electron site distribution configura-
tions with the same value of electron double occupafion

For instance, in the particular case of the ground state and
finite-energy excited states that value Ds=0. Thus, the
E. Electron double-occupation spectra and the pseudoparticle  ground-state electron double occupatDp is such thatD
degree of localizatioridelocalization —0 asU/t—x, as confirmed by the form of the expression

We close this section with the analysis and a discussion dg#€fined in Eqs(26) and (36).
the information provided by the dependence on the elec- It is useful for our discussion to express the deviations
tronic densityn, on-site electronic repulsiob/t, and band AN; andAN, in the electron numbers in terms of the devia-
momentumq of the electron double-occupation quantities tions in thec pseudoparticley, » pseudoparticles- 1/2 Yang
defined in Eqgs(46)—(50) and Figs. 1-5. We find that the holon; and—1/2 HL spinon numbers. Based on the form of
dependence of the electron double-occupation quantities aritle expressions given in Egd.4)—(16), we find the follow-
spectra on these parameters provides insight into the degragg relations,

of localization/delocalization of the-1/2 Yang holons,
—1/2 HL spinons, and pseudopatrticles.

While only spino electrons can be created into the many-
electron system or annihilated from it, creation of spin
electrons generates backflow effects which can change the
numbers and the occupancy configurations of pseudopar-
ticles, holons, and spinorié.In the absence of electron ad-
dition or removal, these elementary quantum objects are con-
fined within the many-electron system, their occupancyand
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* * the kinetic-energy deviatioAT which results from this ex-
AN =ALg 1T AL 1t 2 vAN; ,+ 2 vANg . citation is always finite. We thus conclude that tloe
v=t v=1 52 pseudoparticle does not describe localized electron configu-
(52) rations. Thec pseudoparticle has it highest delocalization
We recall that the numbers of 1/2 Yang holons and of degree in the limit ofJ/t— o, where it leads to no electron
+1/2 HL spinons are dependent on the numbers of the redouble-occupation deviation. In this case it becomes the non-
maining quantum objects. In particular, it follows from Eq. interacting spinless fermion of Refs. 54—57.
(17) that the deviationsAL ;1 and ALs .4, can be ex- Let us now consider the case of tgl pseudoparticle.
pressed as follows, Creation of ans,1 pseudoparticle at band momentupis
associated with a spin flip which creates a spin-down elec-
tron and annihilates a spin-up electron. This is confirmed by
analysis of Eqs(51) and(52). Moreover, it follows from Eq.
(53 (53) that creation of ars,1 pseudoparticle also involves an-
nihilation of two + 1/2 HL spinons. The corresponding elec-
ALS,+1,2=ANC—221 VANs ,—ALg —1p. tron double-occupation deviation is given ByD =D 4(q)
" and equals the,1 double-occupation spectrum. According to
For simplicity, let us assume again that the initial groundEds. (46—(48), this spectrum has its minimum value at the
state has zero-spin density=0. In order to study the de- Pand-momentum valuep=*kg, where it vanishes. In ad-
gree of localization/delocalization of the quantum objectsdition, we find that at this band-momentum value
we consider elementary excitations associated with creatiopseudoparticle does not carry kinetic energy. Thusgat
of ¢ pseudoparticless,1 pseudoparticles¢,v pseudopar- = *Kkg and for all finite values otJ/t andn, creation of the
ticles; and—1/2 Yang holons. According to Eq$24) and s,1 pseudoparticle is associated with an on-site electronic
(25), for initial ground states with finite spin densityin the  spin-flip process in the real-space lattice. It follows that at
range 6<m<n the energy spectrum of excitations involving these band-momentum values thd pseudoparticle has a
creation ofs,v pseudoparticles belonging to>1 branches localized character. For decreasing valuegqgifand finite
and/or —1/2 Yang holons is gapped. The study of the elec-values ofU/t, the value ofDg;(q) increases and we find
tron double occupation of such finite-spin-density excitationghat thes,1 pseudoparticle carries kinetic energy. It follows
is an interesting problem which will be considered else-tpzt for|q|<kg, the spin-flip electronic process has no pure
where. on-site character. The delocalization degree of &

