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Abstract

We present analytical results of the fundamental properties of the one-dimensional (1D)
Hubbard model with a repulsive interaction. The new model results with arbitrary external fields
include: (I) using the exact solutions of the Bethe ansatz equations of the Hubbard model, we
first rigorously calculate the gapless spin and charge excitations, exhibiting exotic features of
fractionalized spinons and holons. We then investigate the gapped excitations in terms of the
spin string and the k — A string bound states at arbitrary driving fields, showing subtle
differences in spin magnons and charge 7-pair excitations. (II) For a high-density and high spin
magnetization region, i.e. near the quadruple critical point, we further analytically obtain the
thermodynamic properties, dimensionless ratios and scaling functions near quantum phase
transitions. (IIT) Importantly, we give the general scaling functions at quantum criticality for
arbitrary filling and interaction strength. These can directly apply to other integrable models.
(IV) Based on the fractional excitations and the scaling laws, the spin-incoherent Luttinger
liquid (SILL) with only the charge propagation mode is elucidated by the asymptotic of the
two-point correlation functions with the help of conformal field theory. We also, for the first
time, obtain the analytical results of the thermodynamics for the SILL. (V) Finally, to capture
deeper insights into the Mott insulator and interaction-driven criticality, we further study the
double occupancy and propose its associated contact and contact susceptibilities, through which
an adiabatic cooling scheme based upon quantum criticality is proposed. In this scenario, we
build up general relations among arbitrary external- and internal-potential-driven quantum
phase transitions, providing a comprehensive understanding of quantum criticality. Our methods
offer rich perspectives of quantum integrability and offer promising guidance for future
experiments with interacting electrons and ultracold atoms, both with and without a lattice.
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1. Introduction

The strongly correlated electronic systems provide us with
a powerful platform to investigate novel and intriguing
many-body phenomena, such as high-7, superconductors
[1-4], Mott metal-insulator transition [5-9], colossal
magnetoresistance [2, 10] and antiferromagnetic correlations
[11-19], which cannot be merely explained by compounding
of single particle motions. Among the continuum and lattice
models of interacting electrons and ultracold atoms, one of
the prototypical integrable models is the one-band Hubbard
model [20-22]. Recently, particular attention has been paid to
this model because of its operability and accessibility in trap-
ping ultracold atoms on lattices [8, 23-26]. There have been
numerous publications focusing on the 1D Hubbard model
with on-site interaction as well as its variants in one or higher
dimensions [27-33], involving the studies of spectral weights
and critical exponents for correlation functions [6, 7, 34-37],
dynamical transport [36, 38—41], interaction quench [42—44],
etc. In this scenario, the well-celebrated Landau theory of
Fermi liquid [45, 46] remarkably captures essential univer-
sal low-energy physics of interacting fermions and leads to
a wide range of applications in higher-dimensional quantum
many-body systems.

On the other hand, the low-energy excitations of 1D
many-body systems usually lack individual motions of qua-
siparticles. Instead, they form collective motions of bosons,
i.e. Tomonaga-Luttinger liquid (TLL) [47-49]. A hallmark
of interacting electrons in one dimension is the splitting of
low-lying spin and charge excitations into two separate col-
lective motions [26, 50-58], i.e. one solely carrying spin and
the other carrying charge. This is one of the most significant
features predicted by both the integrable theory and the TLL
theory, namely, the propagators generated by excitations sep-
arate into two massless wave packets with distinctive velocit-
ies, v, Vg, in charge and spin degrees of freedom, respectively
[51,53,59, 60]. The experimental evidence spin—charge separ-
ation phenomenon was reported in [54, 58, 61-63]. This phe-
nomenon was further evidenced by detecting spin and charge
propagating velocities [26, 54] by quenching an initial Mott
state into few-hole doped states in the 1D Hubbard model.
Meanwhile, some high-energy or gapped excitations may con-
tribute to the optical conductivity [64]. The spin—charge sep-
aration has recently been verified and confirmed by virtue of
spin and charge dynamical structure factors in 1D Fermi gas
of ultracold atoms [58]. In this research, the team used Bragg
beams to excite spin and charge density waves separately and
measured the corresponding spin and charge Bragg spectra at
different interacting strengths.

By taking into account the curvature correction to the lin-
ear charge excitation spectrum and the nonlinear effect of the
spin backward scattering in the spin sector, the theoretical
and experimental results are in good agreement. Nevertheless,
when the temperature T exceeds a characteristic energy scale
of spin, but is still less than the typical energy of charge
of Fermi energy, i.e. E; < T < E,, the spin degrees of free-
dom are fully disordered, while the charge degrees of free-
dom remain in propagating mode. Such a state is referred
to as spin-incoherent Luttinger liquid (SILL) [65-70]. The
correlation function of the SILL shows an exponential decay
of distance in the spin sector, while it remains a power-law
decay in the charge sector, giving a characteristic of the emer-
gent SILL [65-68], in contrast to the usual TLL where the
correlation functions in both spin and charge sectors exhibit
power-law decay in distance [6, 34, 71-73]. Evidence for
the SILL was recently reported by Hulet’s group at Rice
University [74]. Although there have been extensive studies
on this model, a comprehensive study of the spin-coherent and
incoherent Luttinger liquids, the universal thermodynamics,
fractional quasiparticles and Mott phase in the 1D Hubbard
model remain elusive.

Moreover, compared with continuum gas systems, one
has a consensus that the Mott insulator phase dominated by
antiferromagnetic ordering is of great importance due to its
uniqueness stemming from the Umklapp scattering in terms
of bosonization [75]. There have been ample thoughts and
debates on the mechanism for the onset of the Mott insu-
lator for a long time [7, 76-78]. However, it remains a ser-
ious theoretical challenge to capture the essential nature of
the insulating phase. This massive charge sector with a mass-
less spin degree belongs to the category of the Luther—Emery
model [79-81], whose dynamical spectral function for the
Mott phase displays one or two singularities without anom-
alous dimension [80, 81]. A quantity which is experiment-
ally accessible is the double occupancy, embodying charge
fluctuations. It gives insights into the emergence of the Mott
phase [30, 31, 82] and conveys plentiful information apart
from the Mott phenomenon: for instance, the Pomeranchuk
effect [30, 31, 33], antiferromagnetic correlations [33, 83, 84],
and adiabatic cooling [31, 85, 86] over wide energy scales and
temperature regimes. One of the key aims in this paper is to
define the contact and contact susceptibilities, through which
we further study the adiabatic cooling scheme at quantum
criticality.

The Bethe ansatz provides us with a powerful method
to study the 1D Hubbard Hamiltonian [20, 87]. The frame-
work of building up the finite-temperature thermodynamics
of 1D integrable systems can be traced to Yang and Yang’s
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Figure 1. The phase diagram of the 1D repulsive Hubbard model at
fixed interaction u = 1, of which the details are given in section 3.1.
The orange, yellow and red symbols indicate the locations of
excitations plotted in the figures in section 2. The white empty circle
in the upper right area containing the quadruple critical point
denotes the regions studied in section 3.1. The white dashed line
denoted by SILL depicts the quantum phase transition from phase
IV to II, which will be investigated in detail in section 3.2.

seminal paper [88]. Later, Takahashi took an important step
forward by treating the thermodynamics of some more com-
plicated integrable systems, and coined the name thermody-
namic Bethe ansatz (TBA) [21]. In this scenario, a quantum
transfer matrix was successfully developed for the study of
the thermodynamics of integrable models in terms of the path
integral [89, 90]. These two approaches endow us with the
possibility to acquire the excitation spectra [91, 92], univer-
sal free Luttinger liquids information [57] and correlation
functions [34, 36] for both the repulsive and the attractive
Hubbard model [92-103], despite significant challenges in
the actual calculations of physical properties due to the com-
plexity of the TBA equations at arbitrary temperature. For
higher dimensionality and various lattice symmetries [27-29,
32], there does not seem to be any completely applicable the-
oretical schemes, and commonly exploited numerical simu-
lation methods include quantum Monte Carlo methods [28,
33, 37, 86], matrix-decomposition algorithms [104], dynam-
ical mean-field theory [27, 32, 33], exact diagonalization
[105, 106], perturbation theory [107, 108], density-Matrix
renormalization groups [44, 53] and other generalizations
[29, 108].

Using the TBA approach, the 1D repulsive Hubbard model
is shown to contain five phases in the parameter space spanned
by the chemical potential and the magnetic field, see figure 1:
(D) vacuum; (II) partially filled and spin fully polarized state;
(IIT) half-filled and spin fully polarized state; (IV) partially
filled and magnetized band; (V) half-filled magnetized band,
also referred to as the Mott insulator. In this paper we aim
to present general analytical results of the thermodynamics,
independent of microscopic details, of the model. To smoothly
carry out the subsequent discussions on the fundamental prop-
erties of different states, we mark the locations and the regions

in the phase diagram in figure 1, which we will study in this
paper.

The elementary excitations in spin and charge sectors and
the universal thermodynamics of the 1D repulsive Hubbard
model are briefly discussed in [109]. In this paper, we develop
analytical methods to obtain fundamental properties of the 1D
Hubbard model with repulsive interaction and in the presence
of external fields. In particular, using the exact solutions of
the Bethe ansatz equations of the Hubbard model, we rigor-
ously calculate fractional excitation spectra, universal ther-
modynamics, scaling functions, incoherent correlation func-
tions, contact, contact susceptibilities, quantum cooling and
interaction-driven quantum phase transitions in a pedagogical
way. The exact results of various excitation spectra reveal
exotic features of fractionalized spinons and holons, and show
subtle differences in spin magnons and charge n-pair excita-
tions. Universal thermodynamic properties of spin and charge
Luttinger liquids, and dimensionless ratios and scaling func-
tions near quantum phase transitions in terms of the chemical
potential, magnetic field and interaction are obtained explicitly
near the quadruple critical point. The asymptotic two-point
correlation functions for the SILL are derived with the help of
the conformal field theory. Finally, we study the double occu-
pancy, the contact, contact susceptibilities, interaction-driven
adiabatic cooling scheme, and the criticality and Mott insulator
behaviour of the model as well.

