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Over the last three decades a large number of experimental studies on several quasi one-
dimensional (1D) metals and quasi 1D Mott-Hubbard insulators have produced evidence
for distinct spectral features identified with charge-only and spin-only fractionalized
particles. They can be also observed in ultra-cold atomic 1D optical lattices and quantum
wires. 1D exactly solvable models provide nontrivial tests of the approaches for these
systems relying on field theories. Different schemes such as the pseudofermion dynamical
theory (PDT) and the mobile quantum impurity model (MQIM) have revealed that the
1D correlated models high-energy physics is qualitatively different from that of a low-
energy Tomonaga-Luttinger liquid (TLL). This includes the momentum dependence of the
exponents that control the one- and two-particle dynamical correlation functions near
their spectra edges and in the vicinity of one-particle singular spectral features.

On the one hand, the low-energy charge-only and spin-only fractionalized particles
are usually identified with holons and spinons, respectively. On the other hand, “particle-
like” representations in terms of pseudoparticles, related PDT pseudofermions, and MQIM
particles are suitable for the description of both the low-energy TLL physics and high-
energy spectral and dynamical properties of 1D correlated systems.

The main goal of this review is to revisit the usefulness of pseudoparticle and PDT
pseudofermion representations for the study of both static and high-energy spectral and
dynamical properties of the 1D Lieb-Liniger Bose gas, spin-1/2 isotropic Heisenberg chain,
and 1D Hubbard model. Moreover, the relation between the PDT and the MQIM is clar-
ified. The fractionalized particles and related composite pseudoparticles/pseudofermions
emerging within such non-perturbative 1D correlated systems are qualitatively different
from the Fermi-liquid quasiparticles. In contrast to the holons and spinons, the relation to
the electron creation and annihilation operators of the operators associated with the 1D
Hubbard model three fractionalized particles is uniquely defined. The occupancy configu-
rations of such fractionalized particles generate all energy and momentum eigenstates of
that model. Both the static and dynamical properties of the three models under review
are shown to be controlled at all energy scales by pseudofermion phase shifts associated
with only zero-momentum forward scattering. The corresponding microscopic processes
are much simpler than those of the underlying particles non-perturbative interactions.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Within quantum physics the isolated electrons are split into smaller components, earning them the designation of
a fundamental particle. However this does not necessarily apply when several electrons are brought together. Also the
collective behavior of interacting bosonic particles may not be described in terms of that of isolated bosons.

On the one hand, most of the current understanding of many-particle quantum systems involves the concept of a
quasiparticle. In three dimensions, starting from free constituents obeying either fermionic or bosonic statistics, one builds
a many-particle ground state as either a Fermi sea or a Bose-Einstein condensate. Interactions then adiabatically deform
the ground state into a Fermi liquid with well-defined electron-like excitations, or a condensate state with Bogoliubov-like
modes, respectively. In both cases, these well-defined excitations are conveniently described as quasiparticles. Moreover,
they reveal themselves via sharp lines in dynamical correlation functions, indicative of free-particle-like coherently
propagating modes.

On the other hand, one-dimensional (1D) interacting systems are characterized by a breakdown of the basic Fermi
liquid quasiparticle picture. Indeed, no quasiparticles occur when the electrons range of motion is restricted to a single
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spatial dimension [1,2]. In a 1D chain correlated electrons rather split into basic fractionalized charge-only and spin-only
particles [2-4]. These fractionalized particles can move with different speeds and even in different directions in the 1D
many-electron system. Electrons in that system have this ability because they behave like waves. When excited, such waves
can split into multiple waves, each carrying different characteristics of the electron. This occurs because collective modes
take over. Indeed, applying perturbations does not create single Fermi-liquid quasiparticles. It rather originates an energy
continuum of excitations described by exotic fractionalized particles. The latter emerge within 1D many-particle systems.
However, they cannot exist independently outside such systems. Moreover, they are not adiabatically connected to free
particles. Hence they must be described using a different language.

In electronic systems and spin chains these characteristic fractionalized-particle continua of excitations have been
observed [5-8]. Realizations of 1D quantum liquids are numerous. They can take the form of, for example, quasi-1D
materials. Over the last three decades, many angle-resolved photoemission spectroscopy (ARPES) studies on several quasi-
1D metals and quasi-1D Mott-Hubbard insulators have indeed revealed separate charge and spin spectral features. This
includes the ARPES spectra of the compound Ky 3Mo0O5 and other quasi-1D materials [9], quasi-1D organic metals (Bechgaard
salts) (TMTSF),PFg, (TMTSF),ClO4 (where TMTSF is tetramethyltetraselenafulvalene), and (TMTTF),PFs (where TMTTF is
tetramethyltetratiafulvalene) [ 10], quasi- 1D metal Lip gMogO17 [ 11,12], quasi-1D organic conductor tetrathiafulvalene tetra-
cyanoquinodimethane (TTF-TCNQ) [ 13-16], quasi-1D Mott-Hubbard insulators SrCuO, and Sr,CuOs3 [5,17-20], NaV,05 [21],
Nag.96V20s [22], StCu0, and V013 [23], doped quasi-1D Mott-Hubbard insulator Sr,CuOs.5 [24], 1D metallic surface state
on an anisotropic InSb(001) surface covered with Bi [25], and metallic 1D line defects in transition dichalcogenides such as
MoSe, [26].

Moreover, similar charge-like and spin-like spectral features were seen as well by electron energy-loss spectroscopic
studies on quasi-1D metals and other low-dimensional materials [27]. They were also seen in high-resolution resonant
inelastic X-ray scattering on the quasi-1D Mott-Hubbard insulator Sr,CuOs3 [6,7]. The high-resolution resonant inelastic
X-ray scattering experiments on CaCu, 03 reported in Ref. [8] reveal that the orbital hopping in that compound can select
different degrees of dimensionality. A spin-orbital fractionalization along the leg direction x through the xz orbital channel
was observed as in a 1D system. The mode separation in 1D correlated bosonic and fermionic models and corresponding
fractionalized particles are also observed in 1D trapped ultracold atomic gases and ultra-cold atoms on 1D optical lattices
[28-38] and quantum wires [39].

The non-perturbative nature of 1D correlated systems prevents their study by conventional perturbative many-body
techniques. Nonetheless, some of these systems are exactly solvable by the Bethe ansatz (BA). This method was developed
by Bethe in 1931 [40]. He applied it to the spin-1/2 isotropic Heisenberg chain [41]. The BA turned out to be not only useful for
that model, but also a very powerful method for a wide range of integrable models. This applies both within and outside the
scope of condensed matter physics. The BA provides the exact energy eigenvalues and some thermodynamic quantities. Com-
bined with bosonization [2-4,42-44] or the conformal-invariance associated with the spectra finite-size corrections [45,46],
the BA allows the computation of low-energy physics quantities. This has revealed that 1D correlated models share common
low-energy properties associated with the universal class of the Tomonaga-Luttinger liquid (TLL) [44,47,48].

One of the main challenges in the study of the 1D correlated systems properties is the calculation of dynamical correlation
functions. Indeed, it has been difficult to apply the BA to the derivation of high-energy dynamical correlation functions. (In
this review “high energy” means excitation energy values beyond those of the low-energy TLL validity.) The high-energy
dynamical correlation functions of some integrable models with spectral gap [49] and spin lattice systems [50] can be studied
by the form-factor approach. However, form factors of more complex integrable systems such as the 1D Hubbard model
remains an unsolved problem.

The pseudofermion dynamical theory (PDT) has allowed to access that model high-energy dynamical correlation
functions beyond the low-energy TLL limit [51]. The theory relies on a suitable pseudofermion representation of the 1D
Hubbard model BA solution. Shortly after the PDT was introduced, novel approaches that rely on a mobile quantum impurity
model (MQIM) method have been developed to tackle the high-energy physics of both non-integrable and integrable 1D
correlated quantum problems [52-57]. The exponents characterizing the dynamical correlation functions singularities have
been found by both such schemes to be functions of momenta. They differ significantly from the predictions of the linear TLL
theory [13,51-64].

There are several methods and representations for the study of some of the quantum problems reviewed in this paper.
The charge-only and spin-only fractionalized particles that emerge in 1D correlated electronic systems [1,2] are within them
usually identified with holons and spinons, respectively [65-67]. The conventional holons and spinons have been constructed
inherently to be associated with the charge and spin elementary excitations of integrable electronic models, respectively.
Moreover, spinons are used to describe the elementary excitations of spin chains. Holons and spinons are defined in terms
of the deviation of the charge and spin BA distributions, respectively, from their ground-state value [40,68-79]. This general
definition was implemented for the spin excitations of the spin-1/2 XXX chain in Ref. [68]. For the charge and spin excitations
of the 1D Hubbard model it was used in Refs. [69,71,74]. A corresponding preliminary example of a spin-1/2 spinon is the
spin-1/2 color spinor introduced in Ref. [76] for the solvable 1D Gross-Neveu model [77]. Its spectrum is associated with
one “hole” emerging under a transition from a spin-singlet ground state to an excited energy eigenstate, in a sequence of BA
spin quantum numbers. The spin-1/2 spin waves introduced in Ref. [78] for the spin-1/2 XXX chain have a similar definition.

The “particle-like” representations in terms of the pseudoparticles and related pseudofermions discussed in this paper
have a uniquely defined yet non-perturbative relation to the models physical particles. (In this review “physical particles”
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refer to the bosons, spins 1/2, and electrons associated with the operators in the models Hamiltonian usual expressions.)
The term “pseudoparticle” appeared early in the literature of the Hubbard model [80,81]. More recently it has been used
for particles other than those reviewed here [82]. The latter are the pseudoparticles that emerge within 1D integrable
models [83,84]. This includes in models with Abelian global U(1) symmetry [61,85], spin-1/2 chains with a single non-Abelian
global SU(2) symmetry [62,86-88], and more complex electronic models [89-105]. In spite of the non-perturbative one-
particle properties of integrable 1D correlated systems, the description of their two-particle static properties is within the
pseudoparticle representation very similar to that of a Fermi liquid. Indeed, it is controlled by Landau parameters associated
with pseudoparticle residual interactions f functions [89-93].

The PDT pseudofermions are generated from the pseudoparticles under a unitary transformation. It is such that the
pseudofermion energy spectrum lacks the pseudoparticle f functions term. As a result, within the thermodynamic limit
(TL) the pseudofermions spectrum has no energy interaction terms [64]. Under the transitions from a ground state to
one- or two-particle excited states, the pseudofermions scatter off those created or annihilated under the transition.
Under such scattering events, the pseudofermions merely acquire a phase shift. Such pseudofermion zero-momentum
forward-scattering processes control both the low-energy and high-energy dynamical correlation functions of integrable
1D correlated models [51,63,64]. This renders the pseudofermion representation particularly suitable to the study of high-
energy dynamical correlation functions.

The pseudoparticle and related pseudofermion representations are here discussed within the constructs of three
prominent 1D correlated systems: The 1D Bose gas with two-body repulsive interaction [106-113], the spin-1/2 isotropic
Heisenberg chain [40,72,78,114,115], and the repulsive 1D Hubbard model [69-71,73,116-130]. One of the motivations
of this review is the physical interest of the pseudoparticle and pseudofermion representations of such low-dimensional
correlated systems, which is not purely theoretical. The studies of this review refer to the TL within which the imaginary
part of the complex rapidities in the BA equations of models with non-Abelian global symmetries simplify [72,73]. The BA
complex rapidities string deviations [131,132] from such ideal strings do not affect in that limit the properties reviewed
here.

One of the first applications of the BA to models with Abelian U(1) symmetry was the study of a continuum problem
of bosons interacting by a two-body §-function potential with interaction parameter c. Now it is known as 1D Lieb-Liniger
Bose gas [106-113]. The model properties depend on the ratio c/n,. Here n, is the boson density. As a field theory, this
is the repulsive quantum nonlinear Schrédinger model [111]. Although the original quantum problem is given in terms of
bosons, the occupancies of model BA distribution have a Pauli-like character, being only zero or one. The model can be
simulated in systems of ultra-cold bosonic atomic 1D optical lattices [28,30,31]. Its charge dynamical structure factor can be
probed in experimental Bragg spectra of such ultra-cold atoms [33,34]. The static properties of the 1D Lieb-Liniger Bose gas
revisited in this review are shown to be naturally described by fermionic-like pseudoparticles with no internal degrees of
freedom [61,85]. The high-energy one- and two-boson dynamical correlation functions spectral weights are derived within
the related pseudofermion representation. They are controlled by pseudofermion phase shifts.

The spin-1/2 isotropic Heisenberg chain [41] is a 1D model of spins 1/2 with a coupling constant J. It was the first quantum
system ever to be solved by the BA in 1931 [40]. This spin-chain model remains of great interest due to its underlying richness.
In crystals where there is some 1D anisotropy, the model spin chains actually appear and describe the dominant physical
behavior [133,134]. Several crystals are known to realize a 1D spin chain described by the spin-1/2 isotropic Heisenberg
model. Examples are KCuFs, Sr,CuO3 and CuPzN, which have been probed by neutron scattering [ 135-141]. High-resolution
resonant inelastic X-ray scattering revealed the model spectrum in TiOCI [ 134] and La,;CuQ, [142]. The spin-1/2 XXX chain
can as well be prepared in a 1D ultra-cold atomic trap [32]. The static properties of the spin-1/2 XXX chain discussed in this
paper are discussed by use of a representation in terms of spin-neutral composite pseudoparticles [62]. Their constituents
are spin-singlet pairs of the model physical spins 1/2. The spin currents of the energy eigenstates are also revisited. It is
shown in terms of an exact spin current expression that the elementary currents associated with the model conventional
spinons describe the translational degrees of freedom of the model physical spins 1/2 in multiplet configurations. However,
such spinons are shown not contain the spin internal degrees of freedom of the latter spins. The model spin dynamical
correlation functions are also discussed. They are found to be controlled by the scattering phase shifts of spin-neutral
composite pseudofermions.

The general Hubbard model was originally introduced as a toy model to study d-electrons in transition metals [116,117].1t
features electrons that can hop between nearest-neighbor lattice sites due to the finite hopping integral t. Its sites represent
atoms, that are arranged in an ordered, crystalline pattern of well-defined geometry. When two electrons of opposite spin
projection are on the same site, they have to pay the energy U due to their mutual repulsion. This introduces additional
electronic correlations beyond those of a statistical nature due to the Pauli principle. The model properties depend on the
ratio U/t. In this paper the parameter u = U /4t is often used.

One of the few rigorous results for the Hubbard model on any bipartite lattice refers to its global symmetry. It is
well known that on such lattices the model Hamiltonian has two global SU(2) symmetries [143-146]. Consistently, in
the early nineties of the past century it was found that for u # 0 the Hubbard model on a bipartite lattice has at least
a S0(4) = [SU(2) ® SU(2)]/Z, symmetry. It contains the n-spin and spin SU(2) symmetries [ 144,145]. More recently it
was found in Ref. [147] that for u # 0 and on any bipartite lattice its global symmetry is actually larger and given by
[SO(4)®U(1)]/Z, = [SU(2)®SU(2)®U(1)]/Z3.(This is equivalent to SO(3)®S0(3)®U(1).) The SU(2)and U(2) = SU(2)®U(1)
symmetries in the model [SU(2) ® SU(2) ® U(1)] /222 global symmetry refer to the spin and charge degrees of freedom,
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respectively. The charge U(2) = SU(2) ® U(1) symmetry includes a SU(2) n-spin symmetry and a U(1) lattice hidden
symmetry beyond SO(4). The latter symmetry is called c-lattice U(1) symmetry in this review. It is indeed associated with
the lattice degrees of freedom.

The Hubbard chain is the simplest condensed-matter toy model for the description of the role of correlations in the
exotic properties of quasi-1D materials [13-16,148]. It is an important correlated electronic system whose BA solution
was first derived by the coordinate BA [69,70]. This has followed a similar solution for a related continuous model with
repulsive §-function interaction [149]. Its BA solution was also reached by the inverse-scattering method [120-127]. The
non-perturbative relation of the pseudoparticles and related pseudofermions to the electrons involves in the case of the 1D
Hubbard model an electron-rotated-electron unitary transformation. It is performed by the exact BA solution. The well-
known U/t — oo N.-electron wave functions factorization [4,119,150-163] gives rise under such a unitary transformation
to a finite-U /¢t factorization of the N,-rotated-electron wave functions. The corresponding electron-rotated-electron unitary
operator is uniquely defined in terms of the matrix elements between the model energy and momentum eigenstates.

The static properties of the 1D Hubbard model discussed in this review are shown to be described by a quantum
liquid of several pseudoparticle branches. This includes ¢ pseudoparticles without internal degrees of freedom, spin-neutral
composite pseudoparticles, and a third type of n-spin-neutral composite pseudoparticles. The constituents of the latter
are n-spin-singlet pairs of n-spin-1/2 fractionalized particles [51,63,64,105]. The model one- and two-electron dynamical
correlation functions are in this paper reviewed in the suitable pseudofermion representation. Within it such functions
spectral weights are controlled by pseudofermion scattering phase shifts [13,51,58,59,63,64].

Concerning new developments, the fact that fractionalized particles are observed in quantum wires [39] renders them
candidates for technological applications. Quantum wires are widely used to connect quantum “dots”. They may in the future
form the basis of quantum computers. Thus the further understanding of the properties of these fractionalized particles may
be important for such quantum technologies. It could as well help to develop more complete theories of superconductivity
and conduction in low-dimensional condensed-matter systems.

Another new development is the study of the effects of electron finite-range interactions. In the case of 1D, the
most physically interesting problems with such interactions are described by non-integrable models. This would be an
important new development, since such effects occur in actual low-dimensional systems. For instance, the exponent that
controls the suppression of the density of states of most quasi-1D metals [14,15] and metallic 1D line defects in transition
dichalcogenides [26] is larger than 1/8. This is a unmistakable signature of electron finite-range interactions [3].

The MQIM was developed to tackle the high-energy physics of both non-integrable and integrable 1D correlated quantum
problems [52,53]. In this review the relation between the PDT pseudofermions and the MQIM particles is clarified. The
extension of the MQIM to non-integrable 1D correlated electronic systems with long-range interactions is a complex
problem. The universality in the vicinity of high-energy one-electron spectral functions singular lines found within the MQIM
in Ref. [52] has been preliminarily used to construct a finite-range renormalized model generated from the 1D Hubbard
model by a transformation, upon gently turning on suitable potentials [26].

In general, units of both Planck constant f and lattice constant a are used in this paper. In the figures u and U stand for U /4t
and U/t, respectively. If not stated otherwise, the word state refers in this review to an energy and momentum eigenstate.
Concerning the general layout of what will be discussed in the following sections, the paper is organized as follows.

In Section 2 the use of a pseudoparticle representation for the 1D Lieb-Liniger Bose gas is addressed. This includes the
study of the model static and low-temperature quantities within that representation. A related pseudofermion represen-
tation is used to study the high-energy behavior of the one-boson spectral function and charge dynamical structure factor
near their spectra edges.

The representation of the spin-1/2 isotropic Heisenberg chain in terms of n-pseudoparticles is the topic addressed in
Section 3. Heren = 1, ..., oo refers to the number of singlet pairs of the model physical spins 1/2 that are bound within
a composite n-pseudoparticle. The use of such a representation simplifies the study and derivation of the model static and
low-temperature quantities. Moreover, a related pseudofermion representation is used in that section to compute the spin
longitudinal and transverse dynamical structure factors in the vicinity of their spectra lower thresholds. The relation of
the dynamical structure factors peaks to the inelastic neutron scattering experiments on actual spin-chain compounds is
discussed. The spinon representation of the model is also addressed. A related extended BA n-bands hole representation
valid for the model in its full Hilbert space is discussed. Combining the n-pseudoparticle and n-bands hole representations
provides valuable physical information on the processes that control the model spin currents. The relation of both the
n-pseudoparticles and n-band holes to the model physical spins 1/2 is also clarified.

In Section 4 the 1D Hubbard model is introduced. Out of the infinite choices of rotated electrons that follow from its global
[SUR)®SU(2)®U(1)] /Z22 symmetry, those that emerge from the specific electron-rotated-electron unitary transformation
performed by the BA solution are considered. The latter rotated electrons degrees of freedom separation is shown to lead to
three types of fractionalized particles: The ¢ pseudoparticles without internal degrees of freedom, the rotated spins 1/2, and
the rotated n-spins 1/2.

As in the case of the spin-1/2 XXX chain, there emerge within the many-particle system composite sn pseudoparticles
that haven = 1, ..., oo neutral pairs of rotated spins 1/2 bound within them. This issue is revisited in Section 5. Additional
composite nn pseudoparticles that have n = 1, ..., co neutral pairs of rotated n-spins 1/2 bound within them emerge
within the system as well. The relation of the different pseudoparticle types and corresponding n-band holes to the rotated
electrons and electrons is discussed and clarified.
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In Section 6 the 1D Hubbard model ¢ and an pseudoparticle quantum liquid is the issue under review. Several physical
quantities are derived within the framework of such a quantum liquid by methods that resemble those used in Fermi-liquid
theory. The internal configurations of the spin-singlet pairs and n-spin-singlet pairs are found to have a binding and anti-
binding character, respectively.

The dynamical correlation functions within the pseudofermion representation is the general issue addressed in Section 7.
The PDT version suitable to the 1D Hubbard model is shortly reviewed. Its simplified version applicable to the 1D Lieb-Liniger
Bose gas and spin-1/2 XXX chain is also discussed. The effects of varying the spin density on the 1D Hubbard model spectral
properties are shortly revisited. Finally, the simpler case of the 1D Bose gas dynamical correlation functions is used to clarify
the relation between the PDT and the MQIM approaches.

2. The 1D Lieb-Liniger Bose gas

As a first example of application of the pseudoparticle representation of the BA, we consider the 1D Bose gas with two-
body repulsive contact interaction. It was introduced in 1963 by Lieb and Liniger [106,107]. The model particles satisfies
Bose-Einstein statistics. It is the simplest example of BA solution. Its Hamiltonian describes particles interacting with each
other via a two-body potential. The energy and momentum eigenfunctions and eigenvalues can be calculated exactly by
the BA. This integrable model helped to shape the understanding of quantum integrability [ 108-112]. It represents the non-
relativistic limit of several integrable field theories [164-166]. The results of Yang and Yang reported in Ref. [110] were a
significant step toward a deeper understanding of the physics of the Lieb-Liniger gas. Indeed, they presented for the first
time a grand canonical description of the model in equilibrium.

The model seemed to be only of academic interest until with the sophisticated experimental techniques developed in
late XX and XXI st century, it became possible to produce this kind of gas using real bosonic ultra-cold atoms as particles.
Hence in addition to being a paradigmatic example of a system of interacting bosons on the continuum, it became as well
experimentally relevant for the physics of elongated clouds of cold atoms with contact interactions [34,167-170].

As the temperature is lowered, a uniform gas of bosons in three dimensions will undergo a transition to a Bose-Einstein
condensate (BEC). In 1D, low-energy fluctuations prevent long-range order. For trapped gases, the situation changes. Three
regimes become possible in 1D: true condensate, quasi-condensate, and a strongly interacting regime, with BEC limited to
extremely small interaction between particles [31].

Trapped 1D gases are now accessible experimentally in all regimes [28,30]. The most challenging to obtain is the
strongly interacting case. It can survive without fast decay due to a reduced three-body recombination rate, consequence
of fermionization. A natural starting point for the theoretical description of 1D atomic gases in this last regime is indeed
provided by bosons with delta-function interaction. In that case the fermionization refers to the Pauli-like zero and one
allowed occupancies of the BA quantum numbers. As mentioned above, the charge dynamical structure factor of that 1D
Lieb-Liniger Bose gas can be probed in experimental Bragg spectra of ultra-cold atoms on optical lattices [28,33,34].

2.1. The pseudoparticle representation of 1D Lieb-Liniger Bose gas BA solution

The Hamiltonian of the 1D Bose gas with two-body repulsive interaction is in units of i = 1 and bare mass m = 1/2
given by,

. 92

H:—Za—z+2c25(xj—xj,)—uNb. (1)
=1 %% =i

Here and throughout this review, §(x) denotes the usual Dirac delta-function distribution, x; is the position of the jth particle,
¢ > 0 gives the strength of the repulsive interaction, and u is the chemical potential. This Hamiltonian describes a set of
Nj particles with bosonic statistics. All properties of the 1D Lieb-Liniger Bose gas depend on the ratio c/n,. Here n,, is the
particle density n, = Nj,/L. The limit of infinite repulsion, ¢ — o0, is often called the Tonks-Girardeau limit [171,172].

The Bethe ansatz method is named after the work by Hans Bethe. Bethe found the energy eigenfunctions and spectrum
of the 1D spin-1/2 isotropic Heisenberg model [40]. The 1D Lieb-Liniger Bose gas was the next model solved by coordinate
BA more than 30 years later. Since it is the simplest example of BA, the BA is introduced here for that model. We start by
considering the case of only two bosons, N, = 2. The wave function is assumed to be a symmetrized product of plane waves
of both bosons,

Y(x1, %) = Yi(x1,x2) for x; > x,
= Ya(xq,x2) for x5 > xq.

The functions v1(x1, X2) and ¥,(x1, Xo) are expressed as what is called BA wave functions,

Yi(x1, %) = Apa(I) eEthexa) g, (nyelkathixe) for x; > x,
Va(X1,X2) = Aqa(Il) e® 21492 4 4y (1) e aH22) for x; > xy .

By using Bose statistics, ¥,(x2, x1) = ¥1(x1, X2), one finds that the amplitudes in these equations obey the relations,

Aqo(I) = Apa(l) = A1 and Ax((I) = A1(II) = Azq .
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A key feature associated with the BA wave function for this model is that it is continuous at x; = x, whereas its derivative
is discontinuous. The second derivative discontinuity reads,

92 92 02 02
<_3X% - 3){%) 1p|x2<x1 - <_8X% - 3X§> lp|x1<x2 =2c lM)q:xz :
It then follows from the corresponding continuity and discontinuity conditions that the amplitudes A;, and A, ; satisfy
the following relation,
A]z l{l—l(2+iC
E - ki —ky—ic

=212 -

S12 is here the scattering amplitude. It corresponds to an interchange of the regions x; < x, and x; > x; that actually refers
to an interchange of the particles.
The system is considered to be on a ring with length L. The wave function must then satisfy the boundary condition,

V(X1 + L, x2) = ¥(xq, %) for x; <x;.
Its use leads to,
. ki—k +ic
et = TT1si=TT>—""" for j=1,...,N;. 2
[Tss =TT = ¢ for b =
I#j I#j

This is the BA equation that here was derived for N, = 2. However, it turns out that it is valid for any N,. The corresponding
Np-boson BA wave function is then found to be given by,

Np! - Np
Y(X1, ... XN,) = Z A, e zi= kg
LjESNb
Here Sy, is the permutation group of N, elements, ¢ is one of the elements of Sy,, and the amplitude reads,
Np
A =(—1) l_[ (ky; — k, —icsgnfx; —x}) .
j>1
(Further details on the Ny-boson BA solution can be found in Ref. [112].)

By taking the logarithm of Eq. (2), one arrives to the following form for the BA equations of the 1D Lieb-Liniger Bose
gas [85,106,107],

N
2 ki — Kk 2 .

g =k + I ;arctan (C) where ¢; = le and j=1,...,00. 3)

The Il = 1,...,N, summation in this equation runs over the subset of occupied g, quantum numbers out of the full

j = 1,...,00 set {g;} and corresponding subset of rapidities k;. The different occupancy configurations of the related

j = 1,..., 00 quantum numbers J; in this equation (defined modulo L) generate all the model energy and momentum

eigenstates. Such numbers are successive integers or half-odd integers according to the boundary conditions,
I =0,%1,%2,...,4+00 for N, odd,
1 3
=:l:§,:l:§,...,:|:oo for N, even. (4)

As confirmed in the following, the corresponding quantities q; = (27 /L) I; in Eq. (3) play the role of discrete momentum
values. The quantum numbers, Eq. (4), are successive integers or half-odd integers. The discrete momentum values g; =
(27 /L) I; have though the usual spacing for any energy and momentum eigenstate,

2 .
qj+1_qj:T where j=1,...,00. (5)

The set of j = 1, ..., oo quantities k; on the right-hand side of Eq. (3) are the BA real momentum rapidities mentioned
above. The term rapidity was first used by L. Hulthén in 1938 [173] to parametrize the roots of the spin-1/2 isotropic
Heisenberg chain. For it and other models whose BA solution is more complex than that of the present 1D Bose gas, rapidity
is actually an analogy with relativistic kinematics, in the relative motion problem. In that case a velocity may become non-
additive due to a transformation, as the Lorentz transformation. One then introduces related suitable alternative additive
parameters, called rapidities.

The actual quantum numbers whose occupancy configurations generate the model energy eigenstates are not the
momentum rapidities. They are rather the set of numbers {q;} = {(27 /L) I;}. The corresponding setj = 1, ..., oo of numbers
{I;} is given in Eq. (4). Each energy eigenstate is defined by the subset I = 1, ..., N, of numbers {q;} = {(27/L)I;} that are
occupied.
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The BA equations, Eq. (3), define for each specific subset [ = 1, ..., N, of occupied quantum numbers {q;} = {(27 /L) I;}
the corresponding related setj = 1, ..., oo of real momentum rapidities k; for the energy eigenstate under consideration.
The physical meaning of these equations is thus directly related to that of such momentum rapidities, k; = k(q;). For instance,
the energy eigenvalues depend on the occupancy configurations of the subset [ = 1, ..., N, of quantum numbers {q;} and
thus {I;} through them.

The momentum rapidities, k; = k(q;), and thus the BA equations, Eq. (3), that define them, contain important physical

information beyond the mere dependence of the energy eigenvalues on the subset I = 1, ..., N, of occupied numbers
{q:}. For instance and as further discussed below in Section 2.2, one finds from straightforward manipulations of these
equations that the momentum rapidities k; = k(q;) of energy eigenstates whose subset | = 1, ..., Nj of occupied numbers

{qi} = {(27 /L) I} differs from that of a ground state in only the occupancies of Nex << N}, such numbers have a simple form.
For such states, Nex/Np — 0 for N, — oo. Indeed, their momentum rapidities are within the TL expressed in terms of the
corresponding ground-state momentum rapidity ko(q;) as k(q;) = ko(qj+2m @(q;)/L). Here 2n &(q;) = Zz ¥ (o) 2 (g5, q1)
is a dressed phase shift. The quantity ¢ reads oy = —1 and oy = +1 when the occupancy of the number g, changes relative
to the ground state from occupied to unoccupied and vice versa, respectively. Furthermore, the important two-parameter
dressed phase shifts 27 @(q;, q;) are the solution of coupled equations that are directly extracted from the BA equations,
Eq. (3).

Here we use the functional representation of Ref. [85]. Within it, the energy and momentum eigenvalues are of the general
form,

Np

Np [e9) o]
E=> ki —uNy=Y N(g)k*q)—puNy, and P=) k= ZN g)k(g) =Y N(g)g; . (6)
=1 =1 =1

=1

respectively. The distribution function N(q;) appearing here is such that N(gj)) = 1 and N(gj) = 0 for occupied and
unoccupied g; values, respectively. We associate one pseudoparticle with each of the N, occupied momentum values g; of
such a distribution. That discrete momentum variable, Eq. (3), has the range q; € [—o0, 00]. The equality between the two
last terms of the momentum expression in Eq. (6) is confirmed by suitable manipulations of the BA equation, Eq. (3).

Each energy eigenstate has specific values for the distribution function N(q;). The j = 1, ..., oo rapidity momentum
values k; on the right-hand side of Eq. (3) are for each state functions of the j = 1, ..., oo momentum values g;, Eq. (3),
ki = k(qg;). The pseudoparticles of the 1D Lieb-Liniger Bose gas have no internal structure. Within an alternative “holon”
representation, the holons would be associated with the unoccupied momentum values g;. However, for the present model
there is no advantage in considering such a representation.

For a ground state with N, bosons, the pseudoparticle momentum distribution function is of the form [85],

1 2
No(qj)ze(qp— |gjl) where gr =m (nb— Z) ~mn, and g =1 — T Ny, for ¢t ==+. (7)

The distribution 6(x) reads in this review 6(x) = 1 for x > 0 and 6(x) = 0 for x < 0. Moreover, gr is in Eq. (7) the
pseudoparticle Fermi momentum. Within the TL, one can use the number N, , oft = —1leftand ¢ = +1 right pseudoparticles,
with the ground-state left and right Fermi momentum value g as given in Eq. (7). (In that limit, the Ny-odd occupancy of
the g; = 0 momentum refers to a 1/L correction to the numbers of left and right pseudoparticles that can be ignored.)

The excited states momentum distribution functions can be written as,

N(gj) = N°(q;) + 8N(g;) . (8)

Here No(qj) is the ground state momentum distribution function, Eq. (7), and 8N(g;) is the corresponding momentum
distribution function deviation. Under transitions from the N,-boson ground state to N, + §N,-boson excited states for
which §Nj, is an even number, the deviations, Eq. (8), can have the values 0, +1, and — 1. Under transitions to N; + §Ny-boson
excited states for which §N;, is an odd number, one must account for the overall £ /L shifts in the setof j = 1,..., 00
discrete momentum values gj, Eq. (3). This effect is due to the corresponding quantum numbers I; being successive half-odd
integers for N, even and integers for Nj odd, as reported in Eq. (4). We denote the corresponding overall shifts by (27 /L) ®°
where the parameter @° reads,

1
®° =0 for 8N, even and q§0=:i:§ for 8N, odd. (9)

For 6N}, odd one must then add the term +1/2 to the above §N(q;) values 0, 41, or —1.

In spite of the bosonic nature of the present quantum problem, the BA quantum numbers, Eq. (4), and corresponding
discrete momentum values, Eq. (3), have Pauli-like occupancies zero and one, respectively. Due to such a fermionization,
the pseudoparticles that carry these momentum values are not simple “dressed bosons”. Indeed, addition or removal of one
boson of vanishing energy to and from the ground state involves two pseudoparticle excitations that cannot be decomposed:
(a) addition or removal, respectively, of one pseudoparticle of momentum +qr ~ +mn, at the ground-state Fermi points
and (b) a collective excitation of all remaining pseudoparticles, each contributing with a small fraction Fx /L or £ /L to
the momentum of the added or removed boson, respectively. This latter excitation results from the pseudoparticle discrete
momentum values, Eq. (3), shake up. This effect is associated with the transition between the two set of quantum number
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values in Eq. (4) upon changing N, by one. Although in the present TL each fraction /L or 4 /L is vanishing small, if
we multiply by the number of ~ N}, pseudoparticles of the Fermi sea this gives Fqr or g, respectively. Such a collective
excitation occurs upon any transition between two arbitrary states differing in the number of bosons by an odd number.

It is useful to classify the general deviations SN(g;) into deviations (SNF(qj) and SNNF(qj) for which the quantity gr — |g;|
vanishes and remains finite within the TL, respectively. A particle subspace (PS) is spanned by a ground state and the set of
all states generated from it by a finite number of pseudoparticle processes such that Zfi] |5NNF(qj)|/L — 0asL — oo.The
transitions from the ground state to its PS excited states include the shake-up effects. Those are associated with the overall
momentum shifts (277 /L) @° of all the system pseudoparticles.

In the following we consider the pseudoparticle quantum liquid described by the present model Hamiltonian in the PS
of a ground state with arbitrary value of the boson density ny. The excitation energy 6E = E, — E; of the corresponding PS
states is up to O(1/L) given by [85],

SE =) e(q))8N(q)) + ZZ f(gj. ) SN(g))8N(qy ). (10)

j=1 ]11/—1

The only restriction to the applicability of the pseudoparticle energy functional, Eq. (10), is that associated with the PS
definition, ie. llmL_mZ 118NN (g)/L — 0.

The pseudoparticle dlspersmn &(q;) in the term of first order in the deviations is plotted in Fig. 1 as a function of the
momentum g; for several densities n, and interaction ¢ values. It is of the form,

Q -

e(qj) = e%(q;) — n where £%(q;) = (ko(g;))* + 2/ dkk ®(k, ko(gj)) and Q = Lko(Eqr). (11)
-Q

Here £Q are the Fermi rapidity momenta, the ground-state momentum rapidity function ko(g;) is the solution of the BA

equation, Eq. (3), for the ground-state distribution, Eq. (7), and @(q;, gy ) is a dressed phase shift in units of 2. Its physical

meaning is clarified below in Section 2.2. It can be written as,

@(qj, qy) = P(ko(g;), ko(gy)). (12)
The related momentum-rapidity phase shift @(k, k') in units of 27t appearing here obeys the integral equation,
- 1 k—Kk 1 (¢ ok, K
®(k, k/)=——arctan<< ) +—/ dl”(iﬁ). (13)
T C c —-Q 1 + (k k )

The chemical potential & on the right-hand side of Eq. (11) and the energy bandwidth of the ground-state occupied
pseudoparticle sea can be written as,

Q
w eo(qp):Q2+2/ dkk@(k,Q) and
-Q

Q
W = 6%qe) — £°(0) = Q2 + 2 / dkk(®(k, Q) — B(k, 0)), (14)
-Q

respectively. Hence g(%qr) = 0.
The f functions in the term of second order in the momentum distribution function deviations on the right-hand side of
Eq. (10) are given by,

v
1@, a7) = v(@) 27 D(g;. ) + v(a) 27 PGy G) + 5 ) 2w Pt 4) 27 P(dr G7). (15)
=%

where f(q, q¢') = f(—q, —q'). The pseudoparticle group velocities in this expression read v(g;) = v(q)lq:qj where,

v@ = Y and v = o(qp), (16)
dq
and v = v(qr) is the (pseudoparticle) Fermi velocity.

As the form of the expressions in Egs. (10)-(16) indicates, for the model in a PS the present representation refers to a
quantum liquid whose pseudoparticles have residual zero-momentum forward-scattering interactions. Those are associated
with the energy terms of second order in the deviations in the general energy spectrum, Eq. (10). The difference relative to the
zero-momentum forward-scattering interactions of Fermi-liquid quasiparticles is that the latter is valid only in the limit of
vanishing excitation energy. Indeed, due to the model integrability, the pseudoparticles zero-momentum forward-scattering
interactions rather refer to all energy scales. Hence the pseudoparticle lifetime is infinite. Furthermore, the pseudoparticle
occupancy configurations generate all energy and momentum eigenstates from the boson vacuum. On the contrary, in a
Fermi liquid the states generated by quasiparticle occupancy configurations are energy eigenstates only in the limit of
vanishing excitation energy.
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Fig. 1. The pseudoparticle energy dispersion (q), Eq. (11), plotted as a function of the continuous momentum g associated in the TL to g; such that
gj+1 — q; = 2 /L for several densities n;, and interaction c values. (In the figures n, is denoted by n.)

Within two-boson excitations, the functions f(q;, gy) play a role similar to that of the f functions in Fermi-liquid theory.
The following “renormalized” Fermi velocities determine the low-energy expressions of several physical quantities [85],

v =v+ % g(t)if(qﬂ 1gr) = v (£')* where i=0,1. (17)

The f functions, Eq. (15), in Eq. (17) involve the dressed phase shifts 27w @(qj, q7), Eq. (12). Their connection to the
BA equation, Eq. (13), occurs through the momentum rapidity function k; = k(q;) of PS excited states with general
distributions N(q;) = No(qj) + 8N(q;), Eq. (8). Their use in the BA equations leads to solutions of the form k(q;) =
ko(q; + [l/L]Zj/SN(qj/)chD(qj, qgy)). The quantity @(q;, qy) appearing here is related to the rapidity phase shift @k, k),
Eq. (12). The latter obeys the integral equation, Eq. (3). It emerges directly from suitable manipulations of the BA equation.

Thei = 0andi = 1quantities v'/v = 14+(1/27v))_,_, (¢) f(qr, tqr) play the role of symmetric charge and antisymmetric
current Landau parameters, respectively. The related parameters £%and £! in Eq. (17) are the following simple symmetric
and antisymmetric combinations, respectively, of dressed phase shifts in units of 27 at the Fermi points,

£ =14 ®(qr. qr) + (—1) D(qr, —qr) where i=0,1. (18)

(Here in @(qf, gr) and in other phase shifts of this review whose two momenta are the same, (gf, q¢) refers to the TL
in which (gr, gr + 27 /L) is for simplicity written as (qr, qr).) Manipulations of Egs. (12), (13), and (18) reveal that such
parameters are related as €' = 1/£% and that €' = £(Q). Here £!(k) is the solution of the integral equation £!(k) =
14 (c/m) dk'EY(K)/[c? + (k — K')*] where +Q = ko(%qr) and gz = mny. Its solution is mathematically simplest in the
np/c K 1 an% np/c > 1 limits. This leads to the following limiting expressions, which, as all the model quantities, depend
only on the ratio n,/c,

np

N 1/4
; =n1/2(?b) for my/c> 1. (19)

2
g1 =1/g°m1+% for ny/c < 1 and &' = 1/&°

The related “renormalized” velocities vy and vy, Eq. (17), and the Fermi velocity v = v(qr), Eq. (16), are given by the
following expressions and obey the following relations,

’ and 27n, where 2y (£°)? 27y (20)
vy = vy =27ny W v=2m = .
07 2rny ! b b (12
The velocities v, vy, and vy are plotted in Fig. 2 as a function of the density n;, for c = 1.
The usual TLL parameter K, can be written as Ky = (£')> = (1/£°). This is consistent with at low energy the

pseudoparticles referring to a representation of the universal TLL. Its results can be reached by other approaches [2,57],
as for instance conformal field theory [174-176]. When, as in Eq. (17), the two momenta of the f functions, Eq. (15), are at
the Fermi points, they read f(qr, +qr) = w[v® — v & (v! — v)]. This signals the emergence of the low-energy TLL physics.

The system compressibility is controlled by excited states. Their momentum distribution function deviations are given
by [85],

SN(q) = 8(qr — 1ql) 8qr . (21)
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Fig. 2. The group velocity and the two “renormalized” Fermi velocities, Eqs. (17) and (20), (left panel) and the inverse compressibility x ~', Eq. (22), (right
panel) as a function of the density nj, for c = 1 and several interaction c values, respectively. (In the figures n, is denoted by n.)
Source: The plots of v, vg and vy (left) were produced using data from Fig. 3 of Ref. [85].

From their use in Egs. (10) and (14), one readily finds that du(n,)/dn, = —vomw where vy is defined in Eq. (17). The
compressibility is then easily found to read,
1 1 1 1

nZ du(ny)/om, — wn?vo

The inverse compressibility x ~! is plotted in Fig. 2 as a function of the density n, for several interaction c values.
An expression for the low-temperature entropy is derived by means of simple combinatorial arguments that rely on the
allowed occupancies of the discrete momentum values g;, Eq. (3), being only zero and one. The result is,

§=—2 " (N(g)In[N(g;)1 + N"(g) In[N"(q;)]) . (23)
j=1

Here Nh(qj) = 1 — N(q;) and N(q;) is a Fermi-Dirac distribution. Its temperature-dependent BA energy dispersion &(q;) is
obtained in a self-consistent way, as in a Fermi liquid. In the present low-temperature limit we can use in it the T = 0
energy dispersion, Eq. (11). Although the original particles are bosons, in connection to and due to the BA quantum numbers
I; allowed occupancies, Eq. (4), the pseudoparticles obey a Pauli-like occupancy of their momentum values q; = (27 /L) ;.
Hence their thermal momentum distribution function deviation 8N(g;) is given by,

8N(gy) = — N%g;). (24)

1
1 -+ et(@)/ksT

From the use in the energy functional, Eq. (10), of Egs. (23) and (24), provided one accounts for that ¢(£+qr) = 0, it is
straightforward to obtain the well known TLL low-temperature specific-heat leading order term [174-176],
. Lkgm
T 3w
The charge conductivity real part has the general form o () = 27 D §(@)+ 07e¢(@). The charge stiffness or Drude weight D
characterizes here the response to a static field. o,; (@) describes the absorption of light of frequency w. Both such quantities
can be expressed in terms of the charge current operator [177]. Since the system has translational invariance, for this model
that operator commutes with the Hamiltonian. As a result, the real conductivity spectrum has no incoherent part. From the
conductivity sum rule one then finds,

(kgT). (25)

Cv

Reo(w) = 2w D8(w) where 27D =v' =2xn,. (26)

2.2. Pseudofermions and dynamical correlation functions

It useful for the study of the dynamical correlation functions of the 1D Lieb-Liniger Bose gas and other integrable
models to provide some basic information on dynamical correlation functions of general many-body quantum systems.
Time correlation functions of dynamical variables play an important role in the description of such systems. It is well known
that transport coefficients and the cross sections for scattering of physical particles are directly related to time correlation
functions. The simplest dynamical properties are the linear response to an external perturbation. Most macroscopic
measurements are in the linear regime. This is because macroscopic perturbations are very small on the scale of microscopic
forces.
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The fluctuation-dissipation theorem states that at zero and finite temperature the linear response of the system to a
time-varying perturbation is the same as and is connected to fluctuations, respectively, that naturally occur in statistical
equilibrium [178,179]. This means that the response of a system in thermodynamic equilibrium to a small applied force is
connected to its response to a spontaneous fluctuation. Therefore, the theorem connects the linear response relaxation of a
system from a prepared non-equilibrium state to its statistical fluctuation properties in equilibrium. So there are two basic
ways to calculate the response: either waiting for the system to fluctuate by itself or applying a perturbation and see what
happens. The second is often referred to as the Kubo method. (In the present case of 1D integrable models, see Ref. [180].)

Within quantum field theory, the operators become functions of space and time, O(x, t). Consider two operators A(x, t)
and B(x, t) and that the basic dynamical correlation functions,

x(x, t; X't") = (A(x, t)B(X, t)) (27)

where

Ax, t) = e tA(x)e Mt and B(x, t) = e Bx)et (28)
are written within the Heisenberg representation. Here H is the Hamiltonian of the model under consideration and ()
stands for the thermal average for finite temperatures T > 0 and the ground-state expectation value at T = 0.