In the examples provided in the following we ConSiderthepseudoparticle is maximum for band momentam 0. In
;Isn;ﬁﬁc?:)a:i)élcgégloggn d?risé)orggrt:ta;r(g\:ltgf O(;rga_tlloerI Yzfngonecontrast to thec pseudoparticles and, v pseudopatrticles, at
holon or —1/2 HL spinon. However, note that the contribu- finite values ofU/t, the degree of delocalization of tsgl

tion to the electron double-occupation deviatit® of any gseudoparticle_ Is inngneral bhighzst wh%nbthe va_l(ljue_ of
other excitations involving creation of the same quantum ob- 5,1(Q) is maximum. This can be understood by considering

ject always is given by its double occupation spectrum af'€ U/t—2 limit. In this case theq==kg physics is ex-
band-momentung (or —1/2 Yang holon or—1/2 HL spinon te_zndgd to all values af and the;,l_ pseudoparticle carries no
double occupation kinetic energy. Moreover, according to E¢43) and(48) the

We start by considering the creation o€ gseudoparticle electron double-occupation spectrum is in this limit given by
at band momentury. Creation of a pseudoparticle is asso- Ds1(q)=0. As was mentioned before, creation of tha
ciated with creation of a spin-up electron, as confirmed bypseudoparticle at any value offor U/t— is associated
Egs.(51) and(52). From Eq.(53) we find that such an ex- with an on-site electronic spin-flip process. It follows that in
citation also involves annihilation of @« 1/2 Yang holon and the case of thes,1 pseudoparticle the highest degree of lo-
creation of a+1/2 HL spinon. According to Eq943) and  calization is achieved when it describes electron singly oc-
(48), in the limit U/t— <o this elementary excitation leads to cupied site excitations only. Thus, as the value of the on-site
no change in the ground-state electron double occupatiorepulsionU/t is decreased andiD =D ;(q) becomes finite,
Dy, Eg. (26). Therefore, in this limit creation of &  the degree of delocalization increases. This effect is stronger
pseudoparticle corresponds to creation of an extra electrofor low values of band momentum For the limiting values
singly occupied site and annihilation of an empty side of theq= * kg the s,1 pseudoparticle describes a localized excita-
real-space lattice. For decreasing valued)of, theU/t de-  tion for all values ofU/t andn, as mentioned above. The
pendence of the-pseudoparticle electron double occupationcurves plotted in Fig. 3 show thatD =Dy ;(0) is maximum
of Figs. 1 and 2 reveals that this excitation leads to a smallor an intermediate value dd/t. Interestingly, in the limit of
positive finite electron double-occupation deviatidYD U/t—0 one finds thaDg ;(q) =0 for all values ofg, as in
=D.(qg). At bothq=0 andq= = 2k this deviation is maxi- the limit U/t—. However, in this case thg1l pseudopar-
mum whenU/t— 0, where from Eq(47) and Figs. 1 and 2 ticle carries finite kinetic energy for all band-momentum val-
we find thatAD=D.(0)=D.(*2kg)=n/2. The deviation uesq except alj= +kg. This means that for vanishing val-
AD=D.(q) changes slowly with band momentugfor all ues ofU/t the delocalization degree is not directly related to
values ofU/t and electronic densitp. We emphasize that electron double occupation.

©
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Another important elementary quantum object is the all values ofq and according to Eq48) the electron double-
—1/2 Yang holon. Creation of & 1/2 Yang holon is associ- occupation spectrum is in that limit given By, ,(q)=v». As
ated with creation of two electrons of opposite spin projec-discussed above, in this limit creation of &z pseudoparticle
tion, as is confirmed by Eqé51) and(52). From Eq.(53) we  for all values ofq is associated with creation of localized
find that creation of a-1/2 Yang holon implies annihilation ~€lectron double-occupied sites and annihilation @flectron
of a +1/2 Yang holon. The-1/2 Yang holon does not carry empty sites in all real-space lattice electron site distribution
kinetic energy and from Eq42) we find that its creation configurations of the initial ground state. Finally we empha-
leads to a electron double-occupation deviation vakiz  Size that according to the total-momentum expreséde of
=1. Therefore, creation of & 1/2 Yang holon is associated Re€f- 31, thec,v-pseudoparticle momentum spectrum is (
for all finite values ofU/t with the creation of a new local- ) Thus the band momenturp=0 is associated with a
ized electron doubly occupied site and the annihilation of arfontribution to the momentum given byr(-q) =. This

empty site in all real-space lattice electron site distributionreveals that the maximum degree of delocalization okthe

configurations of the initial ground state, as mentioned prepseudoparticles corresponds to a finite excitation momentum

viously. This is fully confirmed by the expression in terms of of 7. Note also that for all the remaining pseudoparticle
Y- y ' by P : X branches the momentum spectrum equals the band momen-
electronic operators of the-spin-flip generators given in Eq.

o). tum q.