The outline of this paper is as follows. In section 2, we
introduce the basic knowledge of the exact Bethe ansatz solu-
tion of the repulsive Hubbard model and calculate the excit-
ation spectra of fractional holons and spinons as well as the
gapped excitations above the ground state. In section 3.1, using
our newly developed methods, we initiate our study on the
thermal and magnetic properties of TLL, quantum criticality,
non-Fermi liquid behaviour and the universal laws in the 1D
Hubbard model. In section 3.2, we study the SILL from the
Bethe ansatz and quantum phase transition perspective. The
asymptotic single-particle Green’s function and pairing cor-
relation function are presented. A depiction of double occu-
pancy and analytical calculation of contact and its susceptibil-
ities with respect to the chemical potential, magnetic field and
interaction near the Mott phase are given in section 3.3. In this
section, we also carry out a detailed analysis on quantum cool-
ing and interaction-driven phase transitions. Section 4 presents
a summary and outlooks.

2. Fractional holons and spinons

Fundamental low-energy physics is intimately related to the
elementary excitations in 1D many-body systems. In par-
ticular, the low-lying excited states involve many-body cor-
relations and determine the unique dynamics of the 1D
Hubbard model, showing novel features of fractional holons
and spinons. In the Mott phase, the excitations show a charge
gapped phase with antiferromagnetic correlations in the spin
sector. Spin and charge particle-hole excitations reveal the
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origins of the spin-coherent TLL and spin-incoherent liquid in
a crossover temperature regime. The purpose of this section is
to calculate typical excitation spectra of the repulsive Hubbard
model, which complements the study in the literature: see a
review [22].

2.1. Bethe ansatz equations and root patterns

For self-containment, here we first introduce relevant nota-
tions and recall some fundamental equations with respect to
the Bethe ansatz solutions used in this paper. In the presence of
external potentials, the 1D Hamiltonian of the Hubbard model
is given by

L
H=— (Cfacjﬂ,a +C}:—1,a¢fﬂ)
j=la=1{
L
+uy  (1=2m1) (1= 2m)) = uN—2BS,, (1)
j=1
;

where ¢; , and ¢; 4 are the creation and annihilation operators
of fermions with spin a(a =T, |) at site j in a periodic lattice
of length L, ,, is the particle density operator of spin o at
site j, N = ZjLzl (nj4 +n;y) is the total number particle oper-
ator, and S, = % ].Lzl(nn —njy) is the magnetization oper-
ator. The hopping amplitude is set to unity, which also sets the
units for energy. The chemical potential x4 and magnetic field
B are rescaled with respect to the hopping term. Here, u repres-
ents the on-site interaction between particles of opposite spins:
u > 0 for repulsion, and u < O for attraction. The repulsive and
the attractive Hubbard model can be converted into each other
via the Shiba transformation. In addition to the hopping amp-
litude, we choose a unit system by setting kp, % to 1 throughout
the paper.

In the absence of the external potential (1 =0,B=
0) and even lattice sites, the Hamiltonian (1) possesses
SO(4) 22 SU(2) x SU(2)/Z, full symmetry composed of spin
rotation and n-pairing invariance [92]:

[H,5%] =0, [H,n%] =0, 2

where the spin and 7-pair operators are given by

L
« 1 a\a
S :EZ Ca (0 )bcﬁb?
j=lab=t,
1o :
T=-5 > (=1 (?%C,ﬂ + Cmcj,i) ,
j=1 3)
1 L i
U :52(—1)1 (C, 16,10~ GG i) )
j=1
n _ (N—1L)
2 b

@:A .
@ :sink Im(sin k)

—-— Re(sin k)
°

Figure 2. The string patterns of A strings (left configurations) and
k — A strings (right configurations). The left A strings show one
length-1, two length-2 and one length-3 A strings. The right k — A
strings involve one length-1 k — A string, two length-2 k — A strings
and one length-3 k — A string.

which are useful for the analysis of elementary excita-
tions at a zero magnetic field and half-filled band [92].
In the above equation, o“ with o = x,y,z denote the Pauli
matrices.

On a lattice model, the average particle number per site
denoted by n. can vary from O to 2. In this paper, we will
consider the case where the particle number per site is no lar-
ger than one with the magnetization denoted by m less than
n./2 for repulsive interaction, i.e. it corresponds to a negative
chemical potential and positive magnetic field. The regions for
ne > 1,m > n./2 are related to that studied here in terms of
discrete symmetries [22].

The eigenvalues of {k}, {A}, which are, respectively, the
solutions of charge quasi-momentum and spin rapidity of this
model, can be obtained by solving the Lieb—Wu equations
[20]. Meanwhile, Takahashi [21] assumed that the quasi-
momenta {k}, { A} exhibit different patterns, which determine
the full states of the model. The root patterns of the repulsive
Hubbard model can be categorized into three types: single real
k, length-n A strings composed of n spin-down electrons, and
length-m k — A string containing m spin-down and m spin-up
particles, see figure 2 and also [92]. Let M., M,,, M, denote the
number of &, A strings and k — A strings of length n, respect-
ively. Therefore, the total particle number N and spin-down
electron number M read:

(oo}
M=> n(M,+M,),
n=1
o “4)
N=M,+Y 2nM,.

n=1

For the ease of discussion, we choose to present the fol-
lowing Bethe ansatz equations and the TBA equations of the
1D repulsive Hubbard model, based on which, we will ana-
Iytically derive the physical properties of the model. In terms
of the string solutions, the real centres of these roots sat-
isfy the so-called Takahashi’s forms of Bethe ansatz equations
[21]:



Rep. Prog. Phys. 87 (2024) 117601 J-J Luo et al
M, . : / :
> ki — A" 2LRe [arcsin (A} + niu
p=2n- 300 (A e ol
n=1a=1 i n N Al —sink;
! =2mJ" + Z
o M, . m
—ZZQ (Slnija >
nu ’ M,
n=1 a=I oo A/m
N — sink; o0 n Am +ZZ@ ( >, ®
oM =arn e yem (FU).
m=1p=1 where 6(x) =2arctan(x) and ©O,, is defined as
J
e ()C): 0(|n m\>+20(|11—r):t\+2)+ +20 (n+m 2)+0<n+m)7 lfn#m (6)

The counting numbers I;,J7,,J are integer or half-odd

integers, which rely on the odevity of the string number,

if Y=, (M,,+M,,) is even

G
if >, (M,,+M,,) is odd @

Integer
I;is .
half-odd integer
.| integer if N—M,, is odd
) { e )

«

half-odd integer  if N— M, is even, ’
g integer if L—N+M, is odd ©)
“ half-odd integer  if L — N+ M} is even -

The classification of these quantum numbers will be needed to
characterize the excitations, which will be presented later.

Every selected set of quantum numbers 7;,J%,J' uniquely
determine the value of quasi-momenta k;, A?,, A", and thus
yield a specific eigenstate of the model. These numbers are in
the ranges of

L, L
2 YT
VAR % (N 2M' — Zt n— ) : (10)
" < % <LN+2M’ fm;tan;f 1) ,
where M’ =3Y""° nM, is the entire number of spin-down

particles included in k — A strings, and #,,, = 2min(m,n) —
5mn

Denoting p”, 0%, 0,7 (p", ol /") as the densities of real
quasi-momenta k, the real part of the length-n spin strings and
the real part of length-n k — A strings for particles (holes), the

26(3)+20(3) + -+ +20 (5

>+0(2n) if n=m

root distributions of these types of root patterns are given by
(21]

o (k) + o (k) = % +cosk2/ dAa, (A —sink)
n=1v —>®

x (a7 (A) +0h (7)),
o (8) 05 (A) = =3 Aunx o1, (A)
m=1
+ /ﬂ dka, (sink — A) o (k),
o (A) + 0" (A) = ~ Re 1
™ 1—(A— inu)2

- Z Aﬂm m

_/“ dka, (sink — A) g7 (k).

—T

Y

respectively. In the above equations a,(x) = ﬁ (mf)'z”;xz,

the convolution term denoted by * denotes a convolution

and

< dy d -
Ao *f(x):/_ %3@»% (xuy)f(y), (12)

The function A, denotes a derivative of the function ©,,,
namely,
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x—y 1 d xX—y
Anm — :77@nm
( u > 21 dx ( u )

{ A (X =Y) F 202 (X =Y) + -+ 280 4m2 (X =) Fanym(x =), if nFm '

13)

2a; (x—y)+2a4(x—y)+ - +2ay_2(x—y)+tay(x—y),if n=m

Following the Yang—Yang method [88], the true phys-
ical equilibrium states at finite temperature can be determ-
ined by the minimization of the free energy with respect
to the densities. The TBA equations for dressed energies
k(k),eqn(A),e.(A), associated with the product of the log-
arithm of the ratio of the hole density to the particle

density and temperature x = T'ln ( p,,) En= Tln( ) el =

rn

Tln ( ,:, ) , are given by the following form [21]
k(k)=—2cosk—pu—2u—B

+Z/ dAay (sink — A)Tln( (TA)>
—Z/ dAay (sink— A) Tn (14~
n=1"v >

(14)
e, (A) =2nB —/ dkcoska, (sink — A) Tln (1 +e_#>
= oS
3 A Tin (1o ), (1)
m=1
e, (A)=4Re\/1— (A — inu)2 —2np — 4nu
—/ dkcoska, (sink — A) Tln(l —|—e’#)
> h(A)
+ A *Tln (1+e 7 ) (16)

m=1

It is observed that the above dressed energies are even func-
tions with respect to their variables and exhibit monotonic-
ally increasing behaviour in the positive argument space. The
Gibbs free energy per site is given by

f:—T/ﬂ %m(we—@)w

—TZ/ —Re—l 21n<1—|—e_5”(TA)>7
— (A —inu)
a7

which serves as the equation of state, from which one can
directly obtain the profiles of the ground state and thermody-
namic properties of the Hubbard model at zero and finite tem-
peratures by solving equations (14)—(16). However, finding the
solution to the TBA equations (14)—(16) imposes a significant
theoretical challenge. As a result, a comprehensive study of

universal thermodynamics, Luttinger liquid properties, mag-
netic properties and scaling functions in the vicinities of the
critical points, as well as the behaviour of the Mott phase and
quantum cooling in the 1D Hubbard model is still incomplete
in the literature.