The dynamical correlation functions, Eq. (27), are the building blocks of several physically relevant dynamical correlation
functions. This includes, for instance, the dynamical correlation functions,

xret(X, £ X't') = —i0(t — t') ([Ax, t) B(X', t') £ B(x', t')A(x, t)]) and
x"(x, 6 Xt') = ([A(x, £), B, t)]) (29)

where in the retarded correlation function x..¢(x, t; x't") expression + and — refers to fermions and bosons, respectively. In
most cases of physical interest, the correlation function x”(x, t; x't’) plays the role of the quantity that describes absorption
or dissipation. The related retarded correlation function yet(x, t; X't") is characterized by the presence of the step function
6(t —t’). Usually, when thinking about scattering amplitudes, one works with time-ordered (Feynman) correlation functions.
Those are relevant for building perturbation theory.

In most cases zero temperature is considered in this review, so that {...) means ground-state expectation value (GS]...|GS).
The systems considered in it exhibit within the TL translational invariance in both space and time. Hence the dynamical
correlation functions depend only on the differences x—x’ and t —t’, respectively. One then defines the dynamical correlation
functions in momentum and frequency space by the Fourier transforms,

3k, @) = /dx/dte-"<’“—wf>x(x,t;o, 0).

In the problems under consideration in this review one has that ;\(x, t) = f)(x, t)and B’(x, t) = OT(X, t)in Egs. (27) and
(29), so that for instance,
Xret(X, £ Xt') = —i6(t — ') ([0(x, ) 0'(X, t') £ O'(X', ') O(x, t)]) and
Ttk o) = [ d [[dee o0y x,150,0) (30)

It is useful to express the dynamical correlation function j(k, @) in this equation in a Lehmann representation. At zero
temperature it reads,

A 2
- [{v|O(k)|GS)|
Xret(k, ) = Z @ —(E, —Ecs)+ 8 so that

1 - ~ 2
— —Im Jre(k, @) = Y [(v]0(K)|GS)[ 8w — (Ey — Ecs)), (31)
T[ v
where § is as usual an infinitesimal number, ) is a sum that runs over energy eigenstates, and,

O(k) = /dx e x O(x).

Correlation functions are important quantities in many branches of physics. For instance, in the framework of the physics
of ultracold quantum gases, they provide valuable information about the quantum many-body wave function beyond the
simple density profile [ 113]. The charge dynamical structure factor of a 1D Lieb-Liniger Bose gas is an example of a dynamical
correlation function that can be probed in experimental Bragg spectra of ultra-cold atoms on optical lattices [33,34].

There is an alternative fermionic representation for the 1D Lieb-Liniger Bose gas in terms of new entities called
pseudofermions. These emerge naturally from the pseudoparticles in a given PS. Such an alternative representation is
particularly suitable for the study of the dynamical correlation functions of the integrable models reviewed in this paper.
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Their emergence from the pseudoparticles involves an important property of the momentum rapidity functions k; = k(q;)
of the excited states of any PS. Manipulations of the BA equations, Eq. (3), that involve the use of distributions of form
N(g;) = N°%4g;) + 8N(g;), Eq. (8), and the expansion of these equations in such deviations, reveals that the excited-state
functions k; = k(g;) can be exactly expressed in terms of the corresponding ground-state rapidity function k;’ = ko(g;) as
follows,

k(gj) = ko(q;) for j=1,...,00. (32)
Here,

27‘[@((]]')

g =g+ L for j=1,...,00 where 27®(q) = Z 3N(qj) 2 @(q;, q5) - (33)

j=1

The pseudofermion representation associates each occupied discrete canonical momentum value gj, Eq. (33), with one
pseudofermion. The quantity 27w @(q;) is below confirmed to be a scattering pseudofermion phase shift. It is such that
2 @(qj41) — 2r @(q;) = O(1/L). Hence the spacing of the discrete canonical momentum values is to leading O(1/L) order
the usual one,

_ _ 21 .
QJ+1—QJ=T+O(1/L2) for j=1,...,00. (34)

However, a similar equality does not hold for the discrete canonical momentum values separation for [ values such that [/N,
is finite as N, — oo, gj41 — q; # (27 /L). (It does though for [ = 00.)

Since 2w @(gj;1)/L — 2w P(q;j)/L is of O(1/1?) order there is no level crossing. By this it is meant that the two sets {q;}
of pseudoparticle momenta and {q;} of pseudofermion canonical momenta are similarly ordered for j = 1,..., oo. For
each excited state there is then a pseudoparticle-pseudofermion unitary transformation associated with the one-to-one
correspondence between g; and q; = q; + 2 ®(q;)/L. The equality, g; = g;, holds for the PS ground state, so that for it
pseudoparticles and pseudofermions are identical particles.

A key property of the pseudofermion representation, which renders it the most appropriate for the study of dynamical
correlation functions, is that upon expressing the energy functional, Eq. (10), in terms of the discrete canonical momentum
values q; = q(q;), Eq. (33), it simplifies up to O(1/L) order to,

[e ]
SE =) e(@)N(G). (35)

j=1

The transformation from g; to q; = ¢; + 27w ®(q;)/L absorbs the energy interacting term in Eq. (10). The pseudofermion
canonical momentum distribution A(g;) in Eq. (35) is defined as A(g;) = N(q;) where g; = q(q;) forj = 1,..., 00. The
pseudofermion energy dispersion &(q;) has exactly the same form as that given in Eq. (11) with the momentum g; replaced
by the corresponding canonical momentum, g; = q(q;).

In contrast to the equivalent energy functional, Eq. (10), that given in Eq. (35) has no energy interaction terms of second-
order in the deviations S N(g;). Indeed by expanding the canonical momentum g; around g; in Eq. (35) and considering all
energy contributions up to O(1/L) order, one recovers after some lengthy yet straightforward algebra the energy functional,
Eq. (151), which includes terms of second order in the deviations SN(q;). Their absence from the corresponding energy
spectrum, Eq. (35), is a consequence of the scattering phase shift functional 27 @(q;), Eq. (33), being incorporated in the
pseudofermions canonical momentum, Eq. (33).

Physically, the quantity +27 @(q;, gy ), Eq. (12), is the phase shift of a pseudofermion of ground-state momentum g;. It is
acquired upon it scattering off a pseudofermion created (+) or annihilated (—) at a momentum gy under a transition from
the ground state to a PS excited state. The momentum g refers to that state canonical momentum gy = gy + 2w ®(qy)/L.
Hence 2w ®(q;) = > 7, SN(qj) 2 D(q;, g ), Eq. (33), is the overall scattering phase shift acquired by such a pseudofermion
upon scattering off alll pseudofermions created or annihilated under that transition.

The « = + pseudoparticle Fermi points given in Eq. (7) for a ground state also exist for the excited states that span the

corresponding PS. Here we denote the ground- state numbers of right (¢ = +) and left (¢ = —) pseudoparticles by NS’L.
Hence the Fermi points in Eq. (7) read q; = ¢ 5* 2” .- The PS excited states pseudoparticle Fermi points are of the form
g = ¢ 2 NP, + 8q. where 8q. = [27 /L] 8N}, and 8Nbl = 8N;’? + @° for t = +. The deviation 6N; in this equation refers

to the number of pseudoparticles (and pseudofermlons) at the { = = Fermi points. It results from the creation or annihilation
pseudoparticle processes and @ is the non-scattering phase shift, Eq. (9), in units of 27.

Two quantities that play a key role within the pseudofermion representation of the present model are the : = =+
pseudofermion Fermi points deviations,

2 d(qL)

8qr = 8qr + for 1 ==+. (36)

Specifically, the square of such deviations 8} in units of 27 /L, which is denoted by 2A* = (q}/[27 /L] )2, corresponds to
two important ¢ = = fluctuations functionals of the theory. Within the PDT they control the one- and two-particle matrix
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elements quantum overlaps. From manipulations that rely on the form of the phase shift 27 @(q;) in the pseudoparticle-
momentum pseudofermion-canonical-momentum transformation q; — ¢q; + 2w ®(q;)/L, Eq. (33), one finds in the TL that,

2

88k \* _ (prgr 2, SN L g g

¢ il = = —_— il il =

2A'({g ) = <2n/L> EVSIF 4+ 2 +j; SNV (qy) (g, qy) | for 1 ==+. (37)
The summation Zﬁi] SNNF(q; ) runs here over a set of finite j = 1,..., N} values where N)f = Zji”:] |SNNF(gy)|. Hence
2A'({qy}) depends on a corresponding set of finite g1, .. ., Anpe momentum values.

On the one hand, the deviations SN} = >_,_ 8N} and §J; = 3>",_ . (1)5Nf, in Eq. (37) refer to the low-energy part of
the excitations. On the other hand, within the TL the high-energy contributions are associated with the deviation SN (g;)
as defined above. The pseudofermion creation or annihilation at and in the vicinity of the Fermi points is rather accounted
for by the deviations SN} and §J} .

For low-energy PS excited states for which NN (gy) = 0 for all gy values away from the : = & pseudofermion Fermi
points, the fluctuation functionals, Eq. (37), become the : = =+ fields conformal dimensions of a conformal field theory,

5. \? SNF\?
24, = (ZN;L) = ($16]F +LE> for 1 ==+. (38)
In the low-energy limit the model can be mapped into a conformal field theory [174-176]. As given in Eq. (18), within the
pseudofermion representation the low-energy parameter £ = 1/£° naturally emerges from the pseudofermion phase shifts
at the Fermi points. £! = 1/£9 is actually the dressed charge of the conformal field theory [174-176]. Furthermore, since
the usual low-energy TLL parameter K, [2,57] merely reads Ky = (£1)2.

As shortly reported in Section 7.2, the PDT introduced in Refs. [13,16,51,58,59,63,64,181] for the 1D Hubbard model
has been extended to simpler integrable models such as the present 1D Lieb-Liniger Bose gas [61] and the spin-1/2 XXX
chain [62]. The PDT is associated with the pseudofermion representation of such models. One of the goals of this review is to
clarify the relation between the PDT and the MQIM methods [52,53,57]. For simplicity, below in Section 7.4 and Appendix A
the present 1D Lieb-Liniger Bose gas is used to address that problem. The basic relation is qualitatively similar for the more
complex models also reviewed in this paper. The relation of the 1D Lieb-Liniger Bose gas PDT to the MQIM of Ref. [57]
allows the expression of the general PDT ¢ = =+ pseudofermion Fermi points fluctuations functionals, Eq. (37), in terms
of the MQIM shift function Fp(k|k’) defined in Eqgs. (7) and (8) of Ref. [57]. In that reference it is called Fz(v|u) whereas
here its variables v and p are replaced by our notation for the momentum rapidities, k and k’, respectively. Furthermore,
the corresponding limiting values +q are replaced by our notation +Q for them, Eq. (11). From the use of the relation
O(uqr, qp) = % — F(tko(qr), ko(qy)), Eq. (A.9) of Appendix A, one readily finds that,

2
L . _ 1 F SNIIJVF %_ - NF( .. )/ i fi _
24Uan = 6" (o + == ) +egg SN™(q) Fa(tQlko(qy)) | for ¢« =, (39)
j=1

where SN} = Zjo,il SNNF(gy) < NJF = Zﬁi] [SNNF(gy)).

By considering low-energy excited states for which SN (gy) = 0 for all g; values away from the ¢ = =+ pseudofermion
Fermi points, the functionals, Egs. (37) and (39), acquire the simplified form, Eq. (38). Hence both the PDT and the MQIM
naturally contain the present model low-energy conformal field theory. In the case of the PDT, the link of the functionals to
the conformal dimensions in the correlation functions obtained from the BA [174-176] can be understood as described in
the following.

The property that the excitation energy spectrum, Eq. (35), has no pseudofermion energy interactions simplifies the
expression of the dynamical correlation functions in terms of pseudofermion spectral functions. The lack of energy
interactions achieved under the pseudoparticle-momentum pseudofermion-canonical-momentum transformation q; —
q; + 2 &(q;)/L, Eq. (33), has though a price: The usual integer or half-integer dynamical correlation functions exponents
of non-interacting and Fermi-liquid like quantum systems are replaced by the interaction and momentum dependent
exponents whose expressions involve the ¢ = & functional dimensions, Eqs. (37) and (39).

The pseudofermion representation involves a mere unitary transformation under which the integer or half-integer BA
quantum numbers J; in g; = % I, Egs. (3) and (4), are shifted to [; — I; where [; = I; + ®(g;). The pseudofermion phase
shift @(q;) in units of 27 appearing here, Eq. (33), is in general both interaction and momentum dependent. The dynamical
correlation functions usual integer or half-integer dimensions are mapped under the transformation associated with such a
shift, ; — I; + @(q;), onto the exotic interaction and momentum dependent functionals, Egs. (37) and (39).

This is why the exponents that control the dynamical correlation functions line shape in the vicinity of well-defined
types of (k, w)-plane singular spectral features are interaction and momentum dependent functionals. In the low-energy
limit, the general ¢ = & functional dimensions 2A‘({qy}) in Egs. (37) and (39) wherej’ =1, ..., N}J"F lose their momentum
dependence. Indeed, they refer to excited states for which N = 0. However they remain being interaction dependent since
they become the « = = fields conformal dimensions 24y, Eq. (38).
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In the case of the more complex 1D Hubbard model, the PDT contains as well the conformal field theory as a limiting
behavior. (For further technical information on the link of the generalized dimensions, Eqs. (37) and (39), to the conformal
dimensions in the correlation functions also obtained from the BA and how the PDT leads in the low-energy limit to exactly
the same correlation functions as conformal-field theory, see Ref. [181].)

The generalized functional dimensions in Eqs. (37) and (39) correspond to an important step beyond conformal-field
theory. They apply actually both at low and high energy. Hence one can learn from the pseudofermion representation
new insights beyond the model low-energy physics. Indeed, the additional deviations Zji'o:] SNNE(gy) D (g, qy) in Eq. (37)
actually control the high-energy regime of dynamical correlation functions. The corresponding generalized dimensions,
Eqgs. (37) and (39), are confirmed in the following and in Sections 7.2 and 7.4 to play an important role in the dynamical
correlation functions spectral weight distributions. For instance, the interaction and momentum dependent exponents that
control the dynamical correlation functions line shape in the vicinity of well-defined types of (k, w)-plane singular spectral
features are within the PDT a superposition of the such generalized dimensions. This refers to the vicinity of these functions
(k, w)-plane lower or upper thresholds. In the case of one-particle spectral functions, this applies as well near a particular
type of singular features called within the PDT branch lines.

Within the PDT the dynamical correlation functions are written in terms of pseudofermion spectral functions. Such
functions spectral weights can be expressed as Slater determinants written in terms of anticommutators of pseudofermion
operators. (For simplicity, in the case of the present model we do not introduce here the corresponding pseudofermion
operator algebra.) The Slater determinants are written in terms of anticommutators of pseudofermion operators. Their
expressions involve the overall phase-shift functional,

o0
21 ®"(q) = 21 0% + 21 B(qj) = 27 P° + Y SN(qy) 27 (q;. gy ). (40)
=

The corresponding dynamical correlation functions one- and two-boson spectral weights are written in terms of such
anticommutators. Their dependence on the phase-shift functional 27 ®7(g;) is the mechanism through which the shake up
effects occurring in the pseudofermion canonical momentum band under the transitions to the excited states lead to the
Anderson’s orthogonality catastrophes [ 182]. Such a shake up refers to the change from the ground-state momentum values
qjo to the excited states canonical momentum values q]Q + 27r¢>T(qj)/L = q; + 2n ®(q;)/L. (Here q; = qu’ + 2n ®O/L are the
pseudoparticle momentum values of the excited state.)

The different nature of the dynamical correlation functions of the pseudofermion quantum liquid relative to those of a
Fermi liquid originates from these Anderson’s orthogonality catastrophes. Those are associated with finite contributions to
the one- and two-boson spectral weight distributions from a large number of low-energy and small-momentum particle-
hole processes in the pseudofermion band. The form of the functional dimensions, Eq. (37) and (39), results from these
contributions [61].

In the following we provide the momentum dependent exponents obtained from the PDT. Those control the line shape
of the one-boson addition and removal spectral functions and two-boson charge dynamical structure factor near their
thresholds. These dynamical correlation functions for the boson problem were studied first by the MQIM [57]. Recently the
use of the PDT reached exactly the same spectra and momentum dependent exponents for such functions [61]. (In Ref. [57]
analytical expressions for these exponents were derived yet their momentum dependence has not been plotted.)

The one-boson removal and addition spectral functions are given by [57,61],

SB(k, @) = Bk, @) = ¥ [{f. Ny — 11]GS, Ny)["8(e — (k). (41)
f
and
SAk, @) = Ak, @) = Y 1. Ny + 118,1GS, Np)[*8(0 — o(K)). (42)
f

respectively. Here w?(k) = ng —E;Vr] Lol (k) = Ebe“ —Egsb, E. is the excited states energy, E, that of the ground state, and 'f/,j

and ¥, are boson creation and annihilation operators. Furthermore, the charge dynamical structure factor reads [57,61,183],

$P(k. @) = S(k, ) = Y 1 17|GS)[*8(w — (k). (43)
f

where wP(k) = Ef — Egs and py is the Fourier transform of the local density operator py. As mentioned above, the charge
dynamical structure factor, Eq. (43), can be probed in ultra-cold atom systems through low-momentum Bragg excitations
[33,34],

The (k, w)-plane lower (c; = —1) or upper (¢c; = 1) thresholds of the energy spectra of the above dynamical spectral
functions have for the momentum range k € [0, 27rn,] the general form,

" =c; e(qr — k) where k=qr —q € [0, 2mn,]. (44)
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Fig. 3. The spectra, Eq. (44), of the excitations associated with the dominant contributions to the one-boson removal (w < 0) and addition (w > 0) spectral
function (left panel) and charge dynamical structure factor (right panel) for c = 1 and density n, = 2. In the case of the latter factor, the spectrum edge
for k/qr € [2, 4] and the weight above it associated with the next-order excitations has also been included. The momentum scale gr and energy scale Wg
are the pseudoparticle Fermi momentum, Eq. (7), and energy bandwidth of the ground-state occupied Fermi sea, Eq. (14), respectively. (As in Ref. [61], np
is denoted by n in the figures.)

Source: From Ref. [61].

Here £(q) is the energy dispersion, Eq. (11). The index t reads t = B for the one-boson removal spectral function, 7 = A
for the one-boson addition spectral function, and = D for the two-boson dynamical structure factor. The coefficient c, is
given by c; = 1for t = Band ¢; = —1 for t = A, D. The spectra, Eq. (44), are shown in Fig. 3 for c = 1 and density n, = 2.

For small energy deviations (w — w®(k)) > 0 in the vicinity of the (k, w)-plane lower (c; = —1) or upper (¢, = 1)
thresholds, the PDT leads to the following exact line shape [61],

STk, w) = C* (w — 0" (k))¥*®) for k € [0, 27n,] where 7 =B,A,D. (45)

Here C7 is a coefficient whose value remains unchanged in the range of small energy deviations (w — w*(k)) > 0 for which
this expression is valid. The momentum dependent exponents are given by,

2
k):—1+22A;——1+Z< +tf—45(qu,qF—k)> ) (46)
=%

The « = =+ functional dimensions in this expression, 2A% = (8q; /(27 /L)), are those given in Eq. (37) for the excited states
specific to each of the t = B, A, D dynamical correlation functions, b, = 0 fort = B, b, = 1fort = A, and b, = 1/2 for
t = D. The one-boson removal upper threshold and addition lower threshold are in Fig. 3 the two boundary lines above and
below the w = 0 axis, respectively.

The spectral feature in Eqs. (44)-(46) is called a branch line [61]. It is generated by elementary processes where only one
pseudofermion is created (and annihilated) outside the Fermi points. When in the (k, ) plane there is no spectral weight
above (lower threshold) or below (upper threshold) that line, the corresponding dynamical correlation function analytical
expression is exact. If above or below it there is a very small amount of spectral weight, it is an approximation.

The latter approximation is valid for one-particle spectral functions whose spectral-weight distribution is not plateau-
like. In contrast, this is the general case for two-particle dynamical correlation functions. However, in the case of the 1D Lieb-
Liniger Bose gas charge dynamical structure factor, the spectral weight between the spectrum edge line for k/qr € [2, 4] in
Fig. 3 and the rising branch line in that figure starting at k/qr = 2 vanishes in the n,/c — oo limit [61]. Hence we consider
here the charge dynamical structure factor for very large n,/c values in the vicinity of that branch line, which has the form,

= ¢e(k — qr) where k= q+ qr € [2nnp, oo] for q € [wny, oo]. (47)
For small (w — wP(k)) > 0 values near it, an approximation for the dynamical structure factor is,
SP(k, w) ~ CP (w — WP(k))P® for k e [27ny, oo]. (48)
The momentum dependent exponent is here of the form,
g ’
k)= -1 = — + P(qr, k— . 49
(k) +;<2 e 0 qF)> (49)

The two © = B, A one-boson spectral function exponents &.(k), Eq. (46), and the dynamical structure factor exponent
&p(k), Eq. (49), are plotted in Fig. 4 as a function of the momentum k in units of gr = 7 n, for interaction ¢ = 1 and several
densities n, values. For k/qr > 2 the latter exponent is an approximation. For the ranges k/qr € [0, k*/qr] (where k* is
such that &g(k*) = 0) in Fig. 4 for which the exponent &g(k) is negative, there are upper threshold singularity cusps in the
one-boson removal spectral function S8(k, w), Eq. (41).
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Fig. 4. The exponents, Eq. (46), £4(k) of the one-boson addition spectral function, £(k) of the one-boson removal spectral function, and &p(k) of the charge
dynamical structure factor for c = 1 plotted as a function of the momentum in units of gr for the density n, values given in the figure panels. (The
momentum scale gr and energy scale Wy are those of Fig. 3.) The latter exponent is exact for k/qr < 2 (solid lines) and an approximation for k/qr > 2
(dashed lines). For k/qr > 2 it is a better approximation for the values ¢ = 1and n, = 5 for which ny/c is largest. Only &g(k) has negative values for a
limited momentum range associated with upper threshold singularity cusps in the one-boson removal spectral function. (As in Ref. [61], nj, is denoted by
n in the figures.)

Source: From Ref. [61].

3. The spin-1/2 isotropic Heisenberg chain

The spin-1/2 XXX chain is again a quantum problem of interest. It is a paradigmatic example of an integrable strongly
correlated system that is experimentally relevant for the description of magnetic properties of spin-chain materials
[133,134,136,184,185]. At zero magnetic field the model contains antiferromagnetic correlations for exchange integral ] > 0.
Those have been observed in dynamical quantities measured in inelastic neutron scattering experiments on spin-chain
compounds [136]. It can also be prepared in a 1D ultra-cold atomic trap [32].

Here we consider the spin-1/2 XXX chain in the TL. In that limit the complex rapidities in the BA equations simplify in
terms of the ideal strings of Ref. [72]. (The deviations from such ideal strings [ 131] do not affect in the TL the properties of
the model revisited in this section.)

The Hamiltonian of the general spin-1/2 Heisenberg chain with exchange integral ] > 0 and anisotropy parameter A > 0
in a magnetic field H reads,

L
HA_]Z Z j J+1+ASZJZ+1 +2”BHZ§J‘Z

T=Xy j=1
where ST = ZS’ and $* = Zsi with 7 =x,y,z. (50)
j=1
Here §j and ST are the spin-1/2 operators at site j = 1,..., L with components S” “ and related total spin operators,

respectively, §ji = §]" + i§}' ,and up is the Bohr magneton.
At the isotropic point, A = 1, the model contains antiferromagnetic correlations that have been observed in dynamical
quantities measured in experiments on spin-chain compounds [133,136,184,185],

L

L
A=]> S S +2usHY 5. 5D

j=1 j=1

Another observable of interest for our study of this model is the z component of the spin current operator,

1%}

—z]Z $S 1 —Shi8). (52)

3.1. The model physics: fractional excitations, spin ordering, and magnetism

To address the phenomena brought about by quantum magnetic correlations, it is instructive to consider systems where
the charge degrees of freedom are frozen and only spin excitations remain. Such systems are usually described by spin-
only models. They are realized, for example, in Mott insulators where magnetic interactions between the local moments
of localized electrons are mediated by virtual exchange processes between neighboring electrons. One can describe the
magnetic correlations through models of localized quantum spins embedded on lattices. At zero magnetic field local



18 J.M.P. Carmelo, P.D. Sacramento / Physics Reports 749 (2018) 1-90

moment antiferromagnetic phases frequently occur in the arena of strongly correlated electron systems. The phenomenology
displayed by the antiferromagnetic Hamiltonian depends sensitively on the geometry of the underlying lattice.

On the one hand, on a bipartite lattice of dimension d > 1, such as the square lattice, i.e. one in which the neighbors
of one sub-lattice A belong to the other sub-lattice B, the zero-field ground state of the spin-1/2 isotropic Heisenberg anti-
ferromagnet is close to a staggered spin configuration. It is known as a Néel state whose neighboring spins are antiparallel.
The linear spin-wave theory for antiferromagnets [ 186] relies onto an expansion that is valid provided that %kak) < 1L
Here ny, is the occupation number of the spin-wave state of momentum k. For the square lattice one finds %kak) ~ 0.197,
which is indeed a rather small number. The elementary excitations above the zero-field antiferromagnetic ground state are
then spin waves of two flavors, due to the two sub-lattices. The elementary particle of a spin wave is called a magnon. It
carries a spin equal to one.

On the other hand, for the spin chain, the lattice is trivially bipartite. However, in the 1D case one rather finds that
%Zk(”k) — o0 at zero magnetic field [187]. This is due to the long-wavelength modes. Indeed, it is well known that the
zero-field ground state of the spin chain fails to develop long-range antiferromagnetic order. As a result, in 1D there is no
zero-field linear spin-wave theory small expansion parameter. This is why the perturbative expansion around an ordered
zero-field ground state is incorrect for the spin-1/2 XXX chain.

The zero magnetic field spin order and associated magnetism of that spin chain is thus of a different type. Fortunately,
in spite of its non-perturbative nature and lack of zero-field ground-state long-range order, one can extract important
information on that quantum problem physics from its exact BA solution. Rather than spin waves and magnons, the
elementary excitations of the zero-field spin-1/2 XXX chain, which correspond to well-defined BA quantum numbers
distributions, are often associated with phenomenological nontrivially interacting spin-1/2 particles called spinons. Their
energy dispersion relation is extracted from the BA [66,67,75,78,79]. (The phenomenological/empirical nature of the spinons
stems from their precise operational relation to the model physical spins not being defined.)

Consider some SU(2)-symmetric Hamiltonian, in more than one spatial dimension, made out of spin-1/2 particles, which
is in a ground state that spontaneously breaks the SU(2) symmetry. If one flips a single spin, a magnon is created, not a
spinon. Spinons that emerge in spin chains are much weirder. Since any local spin operator changes an integer amount of
spin, one cannot create a single spinon with a local operator. Hence spinons are examples of fractionalized particles: They
can only arise as part of a physical disturbance.

The spin-1/2 XXX chain whose Hamiltonian is given in Eq. (51) is a paradigmatic example of both a spin chain and
an integrable strongly correlated quantum many-body system. In this paper we review the related pseudoparticle and
pseudofermion representations of its exact BA solution. Such a solution refers explicitly to the lowest-weight states (LWSs)
or highest-weight states (HWSs) of the SU(2) algebra for whichS = —S* and S = §?, respectively. Here (and in the following)
the spin and spin projection of the spin chain, Eq. (51), energy eigenstates have been denoted by S and $* = —(Ly — L,)/2,
respectively. L, such that Zn:¢_ L, = Ldenotes the number of physical spins of projection & =%, |.(The sign choice in the
expression §* = —(Ly —L;)/2 is the same as in Ref. [72], for which L, > L| for aLWS.) The pseudoparticle and pseudofermion
representations also applies to the extended Hilbert space spanned by both the LWSs and corresponding multiplet spin SU(2)
towers of states.

The BA gives direct access to the energy levels of an integrable system. This allows the computation of many equilibrium
quantities. The ground state energy of the spin-1/2 XXX chain was derived analytically within the TL in the early stages of
its studies [173]. However, it was not until the 1960s and early 1970s that its excitation spectrum was computed [68] and
its thermodynamic properties derived [72,188-192]. Equilibrium quantities are, nonetheless, not sufficient to completely
characterize the physics of correlated models.

The computation of dynamical quantities requires knowledge of matrix elements of spin operators between energy
eigenstates. This goes beyond the information that can be extracted directly from the BA. At zero field some of such states
are described by groups of real and complex BA rapidities. The spin dynamical structure factors are objects that motivated
partially by experimental work have been extensively studied in the case of zero magnetic field [ 114,193-198]. In Section 3.7
we thus revisit the spin dynamical structure factors of the spin-1/2 XXX chain for the less studied case of a finite magnetic
field.

For a finite magnetic field H > 0 the Hamiltonian term 2up HZ}=1§].Z in Eq. (51) does not commute with the global spin
SU(2) symmetry off-diagonal generators. It thus lowers the model global symmetry to U(1). However, for all spin density
values m = —2S?/L € [—1, 1] and corresponding fields h € [—H,, H.] the S-fixed subspaces dimensions, and thus the
number of energy and momentum eigenstates that span them, exactly equals the number of fixed-S representations of the
SU(2) symmetry group. Here £H. = +]/up are the critical fields for fully polarized ferromagnetism. Hence the H = 0 model
non-Abelian global SU(2) symmetry controls and determines the states spectrum structure for all m and H values.

3.2. A functional representation of the spin-1/2 XXX chain Bethe-ansatz solution
The model Hamiltonian, Eq. (51), is solvable by the BA. The corresponding general BA equation is of the form [40,72],

1 Aj— A,
2arctan(A;) = qj + I 2#: 2 arctan <T> where mod 27 . (53)
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Heretheow = 1, ..., (L — 25)/2 summation is over the subset of occupied g, quantum numbers out of the full set,
2
g = le for j=1,...,Is where Is = (L+ 2S)/2. (54)
The different occupancy configurations of the related quantum numbers [; (defined modulo L) such thatj = 1,...,Is

generate different energy and momentum eigenstates. The latter are successive integers or half-odd integers according to
the boundary conditions,

Is —

[ =0,%1,...,£ for Is odd,

Is —

==£1/2,£3/2,..., £ for Is even. (55)
The BA equation, Eq. (53), explicitly refers to the LWSs. However, relying on the model spin SU(2) symmetry one can
extend its exact solution to the non-LWSs. That global SU(2) spin symmetry imposes that the energy and momentum
eigenstates refer to state representations of the group SU(2). Consistently, the LWSs and the non-LWSs generated from them
used in our analysis are energy and momentum eigenstates. They are as well eigenstates of (§ ¥ and $% with eigenvalues
S(S + 1) and S?, respectively. We thus denote all 2" energy and momentum eigenstates by |I;, S, S?). Here I, stands for
all quantum numbers other than S and S* needed to specify a state, |, S, S*). The non-LWSs are generated from the
corresponding ng =S + S* = 0LWS |, S, —S) as,
ng
(SY¥IL, S, —S) where ¢ =] [(25+1—j) for n;=1,...,25. (56)
j=1

1
|, S,5%) = —
T «/E
The BA wave functions of the LWSs |, S, —S) formally vanish when two rapidities A; and A; become equal (Fermi-like
statistics.) This property suggests that simply choosing « = 1, ..., (L — 2S)/2 distinct quantum numbers g, among the set

ofj =1,..., s allowed quantum numbers gj, which gives a dimension (Eiﬁgﬁ) would allow the reconstruction of all 2*
states that span the model Hilbert space.

However such an expectation is misleading. Indeed due to the model non-Abelian global spin SU(2) symmetry and in
contrast to the simpler U(1) symmetry 1D Lieb-Liniger Bose gas, only some of the solutions to the general BA equation,
Eq. (53), are obtained in terms of real rapidities A;. The model non-Abelian symmetry gives rise to new internal degrees
of freedom absent from that Bose gas. Those bring about new BA roots that involve groups of complex rapidities [40,72].
In the context of our study, the term thermodynamic Bethe ansatz (TBA) refers to the form obtained in Ref. [72] for the BA
equations in the TL. Within the TBA, the needed set of real and complex rapidities have the general form,

A= AT +i(n+1-2I) such that A = (A7) where I1=1,....n, (57)

j=1,...,Lywithn=1, ..., oo,and the numberL, > N, is defined below. As confirmed in the following, the extra solutions
and corresponding states associated with the quantum numbers in the complex rapidities, Eq. (57), ensure that in each
S-fixed subspace the number of such states equals that of state representations of the model global spin SU(2) symmetry.
For n = 1 the rapidity, Eq. (57), is real and otherwise its imaginary part is finite. The rapidities are roots of Eq. (53). In
Eq. (57) they are partitioned in a configuration of strings, where a n-string is a group of n rapidities with the same real part
A"'. The number n is often called the string length and the real part of the set of n rapidities, A7, is called the string center [1].
After some algebra, the use of rapidities of the form given in Eq. (57) in the general BA equation, Eq. (53), leads to a number
n=1,...,(L—2S)/2 of TBA equations. In general we consider thatn = 1, ..., oo in the TL, which is correct provided that
(1 — L) is finite. Within the momentum-distribution functional notation used in this review, the TBA equations read [87,88],

] /
G=K-7 > Nu(gy) Onn(A] — A}). (58)
(. j)#(n.j)
Here ®,(x)is an odd function of x given in Eq. (B.1) of Appendix Bwheren, n’ = 1, ..., oo. In that equation and throughout
this review &, , is the usual Kronecker symbol.
The solutions of the TBA equations, Eq. (58), define the rapidities real part, A}’. Inthesen =1, ..., co equations,
27 _ . d
q = TI]-" €lq,,q/ ] where j=1,...,L, and qF = jzf(Ln -1), (59)

are the momentum values of a n-band associated with the set of N, n-strings with the same n value. The quantum numbers
If are successive integers or half-odd integers according to the boundary conditions,

L, —

I]-”:O,:tl,...,:t for L, odd,

L —

= +1/2,£3/2,..., £ for L, even. (60)
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The distribution function N,(q;) in Eq. (58) is such that N,(q;) = 1 and N,(g;) = 0 for “occupied” and “unoccupied” g;
values, respectively. Indeed, the g; values, Eq. (59), have the separation, g;+1 — q; = 27 /L, and only occupancies zero and
one. For each fixed n there is a number L, of g; values given by [72,87,88],

o0
Ly = N, +N" where N'" =254 N" and N0 = Z 2(n’ — n)Ny . (61)
n’=n+1
For consistency with the notation used for the 1D Lieb-Liniger Bose gas, here we have called N, wheren = 1, ..., oo the

quantum numbers named M, in the TBA studies of Ref. [72]. Otherwise we tend to use the notations and formalism of that
reference. N, and Nﬁ‘ are in Eq. (61) the numbers of g; values that are occupied and unoccupied, respectively, and N,’l"O is the
latter number in the case of a S = 0 energy and momentum eigenstate. Often an index @ = 1, ..., N, is used to label the
subset of occupied quantum numbers I} of an energy and momentum eigenstate [72,87,88]. Moreover, in Eq. (58),

Al
K' = k"(g;) = 2 arctan (—]> . (62)
n

(Therelation of the n = 1 rapidity momentum kjl = 2 arctan( A} ),Eq.(62) forn = 1, to the rapidity momentum k; of Ref. [72],
such that A} = cot(k;/2), is k} =m —kj.)

The momentum eigenvalues P and the energy eigenvalues E are functionals of then = 1, ..., oo distribution functions
Nx(g;) given by,
oo Lp oo Lp ]
P=m+ Z ZNn(qj)qj and E = — Z ZN"(qf) - (1 + cos kJ'-') —2ugHS?, (63)
n=1 j=1 n=1 j=1
respectively.

The form of the momentum eigenvalues confirms that the quantum number variables g; defined in Eq. (54) such that
gj+1 — qj = 27 /L play the role of n-band momentum values. There is one such momentum band for each set of N, n-strings
with the same lengthn = 1, ..., oo. For a given energy eigenstate, each such a n band has a well-defined set of N,, occupied
and N unoccupied momentum values g;. The full set of L, = N,, + N" momentum values g; is distributed within an interval
gj € [g;, . g;]. Its limiting values qni are given in Eq. (59) and Eq. (B.3) of Appendix B.

In the ensuing section it is confirmed that the set of quantum numbers associated with the TBA equations, Eq. (58),
allows the reconstruction of the 2! energy eigenstates that span the spin-1/2 XXX chain full Hilbert space. Out of such
Zés:oante ers) N(S) = 2! states, there is for a given S a number N (S) = (25 + 1) Nsinglet(S) of states. Those correspond
to (2S + 1% multiplet configurations and a number Ninget(S) singlet configurations given in Eq. (C.1) of Appendix C.

3.3. The n-pseudoparticles representation of the spin-1/2 XXX chain Bethe-ansatz roots and its relation to the paired physical spins
1/2

The pseudoparticle representation introduced in the following is in the case of the XXX chain associated with its L physical
spins 1/2 rather than with spinons. The advantage is that such a representation is valid for the model full Hilbert and
parameter spaces. The energy eigenstates are a superposition of lattice occupancy configurations in which the L physical
spins 1/2 singly occupy L lattice sites. L is even and odd when the states spin S is an integer and half-odd integer number,
respectively. For all states that span a fixed-S subspace, the corresponding lattice occupancy configurations have then a
number 25 of sites occupied by a set of M = 2S physical spins 1/2 that participate in the multiplet configuration. The
complementary set of even number L — 2S of sites are singly occupied by L — 2S physical spins 1/2 whose configuration
forms a tensor product of singlet states. ,

Since all the N(S) energy eigenstates with the same S value have the same S eigenvalue, the energy and momentum
eigenstates are superpositions of such configuration terms. Each term is characterized by a different partition of L physical
spins 1/2 into 2S such physical spins that participate in a 2S + 1 multiplet, and a product of singlets involving the remaining
even number L — 25 of physical spins 1/2. The latter are associated with a corresponding number (L — 2S)/2 of singlet pairs.

The unpaired spins 1/2 and paired spins 1/2 are the members of such two sets of M = 2S and 2/T = L — 2S physical
spins 1/2, respectively. For a LWS, all physical unpaired spins 1/2 have up spin projection. The model TBA solution quantum
numbers are directly related to such M = 2S up physical spins 1/2 and different types of singlet configurations involving
the remaining 277 = L — 2S paired physical spins 1/2 and their IT = (L — 2S)/2 singlet pairs.

A n-string was defined above as a group of | = 1, ..., n rapidities with the same real part A]’f’, Eq. (57). As confirmed
in the following, the set of n-strings of an energy eigenstate is directly related to the IT = (L — 2S)/2 singlet pairs
involving the 21T = L — 2S physical spins 1/2 that participate in singlet configurations. Specifically, each n-string refers to a
n-pairs configuration within which for n > 1 a number n of singlet pairs are bound. Such a binding is associated with the
corresponding imaginary parts, i(n + 1 — 2I), of the I = 1, ..., n rapidities A]'?" = A} +i(n+ 1 — 21), Eq. (57), with the
same real part A}’. The n > 1 singlet pairs that are bound within a n-pairs configuration associated with a string of length

n > 1 are called here bound singlet pairs. For n = 1 the rapidity Ajl’1 imaginary part vanishes because a n = 1 n-string
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refers to a single singlet pair. The N; unbound singlet pairs of an energy eigenstate are those that correspond its Ny n = 1 pair
configurations.

The rapidity A;'" indexes n and I thus label the n-pairs configuration and a specific singlet pair, respectively. Moreover,
the usual string length n = 1,..., 00 in Eq. (57) corresponds to the number of singlet pairs in each of the N, n-pairs
configurations of a given state. The | = 1, ..., n singlet pairs bound within a n-pairs configuration involve a number 2n
of physical spins 1/2. Those singly occupy 2n lattice sites.

Consistently with such a relation between the TBA n-strings and the IT = (L — 2S)/2 singlet pairs, the following exact
TBA sum rule holds for all energy eigenstates,

o0

H:ZnNn:%(L—ZS), (64)

n=1

andthusw = I1/L = Z;L” n, = %(1 — m;). Here N, is the number of n-pairs configurations that equals that of g; values
that are occupied, = is the density of singlet pairs, m; = 2S/L = M/L > m that of unpaired spins 1/2, and n, = N,/L. The
IT = (L — 2S)/2 singlet pairs under consideration involve the 2T = L — 2S physical spins 1/2 that do not participate in
multiplet configurations.

The physical spins 1/2 configurations that generate an energy eigenstate are a superposition of local lattice occupancy
configurations. On the one hand, since each n-pairs configuration occupies a number 2n of lattice sites, the set of n-pairs
configurations of an energy eigenstate occupy a number 2I7 = Y - 2n N, of lattice sites. On the other hand, each of the
M = 2S unpaired physical spins 1/2 singly occupies a lattice site. Therefore, for an energy eigenstate of spin S, the following
number of sites sum rule is fulfilled,

[o ]
L=M+2[1 =25+ 2nN,. (65)

n=1
There is a strong requirement for each n-string referring to a n-pairs configuration that involves a number 2n of
physical spins 1/2 and corresponding | = 1, ..., n singlet pairs: That in the dimension of any S-fixed subspace N (S) =

(25 4 1) Nsinglet(S), the number of independent singlet configurations Ningiec(S) be exactly the same when obtained from
the counting of two apparently different types of configurations. The first refers to the counting of the SU(2) group state
representations associated with the physical spins 1/2 independent configurations with the same spin S, Eq. (C.1) of
Appendix C. The second corresponds to the counting of independent n = 1,..., oo bands {g;} occupancy configurations
of the sets of N, n-strings obeying the sum rule } >~ . nN, = (L — 25)/2, Eq. (64). (The factor (2S + 1) in the dimension
N(S) = (2S + 1) Niinglet(S) refers to the number of multiplet configurations of the M = 2S unpaired physical spins 1/2.
Those are not part of n-pairs configurations singlet pairs.)

As shown in Appendix A of Ref. [72] for LWSs, the value of the number N,’Z = L,—N, of n-band holes that naturally emerges
from the TBA, Eq. (61), ensures that for each S-fixed subspace the singlet dimension Ningec(S) can indeed alternatively be
written as given in Egs. (C.1) and (C.2) of Appendix C, respectively. This also holds for the multiplet towers of non-LWS
generated from S > 0 LWSs. Indeed, all 2S + 1 states of such a tower have exactly the same singlet configurations as the
corresponding S > 0 LWS.

The summation Z{Nn in Eq. (C.2) of Appendix C runs over all sets of n-strings numbers {N,} corresponding to the same
fixed spin S = L/2 — )~ ,n Ny, as imposed by the exact sum rule, Eq. (64). On the one hand, this confirms the connection
between n-strings and the paired physical spins 1/2. On the other hand, it shows that the additional states described by
groups of complex rapidities, absent in the case of the 1D Lieb-Liniger Bose gas, ensure that the fixed-S subspaces dimension,
N(S) = (254 1) Nsinglet(S) with Ngingiet(S) given in Eq. (C.2) of Appendix C, exactly equals the corresponding number of spin-S
SU(2) symmetry representations, Eq. (C.1) of that Appendix.

From analysis of the TBA equations given in the previous section, one finds that there is a one-to-one correspondence
between the N, n-pairs configurations with the same number n of singlet pairs of an energy eigenstate and the N,, occupied
momentum values g; of the corresponding n-band distribution N,(g;), respectively. This is consistent with the center of mass
of the set of the 2n-sites occupied by each n-pairs configuration moving with momentum q; and all its 2n sites singly occupied
by paired physical spins moving coherently along with it. This occurs through processes within which the 2n paired spins
on such 2n occupied sites interchange position with the M = 2S unpaired physical spins 1/2 that singly occupy sites.

We associate one n-pseudoparticle and one n-band hole with each of the N,, occupied and N,? unoccupied momentum
values gj, respectively, of an energy eigenstate n-band. Such pseudoparticles are well defined within the TL to which the
TBA applies. Indeed, the TL ensures that the problems concerning the n-pseudoparticle internal degrees of freedom and
translational degrees of freedom, respectively, separate.

On the one hand, the internal degrees of freedom of a n-pseudoparticle refer to a n-pairs configuration. Hence there is one
n-pseudoparticle for each n-pairs configuration and corresponding BA roots. Those involve a group of [ = 1, ..., nrapidities
with the same real part, Eq. (57). If n > 1 the n-pseudoparticle hasn = 2, ..., oo singlet pairs bound within it. If n = 1,
its internal degrees of freedom correspond to a single unbound singlet pair. That a n-string of length n > 1 describes the
binding of n = 2, ..., oo singlet pairs bound within a n-pseudoparticle clarifies its connection to the BA roots.

On the other hand, the momentum g;, Eq. (59), of a n-pseudoparticle refers to its translational degrees of freedom. Those
are associated with its center of mass motion. The set of N = Z?:]N,, n-pseudoparticles, each carrying a momentum g;, of
a given energy eigenstate determine that state momentum eigenvalue, as given in Eq. (63).
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The magnons associated with the spin-wave representation of the spin-1/2 XXX model on for example a square lattice
carry spin one and are associated with an antiferromagnetic long-range order. In turn, the [ = 1,...,n singlet pairs
bound within the N, n-pseudoparticles that populate eachn = 1, ..., oo n-band of an energy eigenstate of the present
spin chain have spin zero. The n-pseudoparticles are indeed spin neutral particles. The energy eigenstates spin S and spin
projection S* are thus determined by the numbers M., of unpaired spins 1/2 with spin projection 41/2. Specifically,
S =My +M_1/2)/2and S = —(My1/2 —M_1,2)/2, respectively. The total number L..q,, of physical spins with projection
+1/2suchthatL = Lyyp + L_y/; thenreads Ly, = IT + Myq)s.

There is a number of pseudoparticles sum rule. It is related to that of singlet pairs, Eq. (64). The latter sum rule implies
that Ny = L(1—L;)/2 — Y 2 ,n N,. From the use of this relation in the number of pseudoparticles expression, N = Y>> | N,
one confirms that the sum rule N = Z;’;Nn = %(L - N?) is obeyed. Here N{I is the number of n = 1 band holes, Eq. (61)
forn=1.