Let us now consider the,» pseudoparticle. This is an

. . : F. U/t— o« electron double-occupation selection rules
s.=0 composite quantum object which results from the - P

combination ofy —1/2 holons andv +1/2 holons®! Since We let the operatoéN be a product of a finite number,
each —1/2 holon is made out of two rotated electrons of
opposite spin projectioft it follows that creation of &, » A= 2 N oo (54)

pseudoparticle at band momentupis associated with cre- [
ation of a numbew of spin-down electrons and creation of ) N
an equal number of spin-up electrofidle note that the num- of one_—electrpn creation anc_i/or annihilation operators. Here
ber of rotated electrons equals that of electrpbis is con-  M/Na is vanishingly small in the present thermodynamic
firmed by Eqs(51) and(52). According to Eq(53), creation limit, and MCJS is the number of electronic creation and
of ac,v pseudoparticle also implies annihilation of 2-1/2  annihilation operators fdr,= —1 andl,= +1, respectively,
Yang holons. The electron double-occupation deviatiorand with spin down and spin up fdg=—1 andls=+1,
originated by creation of &,» pseudoparticle is given by respectively.

AD=D¢,,(q). According to Eqs(46)—(48) and Figs. 4 and Let us consider stateé3,|GS) which result from applica-

5, this deviation h_ai its maximum value for the band-(o, of 4 generalV-electron operatod - onto a ground state
momentum values|=*[7—2kg], where itis given byv. |G or onto any eigenstate of the spinelectron numbers.

In addition, at these band-momentum values &  The pseudoparticle, holon, and spinon numbers of the
pseudoparticle does not carry kinetic energy. It follows thabround state are given in EqEC24) and (C25) of Ref. 31.

at these values of, creation of thec,v pseudoparticle is \ye consider transformations generated by application of an

associated with creation of localized electron doubly- el A . fh inel
occupied sites and annihilation ofelectron empty sites in -electron operatoD,on any eigenstate of the spinelec-
tron numbers and not necessarily on the ground state. We let

all real-space lattice electron site distribution configurationﬁ &) be such a general state. It is not required that such an

of the initial ground state. Note that this result is valid for all | "/, . .
. " - . arbitrary state be an energy eigenstate. The corresponding
electronic densities and finite values of the on-site repul-

sion U/t. For these band-momentum values toer stateO \| ¢) is also an eigenstate of the spir=T,| electron
pseudoparticle corresponds to localized real-space latticBMber operators. It belongs to an electron ensemble space
electron site distribution configurations similar to the onesVhose electron numbers differ from the numbers of the ini-

obtained by creation of —1/2 Yang holons. For decreasing i@l State by deviationdN; andAN |, such thalN=AN;
values of|q| and finite values ofJ/t the valueD, ,(q) de- + AN, . These deviations can be expressed in terms of the
creases and we find that teev pseudoparticle carries finite NUmbersv, _of Eq. (54) as follows,

kinetic energy. Thus, in contrast to the case of &

pseudoparticle, in the present case the degree of delocaliza, \, _ _ . _ _

tion increases with decreasing electron double-occupationANT_|C;il( Mg 1 ANl_lczil( LN -1
deviation values. For finite values ofJ/t and band- (55
momentum valuesq|<[7—2kg] the 2v created electrons

are characterized by some degree of delocalization which is Following the results of Ref. 31, let us consider the four
maximum at q=0. This means that for these band- expectation valueRR,, =<ﬁ2m| >, where a=c,s and |,
momentum values thei2electrons have some degree of de- _ _ 1,41, and the cor:espond?ng operafy _, counts the
localization and are not all created in pairs at the same site of . A

the real-space lattice. On the other handUss— the q number of electron doubly ocgup|ed sité, .1 counts the
=+ [ 2kg] physics is extended to all values qfIn this number of electron empty siteR, _; counts the number of
limit the c, v pseudoparticle does not carry kinetic energy forspin-down electron singly occupied sites, a%gﬂ counts