2.2. Ground state

In the limit of zero temperature, one can see that the dressed
energies of the length-n A strings with n > 1 and all kK — A are
always positive in the parameter space. Consequently, they do
not contribute to zero-temperature thermal and magnetic prop-
erties. The real k and length-1 A string should be cut off at the
points where the dressed energies change sign. Thereby, in the
ground state, the coupled equations for the dressed energies,
densities and hole distribution functions [20] are greatly sim-
plified

k(k)=—2cosk—pu—2u—B

A
+ / dAay (sink — A)ey (A), (18)
—A
o
51(/\)223—1—/ dkcoska (sink — A) & (k)
-0
A
—/ dA’a2(A—A’)51 (A/), (19)
—A

A
2 () = 0 (0 — |K]) 1+cosk/ dAay

X (sink—A)of (A)] ,

of (A) = b1 (A — A] [— / " 40 (A~ Ay of ()

—A

+/Q dkay (sink — A) o (k)] ;

Y

A
P (k) = 0y (|k| — Q) L+cosk/ dAa;
2 —_A

X (sink—A)a"l’(A)] ,
A
ol (A) =0 (JA| - A) [—/ dA'ax (A—A") ol (A7)

+/Q dka; (sink — A) o (k)] )

-0
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Q
ol (A) = —Au % a? (A) +/ dka, (sink — A) o7 (k) , for,
-0
n=?2,
Ur:h (A) = lRe;
T 1— (A —inu)?

_ /Q dkay, (sink — A) p” (k)
o

where Q, A are the Fermi points of charge and spin, respect-
ively, determined by x(Q)=0,e;(A) =0, and Oy is the
Heaviside step function. We observe that particles only exist
within Fermi points, while holons locate outside in the ground
state. In the above equations, we also present the hole dens-
ity distribution functions for A strings and kK — A strings for
our later calculation. By defining the total quantities p = p” +
Pk, o1 = of + o, the density Bethe ansatz equations can thus
be recast in a more succinct form

A
p(k)= L +cosk/ dAa; (A —sink)oy (A),  (20)
27 _A
A
a1 (A):—/ dA,az(A—A/)Ul (A/)
—A
[
+/ dka (sink— A) p (k). (21)
-0

Thus, the average total particle number per size and the aver-
age spin-down particle number per size can be expressed in
terms of equations (20) and (21) as

(Y]
ne = / dkp (k). (22)
niz/ dAoy (A). (23)
—A

The momenta of the charge and spin quasiparticles for |k| <
0, |A| <A, and holons for |k| > Q,|A| > A in terms of the
quasi-momentum parameters k;, A%, A" can be calculated via
the following expressions

2n, k
p) =74 =2 [ ak'o(k). 4
0
A
p8) =2 =2 [ ana ), es)
0
27 d, A
pn(N) = =2r [ dA'o,(A"),n>2, (26)
L 0
2 / A
pr(N) = 72]" = —271'/ dA oM (A +m(n+1), n>1.
0

@7

Let us denote Ngg as the total particle number, and Mgg
as the spin-down number in the ground state. Consider the
ground-state structure in the presence of a magnetic field and
0 < n. <1 as follows (assume the lattice length L is even):

M, =Ngs =2xMgs <L, M; = Mgs is an odd number and
less than Ngs/2, M, =0 for n > 2, M, =0 for n > 1; that
is, both charge and spin sectors are partially filled, and all
particles form charge and spin Fermi seas, the inside of which
are referred to as antiholon states for charge and spinon states
for spin degrees of freedom. At zero temperature, the system
lies in its lowest energy state and particles are symmetric-
ally distributed around zero momentum. Using equations (7),
(8) and (24)-(27), we can evaluate that {/;} are half-odd
integers and fill in the interval [—Ys=! Nas=1] = whereas

2 02
{J}X} are integers within [—M%*l, M%*l] The momentum
distribution p(k), p1(A) respectively covers the intervals of
[—7mne, mn.] and [—-7ny, 7). Itis inferred from equation (10)
that the values for the quantum numbers {J% } satisfy |/} | <
% (Ngs —Mgs — 1). This implies that there are Ngs — Mgs
vacancies for J}X and thus Ngs — 2Mgs holes are left. Building
on the quantum numbers of the ground state, elementary excit-
ations can be classified into two types: gapless and gapped
excitations. Particle-hole excitations, as well as their combin-
ations, belong to the gapless ones, which always occur in suf-
ficient low-energy sectors. Whereas the length-n k — A and A
strings with n > 1 require additional energy to be excited. The
key points for the excitation spectrum calculation are stated
below:

e The dressed energy is an exact excitation energy of
the particle with the corresponding momentum, and
holon energy corresponds to the negative dressed energy.
Basically, the energies of particle excitations for different
types of quasiparticles are (k), €,(A) and £/ (A), while
their corresponding holon excitations are —r(k), —&,(A)
and —e, (A), respectively.

e By changing the quantum numbers M,, M,, and M, one can
analyze the excited structure with respect to the ground state
to capture the holon or particle excitations of each type of
string.

e If there is no extra hole or particle appearing over the ground
state, the particle-hole excitation can exist. This type of
excitation does not alter the total particle number or par-
ity. The particle-hole excitations not only result in universal
TLL in spin and charge sectors, but also essentially determ-
ine the dynamical correlation functions at low energy.

e Individual particle and holon excitations can be transformed
into each other, e.g. in figure 3, a holon excitation can be
created by conducting two particle-hole excitations over a
particle excitation.

e When /; changes from a half-odd (integer) to an integer
(half-odd), extra constant momentum =7 n, needs to be
added to the total momentum with a change in parity. (In
the later study, we only consider the case of 7n., which is
also relevant in the continuum model. The case for —mn, is
symmetric with the former.). See, for example, figure 4.

e A multi-parametric excitation can be decomposed into few-
parametric elementary excitations. Once a few particle
excitations are determined, analytical expressions of mul-
tiple particle excitations are created by a few elementary
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Figure 3. Illustration of two equivalent excitations: a transformation between particle excitation and holon excitation.
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Figure 4. Illustration of the variation of parity in excitation.

excitations. We elucidate this approach in the supplementary
material’, e.g. M, = Ngs + 2 is composed of double excita-
tions with M, = Ngs + 1.

The techniques outlined above enable us to classify the pro-
cesses of complicated excitations, based on which we can con-
ceive the unique collective nature of fractional excitations.
Next, we will present various spectrum patterns of elementary
excitations at different points of the phase diagram, as indic-
ated in figure 1, which are helpful for later analysis.

2.3. Fractional charge and spin excitations

Elementary excitations of the Hubbard model were studied
in the literature: see [22]. Here we present a comprehens-
ive understanding of fractional excitations and various gapped
excitations, which provide deep insights into Luttinger liquid,
spin-incoherent liquid and low-energy physics.

2.3.1. Particle-hole and two-spinon excitations. =~ We first
study the elementary excitation of one spin flip, i.e. one spin-
down particle in the ground state flips its spin, for which we
have a change M, = L, M| = Mgs — 1. Here, we take Mgg to
be an odd number. From equations (7) and (8), we can determ-
ine that the quantum numbers {/;} are integers and J!, are

7 See supplementary material in which we present some key derivations of
the results on the gapped excitations, universal thermodynamics, free energy
of phase III, magnetic properties, quantum criticality and general universal
scaling functions for the 1D repulsive Hubbard model.

half-odd integers within the ranges —% < ; < % and |J}x| <
% (Ngs — Mgs), respectively. Therefore the vacancies for spin
are Ngs — Mgs + 1. In contrast to the ground state, one more
vacancy arises with a diminished particle in the spin sector,
and thus two holes, A1, Ay, carrying separate spin % are cre-
ated in the spinon band for A. For this spin flipping excitation,
7 pairing and spin magnetization (An?; AS?) are determined
through An® = %’, ASt = W with N, M being the total
particle number and spin-down number in the excited state, i.e.
(An*, AS®) = (0,1) in this sample. This excitation configura-
tion is shown in figure 5.