The setof I7T = Y -2 ,nN, = (L — 25)/2 singlet pairs of an energy eigenstate are all bound within the setof N = Y 2 N,
composite n-pseudoparticles that populate it. The question is thus which is the relation of the model physical spins 1/2 to
the N* = 25 + N holes in each n-band for which N, > 0? The N" n = 1 band holes of the S = 0 ground-state excited
states are usually associated with spinons [65,199]. Hence this question also refers to the relation of spinons to the present
representation in terms n-pseudoparticles and unpaired spins 1/2. This is the issue clarified in the ensuing section.

3.4. Relation to the physical spins 1/2 of the holes in the TBA quantum numbers distributions

The spin-1/2 XXX chain in a uniform vector potential ¢ /L whose Hamiltonian is given in Eq. (A2) of Ref. [87] remains
solvable by the BA. Its LWSs momentum eigenvalues, P = P(® /L), have the general form,

L—Y,2nN,
L

P(®/L) = P(0) + @ = P(0)+ Ly & = P(0) + 2S % . (66)

The @ = 0 momentum eigenvalue P(0) is given in Eq. (63).

On the one hand, the current operator expectation values of the @ — 0 LWSs can be derived from the @ /L dependence
of the energy eigenvalues E(® /L) as (J*) = dE(®/L)/d(® /L)|y—_o- On the other hand, dP(® /L)/d(® /L)|5_o gives the number
of spin carriers that couple to the vector potential. The natural candidates are the model L physical spins 1/2. However, the
form of the exact momentum eigenvalues, Eq. (66), reveals though that only the 2S unpaired spins 1/2 contributing to the
multiplet configurations couple to the vector potential @ /L. Since the 2/T = L — 2S physical spins 1/2 left over are those
within the IT = L/2 — S singlet pairs, this result is physically appealing.

The LWSs spin currents result from the above mentioned processes under which the 2n-site configurations of the
n-pseudoparticles interchange position under their motion along the lattice with the set of single-site 2S unpaired spins.
The BA separates eachn = 1, ..., oo branch of n-pseudoparticles in a different momentum n band. The inequality N,’] >2S
follows from the BA choosing the number Nh of n band holes so that the fixed-S subspaces dimension obeys the sum
rule, Eq. (C.2) of Appendix C. The additional number Zn_nﬂ n’ — n) N, of holes in each n band relative to the number
2S that equals that of unpaired spins 1/2 has an interpretation in terms of lattice sites occupancies. Indeed, locally it
corresponds to Zn —n12(n" — n) Ny sites out of the Zn, 1121 Ny sites occupied by bound singlet pairs within the state
under consideration. And this refers only to n’-pairs configurations with n" > n such pairs. Only such sites in addition to the
2S sites occupied by unpaired spins are used by the n pseudoparticles as unoccupied sites. They interchange position under
their motion along the lattice with the spins 1/2 on such > ,_, +12(n" — n) Ny lattice sites. They are though occupied by
paired spins 1/2 with an equal number Zn —nt1(n" = n) Ny of opposite spin projections rather than by unpaired spins 1/2.
Therefore, such processes do not contribute to the spin current.

Indeed, on average only 2S holes out of the NI = 25 + Zn/—n+1 n) Ny holes of each n band for which N, > 0
contribute to the spin currents. The translatlonal degrees of freedom of the 2S unpaired spins 1/2 are described by such
n-band holes. On average the virtual elementary currents carried by the two sets of > _ 4+1(n" — n) Ny remaining holes
exactly cancel each other. This is consistent with the overall spin current of S = 0 states for which N} = N0 =
Y wens12(n’ —n) Ny exactly vanishing.

The validity of this picture is confirmed by the form of the spin currents of the non-LWSs. Consider a general LWS
l;, S, —S) on the right-hand side of Eq. (56) carrying a current (I, S, —S Uz|er, S, —S). Here J* is the z component of the
spin current operator, Eq. (52). For simplicity, we denote that spin current by (J7,,(Ir, S)). In Appendix E it is shown that its
general TBA expression [87,88] can be written in terms of n-bands holes elementary currents jﬁ(qj) as follows,

oo I
ULWS I, S)) ZZ () Jn(ay) - (67)

Here Nji(qj) = 1 — Na(q;) and I; labels the 3" = Niingiet(S) = Y- v,y [Toos (,f,z) independent singlet configurations of the
L—2S paired spins 1/2. Such configurations correspond to a well-defined set of numbers {N,} of n-pairs configurations. Those
are associated with the energy and momentum eigenstates that span each fixed-S subspace. The n-bands holes elementary
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currents jﬁ(qj) in Eq. (67) are determined by the LWS rapidity functions k"(q;) obtainable from solution of the TBA equations,
Eq. (B.1) of Appendix B. They read,

2] sink"(q;)
2mwo(k"(q;))
The distribution 27 o"(k;) appearing here is within the TL given by 2w o"(k;) = 2na”(l<)|,<:,<j where 27 o"(k) = dq"(k)/dk.
q"(k) stands in that derivative for the inverse function of the n-band rapidity momentum function k"(q).

We consider now that L is even and thus the states spin S is an integer number. However, within the TL the same results
are reached for L odd. All 2S5 unpaired spins 1/2 of that LWS have up-spin projection. The following exact relation between

the spin currents of the non-LWSs belonging to the same spin SU(2) tower and the spin current of the corresponding LWS
in terms of the numbers M., of unpaired spins 1/2 with spin projection £1/2 holds [87,88],

(Mi12 —M_qp2) -
2S

:h

Jn(q)) = for gj € [qy.q;]. (68)

J*(le, My1/2, M1 2)) = Ufws (e, S) - (69)

For each spin flip generated by application of the off-diagonal spin generator S* in Eq. (56) (and ™) onto a state with
finite numbers M,,, and M_,,, the spin current, Eq. (69), exactly changes by a LWS current quantum 2j_;,, (and 2j41,2).
The elementary currents j.,, in such quanta are given by,

(iLZWs(lrsS» . iZﬁO1 Z =1 Nh (g5)J fb)
28 25

Hence each unpaired spin 1/2 with spin projection £1/2 carries such an elementary current j.q,,. For LWSs one has that
My = 25 and M_;, = 0 whereas M1 + M_y; = 25 for their non-LWSs. The general expression for the number of
n-band holes thus reads N =Mup+Moip+) _n12(n" —n) Ny. For each of the 25 + 1 states in the same SU(2) tower,
an average number M1/, and M_j, of holes in the n bands for which N;, > 0 describe the translational degrees of freedom
of the M, and M_, unpaired spins 1/2 of spin projection +1/2 and —1/2, respectively.

The exact spin current expression, Eq. (69), is proportional to M1, — M_1,,. The currents of two sets of M/, and
M_1, unpaired spins of opposite spin projection then partially or totally (M1, = M_1,2) cancel each other. Therefore, only
an average number [Myq,, — M_;,,| of holes in the n bands for which N;, > 0 contribute to the spin current. The virtual
elementary currents of a corresponding average number 25, — [My12 — M_12] + Yy 1+12(n" — n) Ny of holes in these
bands exactly cancel each other. For Sf] = 0 non-LWSs for which M1, = M_;, this is a total canceling. Such states have
zero spin current.

The spin stiffness D(T) in the real part of the spin conductivity Drude peak, 27 D(T) §(w), is for temperatures T > 0 an
important physical quantity related to spin ballistic transport. Indeed, a finite spin stiffness implies the occurrence of such a
type of transport. At finite temperature T > 0 the spin stiffness can within the TL and for a fixed-S* canonical ensemble be
expressed only in terms of the spin currents, Eq. (69), of all energy and momentum with that S* value [87,88]. It then follows
that in the TL and within the canonical ensemble the spin stiffness of the spin-1/2 XXX chain vanishes as m* = |25*| — 0
for T > 0. At zero temperature the spin stiffness expression has additional contributions from off-diagonal matrix elements
of the spin current operator. Some of those do not vanish in the m* — 0 limit. The zero-temperature spin stiffness is thus
finite in the TL for m* — 0, as found below in Section 3.6. (It is given in Eq. (91).)

There is a direct relation between quantum spin transport and both local and quasi-local conservation laws
[201-203]. For the present model, the spin stiffness can be accessed by suitable use of the TBA [200]. It can also be accessed
employing a hydrodynamic description. Within it, the spin stiffness is calculated from the stationary currents generated in
an inhomogeneous quench from bipartitioned initial states [204]. That in the m* — 0 limit the spin stiffness of the spin-1/2
XXX chain is within the TL finite at T = 0 and vanishes for T > 0 [87,88] is illustrated in Fig. 5. The stiffness curves plotted
in that figure were calculated by use of the TBA in Ref. [200] for the anisotropic spin-1/2 1D Heisenberg chain, Eq. (50). (The
XXX chain refers to the A = 1 isotropic point in the figure.)

There is a connection between ballistic and diffusive transport in the m* — 0 limit at nonzero temperatures when the
ballistic contribution of the spin-1/2 XXX chain vanishes [205].

(70)

Jjrip ==

3.5. The spinon representation as a limiting case of the n-bands hole representation

Consider LWSs for which the numbers M = 25 of physical unpaired spins 1/2 and N,’j = 25 + N0 of holes in n bands
for which n > 1 are within the TL finite. The densities of unpaired spins 1/2 and n = 1 band holes of such states thus
behave in the TL as m; = 2S/L — 0 and n1 = Nh/L — 0, respectively. One has then that qn — 0 for such n > 1 bands
whose momentum bandwidth vanishes. For LWSs for which mS < land n <« 1 one finds that the n-bands hole elementary

currents in Eq. (68) are given by]n(q}) ](" 1)(Zyrn ) sin forn > 1. Hence]n(qj) — 0 for the above class of LWSs.

An important quantum problem refers to the spin-1 /2 XXX chain in the reduced subspace spanned by the above states
for which my — 0 and ng — Oforn > 1asL — oo. For it the expression of the LWS spin current, Eq. (67), and general
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Fig. 5. The spin stiffness of the spin-1/2 1D Heisenberg chain, Eq. (50), as a function of the anisotropy parameter A at various temperatures. (Cj is a
high-temperature proportionality constant [200].)
Source: From Ref. [200].

current, Eq. (69), simplifies to,
Ly

sl S) = Nig)) fi(g;) and

j=1

Ly

~ (M —M_155) , .

Py, Myay2, M_q2)) = % Z Ni(g) ji(q;) = ZMn/z X jij2 s (71)
=1 —t

respectively. Here,

YA M@ii@ o Ysinkl(g)
S and @) = 5 Sas

are elementary currents, Eq. (70), carried by a unpaired physical spin 1/2 of projection +1/2 and the n = 1 band elementary
current spectrum, Eq. (68) for n = 1, respectively.

The spinon representation [65,199] applies to such a quantum problem. For it the expressions in Eqs. (71) and (72) are
valid. Such expressions also refer to energy and momentum eigenstates of arbitrary spin S described only by groups of real
rapidities. The spinon representation also applies to them.

Within such a representation, the spinons are the N” = 25+Nh % holes in the n = 1 band [65, 199] It is assumed that each
spinon carrles a spin 1/2. For LWSs described by groups of real and complex rapidities for which N Z,fo ,2(n — 1) Ny
is finite, N glves the number of such spinons in singlet conflguratlons The elementary currents of such spinons vamsh
This result is confirmed by the use of the BA solution for small N % values. In contrast, the currents of an average number 2S
of remaining spinons contribute to the spin current. The latter 25 spinons are intended to be a representation of the model
2S unpaired physical spins 1/2. In the case of LWSs described only by groups of real rapidities, one has that Nf‘o = 0 and
N{‘ = 2S. For such states the N{’ = 2S spinons are intended to describe the 2S unpaired physical spins 1/2.

Each of the Nf spinons of a LWS has been inherently constructed to carry an elementary current j’{(qj’?). This is consistent

with the LWS overall spin current reading Z}; N{‘(qj) j’}(qj), Eq.(71). The spinon representation has an empirical character.
This follows for it not providing operational relation of the spinons to the model physical spins 1/2. A relevant question is
thus whether a spinon carrying an elementary current j’l'(q]’?), Eq. (72), has indeed internal degrees of freedom associated
with a spin 1/2 operator algebra? )

This issue remains hidden in the case of LWSs. For them the spin current is the sum (J7,(l;, S)) Z 1 NMa) i(g)),
Eq. (71), of the elementary currents 11( ) associated with the Nh spinons. It can be clarified though if one con51ders the
tower of non-LWSs corresponding to eac# LWS. It is useful to compare the spin currents obtained for the spin LWS and HWS
BA solutions. This reveals that if a spinon with a given momentum q carried one spin 1/2, its elementary current would read
i]1(q] ) in the case of spin projection £1/2. This would imply that one spin flip resulting from the application of the spin
SU(2) off-diagonal generator S* onto the non-LWS under consideration would lead to state spin current changes :F211(qj ).

This is though in contrast to the exact expression of the general spin current (iz(lr, M_1/2, M_1)2)) given in Eq. (71). That
expression reveals that the spin current changes under consideration rather read 2j;1, = :F[Z]-L;] N{‘(qj) j’i’(qj)]/(ZS) for
the non-LWSs belonging to the spin SU(2) towers of the LWSs considered here. This shows one cannot associate the internal
degrees of freedom of one spin 1/2 with a BA discrete quantum number n = 1 band hole momentum q}‘. Hence such internal
degrees of freedom can neither be associated with the corresponding spinon.

Jr1p ==+ for g; € [q7. 471, (72)
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Each of the N spinons with a given momentum qj’? carrying one spin 1/2 is appealing in the case of LWSs. In that case the
spinon elementary currents provide a faithful representation of the state overall spin current. However, the n = 1 band holes
associated with the spinons are mere neutral particles. An average number 25 of them merely describes the translational
degrees of freedom of the 2S physical unpaired spins 1/2. However, they lack their spin 1/2 internal degrees of freedom.
Such degrees of freedom are rather located on the 2S sites occupied by the physical unpaired spins 1/2 within the local
configurations whose superposition generates a state.

The spinon representation does not apply for general states with an arbitrary finite density m; = 2S/L = M/L of
unpaired spins 1/2 described by groups of real and complex rapidities. This is because the expressions in Eqs. (71) and
(72) do not account for all contributions to the spin current in Egs. (67)-(70) of such general states. Indeed, such currents
are not determined by the “spinons” occupancy configurations alone. For such states, a number 2S of holes in each n band
for which N, > 0 contributes to the spin current. And this applies to alln > 1 bands with finite n-pseudoparticle occupancy.
Hence the spinon representation is in this general case replaced by the extended n-bands hole representation considered in
Section 3.4. For it, the expressions in Egs. (71) and (72) that only involve n = 1 band holes are replaced by those given in
Eqgs. (67)—(70).

An extreme example refers to the LWSs whose [T = L/2 — S singlet pairs are all bound within a single gigantic
n = I1 = L/2 — S pairs-configuration. The spin current (J7(l;, S)) = —2] sing; of these LWSs stems entirely from the
2S holes in the n = IT = L/2 — S band. Specifically, it results from their motion upon exchanging position with the single
gigantic pseudoparticle of momentum g;. This spin current has thus no contribution whatsoever from the holesin then = 1
band. Indeed they do not exist because N; = 0 for such states.

3.6. The n = 1 band pseudoparticles quantum liquid

For a LWS ground state the n-band limiting values qni in Eq. (59) and Eq. (B.3) of Appendix B are given by,

qF = i% (Ly — 1) = £kpy and gF = j:% (Ly — 1) = £(key — kpy) for n> 1. (73)

Here,
b4 b4 b4 b4

kepp = —(L+2S —-2)~ —(1 d kpy = —(L—-25—-2)~ —(1—m). 74

F1 2L(+ ) 2( +m) and kr, 2L( ) 2( m) (74)
Furthermore, for such a ground state the n-pseudoparticle momentum distribution functions in Eq. (58), read,

NY(g;) = 6(qr — Igj|) and N(g;)=0 for n > 1. (75)
The n = 1 band Fermi momentum appearing here is given by,

T b4
=k = —(L—-25-2)~ —(1—m). 76
qr = kry 2L( ) 2( m) (76)

Ground states are not populated by n-pseudoparticles for whichn > 1.Inthe case of then = 1band, within the TL one can
classify the deviations 8N(q;) in Eq. (77) as SNf(q;) and SN (g;), respectively. On the one hand, for the deviations SN (g;) the
band momentum g; is such that lim;_, (|gj| — kr} ) = 0. On the other hand, in the case ofSN{"F(qj) the momentum difference
lim;_, o(|g;| — k¢ ) remains finite in the TL. PSs are in the present model subspaces spanned by a ground state and its excited
energy eigenstates with pseudoparticle overall deviations such that Z};l |5N{VF(qj)|/L — 0and Z,ﬁz In |8Nn(g;)I/L — O
as L — oo.

From the use of expansions in the deviations 6N,(q;) = Nu(q;) — N,?(qj) in the TBA equations, Eq. (58), and energy
eigenvalues, Eq. (63), the excitation energy E = E; — Egs of PS excited states is up to O(1/L) order found to be given

by,

j=1

oo oo Lp Ly

oo Ip
SE =" en(q)oNa(q) + % D3N %fnn’(‘]js q5) Nn(q;)8Nw (q7) - (77)

n=1 j=1 n=1n'=1 j=1 j'=

This n-pseudoparticle energy functional resembles that of the low-energy Fermi liquid. The main difference is that in a
Fermi liquid the quasiparticles undergo zero-momentum forward-scattering interactions only at low energies. In contrast,
due to the present spin chain integrability, the n-pseudoparticle undergo zero-momentum forward-scattering interactions
at all energy scales. This is why the energy functional, Eq. (77), applies at all energy scales.

The only restriction to the applicability of the n-pseudoparticle energy functional, Eq. (77), is associated with the PS
definition. It is thus such that within the TL the deviations SN{VF(qj) and 6N,(q;) for n > 1 involve a finite number of
n-pseudoparticles. This implies that,

! (S IoNF @l + Xy Do 10Na(ay)] )
m

L—o0 L

— 0. (78)
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The n-pseudoparticles introduced in Section 3.3 have internal degrees of freedom. Those refer to a n-pairs configuration
within which n = 2, ..., oo singlet pairs of 2n physical spins 1/2 are bound when n > 1. For n = 1 they refer to a
single singlet pair. The energy eigenstates 2IT = L — 2S paired spins 1/2 that participate in singlet configurations are
not free particles. Indeed, they interact through the Hamiltonian first-neighboring exchange interactions, Eq. (51). All their
I1 = (L — 2S)/2 singlet pairs are actually bound within (n > 1) or part of (n = 1) such states N = Y 2 N, composite
pseudoparticles. Within the corresponding pseudoparticle representation, this refers to the XXX chain physical spins 1/2
rather than to the usual spinons. Within it, the paired physical spins 1/2 exchange interactions. Those are described by
the pseudoparticles zero-momentum forward-scattering interactions associated with the f function terms in the energy
functional, Eq. (77).

The M = 2S physical unpaired spins 1/2 left over are those participating in the multiplet configurations. They are not part
of composite n-pseudoparticles and have a free nature. As was discussed in Section 3.5, they singly occupy lattice sites that
play the role of empty sites for the n-pseudoparticles. Such pseudoparticles move along the lattice with momentum g;, upon
interchanging position with the unpaired spins. As reported in that section, the spinons often used as elementary excitations
of the model zero-field ground state, are associated with the TBA n = 1 band holes. Within the present representation, an
average number 2S of such N? > 25 holes describe the translational degrees of freedom of the M = 2S physical spins 1/2.
This justifies the free fermion nature of the corresponding spinons.

The n-pseudoparticle dispersion g,(q;) in Eq. (77) reads,

en(qy) = €2(qj) +2npph and €2(q) = —% <1 + cos kg(q;) — / dk sink @1 ,(k, kg(qj))> . (79)

Here kfj(q;) denotes the ground-state momentum rapidity k"(q;). The dressed rapidity phase shifts @, w(k, k') and dressed
momentum phase shifts @,,(q;, gy) in units of 27 are defined by the following integral equations and relation,

_ 1 , 1 (¢ el (ntan(k/2)—tan(k"/2)) .
@k, k) = ge)nn, (ntan(k/2) — n"tan(k'/2)) — o /_Q dk’” = 0 (' /2) &K' K,

B (G, G7) = Pun (KE(G;), K2 (g7)), (80)

respectively. Here Q = :I:k(l)(:tqp) and @r[,ln],(x) is the derivative of the function ®, (x), Eq. (B.1) of Appendix B given in
Eq. (B.2) of that Appendix.
The f functions in Eq. (77) read,

v
Jan (G5 Gy) = valq) 27 Puw (G- 4y) + vw(qy) 27 Prvnlqy. G) + 5 — Y27 P1aledr, ) 27 P (i, Gy (81)
=%

where the group velocities are in the TL given by v,(q;) = va(q) with v,(q) = dey(q)/dq. Moreover, v = v¢(gr) is the
n = 1 pseudoparticle Fermi velocity.

When defined in general PSs, the spin-1/2 XXX chain is a quantum liquid of n = 1, ..., co n-pseudoparticle branches.
Such pseudoparticles have residual zero-momentum forward-scattering interactions associated with the term of second
order in the deviations in the energy functional, Eq. (77). At H = 0 the non-Abelian global spin SU(2) symmetry renders
gapless the excited energy eigenstates with n > 1 n-pseudoparticle occupancy. Those are described by groups of real and
complex rapidities. Hence the spin dynamical structure factors have contributions from transitions from the m = 0 ground
state to these excited states.

Turning on the magnetic field H, drives the system into m # 0 PSs. For them there emerges an energy gap A; between
the m # 0 ground state and its excited states described by groups of real and complex rapidities. Its minimum value
reads A™" = £,(0). For H > 0 the Hamiltonian term 2 HZ]L]SJ? in Eq. (51) does not commute with the global spin
SU(2) symmetry off-diagonal generators. Hence for excitation energy below this energy gap the physics is that of a U(1)
symmetry quantum problem. Its states are described only by groups of real rapidities, as in the case of the 1D Lieb-Liniger
Bose gas. Consequently, for a finite magnetic field, H > 0, the model static and low-temperature properties are determined
by excitations associated with energy eigenstates with finite n-pseudoparticle occupancy N; = (L — 2S)/2 only inthen = 1
band. The same applies to the leading-order contributions to the longitudinal and transverse spin dynamical structure factors
at finite energy scales below the gap As.

The physical quantities considered in the following have the same values both at H = 0 and in the H — 0 limit. We thus
consider finite magnetic fields in the range 0 < H < H, below the critical magnetic field for fully polarized ferromagnetism
H. = J/ug. Our following analysis refers to the model in m # 0 PSs. They are spanned by energy eigenstates with finite
n-pseudoparticle occupancy only in the n = 1 band. For simplicity, often the n = 1 pseudoparticles are called pseudoparticles
and their index n = 1 is omitted from most quantities. For instance, the n = 1 band is sometimes in the following called
pseudoparticle band or simply band. Moreover, Ny = IT = (L — 25)/2, N{l =M = 2S,and L, = (L + 2S)/2 for the PSs under
consideration.

Within the TL, the setof j = 1, ..., (L 4+ 25)/2 momentum values {q;} in the pseudoparticle band may be replaced by a
continuum momentum variable, g € [—kg4, kr4]. The set of real rapidities A; = A(q;), Eq.(57) forn = 1, are then replaced by
a rapidity function, A = A(q) € [—o0, oo], with A(Zkrs) = 00. The m € [0, 1] ground states pseudoparticle momentum

lgj=q
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occupancy range is ¢ € [—kg, kg ]. For m > 0 such states are thus populated by band holes for |q| € [kgy, kp4]. (The BA
band is full for the m = 0 absolute ground state.)
To second order in the band momentum distribution deviations §N(g;) = N(g;) — N%(g;), the energy spectrum functional

of the excited states has for the present subspaces the general form given in Eq. (10) with the summations Z;’i] replaced
by ZJ(-L:J;ZS)/ % This is as given in Eq. (10) for the 1D Lieb-Liniger Bose gas. Furthermore, the energy dispersion in the term of
first order in the deviations is now &(q;) = &1(q;), Eq. (79) for n = 1. The dispersion £°(g;) = s?(qj) controls the spin density

curve as follows,
B %kr))
2up

This applies to the spin density interval m € ]0, 1] and thus to the corresponding magnetic-field range H € ]0, H].
The energy dispersions £(q;) and £°(g;) have in the m — 0 and m — 1 limits the following analytical expressions,

H(m) = |m:172k” . (82)

e(q;) = &%qj) = —]% cos(qj) for m — 0,
e(qj) = —Jlcos(qj) — 1] for m — 1,
€%(q;) = —Jlcos(q;) + 1] for m — 1, (83)

respectively. Hence the corresponding group velocity v(q) = de(q)/dq and Fermi velocity v = v(gr) have the limiting
behaviors,

v(q;) :]% sin(gj) and v :j% for m— 0,

v(q;) = Jsin(q;) and v=0 for m — 1. (84)

Furthermore, in the m — 0 limit, the dressed phase shift 27 ®(q;, qy) = 27 ®11(qj, gy), Eq. (80) forn = n’ = 1, hasin
units of 27 at q; = 1 qr = ¢ kg (Where : = %) the limiting values,

L t
D(tkpy.qj) = —= for qj #tkp, and @(tkey, tke)) = —=(3 — 2v/2). 85
(tkey, gp) W5 qj # Lk, (tkey, tkey) Zﬁ( ) (85)
In the opposite m — 1 limit it reads in such units,
1 1 qj qy
®(qj, q7) = — arct —[t (—’)—t (—)] . 86
(g;, q7) - arc an(2 an 5 an 5 (86)

The i = 0, 1 “renormalized” Fermi velocities v; have the same general expression as for the 1D Lieb-Liniger Bose gas,
Eq. (17). (Their specific expressions, Eq. (20), apply though only to that model.) The i = 0, 1 dressed phase shift parameters
£'in Eq. (20) have also the same general expression, Eq. (18).

For spin density m > 0 the energy gap A between the ground state and the lowest-energy state with n > 1 band
finite n-pseudoparticle occupancy is an increasing function of m. For low temperatures T < Ag/kg the entropy has the
form given in Eq. (23) with the summation Zjoil replaced by Z}L:qus)/ 2, Furthermore, the thermal momentum distribution
function deviation N(g;) has also the same general form as for the 1D Lieb-Liniger Bose gas, Eq. (24). The energy dispersion
is however model dependent. The use of the same procedures as for that gas then leads for spin densities not too nearm = 1
to the following low-temperature specific temperature leading order term,

Cy kg T
. =3, (kgT). (87)
This is the result also reached by conformal field theory [45,46].

The specific-heat expression, Eq. (87), is valid at very low temperatures T < 2ug(H. — H)/kg for (H. — H) > 0. On the
one hand, at H = 0 the low-temperature thermal excitations that contribute to the specific heat expression, Eq. (87), are
singlet excited states with n-strings of length n > 1. For zero spin density they refer to gapless branches. On the other hand,
for H > 0 such excited states become gapped. The thermal excitations that contribute to the low-temperature specific heat
are then replaced by singlet excited states. They belong to a gapless branch generated by n = 1 band low-energy and small-
momentum particle-hole processes around that band Fermi points. Such states have no n-strings of lengthn > 1.ForH > 0
the specific heat, Eq. (87), can be expressed in terms of an effective mass m* = kg /v as cy /L = [2kg m*/3(1 — m)] (kgT).

The specific-heat expression obtained for H > 0 leads in the H — 0 limit to the correct H = 0 expression. This is in
spite of the H > 0 and H = 0 expressions having contributions from the above two different types of gapless excited-state
branches. In contrast, the specific-heat expression, Eq. (87), is not valid in the m — 1 limit. This is because it does not
describe properly the crossover to the specific heat exponential regime. Such a regime arises due to the gap 2ug(H — H.) in
the excitation spectrum for H > H.. Near H = H, the minimum gap for excited energy eigenstates with n-strings of length
n > 1reads A;“i“ = 3J. Hence for low temperatures, T < A;“i“ /ks = 3] /kg, the processes contributing to the specific heat
only involve n = 1 n-pseudoparticles and unpaired spins 1/2. At low temperatures the crossover regime involves both the
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above n = 1 band gapless singlet excited states and across-gap excited energy eigenstates generated by elementary triplet
processes.

The term triplet has been used here because the elementary processes under consideration lead to spin deviations
8S = 1and 8S = —1, respectively. Some authors thus associate such elementary processes with creation and annihilation,
respectively, of spin-1 magnons. This is mainly an issue of wording. Nonetheless, as mentioned in Section 3.1, within the
representation of the spin-1/2 XXX chain in terms of its L physical spins 1/2 the configurations of the excited states under
consideration lack the spin-1 magnons as defined for the model on for example the square lattice.

Specifically, within an elementary 6S = 1 process a transition from the ground state to an excited state whose minimum
gap is 2up(H, — H) for H < H, occurs. Within it, one singlet pair is broken. As a consequence a deviation §/7 = —1 occurs.
Here IT7 is the number of singlet pairs, Eq. (64). That elementary process thus corresponds to the annihilation of onen = 1
n-pseudoparticle. It is thus also associated with a deviation N; = —1. The two physical spins 1/2 that emerge from the
broken singlet configuration join the excited state multiplet configuration. Indeed, two initial-state paired physical spins 1/2
become two final-state unpaired physical spins 1/2. Consistently with the number of unpaired spins 1/2 reading M = 28,
the emergence of the two unpaired spins 1/2 leads to a deviation SM = 2. It is behind the spin deviation S = 1. There is a
related deviation, SN = 2, in the number of holes in the n = 1 band. Such two holes describe the translational degrees of
freedom of the two unpaired physical spins 1/2 that emerge from the singlet-pair breaking.

Similarly, within an elementary S = —1 process a transition from the ground state to an excited state occurs. Its
minimum gap reads 2ug(H — H;) for H > H.. Two unpaired physical spins 1/2 are annihilated and one singlet pair is
created under it. This gives rise to the deviations §IT = 1, §M = —2, and §S = —1. Within this inverse elementary process,
one n = 1 n-pseudoparticle is thus created, so that §N; = 1. There is a related deviation (SN{1 = —2 in the number of holes
in the n = 1 band.

Such an analysis confirms that the two opposite elementary triplet processes do not correspond to creation and
annihilation of one spin-1 magnon, respectively, as defined for the spin-1/2 XXX model on for example the square lattice.
Rather, such processes involve the breaking and creation of one singlet pair. Under it two paired physical spins 1/2 are
transformed into two unpaired physical spins 1/2 and vice versa, respectively.

The effect of the temperature T smooths the transition to fully polarized ferromagnetism. Therefore, the spin density
m = 1is only reached as H — oo instead of for H — H, = J/up at T = 0. Nevertheless, at low temperatures the
critical magnetic field H. remains a useful reference parameter. To derive the specific heat in the close neighborhood of
H¢, one uses a thermal momentum distribution function deviation of the general form, Eq. (24). In the present case of
the spin-1/2 XXX chain, the ground-state distribution in it is N°(q) = N?(q), Eq. (75). The n = 1 band energy dispersion
used in such a thermal momentum distribution function deviation is that suitable for spin density m — 1, which reads
e(q) ~ q*/(2m*) — 2up(H, — H). The effective triplet mass m* = 1/] in its expression refers to the m — 1 limit of the
above general effective mass m* = kg /v. The corresponding thermal excited n = 1 band momentum distribution function
controls the density of singlet pairs in the crossover critical regime. It reads,

I 1 (7 1 (" 1 o A2m* kT [° 1
/ dgN(q) = -— / dq 1+ e@/kaT p / dx - 21i5(Hc—H)
kT + 1
Up to first order in 2ug|H, — H|/kgT < 1 and yet low temperature, one does not need to account for the temperature
dependence of the mass m* in the above energy dispersion.

One uses the thermal momentum distribution function deviation in the energy functional, Eq. (77). We then find that
before reaching its maximum magnitude at a field slightly larger than H. = J /5, the low-temperature specific heat behaves
in a small field window 2ug|H — H¢| < kgT around H. = J /g as [62],

c fm* kgT 2up(H. — H
TV = kg Co ZB (C] +Cz%) for 2up|H — He| < kgT . (89)
B

o= 2200 avareaeem: e = rapxa. (90)
I’(x) and ¢(x) are in this equation the usual gamma and Riemann zeta functions, respectively. The specific heat expression,
Eq. (89), cannot be derived within conformal-field theory. For larger fields, H > H. + kgT /(25), the specific heat vanishes
exponentially, cy /L oc e~2#sH=Hc)/(kT),

In the crossover regime defined by Eq. (89), both the gapless and across-gap channels associated with singlet excitations
and excitations generated by elementary spin-triplet processes, respectively, are thermally active. That equation is only valid
for a very narrow region around H.. In Appendix D it is shown that in the 2ug|H — H.| < kgT limit in which that equation
is valid it is exactly that obtained by expanding up to first order in 2ug|H — H.|/(ksT) the general scaling function of the
specific heat derived in Ref. [206].

Procedures that resemble those of a Fermi liquid allow as well the derivation of static quantities. For instance, in
Appendix E such a type of procedures is used to show that the spin susceptlblllty, xX= Z,uB/(Bh( )/Bm) is fully controlled
by the renormalized velocity vo. Similarly to Egs. (17) and (18) for the Bose gas, v' = v + 5~ Z Y f(key, tkey) = v (& Y2

L 27 (88)

=TT -7

Here,
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Fig. 6. (a) The inverse spin susceptibility x ~' and (b) the spin stiffness D given in Eq. (91) as functions of the spin density.
Source: From Ref. [62].

and £' = 1+ &(kg, ke)) + (—1) D(kpy, —kr)) where i = 0, 1, v = vy(kr)),f = fi1,and @ = &, ;. The zero-temperature
spin stiffness D in the real part of the spin conductivity Drude peak, 27t D §(w), is in that Appendix shown to be controlled
by the renormalized velocity v;. D > 0 means physically the occurrence of spin ballistic transport.

The spin susceptibility and zero-temperature spin stiffness are in Appendix E found to read,
2
=%l and D=@, (91)

T Vg b4

respectively.

In the m — 0 limit the spin stiffness expression in Eq. (91) recovers the stiffness found in Ref. [177]. The inverse spin
susceptibility y ~! in units of ug = 1and J = 1 and spin stiffness D in units of ] = 1 are plotted in Fig. 6(a) and (b),
respectively, as a function of the spin density for m € [0, 1] [62].

3.7. The spin-1/2 XXX chain longitudinal and transverse dynamical structure factors in the vicinity of their lower thresholds

The dynamical structure factors are controlled by matrix elements of spin operators between energy eigenstates. At zero
magnetic field this includes states described by groups of real and complex rapidities. Such states have more than two
holes in the n = 1 band. Within the conventional spinon representation they are often called multi-spinon states. An early
construction to study the zero-field dynamical structure factor is based on exact results for the simpler XY model, numerical
computations on small chains, and known sum rules [ 114]. It combines rather accurate reproduction of a number of features
with its simplicity. It leads to the exact square root singularity at the lower threshold of the spectrum. Such a construction
is commonly used in the interpretation of experimental data. However some of the expressions obtained within it are not
exact. An example is the functional form at the top of the two n = 1 band holes continuum, usually called two-spinon
continuum.

Mapping the infinite chain onto a relativistic quantum field theory is another successful important scheme [42,43,207].
The connection of the critical exponents of the system with its behavior in a finite volume is achieved by finite-size
scaling [45,46]. Conformal field theory [208,209] and bosonization allow the calculation of asymptotics of correlation
functions [210,211]. This includes known normalizations for the first few leading terms in the operator expansion
[212-214]. Many studies of the dynamical structure factors in the XXX chain refer to finite systems. Those rely on numerical
diagonalizations [215], evaluation of matrix elements between BA states [114,216,217], and the form-factor method [218].
The latter method specifically relies on determinant representations for matrix elements of local spin operators. They are
obtained by solving the quantum inverse problem [219-221]. The form-factor method applies to the spin-1/2 XXZ chain,
Eq. (50). It provides the dynamical structure factor over the whole Brillouin zone [196,198].

The isotropic A = 1 model, Eq. (51), considered here poses the most challenging technical problems for theory. This is
because at zero magnetic field the contributions from states described by groups of real and complex rapidities with more
than two holes in the n = 1 band (multi-spinon states) must be accounted for. Indeed, at zero field the energy spectrum
of such states is gapless. As shown in Ref. [ 198], for anisotropy parameter A € [0, 0.8] in Eq. (50) and zero magnetic field
nearly the whole integrated spectral weight of the dynamical structure factor stems from excited states with two holes
in the n = 1 band. Those are usually designated by two-spinon BA excitations. Such states are technically simpler to
handle. However, as A increases from 0.8 to 1.0, the excited states with four holes in the n = 1 band (often called four-
spinon excitations) contribute increasingly as A — 1. This also increases the complexity of the quantum problem under
consideration. Specifically, in that limit the contributions to it from the S = 1 and S* = 0 excited states with two holes in
the n = 1band correspond to a relative integrated intensity of ~ 0.75 [193]. If in addition one accounts for the contributions
from S = 1 and S = 0 excited states with four holes in the n = 1 band, the total integrated intensity increases to ~ 0.99.
Nonetheless, all the singularities in the dynamical structure factor are determined by contributions from excited states with
two holes in the n = 1 band.
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The spin dynamical structure factors have been extensively studied in the case of zero magnetic field [ 114,193-198]. For
instance, the square root singularity at the lower threshold exponent —1/2 can be shown from purely phenomenological
considerations to be fixed at zero field by the spin SU(2) symmetry invariance alone [197]. In the following we revisit
the longitudinal and transverse spin dynamical structure factors for the less studied case of finite magnetic field. The
investigations of Refs. [221,222] on the finite-field dynamical structure factors refer mostly to anisotropy parameter A < 1
in Eq. (50). The line shape in the vicinity of the dynamical structure factor thresholds was predicted in Ref. [222] to be
controlled by momentum dependent exponents. Those have been explicitly obtained for the spin-1/2 XXX chain in Ref. [62].

At finite magnetic field the longitudinal and transverse spin dynamical structure factors are different objects. Contribu-
tions to such dynamical factors from transitions from the ground state to excited states described by groups of real and
complex rapidities are gapped for finite magnetic field. Such states are populated by n-pseudoparticles for which n > 1.
Their energy gap is for the spin density values considered in the following larger than the maximum lower threshold energy.
Moreover, except for very small fields H, these excitations have nearly vanishing spectral weight. For instance, at m = 0.5
their contributions correspond to a relative intensity of about 3 x 10~ for anisotropy parameter A = 0.3 and 4 x 1077
for A = 0.7 [221]. The estimated relative intensity obtained from the extrapolation of these results to A = 1 spin-1/2 XXX
chain is not larger than 1076,

For simplicity, our study focuses mainly on the spin density m > 0.15 range. For it the contribution from excited states
populated by n-pseudoparticles with n > 1 is negligible. Their energy gap is actually larger than the maximum lower
threshold energy. Hence in the following we limit our analysis to finite-field subspaces spanned by energy eigenstates that
are not populated by n-pseudoparticles with n > 1. The studies of Ref. [223] reveal that for the spin density m < 0.15 range,
not considered here, decreasing the magnetic field H increases the amount of the spectral weight in the dynamical structure
factor ST~ (k, w) considered below. Such a weight stems from transitions to excited states populated by both n = 1 and
n = 2 n-pseudoparticles.

As in the case of the 1D Lieb-Liniger Bose gas, the pseudoparticles can be transformed into pseudofermions. This is
achieved by means of a suitable shift of their discrete momentum values. The n-pseudofermions have exactly the same
internal degrees of freedom as the corresponding n-pseudoparticles. Indeed, they differ only in the discrete momentum
values q; and g, respectively. Those are associated with their center of mass motion. In the following we use the
pseudofermion representation and corresponding PDT [62] to study the line shape of the longitudinal and transverse spin
dynamical structure factors in the vicinity of their lower thresholds. As in the case of the 1D Bose gas, such a representation
is particularly suitable to the study of high-energy dynamical correlation functions.

In the m # 0 PSs considered in Section 3.6, the 1D Lieb-Liniger Bose gas rapidity expression, Eq. (32), is to be replaced
by A(qj) = AO(Z;U). All quantities and corresponding expressions given in Egs. (33)-(37) for that model remain valid for the
spin-1/2 XXX chain. This holds true though provided that in such expressions the dressed phase shift 27 @(gq;, g ) is now the
pseudofermion phase shift 27 &(q;, qy) = 2w ®11(qj, gy ), Eq. (80) for n = n’ = 1. Moreover, the energy dispersion &(g;) in
Eq. (35) has exactly the same form as e(q;) = e1(q;), Eq. (79) for n = 1, but with the momentum g; replaced by the
corresponding canonical momentum, g; = q(q;).

The longitudinal and transverse spin dynamical structure factors can be written as,

Sk, ) = 3 FISEIGS)| 8w — o (K)). (92)
7

Here a = x,y,z and o' (k) = Ef — Egs is the excitation energy. Thus Eff refers to the energies of the excited states that
contribute to the longitudinal 7 = I and transverse T = t dynamical structure factors and Egs is the initial ground state
energy. Moreover, S are in Eq. (92) the Fourier transforms of the usual local a = x, y, z spin operators S}, respectively.

In the following we often use the classification of Ref. [ 114], according to which class (i) and class (i1) excitations are (i)
non-LWSs and non-HWSs such that |S?| < S and (ii) LWSs or/and HWSs such that |S?| = S, respectively.

In the case of the longitudinal dynamical structure factor S%#(k, w), the exact line shape in the vicinity of its lower
thresholds is within the PDT determined by transitions to excited states that are generated from the H > 0 ground state
by high-energy one pseudofermion particle-hole elementary processes. Those conserve the number L_;/, of spins 1/2 of
projection —1/2 [62]. The corresponding energy spectrum, w!(k) = w'(—k), is for spin densities in the interval m € ]0, 1] in
which the subinterval m € [0.15, 1] considered here is contained of the form,

w'(k) = —e(q1) + &(qz2) for k=g, —qq € [0, 7]. (93)

Here ¢(q) is the energy dispersion, Eq. (79) forn = 1, q1 € [—kg}, k], and q2 € [k, kg4 ]. The longitudinal dynamical
structure factor line shape is determined within the PDT by a set of elementary pseudofermion particle-hole processes of
momentum k = ¢ (27 /L) and energy w = ¢ v k Such processes occur in the vicinity of the two ¢« = 4 Fermi points and dress
the high-energy one-pseudofermion particle-hole processes.

For the transverse dynamical structure factor,

Sk, ) = % [S*(k, )+ S~ (k, )] , (94)

one must consider the transitions to excited states that determine the line shape in the vicinity of the lower thresholds of
both the dynamical structure factors S™(k, w) and S~ " (k, w), respectively. Indeed, the corresponding transverse dynamical
structure factor spectrum w‘(k), is here expressed as the superposition of the spectra w™ (k) and o~ "(k).
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The spectra w™¥ (k) refer to excited states that are generated from the H > 0 ground state by high-energy elementary
processes. Those conserve the number L_, of spins 1/2 of projection —1/2. Such states are generated in addition by zero-
energy processes that involve a §L_;, = %1 deviation. The latter processes lead as well to a related 8Nf = +1 deviation
at the « = & Fermi points and an overall band momentum shift 8q; = Fuw /L [62]. Here SNf is the pseudoparticle number
deviation at the « = = Fermi points. The overall zero-energy processes under consideration are a net zero-momentum
process. The high-energy elementary processes associated with the spectra ™ (k) and w7 (k) are in terms of n = 1 band
occupancies, one two-hole elementary processes and one pseudofermion particle-hole elementary processes, respectively.

Hence for spin densities m € ]0, 1] (and thus m € [0.15, 1]) such spectra read,

ot (k) = —e(q1) — &(q2) for k=7 —q1 —q2 € [0, 7];
o T (k) = e(q2) — &(qq) for k=7 +¢q,—q1 €[0,7]. (95)

Here q1 € [—kg,, kg, ] for both spectra, q; € [—kg4, kg, ] for the +— spectrum, and q, € [—kr,, —kf, | for the —+ spectrum.
The line shape of the transverse dynamical structure factor is within the PDT also determined by a set of elementary
pseudofermion particle-hole processes in the vicinity of the two « = = Fermi points. Such processes dress the above
mentioned high- and zero-energy elementary processes.

A particle (and hole) branch line is a spectral feature that within the PDT is generated by high-energy elementary
processes. One pseudofermion (and pseudofermion hole) is under them created outside the Fermi points. Such processes
are dressed by pseudofermion particle-hole processes in the vicinity of such points. If the transition to the excited states
involves creation or annihilation of other pseudofermions, in the case of a branch line it occurs at the : = 4 Fermi points.
For both spin densities m — 0 and m > 0.15, the lower threshold of w!(k) (and '(k)) coincides with a hole branch line for
k € [0, 2kp ] (and k € [ — 2kgy, ]) and with a particle branch line for k € [2kg, w] (and k € [0, w — 2kg  ]).

The use of the PDT reveals that the lower threshold singularities of S*(k, w) are those of S™*(k, w) near the particle
branch line. Near the hole branch line they are those of S*~(k, w). Accounting for e(+kr| ) = 0, the longitudinal S#(k, ») and
transverse S™(k, w) hole branch lines spectra can be expressed as,

wp(k) = —¢(q) for T =1t,
k = kry —q [0, 2kpy] for v =1,

k=mn—kiy—qelm—2kp, ] for T=t. (96)
Here q € [—kg,, k¢, . The corresponding particle branch lines spectra read,

a);(k) =¢g(q) for T=1t,
k = kry +q € [2kpy, ] for v =1,

k=m—kiy+qe[0,m —2kp] for T =t, (97)

with q € [k, kps] and q € [—kgy, —kp, ] for the  and ¢ particle branch lines, respectively.