,
cilg=x1 €S
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the number of spin-up electron singly occupied sites. Theny eigenstate of the spin=1,| electron number operators
expressions of these operators are given in E288.and(24)  which result from application onto that state of the above

of Ref. 31. These operators obey the following relations, general operatod  are restricted to the following ranges,

) ) - 21N+1’|S$ADEARC’,1$I le\/,“s, (60)
Rs+1=N;—R¢ _1. (56) S s

From the summation of the three relations of Eg§6) we - 1 Nflv'sgARngl 2;1 N+1~'s’ (62)
find the following fourth dependent relation: °

- 5|C,—|Sf\/|c,|s$ARs,—1<|C’lsE:il S M. g

Ray =Na. (57) ,
a=c,sl,=*1 @ (62)

The operational relation&6) and (57) are valid for the
whole parameter space. Furthermore, they reveal that gng
given spino electron numbers, out of the four expectation
values of the operators of E¢G7) only one is independent.

In the previous section we studied the double-occupation ex-

pectation valud =R _;. Use of the operational Eq56)
and (57) provides the corresponding values f&; . q,
Rs -1, andRg ;.

In the limit U/t—«~ the energy-eigenstate expectation

values of the four number operatoRs, 1, Rc 1, Rs 1,

andR; ., become good quantum numbéts? Thus in that
limit each energy eigenstate corresponds to real-space latti £
electron site distribution configurations with the same value

forRe —1, Re. 1, Rg -1, andRg ;. For finite values ofJ/t

= 2 S M SAR s X S M
lo M= +1 le o= +1
(63)

respectively. Obviously, given one of the four ranges of val-
ues defined by the inequalitié80)—(63), the other three fol-
low from the operational relations of E¢G6).

The maximum(and minimum values of the inequalities
(60) and(61) [and Eqgs(62) and(63)] are reached when all

e electrons created by the operafD;/, in a number of
,S:ﬂ/\/,ly,s, transform an equal number of electron singly

each energy eigenstate corresponds in general to a supergf:cupied sites into electron doubly occupied sites. In addi-
sition of real-space lattice electron site distribution configu-tion, it is required that all the annihilation operators of that
rations with different numbers of electron doubly occupiedoPerator, in a number o, _. Ny, transform an equal

sites, electron empty sites, spin-down electron singly occunumber of electron singly occupied sites into electron empty

pied sites, and spin-up electron singly occupied sites.

sites for all the real-space lattice electron site distribution

Let us use the relations of E(6) to evaluate expressions configurations of the initial state with a number of electron

for the expectation valueR, .1, Rs—1, andRq 4, for the

singly occupied sites larger than or equalho Note that if

particular case of a ground state, from the corresponding the initial state includes distribution configurations whose
=0 electron double-occupation expression defined by Eqsiumber of electron singly occupied sites is smaller thgn

(26) and(36). We find that form=0, all values ofU/t, and
values of the electronic density in the domais=0=<1,
these ground-state expectation values read

0 N
Rc,+1:Na_N+ Py

5|5/ f(un, (58)

n
2
and

: (59

0 0 N n
Rs-1=Rs+1=5|1-|5/f(n,U/Y)

respectively. Heré(n,U/t) is the function given in Eqg36)

then the maximum value ofAD is smaller than
Els:ilN—le and thus the inequalitie€0) and (61) [and
Egs.(62) and(63)] are also satisfied.

The minimum(and maximum values of the inequalities
(60) and(61) [and Eqgs(62) and(63)] are reached when all
the electrons created by the operafaw, in a number of
E'filN*lv's’ transform an equal number of electron empty
sites into electron singly occupied sites. Furthermore, it is
required that all the2|5=ilj\/+1,|s annihilation operators of
that operator transform an equal number of electron doubly
occupied sites into electron singly occupied sites for all the

and (37). Note that these ground-state expectation valueLeal-space lattice electron site distribution configurations of

change from R ,=Dy=N/2(n/2), RZ,;=[N,—N]
+N/2(n/2), and RS ;=R?,,=N/2[1—(n/2)] as U/t
—0toRY_;=Do=0, R} . ;=[N,—N], andR} ;=R ,

the initial state with a number of electron empty sites equal
to or larger thanE|S:th_“S and a number of electron

doubly occupied sites equal to or larger tkﬁgzilj\/ﬂJs.