On the other hand, the particle-hole excitation can be con-
structed in the charge sector with a particle taken out from
|k| < Qto |k| > Q, leaving a holon k), inside the antiholon band
and a particle k, in the holon states. The energies and momenta
of the particle-hole excitation in the charge sector and the two-
spinon excitation in the spin sector are given by

Eph =R (kp) — KR (kh) ph =P (kp) -P (kh) ) (28)
Ey=—¢c1(Am) —e1 (An2),
Py = —p1 (Am) —p1 (Am2) +mne. (29)

In figure 6, we demonstrate the results of the particle—
hole and the two-spinon excitations for various parameters.
Obviously, one universal nature of low-energy excitation spec-
tra is the existence of spin—charge separation behaviour [51,
53, 60], visualizing the theory of the spin—charge-separated
TLL. In the absence of the magnetic field, the system has
spin rotation symmetry. Figure 6(a) shows the particle-hole
excitation in the charge sector away from the half-filled lattice
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Figure 5. Illustration of the particle-hole excitation in the charge sector and two-spinon excitation in the spin sector.
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Figure 6. Elementary excitations in spin and charge sectors. The shaded area in orange represents a particle—hole excitation of charge,
where one particle inside the Fermi sea is excited to outside at different fillings. Meanwhile, the shaded area in green presents a two-holon
excitation in the spin sector. All the figures are drawn in the first Brillouin zone. The interaction u is fixed to unity for all the figures except
(b). (a) For the case away from the half-filled band at zero magnetic field with B = 0, u = —1.5765 corresponding to the yellow circle in
figure 1, we have charge and spin sound velocities v. = 2.0907, vy = 1.2259 in the long wave length limit, respectively; (b) for strong
coupling at zero magnetic field with n. = 0.6496,u = 10, we have charge and spin sound velocities v. = 1.8533,v; = 0.1824 for the zero
momentum limit, respectively. (c) We present a general case with the presence of magnetization, B = 0.555, 4 = —1.32, corresponding to
the red star in figure 1; (d) we present charge and spin excitations near the half-filled phase with a finite magnetization,

B =0.555, = —0.722, corresponding to the orange diamond in figure 1; (e) we demonstrate excitations near a spin-polarized band,

B =0.555,u = —1.77, corresponding to the orange square in figure 1. At a low-energy scale, the holon excitation energy (empty-circles) is
higher than the particle excitation energy (filled-circles); (f) we show excitations at B = 0.3, = —2.5 for a comparison with figure (e),
corresponding to the orange circle in figure 1.
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and the two-spinon excitation in the spin sector, which fully
accounts for the first Brillouin zone.

In contrast, figure 6(b) shows the particle-hole excita-
tion and the two-spinon excitation in the strong coupling
limit, reminiscent of the spin—charge-separated spectra in the
1D Yang-Gaudin model [57]. The slopes of the dispersion
are characterized by the velocities v, vs, displaying v, < v,
which were recently measured experimentally in a quasi-1D
trapped repulsive Fermi gas [58]. This regime offers a remark-
able possibility to study the SILL, which occurs when the
temperature exceeds the spin characteristic energy, but is still
less than the charge energy. In the SILL, the spin degrees of
freedom is frozen. However, the charge degrees of freedom
propagates as a sound mode, behaving like spinless fermions
[65-67].

Figures 6(c) and (d) present the particle-hole excitation and
the two-spinon excitation for an arbitrary magnetic field, away
from the half-filled and near half-filled regions, respectively.
In these two cases, the spin degree is highly suppressed in
the presence of the magnetic field. The spin and charge velo-
cities are significantly different, and the spectra of spin and
charge display a large separation. In particular, in figure 6(d),
the charge band is very narrow, behaving like a single particle,
which was experimentally studied in [26]. The spin velocity
exceeds the sound velocity of charge. Figures 6(e) and (f)
show that in the charge sector, the energy of holon excita-
tion at small momentum can exceed that of particle excita-
tion in the Hubbard model due to the cosine term presented
in the charge dispersion, which is prohibited in the continuum
model [57, 72]. Nevertheless, when the system approaches the
Mott phase, the charge excitation gradually shrinks to the cases
observed in figure 6(d), indicating an emergence of single-
particle excitation in the charge sector [26]. In general, the
spin sector exhibits similar behaviour to that of the Heisenberg
chain [110, 111]. When a magnetic field is applied, the two-
spinon excitation is no longer the low-energy one in the sense
that it does not fill the entire Brillouin area. The role played by
the low-energy excitation in the spin degrees of freedom is the
spin particle-hole spectrum, as depicted in figure 7.

2.3.2. Antiholon- and holon-spinon excitations.  Let us fur-
ther consider fractional holon and spinon excitations, induced
by adding or removing a particle with spin up or down over
the ground state in the Hubbard model. There are four con-
figurations with the following quantum numbers: (a)M, =
Ngs + 1,M; = Mgs + 1, involving excitations of one antiho-
lon particle in the charge and one spinon particle in the spin
sector; (b) M, = Ngs — 1,M| = Mgs, involving excitations of
one holon in the charge and one spinon particle in the spin sec-
tor; (¢) M, = Ngs + 1,M| = Mgs, involving excitations of an
antiholon particle in the charge and one spinon hole in the spin
sector. This configuration is shown in figure 8; (d) M, = Ngs —
1,M; = Mgs — 1, involving excitations of one holon in the
charge and one spinon hole in the spin sector. These four excit-
ations can be classified by the charge and spin magnetization
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Figure 7. The shaded area in orange represents a particle-hole
excitation of charge. The blue shaded area denotes spin
particle-hole excitation. The green colour denotes the two-spinon
excitation, the same as figure 6. This reveals subtle separation of
spin and charge excitations in the presence of a magnetic field. The
parameter corresponds to the red star in figure 1.
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Figure 8. The antiholon—spinon hole excitations.

values (An?, AS?): correspondingly, (a) the antiholon—spinon
particle (1,—1), (b) the holon-spinon particle (—3,—3), (c)
the antiholon—spinon hole (% , %) and (d) the holon—spinon hole
(—1,1). Analogous to previous discussion, we obtain the fol-
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As a result of the above discussion, these four excitation
patterns can be converted to each other through certain num-
bers of particle-hole excitations. Their continuum spectra are
depicted in figure 9. Comparing the upper (low spin-down
density) and lower (near half-filled) panels of the figure 9, we
observe that the cases in (a), (c) and (d), which are related to
the antiholon excitations in the charge sector or spinon hole
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Figure 9. Fractional holon and spinon excitations: from left to right (a) antiholon—spinon particle excitation (%, —%), (b) holon—spinon

particle excitation (— %, —%), (c) antiholon-spinon hole excitation (

11
202

) and (d) holon-spinon hole excitation (— %, %) Upper panel:

excitation spectra in the low spin-down density area with n. = 0.6859,n = 0.1207, corresponding to the orange square in figure 1; lower
panel: excitation spectra near half-filled states with density n. = 0.9775,n; = 0.298, corresponding to the orange diamond in figure 1. In
each panel, the excitation bands in (a) and (d) are centred around the 7tn., whereas the excitation bands in (b) and (c) are centred around 7.

excitations in the spin part, are significantly affected by the
filling and magnetization. When the charge sector approaches
a gapped phase, see figures 9(a) and (c), the energy range of
the antiholon becomes narrow, causing the excitations to dis-
play single-particle behaviour. This excitation mode is studied
in terms of a spin—charge scattering state, rather than a spin—
charge separation state in collective excitations in figure 6.

In general, we observe that the gapless excitations occur
only at a sufficiently small energy scale. The charge and spin
excitations are well decoupled only in certain configurations,
as demonstrated in figures 6 and 7. This spin—charge separ-
ation phenomenon is unique in 1D strongly correlated elec-
tron systems and can be described by the spin-coherent and
spin-incoherent TLL theory. Based on the above illustrations
of excitations of spin and charge, we will further study the
spin-coherent and spin-incoherent TLLs in the 1D Hubbard
model below. In the supplementary material’, some gapped
excitations such as k — A strings and A strings, are presented
for completeness.

3. Universal thermodynamics and quantum
criticality

The 1D Hubbard model yields profound many-body phys-
ics at zero and finite temperatures. It exhibits rich quantum
phases and universal thermodynamics when the temperature
is much lower than the Fermi energy. A comprehensive under-
standing of the universal low-temperature behaviour, however,
remains challenging due to the complexity of the Bethe ansatz
equations and its N!-many terms of the wave function. Because
of the complexity and intricacy of spin and charge root string
patterns in the Bethe ansatz equations and the TBA equations
[22], most studies on the thermal and magnetic properties of
the 1D Hubbard model have been carried out only at zero tem-
perature with half-filled states [20, 22] or at a zero magnetic
field [112, 113]. Even in the low-temperature regime, there

is no well-established understanding of universal behaviour,
such as TLL, SILL and quantum scaling functions. Likely,
this can be resorted to numerical simulation by iterative means
[5, 36, 38, 114, 115]. However, the analytical results of the
TLL and quantum criticality are still elusive. In this section,
firstly, we will present our analytical and numerical studies
of universal thermodynamics and quantum criticality of the
1D Hubbard model using the TBA equations near the quad-
ruple critical point, the region marked by the white empty
circle in figure 1. In this regime, the model is rarely studied
due to the coupling of the two degrees of freedom. And this
regime involves four phases of states that manifest the trans-
itions of three important states: only spin degrees of freedom in
phase V, only charge degrees of freedom in phase III and spin—
charge coexisting in phase IV. More importantly, we will give
general scaling laws at an arbitrary magnetic field and chem-
ical potential. Then, from the perspective of quantum phase
transitions, we recognize the emergence of SILL, which is less
understood from the perspective of Bethe ansatz. Finally, we
will study interaction-driven quantum phase transition. This is
an aspect with little-known analytical results. We will estab-
lish relationships between the two phase transitions driven by
external potentials and internal degrees of freedom like inter-
action. Our work completes the analytical study of universality
of phase transitions with a generality.

Here, for clarity, we summarize our main results of
section 3 in table 1, and the calculation details are presented
in sections 3.1, 3.2 and 3.3 as well as the supplementary
material’.