In the present case of the longitudinal and transverse dynamical structure factors, the use of the PDT suitable to the
spin-1/2 XXX chain leads to the following high-energy line shape valid for small energy deviations (w — w®(k)) > 0
[62],

S99k, w) = C* (w — & (k)% for k € [0, 7] where &(k)=—1+ ZzA;(q). (98)
=%

In this equation,a = z for t = I, a = x for r = t, and C” is a coefficient whose value remains unchanged in the range of
small energy deviations (w — @®(k)) > 0 for which the present expression is valid. The g ranges are related to those of the
physical momentum k as q = kr, — k and q = —kg + k for the S#(k, w) hole and particle branch lines, respectively. For the
hole and particle branch line of $**(k, ) one has thatq = w — kry — kand ¢ = —m + kry + k, respectively. Moreover, the
functionals 2A%(q) in Eq. (98) are the square of the pseudofermion ¢ = + Fermi points deviations (6q; /(27 /L)), Eq. (37),
specific to the present excitations. Those are given by [62],

(') —c ’ g ’
241(q) = <T + ¢ P(tkey, q)) and 2A4y(q) = <3 + ¢ P(tkey, q)) ; (99)
respectively. Here ¢ € [—kg, kpy ] forc = —landt = 1I,t,q € [kry, kpq] forc = 1and v = I, and q € [—kgy, —kf ] for

¢ = 1and r = t. The band momentum q is related to the physical excitation momentum k as given in Eqs. (96) and (97).
The longitudinal spectrum w!(k), Eq. (93), and the transverse spectrum w'(k) that results from combination of the spectra
wt (k) and w~t(k), Eq. (95), along with the corresponding exponents £/(k) and £!(k), respectively, given in Eq. (98), are
plotted in Fig. 7 for spin densities (a) m = 0.16 and (b) m = 0.25. In Fig. 8 they are plotted for (a) m = 0.30 and (b) m = 0.50
and in Fig. 9 for (@) m = 0.75 and (b) m = 0.99. On the one hand, the exponent £/(k) is negative for k > 0 at any m value. On
the other hand, the exponent £¢(k) is negative for a m-dependent range k € [k, 7 ]. Here k, increases from k;, = 0 form — 0
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2

Fig. 7. Two upper panels of each sub-figure (a) and (b): The spectra '(k) and (k) for spin densities (a) m = 0.16 and (b) m = 0.25. Lower panels: The
exponents £'(k) and &¢(k), Eq. (98), that control the singularities in the vicinity of the lower thresholds of the spectra also plotted here as a function of
k € [0, m].

Source: From Ref. [62].

F (z2)

Fig. 8. The same quantities as in Fig. 7 for spin densities (a) m = 0.30 and (b) m = 0.50.
Source: From Ref. [62].

to,

1 b
ki = —2arctan | —tan | — ~ 0377, 100
= =2 (3 (7)) 037 (100

for m — 1. The latter limit refers to Fig. 9(b).

In the m — 0 limit, the spectra w'(k), Eq. (93), and o™~ (k), Eq. (95), plotted in Figs. 7-9 reduce to their lower thresholds.
At finite m, the thresholds of these two spectra correspond to different (k, w)-plane lines. As m — 0 they become the same
(k, w)-plane line. For finite m values the lower threshold of the spectrum ™~ (k), Eq. (95), coincides with that of w™*(k) for
k € [mx — 2kg, 7]. For k € [0, = — 2kp,] it does not exist. In the m — 0 limit the lower threshold of the spectrum w™~ (k)
extends to the whole k € [0, 7] range. In that limit it coincides with those of w'(k) and w = (k). However, in contrast to the
latter spectra, w™ (k) does not reduce in that limit to its lower threshold. The spectrum of the class (ii) two-hole excitations
described by groups of real and complex rapidities is gapped for m > 0. However, in the m — 0 limit it becomes gapless
and degenerate with that of =" (k).

For the ranges of the momentum k for which the exponent &, (k) is negative, there are lower threshold singularity cusps
in SY(k, w), Eq. (98). Those are detectable as large intensity peaks in experiments. Hence analysis of Figs. 7-9 provides
valuable information on the k ranges for which there are singularities in the lower thresholds of the dynamical structure
factors S#(k, ) and S*(k, w) = SY(k, w).

In the m — 0 limit, both the T = I, t lower thresholds w; (k) coincide with the hole branch line for all k values. In that

limit the corresponding exponents &, (k) are given by &, (k) = —1/2 for all k values, i.e.,

SZ(k, w) = S¥(k, w) = C° (w — &°(k))™V2, (101)
form — 0and k € [0, 7]. Here C® = ¢! = (! and the lower thresholds w'(k) = w'(k) = @°(k) coincide with that of the
m = 0 two-hole spectrum. Consistently, &, (k) = —1/2 is also the value of the known exponent that controls the line shape

in the vicinity of the lower threshold of the latter spectrum [ 193-198].
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(a) m=0.75

Fig. 9. The same quantities as in Figs. 7 and 8 for spin densities (a) m = 0.75 and (b) m = 0.99. Note that the spin density m = 0.99 approaches the m — 1
limit within which the spectra »!(k) and w'(k) become a single line.
Source: From Ref. [62].

In the opposite limit, m — 1, the lower thresholds w® (k) coincide with the particle branch line for all k values. The
corresponding T = [, t exponents are given by,

£l(k) = 29(0, k)[1 + @(0, k)] and &f(k) = —1/2 +2®(0, k — 7)[1+ @(0, k — 7)]. (102)
Here the phase shift in units of 27 is a particular case of that given in Eq. (86). It reads,
1 1
@(0,q) = —— arctan | = tan (ﬂ) . (103)
b4 2 2

In this limit, £/(k) = 0 and £(k) = 1 for k — 0. The values decrease to &/(k) = —1/2 and &{(k) = —1/2 fork — .
The corresponding m — 1 behaviors refer to a small but finite L_; /L ratio. Using the expression for the exponent £'(k) in
Eq. (102) leads straightforwardly to the value of the momentum k; shown in Eq. (100), which is reached in the m — 1 limit.

Note though that S#(k, w) — 0as H — H; in the TL [62,114]. The two-component S*(k, ) and S#(k, ) dynamical
structure factor is then dominated by S*(k, w). At H = H,, the expression given in Eq. (98) is replaced by a §-function like
distribution,

Sk, ) = %5 (@ —J(1+cosk)) for kel[0,x], (104)

for ca = xx and by S#(k, w) = 0 for e = zz.

The exponent &, (k) given in Eq. (98) does not apply near the w = 0 lower threshold (k, w)-plane soft modes. Examples are
(kg, 0) where k{) = 2kr, and k{j = 7 — 2k . In this case the PDT reaches the same results as conformal-field theory [45,46].
Indeed, near them the two ¢« = = functionals, Eq. (194), become the conformal dimensions of the « = =+ fields [181] given
by 2A) = (§1)? and 2AL = (&¢/(2&") — £1)2. The PDT provides the corresponding low-energy S%(k, w) behavior [62,181]. It
is the same as that obtainable from conformal-field theory [45,46,176,224,225].

An experimental possibility is the potential observation of the theoretically predicted dynamical structure factors peaks
in inelastic neutron scattering experiments on actual spin-chain compounds. The dynamical structure factors S%(k, w) and
S*(k, w) may be investigated separately in H > 0 experiments on spin-chain compounds by using a carefully oriented
crystal. If the crystal is missoriented, or if a micro crystalline sample is used, the S#(k, w) and S®(k, w) spectral features
should appear superimposed. Such superimposition changes the excitations lower thresholds. It leads in addition to the
broadening of the singularities, Eq. (98). However, this does not occur at H = 0, since S¥(k, w) = S®¥*(k, w).

These two different situations are clearly seen in the magnetic scattering intensity measured at zero- and finite-field
inelastic neutron scattering experiments of Ref. [ 136], respectively, on Cu(C4H4N;)(NO3),. On the one hand, in Figs. 2(a)—(c)
of that reference the theoretically predicted sharp cusps at zero-field, Eq. (101), are clearly seen at different k values. On the
other hand, the S%(k, w) # S™(k, w) spectral features appear superimposed in the finite-field Figs. 2(d)—(f) of that reference.
Therefore, only at k ~ 7 is the theoretically predicted sharp cusp clearly visible.

More demanding H > 0 experiments with a carefully oriented crystal to be carried out on Cu(C4H4N;)(NO3), and other
spin-chain compounds should yielding separately S%(k, ) and S*(k, »). The corresponding magnetic scattering intensities
are expected to display the cusp singularities found theoretically reported here.

3.8. Outlook of the relation between the model physical spins-1/2 and the n pseudoparticles/n pseudofermions and corresponding
n-band holes

The spin-1/2 XXX chain non-Abelian global spin SU(2) symmetry has direct effects on its degrees of freedom. It gives rise
to a type of solutions of the BA equation, Eq. (58), in terms of groups of both real and complex rapidities. The latter do not
exist for the simpler U(1) symmetry 1D Lieb-Liniger Bose gas.
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For each energy and momentum eigenstate, out of the model physical L spins 1/2, there are M = 2S unpaired spins that
contribute to its multiplet configuration. There are in addition 2/7 = L—2S paired spins that are bound within I7 = (L—2S)/2
singlet pairs. The degrees of freedom of such singlet pairs are distributed over a set {N,} of n-pairs configurations. Here
N, denotes the number of n-pairs configurations within whichn = 1, ..., co singlet pairs are bound. The n = 1 pair
configurations contain a single singlet pair that remains unbound.

As in the case of the 1D Lieb-Liniger Bose gas, the problem is non-perturbative. Indeed, a spin-flip decays into a collective
excitation that involves all pseudoparticles/pseudofermions. This follows from the boundary conditions, Eqs. (55) and (60).
In contrast to the pseudoparticles of that Bose gas, for the spin-chain all n-pseudoparticles have internal degrees of freedom.
Those are associated with such composite pseudoparticles n-pairs configurations and the correspondingn = 1,...,00
singlet pairs that for n > 1 are bound within them. The n-pseudofermions have exactly the same internal degrees of freedom
as the n-pseudoparticles. They differ from them in the discrete momentum values g; and gj, respectively. Those are associated
with the translational degrees of freedom center of mass motion.

On the one hand, the IT = (L — 2S)/2 singlet pairs that contain the 2/T = L — 2S physical paired spins 1/2 are bound
within the N = )" N, pseudoparticles/pseudofermions. This is consistent with the sum rule /7 = ) 2nN,. On the other
hand, the translational degrees of freedom of the M = 2S physical unpaired spins are on average described by 2S holes out
of the N* = 25 + N0 holes in each n-band for which N, > 0. The additional N™* holes occurring in states described by
groups of real and complex rapidities have a specific goal. It is to ensure that the number of TBA energy and momentum
eigenstates that span each fixed-S subspace, Eq. (C.2) of Appendix C, exactly equals the corresponding number of spin SU(2)
state representations, Eq. (C.1) of that Appendix. The relation of the usual spinon representation for the model in well-
defined subspaces to the more general n-bands hole representation for the spin-1/2 XXX chain in its full Hilbert space has
been discussed and clarified.

Within the n-pseudoparticle/n-pseudofermion representations the spin-chain physics simplifies. Within them both the
static and dynamical properties are controlled by pseudofermion scattering and corresponding phase shifts. A further
simplification occurs for the model in m # 0 PSs for which there is an energy gap As between the m # 0 ground state
and its excited states described by groups of real and complex rapidities. For excitation energy below this gap, the physics
is that of a U(1) symmetry quantum problem. Its states are described only by groups of real rapidities, as in the case of the
1D Lieb-Liniger Bose gas. Specifically, it is a quantum liquid of n = 1 pair composite pseudoparticles, which play the same
role as the pseudoparticles of that simpler gas.

4. The 1D Hubbard model: emergent fractionalized particles from rotated electrons

The 1D Hubbard model is an integrable many-body problem that in spite of being more complex than the 1D Lieb-Liniger
Bose gas and spin-1/2 XXX chain has some common properties with both such systems. In this section, an introductory
short summary of the 1D Hubbard model development since its coordinate BA solution by Lieb and Wu in 1968 [69,70] is
presented. In addition, a uniquely defined unitary operator that transforms electrons into rotated electrons foru = U/4t > 0
is considered. Such rotated electrons have the same charge and spin 1/2 as the electrons. Only their lattice occupancy
configurations and corresponding lattice degrees of freedom differ from those of the electrons. Three basic fractionalized
particles are introduced. They naturally emerge from the rotated electrons degrees of freedom separation. The relation of
the model fractionalized particles and related exotic composite particles to the electrons is clarified.

4.1. The 1D Hubbard model: a short summary of its development

Upon the 1D Hubbard model solution in 1968 by the coordinate BA [69,70], its ground state energy was derived. Moreover,
the pioneering study reported in Ref. [69] revealed that the model undergoes a Mott metal-insulator transition at density
ne = N./L = 1 whose corresponding critical onsite interaction is U = 0. Following that solution, the ground state
properties [226-228] and the excitation spectrum [71,74,118,119,229-231] were studied by several authors. This applies
as well to the preliminary version of the model pseudoparticle representation of the BA solution reviewed here [89-102].

In 1972 the TBA and corresponding ideal strings have been proposed in Ref. [73] for the 1D Hubbard model. This has
allowed the study of the model thermodynamic properties [232,233]. The energy spectra of its elementary excitations can
be obtained from the TBA equations in the zero temperature limit [ 132]. As in the case of the spin-1/2 XXX chain, the use of
the TBA has in the TL extended the number of pseudoparticle branches from two to infinite. This ensures that their occupancy
configurations generate all the model 4" energy and momentum eigenstates [99,103-105].

An important property of the 1D Hubbard model is that its spectrum becomes conformally invariant in the low-energy
limit. The corresponding finite-size corrections were obtained in Refs. [234,235]. The relation between the finite-size
spectrum and the asymptotic behavior of correlation functions was used to calculate the critical exponents of the model
general two-point correlation functions [224,225]. The corresponding conformal dimensions have been expressed in terms
of dressed phase shifts associated with the pseudoparticle representation [90,91].

The conformal approach is not applicable to the zero-temperature model Mott insulating phase at half filling. In the
small-U and scaling limits, dynamical correlation functions at low energies [236-239] can though be computed relying
on methods of integrable quantum field theory [240-242]. Moreover, at half-filling and zero spin density the 1D Hubbard
model TBA dressed phase shifts and corresponding S-matrices have been associated with particles called holon, antiholon,
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and spinon. The holon and antiholon have zero spin and charge +e and —e, respectively. The spinon has been inherently
constructed to have no charge and to have spin 1/2 [66,67]. The model SO(4) symmetry group state representations were
identified with occupancy configurations of such particles.

More recently it was found in Ref. [147] that for u # 0 the 1D Hubbard model global symmetry is actually larger than
S0(4) and given by [SO(4)®U(1)]/Z,. (This applies as well to the model on any bipartite lattice.) As further discussed below, in
the case of the model full Hilbert space all energy eigenstates can be generated by pseudoparticle occupancy configurations.
Those refer to the state representations of the model [SO(4) ® U(1)]/Z, symmetry group.

The wave functions of the energy eigenstates can be extracted from the coordinate BA solution. An explicit representation
for the wave functions was given in Ref. [118]. The corresponding energy and momentum eigenstates are either LWSs or
HWSs [243,244] with respect to the model Hamiltonian SO(4) symmetry in [SO(4) ® U(1)]/Z, [143-146]. The non-LWSs can
be generated from the LWSs, which confirmed the quantum problem completeness [245].

The first steps to obtain the BA solution of the 1D Hubbard model by the quantum inverse scattering method were made
in Refs. [120-122]. The model Hamiltonian was mapped under a Jordan-Wigner transformation into a spin Hamiltonian.
It commutes with the transfer matrix of a related covering vertex model [120]. The R-matrix of the spin model was also
derived [121,122]. Alternative derivations were carried out by several authors [123-125]. The R-matrix was later shown to
satisfy the Yang-Baxter equation [126].

An algebraic BA having as starting point the results of Refs. [120-122] was afterwards constructed in Refs. [127,128]
for the 1D Hubbard model. Consistently with the model [SO(4) ® U(1)]/Z, symmetry, the corresponding spin and charge
monodromy matrices were found to have different ABCD and ABCDF forms, respectively. Those are associated with the spin
SU(2)and charge U(2) = SU(2)®U(1) symmetries, respectively [ 128]. The latter matrix is larger than the former and involves
more fields [128]. If the model global symmetry was only SO(4) = [SU(2) ® SU(2)]/Z,, the charge and spin monodromy
matrices would have the same traditional ABCD form, which is that of the spin-1/2 XXX chain [78]. The expressions for the
eigenvalues of the transfer matrix of the two-dimensional statistical covering model were obtained. That problem was also
addressed in Ref. [129].

The algebraic BA introduced in Refs. [127,128] allowed the quantum transfer matrix approach to the thermodynamics of
the 1D Hubbard model [246]. Within it, the thermodynamic quantities and correlation lengths can be calculated numerically
for finite temperatures [247,248]. The 1D Hubbard model Hamiltonian was found in the TL to be invariant under the direct
sum of two Y(sl(2)) Yangians [249]. The relation of these Yangians to the above R-matrix and the implications of one of these
Yangians for the structure of the bare excitations was later clarified [250,251].

In the u — oo limit the dynamical correlation functions can be computed at zero temperature for all energy scales
relying on the simplified form that the BA equations acquire. This was achieved by a combination of analytical and numerical
techniques for the whole range of electronic densities [150-158,160,161]. In the case of the one-electron spectral function
studies of Refs. [156-158], the method relies on the spinless-fermion phase shifts imposed by XXX chain physical spins
1/2. Such elementary objects naturally arise from the zero spin density and u — oo electron wave-function factorization
[118,119,150]. A related PDT [13,51,58,59,63,64] relying on a representation of the model BA solution in terms of the
pseudofermions generated by a unitary transformation from the corresponding pseudoparticles considered in Ref. [105]
was introduced in Ref. [51]. It is an extension of the u — oo method of Refs. [156-158] to the whole u > 0 range of the 1D
Hubbard model.

After the PDT of the 1D Hubbard model was introduced, the MQIM methods have been developed to also tackle the
high-energy physics of both integrable and non-integrable 1D correlated quantum problems, beyond the low-energy TLL
limit [52,53,56,57]. In the case of the 1D Hubbard model, the MQIM reaches the same results as the PDT. For instance, the
momentum, electronic density, and on-site repulsion u > 0 dependence of the exponents that control the line shape of the
one-electron spectral function of the model at zero magnetic field calculated in Refs. [54,55], in the framework of the MQIM
using input from the BA solution, is exactly the same as that obtained previously by the use of the PDT.

4.2. The Hubbard model and the infinite choices of rotated electrons

The Hubbard model in a chemical potential x and magnetic field H under periodic boundary conditions on a 1D lattice
with an even number L — oo of sites is given by,

H=tT+UVp+2uS8 +2ugHS? . (105)
Here,
L L
T==->"> (cjﬂ, Giato + 1o cj,a) and Vp =" pispjy with Bjo =, G, —1/2, (106)
o=t j=1 j=1

are the kinetic-energy operator in units of t and the electron onsite repulsion operator in units of U, respectively, and

A 1 . . 1. .
Sy =—5(L—Ne) and 8 = ——(Rer — Rey). (107)
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are the diagonal generators of the global »-spin and spin SU(2) symmetry algebras, respectively. Moreover, in Egs. (105) and
(106) the operator c}a (and ¢j » ) creates (and annihilates) a spin-projection o =1, | electron at lattice sitej = 1, ..., L. The
electron number operators read N, = Z(T:M N, and N,, = Z;:]Ne.j_a.

The o electronic momentum distribution operator is given by IQEU(I<) = c,:a Cko Where c,:a (and ci ) creates (and
annihilates) a o electron of momentum k. Its z-component n-spin/charge current operator in units of electronic charge e
(e = n) and z-component spin current operator in units of spin 1/2 (o = s) read,

L
j; = —i2t Z Z(a)&*-s (cjf(r Cirl,o — C1T+1.o chg) where o =1,s. (108)
o j=1
It is here considered in (o )%s that e = +1and ¢ = —1 for 1 and |, respectively. These n-spin/charge and spin current

operators are sometimes called in this paper « = n and @ = s current operators, respectively.

The 4" energy and momentum eigenstates of the 1D Hubbard model for u > 0 can be generated by the independent
occupancy configurations of three basic fractionalized particles. They are associated with the two SU(2) symmetries and the
c-lattice U(1) symmetry, respectively, in the model global [SU(2) ® SU(2) ® U(1)] /Zz2 symmetry mentioned in Sections 1
and 4.1.

The origin of the u > 0 global [SU(2) ® SU(2) ® U(l)]/Zz2 symmetry is a local gauge SU(2) ® SU(2) ® U(1) symmetry of
the U > 0 Hamiltonian t = 0 term first identified in Ref. [252]. At U = 0 and t # 0 that local gauge symmetry is unrelated
to the model global SO(4) ® Z, symmetry. The 1/222 factor in the u > 0 model global symmetry refers to the number 4*
of its independent representations being four times smaller than the dimension 4! of the group SU(2) ® SU(2) ® U(1).
In contrast, the factor Z, in the U = 0 model global SO(4) ® Z, symmetry corresponds to a discretely generated symmetry
associated with a well-known transformation that exchanges spin and n-spin. It is an exact symmetry of the U = 0 and
t # 0 Hamiltonian. However, it changes the sign of U when U # 0.

The c-lattice U(1) symmetry beyond SO(4) found in Ref. [ 147], which does not exist at U = 0, emerges at any arbitrarily
small finite-U value. The related U > 0 and t = 0 local gauge SU(2) ® SU(2) ® U(1) symmetry becomes for finite U and t
a group of permissible unitary transformations. The corresponding local U(1) canonical transformation is not the ordinary
gauge U(1) subgroup of electromagnetism. It is rather a “nonlinear” transformation [252]. The c-lattice U(1) symmetry has
direct effects on the u > 0 model BA solution structure. Its state representations are generated by occupancy configurations
of a specific BA quantum-number branch.

For finite values of chemical-potential x and magnetic field H the corresponding operator terms in the Hamiltonian,
Eq. (105), lower the model global symmetry. However, such terms commute with that Hamiltonian. Therefore, for finite u
and all values of the electronic density n, and spin density m, the quantum-numbers occupancy configurations that generate
all the model energy eigenstates from the electron or hole vacuum are in one-to-one correspondence to a set of independent
state representations of the © = H = 0 model Hamiltonian global symmetry algebra. Hence, for all electronic density n, and
spin density m values, that global symmetry algebra fully determines the finite-u energy eigenstates spectrum structure.
Furthermore, the number of the model non-Abelian global symmetry independent state representations exactly equals the
Hilbert-space dimension, 4* [147].

The LWSs and HWSs of the n-spin and spin SU(2) symmetry algebras have numbers S, = —S7 and S, = SZ, respectively,
where « = n and o = s, respectively. As in the case of the spin-1/2 XXX chain, in this review the LWS formulation of 1D
Hubbard model BA solution is used. Here S,, is the states n-spin, S; their spin, and S; = —(L—N,)/2and S = —(Ney — N, )/2
are the corresponding projections, respectively. The latter are the eigenvalues of the two SU(2) algebras diagonal generators,
Eq. (107). The LWSs of such algebras considered in our studies are energy and momentum eigenstates. Hence, as in the case
of the spin-1/2 XXX chain, they are here called LWSs. Such LWSs have electronic densities n, and spin densities m in the
ranges 11, € [0, 1] and m € [0, n.], respectively.

Let {|I;, s, u)} be the complete set of 4" energy and momentum eigenstates of the Hamiltonian H, Eq. (105), associated
with the BA solution for u > 0. The LWSs of both SU(2) symmetry algebras are here denoted by |I;., 125, u). The u-independent
label I,;s in them is a short notation for the set of quantum numbers,

lis =S,,Ss, 1y, ns where n, =S, +S2=0,1,...,25, and o =7,s. (109)

Furthermore, the label [; refers to the set of all remaining u-independent quantum numbers needed to uniquely specify an
energy eigenstate |I, ls, u).

As for the spin-1/2 XXX chain, the sets of (2S5, + 1) x (2Ss 4+ 1) — 1 finite-u energy eigenstates that are generated from
each LWS are called here non-LWSs. For the present model this applies to energy and momentum eigenstates that are LWSs
of only one of such algebras. Indeed, such states are not LWSs as defined above. For a LWS one then has thatn, = n; = 0in
Eq. (109). Hence [°; stands for Sy, Ss, 0, 0. The non-LWSs |I;, I, u) can be generated from the corresponding LWSs |I, 19]5, u)

ns
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as [243-245],
1 i
e bysow) = [ (ﬁm"w) llr, 5. u) where C, = (n)] [(2S.+1—1).
a=n,s o j=1
n,=1,...,25, where « =1,s,

i L t L
Sy = (Sr?) =2 (=1/¢ ¢, and §f = (55) =>.¢. G (110)

j=1 j=1

The model in its full Hilbert space can be described either directly within the BA solution [118,253] or by application onto
the LWSs of the n-spin and spin SU(2) symmetry algebras off-diagonal generators [243], as given in Eq. (110).
There are infinite unitary transformations such that,

H = VAV = eShe® where V =¢°. (111)

Within the physical problem studied in Refs. [254-259], the unitary operators V = ¢’ transform the Hamiltonian A, Eq.(105),
into a rotated Hamiltonian VTAV other than H. For it electron double and single occupancy are good quantum numbers for
finite u values. For large and intermediate u values, the operator S can be expanded as S = —Zfio( U) S®. However, it is
well-defined for the whole u > 0 range. The infinite possible choices of operators S is an issue discussed in Ref. [254]. (The

S expansion S = —>(E) 'S is minus that in Eq. (57) of that reference.)

Nonetheless, exactly the same mathematlcalAtra}nAsformatlon Eq. (111), can refer to the different physical problem
discussed in this review. For the latter problem, VIHV is for u > 0 the 1D Hubbard model written in the rotated electron
representation. The creation and annihilation operators vt jT V and V1 o V refer thus to rotated electrons rather than
to electrons. Rotated-electron single and double occupancies are then good quantum numbers for the finite-u 1D Hubbard
model. In the u — oo limit rotated-electron single and double occupancies become electron single and double occupancies,
respectively. The global c-lattice U(1) symmetry algebra generator beyond SO(4) symmetry is the operator that counts the
number of rotated-electron singly occupied sites for u > 0. (It can also be chosen to be the operator that counts the number
of rotated-electron unoccupied plus doubly occupied sites for u > 0.)

The kinetic-energy operator T, Eq. (106), can be written as T = To + TH + T,1 The operator To conserves the
number of rotated-electron doubly occupied sites. The operators TH and T_; enhance and lessen it by one, respectively. The
infinite electron-rotated- electron unitary transformatlons share an important property. It is that although the u dependent
expression of the operator Sinthe unitary operator } V= eS Eq. (111), is different for each such a transformation, for u > 0 it
always involves only the three kinetic operators To, T+1, and T_;. Another property common to all electron- rotated electron
unitary transformations is that to leading order in t /U, the operatorS Eq.(111), has the universal form, S=-—+¢ (TH T 1)-

From a straightforward yet cumbersome algebra, one then finds that the momentum operator P and the six generators of
the n-spin and spin SU(2) symmetry algebras commute with the three kinetic operators To, T41, and T_;. This ensures that
such operators commute with the electron-rotated-electron unitary operators V = ¢ and corresponding operators S.

4.3. The Hubbard model BA uniquely defined rotated electrons and corresponding c pseudoparticle, rotated spin, and rotated
n-spin operators

The pseudoparticle representation and related pseudofermion representation of the 1D Hubbard model refer to a specific
choice of the electron-rotated-electron unitary operator V. The corresponding rotated-electron creation and annihilation
operators and the number of rotated electrons at lattice site j with spin projection o operator read,

e =vt CJ-TU V, §o=Vlcg,V and fij, = E]TU Gio s (112)

respectively. Such rotated electrons are generated from the electrons by a unitary transformation defined and performed by
the BA. The corresponding electron-rotated-electron unitary operator V in Eq. (112) is uniquely defined in Ref. [64] by its
matrix elements between the model 4* energy and momentum eigenstates.

In the u — oo limit (and thus u=' — 0 limit) all spin configurations and all n-spin configurations with the same
number of doubly occupied sites are degenerated. Hence there are in that limit infinite choices of complete sets of 4* energy
and momentum eigenstates for which electron single and double occupancies are good quantum numbers. The unitary
transformation uniquely defined in Ref. [64] refers to a specific set of 4" energy and momentum eigenstates. It is that obtained
from the set of 4 finite-u energy eigenstates |I;, s, u), Eq. (110), upon turning off adiabatically u~'. The finite-u energy
eigenstates |I;, s, u) = \7*|Ih l,s, 00) generated from each such u — oo energy eigenstates |I;, I, o) have foru > 0
exactly the same values for all u-independent quantum numbers. This includes the quantum numbers I, given in Eq. (109)
and all remaining u-independent quantum numbers [ (provided below in Eq. (137)) needed to uniquely specify an energy
eigenstate |I;, 5, u). A V(u)-set of states is our designation for such continuum set of u > 0 energy eigenstates.

Important physical information can be reached from analysis of the relation between (i) the BA quantum numbers
and (ii) the rotated-electron occupancy configurations, respectively, that generate the finite-u exact energy eigenstates
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I, Lys, u) = V*llr, l,s, oo) of any V(u)-set. The rotated-electron spatial occupancy configurations that generate from the
electron (and rotated-electron) vacuum the finite-u energy eigenstates |I;, s, u) = Vfllr, L5, 0o) of any V(u)-set of states
are exactly the same as the electron spatial occupancy configurations that generate from it the corresponding u — oo
energy and momentum eigenstate |I;, 5, 0o). Hence for u > 0 the number Nslfil/z of spin-projection £1/2 rotated-electron
singly occupied sites, N,‘f, +1/2 of rotated-electron unoccupied sites, and N,'f,_l /» of rotated-electron doubly occupied sites are
conserved.

Such numbers obey the sum rules N&,, , + N{ ;5 = Nep, Ny, +Nf ) = Ney, N0+ 2N}, = N, and
NF + N,’f = L. The rotated-electron numbers equal those of the electrons. Therefore, here Ney and Ny denotes both the
number of electrons and rotated electrons of spin projection +1/2 and —1/2, respectively. However, for finite u values the
numbers NX = sR+1/2 + N _4, of rotated-electron singly occupied sites and NF = N,'fqﬂ/z + N,’fi]/z of rotated-electron
doubly occupled plus unoccupled sites are only conserved for rotated electrons.

For any operator O there is a corresponding operator 0 = V' OV whose expression in terms of rotated-electron creation
and annihilation operators is the same as that of 0 in terms of electron creation and annihilation operators, respectively. The
I = z, £ local rotated spins operators (¢ = s) and local rotated n-spin operators (o = 7),

Sl = \7T§]¥,a\7 where =z, + and o =1,s,
p s g Sy
S]',oz = sﬁa :I:lsj,ot where o =17,s, (113)

play a major role in the 1D Hubbard model pseudoparticle representation revisited below in Sections 5 and 6.
Here S’ and S’n are the usual unrotated local spin n-spin operators, respectively. The rotated local operators S}a,

Eq. (113), have in terms of creation and annihilation rotated-electron operators, Eq. (112), exactly the same expressions
as the correspondmg unrotated local operators S’ in terms of creation and anmhllatlon electron operators Specifically, the

spin operators S j .» which act onto sites singly occupled by rotated electrons, read = (5:3)T = c cj J and = (n;,,—1/2).

Similarly, the n-spin operators S}, - which act onto sites unoccupied by rotated electrons and sites doubly occupied by rotated
electrons, are given by §an = (§]+77 )f = (=1Y 4§, and §ﬁn = (7, — 1/2).

For u > 0 a non-perturbative three degrees of freedom spin-7-spin-c-lattice separation occurs at all energy scales [64].
It naturally emerges from the independent state representations of the two SU(2) symmetries and c-lattice U(1) symmetry,
respectively, in the model global symmetry. The c-lattice-n-spin degrees of freedom separation may be considered as a
separation of the charge degrees of freedom. At zero temperature and energy scales lower than 2|u| relative to the ground
state, one has that N,7 12 = = 0 (and N? 12 = = 0) for n, € [0, 1] (and n, € |1, 2]). Hence for such energy ranges the n-spin
degrees of freedom remain hidden. The three degrees of freedom non-perturbative c-lattice-n-spin-spin separation is then
seen as the usual two degrees of freedom charge-spin separation.

Under the three general degrees of freedom separation of the rotated-electron occupancy configurations, their operators,
Eq.(112), are of the form,

3 1 1 5 = N i
g =(3-5%-% ) (10 (34545, ) e and 6y =6l
zjf¢:(s+ + 5L + (1)) and &y = (& ). (114)

Here the operators f] and f;. defined below create and annihilate one ¢ pseudoparticle at the c effective lattice site
j=1,..., L Thatlatticeisidentical to the electron and rotated-electron original lattice. Their (i) occupied and (ii) unoccupied
sites are those (i) singly occupied and (ii) unoccupled and doubly occupied by the rotated electrons, respectively. Hence the
¢ pseudoparticle local density operator f1; . = j; . fi.c and the corresponding operator (1 — fi; ¢ ) are the natural projectors onto
the subset of N§ = N, original-lattice sites singly occupied by rotated electrons and onto the subset of N = Nh =L— N,
original- lattlce sites unoccupied and doubly occupied by rotated electrons, respectively. It then follows that the local
operators S! o EQ- (113), can be written as,

Si,="jcq and S =(1—7c)g where |=z %, (115)

respectively. Here the | = z, & local ns quasi-spin operators,
FJJI- = 5;,3 + 5},,7 where [ =4, 2z, (116)
such that ?]ji =q £ if]]’.' , have the following expression in terms of rotated-electron creation and annihilation operators,
aj_ = (aj_)T = (E‘jT =+ (—1)’ Ej,T) E]"i and E]]Z = (ﬁj& - ]/2) . (117)

The local ¢ pseudoparticle operators ffc and f; . in Eq. (114) are uniquely defined for u > 0 in terms of rotated-electron
creation and annihilation operators, Eq. (112). This is achieved by combining the inversion of the relations, Eq. (114), with



J.M.P. Carmelo, P.D. Sacramento / Physics Reports 749 (2018) 1-90 39

the expressions of the local operators 5}45 and §Ij’.n provided in Eqs. (115)-(117). This gives,

=Gt =¢, 0 —f)+(=1Yg 7, and Ay =f1fic for j=1.....L. (118)

The operator 1j;, in this equation is the ¢ rotated-electron local density operator given in Eq. (112). (In the u — oo limit,
the ns quasi-spins associated with the operators, Eq. (117), and the ¢ pseudoparticle holes associated with operators f; ,
Eq. (118), become the quasispins and quasicharges, respectively, of Ref. [260].)

On the one hand, the rotated spins 1/2 of projection £1/2 are the spin-1/2 fractionalized particles associated with the
| = z, & spin operators Sj’,S in Eq. (115). They refer to the L 11 = Ns'fil/2 spins 1/2 of the rotated electrons with such a
spin projection that singly occupy sites. On the other hand, the rotated n-spins 1/2 of projection +1/2 are the n-spin-1/2
fractionalized particles associated with the | = z, £ n-spin operators Sj’ﬂ in Eq. (115). They refer to the n-spin degrees of
freedomof the L, 11/, = Nii]/z sites unoccupied (41/2) and doubly occupied (—1/2) by rotated electrons.

The charge and spin of the electrons remain invariant under the electron-rotated-electron unitary transformation.
Indeed, it only changes their spatial original lattice occupancy distributions. Therefore, the rotated spins 1/2 and rotated
n-spins 1/2 are physical particles with a well-defined relation to the rotated electrons and corresponding electrons. There
is a rotated spin 1/2 and rotated n-spin 1/2 quantum problem for the 1D Hubbard model in each fixed-N, subspace where
N. = NF € [0, L]. The reason is that only in such subspaces are the numbers Ly = N} = N, of rotated spins 1/2 and
L, = N,’; = L — N, of rotated n-spins 1/2, respectively, fixed. The rotated spin 1/2 and rotated n-spin 1/2 representation is
well defined in such subspaces.

For simplicity, in the remaining of this review the rotated spins 1/2 and rotated n-spins 1/2 are called spins 1/2 and n-spins
1/2, respectively. The spins 1/2 are though only those carried by the rotated electrons that singly occupy original lattice sites.
Those within the rotated electrons doubly occupied original lattice sites rather refer to the n-spin SU(2) symmetry algebra.
Indeed, such doubly occupied original lattice sites n-spin degrees of freedom correspond to the n-spins of 5-spin projection
—1/2. (The unoccupied original lattice sites n-spin degrees of freedom refer to the n-spins of n-spin projection +1/2.)

Within the above general separation, the (i) global c-lattice U(1) symmetry, (ii) global n-spin SU(2) symmetry, and
(iii) global spin SU(2) symmetry state representations are, in each subspace with a fixed number NX of rotated-electron
singly occupied sites, generated by three sets of independent occupancy configurations. Those involve: (i) The N, = NF
¢ pseudoparticles without internal degrees of freedom and corresponding Nf = N,’f ¢ pseudoparticle holes; (ii) The
Ly+1p = NsR,il/Z spins 1/2 of projection 1/2; (iii) The L, +12 = N,’f,ﬂ/z n-spins 1/2 of projection +1/2. It then follows
that their numbers are such that,

Ls = Ls, 112 + Ls,—12 = Nc,

Ly=1Ly 12+ Ly—12=L— N, = NI,

Ls.+l/2 - Ls,—1/2 = _2552 = Ne? - Ne¢ P

Lys12 = Ly—1/2 = =257 =L =N, (119)

Here L; denotes the number of spins and L, that of n-spins. Those equal the numbers N, of ¢ pseudoparticles and Né’ =L—N,
of ¢ pseudoparticle holes, respectively.
The numbers N, of ¢ pseudoparticles, L, 11/, of n-spins of projection 1/2, and L 11/, of spins of projection £1/2 are
fully controlled by those of rotated electrons as follows,
N.=N3, N'=NJ and N.+N!'=N3+N] =1L,

La,j:]/Z = Ng,i1/2 and L, = La’+1/2 =+ La,—]/Z = Ng where o = n,S. (120)

This is consistent with such fractionalized particles stemming from the rotated-electron occupancy configurations degrees
of freedom separation.

The global three degrees of freedom rotated-electron separation leads locally in what the onsite rotated-electron
occupancies is concerned to two degrees of freedom separation. On the one hand, the degrees of freedom of each rotated-
electron occupied site decouple into one spin-less ¢ pseudoparticle without internal degrees of freedom and one spin 1/2
that carries its spin. On the other hand, the degrees of freedom of each rotated-electron unoccupied and doubly occupied
site decouple into one ¢ pseudoparticle hole and one n-spin 1/2 of projection +1/2 and —1/2, respectively. Hence the local
two degrees of freedom separation corresponds to those of the c-lattice U(1) symmetry and one of the two global SU(2)
symmetries, respectively.

The unitarity of the electron-rotated-electron transformation implies that the rotated-electron operators E]Ta and G0,

Eqs. (112) and (114), have the same anti-commutation relations as the corresponding electron operators CTU and ¢4,

respectively. Straightforward manipulations based on Eqs. (113)-(118) then lead to the following algebra for the local ¢
pseudoparticle creation and annihilation operators,

Ul fred =8y and (£ ff = {fic.fred=0. (121)
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Furthermore, the local c pseudoparticle operators and the local rotated quasi-spin operators ?]}, Eq.(117), commute with
each other. From the use of Egs. (113)-(117) one confirms that the SU(2) algebra obeyed by the local quasi-spin operators
gj is the usual one,

[G.3;1=8y2 and (G 3] =7F8;G - (122)

The same applies to the SU(2) algebras of the corresponding (rotated) n-spin and spin operators §J",,] and 5},5' respectively.
Moreover, [?)}", ?;j’,,] = 0 and [5},(1’ §j’.,.a,] = 0. The ¢ pseudoparticle and s quasi-spin operator algebras refer to the whole
Hilbert space. In contrast, those of the (rotated) n-spin and spin operators correspond to fixed-N, subspaces.

The degrees of freedom separation, Eq. (114), is such that the ¢ pseudoparticle operators, Eq. (118), (rotated) spin
1/2 and n-spin 1/2 operators, Eq. (115), and the related ns quasi-spin operators, Eqs. (116) and (117), emerge from the
rotated-electron operators by an exact local transformation that does not introduce constraints. The expressions of the
¢ pseudoparticle, spin 1/2, and n-spin 1/2 operators in terms of rotated-electron creation and annihilation operators are
valid for u > 0. The latter operators are related to the original electron creation and annihilation operators through the
transformation, Eq. (112). The unitary operator in that transformation is uniquely defined in Ref. [64] by its 4" matrix
elements. Combination of all such equations thus uniquely defines for u > 0 the c pseudoparticle, spin 1/2, and n-spin
1/2 operators in terms of electron creation and annihilation operators.

In the case of the spin-1/2 XXX chain, the number L of sites singly occupied by spins 1/2 is a good quantum number. The
emergence within the u > 0 1D Hubbard model rotated-electron representation of Ly = Nj spins 1/2 that singly occupy
Ls = N, original-lattice sites renders the problem much similar to that of such a chain. Also the L, = N,;’ n-spins 1/2 singly
occupy L, = Nf = L — N, original-lattice sites. As justified in Appendix F, the present rotated-electron representation spin-
1/2 and n-spin-1/2 occupancy configurations that generate the two SU(2) symmetries degrees of freedom of the energy
and momentum eigenstates of the 1D Hubbard model for u > 0 are actually exactly the same as those that generate the
energy and momentum eigenstates of a spin-1/2 and n-spin-1/2 XXX chain with L = N and L, = N? = L — N sites,
respectively. The relation to the 1D Lieb-Liniger Bose gas is brought about by the independent occupancy configurations
of the ¢ pseudoparticles, which have no internal structure. And as the pseudoparticles of that gas, they are associated with
a U(1) symmetry. Indeed, they generate the c-lattice U(1) symmetry degrees of freedom of the energy and momentum
eigenstates of the 1D Hubbard model for u > 0.

As mentioned above, the ¢ pseudoparticles live on a c effective lattice similar to the original lattice. In contrast, the (i)
spins 1/2 and (ii) n-spins 1/2 only “see” the sites (i) singly occupied and (ii) unoccupied and doubly occupied, respectively,
by rotated electrons. Hence for the model in fixed-N, subspaces one can define within the TL a squeezed spin effective lattice
with Ly = N} = N, sites on which the spins 1/2 live. One can define as well a corresponding squeezed n-spin effective lattice
withL, = N,’; = L — N, sites for the n-spins 1/2. The numbers of sites of such squeezed n-spin and spin effective lattices are
thus given by,

L,=N'"=L-N, and L =N, (123)

respectively. The squeezed n-spin and spin effective lattices remain the same for the (25, + 1) x (25 + 1) — 1 non-
LWSs |I;, I,;s, u) generated from the LWSs, Eq. (110). Their configurations in such lattices are those of the non-LWSs of the
corresponding n-spin-1/2 and spin-1/2 XXX chains with L, and L sites, respectively.

Squeezed spaces are actually well known from studies of the 1D Hubbard model in the u — oo limit [119,150,156-
158,261]. Such studies have used the u — oo energy and momentum eigenstates |I;, I,;, co) associated with the BA solution
considered in this paper. In Appendix F some of the u — oo properties in terms of electron occupancy configurations that
generate the states |I;, I, 0o) are extended to the u > 0 range in terms of rotated electrons.

The c effective lattice, n-spin effective lattice, and spin effective lattice occupancy configurations are independent. The
role of the representations of the c-lattice U(1) symmetry generated by the ¢ pseudoparticle occupancy configurations is
indeed to store the information on the positions in the original lattice of the Nj = N sites singly occupied by rotated
electrons (c pseudoparticles) relative to the Ng = NCh sites doubly occupied and unoccupied by rotated electrons (c band
holes). This ensures that the spin effective lattice occupancies of the L, = N; = N, spins 1/2 and n-spin effective lattice
occupancies of the L, = N,'g = N{ n-spins 1/2 associated with the spin and n-spin SU(2) symmetries, respectively, are
independent.

It follows from such an independence that within the TL the spin (¢« = s) and n-spin (¢« = n) effective lattice sites
locations can be associated with their fixed-N, subspace average locations atx = a, jwherej =1, ..., L,. The spin effective
lattice spacing as and n-spin effective lattice spacing a,, thus correspond to the average spacing between the c effective lattice
occupied sites and between such a lattice unoccupied sites, respectively, in the corresponding N.-fixed subspace. This gives,

L L
G, = — = —a where o =1,s. (124)
L, L,
This spacing ensures that the n-spin (¢ = n) and spin (¢ = s) effective lattices have exactly the same length as the original
lattice. The effective lattice spacings, Eq. (124), are in general larger than that of the original lattice. The exception refers to
subspaces for whichn, — 1and n’g — 1. For them these sites numbersread L = L; L, = 0and L, = 0; L, = L, respectively.
Hence in these two density limits the spin and »-spin effective lattice becomes the original lattice and the »-spin and spin
effective lattice does not exist, respectively.
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4.4. Unpaired and paired spins and n-spins

The energy eigenstates that span a fixed-N, subspace are a superposition of c effective lattice, spin effective lattice, and
n-spin effective lattice occupancy configurations. As discussed in Appendix C, the two degrees of freedom separation of
the rotated-electron occupancies of each of the L original lattice sites is behind the two sum rules given in Eq. (C.3) of that
Appendix.

For the energy eigenstates of spin (@ = s) or n-spin (¢ = 1) S, < L,/2 in a fixed-N, subspace, the corresponding spin
or n-spin effective lattice occupancy configurations have a number 2S5, of sites occupied by a set of M, = 2S, spins 1/2
(¢ = s) or p-spins 1/2 (@ = n) that participate in the (spin or n-spin) multiplet configuration. They have in addition a
complementary set of even number L, — 2S,, spin or -spin effective lattice sites. Those are singly occupied by L, — 2S, spins
1/2 or n-spins 1/2, respectively, whose configuration forms a tensor product of (spin or n-spin) singlet states. Such results
are those expected from the direct relation to the n-spin-1/2 and spin-1/2 XXX chains with L, and L; sites, respectively.