=N/2 whenU/t—, and these quantities become goodNote that if the initial state includes distribution configura-

guantum numbers.

tions whose number of electron empty sites is smaller than

Importantly, in the limit U/t—o the four deviations =i -x1/N-1; and/or whose number of electron doubly occu-

AR, =[R,; —RY, ]suchthatr=c,sandl,=—1,+1 of

pied sites is smaller thaEsZﬂNH,,s, the minimum value
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of AD is larger than_g's:thﬂJs and thus the inequali- trg)e energy anq band-momentum width of the energy bands
ties (60) and (61) [and Egs(62) and (63)] are also satisfied. €s..(d) vanish in the case of the>1 branches. According to
It is found in Ref. 32 that th&J/t— electron double- EAs. (CD—(C3) of Ref. 31, in the case of the zero-spin-
occupation selection rules associated with the inequalitied€nsity ground states the baedq) is filled (and empty for
(60)—(63) are related to the occurrence of other selectiorPand-momentum values such that<2kg (and Xg<|q|
rules which concern the range of the deviations in the num=m). On the other hand, for such ground states the band
ber of + 1/2 holons and- 1/2 spinons. The holon and spinon €s,1(q) is full and the bands ,(q) wherev=1,23 ... are
selection rules are valid for all values bf/t and play an empty. The expressions of the bangéq), €51(d), €2 1(q),
important role in the evaluation of correlation andegz(q) are plotted in Figs. 6—9 as a function of the band
functions®23¢3"These selection rules are exact in the case ofnomentun for spin densitym=0, different values obJ/t,
rotated-electron operators. In the case of the correspondirand of the electronic density.
electron operators such rules provide the numbers of holons As is confirmed by analysis of the energy-band curves
and spinons of the final states which contribute most signifiplotted in Figs. 6a) and Gb), both the energy and band-
cantly to the few-electron correlation functioffsThis rela- momentum width of the-pseudoparticle bands are density,
tionship between the)/t— o electron double-occupation de- spin-density, andJ/t independent and given byt &nd 2,
viations and the deviations in the numbenl/2 holons and respectively. From th&l/t dependence of the curves of these
+1/2 spinons follows from the unitary transformation which figures, we find that the main effect of increasing the on-site
maps electrons onto rotated electrons. This transformatiorepulsionU/t is the increasing of the energy-band-width of
also maps the electron double-occupation operator onto ahe ground-state filled sea and the corresponding decreasing
operator that counts the number ©fL/2 holons. The latter of the band-energy width of the corresponding unfilled re-
operator is nothing but the rotated-electron double-gion. The main effect of changing the electronic density is on
occupation operatdf the ground-states-pseudoparticle Fermi points, which are
given by * 2kg.
In contrast to the energy and band-momentum widths of
the c pseudoparticles, the energy width of the,v
V. THE PSEUDOPARTICLE ENERGY BANDS pseudoparticle bands plotted in Figs. 7—9 is a decreasing
) function of U/t, vanishing in the limitU/t—co. This prop-
In Sec. IV we found that the pseudoparticle energy bandgy is 3 result of the fact that afj-spin and spin configura-
defined by Eqs(C15—(C21) of Ref. 31 play an important = ong are degenerated in that limit. The band-momentum

role in the electron double-occupation spectra of thevvidth of the c,v-pseudoparticle bands and of the
pseudoparticles, as confirmed by E41). Moreover, in Ref. ,v-pseudoparticle bands belong to branches such that

37 it was found that the shape of the lines in the frequency_ 1 are density and spin-density dependent, respectively, and
energy and momentum planes where the peak_s or e_dg_es ng given by m—2ke] and kg —kg,], respectively.
t_he one-electron and two-electron spectral—we|ght dlstrlbu-NOte also that ther, v-pseudoparticle energy bandgl(q)
tions are located correspond to the pseudoparticle energy 0 . ,
bands. Thus the study of the band-momentum dependence EfESvl(q) -~ ZHOH. and ew.(q) vanish at the band-
these energy bands is a problem of interest for understandir{Bomemum limiting values, i.e.,
the one-electron and two-electron spectral properties of the
quantum liquid. Thes-pseudoparticle and,1-pseudoparticle o
) . . + —

energy bands were studied and plotted in Ref. 51 for finite €0,(F0a,,) =0, (64)
values of the spin density. On the other hand, the
c,v-pseudoparticle and, v-pseudoparticle energy bands for .
v>1 were first introduced in Ref. 38, yet these bands werdvhere according to EqsC12—(C14) of Ref. 31,qc ,=[
not plotted in that reference. Since most studies on the finite— 2¥F]: Gs1=Ke;, and gs,=[ke;—kg ] for the »>1
energy spectral properties of low-dimensional materials refepranches: . . s
to zero magnetization, it is worthwhile plotting and discuss- " finite values of the spin density and magnetic field
ing the band-momentum dependence of the abové!: thes v-pseudoparticle energy band%v(q) have for the
pseudoparticle bands for zero-spin density. r>1 branches'both finite momentum .Wldth, given py the