3.1 Thermodynamic quantities in the ground state and
low-temperature regime

3.1.1. Dimensionless ratios and phase diagram.  In this part,
we study the dimensionless ratios and their application in
the 1D Hubbard model. Before doing so, let us first give
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Table 1. Universal properties of the 1D Hubbard model.

Properties

Phases I v

v 1II

Wilson ratios R}
equation (32)

4(VcKs + VSKSC)/(VS + Vc)

8K

fo— (7 T%)/(6vc)

Free energies f

fo—(mT?) (1/ve +1/vs) /6

fo—(wT%)/(6vs) —M—M—B+g%ﬁ+

@I +gs T3

equation (34) equations (33) and (40) equation (35) equation (36)
Magnetic properties Xec, Xs: equation (43) Xc: equations (52) and (57) Xc: equation (46) Xy Xs: 0
Xs: equations (53) and (58) Xs: equation (47) Xes Xs: 0

External-potential-driven

scaling laws general: equations (114)—(118)

near quadruple point: equations (82), (86), (90)—(95) and (103)—(108)

SILL thermodynamics: equation (129)

correlation functions: equations (133)—(137)

Contact and contact
susceptibilities

\

IV-V: equations (144)—(147)

Interaction-driven

scaling laws general: equations (175)—(177)

IV-V: equations (168)—(170) and (179); II-IV: equations (174) and (178)

a brief view of the ground-state phase diagram determined
by equations (18) and (19). In the limit of zero temperature,
the dressed energies (k) and €;(A) can be used to analyze
the phase transitions and thermodynamic quantities. In the
grand canonical ensemble, the magnetic field and chemical
potential determine the integration boundaries Q, A through
the conditions x(Q) = 0,£(A) = 0. The particle density n,
f_QQ dkp(k) is also called the filling factor. Meanwhile, the

spin-down electrons per site ny = [ f 4dAoi(A) and the mag-
netization m = n./2 — n can be obtained from the root dens-
ities equations (20) and (21). The magnetic field and chemical
potential drive the system from one phase to another at zero
temperature.

Phase transitions usually occur under the following scen-
arios: a) vanishing dressed energy, i.e. £(0) =0 or £,(0) =0,
with one dressed energy to be zero at each transition; b) open-
ing an energy gap. In the Hubbard model, the phase transition
occurs if one degree of freedom starts to make a difference or
disappears with another degree of freedom unchanged, leading
to coupling or decoupling in these degrees. In the presence of
an energy gap, i.e. the charge dressed energy «(m) < 0 in part,
the charge sector thus displays insulation behaviour, leading to
the phase transition from metal to insulator. Both these cases
induce significant quantum fluctuation in the system.

Using these conditions [22, 116], we may give five phases
of states displayed in figure 1: (I) vacuum with 0 =0,A =0
or n. =m =0; (II) partially filled and spin fully polarized
state with0 < Q@ <m,A=00r0 < n. < 1, m = n./2 with the
boundary conditions given by Q =0 and Q = 7; (III) half-
filled and spin fully polarized state with Q =7,A=0 or
n.=1,m=1/2; (IV) partially filled and magnetized band
with0< Q0 <m0<A<oor0<n.<1,0<m<n./2;the

phase boundary between phase (II) and (IV) is given by
k(0) < 0 < k(m), €1(0) = 0; (V) half-filled, magnetized band,
also referred to as the Mott insulator with Q =m,0 <A <
oo or n, = 1,0 < m < n./2, and the phase boundary between
(V) and (IV) is given by x(m) =0,£,(0) < 0. By substitut-
ing each of the phase boundary conditions into the dressed
energy equations (18) and (19), we can analytically determine
all the critical fields in the B — p plane: also, see [22]. In
fact, thermal properties feature dramatic quantum fluctuations
around a quantum critical point (QCP), whereas the dimen-
sionless ratios, the ratios between the fluctuations of two
types of sources, can become comparable to temperature: for
instance, the susceptibility Wilson ratio Ry’ [117] and the com-
pressibility Wilson ratio Ry [118, 119]

(ee)

describing the competition between magnetic fluctuation or
particle number fluctuation and thermal fluctuations, respect-
ively. In the above expressions, x; (x.) are the magnetic sus-
ceptibility (compressibility), respectively. In the TLL phase,
these ratios become constants, independently of temperature.
Therefore the ground state phase diagram can be characterized
by the dimensionless ratios.

A significant aspect of these ratios is their characterization
of the TLL and their scaling behaviour near critical points
[101, 118-120]. In figure 10(a), we present the 3D plot of
the magnetic Wilson ratio in the B — p — Ry’ parameter space,
while in figure 10(b), we show the Wilson ratio as a func-
tion of u for a fixed B. It is remarkable that the magnetic

4

3

’/TkB
122:24

Xe — ﬂ-zk% XC
Y T3 G)T

Xs
C,/T’

RY = 31)



Rep. Prog. Phys. 87 (2024) 117601

J-J Luo et al

m -2 -0.5

Figure 10. (a) The 3D plot of the Wilson ratio Ry* maps out the phase diagram of the 1D Hubbard model at low temperatures, which
significantly marks different phases of states. The parameter setting reads: 7= 0.005 and u = 1. (b) A plot of the Wilson ratio R at fixed
B =0.4,u = 1. As the chemical potential changes, four phases (I, II, IV and V) can be reached, indicated by sudden enhancements of the

‘Wilson ratio.

Wilson ratio is suddenly enhanced near the QCP, elegantly dis-
tinguishing different phases. Moreover, in terms of the trans-
port and thermodynamic results of the magnetic susceptibility,
specific heat, Luttinger parameters and velocities, the Wilson
ratios are given by (detailed analysis will be given in our pre-
pared article [121])

I: RY~2,
IV: RY =4(veKs+viKy) [/ (vs+ve),
V: RX ~8K,,
ITandIII: RY¥ =0, (32)

where K; is the Luttinger parameter for spin, K, is the cross
Luttinger parameter [121] and v, are sound velocities for
charge and spin, respectively. These relations, equation (32),
are in excellent agreement with the numerical results shown
in figure 10. Such dimensionless ratios also display universal
scaling behaviour near phase transitions.

From the above analysis, one can easily determine the
five quantum phases of the ground state of the 1D repulsive
Hubbard model. Among these, phase IV shows the richest
physics, i.e. the charge and spin degrees of freedom coexist
and dramatically make up the phase of spin—charge-separated
TLLs [47-49], showing non-Fermi liquid behaviour in one
dimension. In the TLL phase, all quasiparticles form collective
motions and thus decouple into two propagating modes with
different velocities, v, v [51, 53, 60], which rely on the value
of the coupling and can be effectively estimated from TBA
equations. The spin—charge separation phenomenon can also
be observed from their excitation spectra, see the discussion in
section 2. In the supplementary material’, we show that phase
IV can be seen as two-component free fluids characterized by
the additivity rule of free energy at the low-energy level, while
phases II and V are representatives of the single TLL, namely,

T T?

1 1
O
Ve o Vs
1
f:ffw——7 for phase II,
6 v

c

> , for phase IV, (33)

(34)

71
f:f—L—, for phase V,
6 v

s

(35)

where v, and v; are defined through v, = x’(Q)/(27 p(Q))
and vy = ¢1'(A)/(2m o1 (A)) with cut-off points Q,A, respect-
ively. The relation between the free energy and velocity
gives a universal nature shared by a large family of systems
[57, 101, 122]. Taking the second derivative of the free
energy with respect to temperature, specific heat is dir-
ectly derived C, =xT/3(1/ve+1/vs),C, =xT/(3v.),C, =
7 T/(3vs) for IV, II and V, respectively. The above results
in equations (33)—(35) provide the universal leading order
correction of the temperature at low energy of interacting
many-body systems, i.e. characteristic of thermodynamics in
the TLLs.

3.1.2. Contributions from k — A string in phase Ill.  In the
low-temperature limit p, B > T, the low-energy behaviour of
the system is immune to the gapped string excitations when
the states are away from the QCPs in figure 10. By analys-
ing the TBA equations (14)-(16), we observe that it is reas-
onable to ignore the gapped string states and retain only the
gapless string states in both A and k — A strings at low energy.
The driving terms in these equations significantly determine
the contributions to the low-energy states. The length-n A
strings and k — A string make less contribution to the low-
energy states when n is larger. Here, we just calculate the con-
tributions from the length-1 A and kK — A strings in phase III
in which both are gapped. The TBA equations suggest that the
greater the value of the chemical potential 1« and magnetic field
B relative to the temperature 7, the smaller the contributions
of the k — A and A strings. In phase III, the absolute value of
the chemical potential is small, while the magnetic field B is
large. Therefore, without losing generality, here we consider
the length-1 Kk — A and A strings at low temperature |p| ~ T
and B > T in phase III. After tedious iterations on free energy,
see the supplementary material’, we obtain a close form of the
free energy
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Figure 11. The free energy for gapped length-1 A and k — A strings
in phase III. The black and purple solid curves denote the numerical
results and analytical results, equation (36), of the free energy,
respectively. The red empty-circle—solid line only denotes the
contribution from the charge k degrees of freedom, showing a large
discrepancy from the solid lines. The green filled-circle—solid line
denotes the free energy without A strings, showing a little difference
from the solid lines. The blue triangular—solid line denotes the free
energy without k — A strings. Thus, the A string contribution is
negligible in phase III.
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where the coefficients are explicitly given by
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where we denote the function f, fL1n(

the parameters \; = ﬁ, Ay = W’ no = 4(u—
V1+u?) and g = W By analysing equation (37), we

observe that in the functions g ERER the terms involving the

exponents e~ "7 and e ¥ come from gapped length-1 A and
k — A strings, respectively; meanwhile, the terms that do not
contain any exponential terms stem from the contributions of
gapless charge k. In the above results, we have omitted the con-
tributions from the strings with lengths more than length-2.
In figure 11, we observe that our analytic expression of the
free energy is consistent with the numerical results obtained
from the TBA equations (14)—(16). The contributions from the
k — A string are greater than those from the A strings due to the
choice of parameters B> T and |u| ~ T. Moreover, from the
absolute value of the free energy, we observe that the order of

the k — A string contributions is O(10~*) as the temperature
tends to 7 = 1. In general, it can be safely ignored in the low-
temperature behaviour. In phase III, the contributions from the
gapped A strings are very small and negligible too. But the
length-1 A string plays an important role in phases IV and V.
More detailed calculations of the free energy for phase III are
given in the supplementary material’.