Such an analysis applies as well in terms of the spin and 5-spin degrees of freedom of the original lattice sites rotated-
electron occupancy configurations. Indeed, the spin 1/2 occupancy configuration order in the spin effective lattice is exactly
the same as that of the spins of the rotated electrons that singly occupy sites in the original lattice. This is independent of
the positions in it of the sites unoccupied and doubly occupied by rotated electrons. Similarly, the n-spin 1/2 occupancy
configuration order in the n-spin effective lattice is exactly the same as that of the rotated-electron doubly and unoccupied
sites in the original lattice. Again, this is independent of the positions in it of the sites singly occupied by rotated electrons.
Consistently, the spin-1/2 XXX chain distribution of the squeezed spin wave function ¢>§U(2)(x5¢, ...)inEq.(F.1) of Appendix F
does not change if the chain of rotated-electron singly occupied sites is “diluted” by rotated-electron unoccupied and doubly
occupied sites. The same applies to the n-spin-1/2 XXX chain distribution of the squeezed n-spin wave function qbgu(z)(xd, coY)
in that equation if the chain of rotated-electron unoccupied and doubly occupied sites is “diluted” by rotated-electron singly

occupied sites.
32

All the energy and momentum eigenstates with the same S, have the same spin (o = s) or n-spin (o« = 1) S, eigenvalue.
Therefore, the energy and momentum eigenstates are superpositions of the corresponding above two types of configuration
terms. Each term in them is characterized by a different partition of L, spins 1/2 (¢ = s) or n-spins 1/2 (¢« = n) into two
types of configurations. M, = 2S, such spins or n-spins, respectively, participate in a 2S, + 1 (spin or -spin) multiplet. The
remaining even number L, — 2S, of spins 1/2 or n-spins 1/2 participate in a product of (spin or n-spin) singlets. The latter
are associated with a corresponding number,

1
I, = E(La —2S,) where a =s,7, (125)

of spin (o = s) or n-spin (¢ = n) singlet pairs. In the following they are often generally called «-singlet pairs.

The unpaired spins and paired spins (¢ = s) and unpaired n-spins and paired n-spins (@ = n) are the members of such two
sets of M, = 2S, and 211, = L, — 2S,, respectively, spins 1/2 and »n-spins 1/2. For a spin and n-spin LWS, all unpaired spins
1/2 and unpaired n-spins 1/2, respectively, have projection +1/2.

The number of pairs 77, is directly related to the spin SU(2) symmetry (¢« = s) and n-spin SU(2) symmetry (¢ = ) in the
[SO(4)® U(1)]/Z, = [SU(2)®SU(2) ® U(l)]/Zz2 global symmetry of the u > 0 1D Hubbard model Hamiltonian. Indeed, the
expression, Eq. (C.4) of Appendix C, of the number Ninglet(Sa, L) of that model independent spin (o = s) and n-spin (« = )
«-singlet state representations in a fixed-N, and fixed-S, subspace is a function of only the number of pairs I7, and of the
number of spins 1/2 (« = s) and n-spins 1/2 (« = n) L,.

For general u > 0 LWSs and their non-LWSs one finds that the number M; .1/, of unpaired spins of projection £1/2 and
M, +1/2 of unpaired n-spins of projection 4-1/2 are good quantum numbers. They read,

My 12 = (So FS2) and My =My _1/2 + My 412 = 25, where a =1,s. (126)

The set of an energy and momentum eigenstate /7, n-spin-singlet pairs and I7; spin-singlet pairs contains an equal number
of n-spins 1/2 and spins 1/2, respectively, of opposite projection. Hence the total number L, +1/> of n-spins of projection
+1/2 (¢ = n) and spins of projection £1/2 (o« = s) is given by,

1
Ly 12 = Iy + Mgy 112 = E(La F2S7) where o =7,s. (127)

The n-spin and spin SU(2) symmetry algebras diagonal generators §; and §Sz, Eq. (107), and off-diagonal generators St

§n = (§,7+)T and §j §3 = (§j)T, Eq. (110), commute with the electron-rotated-electron unitary operator v, Eq. (112). Hence
such operators have the same expressions in terms of electron and rotated-electron operators. The M, = 2S, unpaired
spins (¢ = s) and unpaired 7-spins (@ = 7) multiplet configurations are as given in Eq. (110) generated by application
of the @ = 7, s operators S} onto the LWSs. Therefore, the corresponding non-LWSs original lattice spatial occupancy
configurations of the unpaired spins and unpaired n-spins generated from the LWSs are for the whole u > 0 range exactly the
same in terms of rotated electrons and electrons, respectively. Indeed, for u > 0 such local configurations remain invariant
under the electron-rotated-electron unitary transformation. Hence the unpaired spins (¢ = s) and unpaired n-spins (¢ = 7)
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are for u > 0 not rotated. They thus refer to electron unpaired physical spins 1/2 and to the 5-spin degrees of freedom of
physical onsite spin-singlet electron pairs, respectively.

The a-singlet configurations of the 271, = L, — 2S, paired spins 1/2 (¢« = s) and paired n-spins 1/2 (@ = n)
left over are though also physical spins 1/2 and physical n-spins 1/2 in what their spin and 5-spin degrees of freedom,
respectively, is concerned. Only their original lattice spatial occupancies are changed under the electron-rotated-electron
unitary transformation.

5. The 1D Hubbard model ¢ and an pseudoparticle representation

The relation of the different types of the 1D Hubbard model pseudoparticles and band holes to its physical particles, the
electrons, is much more involved than for the 1D Lieb-Liniger Bose gas and spin-1/2 XXX chain. Nonetheless, the relation of
the latter model physical spins 1/2 to its n-pseudoparticles and holes plays a valuable role in the study of the corresponding
more complex problem of the 1D Hubbard model.

Here the functional representation of the 1D Hubbard model TBA solution is related to the three basic fractionalized
particles that naturally arise from the rotated electrons degrees of freedom separation. The composite an pseudoparticles
emerge from such a relation. The charge and spin current carriers and the general c-band and en-bands hole representation
is an issue also discussed in this section.

5.1. The functional representation of the 1D Hubbard model TBA solution

Some of the 1D Hubbard model TBA solution quantities and equations introduced in Ref. [73] needed for our analysis
are provided here within a suitable distribution functional representation. The model TBA equations are within such a
representation given by,

oo Lsp .
2 sink(q;) — A°™(qy)
g = K@)+ Y. Y Nalgy)arctan ( : :

4 nu
n=1j=1
L
2 o sink°(q;) — A™(qy
+ I Z Z N,,n(qj/)arctan< (qj)nu (4 )> for j=1,...,L, (128)
n=1 j'=1
and
2(—1)an & A*"(q;) — sink(qy
qj = Sa.y Z arcsin(A*"(q;) — ivnu) + i Nc(qj/)arctan< (9)) - (9 )>
(=1 j=1
13 A(g)) — A" (qy) |
IS Nawlapony (DAY por v,
n'=1j=1
where « =7n,s and n=1,...,00. (129)

The BA 8 = ¢, an branches numbers Lg appearing in these equations read,

Le = No +N! =Nf+ NP =L where N} =L— N,

o]
Lan = Non + N}, where N}, =25, 4+ Y 2(n' — n)Now ,
n’=n+1
Lg
Ng = ZNﬂ(qf) where 8 =c,nn,sn and n=1,...,00. (130)
j=1
The function ®,,y(x) in Eqs. (128) and (129) is given in Eq. (B.1) of Appendix B and the 8-branch discrete quantum numbers
q; read,

2
qj:TIjB for j=1,...,Lg where B =c,nn,sn and n=1,...,00. (131)

Here {Ijﬂ} are the g-branch j = 1, ..., Lg quantum numbers {g;} in units of 27 /L. Those are either integers or half-odd
integers according to the following boundary conditions [73],

I/ =0,+1,4£2,... for Iy even,
= +1/2,43/2,45/2,... for Iz odd, (132)
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where,
Ie=NV@ = %" ZNM and Iy =Lym—1 for e =n,s and n=1, . (133)
a=n,s n=1
The B = c, an branch successive set of discrete values g;, Eq. (131), have fixed separation, gj.; — q; = 2n/L. In

addition, they have only occupancies zero and one. The B-branch distribution functions Ng(g;) in Egs. (128) and (129)
thus read Ng(q;) = 1 and Ng(q;) = 0 for occupied and unoccupied such discrete values, respectively. Each energy and
momentum eigenstate is described by different occupancy configurations of the distributions {Ng(g;)} corresponding to all
BA B = c, nn, sn branches wheren = 1, ..., oo. The numbers Ny and N’é defined in Eq. (130) are thus those of occupied and
unoccupied, respectively, B-branch discrete values g;, Eq. (131).

Solution of the coupled TBA equations, Eqs. (128) and (129), provides the real momentum rapidity function k°(q;) and
the set of n = 1, ..., oo real rapidity functions A,,(q;) and A(q;) of each energy and momentum eigenstate. Quantities
such as the energy eigenvalues given in Egs. (B.5)-(B.8) of Appendix B [69-71,73] and the charge and spin current operators
expectation values depend on the g-branches discrete values g; through the dependence on them of the momentum rapidity
function k°(q;) and the @ = n,sand n = 1,..., co rapidity functions A;(g;). The latter are the real part of TBA complex
rapidities of general form,

A"™(g) = A*™g;) +i(n+1—2D)u where « =7n,s, n=1,...,00 and I=1,...,n. (134)
For n = 1 this rapidity is real and otherwise its imaginary part is finite. A TBA an-string is a group of | = 1, ..., n rapidities,
Eq. (134), all with the same real part, A“*(q;). For « = s and @ = n those are the spin and charge, respectively,

an-strings [132]. As for the spin-1/2 XXX chain [131], for a large finite system some of the 1D Hubbard model an-strings
deviate from their TBA ideal form, Eq. (134). The effects of such string deviations [132] are in the TL though not important
for the properties considered in this paper.

As in the case of the simpler models also reviewed in it, the discrete quantum numbers q; in Eq. (131) play the role of
B = ¢, an band momentum values. Consistently, the momentum eigenvalues are additive in g; and read,

oo Lsp oo Ly

P = ZQJ N¢( q1 + ZZQJNsn QJ + ZZ(” Ny q1)+7TLn -1/2 - (135)

n=1 j=1 n=1 j=1

The momentum contribution 7L, _1,, = 7 (M, + M, _1,;) involves the number L, _;,, of n-spins of projection —1/2,
Eq. (127) for « = n. Such a contribution follows from the paired and unpaired spins 1/2 and n-spins 1/2 of projection
+1/2 having an intrinsic momentum given by,

Gs+12 = qn+12 =0 and q, 1 =7. (136)

Thesetj=1,...,Lg of B = c, an bands discrete momentum values g; belong to well-defined domains, q; € lqg, q;]. The
limiting momenta q?; appearing here are given in Eq. (B.4) of Appendix B.

The momentum and energy spectra, Eq. (135) and Eq. (B.5) of Appendix B, apply to all 4* energy eigenstates {|I;, s, u)},
Eq.(110). Their label I, can now be defined. It corresponds to a short notation for the following set of TBA quantum numbers,

lr:{Ijﬁ} such that Nﬁ(qj):Nﬂ([Zn/L]If)zl for j=1,...,Lg, B=c,yn,sn and n=1,...,00. (137)

The TBA equations, Eqgs. (128) and (129), refer explicitly to LWSs. However, they can be extended to non-LWSs,
Eq.(110)[118,119,253]. This can be achieved by formally setting some of the rapidities A" and A" in such equations equal
to infinity [118,119]. For example, Egs. (3.23b) and (3.24b) of Ref. [ 118] describe a n-spin non-LWS with numbers S, = 1and
S; = 0. Moreover, Eqgs. (3.23a) and (3.24a) of Ref. [118] describe a LWS with numbers S, = Sf] = 0, Eq. (110). Alternatively,
in Eq. (110) one has combined symmetry with the BA solution to generate the non-LWSs from the LWSs [243].

5.2. The composite an pseudoparticles associated with the paired n-spins (« = n) and paired spins (¢ = s)

It was confirmed in Refs. [243-245] that the TBA quantum number configurations combined with the spin and n-spin
SU(2) multiplet configurations generate the 4 energy eigenstates that span the 1D Hubbard model Hilbert space. Beyond
the analysis of Refs. [243-245], the Hilbert-space dimension 4" also equals the number of independent state representations
of the 1D Hubbard model global [SU(2) ® SU(2) ® U(l)]/Zz2 symmetry. (In 1991 and 1992 only the SO(4) symmetry in the
u > 0 model global [SO(4) ® U(1)]/Z, symmetry [147] was known [243-245].)

The proofinvolves the requirement addressed in Appendix C thatin any spin (¢ = s)and n-spin (e = n)S,-fixed subspace
the number of independent «-singlet configurations Ninglet(Sy ) is exactly the same when obtained from the counting of two
apparently different types of configurations. (This is similar to the spin configurations of the XXX chain.) The first type of
configurations refers to the two « = 7, s SU(2) group states representations associated with the spins 1/2 (¢« = s) and
n-spins 1/2 (@ = n) independent configurations with the same spin and n-spin, respectively, S,, Eq. (C.4) of Appendix C. The
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second type of configurations corresponds to the independentn = 1, ..., oo bands {q;} occupancy configurations of the sets
of N, an-strings obeying the « = n, s TBA sum rules Z;’iln Non = (Ly — 25,)/2.

It follows that the set of an-strings of an energy and momentum eigenstate is directly related to the set of I, spin (o = s)
and n-spin (¢ = n) a-singlet pairs, Eq. (125). (This is as for the spin-singlet pairs of the spin-1/2 XXX chain.) Such pairs
involve the subset of 217, = L, — 2S, spins 1/2 and n-spins 1/2, respectively, that participate in a-singlet configurations.
Specifically, each an-string refers to an an-pairs configuration within which a number n > 1 of «-singlet pairs are bound.
For n > 1 such a binding is associated with the corresponding imaginary parts,i(n+ 1 —2l)u, of thel = 1, ..., nrapidities,
A“”=’(qj) = A“"q;) +i(n+ 1 — 2l)u, Eq. (134), with the same real part, A*"(q;). For n = 1 an an-string involves a single
a-singlet pair.

The n > 1 a-singlet pairs that are bound within an an-pairs configuration associated with a string of length n > 1 are
here called bound spin-singlet pairs (¢ = s) and bound n-spin-singlet pairs (a« = n). For n = 1 the rapidity A‘“*](qj) imaginary
part vanishes because a n = 1 an-string reduces to a single «-singlet pair. The unbound spin-singlet pairs (¢ = s) and
unbound n-spin-singlet pairs (« = n) of an energy eigenstate are the N, a-singlet pairs that refer to the N,; n = 1 an-pairs
configurations.

The numbers 7, = (L, — 2S,)/2 of spin (¢ = s) and n-spin (¢« = n) a-singlet pairs classify the u > 0 energy and
momentum eigenstates associated with the BA solution in two different yet related and complementary ways. On the one
hand, since L, = L — N¢ and Ly = N, they are amid the quantum numbers of that solution. This follows from N¢, the spin S;,
and the »-spin S, being good quantum numbers that classify the corresponding u > 0 energy and momentum eigenstates.
On the other hand, each of the numbers [ = 1, ..., n and the number n that classify a TBA an-string and corresponding set
of | =1, ..., nrapidities, A”‘”"(qj) = A*"(q;) +i(n+ 1 — 2l)u, Eq. (134), with the same real part, A*"(qg;), refer to one such
pairs and to their number, respectively.

The (above mentioned) following exact TBA sum rules hold for all u > 0 energy and momentum eigenstates,

o0
1
I, = ZnNM = i(L“ —2S,) where a =s,7n,
n=1

o0
1
M@ = 3" My= )" Ny = S (L =25 —25)). (138)
a=n,s a=n,s n=1
This is consistent with the relation of the set of Z;";ln Nqn TBA an-strings of all lengths n = 1, . .., oo of such a state to the

set of I1, spin (¢ = s) and n-spin (¢ = n) a-singlet pairs.

ITY® denotes in Eq. (138) the total number of both spins and #-spins singlet pairs and Ny, is the number of an-pairs
configurations that equals that of @n-band discrete momentum values g; that are occupied. Below in Section 6.3 it is shown
that the configuration of the two spins within one such unbound spin-singlet pair and that of the two n-spins within one
unbound n-spin-singlet pair has a binding and anti-binding character, respectively. This applies to the internal structure of
all I7; spin-singlet pairs and all I7,, n-spin-singlet pairs, respectively, of a u > 0 energy and momentum eigenstate.

There is a one-to-one correspondence between the N,, an-pairs configurations with the same number n of a-singlet
pairs of an energy eigenstate and the Ny, occupied momentum values g; of the corresponding en-band distribution Ny (g;),
respectively. An en-pairs configuration involves a set of 2n paired n-spins 1/2 (@ = n)or paired spins 1/2 (@ = s). They singly
occupy a set of 2n original-lattice sites. The use of the TBA equations given in the previous section reveals that their center
of mass moves with momentum g;. All the 2n paired spins 1/2 (o = s) or paired n-spins 1/2 (@ = 1) move coherently along
with it. This occurs through processes within which such 2n paired spins 1/2 or paired n-spins 1/2 interchange position with
the M,, = 2S, unpaired spins 1/2 or unpaired n-spins 1/2, respectively. Between each such a elementary process, both the
latter and the 2n paired n-spins 1/2 (« = n) or paired spins 1/2 (¢ = s) singly occupy original-lattice sites.

We associate one an pseudoparticle and one an-band hole with each of the N,,, occupied and Ng,, unoccupied momentum
values g;, respectively, of anu > 0 energy eigenstate en-band. Such composite an pseudoparticles are well defined foru > 0
within the TL to which the TBA applies. The TL ensures that the problems concerning the on pseudoparticle internal degrees
of freedom and translational degrees of freedom, respectively, separate.

On the one hand, the internal degrees of freedom of a composite an pseudoparticle refer to an an-pairs configuration.
Hence there is one an pseudoparticle for each an-pairs configuration and corresponding BA roots that involve a group of
I = 1,...,nrapidities with the same real part, Eq. (134). If n > 1 the composite an pseudoparticle hasn = 2,..., 00
a-singlet pairs bound within it. If n = 1 its internal degrees of freedom correspond to a single unbound «-singlet pair.

On the other hand, the momentum g;, Eq. (131), of an an pseudoparticle refers to its translational degrees of freedom. It
is associated with its center of mass motion. The set of N, = Y- | Non it pseudoparticles, each carrying a momentum gj, of
a given energy eigenstate determine such a state momentum eigenvalue, as given in Eq. (135). That the nn pseudoparticles
contribution reads (;r —q;) rather than g;, follows from the configuration of the two n-spins in each n-spin-singlet pair having
an anti-binding character, as confirmed below in Section 6.3.

Thel = 1, ..., n a-singlet pairs within each of the N,,, an pseudoparticles that populate the n = 1, ..., co an-bands
of an energy and momentum eigenstate have spin (¢ = s) and n-spin (¢« = 7) zero. The corresponding composite an
pseudoparticles are thus neutral particles. The ¢ pseudoparticles have in turn no internal degrees of freedom. Their occupancy
configurations generate the state representations of the c lattice U(1) symmetry. It is independent from the model two SU(2)
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symmetries. Hence the energy eigenstates spin and spin projection (o« = s) and n-spin and n-spin projection (¢ = 7), S, and
SZ, are determined solely by their numbers of unpaired spins 1/2 and unpaired 7-spins 1/2 of projections 1/2. Specifically,
Se = (Mg, +172 + Mo, —1/2)/2 = My /2 and S}, = —(My,+1/2 — Ma,—1/2)/2, respectively.

As for the spin-1/2 XXX chain, there is a number of an pseudoparticles sum rule. It is related to that of «-singlet pairs,
Eq. (138). The latter sum rule implies that Ny; = L, /2 — Sy — Z;";zn Nyn. From the use of this relation in the overall number
of an pseudoparticles expression, N, = ZE‘;INO,,,, one confirms that the following sum rules are obeyed,

o0 o0
1 1
No =) Ng= S(Ne —N/) and N, =) Ny, = 5(N;1 — NI,
n=1 n=1
> 1
NP = 3 Ny =YY Now = 5(L—Nsh1 —NI. (139)

a=n,s a=n,s n=1

Here N, is the number of o' 1-band holes, Eq. (130) fora = n,sand n = 1.NV@ =3 _ N, is that in Eq. (133).

In contrast to the spin 1/2-XXX chain, the imaginary parts, i(n + 1 — 2l)u, of each set of | = 2, ..., n rapidities with
the same real part depend on the interaction u = U/4t and thus vanish as u — 0. Such a set of | = 2, ..., n rapidities
describes n > 1 a-singlet pairs bound within an an-pairs configuration. The vanishing of such rapidities imaginary parts
thus gives rise to the unbinding of all «-singlet pairs. One finds that the two 7-spins 1/2 (@ = n) or spins 1/2 (¢ = s) of
each pair remain contributing to singlet configurations, yet each carries an independent virtual elementary charge or spin
current, respectively. This reveals that the corresponding composite an pseudoparticles are only well defined for u > 0.
Such a unbinding marks for finite transfer integral t the qualitatively different physics of the U = 0 and U > 0 quantum
problems, respectively. It is associated with the rearrangement of the n-spin and spin degrees of freedom in terms of the
noninteracting electrons occupancy configurations that generate the finite-t and U = 0 energy and momentum eigenstates.

In an extended Takahashi subspace as defined in Appendix G, the numbers of discrete momentum values L, in Eq. (130) of
all en-bands for which N, > 0remain fixed. For the 1D Hubbard model in such subspaces one associateseachj =1, ..., Ly,
momentum values g; an-band, Eq. (131), with a corresponding squeezed on effective lattice with j = 1,..., Ly, sites
and length L. Provided that the ratio L, /L remains finite as L — oo, in the TL such squeezed an effective lattices can be
represented by 1D lattices. Their spacing corresponds to the extended Takahashi subspace average distance of their L,,
sites,

aanzizia:L—“aa where « =7,s and n=1,...,00. (140)
chn Lotﬂ on
Therefore, the an effective lattice length equals that of the original lattice. The corresponding sites then have spatial
coordinates, a,, j, wherej = 1, ..., Ly,. Each composite an pseudoparticle singly occupied site of the nn (and sn) effective
lattice describes an n-spin-singlet (or spin-singlet) occupancy configuration. It involves a set of 2n paired n-spins 1/2 (or 2n
paired spins 1/2) on 2n = 2, ..., oo sites of the original lattice.

For the PDT, only the ¢ and s1 pseudoparticle and corresponding ¢ and s1 pseudofermion operator algebras are explicitly
needed. Hence for simplicity we limit our present analysis to the «n = s1 pseudoparticle operator algebra. The corresponding
operator representation is valid for the 1D Hubbard model in fixed-Ls; extended Takahashi subspaces. In such subspaces the
local s1 pseudoparticle operators obey a fermionic algebra,

il iy =8 and {f ff V= e, fia} =0. (141)

This can be confirmed in terms of their statistical interactions [262]. Such a problem is addressed in Appendix G. (Con-
sistently, the TBA B = c, s1 band momentum value g; have only occupancies zero and one.) Each of the Ns; occupied s1
effective lattice sites corresponds to a spin-singlet pair. It involves two original lattice sites occupied by two paired spins 1/2
of opposite spin projection.

The s1 pseudoparticle translational degrees of freedom center of mass motion are described by operators fjll (and fj51).

They create (and annihilate) one s1 pseudoparticle at the s1 effective lattice site x; = as; j. Herej = 1, ..., Ly and L, is given
in Eq. (130) for an = s1. This is as for the local creation and annihilation ¢ pseudoparticle operators, Eq. (121).
The B = c, s1 pseudoparticle operators labeled by the corresponding 8 = c,s1bandsj = 1, ..., Lg momentum values

q; defined in Eqs. (131) and (132) then read,

Lg
1 T~ .
qu,ﬁ =7 E e'qfxfj;.)iﬁ and fy 4 :(fq;ﬁ)T where j=1,...,Ls and B =c,sl. (142)
=1

Such momentum values g; are the quantum numbers of the exact BA solution whose occupancy configurations generate the
u > 0 energy and momentum eigenstates,

Besides acting within fixed-Ls; extended Takahashi subspaces, the s1 pseudoparticle operators labeled by momentum g;
also appear in the expressions of the shake-up effects generators. Such generators transform extended Takahashi subspaces
quantum number values into each other.
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5.3. Charge (and spin) current carriers and the general c, nn bands (and sn bands) hole representation

The relation of the composite an pseudoparticles to the paired spins 1/2 (¢« = s) and paired n-spins 1/2 (« = n) was the
problem revisited in Section 5.2. A related issue whose clarification is needed for the study of the charge and spin currents
and their carriers is addressed in this section. It refers to the relation of the set of holes in each an-band populated by an
pseudoparticles to the spins 1/2 (a = s) and n-spins 1/2 (@ = 7). There are N® =25, + "> .2(n' — n)Ngy such holes,
Eq. (130), in each an-band.

The 1D Hubbard model in a uniform vector potential @ /L whose Hamiltonian is given in Eq. (4) of Ref. [263] remains
solvable by the BA. Its coupling to the charge/n-spin and spin degrees of freedom the flux ® reads ® = ¢, = &, and
& = @, = —@, respectively [263,264]. The LWSs momentum eigenvalues, P(®,, @), have the general form [264],

n n+l

e O+ @
P(®/L) = P(®4/L, ®, /L) = P(0 Zanm —_— —(N'=>"2nN,) %
n
~ o, cp¢+<p¢
— p(0)+25, 2 —2s . 143
(0) + 25; 2L ] (143)

The LWSs @ = 0 momentum eigenvalue P(0) appearing here is that in Eq. (135) for L, _1/ = 0.

The TBA equations for the model in a uniform vector potential are given in Eq. (9) of Ref. [263]. The only difference relative
to the @ = 0 case, is that the ¢ band, sn band, and nn band momentum values g; are replaced by g; + ¢¢/L g —n(®y—@,)/L,
and q— n(®4 + @, )/L, respectively. Hence concerning the coupling to the (i) charge/n-spin and (ii) spin degrees of freedom,
this gives (i) g; + @ /L, qj, and q; — 2n® /L and (ii) g; + @ /L, q; — 2n® /L, and g;, respectively.

The @ = n and @ = s current operators expectation values of the @ — 0 LWSs can then be derived from
the @ /L dependence of the energy eigenvalues E(® /L). Specifically, (]Z) = dE(®/L)/d(®/L)|p= —dy =, =0 and (J7) =
dE(®/L)/d(®/L)|p— ‘P¢=—‘D¢—0' respectively. Moreover, dP((ZS/L)/d(cD/L)ld> —b1=d, =0 gives the number of charge/n-spin
carriers and dP(®/L)/d(® /L)|¢—s, -, —o that of spin carriers that couple to the vector potential & /L. The use of the exact
momentum eigenvalues, Eq. (143), then reveals that such carriers are the M, = 2S, unpaired n-spins 1/2 and M; = 2S;
unpaired spins 1/2, respectively. (This is as for the unpaired spins of the spin-1/2 chain XXX chain.)

It is thus useful to consider the unpaired n-spins 1/2 (¢ = n) and unpaired spins 1/2 (¢ = s) densities ms, = 2S,/L =
M, /L. The energy and momentum eigenstates that span the subspaces with fixed values for the « = 7, s numbers L,, Eq.
(123), have S, values in the range S, € [0, L,/2]. Hence, for the corresponding unpaired n-spins 1/2 and unpaired spins
densities this gives ms, € [0, n’C‘/Z] and mg, € [0, n./2], respectively.

In the u — oo limit, one explicitly confirms that up to first order in @ /L the dependence of the energy eigenvalues
E(® /L) on @ /L can be expressed in terms of a dependence on (ms, q))/L It refers to (ms, @)/L for @ = cDT = @, [103] and
(ms,@)/Lfor & = &, = —@,. This ensures that for all LWSs I, 10 s> O9) the above @ = 75, s currents (]Z) have an overall
factor ms, = 2S,/L. (In Ref. [103] it was considered that in the « = 7 case the corresponding total exact flux 2S, ® was
shared by the N holes in the ¢ band whose number equals that of n-spins 1/2, L, = N. This gives 25,& = N ¢% and thus

O = [25,/N!'| &.)

Combination of these u — oo properties with the invariance under the electron-rotated-electron unitary transformation
of the M,, = 2§,, unpaired n-spins 1/2 and M; = 2S, unpaired spins 1/2 provides useful physical information. That invariance
implies that for u > 0 the unpaired n-spins 1/2 and unpaired spins 1/2 that populate the states |I;, lg u)y = V*llr, l,]s, o)
have properties similar to those that in the u — oo limit populate the corresponding states [I;, l,5, 00) belonging the same
V(u)-set of states. This reveals that in the case of coupling to charge/n-spin (¢« = 1) and spin (e = s) the energy eigenvalues
E(® /L) dependence on @ /L is up to first order in @ /L of the general form C, (ms, ®)/L for u > 0. Here C, is some u, n,, and
m dependent coefficient independent of @ /L. Hence the corresponding « current has the general form (f;) = C, ms, forall
LWSs I, [Do, u) = Vi, 1%, 00).

For simplicity, we denote the LWSs « = n, s currents by (ié,st(lr» S¢)) = (. Sa, =S [f;ur, S«, —SZ). Here we have
implicitly incorporated in I; the spin S; when & = 7 and the n-spin S,, when « = s. From the use of procedures similar
to those leading to the spin-1/2 XXX spin currents, Eq. (69), one finds that the « = 7, s currents carried by the non-LWSs
have the following exact relation to that of the corresponding LWS [264],

M, — M, _ A
( !H/ZZS —12) 2 sl So)) where o =1,s. (144)

The arguments already used in the case of the spin-1/2 XXX chain, concerning the LWS currents quantum associated with
a current changes generated by «-flip processes, apply. One then finds that the elementary current carried by a unpaired
n-spin 1/2 (@ = n) of projection +1/2 and unpaired spin 1/2 of projection 1/2 is given by,

U2 1ws(les Sa))

Ja+12 = £—————— where a =1,s. (145)
' 254

This is similar to Eq. (70) for that chain.

2 (L, M 4172, Mo —102)) =
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Here we do not address the issue of the spin currents in terms of the sn-bands hole representation and corresponding
spinon representation. Indeed, it is similar to that reported in Section 3.4 for the spin-1/2 XXX chain. Concerning the charge/n-
spin currents, the translational degrees of freedom of the 2S, unpaired n-spins that couple to the vector potential are now
described by an average number of 25, holes both in the ¢ band and nn bands for which N,,, > 0 [264]. The total number
of holes in such bands can be written as N/ = 25, + Y2 ,2nN,, and N\, =25, + > ,2(n" — n) Ny, respectively. All
processes associated with the nn bands and n-spins 1/2 are similar to those described in Section 3.4 involving spin n bands
and spins 1/2.

Some of the holon representations associate each of the N' = 25, + > 2nN,, c-band holes with a n-spin
1/2 holon [66,67]. Both the range of validity of that representation and its relation to the extended c-band hole and
nn-band holes more general representation show basic similarities to the same problems for the spinon representation
and extended n-bands hole representation revisited in Section 3.4 for the spin-1/2 XXX chain. In the case of charge currents,
this applies for instance to the description of the translational degrees of freedom of the M,, = 25, unpaired n-spins 1/2 of
u > 0 energy eigenstates [264]. Such degrees of freedom are described by an average number of 25, holes out of both the
NP =2S,+3°°2 ,2n N, c-band holes and N,’;n =2S,+> 7 12(n" —n)Nyy holes of nn bands for which N,, > 0. However,
their internal n-spin degrees of freedom cannot be associated with such c- and nn-bands holes. This is similar to the spinon
representation of the spin-1/2 XXX chain. For the additional information on the role of the ¢ band holes in charge transport
see Ref. [264].

6. The 1D Hubbard model pseudoparticles quantum liquid

In this section the use of the 8 = ¢, an pseudoparticle representation of the 1D Hubbard model to describe its low-energy
physics is revisited. As in the case of the simpler models reviewed here, the 8 = ¢, an pseudoparticle energy functional
resembles that of the low-energy Fermi liquid. The 1D Hubbard model describes interacting electrons on a lattice. It is a
non-perturbative quantum problem for which there are no quasiparticles, as defined in a Fermi liquid: The 8 = ¢, an
pseudoparticles do not become electrons upon turning off adiabatically the interaction U. The one-electron physics is
thus qualitatively different from that of a Fermi liquid. However, the two-electron physics resembles that of such a liquid
[89-93,104,105].

Our goal here is to apply the general 8 = c, an pseudoparticle energy functional introduced below in Section 6.1 to the
description of the model low-energy physics in Section 6.2. However, that functional is valid at all energy scales. There is
though a restriction to its applicability reported below in Section 6.1. (It basically is the same as that of the spin-1/2 XXX
chain spin pseudoparticle quantum liquid.)

There are several advantages in using the 8 = c, an pseudoparticle representation in the study of the low-energy
properties. First, since it applies to all energy scales, its use reveals that the usual low-energy spin-charge separation results
from a more general separation of the spin and charge degrees of freedom. It occurs at all energy scales and is associated
with the spin SU(2) and charge U(2) = SU(2)® U(1) symmetries, respectively, in the model [SU(2)®SU(2)® U(l)]/222 global
symmetry. Second, all low-energy two-particle quantities are controlled by simple 8 pseudoparticles zero-momentum
forward-scattering interactions. As in a Fermi liquid, those are associated with f function terms in the theory energy
functional. Hence all such quantities can be computed by the familiar methods of a Fermi liquid. This simplifies their physical
understanding. Third, the form of the o1 pseudoparticle energy dispersions provides valuable information on the type of
pairing of the two n-spins 1/2 (¢ = 7) and spins 1/2 (¢ = s) within each a-singlet pair. A set of [T, = Y - ;nNyy =
(Ly — 2S,)/2 such pairs populates each u > 0 energy and momentum eigenstate. Furthermore, under a suitable unitary
transformation that shifts the 8 pseudoparticle momentum values gj, those are mapped onto 8 pseudofermions in terms of
which the study of the model finite-energy dynamical properties simplifies.

6.1. The c and an pseudoparticle quantum liquid I: The general energy functional and its energy scales

As in the case of the simpler models discussed in Sections 2 and 3, there is a PS for each ground state with electronic
density n. and spin density m arbitrary values. In this section we consider PSs whose ground states refer to electronic
densitiesn, € [0, 1] and spin densitiesm € [0, n.]. They are thus LWSs. Their 8-band pseudoparticle momentum distribution
functions are given by,

N2(q;) = 0(q; — q7) 0(aqs. — ;). NO(g5) = 0(qj — i) 0(qf; — g;) and N3,(g;) =0 for an #s1. (146)

The c and s1 bands Fermi momentum values quﬁ appearing here are given in Egs. (C.4)-(C.11) of Ref. [105]. Ignoring O(1/L)
corrections within the TL simplifies the 8 = c, s1 distributions, Eq. (146), to Ng(qj) = 0(qrp — |q;]). Here the B = ¢, s1 Fermi
momentum grg reads,

qrc = 2kF =TT Ne and qrs1 = kF¢ =T Mgy . (]47)

Hence the ground states under consideration are neither populated by composite sn pseudoparticles with n > 1 spin-singlet
pairs nor by composite nn pseudoparticles with any numbern = 1, ..., co of n-spin-singlet pairs. Since they are LWSs, they
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have no unpaired spins of projection —1/2 and no unpaired »-spins of projection —1/2. Their M, = 25, = =25, =L — N,
unpaired n-spins and My = 25, = —2S7 = N4 — N, unpaired spins have all projection +1/2.

The PS excited states 8-bands distribution functions are of the general form Ng(g;) = No(qj) -+ 8Ng(qgj). Here B = c, an,
a=rmn,s,andn =1,..., oco. In the specific case of the 8 = c, s1 bands, one can classify in the TL the deviations,

8Np(q;) = Ng(q;) — N(q;) for j=1,....Lg, (148)

as 8Nj(q;) and SNg*(q;), respectively. On the one hand, for the deviations §Ng(q;) the band momentum g; is such that
lim;— «o(|gil —qrg) = 0.0n the other hand, in the case of SN (g;) the momentum difference lim;_, .(|q;| —qrs) remains finite
j B B \Yj j B
in the TL. For the excited states belonging to a PS, one as that } ,_ SlZJLﬁl |8NNF(qj)|/L - 0,32, L”” 7 18Nyn(gi)l/L — 0,
s LS” 116Nsn(g;)I/L — 0,8Ss/L — 0, and 8S, /L — 0 as L — ooc. For a PS there are though no restrlctlons on the value of
D one2 q; g
the exc1tat10n energy and excitation momentum
It is often convenient within the TL to replace the 8 = c, an band discrete momentum values g;, Eq (131), such that
Qiy1—qj = 21 /L, by a corresponding continuous momentum variable, g. It belongs to a domain q € (dg, qﬁ] whose limiting

momentum values qﬁ are given in Eq. (B.4) of Appendix B. Ignoring again O(1/L) corrections, one finds that qﬁ ~ 1(qg. For
the present PSs whose ground states are LWSs the limiting momenta qg then read,

qc =7, qs1 =kpy, Qqsn = (kry —kpy)=mm and g, = (7 — 2kg) = 7 (1 —n). (149)
Within the continuum momentum g representation, the deviation values §Ng(q;) = —1 and §Ng(q;) = +1in Eq. (148)
become 6Ng(q) = —(2m/L)5(q — q;) and 6Ng(q) = +(27m/L)5(q — g;), respectively. According to Eqgs. (131) and (132),

under a transition to an excited state, the g band discrete momentum values q; = (27w /L)Ijﬂ may undergo a collective
shift, (2 /L) <D§ = £ /L. Here dig reads,

1
@% =0 for SN*U® even and & =5 for SN*U®) odd;

1
@2 =0 for SN+ 8N,y even and @2, =5 for SNc +8Ne odd, (150)

where « = n,sandn = 1,..., 0co. SN*Y® is in this equation the deviation in the number NSU®) in Eq. (133). For q at
the 8 = ¢, s1 and « = =+ Fermi points, ¢ grg, such a shake-up effect is captured within the continuum representation by
additional deviations, &(7r /L)3(q — ¢ qrg). For transitions to an excited state for which 8L, 7# 0, the removal or addition of
BA an band discrete momentum values occurs in the vicinity of the band edges g, = —q,,, Eq. (B.4) of Appendix B. Those
are zero-momentum and zero-energy processes.

The PS energy functionals are derived from the use of the TBA equations, Egs. (128)-(129), and general energy spectra,
Eq. (B.5) of Appendix B. Specifically, one uses in them B-bands momentum distribution functions of form Ng(q;) = (qj) +
8Ng(q;). Their deviations, Eq. (148), play an important role. The combined and consistent solution of those equatlons and
spectra up to second order in such deviations then leads to [92,99],

Lp Lp Lﬂ’
SE =" es(q))8Ny(q)) + ZZZZ fp5(45- 4) SN3(G))SNp () + Y €0 12Ma 12 (151)
B j=1 BB =1 =1 a=ns

The B = c, an band energy dispersions e4(q;) appearing here are given by,
t ¢ - sink A%(q;
ep(qj) = Ep(q;) + e5(q;) and eg(q;) = ;/Qde”@Cﬂ (u, ‘)LEq’)> sink for j=1,...,Lg. (152)

Eg(q;) is in this equation for 8 = ¢, nn, sn the energy spectrum, Eq. (B.7) of Appendix B, with the rapidity functions those of
the ground state, Aj(q;) = sink{(q;)/u and A§"(q;). The latter are the solutions of Eqs. (128) and (129) for the corresponding
distribution function distributions, Eq. (146). The parameter Q in Eq. (152) and related parameters B, r2, and r; read,

Q = K(2ke), B= Ad'(key), 10 = SH;Q and r0 = - (153)

The dressed rapidity phase shifts 27 N p(r, r')inEq.(152) are a particular case of the general dressed rapidity phase shifts
2m @gp(r, 1'). Those are defined by the integral equations given in Appendix H [99]. Such phase shifts are associated with
the following corresponding dressed phase shifts expressed in terms of the 8-band momentum g; and ’-band momentum
qj,

2 P p(qs, qy) = 2Py p (r,1') where r = Ab(g)/u and 1’ = Ag/(qj/)/u. (154)

Within the continuum q representation, the 8 band group velocities are given by,

deg(q)

dq lg=g; » Ve = ve(qrc) = ve(2kp) and w5y = ve(qrs1) = vsa(kry) (155)

vp(q;) =
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where 8 = c,nn,snand n = 1, ..., co. They appear in the expression of the f functions in the second-order terms of the
energy functional, Eq. (151), which reads [92,93],

Fop (4, q) = vp(q) 27 P pr(q), qy) + vp(qy) 2 Pprp(qy, gj)
1
+ 5o ﬁﬂZ 1 Xij Vg 27 Py p(1Grpr . 4j) 27 Py pr (1 Gy) - (156)
=c,51 (=

The dressed momentum phase shift 27 @4 g/(qj, qy) appearing here is given in Eq. (154).
The only restriction to the applicability of the 8 = c, an pseudoparticle energy functional, Eq. (151), is that associated
with a PS definition. It is such that within the TL the deviations SN (g;), (SNﬁF(qj), 8Nsn(gj) forn = 2, ..., 00, and 8N,(q;)

forn=1, ..., oo involve a finite number of 8 = ¢, an pseudoparticles. Hence such a restriction can be expressed as,
L Lyn sn
(Dpe TN @ + T SN0 + o T 8Nen())
lim — 0. (157)
L—o00 L

The general energy spectrum, Eq. (B.5) of Appendix B, gives the energy eigenvalues. That in Eq. (151) rather provides the
excited-state energy eigenvalues minus the ground state energy. The energy dispersion term s/f;(qj) inEq.(152)as well as the
f-function terms in Eq. (151) are absent from Eq. (B.5) of Appendix B. Indeed, they stem from such energies differences. This
is why the expressions of the energy dispersion term £(qg;) and f-function involve dressed phase shifts. Those emerge under
the transitions from the ground state to excited states. The one- and two-electron excited states spectra can be expressed in
terms of the 8 = c, an energy dispersions, Eq. (152) [89].

In the particular case of the magnetic-field energy 2uug H = 23 H(im) and chemical potential © = w(n.)on the right-hand
side of Eq. (151) and related energy scales, we consider extended ranges of the densities n, and m. Such important energy
scales appear in the following relations between energy dispersions with different yet useful zero energy levels,

e2(qj) = ec(qy) — g + 15 and €2,(qj) = ean(q;) — N 2uq (158)

where « = n,sand n = 1,...,co. They are uniquely determined by the energy dispersions gf(qj) and sfl(qj) at the
corresponding Fermi points as follows [89],

2ugH = —sgn{m}e (qra1),
1
w = —sgn{(1 — ng)} (s?(chH 58&(%1)) for ne #1 and p e [—u° pu°] for no=1. (159)

Note that due to the terms in the expressions in Eq. (158) involving the & = 7, s energy scales 2, Eq. (B.6) of Appendix B,
the dispersions e?(qj) and egn(qj) are actually independent of such energy scales. This can be confirmed by inspection of the
form of the energy dispersion term Eg(q;), Eq. (B.7) of Appendix B for 8 = ¢, an, appearing in Eq. (152). The zero energy level
of the B = c, an energy dispersions gg(qg;) is that of the ground state. In contrast, that of the 8 = ¢, an energy dispersions
eg(qj) refers to the BA absolute zero energy level. For the an bands, the latter zero energy level is such that £2, (¢=,) = 0.

The finite-u Mott-Hubbard gap 2u°, Eq. (B.8) of Appendix B, finiteness implies that the chemical potential curve
i = u(ne) has a discontinuity at n, = 1. The corresponding chemical-potential dependence on the hole concentration,
x = (1 — n,), is such that u(x) = —u(—x) with u e [u®, u'] for x > 0. Here the energy scale 2! associated with
u! = Flim,_4u(x) reads 2u! = U 4 4t. Foru >» 1and m = 0 the chemical-potential curve u = pu(x) behaves
as 2u(x) = sgn{x}(U — 4t cos(xx)) for both x € [—1,0] and x € [0, 1] and 2u(0) € [—(U — 4t), (U — 4t)] atx = 0.
Furthermore, the magnetic energy scale 2ug H dependence on the spin density m is such that 2ug H(m) = —2ug H(—m)
with 2ug [H(m)| € [0, 2up He] form e [—(1 — |x]), (1 — |x|)]. Here 2ug H(0) = 0 and 2pup He = Hlimp_, 4112 H(m).
A closed-form expression for the dependence on U, t, and density 1, of the energy scale 2ug H. where H, is the critical
magnetic field for the onset of fully polarized ferromagnetism is given below.

The intrinsic energies &, +1,> and &; 11/, relative to the zero-energy ground-state level of a unpaired »-spin 1/2 and a
unpaired spin 1/2, respectively, of projection £1/2 are directly related to the energy scales 2« and 2ug H, respectively. Such
intrinsic energies are useful reference scales for the analysis presented below in Section 6.3 of the anti-binding or binding
character of the paired spins 1/2 and paired n-spins 1/2 configuration within each pair. Straightforward calculations relying
on the algebra of the n-spin and spin SU(2) symmetry off-diagonal generators lead to,

En+1/2 = 2|M| and EnF1/2 = 0 for sgn{(l — ne)}l = :F] and Ne ;ﬁ 1,
= (u’+pu) for ne=1 and pe[—u’ u°,
&s+12 = 2ug|H| and & 11,2 =0 for sgn{m}1 = F1. (160)

Hencea S, = 1;S7 = 0 o-multiplet configuration of two unpaired n-spins or two unpaired spins has an intrinsic energy
given by,

Eat1/2 + Ea,—1/2 = 21, where o =n,s. (161)
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Fig. 10. The c band energy dispersion ¢.(q), Eq. (152) for 8 = c, plotted as a function of the momentum in units of ¢ for a set of U/t values (in units of t),
electronic density n, = 0.59, and spin density (a) m = 0 and (b) m — n, = 0.59. (As in Ref. [104], in the figures the electronic density n, is denoted by n.)
Source: The figures plots were produced using the same data as in Fig. 6 of Ref. [ 104] for other densities.
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Fig. 11. The s1 band energy dispersion ef,(q), Eq. (158) for @n = s1, which for m = 0 equals the related s1 band energy dispersion &(q), Eqs. (152) for
B = s1, plotted as a function of the momentum in units of t for the same U/t and n, values as Fig. 10 and (a)m = 0 and (b) m — n, = 0.59.(As in Ref.[104],
in the figures the electronic density n, is denoted by n.)