The general excitation energy spectrum of interest for thé@Pove expression [Re1—ke], and finite energy width,
problem of the finite-energy correlation functions is given ingiven by|es ,(0)[. The energy-band value gt=0 is nega-
Eq. (24). The band-momentum-independent teap is de-  tive, i.e.,eJ (0)=<0. As the spin densityn—0, both widths
fined in Eq.(25). The value of this finite energy is deter- 2[kg; —kg1]—0 andIegv,,(O)|—>O vanish. Thus, for thes
mined by the holon and spinon deviations and corresponds to-1 branches the, v-pseudoparticle energy bands collapse
the finite-energy edges of the correlation functions. The otheinto the point{q=0,egyv(0)zo} in that limit. Since Figs.
term of the energy spectru(@4) is of gapless character and 6—9 correspond tm=0, these bands are not plotted in these
in the case of zero magnetization involves the pseudoparticliggures. The finite-magnetization case will be considered
energy bandse.(q), es1(q), and egv(q) where v elsewhere.
=1,2,3 ... .These bands are defined in E€15—(C17) The ¢, v-pseudoparticle bands plotted in Figsa)d 8(b),
of Ref. 31. As discussed below, at zero magnetization boti®(a), and 9b) have their maximum value aj=0. These
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FIG. 6. The pseudoparticle energy bandq)
in units of t plotted for electronic densitya) n
=1/2 and(b) n=5/6 and on-site repulsion values
U/t—0, U/t=2.0, U/t=4.0, U/t=10, U/t
=20, andU/t— . The ground-state Fermi level
corresponds to zero energy and is marked by a
horizontal line which overlaps the.(q) band at
the band-momentum Fermi pointg= *2kg
=*7/2.

FIG. 7. The pseudoparticle energy band
€51(Q) in units of t plotted for electronic densi-
tiesn=1/2 andn=5/6 and on-site repulsion val-
uesU/t—0, U/t=2.0, U/t=4.0, U/t=10, U/t
=20, andU/t— . The ground-state Fermi level
corresponds to zero energy and overlaps the en-
ergy band at the band-momentum Fermi points
q==*kg.
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bands are thus inverted. As discussed below, as the electrortite pseudoparticle energy bands in the case of zero-spin den-
density approaches 1, both the energy and momentursity m=0. Note that according to the expressions given in

widths of these bands vanish. Except for the case ofthe
the vicinity of the band-momentum limiting values= =q,
=+ and q=*q. ,=*=[7—2kg]. In contrast, note that
thes,1 band has a lineay dependence in the vicinity of the
band-momentum limiting valueg=*qs;=*kg. On the
other hand, for finite values df/t all pseudoparticle bands
show a quadratic dependence on the band momeitum
the vicinity of the pointg=0, as confirmed by the curves of
Figs. 6-9.

From analysis of Figs. 8 and 9, we find that tkﬁal(q)

and eg,z(q) bands vanish at the band-momentum limiting

valuesq=*q ,=*=[7—2ke]. This behavior also occurs
for finite values of the spin density. For such values also
the e ,(q) bands vanish fog=*qs,= *[ke; —kg,]. The
energy bandsg,,(q) has its maximum value a=0, with
eSYV(O)zo, as shown in Figs.(8), 8(b), and 9a), 9(b). The
energy bandeg,,(q), for spin densitym>0, has its mini-
mum atgq=0, with egvy(O)so, as in the case of thg,1
energy band plotted in Fig. 7 fan=0.