3.1.3. Magnetic properties at zero temperature near the quad-
ruple critical point. ~ The magnetic properties of the 1D
Hubbard model at zero temperature provide a benchmark for
understanding universal low-energy physics. However, most
studies in the literature have been carried out in a vanish-
ing magnetic field or half-filled band [20, 22, 112, 113]. To
obtain useful analytical results of the magnetic properties of
the model, here, we try to analytically calculate the magnetic
properties under the conditions of high density (the Fermi
point Q tends to 7) and high magnetization limits (the Fermi
point A tends to 0), namely, the region marked by the white
empty circle in figure 1, serving as a pivot which relates four
quantum phases. Around the quadruple point, we may con-
ceive the properties of charge only, spin only and spin—charge
coexistence. The physics in this region has not been well stud-
ied in the literature.

The main objective is to obtain thermodynamic quantit-
ies in terms of small parameters § =7m— Q < 1 and A K
1. After some lengthy calculations, see the supplementary
material’, the expressions of charge and spin dressed energies
and density equations can be written in terms of the orders of §
and A

= O0MA" ) (A) = SM,AT,
gMchT,O'l (A) = gMdSAT7

(38)
(39)

where 6 = (8°,6"',6%,6%) ,A= (A", A' A% A3), the super-
script T denotes transpose and M., M, My.,My; are four
matrices given in the supplementary material’. By analys-
ing the construction of these four matrices and using the free
energy, equation (17) with 7 = 0, we may obtain

2
_ 763
3w

f=-p—u—B— A’ — (40)

8\
3(1 —l—uz)%

with \; given in the supplementary material’. On the other
hand, in terms of the discrete symmetries of the repulsive
Hubbard model [22], the free energy of the repulsive sys-
tem can be transformed to that of the attractive case via the
relation f;(u,B,T,u) =f,(—B,—u,T,—u) — u — B, where the
subscript a(r) means attractive (repulsive) interaction. It turns
out that the results obtained in this part not only cover that
of the attractive model in the low-density and strong coup-
ling limits [101], but are also valid for the arbitrary interaction
strength away from the strong coupling limit.

In general, it is straightforward to show that there is a
one-to-one correspondence from the high-density area in the
repulsive case to the low-density regime in the attractive case
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[101]. Taking the derivative of free energy, one can obtain the
relationship between their thermodynamic quantities:

%ﬁ:*%*l%nr,#zlizmaﬁ’ “1)

Based on equations (38) and (39), we are able to obtain the
first and second order of derivative thermodynamic quantities,
such as the particle number ., spin-down number n, velocit-
ies v, vs, specific heat C,, and the charge and spin susceptib-
ilities y. = g—:‘; |BOm) > Xs = g—’g |pu(n) Withm = % —n . The cal-
culation details are relegated to the supplementary material’.

We would also like to remark that the above results we
obtained can be applied to phase II and the Mott phase V;
see the region marked by the white empty circle in figure 1.
Explicitly, we present our key results in the grand canonical
ensemble

phase II:
1 1 1
=1-- : =25— -8
ne YNy OaXc 271_57)(5 47'('5,‘}6 0 36 )
T 1
= —=— 43
3 (43)
phase V
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A2 43
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3 vy
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where /\1,)\2,771,772,3—2, g—ﬁ, % and % are given in the sup-

plementary material’.

In the grand canonical ensemble, we observe that the charge
susceptibilities Xﬁ‘), XEZ) (the spin susceptibility X‘El), ng))
constitute two parts of the contributions from different
resources d and A, respectively; see equations (52) and (53).
The susceptibilities can be split into two parts, which are
reminiscent of the additivity rules found in the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) state of attractive situations
[101]. We also observe that the decomposition terms stem
from two sources, i.e. the changes in charge and spin with
respect to the chemical potential and magnetic field. We
further confirm our analytical result equations (43)—(56) in
figure 12 via numerical calculation. The analytical results and
numerical simulation of sound velocities and thermodynamic
properties from the solution of the TBA equations are shown
in figure 12(a). We observe that v, approaches zero at the crit-
ical point for the phase transition from magnetized phase IV
to the Mott phase V. On the other hand, v, goes to zero, which
signifies an approach to the spin fully polarized phase II. Thus,
the velocities can serve as a signature of quantum phase trans-
itions. In figure 12(b), we show the specific heat in terms of
velocities at various temperatures, demonstrating good agree-
ment between our numerical calculation and analytical results.
The quantity C,/T becomes temperature-independent for the
TLL states. We plot the magnetic susceptibility in figure 12(c)
and observe that the susceptibility does not depend on temper-
ature in the TLL regime, but becomes divergent in the vicinit-
ies of the critical points.

In the canonical ensemble with fixed density and magnet-
ization, we obtain the charge and spin susceptibilities in terms
of n., m
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Figure 12. (a) Spin and charge velocities as a function of the chemical potential in phases II, IV and V, in which the analytical results are
given by equations (54) and (55) for IV, equation (43) for II and equation (48) for V, respectively. (b) The analytical and numerical results of
the specific heat in terms of the chemical potential. The curves of C, /T at different temperatures collapse to a single curve of the analytical
results in each phase. (c) The magnetic susceptibility: agreement between the numerical and analytical results, which are given by
equations (43), (47) and (53). In the TLL phases, the susceptibility does not depend on temperature. The whole numerical setting reads

B =0.825, u = 1, situated within the white empty circle in figure 1.

1 o 10 34\ OA
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MORING
where gé_, g—z, gi nd gﬁ are given in the supplement-

ary material’. In contrast to the the case for fixed external
potentials, these formulas expose a reciprocal additivity rela-
tion at a fixed magnetization and density, see equations (57)
and (58). The two ensembles are related to each other by
the Jacobian determinant evaluated by the total differential of
L, B with respect to n, m. Apart from the numerical arithmetic
and approximation method, as we have conducted above, we
would like to discuss the dressed-charge matrix Z [22, 34, 35]

)

Ees (A)

£ (A) )

(600
2= (5 (0)

whose elements are determined by
Eav (xb) = bap + Z / dxa8ad (xa) Kap (Xa,xp) . (60)

Here, the kernels are given by

cc (xcayc
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Ke (xc,%5)
)
)

)

(sin (x;) —xy) ,
s (xc) aq (sin (x.) — xy),

YS)'

0
ai
co

CS‘ xC)xY

K (xsvyA = (xs (61)
These dressed charges can be used to calculate rigorous solu-
tions for susceptibilities and conformal dimensions in asymp-
totics of correlation functions [34, 35], as well as spin and
charge Drude weights [121]. We will discuss these studies fur-
ther later.

One advantage of this method is that the iteration process
is greatly simplified, both analytically and numerically. In the
grand canonical ensemble, some exact relations are relevant to
the dressed-charge matrix (59), for example [22],

one 72, 72
Xc |B= o :E+ﬁ:X£l)+X£2)7 (62)
B c s
om o (ch - zzsc)z (Z(:s - 2Zss)2 o 2)
o= 28| = 2my T R
(63)

Regarding the circumstances of variable changes, we can work
out the Jacobian determinant from equations (62) and (63),
namely, J = 2(detZ)?/(7?v.vs). As a result, we obtain® for the
canonical ensemble

i o au _ z Ve (Zcx - zzss)z + Vg (ZCC - zzxc)z
Xe " 8”6 m 4 (dCtZ)2
1 1
WX
1 OB Z2 Z2. 1 1
=) STVt L (65)
Xs [ Oml, 20 (detz) o

Comparing our analytical results, equations (52) and (53)
(or equations (57) and (58)), with the dressed-charge for-
mula, equations (62) and (63) (or equations (64) and (65)),
we observe that the derivative term with respect to ¢ in
equation (52) is equivalent to the first term associated with
the charge velocity v, in equation (62), whereas the deriv-
ative term with respect to A in equation (52) is equivalent
to the second term associated with the spin velocity v, in
equation (62), respectively. Similar correspondences can be
found from equations (53) and (63) in the grand canonical
ensemble, as well as in equations (57) and (58), and (64)
and (65), respectively.

Finally, we make a direct comparison between our analyt-
ical results and numerical results from the TBA equations. In

8 The second equality in the equation (6.79) of the book [22] misses a factor
of 2.
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Figure 13. The charge density (a) and (d) magnetization vs the chemical potential in phases II, IV and V: agreement between the analytical
results given by equation (43) for phase II, equations (50) and (51) for phase IV, equations (44) and (45) for phase V and the numerical
calculations from the TBA equations. The compressibility (b) and susceptibility (e) in the grand canonical ensemble show agreement
between the analytical results given by equations (52) and (53) and numerical simulations based on equations (62) and (63). Meanwhile, the
compressibility (c) and susceptibility (f) in the canonical ensemble show agreement between the analytical results given by equations (57)
and (58) and numerical simulations based on equations (64) and (65). The parameters of all the figures are situated within the white empty

circle in figure 1.

figure 13, the first row shows density (a) and compressibility
(b) in the grand canonical ensemble and (c) in the canonical
ensemble. Whereas the second row shows the magnetization
(d) and susceptibility (e) in the grand canonical ensemble and
(f) in the canonical ensemble. The density and magnetization
in figures 13(a) and (d) cross quantum phases from I, to IV and
V as the chemical potential varies. In figures 13(b), (¢), (¢) and
(f), we observe additivity rules in both the grand canonical and
the canonical ensemble. All the analytical results agree well
with the corresponding numerical results in this figure.