Source: The figures plots were produced using the same data as in Fig. 7 of Ref. [ 104] for other densities.
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Fig. 12. The s2 band energy dispersion ¢%(q), Eq. (158) for 8 = s2, plotted as a function of the momentum in units of t for the same U/t and n, values as
Fig. 10 and m — n, = 0.59. (As in Ref. [104], in the figure the electronic density n, is denoted by n.)
Source: The figure plots were produced using data from Ref. [104].

The energy scales 2, such that 2u,, = 2|u| and 2us = 2up |[H| and the Mott-Hubbard gap 210 associated with the energy

scale u? are those considered above. They are given in Eqs. (B.6) and (B.8) of Appendix B.
The energy dispersions &c(q), £2;(q), £3(q), £3,(q), and 2,(q) are plotted as a function of the momentum q in Figs. 10-14,
respectively, for several U/t values, electronic density n, = 0.59, and spin densities m = 0 and/or m — n, = 0.59. (The

electronic density n, = 0.59 is that used in Refs. [13,15,16,58] for the stacks of TCNQ molecules in TTF-TCNQ.) Analysis of
the figures energy-dispersions slopes reveals that the velocity vg(q), Eq. (155), vanishes at ¢ = 0 for all 8 = ¢, an branches.
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Fig. 13. The 51 band energy dispersion 821(%’)' Eq. (158) for 8 = n1, plotted in units of t for the same U/t and n, values as Fig. 10 and (a) m = 0 and
(b)m — n, = 0.59. (As in Ref. [ 104], in the figures the electronic density n. is denoted by n.)
Source: The figures plots were produced using the same data as in Figs. 8(a) and 9(a) of Ref. [ 104] for other densities.
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Fig. 14. The 12 band energy dispersion sgz(qj), Eq. (158) for B = 52, plotted in units of t for the same U and n values (denoted in the figures by n) as Fig. 10
and (a) m = 0 and (b) m — n, = 0.59. (As in Ref. [104], in the figures the electronic density n, is denoted by n.)
Source: The figures plots were produced using the same data as in Figs. 8(b) and 9(b) of Ref. [ 104] for other densities.

Provided that u > 0, it also vanishes at the limiting momentum values g = =+qg for the 8 # s1 branches. The energy
bandwidths of the s1 band, s2 band, n1 band, and »2 band, plotted in Figs. 11-14, respectively, vanish in the u — oo limit.
(In the m — 0 limit, the momentum and energy bandwidths of the s2 band energy dispersion vanish for all u values, so that
it is not plotted in Fig. 12 for m = 0.) This u — 0 behavior results from the degenerescence of all spin configurations and of
all n-spin configurations with the same electron double occupancy reached in that limit. For the u — 0 and u > 1 limiting
behaviors of the 8 energy dispersions, Eqs. (152) and (158), see Ref. [104].

6.2. The c and an pseudoparticle quantum liquid II: Applications to the low-energy physics

The 1D Hubbard model in general PSs is a quantum liquid of ¢ pseudoparticlesandn = 1, ..., co branches of composite
nn-pseudoparticles and sn-pseudoparticles. In the following we consider again that model in its metallic-phase PSs whose
ground states are LWSs with densities n, € [0, 1] and m e [0, n,] for which (x — %) > 0and H > 0. In the
case of that quantum problem, there emerge gaps A, and A between such ground states and their PS excited energy
eigenstates populated by nn pseudoparticles and n > 1 sn pseudoparticles, respectively. Such gaps minimum values are
A',Ti" = s,ﬂ(qj]tl) = 2|u| and A;“i“ = e5(0) = 4up |H| — |8?2(0)|. For excitation energy below these gaps, the physics is that
of two U(1) symmetry quantum problems. The corresponding energy and momentum eigenstates are described by only
groups of real rapidities. (This is as in the case of the 1D Lieb-Liniger Bose gas.) The 11 pseudoparticle energy spectrum is
gapped, in spite of corresponding to real rapidities. This results from creation of one 11 pseudoparticle involving creation
of one rotated-electron doubly occupied site. (In the attractive U < 0 1D Hubbard model the situation is the opposite, with
the s1 pseudoparticle energy spectrum gaining a gap and the 1 pseudoparticle spectrum being gapless.)

In the present case of chemical-potential values (i — ©«°) > 0 and magnetic fields H > 0, the model static and low-
temperature properties are determined by excitations associated with energy and momentum eigenstates with finite ¢ and
s1 pseudoparticle occupancy Nc = N, and Ng; = N, = (N — 255)/2 only in the ¢ and s1 bands, respectively. This applies
as well to the finite-energy dynamical correlation functions leading order contributions. Hence for such states N, = 0
foralln = 1,...,00 and Ng; = 0 for n > 1. On the one hand, due to the n, = 1 Mott-Hubbard gap, the physics of the
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model Mott-Hubbard insulator phase is qualitatively different from that of its n. # 1 metallic phase. On the other hand, the
physical quantities have the same values both at H = 0 and in the H — 0 limit, respectively.

For the quantum problem under consideration here, the following parameters involving the dressed phases shift
2n g pr(qj, gy ), Eq. (154), in units of 27 and with the two momentum values g; and gy at the 8, 8’ = c, s1 Fermi points
play an important role in the static and low-temperature properties [89,90,92,93],

E;ﬁ, =38pp + Z(L)’ ®sp (qrp, 1qrpr) where B, B =c,s1 and j=0,1. (162)
=+

(For 8 = B’ and t = 1in Eq. (162), the present TL notation assumes that the two 8 = c, s1 Fermi momenta in the argument
of &g g (qpﬂ, qpﬁ), differ by 277 /L, whereas that phase shift vanishes for identical momentum values.)

The dressed phase-shift related anti-symmetrical parameters Sl; , and symmetrical parameters Sg , turn out to be
the entries of the conformal-field theory 2 x 2 dressed-charge matrix and of the transposition ofq its inverse ma-
trix [90,92,176,181,224],

1 _ Clc 6151 . 0 _ COC cosl . ; 1 _ ';’:0 50/2 . H 0 _ 1/;’:0 0
2= |:‘é>:s]lc Ssllsl ' Z= %_solc %_50151 ’ ”1712102 B 0 ‘1/‘/E ' ”111—13)2 B _‘l/\/E ‘/5 ’ (163)
respectively, where Z° = ((Z')~1)T. (The dressed-charge matrix definition of Ref. [176] has been used here, which is the
transposition of that of Ref. [224].) The m — 0 phase-shift parameter & in Eq. (163) is given by & = &(r°). The function
£o(r)is the unique solution of the integral equation, Eq. (74) of Ref[92] for x = r. That parameter has limiting values & = +/2
foru - 0and & = 1 foru — oo.
Atlow energy the present quantum problem can be described by a two-component TLL [2-4,44,47,48]. The corresponding
g matrix [4] can be expressed in terms of the dressed phase-shift parameters, Eq. (162). A low-energy physical quantity that
is fully controlled by the above phase-shift related parameters in Eq. (163) is the exponent in the low-energy  power-law
dependence of the electronic density of states suppression, o< |@|*. In the m — 0 limit its following expression involves
only the parameter & in that equation,
2y2
oy = M € [0, 1/8]. (164)
8&;
The exponent, Eq. (164), has limiting values og = 0 for u — 0 and «g = 1/8 for u — o0, respectively.
By use of the methods reported for the 1D Lieb-Liniger Bose gas and spin-1/2 XXX chain, one finds that for (i) electronic
densities n, and (ii) spin densities m not too near (i) 0 and 1 (ii) and n,, respectively, the low-temperature specific heat
reads [89],

i 1 1
BT L) (keT), (165)
L 3 Ve Vs

where v, and vy are the 8 = ¢, s1 band Fermi velocities in Eq. (155).

On the one hand, for electronic densities n. € ]0, 1] not too close to n, = 0 and n, = 1 the low-temperature thermal
excitations that contribute to the first term of the specific heat expression, Eq. (165), refer to a well-defined branch of gapless
excited energy and momentum eigenstates. Their charge degrees of freedom are generated from the ground state by low-
energy and small-momentum particle-hole processes around the ¢ band Fermi points.

On the other hand, as for the spin-1/2 XXX chain, at zero magnetic field H = 0 the spin degrees of freedom of such
gapless branch of states that contribute to the second term of the specific heat expression, Eq. (165), refer to sn-strings of
lengths n > 1. For finite magnetic field these n > 1 sn-strings excitations become gapped. The thermal excitations that
contribute to the low-temperature specific heat become gapless excited energy and momentum eigenstates whose charge
degrees of freedom remain being generated by low-energy and small-momentum particle-hole processes around the ¢ band
Fermi points. Their spin degrees of freedom correspond to spin real rapidities. Those are generated from the ground state by
low-energy and small-momentum particle-hole processes around the s1 band Fermi points.

The specific-heat expression obtained for H > 0 leads in the H — 0 limit to the correct H = 0 expression. On the
contrary, the specific heat expression, Eq. (165), is not valid in the m — n, limit. This is because it does not describe properly
the crossover to the specific heat exponential regime. The latter arises due to the gap 2up(H — H.) in the excitation spectrum
for H > H.. More generally, the validity of that specific heat expression refers to very low temperatures T < 2ug(H. —H)/kg
for(H.—H) > 0, T < 2(pt — po)/kp for (u — po) > 0,and T < 2(u1 — w)/kp for (uq — ) > 0. In the close neighborhood of
u = u1 = U/242¢t, the problem is trivial. The specific heat is then given by its noninteracting value. Following the technical
similarities of the crossover critical regimes associated with the 2ug|H — H¢| < kgT and 2| — | < kgT limits [89], here
we shortly discuss the former regime for electronic densities n, € 0, 1] not too close to n, = 0 and n, = 1.

Near H = H, the minimum gap for energy eigenstates with spin sn-strings of length n > 1 associated with complex
rapidities is given by,

A™M — 4y He — Wy . (166)
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The dependence on U, t, and n, of the energy scale 4up H: appearing here is given in the following. W, = |a§’2(0)| is in
Eq. (166) the energy scale in Eq. (B.10) of Appendix B for n = 2. Its limiting behaviors foru — 0 and u > 1 are,

e

4 n
A™M = 2up He = 4tsin® (%) for u— 0

12 n, t? sin(2mn
ZBMBHCZ Ue (1_ ( Y e)

) for u>1, (167)
2mn,
respectively.

We consider low temperatures T < A™"/kp within the critical regime of the crossover to ferromagnetism for which
2uglH — He| <« kgT. For such temperatures the energy and momentum eigenstates that contribute to the specific heat
have spin degrees of freedom described only by spin sn-strings of length n = 1. They are thus only populated by s1
pseudoparticles and unpaired spins 1/2. At low temperatures the crossover regime involves both the above s1 band gapless
spin-singlet excited states and across-gap excited energy eigenstates. The latter states spin degrees of freedom are generated
by elementary spin-triplet §S; = =1 processes. (They are similar to those considered for the spin-1/2 XXX chain in
Section 3.6.)

The s1 band energy dispersion valid for spin density m — n, reads [89],

q

*
2my,

£1(qj) =~ — 2up(He — H) for n. €10,1[ and m — ne. (168)

Here the critical magnetic energy 2ugH, is that associated with the zero-temperature critical magnetic field H. for the onset
of fully polarized ferromagnetism. That energy scale and the effective spin-triplet mass my; in Eq. (168) are given by [89],

vy +u2 M)
] ]

for n, €10,1] and m — n,, (169)

1 1
2ugH. = +/(4t)> + U? — arctan ( tan(nne)) — Un, — 4t cos(rn,) — arctan <
T 7

and

2 2 2 2
U 7“4?]%% arctan <7v(4t2,+u tan(nne)>

my=— for n, € 0,1 and m — n,, (170)

4t2 1— A/ (4t)2+U? 1 sin(2mne)
u 4¢ sin(ne) \ 2 [iar2+u2
1+( Smume ) 2 arctan % tan(mrne)

respectively. Their limiting behaviors for u — 0 and u > 1read,

1 n
mg; o and 2upH, = 4tsin® (%) for u—0
U e 8 n, t? <1 sin(2mwne)

m, = —————— and 2ugH. =
ST 42 (1 _ sin<2nne)> Hble U
2

ne

) for u>1, (171)
2mn,

respectively. The critical magnetic field H; in Eq. (169) and the inverse effective spin-triplet mass 1/my;, Eq.(170), are plotted
in Fig. 15 as a function of the electronic density n, and of U/t for various values of U/t and n,, respectively.
For the crossover critical regime under consideration, the scaling function of the specific heat is found to be given by,

o kgw 2m* keT [ 3 1 (2us(He — H) 1/ 2pp(He — H)\?
L= kT +, — = (2, + - (), — (22 ) )
TN P gl ksT i =3 ksT L

2up(He —H) ©
where ve = 2tsin(zn,), f=Lj (—e kgT ) and Li(x) = Z J—[ . (172)

j=1

Expanding this scaling function up to first order in 2ug(H. — H)/kgT, one finds that the low-temperature specific heat
behaves in a small field window 2ug|H — H.| < kgT around H. as [89],

C k my, kgT 2ug(H. — H
T T ko [T (o e 2o TH)N ere 2puplH — He| < kT (173)
L 3UC 2 kBT

The term emerging here from the spin degrees of freedom has the same form as that provided in Eq. (89) and the coefficients
Co, €1, and c; are thus also those given in Eq. (90). (Also the calculations to reach Eq. (173) are similar to those presented in
Appendix D for the corresponding specific heat scaling function of the spin-1/2 XXX chain [206].)
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Fig. 15. The critical magnetic field H, for the onset of fully polarized ferromagnetism in Eq. (169) and the inverse effective spin-triplet mass 1/m};,
Eq. (170), versus the electronic density n, for U/t = 0, U/t = 2,and U/t = 10 and versus U/t for n, = 0.4, n, = 0.7, and n, = 1.0. Notice that at
ne =1,1/m¥ — tasU/t — 0.This singular behavior is due to the Mott-Hubbard insulator transition. (As in Ref. [89], in the figures the electronic density
n, and effective spin-triplet mass mj; are denoted by n and m}, respectively.)

Source: From Ref. [89].

In the crossover critical regime defined by Eq. (173) both the gapless and across-gap channels associated with spin-singlet
excitations and excitations generated by elementary spin-triplet processes, respectively, are thermally active. That equation
is only valid for a very narrow region around H,.

The charge response function or compressibility @ = n and spin response function o = s,

1 1 2up

where y=H,m and x|, = —————— where z = u,n,, (174)

toly = =
" g du(ne)/onel, oH(m)/om|,

are controlled by the dressed phase-shift parameters, Eq. (162). Such functions involve partial derivatives of the chemical
potential and magnetic field, Eq. (159).
By use of techniques similar to those of a Fermi liquid, which account for the 8 = ¢, s1 and 8’ = c, s1 pseudoparticle

zero-momentum forward-scattering interactions associated with the f functions, Eq. (156), the studies of Ref. [92] have
found,

1
ﬂﬂ? Zﬂ:c,s] vﬂ(fgc + 5251/2)2 ’

1 (5.7
Xnln = pee Z oy and x|, =
p=c,s1

1 1 2
,u§ (gﬂc_ZSﬁg]) /J% 1
pohy = 18 3 BT el gy, =1 N—
T B=c,s1 Vg T Zﬂ:c,sl Uﬂ(sﬁs]/z)

The derivation in Ref. [92] of the charge and spin response functions, Eq. (174), expressions provided in Eq. (175) uses
the general procedures reported in Appendix E to obtain the corresponding expression of the spin response function of the
spin-1/2 XXX chain. Such two-electron response functions expressions can be understood as being controlled by parameters
that play the same role as the Landau parameters in a Fermi liquid. For the present c and s1 pseudoparticle quantum liquid,

(175)
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the Landau parameters can have ai = 0 symmetrical or i = 1 anti-symmetrical character. They read,

. 1 :
1 — - i
gp =1+ 2705 E (s p(arp. Lqrp)

1==+1
1 ) .
= ?(”C(Séﬂ)ZJrv“ (&,4)?) for B=c,s1 and i=0,1,
B
) 1 .
8pp = Z(l)lfﬁﬂ’(QFﬂ»lQFﬂ’)
27{1}5 =
1 o . . .
= ” (ve &l &l +vs1 &l gEl,) for B#B =c,s1 and i=0,1. (176)

Such parameters expressions contain the ¢ and s1 bands velocities at a Fermi point defined in Eq. (155). They also contain two
f functions, Eq. (156), with the two momenta at Fermi points pointing in the same and in opposite directions, respectively.
The i = 0 symmetrical and i = 1 anti-symmetrical pseudoparticle Landau parameters involve the sum and difference of
these two f functions, respectively.

As given in Eq. (176), the pseudoparticle Landau parameters can be expressed in terms of the 8 = c, s1 velocities at a
Fermi point and of the dressed phase-shift related i = 1 anti-symmetrical and i = 0 symmetrical parameters 5}; e Those
are the entries of the conformal-field theory dressed charge matrix Z' and of the matrix Z° = ((Z!)~")', respectively,
Eq. (163). Such entries naturally emerge within the expressions of the i = 0,1 and 8 = c, s1 renormalized velocities
Vis = Vp8hps = Vg + 3r 2t (Vs p(drp, L qrp) and vy y = v g, = 500 _4y()'fsp(Qrp, LQrp) Where B # B, The
pseudoparticle representation goes though beyond conformal-field tﬁeory. Indeed, the group velocities and f functions in
these expressions are also well defined for arbitrary 8-band momentum values, vg(q;) and fz g/(q;, gy ) for both g = g’ and
B # B’. Beyond that theory, they also exist within the pseudoparticle representation for all ¢, nn, and sn branches where
n=1,...,00.

The charge and spin response functions expressions, Eqs. (174) and (175), can be expressed in terms of the Fermi-point
¢ and s1 group velocities and the i = 0 symmetrical pseudoparticle Landau parameters as follows,

1 1 1 1

Xl = — and x| = —
TG Ve 0. g% TN5 VU, 0 V51 40 0
¢ (g?c - g%;olgszc e”C (8 + 25 Bs1s1 T 81
'sls

4vc
Mé <gsolsl + %ggc + 4gsolc)

Xsly =
K’ TT Vst e
Us1

’

4,u,§ 1

0 -
T Us1 8151

and xsl,, = (177)

&1 8 — (&%)

For two-electron quantities such as the charge and spin response functions, this renormalization is qualitatively similar
to that of a Fermi liquid. Indeed, that liquid Landau parameters, which control the effects of the electronic interactions onto
the low-energy quantities, are expressed in terms of the f functions associated with the low-energy quasiparticles residual
interactions. Similarly, here the residual pseudoparticle interactions associated with the f functions in the parameters
expressions, Eq. (176), play exactly the same role.

In the limit of zero magnetic field and thus of zero spin density, the residual pseudoparticle interactions occur only
through the parameter &. In that limit they read,

£ 243
= =—2_ and = =—L, 178
Xulw = Xnlm "y Xl = Xsln, — (178)
It then follows that limy_.ox,ly = 2/(wnZv.) where v, = 2tsin(%n.) and limy_ooxyly = 1/(n?vc) where v. =

2t sin(rrne). Moreover, limy, o0 Xs|,, = limy_ 5 5|, —> 00 because vg; — 0 in that limit.
In the spin density m — n, limit of the fully polarized ferromagnetism, one finds,

| 1 (1 N nS) and x| 4 1 1 1
= — | — — ] > = — — s
ol = e Him = 2 (e @ =l +va) | mn2ue (1— no/2)?

wh 1w

2 7 2"
T Vs + Ve N TUc 1

2
w 4
Xsly = — (1 +—(1- 770/2)2> — 00 and x|, = (179)

TV Us1

Here ny = % arctan (%) ve = 2t sin(wn.), and vs; — 0. The inverse of the compressibility x,|y and the inverse of the
spin response function xs|,, Eqs. (174), (175), and (177), and the spin density m are plotted in Fig. 16 as a function of U/t at
electronic density n, = 0.7 and various values of the magnetic field H in suitable units and as a function of n, for H = 0.1
and various values of U/t.

The 1D Hubbard model quantum phase transitions driven by a change in the chemical potential . or the magnetic field H,
Eq. (159), are marked by the leading divergences of the ground-state onsite entanglement entropy £ derivatives, €/ u and
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Eqs. (174), (175), and (177), and the spin density m

versus U/t at electronic density n, = 0.7 and values of the magnetic field H = 0.3 (solid line), H = 0.6 (dashed line), and H = 0.9 (dashed-dotted
line) in suitable units in the left panels and versus the electronic density n, for H = 0.1 and values of the on-site repulsion U/t = 0 (dashed line) and
U/t = 10 (solid line) in the right panels. The discontinuities occur at U/t or n, values at which according to Eq. (169) the magnetic field value H under
consideration becomes H, and thus the system becomes ferromagnetic. Note the different behavior at U/t = 0 and U/t = 10 of x, |y around n, = 1 due
to the Mott-Hubbard insulator transition. (The spin density m of Ref. [92] is half of that considered in this paper so that in the figures the fully polarized
ferromagnetism is reached in the limit of m — n,/2, which corresponds to m — n, in this review. As in that reference, in the figures the electronic density
ne and compressibility x, are denoted by n and ., respectively.)

Source: From [92].
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d&/dH, respectively [265]. For n, # 1, they can alternatively be signed by the related derivatives, 3€/dn, = —n2y, 3€/9p
and 9€/0m = —[xs/2ug] d€/9H [266]. (x, diverges at n, = 1.)

Also charge (¢« = n) and spin (« = s) stiffnesses D, in the corresponding « conductivity real part o, (w) = 27 D, §(w) +
0,%(w) are at zero temperature fully controlled by the dressed phase-shift parameters, Eq. (162). As for the spin-1/2 XXX
chain, those are important physical quantities. A finite charge and/or spin stiffness implies the occurrence of charge and/or
spin ballistic transport, respectively. Such ballistic transport occurs in 1D correlated even at finite temperatures [ 103,264].
Recently, a general formalism of hydrodynamics for the 1D Hubbard model was introduced in Ref. [267]. By linearizing
hydrodynamic equations, the exact closed-form stiffnesses expressions valid on the hydrodynamic scale are accessed.

For simplicity, here we focus our analysis on the zero-temperature charge and spin stiffnesses. Specifically, relying on
charge and spin conservation laws to derive the elementary currents that contribute to such « = n, s stiffnesses, the studies
of Ref. [93] found that they read,

27D, =j! and 27 D =5 — 255, . (180)

The elementary currents in these expressions involve the 8 = c, s1 band Fermi velocities, Eq. (155), and 8, 8’ = c, s1
anti-symmetrical dressed phase-shift parameters é/;’ Pz Eq. (162). They are given by,

Jp = v &l &l y+va &l &L, where f=c,51,

Jp = ve (& — 25;51)52,,3 +va (5 — 2551131)5511,,3 where g =c,s1. (181)

The 8 = c, s1elementary currents jZ and jfg, Eq.(181), contribute both to expectation values of the charge and spin current
operators, respectively, of low-energy excited energy eigenstates and to off-diagonal matrix elements of such operators
between the ground state and excited states of vanishing energy. The derivation in Ref. [93] of these elementary currents
and charge and spin stiffnesses, Eq. (180), relies on the general procedures similar to those reported in Appendix E to obtain
the corresponding expression of the zero-temperature spin stiffness of the spin-1/2 XXX chain.

The 8 = ¢,s1 and ¢ = 7, s elementary currents Ji expressions, Eq. (181), can again be understood as being controlled
by pseudoparticle parameters that play the same role as the Landau parameters in a Fermi liquid. On the one hand, the
two-electron static quantities are expressed in terms of the i = 0 symmetrical pseudoparticle Landau parameters in
Eq. (176). On the other hand, the elementary charge and spin currents rather involve the i = 1 anti-symmetrical
pseudoparticle Landau parameters also given in that equation. The residual pseudoparticle interactions associated with the
f functions in that expression control the effects of the electronic interactions onto such two-electron quantities associated
with charge and spin ballistic transport.

Specifically, the expression of the elementary currents, Eq. (181), in terms of the 8 = c, s1 bands group velocities at a
Fermi point and i = 1 anti-symmetrical pseudoparticle Landau parameters read,

o 1 Y/ 1
]? = VUc &, and Js1 = Us1851¢»

S

Je

ve (gl —28l) and j§ = —va (281 — 8h0)- (182)

In the m — 0 and m — n, spin-density limits and for electronic density in the range n. € [0, 1], these elementary
currents have the following limiting behaviors,

&
2

=v, ji =0, f=v and ji;, =0 for m — n,. (183)

2 .0 . B
vy, jh=ve=, i=0 and j;; = —vs for m— 0,

Je

By combining the stiffnesses expressions, Eq. (180), with the elementary-current limiting behaviors, Eq. (183), one finds
that D, = v, gg/(zn) atm = 0.Forn, < 1and m = 0, the charge stiffness D, changes from D, = (2t/m)sin(rn/2) as
u — 0toD, = (t/m)sin(zn,) for u > 1. For m — n, the resultis D, = (t/m)sin(wn,). At n, = 1and m = 0 one finds
D, = 2t/mw atu = 0 and D,, = O for u > 0. This behavior stems from the c-band Fermi velocity v, Eq. (155) for 8 = c,
being at n, = 1 finite at u = 0 and vanishing for u > 0. At T = 0 the spin stiffness Ds changes from Ds = (2t/7 ) sin(zn,/2)
foru — 0toD; = (t?/U)(1 — sin(2wn.)/(2nn,)) for u > 1. For m — n, one finds the expected result, D; = D, = (t/m)
sin(mne).

The charge stiffness D,, and the spin stiffness D;, Eq. (180), are plotted in Fig. 17 as a function of U/t at electronic density
ne = 0.7 and various values of the magnetic field H in suitable units and as a function of n, for various values of the magnetic
field H and U /t. Such quantities are also plotted in Fig. 18 as a function of U /t for magnetic field H — 0 and electronic density
ne = 0.7. In the right panel, the charge stiffness D, curves refer to several n, values.

Below in Section 7 it is shown that both the static properties and the 1D Hubbard model dynamical properties are
controlled by the dressed phase shifts associated with the scattering events of the 8 = c, s1 pseudofermions revisited
in Section 7.1.
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Fig. 17. The zero-temperature charge stiffness D, and the spin stiffness D;, Eq. (180), versus U/t at electronic density n, = 0.7 and values of the magnetic
field H = 0.3 (solid line), H = 0.6 (dashed line), and H = 0.9 (dashed-dotted line) in suitable units in the left panels, versus the electronic density n,
for U/t = 10 and values of the magnetic field H = 0.1 (solid line), H = 0.2 (dashed line), and H = 0.3 (dashed-dotted line) in the middle panels, and
versus the electronic density n, for H = 0.1 and values of the on-site repulsion U/t = 0 (dashed line) and U/t = 10 (solid line) in the right panels. The
discontinuities occur at U/t or n, values at which according to Eq. (169) the magnetic field value H under consideration becomes H, and thus the system
becomes ferromagnetic. Due to the Mott-Hubbard insulator transition, D,, is finite at n = 1 when U/t = 0 but vanishes when U/t > 0. (As in Ref. [93], in
the figures the charge stiffness D,), spin stiffness D, and electronic density n, are denoted by D), D2, and n, respectively.)

Source: From Ref. [93].
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Fig. 18. The zero-temperature charge stiffness D, (left and right panels) and the spin stiffness Ds (left panel), Eq. (180), versus U/t for magnetic field H — 0.
The left and right panels figures are for electronic density n, = 0.7 and various n, values, respectively. Although D,, has its maximum value for n, — 1, at
n. = 1it vanishes when U/t > 0, yet is finite at U/t = 0. This strong effect of the Mott-Hubbard insulator transition is also present for 0 < H < H.. (As
in Ref. [93], in the figures the charge stiffness D,), spin stiffness D;, and electronic density n, are denoted by D%, D‘°z), and n, respectively.)

Source: From Ref. [93].

6.3. Binding and anti-binding character of the spin-singlet pairs (a« = s) and n-spin-singlet pairs (¢ = n)

From the use of the second expression in Eq. (158), the composite an pseudoparticle energy dispersion, Eq. (152) for
B = an, may be written as &,,(q;) = n2uq + 2,(q;) where @ = n,sandn = 1,..., co. The term n2u, in this energy
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dispersion is merely additive in the intrinsic energy 2iuq = &4,—1/2 + €a,+1/2, EQ. (161), of two unpaired n-spins 1/2 (a = )
or two unpaired spins 1/2 (¢ = s) of opposite n-spin and spin projection, respectively.

Our aim is clarifying the anti-binding or binding character of the n-spin (@ = 1) and spin (¢ = s) a-singlet configuration
of two paired n-spins 1/2 and two paired spins 1/2, respectively. We first consider one single-pair «1 pseudoparticle for
which e44(qj) = 2 + 821(qj). The first energy term 2, gives the intrinsic energy of its two n-spins 1/2 (¢ = n) or spins
1/2 (o = s) of opposite projection if those were unpaired and in a a-triplet S, = 1and S2 = 0 configuration. The second
energy term 821(Qj) is thus a pairing energy. It refers to a binding or anti-binding character if egl(qj) < Oor sgl(qj) > 0,
respectively. Analysis of the form of the o1 pseudoparticle energy dispersion, Eq. (152) for § = «1, then reveals that the
spin-singlet s1-pair configuration has a binding character. Indeed, it is such that £%(g;) < 0 for |gj| < g1, as confirmed
by inspection of Fig. 11. As demonstrated by Fig. 13, the n-spin- singlet n1-pair configuration is found in turn to have an
anti- bmdmg character. For it, sm(qj) > 0 for |qJ| < . At the o = s, n limiting momenta q; = +q,; one has though
that ¢ 1(j:qo,l) = 0. This means that for g — qw1 = =q, the a-singlet pair of a «1 pseudoparticle looses its binding or
anti- bmdmg character as its pairing energy vanishes.

Next we consider an-pairs configuration with n > 1 pairs bound within it. One finds as well that a?n(qj) < Ofor |qj| < gsn
and &),(g;) > 0 for |gj| < qyn and e4n(£qan) = O for @ = 1, s. (See Fig. 12 for £,(q;) and Fig. 14 for ¢,),(q;).) Irrespective
of its binding or anti-binding character, the energy absolute value |52n(qj)| is here called an pseudoparticle pairing energy.
The strength of the «-singlet pairs binding or anti-binding can be measured by the maximum reachable value of the an
pseudoparticle pairing energy upon creation of one on pseudoparticle onto the ground state. Such a maximum value is
reached at g; = %qg; for the s1 pseudoparticles and at g; = 0 for all other an # s1 pseudoparticles,

WP = 160 (qpa)l = WE = 2ugH and WP = |60 (0)] = W, for an #s1. (184)

Here W1 = 2ugH is the ground-state energy bandwidth of the s1 band hole unoccupied part and W,, is the energy
bandwidth of «n # s1 momentum bands.

The maximum pairing energy W, vanishes at H = 0. This is because then W/, = 23H = 0 and the energy dispersion
sfn(qj) and its momentum bandwidth vanish at H = 0 for n > 1. Similarly, the maximum pairing energy Wpélll vanishes at
electronic density n. = 1. Indeed, the energy dispersion sgn(qj) and its momentum bandwidth vanish at n, = 1. The latter
maximum nn pseudoparticle pairing energy is given in Eq. (B.9) of Appendix B in the u — 0 and u >> 1 limits for electronic
densities n € ]0, 1[ and spin density m = 0. For the electronic density interval n, € ]0, 1[ and spin density m — n,, one has
that gy — 0. The maximum pairing energies Wi " = W, = [€3,(0)] and Wy = W, = [9,(0)] have for these densities
analytical expressions that are functions of n. and U/t. They are given in Egs. (B.10) and (B.11) of Appendix B. In theu — 0
and u > 1 limits these expressions simplify, as given in Egs. (B.12) and (B.13) of that Appendix.

Actually, the suitable energy scale to measure the strength of the binding or anti-binding pairing is the maximum value
of the an pseudoparticle pairing energy per pair, 722" = W2i" /n. Consistently with the values and expressions given in
Egs. (B.9)-(B.13) of Appendix B, one finds that the energy per pair 75,  is for n > 1 always smaller than *}". For densities
ne € 10, 1[ and m € [0, n.] it has the limiting behaviors,

P = 7P for u— 0 and 7P = 7P /n? for u> 1. (185)

palr pair palr

It obeys the inequality 7 /n? < gt < m,; /n for the whole u > 0 range. Hence the energy per pair o " decreases
upon increasing n. This effect is stronger upon 1ncreasmg u. This reveals that the overall binding of the n > 1 pairs within an
an-pairs configuration tends to suppress the binding (¢ = s) and anti-binding (¢ = n) energy within each such pairs. This
suppression is an increasing function of both the number of pairs n and of u.

In Appendix I the relation of the maximum pairing energy Wrn" and the an pseudoparticle effective mass m,. inEq.(.1)
of that Appendix to -spin (@ = n) and spin (¢ = s) §S, = =£n multiplet excitations is discussed. This refers to electronic
densities in the interval n, € ]0, 1], spin density m — n,, and the whole u > 0 range. The quantities W23 and my. are found
to be related yet different quantities.

7. Dynamical correlation functions in the pseudofermion representation

Here we revisit the 8 pseudofermion representation and shortly consider the corresponding PDT. This includes its
applications to the 1D Hubbard model in a magnetic field. In addition, the relation between the PDT and the MQIM [52,53]
is clarified.

7.1. The pseudofermion representation

One finds from the use of the TBA equations, Eqs. (128) and (129), that for PS excited states the 8 = c, an rapidity
functionals A#(g;) can be written in terms of the corresponding ground-state rapidity functions A (q]) as follows,

Ac(qj):Ag((_}(qj)) _smko( (q,)) for j=1,....L and A“"(qj):Ag‘”(é(qj)) for j=1,... Ly (186)
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Fig. 19. One-electron removal (w < 0) and addition (w > 0) spectral functions over the whole (k, @) plane for u > 1,n, = 0.5,and m = 0.
Source: From Ref. [157].

Here q; = q(q;) wherej = 1, ..., Lg are the following discrete canonical momentum values,

_ _ 2w Dg(q; 21 2 Dg(q; .

Qj:q(qj‘):q]'"‘# = leﬂ—i-% for j=1,...,Lg and B=c,an. (187)
(The excited-states rapidity expression, Eq. (186), is similar to that of the simpler models considered in Sections 2 and 3.)
The functional 27t ®4(qg;) in Eq. (187) reads [51,268],

Lﬂ’
2n dp(q;) = Z Z 27 Dp p(q;, 4y ) SNp/(qyr) - (188)
B =1
Here the deviation §Ng (g ) and the dressed phase shift 2 @4 g/(qj, qj) are those in Eq. (148) and Eq. (154), respectively. The
discrete canonical momentum values g; = q(q;) have spacing gj+1 — q; = 27 /L + h.o.. (h.o. stands here for terms of second
orderin 1/L.)

We associate one B pseudofermion with each of the Ng occupied B-band discrete canonical momentum values g;
[13,51,58,59,63,64]. We associate one B pseudofermion hole with each of the remaining N}; unoccupied B-band discrete
canonical momentum values g; of a PS excited state. There is a pseudofermion representation for each ground state and
its PS. This holds for u > 0 and all electronic and spin densities. The chosen initial ground state plays the role of vacuum
of the pseudofermion representation. For it one has that q; = g; in Eq. (187). This also occurs for the an # s1 bands of the
PS excited states of a S, = 0 ground state. For the latter state the number of an # s1 band discrete momentum values L,
Eq. (130), vanishes, L,, = 0. For it the functional, Eq. (188), also vanishes, 2w @,,(q;) = 0. It follows that g; = g; for the
an # s1 bands of its PS excited states.

In Sections 4.3 and 5.2, 8 = c, s1 pseudoparticle creation and annihilation operators fq? P and qu, g, respectively, have been
introduced. The corresponding § = c, s1 pseudofermions play a major role in the PDT. Their operators read,

N t N
bt _(eo\pt o T _
faip =lgronopaqyrp = (Sﬂ) fopSp for fop =) for p=c,s1. (189)
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Lg ot
a . . . a qfy gl .
Here S{ denotes the § pseudoparticle-f pseudofermion unitary operator, S¢ = ==V CT D@ 5P 1t s such that

L
5 F_ ezfﬁlfq';*(ZH/L)‘b/j(Qj)vﬂqu’ﬂ .

The functional 27t @4(q;), Eq. (188), has an important physical meaning: It is the overall scattering phase shift acquired by a
B pseudofermion or B pseudofermion hole of initial-state canonical momentum g; upon scattering off all 8’ pseudofermions
and/or B’ pseudofermion holes created under a transition from the ground state to one of its PS excited states. As confirmed
below in Section 7.2, that scattering phase shift controls the spectral weights of dynamical correlation functions.

It then follows from the form of the functional expression in Eq. (188) that within the pseudofermion scattering
theory [268], the function 27 @44 (qj, qjr), Eq. (154), (and —27w P (qj, q7)) has a well-defined physical meaning. It is
the phase shift acquired by a 8 pseudofermion or 8 pseudofermion hole of initial-state canonical momentum g; = g;
upon scattering off a 8’ pseudofermion (and a g’ pseudofermion hole) created at the canonical momentum gy = q(qy)
corresponding to the initial ground-state momentum gy under a transition from that state to one of its PS excited states.
This reveals that all physical quantities whose expression was shown in Section 6 to depend on the phase-shift parameters,
Eq. (162), are controlled by pseudofermion scattering events.

Upon expressing the PS energy functional, Eq. (151), in terms of the discrete canonical momentum values g; = q(g;),
Eq. (187), itreads 6E = } , Z}ﬁleﬂ(ﬁj) SNp(Gj) + gy €a,—1/2 Mo, —172 up to O(1/L) order. (This is as in the case of the 1D
Lieb-Liniger Bose gas, Eq. (35).) The 8 pseudofermion energy dispersions gg(g;) in that functional expression have exactly
the same form as those given in Eq. (152) with the momentum g; replaced by the corresponding canonical momentum,
g; = q(q;). The energy functional applying to the pseudofermions thus has no energy interaction terms of second-order
in the deviations 8Ng(q;). This is in contrast to the equivalent energy functional, Eq. (151). Indeed, up to O(1/L) order the
B pseudofermions have no such interactions. Such a property allows the dynamical correlation functions to be expressed
as a convolution of ¢ and s1 pseudofermion spectral functions. Such functions spectral weights can be expressed as Slater
determinants written in terms of anticommutators of pseudofermion operators.

That within the present representation the § pseudofermion scattering phase shifts 2w ®g(q;) are incorporated in the
canonical momentum, Eq. (187), has though consequences on the form of such Slater determinants. Those involve the type
of B pseudofermion operators anticommutators given in Eq. (J.1) of Appendix ]. The unitarity of the 8 pseudoparticle — 8
pseudofermion transformation preserves the pseudoparticle operator algebra provided that the canonical momentum values
g; and gy belong to the B band of the same energy and momentum eigenstate. The exotic form of the anticommutator, Eq.
(J.1) of Appendix J, follows from shake-up effects stemming from g; and gy corresponding in it to the excited-state and
ground-state 8 band, respectively. Such an exotic 8 pseudofermion operator algebra plays an important role in the one- and
two-electron high-energy spectral weight distributions [59,181] of the PDT reviewed in the ensuing section.

7.2. The pseudofermion dynamical theory

The goal of this section is revisiting the PDT and thus to illustrate how the microscopic mechanisms that control the
dynamical and spectral properties are much simpler to describe in terms of pseudofermion processes than of the underlying
many-particle interactions.

It has been difficult to apply the BA to the derivation of high-energy dynamical correlation functions. For the 1D Hubbard
model, the method employed in Refs. [ 156-158] has been the first breakthrough to address that problem in the u — oo limit.
In such references the one-electron spectral functions have been derived for the whole (k, @) plane by accounting for the
phase shifts imposed on the spinless-fermions by the XXX chain spins. (See Fig. 19). Such fractionalized particles naturally
arise from the u — oo N,-electron wave-function factorization [119,150]. The related PDT relies on the corresponding
factorization of the finite-u N.-rotated-electron wave function. This issue is addressed in Appendix F. The PDT involves an
extension of the u — oo method of Refs. [ 156-158] to the whole finite-u range. This theory has been the first breakthrough
for the derivation of analytical expressions of the 1D Hubbard model high-energy spectral functions for that extended onsite
repulsion range [13,16,51,58,59,63,64,181].

In the following we consider the 8 = ¢, an pseudofermions of the 1D Hubbard model. We indicate as well the small
differences relative to the simplified PDT suitable to the other models under review. The aim of the theory is the evaluation
of finite-w one- and two-particle dynamical correlation functions of general form,

Bk, )= Y 11 0(k)IGS)[” (S(a) —(F — EGS)> for >0, (190)
7

Here 6(l<) is a one- or two-particle operator, |GS) a ground state, and [f) its excited states contained in 6(1<)|GS).

The elementary processes that generate PS excited states contained in O(k)|GS) from the ground state can be classified
into the following three (A)-(C) classes [13,16,51,58,59,63,181]: (A) High-energy and finite-momentum processes that
besides creation or annihilation of ¢ and s1 pseudofermions may involve the creation of «n # s1 pseudofermions and/or
unpaired n-spins of projection —1/2, (B) zero-energy and finite-momentum processes that conserve the number of 8 = c, s1
pseudofermions yet change their number at the : = +1 right and « = —1 left 8 = ¢, s1 Fermi points, and (C) low-energy
and small-momentum elementary 8 = c, s1 pseudofermion particle-hole processes in the vicinity of the right (¢ = +1) and
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left (¢ = +1) B = c, s1 Fermi points onto the momentum occupancy configurations generated by the elementary processes
(A) and (B).

For a momentum k and a given small energy range around w, the excitation O(k)|GS ) can be written as a sum of terms,
> OO k)|GS).Herei =0, 1, 2, ... refers to a suitable index. Its value for each specific operator O(k) can be uniquely defined
in terms of the increasing number of pseudofermions created and annihilated by processes (A) and (B) under the transitions
to the excited states. Oo(k) is the corresponding generator onto the ground state of such processes of momentum k and
energy w. (Further information about the expansions ), O® k)|GS) of specific physical operators O(k) and the choice of the
corresponding leading-order operators 0°(k) can be found in Section 3.1 of Ref. [63] for two-particle spin operators and in
Section 3.2 of Ref. [64] for one-electron operators.)

For a well-defined small energy range around each low- or high-energy w, one approximates the dynamical correlation
function, Eq. (190), by a corresponding leading-order term [13,16,51,58,59,63,64,181],

Bk, ) ~ Bk, 0) = Y 1(F10°(KIGS)I " 8(e — (Er — Ecs))
f

-y @(9 _ 5wf) @(&uf) O (lvy] = v3) BP (S, vy) for @ > 0. (191)
f
Here
Sgn (3a)f —+sgn( Uf)(swf/vﬁ
B (Swy, vf / / dk' Bo, (8cy /vp — K, Sy — ') By (K, '), (192)
—sgn(vf )dwy /vg P
and

L
Boy(K. )= o= 3 APV ag(ms i1, ms )

mﬁ.+1:mﬂ,,1

2 2
X 8((0/ - TH vg Z(mﬁ’l + Ajg)) 8(k’ - Tn Z t(mg, + Aig)) where 8 =c,sl1. (193)

1==+1 1==+1

The quantities in these equations are defined below.

In the function B®(k, ) initial general expression, the generator onto the particle vacuum of the ground state |GS) is
written in terms of 8 pseudofermion creation operators. Their 8 band discrete canonical momentum values, which equal
the corresponding momentum values g;, Eqs. (131) and (132), are those of that ground state. Both the generator onto the
electron vacuum of the PS excited states |f) and the operator 6©(I<) are written in terms of 8 pseudofermion operators. Their
B band discrete canonical momentum values gj, Eq. (187), are those of the excited states.

The summation Zf in Eq. (191) runs over PS excited states generated by processes (A), (B), and (C) at fixed values of k and
w. The capital-@ distribution ®@(x) in that equation is given here and in the following by ®(x) = 1forx > 0and ©(x) = 0
for x < 0. Such states have excitation energy and momentum in the ranges SEf@ € [w — 2, w] and 8P° € [k — £2/vs, k],
respectively, where §2 stands for the processes (C) energy range Moreover, in Egs. (191) and (192) the fixed excitation
energy « and momentum k read w = 8Ef +dwrand k = 5Pf + 8kg, respectively. Here §oy = (0 — (SEf )= (w— Ef + Egs),
Sk =k — (SPfO vr = Sy /Sks, vg = min{vc, vs1}, vp = max{vc, vs1}, and v. and vs; are the 8 = c, s1 band Fermi velocities,
Eq. (155). The above processes (C) energy range 2 is self-consistently determined as that for which the velocity vy remains
nearly unchanged. .

The lack of ¢ and s1 pseudofermion energy interactions in their PS u > 0 spectrum is behind the function BQ(Swf, vr)in
Eq.(191) being expressed in Eq. (192) as a convolution of ¢ and s1 pseudofermion spectral functions [51,181]. Such functions
expression, Eq. (193), involves sums that run over the processes (C) numbers mg, = 1,2, 3,...[13,59,181]. In it A‘ refers
to the four dimensions functionals 2A;3 ((SqF /[27 /L])?. Those are the four 8 = c, s1 and ¢ = + relative weights, Eq J.5)
of Appendix ]. They correspond to the smallest f1n1te processes (C) numbers, mg, = 1, and can be written as,

F Ly Lan

8N
284y = | 20 | &hy =5 &+ D Puprs aINYT@) | + D7 D Ppan(udes. 4)Nan(q) | - (194)

B'=c,s1 j=1 an#sl j=1

Here 8 =, s1, (SNF, = 8N{, +6NF, _,and 2];, = (SNF/ —(SNF _for B’ = c, s1. Moreover, the 8 = c, s1 lowest peak weight

AQD ip Eq.(193)is assoc1ated with tran51t10ns from the ground state to PS excited states generated by processes (A) and (B).