Egs. (A1)-(A3) of the Appendix, theq dependence of the
c-pseudoparticle energy band in the vicinity @& = 7 and

of thec, v bands in the vicinity ofy=0 is different for finite
values ofU/t and in the limitU/t—0. As mentioned above,
for finite values ofU/t the dependence on the band momen-
tum q is quadratic in the vicinity of these band-momentum
values. Thus in that case the derivative of these bands
vanishes both aj= = 7 andq=0 respectively, as confirmed
by the curves of Figs. 6—9 and by the expressions of Egs.
(A1) and (A3) of the Appendix. In contrast, analysis of the
data of these figures and equations reveals that in the limit
U/t—0 theq derivative at these band-momentum values be-
comes finite and thg dependence in their vicinity is linear
instead of quadratic. This singular change results from the
nonperturbative character of the electronic correlations
which leads to a different physics &t/t=0 and forU/t

>0. In the particular case of half filling, this effect occurs
for the c-pseudoparticle band at the band-momentum Fermi
pointsq= = 7. In this case, that effect is associated with the

In the Appendix we consider the limiting expressions ofband of Fig. 7, all remaining bands plotted in Figs. 6—9 show
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for finite values ofU/t a quadratic dependence grin sin-  tions defined in Eq(58) of Ref. 31. These deviations de-

gular Mott-Hubbard insulator-metal transition. For otherSCiP€(i) pseudoparticle-pseudoparticle hole processes in the

electronic densities this effect occurs at unoccupied grounoc- ands,1 bands which conserve the pseudoparticle numbers;

state band-momentum values and therefore, is not associatglb)e g{ii?]“g?cor ar;rgﬂgitloa?ﬁgeingﬁal cF;‘sf;EUds(,)epL?(jrgCIaeiilgILs
with such a transition. The vanishing at half filling of the v P P v P P

i . ith v>1; i i f—1/2 Y. hol f
band egv(q) of Eq. (A6) of the Appendix results from its vintlr}vaHlspailrr:grEg/.) creation of ~1/2 Yang holons and o

collapse into the poinfq=0,e. ,(0)=0} as §—0, where All the energy spectra obtained previously in the litera-
0=(1-n) is the doping concentration. This is confirmed by tyre, such as, for instance, the ones studied in the Refs. 41—
the dependence on (and §) of expressiongA3) for that 46, can be expressed in terms of the pseudoparticle energy
band. We emphasize that both tees band for thev>1  pands plotted fom=0 in Figs. 6—9. The authors of these
branches and the,» band collapse into the poinfq  studies used for each specific elementary excitation different
=0,€2 ,(0)=0} with a=s and a=c, respectively, as the forms for the two Lieb and Wu equatidisor/and for the
spin densitym—0 and the dopings=(1—n)—0, respec- thermodynamic Takahashi's equatiéhprovided in Ref. 31.
tively. On the other hand, insertion in the energy Landau-liquid

The terms of the Landau energy functional given in Eqg.functional (24) of band-momentum distribution function de-
(24) describe the energy spectra of all one-electron and twoviations suitable to these excitations leads to the same energy
electron elementary excitations of the 1D Hubbard mdtel. spectra. In addition, the energy functiorial) provides the
Within such a functional description, each elementary excispectrum for all values of the energy of all excitations which
tation is simply described by specific values of thecontribute to the one-electron and two-electron physics, as
pseudoparticle band-momentum distribution function deviamentioned above.
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VI. CONCLUDING REMARKS APPENDIX: LIMITING EXPRESSIONS
OF THE PSEUDOPARTICLE

In this paper we studied the electron double-occupation ENERGY BANDS

deviations which result from creation of pseudopatrticles;
a,v pseudoparticles;—1/2 Yang holons; and-1/2 HL In this Appendix we present the limiting expressions of
spinons, wheree=c,sandv=1,2,3 ... . All energy eigen- the pseudoparticle energy bands in the case of zero-spin den-
states can be described in terms of occupancy configurationgty m=0. In the limitsU/t—0 andU/t>1 one can evalu-

of these quantum objects which are related to electrons angte closed-form expressions for the baréq), €s1(0),

rotated electrons in Refs. 31 and 32. Here we introduced agp,q° (q) wherea=c,sandv=1,2,3 . . ., defined in Ap-
electron double-occupation functional whose coefficients ar%endi‘;”c of Ref. 31. The simplés'£ case is that of the
pseudoparticle band-momentum-dependent double; ’