3.14. Quantum criticality near the quadruple critical point.
The results obtained in the previous sections present an ele-
mentary understanding of the ground-state properties and the
behaviour of the TLLs. Although the criticality induced by the
variation of external potentials, such as the magnetic field and
chemical potential, has been extensively studied, most of the
previous works only discuss a few examples, without system-
atically extracting universal laws. More importantly, the case
for the interaction-driven quantum critical behaviour is still
missing despite the fact that the interaction plays a central role
in quantum many-body systems. This could be explained by
the fact that the interaction strength is a parameter that cannot
be tuned in typical solid-state materials. However, the tunab-
ility of the interaction strength through Feshbach resonance is
one of the salient features of cold atoms. This motivates us to
provide a detailed study of the interaction-driven criticality.
Moreover, the quantum criticality of the Hubbard model near
the quadruple critical point is elegantly accessible via analyt-
ical calculation.

In this section, we study quantum phase transitions and uni-
versal scaling functions of the properties of the 1D Hubbard
model in terms of external fields. And in the last section, we

focus on the interaction-driven quantum transitions. These two
together complete the study of the universality of phase trans-
itions in the model. From the phase diagram in figure 10, it
can be observed that a phase transition occurs in the repuls-
ive Hubbard model when certain degrees of freedom appear,
disappear or become gapped. These changes induce signific-
ant quantum fluctuations. Although quantum phase transition
occurs at zero temperature, thermal and quantum fluctuations
can reach comparable levels in energy scales in the V-shaped
critical regions at finite temperatures. A natural question is
whether the quantum critical region has its own set of univer-
sal laws similar to the TLL. The obvious answer, of course, is
that the quantum criticality for the same universality class of
models is insensitive to the microscopic details of the systems
and shares general and universal critical phenomena char-
acterized by the critical exponents [123, 124]. For example,
the universal scaling laws of magnetization and susceptibility
satisfy [123, 124]

p— e B—B: u—u,
T/vze * Tl/vz 7 Tl/vz

m=mq+ TYH1=1/ 090, [ } » (66)

H— e B—Bc u—uc
T/vz > Tl/vz 7 Tl/vz

respectively. Here, m, x, represent the first and second orders
of thermodynamic quantities, respectively, u., B¢, u. denote
the critical fields at the critical point, and z, v stand for the
dynamical and the correlation critical exponent, respectively.
The scaling functions, equations (66) and (67), consist of
two parts: the first term denotes the background contributions
stemming from the unchanged degrees of freedom, and the
second term accounts for the singular part stemming from the
sudden change in the density of states for the other degrees
of freedom. One characteristic of quantum phase transition



Rep. Prog. Phys. 87 (2024) 117601

J-J Luo et al

is that it displays universal scaling laws. Another salient fea-
ture of the critical region is that the characteristic length scale
diverges, providing us with a feasible opportunity to cap-
ture system information by fractional exclusive statistics [123,
125-127].

Next, we embark on the analytical derivation of the sin-
gular behaviour of thermodynamic properties involving solely
charge quasi-momenta k and length-1 A strings. There are five
phase transitions in total—I-II, II-III, III-V, II-IV and IV-
V—among which the latter four cases can be treated uniformly
around the quadruple point.

I-II phase transition: Here, we first study the phase trans-
ition from an empty lattice phase I to partially filled phase II
with the absence of down-spin. In this transition, the phase
transition boundary is simply expressed as 2 + 2u + B, + . =
0 with the subscripts B, and p. standing for the critical
fields. Thus, the charge dressed energy is given by x(k) =
—2cosk — pt — 2u — B, showing free fermions on a 1D lattice.
This gives the free energy f = u + 2771 /2 L13 (—e S ). Using
fundamental thermodynamic relations, we directly obtain the
first- and second-order thermodynamic quantities

n T2

=—-=——F 68

X T
Xs =5 = *477%12%, (69)
o 3 —ff T 2 (AB+ Ap)
T  8r: : 277 :

T3 (AB+A
i T ,u) f 1 (70)
272 .
with f, = Li,(—e =7 %).

For the remaining four phase transitions, what we need
to prepare before obtaining the scaling forms is to express
the dressed energy equations and the free energy in terms of
polylog functions. Under the assumption n — 1,1, — 0, we
expand the kernel function a, around k=7 and A =0, and
the coupled equations become

6 = Iz) sin’k
s’

2 2
+(—p—2u—B— I +-—I
U U

1
—

(k)

—2cosk+2 (

= —2cosk+2C sin*k+ C,, (71)
2J 12J- I 31
e 1 2 1 2
er(A)=A (n1+7ru3_ Tus  Amud 877145)
2J 2J.
+<2B+4(um>1+23
Tu U
L I4)
Tu  4drud
=DA*+ D, (72)

where the functions Cy, C,, D1, D, denote the corresponding
coefficients

1 6
Ci=—h——=b, (73)
Tu U
2 2
CG=—p—-2u—B——L+—5h, (74)
Tu Tud
0, 12, I, 3L
D, = — 75
1=mt s Td T’ drud | Swud’ (73)
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=2B+4(u—\/1+u2)——‘+—2 B .
Tu wu Tu  4rud
(76)

Meanwhile, the integrals (I;,1;) and (J;,J;) are related to spin
and charge degrees of freedom and make contributions only
near the zero point. Integrating by parts, the formal solutions
in terms of polylog functions read

3 1
oo € T2z —D
11:/ dAT 1n(1+e* (TA’):,ﬂLil (,e%>’
0 2D}
77
© 3 —D
12:/ dAAlen(lJre*%): T27r2L15 (feTz),
0 4D}
(78)
leT/ dkcosk ln( W))
0
T% 3 24C,
- e () ()
e (5 e
_Tigp 5 Li (_eHrcz) (79)
8(1-20y)F \2) ’
J = T/ dkcosksin’k In (1 —&—e#)
0
T (3 (=77 (80)
3(1-20y)F \2) '

With the help of the presentations of these four integrals, the
Gibbs free energy is given by

1 1
— Mol + ;J1 +—J.

f 2w

—u—u—B—2)\111 (81)

Although we have greatly simplified the dressed equations,
the four integrals (I;,1>) and (Jy,J>) are still coupled to each
other. These four quantities are intertwined and are needed
to carefully distinguish the primary and secondary contribu-
tions according to the critical field conditions. Based on the
above equations (71)—(80), we proceed to evaluate the critical
behaviour from three aspects: critical fields, polylog functions
and free energy. The polylog functions contain the sources of
criticality, from which we can derive the scaling function of
the free energy for the quantum critical region. For the part
that causes criticality, we take expansions under the limit of
T> ABorT > Apu.Here, we list our main results with details
given in the supplementary material’.
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II-III phase transition: for the phase transition II-III, the
critical field is determined by 2 — 2u — B, — . = O and €1 (A)
is gapped. The free energy is given by

; —AB—Ap
f=—nmumBa Ly () @)
27z 2
leading to the scattering forms of thermodynamics
n 1 T:
m:§:§+47r%f%’ (83)
1
Xe r—:
s == =— , 84
1
2 T2 (AB+A
G _ 3, TR(AB+AN .
T 8m2 2 27z ?
T3 (AB+Ap)’
BOE8 (85)
272 2
with f, = Li,(— 7A“). These present universal scaling

behaviour for the charge gapped phase transition in a lattice.
The situation is very similar to the I-II transition, where only
the charge sector exists.

III-V phase transition: for the phase transition III-V, the
emergence of spin degrees of freedom on a half-filled lattice
generates the criticality with respect to the critical field B, =
24/1+ u? — 2u, independent of the chemical potential. Around
the quadruple critical point, for charge, Ji,J,, equations (79)
and (80) can be safely neglected, equivalent to the case of an
XXX spin chain. Whereas for spin degrees of freedom, the
term /; in equation (77) is relevant to the low-temperature crit-
icality; by contrast, the integral I, has a higher order of power
in temperature than that of 7;. Under such circumstances, we
determine the free energy near the phase transition III-V as

Timi\ 2
—u—u—B—l-&Ll% (—e_#).
n

f (86)

Using the standard thermodynamic relation, we give the fol-
lowing forms of scaling functions for density, magnetization,
compressibility, susceptibility and specific heat

1 T3 °>\
n=1, m=5+—""p, (87)
2
771
2T 3173\
=0, Xo=————f1, (88)
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C, 3T~ 27r2)\1 2T 571\ AB
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47)1 7712
AT 371\ AB?
- (89)

0

2AB

with f, = Li,(—e~"7").