Tﬁe B = c, s1relative weight ag = ag(mg, +1, mg, _1) is generated by additional processes (C). The former weight refers to
a Slater determinant that involves the 8 = c, s1 pseudofermion anticommutators, Eq. (J.1) of Appendix ]. The lowest peak
weight AL and the relative weight ag are given in Eq. (J.2) and Egs. (J.3)-(J.5) of that Appendix, respectively.

The PDT has a simplified form suitable to the 1D Lieb-Liniger Bose gas [61], spin-1/2 XXX chain [62], and spin-spin
dynamical correlation functions of the 1D half-filled Hubbard model [63]. Such functions involve spin excitations for which
NI = 0. For that simplified dynamical theory there is no convolution, as given in Eq. (192). For it the function, Eq. (191),
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rather reads [61-63] B(k, ) = YO (|vf| — v) Bo(8wy, vy) for 8wy € [0, 2]. Here v = v(gr) is the model-dependent
ground-state single branch Fermi velocity and By (k', ") is a pseudofermion spectral function. It has exactly the expression,
Eq.(193), if one omits the index 8. Such an omission procedure also applies to all other PDT quantities in the equations given
in the following and in Appendix ] [61-63].

The expression, Eq. (].10) of Appendix ], of the 8 = c, s1 pseudofermion spectral function, Eq. (193), is valid in the TL.
Its use in the general convolution expression, Eq. (192), of the function B}D(8(Uf, vr) followed by the use of the obtained
expression for such a function in the second expression of the function B®(k, w) in Eq. (191), enables performing the
summations in the latter equation for the (k, w)-plane vicinity of some singular spectral features. For the one-electron
spectral function, these turn out to be the most important spectral features.

The summation Zf in Eq. (191) runs over PS excited states with the specific k and w values that appear in the argument

of the corresponding function B®(k, w). At such fixed values, the two corresponding 8 = c, s1 lowest peak weights AEQO’O),

Eq. (J.2) of Appendix ], have nearly the same magnitude for all such states. In the vicinity of the 8 = c, s1 branch lines whose
spectrum is defined in the following, the state summations can then be partially performed. One then finds that near them
the spectral function behaves as [13,16,51,58,59,63,64,181],

¢p(k)
Bk, @) o< (e —wp()) " for (cpe — wp(k) 2 0,

k) = =14 > > 245(a)lg—co(e—ky) Where B =c,s1. (195)

B'=c,s1 =%
Here cg = 1and ¢y = —1 for w > 0 and w < 0 excitation energy, respectively. Except for the one-electron removal spectral
function, for which cg = —1, the general convention is that cg = 1 and thus @ > 0. (That in Eq. (195) the 8 = c, s1 branch

line spectrum wg(k) is not multiplied by cp is justified by it being according to Eq. (196) always such that wg(k) > 0.)

A B = c, s1branch line in the vicinity of which the expression, Eq. (195), applies results from transitions to excited states
generated by creation (co = +1) or annihilation (co = —1) of one 8 = c, s1 pseudofermion. Its canonical momentum
q; = q(qg;) is associated with a uniquely defined 8 = c, s1 band momentum value q;. A ¢ = +1 and ¢cp = —1 branch line
corresponds to the range |q;| € [qrg, qg] and q; € [—qrg, qrpgl, respectively. All remaining 8 = ¢, s1 pseudofermions are
created or annihilated at the 8 = c, s1 Fermi points %qrg, Eq. (147). The 8 = an # s1 pseudofermions (if any) are created
at the 8 = an # s1band limiting values, ¢, = £qun, Eq. (149). This gives a (k, w)-plane 8 = c, s1 branch line shape whose
energy spectrum wg(k) appearing in expression, Eq. (195), reads [51],

wp(k) = wo + coep(q;) and k =ko +coq; where g =c,s1 and ¢g = =£1. (196)
£p(q;) is here the 8 = c, s1 band energy dispersion, Eq. (152), and,
w0 =Y 2ta(Lu.-1/2 = 8usNs1) and ko =7 Ly 1/ + (= 2ke )2y + Y 2arp 2] - (197)
a=n,s B=c,s1

2J;n = Nyn4+ — Nyn,— where N, is in this equation the number of nn pseudofermions created at the nn band limiting
momentum values (q,, = t(w — 2kg), Eq. (149). For instance, (N;;1, + M, _1/2) = 0 and (Ny1,, + M, —1,2) = 1 for a one-
electron addition 8 = c, s1 branch line in the lower and upper Hubbard bands, respectively, defined below in Section 7.3.

The spectral function expression, Eq. (195), is exact for 8 = c, s1 branch lines that coincide with the lower thresholds
(cg = 1) or upper thresholds (cg = —1) of (k, w)-plane finite spectral-weight regions. For the particular case of the one-
electron spectral function, Eq. (195) is a good approximation for the 8 = c, s1 branch lines that have a small amount of
spectral weight above (cg = 1) or below (cg = —1) them. For integrable correlated problems with a single pseudofermion
branch, the exponent in Eq. (195) is rather given by —1 4+ > _, 2A*. This is as in Egs. (46) and (98) for the 1D Lieb-Liniger
Bose gas and spin-1/2 XXX chain, respectively [61-63].

The above dynamical correlation functions line shapes are beyond the reach of the techniques used within the usual low-
energy TLL studies. In the limit of low-energy the PDT describes the well-known behaviors obtained by such techniques.
This refers specifically to the vicinity of (k, w)-plane points (kg, 0) of which (kq, wg), Eq. (197), is a generalization for wg > 0.
Near them the spectral-function behavior is [51,63,64,181],

¢
Bk, ») (cgw—wo) for (cz —wo) >0,

C= -2+ Z ZZA;}/ for (cgw — wo) # +vg (k — ko) where g =c,s1,
B'=c,s1 =%
+

¢
Bk, ») (CBa)—a)o:Fv/g(k—ko)) for (csw — wo F vg (k — ko)) = 0,

f=-1- 2A§ + Z ZZA‘, for (cgw — wo) ~ £vg(k — ko) where B =c,s1. (198)
B'=c,;s1 =%
The expressions given here apply to the finite-weight region above (cg = 1) or below (cg = —1) the (k, w)-plane point.

Examples of exponents ¢ controlling the line shape near (k, w)-plane points (kq, 0) are given in Ref. [100]. In Ref. [181] it is
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Fig. 20. Experimental peak dispersions obtained by ARPES on TTF-TCNQ along the easy-transport axis as given in Fig. 7 of Ref. [ 15] and matching theoretical
branch and border lines, within the 1D Hubbard model PDT. The line shape in the vicinity of the branch lines is for that model of power-law type, with
exponents that depend on the momentum, interaction strength, and densities. (The Z-point corresponds in the figure to the momentum k = 7.)

Source: From Ref. [13].

confirmed that in the limit of low excitation energy the expressions, Eq. (198), recover those provided within the TLL limit by
conformal-field theory [176,224]. For low-energy excited eigenstates of S, > 0 and S; > 0 ground states the four functionals
2AF and 24" Eq. (194) with SN}’;’,F(qj) = 0and 8Nyn(g;j) = 0, are in that reference found to be the conformal dimensions of
the ¢, £ and s, & primary fields, respectively. The corresponding dressed charge matrix is in Eqs. (162) and (163) expressed
in terms of pseudofermion phase-shift parameters.

In the particular case of the one-electron spectral function, there is a third type of high-energy spectral feature in the
vicinity of which the PDT provides an analytical expression. It is generated by processes where a ¢ pseudofermion hole is
annihilated (electron addition) or created (electron removal) and a s1 pseudofermion hole is created at related momentum
values g; and gy, respectively. Their relation follows from the group velocities, Eq. (155), obeying the equality vc(q;) = vs1(gy ).
The one-electron spectral feature under consideration is called a ¢ — s1 border line. Its (k, w)-plane shape is of the general
form [13,51,63,64],

we—s1(k) = (wo + lec(q))] + lesa(qy)l) Sue(q). vaa(qy) and k =ko +coq; — gy where co = =£1. (199)

Near a ¢ — s1 border line the spectral function has the following behavior,
~1/2
Bk, ) o (cB @ — wc_ﬂ(k)) for (Cpw — we_s1(K)) = 0. (200)

Applications of the 1D Hubbard model PDT to the study of the ARPES spectral features of actual quasi-1D materials are
reported in Refs. [13,15,16]. The experimental peak dispersions obtained by ARPES on the quasi-1D organic conductor TTF-
TCNQ along the easy-transport axis [15] together with the prediction of the PDT for the 1D Hubbard model are shown in
Fig. 20. The shape of the c, ¢/, and ¢” spectral lines and s and s” spectral lines in the ARPES spectrum plotted in such a
figure is that of the 8 = c and B = s1 bands energy dispersions eg(q;), Eq. (195), respectively, in the branch-line spectrum,
Eq.(196). The indices s and s” read within our notation s1 and s1’, respectively. The c, ¢/, and s1 branch lines refer to electronic
densities in the range n, € [0, 1] suitable to the stacks of TCNQ molecules related spectral features. Their spectra expressions
in terms of the energy dispersions &.(q;) and &1(q;) and PDT momentum dependent exponents are given in Eqgs. (J.11) and
(J.12) of Appendix |, respectively. Such dispersions are seen in actual experiments on quasi-1D conductors.

The figure theoretical ¢” and s” branch lines and ¢ — s border line, Eq. (199), refer to the TTF stack of molecules spectral
features derived within the 1D Hubbard model PDT for electronic density n, = 1.41 and U/t = 5.61. The c, s, and ¢’ branch
lines correspond to the TCNQ stack of molecules dispersions evaluated for electronic density n. = 0.59 and U/t = 4.90.
A corresponding approximate spectral-weight distribution in the vicinity of such branch lines obtained by combining the
theory analytical expressions with numerical approximations is shown in Fig. 21.

The one-electron spectral function exponent plotted in Fig. 22 refers for k € [0, kf] to a line shape of form, Eq. (195).
Above it there is no one-electron removal spectral weight (cg = —1). Hence it is exact for the present model. It corresponds
to the theoretical TCNQ line called s in Fig. 20. The one-electron addition exponent plotted in Fig. 22 for k € [kf, 3k¢] and
electronic density n, = 0.59 equals the corresponding one-electron removal exponent for density n, = 2 — n, = 1.41. The
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Fig. 21. PDT one-electron removal spectral-weight distribution in the vicinity of the TTF (n, = 1.41and U/t = 5.61) and TCNQ (n, = 0.59 and U/t = 4.90)

stack of molecules spectral features in Fig. 20.
Source: From Ref. [13].

3k,

Fig. 22. Momentum dependence of a one-electron spectral function s1 branch-line exponent, Eq. (195), called ¢; in the figure, for densities n, = 0.59 and
m = 0 and several U/t values. (As in Ref. [ 16], n, is here denoted by n.)
Source: From Ref. [16].

latter is that appropriate for the theoretical TTF s” branch line plotted in Fig. 20 for the small range of momentum values
k > kg for which that exponent is negative.

The experimental peak dispersions shown in Fig. 20 show significant discrepancies from the conventional band-structure
predictions. Fig. 7 of Ref. [ 15] represents the experimental spectral features in that figure in comparison with the conduction
band dispersions obtained by density functional theory. In contrast to the line shapes obtained within the 1D Hubbard
model by the PDT, those predicted by density functional theory do not agree with the experimental ARPES features. The
corresponding non-perturbative many-electron physics justifies why standard density functional theory fails to describe
such unusual ARPES spectral-line shapes. The theoretical description of the microscopic mechanisms behind the spectral
properties of 1D systems and quasi-1D metals can be further improved by the use of a renormalized PDT [26]. It accounts
for the effects of electron finite-range interactions beyond the conventional 1D Hubbard model.

The results discussed in this section and in Section 6 illustrate how the 1D Hubbard model physics is fully controlled by
the scattering events of the pseudofermions. The model one-particle spectral functions has also been studied by numerical
methods. The authors of Ref. [269] found that the 1D Hubbard model one-electron removal spectral function s1 branch line
exact exponent plotted in Fig. 22 for the momentum range k € [0, kg] fully agrees with that exponent values obtained by
the density matrix renormalization group (DMRG). The PDT exponent for the line shape near the ¢ branch line in Fig. 20 is
not exact. Indeed, there is some small amount of spectral weight above that line. It is though a very good approximation.
Consistently, the authors of Ref. [269] have found small minor quantitative deviations from the DMRG values of that
exponent.

The numerical results derived by the MQIM in Section VIII of Ref. [54] for the momentum dependence of the one-electron
removal spectral-function s1 branch line exponent of Fig. 22 are in full quantitative agreement with those obtained by use
of the PDT [13,16,58] for electronic density n, = 0.59, interaction values U/t = 1.00, 4.90, 10.00. This applies to the whole
range of that figure momentum values k € [0, kr] associated with electron removal. Moreover, the same exponent was also
calculated in the framework of the MQIM in Ref. [55], using input from the BA solution. It has been plotted in that reference
as a function of the momentum for densities n, = 0.17, 0.25, and U/t = 2.00, 5.00, 10.00, 20.00. Again, such results are in
accord with those of the PDT.
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Fig. 23. The half-filled 1D Hubbard model longitudinal spin spectrum w'(k) corresponding to that plotted in Figs. 7-9 for the spin-1/2 XXX chain for (a)
m=0.25andu = 0.5,(b)m = 0.75and u = 0.5, (c)m = 0.25 and u = 10.0, and (d) m = 0.75 and u = 10.0. The main effect of the onsite repulsion is on
the spectrum energy bandwidth. At fixed spin density m its form remains nearly the same for the whole u > 0 range.

Source: From Ref. [63].

7.3. PDT applications to the high-energy spectral properties of the 1D Hubbard model in a magnetic field

The longitudinal and transverse dynamical structure factors studied in Section 3.7 for the spin-1/2 XXX chain and the one-
electron spectral functions have been investigated within the framework of the 1D Hubbard model in a magnetic field PDT
in Refs. [63] and [64], respectively. The results for the XXX chain correspond to those obtained for the large-u half-filled 1D
Hubbard model up to t2 /U order. Previous studies of the factors $%(k, w) and S**(k, w) = S?(k, w) within the half-filled 1D
Hubbard focused mainly onto magnetic fields H = 0 for which S#(k, w) = S*(k, w) = S¥(k, w)[270,271]. That model lower
thresholds spectra w!(k) and w'(k) of the longitudinal and transverse, respectively, dynamical structure factors are plotted
in Figs. 23 and 24, respectively. Interestingly, analysis of these figures reveals that the main effect of u on these spectra is
merely on their energy bandwidth. It increases upon decreasing u. Otherwise, their shape remains nearly unchanged.

The exact behavior near the longitudinal and transverse dynamical structure factors lower thresholds refers to the
PDT general expression, Eq. (195). The corresponding singularities in the vicinity of the thresholds of the longitudinal
spin spectrum w'(k) in Fig. 23 and transverse spin spectrum w'(k) in Fig. 24 are controlled by exponents £!(k) and &(k),
respectively. Such exponents are plotted for the half-filled 1D Hubbard model as a function of the momentum k € 10, [ for
several values of u and spin density m in Figs. 25 and 26, respectively.

On the one hand, the longitudinal dynamical structure factor exponent &(k) is negative for k > 0 at any u and m values.
On the other hand, the transverse dynamical structure factor exponent £!(k) is negative for a u and m-dependent range
k € [k;, w] where the momentum k; is for u > 0 an increasing function of m. Furthermore, analysis of Fig. 25 reveals that the
negative exponent £/(k) is an increasing and decreasing function of u for the momentum ranges k € [0, k] and k € [k, 7],
respectively. Here k; is a spin density dependent momentum at which the exponent £!(k) has similar value for the whole
u > Orange.

For the intervals of the momentum k for which the exponent &, (k) is negative, there are lower threshold singularity
cusps in the dynamical structure factors. Hence analysis of Figs. 25 and 26 provides valuable information on the k ranges for
which there are singularities in the lower thresholds of the dynamical structure factors S#(k, w) and S*(k, w) = S¥(k, w).
An interesting issue discussed in Section 3.7 for the spin-1/2 XXX chain is the potential observation of the theoretically
predicted dynamical structure factors peaks in inelastic neutron scattering experiments. Analysis of Figs. 24-26 reveals that
the effect of lessening the u value is enhancing the (k, w)-plane energy bandwidths of the spectra edges where such peaks are
located.

An interesting issue refers to the effects of varying the electronic density n,, spin density m, and interaction u on the
momentum dependence of the exponents that control the (k, w)-plane singular features of the o =%, | one-electron spectral
functions B, ,, (k, w) of the 1D Hubbard model [64]. Here y = —1 (and y = +1) for one-electron removal (and addition).
Such functions read,

Boalke @) = 31007 o | GS) 8 (a) + (BN - Egg)) for w <0,
-
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Fig. 24. The half-filled 1D Hubbard model transverse spin spectrum o' (k) corresponding to that plotted in Figs. 7-9 for the spin-1/2 XXX chain for (a)
m = 0.25andu = 0.5,(b)m = 0.75and u = 0.5, (c)m = 0.25and u = 10.0, and (d) m = 0.75 and u = 10.0. As in the case of the longitudinal spin
spectrum plotted in Fig. 23, the main effect of the onsite repulsion is on the spectrum energy bandwidth.

Source: From Ref. [63].

Fig. 25. The half-filled 1D Hubbard model exponent &!(k) corresponding to that plotted in Figs. 7-9 for the spin-1/2 XXX chain that controls the singularities

in the vicinity of the lower thresholds of the longitudinal spin spectrum w'(k) plotted in Fig. 23 as a function of k € ]0, 7| for several values of u and spin
densities (a) m = 0.25, (b) m = 0.50, (c¢) m = 0.75, and (d) m = 0.99.
Source: From Ref. [63].

Bk @) = Y 104, 165) 8 (0 — (BT~ E%)) for @ =0, (201)
vt

The operators ¢, and c,ig in this equation annihilate and create electrons, respectively, of momentum k and |GS) denotes
the initial N, -electron ground state of energy Egg .The v~ and v summations run over the N, — 1 and N, + 1-electron
excited energy eigenstates, respectively, and ES’E ~land EN1+1 are the corresponding energies.

The one-electron lower Hubbard band and upper Hubbard band can be defined for all densities and finite repulsive onsite
interaction values in terms of the rotated electrons associated with the model BA solution [64]. As discussed in Section 4.3,
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Fig. 26. The half-filled 1D Hubbard model exponent &¢(k) corresponding to that plotted in Figs. 7-9 for the spin-1/2 XXX chain that controls the singularities
in the vicinity of the lower thresholds of the transverse spin spectrum o' (k) plotted in Fig. 24 as a function of k € ]0, =| for several values of u and spin
densities (a) m = 0.25, (b) m = 0.50, (c) m = 0.75, and (d) m = 0.99.

Source: From Ref. [63].

the 1D Hubbard model BA quantum numbers are directly related to the numbers of sites singly occupied, doubly occupied,
and unoccupied by o rotated electrons. From the use of that relation it is found that for instance for electronic densities
ne € [0, 1[ and spin densities m € [0, n.] the model ground states have zero rotated-electron double occupancy. The o

one-electron LHB addition spectral function B,"%  (k, ) and UHB addition spectral function By, (k, w) are then uniquely

defined for u > 0as By +1(k, @) = By}, (k. @)+BJ", (k. @) where BJ'"S, (k. @) = 32+ (v | ¢l ,| Gs)|° 8(w—(E:§j+l —Ep2))

for > 0and B}, (k, ) = Zvl;r vy | C,I’Ul GS) |2 8w — (Eﬁ’j+1 —E?))for w > 0. Here the v and v} summations run over

. . . D .
the N, + 1-electron excited energy eigenstates with zero and D > 0, respectively, rotated-electron double occupancy and
E’v\’if1 and E:er’“ are the corresponding energies.

’The momentum dependent exponents that control the line shape of the ¢ =1, | one-electron spectral functions
B, ,(k, w), Eq. (201), near the main ¢ and s1 branch lines are in Ref. [64] plotted as a function of k for a large range of
different u, n,, and m values. For simplicity, here we plot some of the momentum dependent exponents of the down-spin-
one-electron removal and LHB addition spectral function, Eq. (201) foro =| and y = —1. Such a spectral function c* branch
lines and s1 branch line are generated by processes that correspond to particular cases of those generated by the leading-
order operators considered in Ref. [64]. These branch lines energy spectra are defined in that reference. The corresponding
momentum dependent exponents *;‘Ci(k) = éj,( k) and gsﬁ(k) that control the spectral-function singularities in the vicinity
of the ¢t and s1 branch lines are plotted in Figs. 27 and 28, respectively. The effects of varying u on these one-electron
exponents are stronger than in the case of the exponents of the spin dynamical structure factors plotted in Figs. 25 and 26.

7.4. Relation between the pseudofermion dynamical theory and the mobile quantum impurity model

For simplicity, here we use the PDT expressions for the dynamical correlation functions of the 1D Lieb-Liniger Bose
gas discussed in Section 2.2 to clarify the relation between the PDT and the MQIM [52,53]. The basic relation found in the
following is qualitatively similar to that of the more complex models also reviewed in this paper.

Within the MQIM, the pseudoparticles in the vicinity of the t = + Fermi points are called particles. The MQIM relies on
an effective Hamiltonian of general form [52,53],

L . 1
A = fo + Hy + i where Ho = 21 / dx (1<0(v9(x))2 + ?(w(x))Z) ,
T 0

Hy = /dxd*(x) (el(k)— iag‘(k) 0 )d(x),

ak  ox
i = / dx (VRVQ(X) —) IR+ ¢(X)> 4T (X)d(x). (202)
27 27
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Fig. 27. The exponent §Ei+(k) = E:,(—k) that controls the singularities in the vicinity of the ¢* branch line of the o = one-electron removal and LHB
addition spectral function, Eq. (201) for 0 =] and y = —1, as defined in Ref. [64], as a function of the momentum k/7 € ] — 1, 1] for several u values,
electronic density n, = 0.7, and spin densities (a) m = 0.65, (b) m = 0.45, (c) m = 0.25, and (d) m = 0.05, and for electronic density n, = 0.3 and spin
densities (e) m = 0.25 and (f) m = 0.05.

Source: From Ref. [64].

Here Hy in whose expression v is the particles Fermi velocity describes their kinetic energy near the BA Fermi points. The
mobile impurity motion is described by Hy. Furthermore, Hi,; contains the density-density interactions between the impurity
and the particles in the vicinity of the Fermi points.

The operator d' creates the mobile 1mpur1t§/ with momentum near k and energy near &¢(k). This is the excitation energy
' = ¢; e(qr — k), Eq. (44). Its velocity is =~ 5-. The quantities 6(x) and ¢(x) in Eq. (202) are conventional bosonic fields.
They satisfy the canonical commutation relatlon

[p(x), VOX)] = imd(x — X). (203)

The particles annihilation operator reads Wp(x,t) ~ e®0. Moreover, V"(Xiﬂx and —V%ﬂm) are in the effective

Hamiltonian I:Iint expression the densities of right and left movers, respectively. The interactions described by that effective
Hamiltonian lead to the formation of low-energy particle-hole pairs. Those are crucial for the line shape of the dynamical
correlation functions.

A key step of the MQIM method is that the interaction Hamiltonian term Hmt can be removed by a unitary transformation,
Ut(Ho + Hy + Hine)U, where [52 53],

i o0t -5= T
12 o & F OB BN e 5o R ko(gr — k). (204)
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Fig. 28. The exponent Ssﬁ(k) that controls the singularities in the vicinity of the s1 branch line of the o =, one-electron removal and LHB addition spectral
function, Eq. (201) foro =] and y = —1, as defined in Ref. [64], as a function of the momentum k/7 € ]0, 1[ for the same values of u, electronic density
ne, and spin density m as in Fig. 27. (For k/w € ] — 1, O[ the exponent Esl](k) is given by gsl](k) = Esl](—k) with —k/7 € ]0, 1] as plotted here.)

Source: From Ref. [64].

Here 8. is a function defined in Eq. (15) of Ref. [57]. It is a particular case of the MQIM shift function Fz(k|k') defined in Egs. (7)
and (8) of that reference. (As in Section 2.2, the MQIM shift-function Fg(v|u) variables v and u of Ref. [57] are here denoted
by k and k', respectively, and the corresponding limiting values 4-q by +Q, Eq. (11).)

We start by discussing the technical equivalence of the line shapes near the branch lines, as defined within the PDT and
the MQIM. The relation between PDT and MQIM is addressed afterwards, from the point of view of the physical processes
under consideration. A first issue to be clarified is the relation of the PDT t = B, A, D exponents, Eq. (46), to those derived
by the MQIM in Ref. [57]. In Appendix A it is rigorously shown that the following equalities exactly hold for the momentum
range k € [0, 2w n,] considered in that reference,

§p(k) = —fu—(k), &a(k) = —p (k) and &p(k) = —pa(k). (205)

Such exact relations hold in spite of the apparent different expressions given in Eqs. (16)-(18) of Ref. [57] for the edge
exponents on the right-hand side of the three equations in Eq. (205). The PDT exponent expressions,
(2b,

-1) (2b; — 1) (2b; — 1) (2b; — 1)
&.(0)= 3 <1+ 26 ) and sr(Znn):—2§1+2(§l)2+ 1 <1+ 2 ) (206)
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refer to the limiting momenta k — 0 and k — 2mn, respectively. It follows from the equalities in Eq. (205) that they are
fully equivalent to those provided for jt_(k) = —&g(k), M+(k) = —&4(k), and uy(k) = —&p(k) in Egs. (19), (22), and (23) of
Ref. [57] for k — 0 and Egs. (20), (24), and (25) of such a reference for k — 2mzn.

On the one hand, the dynamical correlation functions exponents are within the PDT controlled by the pseudofermion
phase shifts 27 ®(q;, q7) = an_b(ko((jj), ko(gy)), Eq. (12). They are thus also controlled by the related momentum rapidity
phase shifts 2 @(k, k'), Eq. (13). Specifically, the edge singularities exponents are fully controlled by the pseudofermion
phase shifts 2m & (qr, ) = 27 P(£Q, ko(q')).

On the other hand, within the MQIM used in Ref. [57] to derive the same exponents, those are determined by the MQIM
shift function Fp(k|k'). The two MQIM ¢ = = shift functions Fg(+Q |k’) play the major role, since they fully control the edge
singularities exponents.

That the exact equalities in Eq. (205) hold for k € [0, 27 n,] is an issue addressed in Appendix A. It is shown to result
from the MQIM shift function Fz(k|k’) of Ref. [57] being exactly related to the momentum rapidity phase shift @(k, k') in
units of 27, Eq. (13), as given in Eq. (A.8) of that Appendix. Hence the MQIM ¢ = = shift functions F(+Q k') = 8+/27

that in Ref. [57] control the edge singularities exponents are simply related to the « = = pseudofermion phase shifts
®D(1qr, q') = ®(1Q, ko(q')) in units of 27 as follows,
B L JKo -
Fz(tQ|K) = 2—‘ = % —®(1Q,kK) = TO —@(1Q,K) for 1 ==. (207)
T

Within the PDT, the ¢« = = pseudofermion phase shifts 27 ®(iqr, ¢) = 27w ®(1Q, ko(q')) control the important
exponent functional, Eq. (37). In addition, they determine the parameter £! = 1 4+ &(qr, qr) — ®(gr, —qr), Eq. (18),
that also appears in that exponent functional expression. This thus also applies the TLL parameter, Ky = (£')? = (1 +
D(qr, qr) — P(qF, —_qF))Z. The exact relation between the MIM shift functions Fp(¢Q |k’) and the pseudofermion phase shifts
2 ®(1qr, q') = 27 ®(1Q, ko(q')) given in Eq. (207) clarifies the basic relation between the PDT and the MIM. (It plays the key
role in the rigorous proof presented in Appendix A.)

The physical processes described by the MQIM are fully equivalent to those of the PDT that control the line shape of the
dynamical correlation functions near the branch lines, Eqs. (196)-(195). Specifically: )

(I) The unitary transformation, Eq. (204), that removes the interaction Hamiltonian term Hj,; is equivalent to the
pseudoparticle-pseudofermion unitary transformation, g; — gj+-2m ®(q;)/L. Such a transformation removes the pseudopar-
ticle energy spectrum interactions and introduces shake-up effects. Those result from the discrete canonical momentum
value shifts 2 @(q;)/L, Eq. (33), under the transitions to the excited states. Such shake-up effects are behind a large number
of small-momentum and low-energy pseudofermion-pseudofermion-hole processes (C). They occur in the linear part of
the pseudofermion energy dispersions and lead to finite spectral-weight contributions. Similarly, in the case of the MQIM
the interactions described by the effective Hamiltonian Hj,; lead to the formation of low-energy particle-hole pairs that are
crucial for the line shape of the dynamical correlation functions. )

(I) The mobile quantum impurity described by the effective Hamiltonian Hy in Eq. (202) corresponds to the pseud-
ofermion or pseudofermion hole with canonical momentum away from the Fermi points. It is created within the PDT by
processes (A). They occur under the transitions to excited states associated with the corresponding pseudofermion branch
line.

(IIT) The effective Hamiltonian ﬁo in Eq. (202) describes the same processes near the Fermi points as the PDT processes
of classes (B) and (C).

Hence although relying on apparently different physical starting points, the MQIM describes exactly the same processes
as the PDT. This applies in the particular case of line shapes near the branch lines, as defined within the latter dynamical
theory.

8. General Outlook and future developments

The static properties of the 1D Lieb-Liniger Bose gas, spin-1/2 isotropic Heisenberg chain, and 1D Hubbard model have
been revisited in this review in terms of quantum liquids of pseudoparticles. The static quantities of these integrable systems
are controlled by Landau parameters associated with the pseudoparticles residual interactions f functions. The similarities
to and differences from the usual Fermi liquid have been discussed.

The high-energy dynamical correlation functions of these integrable systems have been studied in the suitable and related
pseudofermion representation of the BA solutions. The line shape in the vicinity of the high-energy one-particle spectral
functions of the 1D Lieb-Liniger Bose gas and 1D Hubbard model is controlled by momentum dependent exponents. Such
exponents have simple expressions in terms of the pseudofermions scattering phase shifts. For all models under review, the
same applies to the line shape near the spectra edges of the two-particle dynamical correlation functions.

One of the goals of this review is to contribute to the further understanding of the fractionalized particles microscopic
mechanisms that control the low- and high-energy properties of 1D correlated systems. In the case of the spin-1/2 XXX chain,
an exact expression of the spin currents of non-LWSs, Eq. (7 1), was used to study the elementary currentsj’{(qj) inEq.(72)that
are conventionally associated with spinons. It has been found that the latter elementary currents describe the translational
degrees of freedom of the model unpaired physical spins 1/2 whose occupancies generate the energy eigenstates multiplet
configurations. Our study includes an analysis of the exact elementary spin currents j.1/, in Eq. (72) carried by such physical
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spins 1/2. 1t is found from it that one cannot associate the internal spin degrees of freedom of physical spins 1/2 with the BA
quantum numbers g; in the argument of the elementary current spectrum j’}(q]-). Hence such internal spin degrees of freedom
can neither be associated with the corresponding conventional spinons.

This reveals that spinons, as defined within integrable models, are not spin-1/2 particles. They do not contain the internal
spin degrees of the physical spins whose translational degrees of freedom they describe. This clarification is important,
because spinons are conventional fractionalized particles widely used in the description of the spin degrees of freedom
of integrable systems. It applies to all integrable models with SU(2) symmetries associated for instance with spin or n-spin
degrees of freedom. However, conventional spinons describe correctly the translational degrees of freedom of the multiplets
physical spins 1/2. They thus can be successfully used in the description of some of the properties of 1D spin chains and
electronic correlated models.

Moreover, the results under review confirm that the non-perturbative relation of the pseudoparticles to the models
physical particles (bosons, spins 1/2, and electrons) is more involved for models with more types of degrees of freedom and
thus of increasing complexity. Specifically, it becomes more involved as one goes from the Abelian global U(1) symmetry 1D
Lieb-Liniger Bose gas, to the non-Abelian global SU(2) symmetry spin-1/2 XXX chain, and further to the much more involved
non-Abelian global [SU(2) ® SU(2) ® U(l)]/222 symmetry 1D Hubbard model. The discussion of the increase in complexity
and of the role played in it by the interplay of the BA pseudoparticles with the global symmetries representations, has unified
the results being reviewed. It thus contributed to the further understanding of their physical meaning.

Concerning future studies in this field, an interesting future development would be to extend the computations of the
PDT high-energy dynamical correlation functions beyond the vicinity of the one- and two-particle spectra edges and one-
particle singular branch and border lines at finite u. The derivation of accurate finite-u line shapes over the whole (k, w)
plane, as those obtained in Refs. [156-158] for the u — oo limit, would require more demanding numerical computations
than those employed in these references. Future developments and improvements in numerical techniques may allow such
computations of the finite-u one- and two-electron spectral-weight distributions.

A development that also deserves future studies, refers to the need of accounting for electron finite-range and long-range
interactions beyond the 1D Hubbard model in the description of the microscopic mechanisms behind the ARPES in 1D and
quasi-1D metallic states of actual physical systems. Indeed, within that integrable model the parameter &; and related charge
TLL parameter Kg = 53/2 [3,4,272] can vary in the intervals & € [1, /2] and Kg € [1/2, 1], respectively. (The m — 0
parameter & is related to phase shifts, as given Eq. (H.13) of Appendix H.) Through Eq. (164), such intervals correspond to a
suppression of density of states exponent range « € [0, 1/8].

In contrast, the density of states suppression exponent « experimentally measured for instance in 1D metallic states of
Bi/InSb(001) [25], 1D line defects in transition dichalcogenides such as MoSe, [26], and quasi-1D conductors [272] belongs
typically to the interval & € [0.50, 0.80]. This implies that for such systems the charge TLL parameter K, and the related
parameter §y = /2K, have values K, < 1/2 and & < 1, respectively. As discussed in Ref. [3], such values result from
electron interactions beyond onsite, i.e. finite-range interactions (of at least one lattice spacing) or long-range interactions
that must be accounted for. (Here K, and & is our notation for the parameters corresponding to the 1D Hubbard model
parameters K/? € [1/2,1]and & € [1, +/2]in the general case of models with electron finite-range or long-range interactions

for which they have values within the extended intervals K, € [1/8, 1] and & € [1/2, /2], respectively.)

The electron finite-range renormalized theory introduced in Ref. [26] involves the transformation of the 1D Hubbard
model into non-integrable models. The ¢ pseudofermions are not well defined in such models except at and near the ¢ band
Fermi points. The transformation involves gently turning on the finite-range part of electronic potentials V¢ (r). This leads
to a renormalized effective potential between the ¢ pseudofermions at and near the ¢ band Fermi points and the c-band
hole created in that band under one-electron removal excitations. Within the MQIM, that c-band hole refers to the mobile
quantum impurity. The corresponding interaction between such ¢ pseudofermions and the emerging c band hole associated
with their renormalized potential has an effective range equal or larger than one lattice spacing. The effective range plays
an important role for instance in scattering of atoms [273].

The renormalized theory of Ref. [26] is applied in that reference to the metallic 1D line defects in MoSe, for which
the effects of the ¢ pseudofermions and ¢ band-hole effective range are small. Specifically, the effects of such an effective
range give rise to small changes in the spectral-function momentum dependent exponents that control the spectral peaks
distribution that lay within the ARPES experimental uncertainty. Therefore, they have been neglected in the studies of
Ref. [26]. An interesting development is to account for such interaction effective-range effects within the ¢ pseudofermions
phase-shift renormalization. Indeed, this is needed in the case of the description of larger finite-range or long-range
microscopic mechanisms behind the ARPES of other 1D metallic states as those in 1D Bi/InSb(001) [25] and quasi-1D
conductors [13-16,272].

Another interesting future development would involve further advances in the use of ultra-cold atoms in optical lattices to
simulate the 1D correlated models under review here and related models [28,30,33-38]. This would provide complementary
information on both the spectral-functions line shapes over the whole (k, w) plane and the exotic fractionalized particles and
related composite particles reviewed in this paper.

Furthermore, spectral signatures of fractionalized particles have been clearly seen in quantum wires [39]. This makes
them potential candidates for technological applications in quantum computers. As mentioned in Section 1, the further
understanding the properties of the fractionalized particles may be important for such quantum technologies. It may as well
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as helping to develop more complete theories of superconductivity and conduction in low-dimensional condensed-matter
systems.

Whether fractionalized particles and their composite particles also emerge in two-dimensional correlated problems is
an open problem of high scientific interest. The global [SU(2) ® SU(2) ® U(l)]/Z22 symmetry found in Ref. [147] applies
to the Hubbard model on any bipartite lattice. Hence rotated-electron representations associated with the model energy
eigenstates, as those reviewed in Section 4.3 for the 1D lattice, apply as well to the model on the square and other bipartite
lattices. Whether the rotated-electron degrees of freedom separation reported in this paper partially survives for the Hubbard
model on the square lattice or other low-dimensional bipartite lattices is a problem of physical interest that deserves further
investigations.

A possible scenario is that for the Hubbard model on the square lattice fractionalized particles and/or their composite
particles emerge from a rotated-electron degrees of freedom separation. However, their interactions would not be of the
simple zero-momentum forward-scattering type. This is a property specific to the pseudofermions of integrable 1D models.
It results from the occurrence of an infinite number of conservation laws [250,251,274], which is associated with their
integrability. The Hubbard model on the square lattice is not integrable. Nonetheless, a scenario within which there are
energy and momentum exchanges among the charge-like and spin-like fractionalized particles and/or their composite
particles is a possible interesting future development.

The interactions of such elementary fractionalized particles and their possible composite particles could be a simpler
problem to handle than that of the underlying many-electron interactions. This research direction could be of interest for
developing a further understanding of the over 30 years old unsolved problem of the microscopic mechanisms behind the
cuprates superconductivity [275-279] and its relation to the properties of the undoped Mott-Hubbard insulators parent
compounds [280,281].
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Appendix A. Equality of the Bose gas edge singularities exponents as derived by the PDT and MIM

The goals of this Appendix are to obtain the 1D Bose gas pseudofermion phase shift relation to the MQIM shift function
D(iqr, qy) = % —Fy(tko(gr), ko(gj)) used to derive expression, Eq. (39), and to provide a rigorous proof of the equalities given
in Eq.(205). As a first step to reach such goals, the relation provided in Eq. (207) is derived. As in Sections 2.2 and 7.4, here we
denote the MQIM shift function Fg(v|w) variables v and w of Ref. [57] by k and K/, respectively. The corresponding limiting
values +q are denoted by +Q, Eq. (11). Moreover, as elsewhere in this paper the Tomonaga-Luttinger liquid parameter is
denoted by Kp. (In Ref. [57] it is denoted by K.)

The MQIM shift function Fg(k|k’) has been defined in Ref. [57] as the solution of the integral equation,

1 1 k—K 1 (¢ Fg(k|K'
Fg(k|k') = 37 arctan (C) + —C/ dk”% . (A1)
T T —K’
-0 1+ (55)
The momentum rapidity phase shift @(k, k') in units of 27z and the MQIM shift function Fg(k|k’) obey integral equations,
Egs. (13) and (A.1), respectively, with the same kernel. Hence their sum @ (k, k') + Fg(k|k’) obeys an integral equation with
such a kernel and whose free term is merely the sum of those of Egs. (13) and (A.1). This gives,

@(k, k') + Fp(k|k')
1 + (k*k”)z N

c

- 1 1 (¢
D (k, K') + Fy(k|K') = 5 + — / dK” (A2)
wc -Q
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Next we show that the function @ (k, k') + Fg(k|k') does not depend on k'. Indeed, one finds from the use of Eq. (A.2) that
the derivative d(®(k, k') + Fs(k|k'))/dk’ obeys the equation,
APk, k') + Fg(k|k 1 [Q 73@("”(/)J7F3(klk/))
(@(k, k') + Fg(k[K')) / K’ L — (A3)
o (Y
Since the free term of this equation vanishes, it follows from known properties of this type of integral equations that
its unique solution is 3(®(k, k') + Fg(k|k'))/0k’ = 0. This confirms that a(k) = ®(k, k') + Fp(k|k’) is an even function,
a(k) = a(—k), of only the variable k. As given in Eq. (A.2), it obeys the integral equation,
1 1 ¢ 14
alk)= -+ — dk/(i), . (A4)
2 e —-Q 1+ (k k)

_ One finds from simple manipulations of the integral equation, Eq. (13), obeyed by the momentum rapidity phase shift
®(k, k') in units of 277 that the function,

ok’ T wc

(k) =1+ d(k, Q) — Dk, —Q), (A5)
is the unique solution of the integral equation,
1 ¢ (K
k) =1+ —/ dk/Lc)/. (A6)
wc J_q 1+(k k)

Since it is an even function, £ (k) = £'(—k), one finds that £ = /Ky = £1(1Q) wheresl =14 &(qr, qr) — ©(qF, —qrF) is
the phase-shift parameter, Eq (18).1t is related to the TLL parameter as Ko = (§1)? = (1 4+ ®(q, qr) — ®(qF, —qF))*.

The functions «(k) and £ (k) obey again integral equations, Eqs. (A.4) and (A.6), respectively, with the same kernel. Hence
the difference function £'(k) — «(k) obeys an integral equation with that kernel and whose free term is the difference of
those of Eqs. (A.6) and (A.4). The latter free term reads 1/2. It follows that the difference function £'(k) — (k) obeys the
same integral equation, Eq. (A.4), as the function «(k). Since the solution of that integral equation is unique, one arrives to
the exact relations,

1 1
a0 = =% and aq)= 5. (A7)
2 2

By combining these relations with the expressions a(k) = ®(k, k') + Fp(k|k') and «(:Q) = &(:Q, k') + Fz(1Q|k’), one

readily finds that,

Fp(k|K') = %[1 + @k, Q) — d(k, —Q)] — ®(k, k), (A8)

and thus Fz(1Q k') = £'/2 — ®(1Q, k). By accounting for the £'(k) expression, Eq. (A.5), the latter is indeed the expression,
Eq. (207).

The important PDT: = =+ ¢ pseudofermion Fermi points fluctuations functionals, Eq. (37), can be expressed in terms of the
MQIM shift function Fg(k|k’) as given in Eq. (39). To reach that expression, one uses the relation Fg(1Q|k’) = E12—d(1Q,K)
that can be written as ®(1Q, k') = £'/2 — Fz(1Q|K’) so that,

%-l
D(uqr, qy) = 3~ Fg(tko(gr)lko(gy)) - (A.9)

Here ko(qgj) is the ground-state momentum rapidity function. The use of this relation in Eq. (37) readily leads to the functional
dimensions expression, Eq. (39).

It follows from Eq. (207) that the t = B, A, D exponents in Eq. (46) can be expressed in terms of the : = =+ shift functions
Fz(1Q|Kk’) as follows,

1 b 2 b, 2
=1+ Z (S + 11— — @10, ko(qr — k))) =-1+) <F3(1Q|k0(q5 — k) +¢ g) ) (A.10)
=%

The function ko(qr — k) in this expression is the ground-state momentum rapidity function kq(q) at ¢ = gr — k. (Such a
function is the solution of the ground-state BA equation.)

It is useful to express the second expression in Eq. (A.10) in terms of the functions .. in Eq. (204), defined in Eq. (15) of
Ref. [57]. This gives,

S+ b\ (6. b\ 82 482 b8, —5.) 2D
-1 ——=Z) =1 :
+<2 +s> +(2n & T ane T e Ty
82482 b8, —6)
(27 )? 2w /Ky Ko

& (k)

=1+ (A11)
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Or specifically for each of the three dynamical correlation functions under consideration,

82 + 6% 82 4682 8, —5, 2
k)= —1+ — d Ea(k) = —1+ ——-
&p(k) = -1+ (21 )? and &4(k) + (2 )2 + P Ko
82 +68% 8, —a_ 1
k)= -1+ + , A12
&p(k) ()2 ey 21<0 (A12)

where we used that bg = 0,bs = 1,and bp = 1/2.
The exponents —ji_, —K, and —pu; in Eq. (205) were found in Ref. [57] to read,

i 1/6, — 1(6,+5_
— _ ‘l —
’ +2< 2 ) 2( 2 )

1/ 2 5 -5 16,46\
S N (. + +* + 7
—+ 2 «/KO 2w 2 2

1/ 1 N 1646\
— =—-14+-—= + - , A13
- 2 <~/1<0 2 ) 2 ( 2 (A13)
as given in Egs. (16)-(18) of that reference. It is a simple exercise to show that these expressions can be rewritten as,
. 1+51+53. 1+52+32+3 -5 2
o= Qn)7 L AN
$+8 s8-8 1
= —14 + (A.14)

_l’_
(2m)? 47 /Ko
respectively.
Finally, comparison of the expressions provided in Egs. (A.12) and (A.14) confirms the validity of the equalities given in
Eq. (205).
Appendix B. Some additional results on the spin-1/2 XXX chain and 1D Hubbard model TBA solutions

The function ©,,,y(x) appearing in Eq. (58) for the spin-1/2 XXX chain and in Eq. (129) for the 1D Hubbard model is given
by,

Onw(x) = &, n/l2arctan( ) Z4arctan<21)]

n+n’—|n—n’| 1

+(1-96 ){2 arctan( X ) + 2arctan( X ) + 22: 4arctan(#)] (B.1)
i In—n'| n+n — In—n|+20/1° '
wheren,n’ =1, ..., oo and 8, is the usual Kronecker symbol. Its derivative reads,
de, v(x) 1 2
ol = 4O v 00|
W="u T hargn 1211 g In— i+ ()

ntn'—|n—n'|=2
2

4 2
. B.2
* ; (|n—n’|+21)(1+(m)2)+(n+n/)(1+(n+n,) )} (B.2)

The BA momentum bands have often exotic limiting values, in some cases dependent on the densities. In the case of
the spin-1/2 XXX cham each n-band, such that gj1 — g; = 27/L, has a momentum range g; € [q;, g;] whose limiting
momentum values g are given in Eq. (59). Within the TL they read,

g = if (Ly — 1) &+ m, where m, =n, +n" =1L,/L and n" =N/L. (B.3)

The 1D Hubbard model set j = 1,...,Lg of B = c, an bands discrete momentum values g; belong to well-defined
domains, q; € [qtj, qg], where

= :l:%(L — 1)~ 4x for NU@ odd; qFf = :I:%(L —1+1)~+n for NY@ even,
T
Gan = £ (Len = 1), (B4)

and the number N*Y?) is given in Eq. (133).