X : L ) . . —energy bands for the>1 branches, which at zero-spin den-
occupation spectra. Our investigations provided mterestm%ity m=0 are given for all values o)/t andn by € (q)
S,v

information about the electron site distribution conflgura-zo for |q|=(ke;—ke,)=0. As m—0 thesey>1 bands

tions of the real-space lattice which describe the energ%{)llapse in that limit into the poin{tqu,egv(O):O}. The

eigenstates. The study of these spectra provided importal . £ th L d tele bands f
information on the localization/delocalization degree of theEXPressions of the remaining pseudoparticie bands for zero-
pin densitym=0, values of the density9n=<1, andU/t

real-space lattice electron site distribution configurationss ;
which describe the elementary quantum objects. We found—’0 andU/t>1 are the following,
that for some of the pseudoparticle branches such a degree of
localization/delocalization is strongly dependent on the value

of the band momentum. We also considetéd — o selec- e.(q)=— 4t
tion rules, which limit the ranges of the electron double- °©
occupation deviations that result from excitations generated

by N-electron physical operators. These rules are the starting —
point for finding related selection rules, which are investi-

gated elsewher&. The latter rules are valid for all values of

U/t and play an important role in the study of finite-energy

q n
cog 5| —cos 5| |; lg|<2ke, U/t—0;

SR

2ke<|g|<=m, U/t—0;

correlation functions. =—2t[cogq)—cogmn)]
This paper is a first step in the use of the general holon (21)2
and spinon scenarios in the study of the finite-energy spectral B . e )
properties of the 1D Hubbard model. In addition to the in- U 2n In(2)[sir?(a) —sirf(n)];
troduction and study of the electron double-occupation func-
tional, in this paper we studied the dependence on the band lgf<m, U/t>1, (A1)

momentumnmg, on-site repulsiotJ/t, and electronic density
of the pseudoparticle energy bands associated with such a

functional. As was mentioned in this paper, these bands play il

a central role in the spectral properties of the mddel. €s1(q) = — 2t co&q)—cos(T) ; lalske, U/t=0
The holon and spinon descriptions of the 1D Hubbard

model introduced in Ref. 31 and further studied here are used (@) m[  sin(2amn) ay.

in Ref. 32 for finding further useful microscopic information 70 2" T2 (C%%an)

on the spectral properties of the model. By combining the

results obtained here with that information, one can evaluate lal<ke, U/t>1, (A2)
expressions for finite-energy one-electron and two-electron
correlation function§**¢3"That is a problem of major im-
portance for the study of the unusual finite-energy spectral lg|+ 7n

: ; : - o1 €l (q)=4tco . lgl<s(m—2kg), U/It—0;
properties observed in real quasi-one-dimensional €c.»\d 2 »oals F) '
materialst~2° Elsewhere it is confirmed that the holon and

spinon descriptions of the energy eigenstates introduced in (4t)? 1 sin(29) g\

Ref. 31 and further developed here and in related BV o= 2 cos 25/
papers!323637gre suitable for the successful study of these

finite-energy spectral properties. lal<(7—2kg), U/t>1, (A3)

where 6=(1—n) is the doping concentration. The expres-
sions (A1) and (A2) were already obtained in the and s

We thank Jim W. Allen, Daniel Bozi, Antio Castro =s,1 pseudoparticle studies of Ref. 51. From analysis of the
Neto, Ralph Claessen, Francis¢Baco Guinea, Katrina band momentung, on-site repulsiortd/t, and densityn de-
Hibberd, Peter Horsch, JoaVl. B. Lopes dos Santos, (s pendence of the band expressidad)—(A3), we find that
M. Martelo, Karlo Penc, and J. M. Romdor stimulating these agree with the corresponding dependence on the same
discussions. parameters of the curves of Figs. 6—9.
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At half filling and spin densitym=0 the integral equa- - cogxA?,(q)]

tions which define the ground-state rapidities and pseudopar- €g1(q)= —ZtJ dxJi(x) —xU lg|<m/2,
ticle bands can be solved by Fourier transform. Thus in this 0 xcosk(—
case one can derive the following expressions for the 4t
pseudoparticle bands, which are valid for all valuedJdt (A5)
>0,% and

e.(q)=—2t[cosk®(q) +1] & (q)=0; |g|<(m—2kg)=0. (AB)

o cog x sink®(q)] The inverse functions of the half filling ground-state
—4tfo dXJl(X)m; lg|<, rapidity-momentum functiork®(q) and rapidity function

Agyl(q) involved in expression§A4) and (A5) are given in
(A4) Egs.(33) and(34), respectively.
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