76 J.M.P. Carmelo, P.D. Sacramento / Physics Reports 749 (2018) 1-90

Finally, the 1D Hubbard model energy eigenvalues and related energy scales are provided. The former have the following
general functional form when expressed in terms of the 8 = ¢, @an band momentum distribution functions Ng(g;) and
number M, _1,, of unpaired spins (o = s) and unpaired n-spins (o = ) of projection —1/2,

L oo Lan
=Y (Nl Ecg) +U/A = 11y) + D D> Nan(@)Eanl@) + Y 20 Ma 172 (B5)
j=1 a=n,s n=1 j=1 a=n,s
Here,
2us =2ug [H; 2py = 2|p| for ne #1; 2uy =2p for n, =1, (B.6)
and
Ec(q;) = —2tcosk(q;) —U/2 + py — ps,
Eun(G;) = 2nftg + 84y (Zt Z \/1 — (AM(q;) — ivnu)p — nU) where o =7n,s and n=1,..., 0. (B.7)
1==1

For each u > 0 energy and momentum eigenstate, the momentum rapidity function k°(g;), related c-band rapidity A°(q;) =
[sink‘(q;)]/u,and then =1, ..., oo rapidity functions A""(q;) are the solutions of the TBA equations, Eqs. (128) and (129).

The energy scale 2110 in Eq. (B.6) is the n, = 1 half-filling Mott-Hubbard gap [69-71]. For u > 0 it is an even function of
the spin density m that remains finite for the whole interval, m € [—1, 1]. For instance, at spin densities m = 0[69,70] and
m = —1, 1itreads,

* 1662 [* V-1
0 U—4t+8t/ do— 1) _ o
o (1+ e2ou) u sinh (#2)

V4t2 +U2 -4t for m=-1,1, (B.8)

respectively. Its u < 1 limiting behaviors [71] are 2u® ~ (8/7) ViUe (@) atm = 0and 21° ~ U?/8t form = +1.1ts
u > 1behavior is 2u° ~ (U — 4t) for the whole m € [—1, 1] range.

For electronic densities n, € |0, 1[, spin density m = 0, and the whole u > 0 range the maximum sn pseudoparticle
pairing energy in Eq. (184) vanishes. The maximum nn pseudoparticle pairing energy in that equation has for such densities
and limiting interaction values u — 0 and u >> 1 the following limiting behaviors,

2 for m=0,

WP = |60 (0)] = 4t cos (%ne) =2|u| for u— 0,
8(1 —ne)t? ( sin(27(1 —n,))

f 1, B.9
nU 27(1 —ng) > or u> (B.9)

respectively.
For the electronic density interval n, € ]0, 1] and spin density m — n,, the maximum sn and nn pseudoparticle pairing
energies in Eq. (184) have the following analytical expressions valid for the whole u > 0 range,

WE — 162 (0)] = v/(@tP + (U — arctan ((4”2“””)2 tan(nne)>
T (nU)
4t sin(rn,)

4t
— nUn, — — cos(mrne) arctan <
T n

) for n, €10,1[ and m — n,, (B.10)

and

(4t)2 + (nU)?

er))r?ir = 1€2.(0)| = V/(4t)2 + (nU)? %arctan ( tan( (1 — ne))>

" (nU)
—nU(1—ng)— %cos(n(l — ne))arctan (W) for n, €10,1[ and m — n,, (B.11)
respectively. For u — 0 and u >> 1 these expressions simplify to,
Wslff" = 1&2 (0)| = 4tsin® (nzn ) =2ugH, for u— 0,
_ 8ne e <1 - w) = 12MBHC for u> 1, (B.12)
nU 2mn, n

and

i 0 Y 240 Sl AN
WEE = |e,,(0)] = 4tsin <f =2|u| for u—0,
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_ 8(1— ) t? ( _sin2x(1 - ne))

fi 1, B.13
nU 27(1 —ne) ) or u> ( )

respectively.
Appendix C. Number of state representations of the spin-1/2 XXX chain and 1D Hubbard model symmetries

The spin-1/2 XXX chain has a global spin SU(2) symmetry whose number of independent state representations is 2%, Out
of such Zés:o(inte er) N(S) = = 2! state representatipns, there is for a given spin S a number A(S) = (25 + 1) Niingier(S) of
representations. Tﬁose correspond to (2S + 1) multiplet configurations and a number,

L L
-/\/singlet(s):<L/2_S>_<L/2_S_1> s (C])

of singlet configurations. In Appendix A of Ref. [72] it is shown that for LWSs the dimension, Eq. (C.1), can alternatively be
written for each S-fixed subspace as,

Minglet Z l_[ ( L ) (C.Z)

{Nn} n=1

As justified in Section 3.3, this expression also applies to the non-LWSs belonging to the same SU(2) tower as the LWS it
refers to. Here Z(NH) is a summation over all sets of the numbers {N,,} corresponding to the same number of spin-singlet
pairs, IT = Z;”;]n N, = (L — 2S)/2, Eq. (64). The equality of the dimensions in Egs. (C.1) and (C.2) confirms that the Hilbert
space of the spin-1/2 XXX chain, Eq. (51), is spanned by a number 2 of energy eigenstates. It equals that of its symmetry
independent state representations.

As reported in Section 5.2, the 1D Hubbard model Hilbert-space dimension 4* equals the number of independent state
representations of its global [SU(2)®SU(2)® U(1 )]/222 symmetry. This is the second issue addressed in this Appendix. Such a
model c pseudoparticles, spins 1/2, and n-spins 1/2 configurations that generate an energy eigenstate are a superposition of
local original lattice occupancy configurations. The rotated-electron occupancies of a number L, = L — N, of original lattice
sites separate into two degrees of freedom: Those of the c lattice U(1) symmetry associated with Nch = L, ¢ band holes and
the n-spin SU(2) symmetry degrees of freedom associated with L, = L— N n-spins 1/2, respectively. The degrees of freedom
of rotated-electron occupancies of the remaining Ly = N, original lattice sites also separate into two degrees of freedom:
Those of the c lattice U(1) symmetry associated with N. = L; ¢ pseudoparticles and the spin SU(2) symmetry degrees of
freedom associated with Ly = N, spins 1/2, respectively.

On the one hand, each an-pairs configuration occupies a number 2n of original lattice sites. The set of such configurations
of an energy eigenstate thus occupy a number 2/T, = Y~ 2n N,, of original lattice sites. On the other hand, each of the
M, = 2§, unpaired spins 1/2 (¢ = s)and unpaired n-spins 1/2 (« = n) singly occupies an original lattice site. Similarly, each
of the N, ¢ pseudoparticles singly occupies an original lattice site. The remaining Nﬂ = L—N sites remain unoccupied in what
their c lattice U(1) symmetry degrees of freedom is concerned. Therefore, for an energy eigenstate with fixed N, € [0, L],
spin S, and n-spin S, values, the following number of original lattice sites sum rules are fulfilled,

o0
L= (My+2I)= ) (ZSa—i—ZZnNom) and L=N"+N,. (C3)

a=n,s a=n,s n=1

They refer to the two SU(2) symmetries degrees of freedom of the L original lattice sites occupancies and their c lattice U(1)
symmetry degrees of freedom, respectively.

As for the spin-1/2 XXX chain, there is a strong requirement for each an-string referring to an an-pairs configuration.
Such a configuration involves a number 2n of spins 1/2 (¢ = s) and n-spins 1/2 (¢ = n) withinl = 1, ..., n a-singlet
pairs. The requirement under consideration is that in the dimension of any S, -fixed subspace N(Sy) = (254 + 1) Nsinglet(S« )»
the number of independent «-singlet configurations Ninglet(Sy ) is exactly the same when obtained from the counting of the
following two types of apparently different configurations: (i) Two @ = n, s SU(2) group state representations associated
with the spins 1/2 (e = s) and n-spins 1/2 (¢« = n) independent configurations with the same spin and n-spin, respectively,
S; (ii) The independentn = 1, ..., oo bands {q;} occupancy configurations of the sets of N, TBA an-strings that obey the
sum rule Z;’ilnNm, = (Ly — 254)/2, Eq. (138). (The factor (2S, + 1) in the dimension N(Sy) = (2Sy + 1) Nsinglet(Sq ) refers
to the number of multiplet configurations of the M, = 2S, unpaired spins 1/2 (@« = s) and unpaired n-spins 1/2 (¢ = 7)
that are not paired within an-pairs configurations «-singlet pairs.)

On the one hand, it follows directly from the SU(2) symmetry algebra that number of independent spin (¢ = s) and
n-spin (¢ = n) SU(2) symmetry state representations of the 1D Hubbard model in a fixed-N, and fixed-S, subspace is given
by N(Suza Lot) = (250( + 1)Minglet(saa La)- Here,

Ly Ly,
Niinglet(Sa» La) = (H ) - (n 1) for « =1n,s, (C4)
o o

is the corresponding number of independent spin (¢ = s) and n-spin (¢ = 1) a-singlet state representations.
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On the other hand, as for the spin-1/2 XXX chain, the value of the number Ngn = Lyn — Ny of an-band holes that naturally
emerges from the TBA, Eq. (130), ensures that for each S,-fixed subspace the «a-singlet dimension Njinglet(Sy) given in
Eq. (C.4) can indeed alternatively be written as,

-N’smglet Se» Ne) = Z 1_[ ( Dm) for « =1,s. (C5)

{Nan} n=1

The summation ) {Ngn) TUDS here over all sets of an-strings numbers {N,,} corresponding to the same fixed spin (o« = s) and
n-spin (o = n)Sy =Ly /2 — Z;”;n N,n. This is imposed by the exact sum rule, Eq. (138).

The demonstration in Appendix A of Ref. [72] for spin LWSs of the spin-1/2 XXX chain of the equality of the dimensions
given in Egs. (C.4) and (C.5), respectively, also applies to the 1D Hubbard model. Specifically, it applies to that model spin
LWSs (@ = s) and n-spins LWSs (a = 7). This also holds for the multiplet towers of non-LWSs generated from S, > 0 LWSs.
All 2S, + 1 states of such a tower have indeed exactly the same «-singlet configurations as the corresponding S, > 0 LWS.

In each subspace with fixed values for Ly = N, L, = NC" =L—N,S; andS,, there are N(S,, L,) X N(Ss, Ls) x d.(N) state
representations of the SU(2) ® SU(2) ® U(1) symmetry in the model two SU(2) ® SU(2) ® U(l)]/222 symmetry. Here,

L L
- (2)-(4)

gives the number of independent ¢ pseudoparticles occupancy configurations. It equals that of state representations of the
c lattice U(1) symmetry in the subspace under consideration.

The following completeness sum rule has been obtained in Refs. [243-245] by use of the « = 7, s dimensions
Niinglet(Se» N¢) and ¢ dimension d¢, Egs. (C.5) and (C.6), respectively,

Ly=L—Nc¢ L;=N¢

Z 3 Y CNe Sy SONCS L) X N(Ss. L) x de(Ne)

=0 25,=0 25s=0
(mtegers) (mtegels) (integers)

C(Ne, S, S) = ‘cos (%(25,, T NC)> cos (g(zss n Nc))’ —0,1. (€7)

The role of the phase factor, C(N, S,, Ss) = 0, 1, is to select the allowed independent representations of the model two SU(2)
symmetries.

The main issue under consideration here is the equality of the dimensions given in Egs. (C.4) and (C.5). Beyond the
results of Refs. [243-245], it shows that the number of independent state representations of the 1D Hubbard model global
[SU(2)® SU(2) ® U(l)]/Zz2 symmetry exactly equals its Hilbert-space dimension 4.

Appendix D. Spin-1/2 XXX chain specific heat in the critical regime

Here it is shown that in the 2u5|H — H¢| < kgT limit where the expression, Eq. (89), is valid it is exactly the same as that
obtained from the scaling function of the specific heat in the critical regime considered in Ref. [206]. The latter is denoted
here by cy /L. In the units used in that reference it reads,

T 14 1/4\?

where f? = Li, —eT), A =4/ — h,and Liy( =Y X/
Up to the first order in A/T <« 1 that the expression, Eq. (89), refers to, only the first two terms in Eq. (D.1) contribute
through the following expansions,

a1 AT~ Lty AT SNET A
fig % a1 = A= =D = 35, P e = & pr T; 11/2
1 A
= ——(V2-1)23/2)+ Z(vV2 - 1)¢(1/2),
ﬁ(\f )¢(3/2)+ T(«f )¢(1/2)
Fin =~ Linp(— Z 11/27 V2 - 1)¢(1/2). 02)

On the one hand, the use of these expansions in the expression, Eq. (D.1), leads to the following specific heat expansion
up to first order in A/T < 1,

o T 14
L:\/>(sf V2 -1)¢(3/2) +§7(\f2—1);(1/2)>. (D.3)
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On the other hand, the use in Eq. (89) of the coefficient expressions in Eq. (90) accounting for that I"(1/2) = /7 and
I'(3/2) = /7 /2 leads to,

Yok /21{3 ( 3 fz—1);(3/2)+1w(f2—1);(1/2)>. (D.4)

L 82 8 T

The studies of Ref. [206] and those of this review use different units. From analysis of the corresponding Hamiltonian
expressions, one finds that the parameters kg, J, and 2up used in this review correspond in the units of Ref. [206] to 1, 2],
and 1, respectively. Hence H. = J/up becomes 4j. Finally, under the corresponding units transformations kg — 1,] — 2J,
2ug — 1,and H, — 4/, the expansion, Eq. (D.4), becomes exactly that given in Eq. (D.3).

Appendix E. Spin-1/2 XXX chain current expression, susceptibility, and zero-temperature stiffness

The spin-1/2 XXX chain spin susceptibility x and zero-temperature spin stiffness D expressions in Eq. (91) are derived
in this Appendix by means of procedures that resemble those of a Fermi liquid. The latter stiffness is related to the current
operator expectation values. We start by confirming that in the TL their usual expression obtained from the BA for LWSs can
be written in the n-bands holes representation, as given in Eq. (67).

Such LWSs current operator expectation values can be derived from the @ /L dependence of the energy eigenvalues

E(® /L) of the spin-1/2 XXX chain in a uniform vector potential @ /L, Eq. (A2) of Ref. [87]. The spm currents are then given
by (J*) = dE(®/L)/d(® /L)|p_o- This straightforwardly leads to [87,38] Ust(lrvS)) Yoo 121 1 Nn(gj) jn(g;). Here ju(gj) is
given by ju(q;) = —jp(;), Eq. (68). .

In order to confirm the equality within the TL of this (J,s(I;, S)) expression and that in Eq. (67), it is useful to replace
the set of n-bands discrete momentum values {g;} by a continuum momentum variable ¢ € [g;, g;']. The elementary
currents ]n(q]) in Eq. (68) can then be exactly written as J,,(qj) = —2Jdcosk"(q)/dq for q € [q;,q, ]. It was used here
that dk"(q)/dq = 1/[2to™(k"(q))]. The equality under consideration requires that Zﬁi] }l]jg(qj) = 0. This quantity can
be written as,

00 qF

L no_d
~ 5 Z /q* 2] — da cosk™(q) = —— Z Z t)2J cosk™(q,)=0. (E.1)
n=1""1n n=1 (=%
It indeed vanishes. Here the relation g, = —q;\ was used.

The spin susceptibility is controlled by transitions between ground states referring to different canonical ensembles. As
given in Eq. (75), those are not populated by n-pseudoparticles with n > 1 pairs. Hence here we consider the spin chain in
the subspace spanned by energy eigenstates that are not populated by such pseudoparticles. In that subspace the general
energy functional, Eq. (77), simplifies to,

L L

Lq
1 1
aE=Z e(@ON(a) + 7 > D - Flaj, ay)8N(g)sN(gy)

] 1j=1

key key key

o [ et + o [ da [ a3 e ddantana). (E2)
kFT kFT kFT

Here 6N(q;) = 6N1(q;), ¢(q;) = e1(q;), f(q;, g7) = f11(q;, gy ). Within the TL, we have again replaced in the second expression

the discrete momentum values such that gj;; — g; = 27 /L by continuum momentum variables.

As in a Fermi liquid, the energy contributions of second order in the n = 1 band momentum distribution deviations in
Eq. (E.2) lead to corrections in the n = 1 energy dispersion £%(q) = & (q) Eq. (79) for n = 1. Up to first order in these
deviations one finds,

<0 0 1 kFT ! / /
%) = @)+ 5 [ d'fla.a)3Na). (E3)

2 —krp

The derivation of the spin susceptibility involves small deviations §qr = dkr, in the n = 1 band Fermi momentum
associated with transitions to ground states. For them that band momentum distribution in Eq. (75) reads,

N(q) = 6(kr, + Skry —1q1). (E4)

Expanding this distribution around that of the initial ground state, leads to N(q) = 6(kr; — |q|) + 6N(q) where the deviation
8N(q) is given by,

8N(q) = 8(kry — Iql) ke, - (E5)

Here §(x) is the usual delta function.
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Inserting the deviations, Eq. (E.5), in the energy dispersion, Eq. (E.3), and replacing the obtained expressions in Eq. (82),
which defines the magnetization curve, leads to,

dh 1 1 8k 0)2 51 0 sk
%z_i v+7Zf(kN,LkF¢) By _ _2CF By v By (E.6)
m 2up 21 o dm 2ug  dm 2ug om

Here v° = v+ 5-3° _, f(kpy, tkpy) = v(£°)* and £° = 1+ P(kry, kpy) + @(kpy, —kpy) where i = 0, 1, v = vy(kr;) and
b = @1 1.

From the use of the relation kr|, = —m dm one finds 6kr| /ém = —m. The use of Eq. (E.6) with kr; /dm = — in the spin
susceptibility expression x = 2ug/(dh(m)/dm) readily leads to x = 4M§/(ﬂ vp). This is the expression given in Eq. (91).

The derivation of the zero-temperature spin stiffness D involves again the spin-1/2 XXX chain in the subspace spanned
by energy eigenstates that are not populated by pseudoparticles with n > 1 spin-singlet pairs. For simplicity, then = 1
n-pseudoparticles are here called pseudoparticles. We consider low-frequency excitations involving a small density of
pseudoparticles with momentum q in the vicinity of the n = 1 band Fermi points ®kr . As in a Fermi liquid, such excitations
are described by deviations SN(gq; x, t). They depend explicitly on both position x and time t. The corresponding momentum
distribution functions reads,

N(q) = 0(kr, — 1q]) + N(q; x, t). (E.7)

These distribution functions describe true low-frequency excitations of the spin chain. The particular form of the inho-
mogeneous time-dependent pseudoparticle deviations that describe these excitations can be obtained by solving kinetic
equations. Those are introduced below.

Now the energy dispersion &(q;) = €1(q;) in Eq. (79) for n = 1 becomes a local function of the pseudoparticle deviations
S8N(q; x, t). To first order in these deviations it is given by,

1

k1
g%, 0) = £@) + 5 f dq'£(q. ) SN(q's x. 1), (E8)
T *kFT

To compute the flow of pseudoparticles through each side of a small volume element ( 1D segment), one considers the balance
of the flow inward and outward. This leads to the following kinetic equation,
ON(q; x, t) . ON(q: x, t) 98(q; x, t)  IN(g; X, 1) 9&(q: X, 1)
at 0x aq aq 0x
It is useful to introduce a weak inhomogeneous magnetic-field probe %h(x, t). Itis associated with the system conserved

spin projection S?. This requires an additional term on the left-hand side of Eq. (E.9). It is given by %&"‘”}‘(q; x, t). Here
93 h(x.t)

=0. (E.9)

F(g; x,t) = is the force felt by the pseudoparticles due to the applied magnetic-field probe, %h(x, t).

The expression in Eq. (E.8) is only valid for excitations involving a small density of pseudoparticles. From the use of
Eq. (E.7) in the kinetic equation, Eq. (E.9), keeping contributions up to first order in the deviations and introducing the term
associated with the coupling to the external probe, we obtain,

38N(g; x, t) 9SN(q;x,t)  ON°(q) [ 1 [het OBN(q;x,t) @ ah(x,0)
+ v(q) - — dq'f(q.q) + 2
at ax aq 27 —kep X X

=0. (E.10)

Here N°(q) = 0(ke, — Iql).
We now consider excitations that are periodic in space and time with wave vector k and angular frequency w. They are
characterized by the distribution function,

SN(g; X, t) = SN(q; k, w) ™) 4 c.c.. (E.11)

The magnetic-field probe h(x, t)/2 is also assumed to be periodic in space and time, h(x, t)/2 = [h(k, w)/2] e 4 c.c..
The real part of the spin conductivity can be written for w — 0 as [177],

1 2
Re o (w) = Re (m1<2> ;"—zx(k, a))) . (E12)

x(k, @) is here the response function to the magnetic-field probe, x(k, w) = §(S*(k, w))/[h(k, w)/2], for small k and low w.
To derive this response function one uses the distribution, Eq. (E.11), and the above applied magnetic-field probe h(x, t)/2 in
the kinetic equation, Eq. (E.10). The solution of the obtained equation leads after some manipulations to the following form
for the response function yx (k, w) that is valid for small k and low w,

1 (4k2 !
7 V22 — (w4 i8)
Here Ul =v+ ﬁz;=i(uf(kl:lv lkFi) =V (51)2.

x(k, w) = (E.13)



J.M.P. Carmelo, P.D. Sacramento / Physics Reports 749 (2018) 1-90 81

Finally, from the use of this expression on the right-hand side of Eq. (E.12), one arrives after some straightforward
algebra to Reo(w) = 4v!8(w). From the equality 27 D8(w) = 4v! 8(w) where D is the spin stiffness, one finds that at
zero temperature it reads D = 2v;/x. This is the expression given in Eq. (91).

Appendix F. The 1D Hubbard model three fractionalized effective lattices

In this Appendix the 1D Hubbard model c effective lattice and the squeezed spin and n-spin spin effective lattices
considered in Section 4.3 for u > 0 are shown to naturally emerge from the u — oo model properties. Such properties
refer to the electron occupancy configurations that generate the states |I;, I,s, 00). Such properties apply for u > 0 to the
rotated electrons that populate the corresponding states |1, I;s, u) = VT|ll-, l;s, 00) of the same V(u)-set.

In the u — oo limit the rotated electrons become electrons and the rotated-electron numbers apply as well to electron
occupancies. The corresponding electron spatial coordinates are used in Eq. (2.23) of Ref. [119] for the wave functions of the

LWSs |I;, IUS, oo). Here it is denoted by ll’,h,gsyoo(xs, ok )= 8, xE L |l 19, 00). In their argu-
ment, X%, ...;x%,...; x*, ... is a shorten notation for the spatial coordinates x°, ..., x° ( ;; xd, xRt X
N N Zip2 NgZ1y2

of the N; singly occupied sites, N n.0 R—1/2 doubly occupied sites, and N 71 2 spm -down singly occupled sites, respectively.

One straightforwardly finds that, given two arbitrary operators M =ViMVand N = VJr Ne V, the matrix-element
relations (I, lys, UlMN|Oelec) = (Ir, Lys, oolMNe|OElec) and (I, L5, u|MN|l’ l/ u) = (I, Lys, oolMNe|l’ l;s, oo) hold. Here the
electron vacuum invariance V|Oelec> = |Oclec) and the V(u)-set of states transformatlon [, Lys, u) = VT|lr, L5, 00) were
used. These matrix-element relations reveal that finite-u correlators of two operators, M and N, exactly equal those of the
corresponding two unrotated operators, M and N, in the u — oo limit

Wedenoteby ¥ o ,(X'....1x doxsh, ) =08,k L T
of a finite-u LWS |I;, I° ns> U) = VT|lr, s> 00)- It is a function of correspondlng rotated-electron spatial coordinates. From the
use of the above matrix-element relations one finds that ll/lr,lgs,rt(xs’ axdaxd )= lI/lr,,gs,oo(xS, caxdo a0
for the whole finite-u range.

Combining the equalities ¥ 1.« = ¥, p_,, for finiteuand ¥, o . =¥ o  with the expression given in Eq. (2.23) of

s rlps» rlys»
Ref. [119] for er,lﬂs,oo leads to,

- ns, u) the N.-rotated-electron wave function

1
W, XX = N (B51) (X ) X deya(x ) X By, ..) (F.1)
Tt

Here ¢f;,(x’, ...) = (—1)¢ det ( er Ql) is a c pseudofermion Slater determinant. The ¢ pseudofermions occupy exactly

the same sites as the ¢ pseudoparticles. Moreover, qb;’U(z)(xd, R (_1)(N°—255)/2 ¢1(x4, .. .) refers to the n-spins 1/2,
¢§U(2)(x5¢, ...) = ¢o(x*%, ...) corresponds to the spins 1/2, and C;; is a normalization constant. Since such wave functions
refer to rotated electrons, the BA rapidities on which they depend are u independent. They are actually those of the electrons
in the u — oo limit.

For a LWS the spatial coordinates of the wave functions ¢>f,(1)(x5, e 4’5"11(2 (x,...), and ¢>§U(2)(x5¢, ...) refer in the TL
to well-defined lattice sites subsets of the c effective lattice, squeezed n-spin effective lattice, and squeezed spin effective,
respectively. The c effective lattice is identical to the original lattice. On the contrary, the numbers of sites L, and L, of the
squeezed n-spin and spin effective lattices, respectively, are in general smaller than L, as given in Eq. (123).

The subset of the c effective lattice N, sites of spatial coordinates x°, . .. in the argument of ¢U(1)( ..) refers to those
occupied. The remaining Nh = L— N, sites whose spatial coordinates are umquely defined are unoccupled The L, =N, I sites
of the squeezed n-spin effectlve lattice correspond to those of the original lattice that have the same spatial coordmates as
the c effective lattice unoccupied sites. The subset ol’N"’Ol/2 sites of spatial coordinates x¢, . .. in ¢;7U(2)(xd, ...) corresponds

to those occupied by n-spins of projection —1/2. The remaining NR =1L, - Ngfl/z sites whose spatial coordinates are
those left over are occupied by n-spins of projection +1/2.

Similarly, the Ly = N, sites of the squeezed spin effective lattice refer to those of the original lattice that have the
same spatial coordinates as the c effective lattice occupied sites. The subset of N“L 2 sites of spatial coordinates P

+1/2 =

in @3, 2)(xsi, .) corresponds to those occupied by spins of projection —1/2. The remaining Ny +1/2 =Ls — sites
whose spatial coordinates are uniquely defined are occupied by spins of projection +1/2. Within the present TL t(le spin
effective lattice (and n-spin effective lattice) hasj = 1, ..., L, sites located at x = asj. (andj = 1, ..., L, sites located at
x =a,jwherej=1,...,L,.)The spacings a; and q, are given in Eq. (124).

Appendix G. The 1D Hubbard model s1 pseudoparticle operator representation

The s1 pseudoparticle operator representation considered in Section 5.2 for the 1D Hubbard model is valid in the extended
Takahashi subspaces. A related Takahashi subspace is spanned by all LWSs with the same fixed values for the set of numbers N,
and {Ny,} fora = n,sandn = 1, ..., co. The corresponding extended Takahashi subspace is spanned by such LWSs and the
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(2S, 4+ 1) x (25s 4+ 1) — 1 non-LWSs generated from each of them as given in Eq. (110). A general an pseudoparticle operator
representation can be introduced for the 1D Hubbard model in an extended Takahashi subspace. For the results reviewed in
this paper only the s1 pseudoparticle operator representation is though needed.

That in fixed-L;; extended Takahashi subspaces the local s1 pseudoparticle operators obey a fermionic algebra, can be
confirmed in terms of their statistical interactions [262]. The local s1 pseudoparticle creation and annihilation operators
may be written as,

flao=etsigl and fq =) for j=1,... L. (G.1)

Here¢js1 =) #}f 5; and the operator gJ 51 0beys a hard-core bosonic algebra. This algebra is justified by the corresponding
statistical interaction vanishing for the model in fixed-Ls; extended Takahashi subspaces The s1 effective lattice has been
constructed inherently to that algebra being of hard-core type for the operators gj s and gj s1. Therefore, through a Jordan-

Wigner transformation, f = eifist gfs (see for instance Ref. [282]), the operatorsf sy and fis1 = (};ﬂ) in Eq. (G.1) obey

indeed a Fermionic algebra Eq.(141).
Appendix H. Integral equations that define the 1D Hubbard model pseudofermion rapidity phase shifts

The rapidity phase shifts, Eq. (154), are in units of 27 uniquely defined by the following integral equations [99],
0

_ 1 Ts
@ (r,1') = —— arctan(r — r') +f dr" G(r, 1) Ps (", 1) (H.1)
T 0
_ 1 r0 arctan( . ) rd
Dy (1, 7) = _7T2/—r9dr l—i-(r—r“)2+/_rs dr" G(r, r") sy (1", 1) (H.2)
7 S1.n r—r’y | (1—=381a) r—r r—r
)] r,r')y=—— arctan( ) + : (arctan( ) + arctan( ))
ston (1 1) P 2 w n—1 n+1
1 arctan( r’/n—r’ ) 0
- — dr’" —————2~ dr” G(r, 1’ ), H.3
=/, 1+(r_r,,)2+/rso (r, ") b (1,7 (H3)
_ 1% Pac (1)
P (r,1) = = dr’' ————=, H4
CC( ) T /rso 1+(r_r//)2 ( )
- 1 r—r 1 (7 Dgyan (1", 17)
DPegn (r, 1) =—— arctan( ) —/ dr' ——————2  where o =1,s, H.5
Cn( ) T n +71 0 14+ (r—1")2 “=n (H5)
. 1 r—r 1 [t D (17,1
Dy (r1) = = arctan( ) — —/ dr”Lﬁ) , (H.6)
7T n TJ 0 n[14+(5-)2]
_ 1 1 D (17,1
Ppny (1.1') = == Op(r —1') — —/ dr’ —<" ( . ) (H.7)
2 T Je o nll+ (5P
_ 1 e D gy (17,1
Py (1, 7)) = —= / dr”Lﬁ) , (H.8)
T J? n[1+4 (==

0 = 0 [1] 7"

- 1 r—r 1 [ D (1", 1 s - e (r—r1")

e (r,77) = - arctan( - ) + —/ . dr”c'c(,,)] —/ . dr'dg (1", r') 2 — for n> 1,
-, n —rs

i 1+ (=) 2

(H.9)
, 1 [ B (1 . oMr -1
Doy (r.1') = — dr’ —" L ( . ) — dr'’ &gy (1, 1') —— for n > 1, (H.10)
w0 1+ (55P Joe 27

0 5 "o 0 [1] "

- 1 1 T D (T' ,T) s = C) 1( =T )
Do (1,7) = — Opp(r —7)+ — dr’ ————— % — dr’" &gy (1", 1) 20— H.11
snsn ( ) 2T n,n( )+ T fr? n[1 +(%)2] /rs slsn ( ) 27 ( )
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In the above equations, the parameters rf and rs0 are given in Eq. (153), the functions ®, (x) and el (x) are defined in

n,n’
Egs. (B.1) and (B.2) of Appendix B, respectively, and the kernel G(r, r’) reads [92],

N 1 1
Crr) = —o- [1 +((r—r/)/2)2]

1 1 1 0y2
X (1 - — Z(t) (arctan(r +r2) + arctan(r’ + ¢r%) + In—+ (rtere) )) . (H.12)

(r—r') " + (' +r9)?
1==%1 c

The relation of the m — 0 parameter &, in Eq. (163) to phase shifts is obtained by combining such equation with
Eq. (162). This gives,

: 1_ |5 /2| _[1 0 D (12kp, 2kp)  Des1(12kp, k)
’11112102 _|:O 1/ﬁ:|_|:0 1i|+2|:®slc(£szZkF) Ds1s1(tkr, ke) | °

. [1% o] [1 0 D (12kg 2kg) Do si(12kp, k)
mzo_[—fa/z ﬁ]_[o 1]*;“)[¢s1,cw<§zl<:) qnslll(zkﬁ,kﬁ)]- (H13)

Here Z° = ((Z')~")". In the above equations we have accounted for that the ¢ and s1 band Fermi points in Eq. (147) read
qrc = 2kr and qgs1 = kf, respectively, in the m — 0 limit

Conversely, in the m — 0 limit the ¢ and s1 pseudofermion phase shifts with both momenta at the Fermi points can be
expressed in terms of only the parameter &; as follows,

(& — 1)
ZJT(DCC(L 2](}:, 2’([:) = LZJTCDC’C(ZI(F, LZI(F) = % for « =+ s
0
w(E2—1
G TR S
&o
2 Pei(1 2k ke, ) = 1 2 D12k, Lkr, ) = %50 for 1= +. (H.14)
Appendix 1. §S, = Fn a-multiplet elementary processes associated with creation and annihilation of one an

pseudoparticle in the spin density m — n, limit

For electronic densities in the interval n, € 10, 1[, spin density m — n,, and the whole u > 0 range the energy dispersions
sgn(qj) and eqn(q;) are for small momentum g; (¢ = s) and small momentum deviations (g; F ¢,») (@ = n) given by,

2 2
q; d; i
en(q)) & 2'1]1* - W, = 2nj1* — WP for g~ 0 and eq(q;) = 0 (q;) +n2upH,
sn sn
(4 F gpn)*
ed.(q)) = == for (g F qyn) ~ 0 and ey(g) = £0,(q5) + 124 . (L1)

*
2my,

Here W, = W& is given in Eq. (B.10) of Appendix B.
The effective masses mg, and m;, in these expressions have the following analytical expressions that are functions of n,
and U/t,

2 2 2 2
U 7‘(42;’"[]% arctan <7‘(40ﬂ;("u) tan(nne)>
n
mi = — for n, €]0,1[ and m — n,, (L2)
42 1 — Y@ +nuy 1 ; sin(27ne) ¢ ¢
nU i
H’(%) Zarctan(w tan(nne)>
and
2 2 2 2
U %% arctan (M[)ng("u) tan(m(1 — ne))>
n
m. = — for n, €]0,1] and m — n,, (L3)
meo 42 1 — N@P+muy 1 sin(27(1—ne)) ¢ ¢
nU i _ 2
l+(4tsm(ﬂ/1 ne))> 2arctan<7\/(4t):lf("u)2 tan(n(l—ne)))

respectively. In the u — 0 and u > 1 limits these expressions read,

*

mSﬂ

1
= — for u—0
2t
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nU Ne

my, = Tﬂm for u>1, (1.4)
21 ne
and
" 1
m, = T for u—0
. nU (1—n,)
KTy e B -
27 (1—ne)

respectively. In the case of the s1 band, the energy dispersion, Eq. (I.1) for an = s1, is that given in Eq. (168). The
corresponding effective triplet mass is provided in Eq. (170).

For h ~ H. and electronic densities n, € ]0, 1] not too close to 0 and 1, the elementary process associated with
creation of one sn pseudoparticle or one nn pseudoparticle onto the ground state leads to a spin or n-spin deviation
88 = —n=—1,...,—Ls/20r8S, = —n = —1,..., —L,/2, respectively. Under such an elementary process, a number
2n = 2,4,...,Lsor2n = 2,4,...,L, of initial-state unpaired spins 1/2 or unpaired n-spins 1/2, respectively, become
paired within the final-state pseudoparticle spin-singlet sn-pairs configuration or n-spin-singlet nn-pairs configuration,
respectively.

The opposite elementary process associated with the annihilation of one sn pseudoparticle (@ = s) or one nn
pseudoparticle (o« = n) to return to the initial state, involves the breaking of all its n a-singlet pairs. This gives rise to the
emergence of 2n unpaired spins 1/2 or unpaired n-spins 1/2, respectively, in the new final state. Such an opposite elementary
process leads to a spin or n-spin deviation S =n =1, ...,L;/20rdS, =n=1,..., L, /2, respectively.

Each above mentioned §S, = —n elementary process has a minimum excitation energy given by A" = &,(0) =
n2ugH — Wi for @ = sor AN = g,,(+q,n) = n2u fora = n.Forn > 1 the gap AR™ increases from AR" =
(n—1)2ugH + 2up(H — He) ~ (n — 1) 2upH foru — 0to A™® = (n — 1/n) 2upH + 2up(H — He)/n ~ (n — 1/n) 2upH for
u>> 1and A" reads AT = n (U + 4t cos(n,)) + n2up(H — He) ~ n (U + 4t cos(n)).

Hence within the low-temperature crossover critical regime considered in Section 6.2, for which 2ug|H — H¢| < kgT,
only the spin-triplet channel associated with elementary §S; = =1 spin-triplet processes with §S; = —1 is available. Its
excitation energy reads Af™ = 2up(H — H,). The next two minimum gaps read A" = £5,(0) = 4ugh — W5 for a spin
8Ss = —2 elementary process, which is the minimum gap A™", Eqs. (166) and (167), and A%‘“ = (U + 4t cos(mrn,)) for an
n-spin-triplet 8S,, = —1 elementary process. Those refer though to high-energy processes such that AS“;“ > 2up(H — H.)
and A;“li“ > 2ug(H — He).

Finally, one finds that W' and my,, are related yet different quantities whose interplay partially controls the §S, = +n
elementary processes under consideration. This is achieved from inspection for electronic densities n. € ]0, 1] and spin
density m — n, of the form of both the energy dispersions in Eq. (1.1), maximum pairing energies W2a" in Eq. (184) and Eqs.
(B.10)-(B.13) of Appendix B, and effective masses m;, in Eqs. (170) and (171) and Eqgs. (1.2)-(L.5).

This applies to the spin-triplet S; = 41 elementary processes. Those contribute to the low-temperature specific heat
expressions, Eqs. (172) and (173), in the crossover critical regime. It refers to a small field window 2ug|H — H¢| < kT
around H,. In this case, the spin-triplet effective mass m},, Egs. (170) and (171), and the maximum pairing energy W5 =
W51 = 2ugH, Eq. (169), associated with the spin-singlet configuration binding of the two paired spins 1/2 within the s1

T o and Wy = (¢4(gsr) — £5,(0)) =
aq2  la=0 s1. = (€551 s1 =

pseudoparticle are different yet related quantities. They are given by m}; =
—£2,(0) = 2ugH., respectively. Here qs; = 2kp = 7n, for m — ne.

Appendix J. Derivation of the § = c, s1 pseudofermion spectral function within the TL and example of momentum-
dependent exponents

The 1D Hubbard model 8 = c, s1 pseudofermion spectral function general expression, Eq. (193), involves the 8 = c, s1
lowest peak weight A9 and relative weight ag = ag(mg, 41, mg, _1). After a suitable algebra similar to that reported in
Ref. [158] for the u — oo spin-less fermion spectral function, one finds that the former weight refers to a Slater determinant
of B = c,s1 pseudofermion operators. It involves 8 = c, s1 pseudofermion anticommutators associated with two g
pseudofermions of canonical momentum g; and gy, respectively. Here q; and gy = qy correspond to a PS excited state and
the corresponding ground-state 8 band, respectively. One then finds the anticommutators [51],

. sin(zncpg(qj)/z)
sin([g; — qy1/2)

and {f%qﬁ,f%/,ﬂ} = {fixj,ﬁafizj/,ﬂ} = 0. Here 27 @2, Eq. (150), is the non-scattering part of the overall § pseudofermion phase

1 o . T/,
5 i) = ge"(‘b W2 gl 2n and 27 @j(q)) = 27D + 21 Dy(g). J.1

shift denoted by 27 <I>£(qj) in this equation.



J.M.P. Carmelo, P.D. Sacramento / Physics Reports 749 (2018) 1-90 85

The use of the Slater determinant of 8 = c, s1 pseudofermion operators that involves such anticommutators leads after
some algebra to the following general expression for the 8 = c, s1 lowest peak weight AESO‘O) [51,63,64],

Lg Lg—1

Ay = (%)ZN? [Tsin*(5 (1- (1 - 20}@)N; @) ]ﬁ_! (sin(*))™”

j=1 Jj=

ng L/g . . T T
G — i)+ 204(q;) — 224(q:))
< [TI] 66 - iysin? (’; (1 - (1 - : 5 @ 24 )N?(qj)N,?(qf)»

i=1 j=1

Lg Lg

X HH ! where B8 =c,sl. (J.2)

i=1 j=1 sin> <% (1 - (l — %) NG(Q:)NQ(%)>)

. . L
The numbers of 8 = ¢, s1 band discrete momentum values, Lg, 8 = c, s1 pseudofermions, NQ = Z P NO ), and the
corresponding 8 band momentum distribution function, N o(q]) are in this expression those of the PS exc1ted state generated

by the processes (A) and (B) as defined in Section 7.2. Moreover, CDT(q]) is the phase-shift functional in Eq. (J.1) in units of
2.
The general expression of the relative weights ag = ag(mg, 41, mg, _1) in Eq. (193), reads [51,63,64],

ag(mg, 41, Mg, _1) (l |aﬁL mg, )(1 + O(lnL/L)) where 8 =c,s1, (J.3)
where,
T 2AL +—1) [(mg, +2A%)
B Bt B
L )= " = h =, 1 d = :I:, 4
ag.(mg.,) j|:1| ; g, + DT R4G) where g8 =c,s1 and (.4)

and I'(x) is the usual gamma function. The relative weights, Eq. (J.3), are associated with the tower of excited energy
eigenstates generated by the processes (C) as defined in Section 7.2.
For mg, = 1, Eq. (J.4) leads to,

8045 \°
ag (1) =2A% = A where B =c,s1 and (= +. 5
pul1) = 24 (QWL)) B t 45)
Here ag (1) is the relative weight of the «, « pseudofermion spectral function mg, = 1 peaks. It can be written as given in

Eq. (194). Moreover, 8@, /(27 /L) = LSN/I;J + @4(1qrp) is the excited-state canonical momentum 8 = ¢, s1; ¢ = % Fermi-
point deviation. The 8 = ¢, s1 weights ag ,(1) correspond to the particular cases ag(1, 0) = 2A§] and ag(0, 1) = ZAE1 of
the general relative weights, Eq. (].3),

The §-functions in the pseudofermion spectral function expression, Eq. (193), impose the important equality ((L/4m vg)
(0" +tvg k') — AY) = mg,. Hence ((L/4m vg)(w' + tvg k') — Ay) is proportional to L. This implies that for any arbitrarily
small k" and ' values for which 0 < (o’ + tvk')/(4mv) < 1 the corresponding values of the ¢ = + integer numbers,

m, = L (o +1vpk) = AY) (J.6)
L_47'[Uﬂ w Lvg g) .

are in the TL such that mg, > 1. Hence in the TL the B, relative weight, Eq. (].4), has the following asymptotic
behavior [51,63,64],

1
.M. )~ Ty (e + 45)
B

Furthermore, in the TL the 8 = c, s1 lowest peak weight A%O’O), Eq. (].2), can be written as,

240 —
» for 2A5 #0 where f=c,sl and = +. (J.7)

F0-0)

0,0) _ B —
Ag = (Lsﬂ)*PrZA;;r]JrZAE] where B8 =c, s1. (J.8)

Here F};"O) and Sg are in the TL independent of L and 2A+l 2A7 1 ZAQ:I, and 2ASl are the four functionals, Eq. (J.5).
In the general case in which the values of such four functlonals are finite, one finds from the use of Eq. (J.7) inthe 8 = c, s1

pseudofermion spectral function expression, Eq. (193), that in the TL it can be written as,

+vgk
Bo, (K, AL (“’ P=) where §=c.sl. 9
(K, @) = 4nv,3 Q yrm where B =c,s (1.9)
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Further use in this expression of Egs. (J.7) and (].8) leads finally to the following expression for the § = c, s1 pseudofermion
spectral function, Eq. (193), valid in the TL,

(0,0

F @ / I/ / I/ _1+2AL

Bo, (K. o) = —F l_[ (w+z:1,3<)(w+tv,3<) ’
4 v/gSﬂ F(ZAﬂ)

where B =c,s1. .10
4 v,g Sﬂ '8 (J )

Here Féo % and Sp are the L independent quantities in the A expressmn Eq. (J.8). (The product S, x Ss; reads 1 both in the
u — 0and u — oo limits.)

In applications of the 1D Hubbard model PDT to the description of the ARPES of 1D metallic states in physical systems, the
one-electron removal spectral function at zero spin density is that of interest. For electronic densities in the range n, € [0, 1],
that spectral function has three main branch lines called c, ¢/, and s1 branch line. Their energy spectra have the following
simple expressions in terms of the 8 = c and = s1 bands energy dispersions e4(q;) defined in Eq. (152),

wc(k) = ec(|k| +kr) <0

k = —sgn{k}kr — q € [—kF, kr]
o (k) = ec(|k] — k) <0

k = sgn{k}kr — q € [—3kF, 3kr] .
ws1(k) = &51(k) = es1(k) < 0

k = —q e [—kr, ke]. (J.11)

Here k is the one-electron excitation momentum.
The corresponding PDT momentum dependent exponents in Eq. (195) that control the line shape of the one-electron
removal spectral function near the c, ¢/, and s1 branch lines are given by,

(k)——1+2 50 _ pecli2ke, q) ’
e =75 4 ccllekF, g

(==+1
k = e [—kg, ke,

q = —sgn{k}tkr — k € [—2kp, —kg] and € [kf, 2kg],

1 &o 2
toll) = =5+ ) (4 — Bec(i2Ke, q))

(=+1
k=c¢€ [—3’(}:, 3’(}:] s
q = sgn{k}kr — k € [—2kr, k] and € [—kg, 2kf] .

2
Za(k) = —1+Z( +¢csluzkf,q))

(=+1
k € [—kr, kil and ¢ = —k € [—kg, ke]. (J.12)

The parameter &, appearing here is given by & = &(r®) where the function &(r) is the unique solution of the integral
equation, Eq. (74) of Ref [92] with x = r. It has limiting values & = +2 foru — Oand & = 1foru — oo. The ¢
pseudofermion phase shifts @, .(£2k, q) and ®.s1(£2kr, q') also appearing in the exponents expressions provided in Eq.
(J.12) are through the general relation @4 4(qj, gy) = Pp g (r, r’), Eq.(154), defined in terms of corresponding rapidity phase
shifts @ (£r2, r) and @1 (£12, '), respectively. The latter are defined by the integral equations given in Appendix H.
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