II-IV phase transition: for quantum phase transition II-
IV, the phase transition occurs at £;(0) = 0 with charge dis-
persion x(k) = —2cosk — u — 2u — B. Let Q denote the Fermi

point of x(k), which satisfies 2cos Q = —u — 2u — B. For this
case, Ji,J2, equations (79) and (80), provide a regular part,
while 7, in equation (77) serves as a sudden change of equation
of the spin state, i.e. criticality. The explicit expressions of
J1,Jo,1; are given in the supplementary material. Substituting
the results of Jy, J, I} into the free energy, equation (81), we
have
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where ap = \; — 2= + 51 (3:;\31”] _ 2471'r2u 4 37:2“3) and Ar =

2(1— B—‘ZL’)AB — %Au. Taking the derivatives of the free

™u
energy with respect to B, 4 and 7, we obtain the following

scaling forms of the thermal and magnetic properties
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with f,, = Li,(—e~ 7).

It is further noticed from equation (90) that the background

of the free energy involves two types of terms; the temperature-
dependent term —-© Ti —
1282

of TLL whereas the remaining term, —y —u — B — l Bl

2
Tﬁ‘ comes from the contribution

60# 51 , is equivalent to the energy of noninteracting electrons

on a lattice. For simplicity, and without losing generality, we
3

only keep the order of 3 in the free energy. For the 1D repuls-

ive Hubbard model, the zero-temperature background is given

by
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Meanwhile, the ground-state free energy of a noninteracting
lattice system is given by

f=—=| " 2sin(krq) + piosin (kro) | ,

o=m4

o7

in which kr, = arccos(—po/2) =mne, 4 =p+B,pu, =
@—B. In the limit of high density in the spin-polarized
phase, these two free energies, equations (96) and (97), are
equivalent

a2 (51 - 581 ) =+ By
7T
%—2< 2 - éﬁl) (2- 51)( ﬁl ) =fu. (98)

In light of quantum criticality, we refer to phase II as the back-
ground. Thus, the terms that do not contribute to the singular
part in thermodynamic quantities can be readily recognized,
namely,

1

1 B
e =T+ (99)
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65}

These background results are in agreement with equation (43)

with § = ﬁl (1 + 2451) here, 51 =2—pu—2u—B=~ (7 —
0)*— 5(m—Q)*=6*— L6*. Furthermore, the Wilson
ratios for phase II are given by
Ar? Xy ™ X
RX::7 NZ RXC:— R‘Jl. 102
vEg3eatr ANEFser (102)

IV-V phase transition: the phase transition from IV
to V displays a novel subtlety of quantum criticality with
charge. At this phase transition, the charge degrees of free-
dom become gapped and the dressed energy () approaches
zero. We can directly use the dressed-energy equations with
the help of (48) in the supplementary material’ and () = 0
under the condition § =0, giving the critical fields u.,B.
The integrals I; and I, in equations (77) and (78) serve as
the background contributions resulting from the spin degrees
of freedom of the TLL, and the scaling is reflected by
J1 (see explicit derivations in the supplementary material’).
Using the leading-order contribution in J; and I, I, we
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finally obtain the following scaling form of the Gibbs free
energy

4 7T2T2)\1 2
N —p—u=B= 2 A®— — A’
fr—p—u 171 omA 152
272\ T3b
Tl 20015, ( er) (103)
12m; ot 3

with bg=1— 4>“A + (’71 4+ 2\ — uz)\z) Usmg the ther-
modynamic relatlons the scaling forms of thermal and mag-
netic properties are explicitly given by

T:b
n=1+—>f1, (104)
272 2
1 2MA 1 (1—m+A )bo
= -2 A 105
1o
Xe= = (106)
2 )\2 A
Xs = A3
mA(1+4)° mi+2
(1= ) b
Tu+A, 0
T f—%v (107)
473 :
G A A 3T*%bof
T 3mA " 6m srb
Zbo 4AC
- A AB
[ (- )
2
T by 44,
A AB 108
27'['2 |: /l+( 7TM+AC> :| f—%a ( )
where we denoted f, = Li,(—e 7).

Moreover, we observe that phase V represents the source
of the background for the spin degrees of freedom. Thus, we
may easily identify the contributions from the Mott phase V
in the above scaling functions, namely,

x. =0, (109)
2\ A
v — 2 (110)
771A(1—|—%)> m 1"‘?”
v A 200A
v AL T A (111)
T 3mA 6m

Comparing the above results with equations (44)—(49), we find
these results are consistent with each other. Consequently, the
Wilson ratios are given by

RXs —= 4771-2 Xs ~ 8 8)\2A3
W 3 C/T (1_|_ ) Tul;’
™ X
Re="1X_ _g 12
V=300 (112)

showing the nature of the TLL at low temperature.
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Figure 14. Rows (a) and (b) show the universal scaling behaviour of electron density and spin susceptibility, as well as specific heat vs the
magnetic field B (the argument (B — B.) /T) for phase transitions II-IV. The analytical results (solid lines), equations (91)—(95), agree well
with the numerical solutions of the TBA equations. Rows (c) and (d) show the universal scaling behaviour of magnetization and charge
susceptibility, as well as specific heat vs the magnetic field B (the argument (B — B.) /T) for phase transitions IV-V. The analytical results
(solid lines), equations (104)—(108), agree well with the numerical solution of the TBA equations. All the parameters are situated within the

white empty circle in figure 1.

In figures 14(a) and (b) and 14(c) and (d), we plot the
universal scaling behaviour of electron density and magnet-
ization, and spin and charge susceptibilities, as well as spe-
cific heat for phase transitions II-IV and IV-V, respectively.
They show that analytic expressions of their scaling functions,
equations (91)—(95) and equations (104)—(108), are in good
agreement with the numerical results obtained from the TBA
equations. We note that in figures 14(a) and (c), all lines at dif-
ferent temperatures intersect at the QCP, while figures 14(b)
and (d) show the scaling function invariant in terms of %.
It is essential to note that all these scaling functions read off
the dynamical exponent z = 2 and the correlation critical expo-
nent v = 1/2, for example, the susceptibility, equation (67):
also, see [123]. In the critical region, the polylog function
represents the free fermion type of generating function asso-
ciated with the dynamic critical exponent z=2 and the cor-
relation critical exponent v = % [123, 128]. In the zero tem-
perature limit, the singular part of the susceptibility can be
expressed as x* o« T~2(AB/T)"z = (AB)~z. Regarding the
definition of the critical exponent « with respect to the gen-
eral form y o (g — g.)~7, here g is the driving parameter; we
find v = % for the second-order derivatives of the free energy.
On the other hand, the correlation length can be expressed as
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¢ x T-:. In summary, at the critical point AB =0, we also
find that thermodynamic properties %, Xs, € satisfy the fol-
lowing scaling laws

o

d—z 3 1
TocTz, XsXT v, ExT =,

(113)

which signify the non-Fermi liquid behaviour at the QCP
[128-130].

3.1.5. General scaling functions at quantum criticality.  In
the previous subsection, we presented some analytical res-
ults for each phase transition. We observe that the coefficients
ap in equation (90) and by in equation (103) of free energies
solely rely on the root densities (60) and (62) in the supple-
mentary material’ with ag =~ o(0),bg ~ 27p(). Significantly,
it is found that the free energies are related to densities
and dressed energies in compact forms for different phase
transitions

1

2 K
) L),
2

H/l/ (0)

LI f=u+T3 7 p(0) ( >
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(115)
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(116)
1
nT? N el (0)\ 2
ILIV: f=f, — rite o (&
f=h 6VC+ 27701()< 5 )
. _ a0
Lis (*e T ) (117)
1
T2 3 k! () T2
V-IV: f=fo — v, +Tgﬂ'5p(7r) (2())
. k()
Liy (7). (118)

where fp comes from the ground state; the terms with T2
reflect the contributions from the background parts; o(0)
denotes the density of length-1 spin strings at A =0; the

second derivative £{’(0) = ‘312[@‘ o and p(0), p() denotes
the charge density at k = 0, 7, respectively. Similarly, for the
charge dressed energy, x’/(0) = ‘57’;” _ k() = ‘3;7’; o

The polylog function Li% represents the generating function
of free fermion criticality. The above scaling functions of
the free energy for different quantum phase transitions are
valid for arbitrary interaction strengths and fillings, revealing a
microscopic origin of the quantum phase transitions associated
with the dressed energies. The functions —e1(0), —x(0), ()
serve as criticality and depend on the energy gaps away from
the QCPs, i.e.

—£1(0), —k(0), K (m) = agAB+ a, Ap+ oy Au. (119)
The factors g, ) represent the different transition paths in
the vicinities of QCPs driven by external fields. These expres-
sions, equations (114)—(118), display concise and elegant con-
figurations that are independent of specific details for arbit-
rary filling and interaction strength, and can apply to other
models with second-order phase transitions associated with
the dynamical critical experiment z = 2 and correlation length
exponent ¥ = 1/2. The detailed derivations for these formulas
are given in the supplementary material’.

3.2. Spin-incoherent Luttinger liquid

Although SILL has been studied in the literature [65-69],
almost all those works are based on the framework of boson-
ization. There are still no studies of such novel phenomenon
from the Bethe ansatz perspective and quantum phase trans-
ition. It is very insightful to conceive the SILL from both cor-
relation functions and thermodynamics. In section 2, we used
the variations of n-pair and spin magnetizations (An?, AS?)
to characterize the fractional charge and spinon excitations.
Such fractionalized quasi-particles reveal the fermionic nature
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of quasiparticles, forming the Luttinger liquid. Meanwhile, we
found the only possible fractional spin excitations, which can
lead to the spin-incoherent liquid at low temperatures. In this
section, we focus on rigorous results of the SILL in terms of
specific heat, criticality and correlation functions.

3.2.1. Thermodynamics in SILL.  In the previous analysis
given in section 2, we observe that a crossover region fan-
ning out from the critical point does show the existence of
the SILL above the phase boundary of the TLL and up to a
critical temperature, see figure 15. This phenomenon can be
revealed through thermodynamic quantities of the model, such
as specific heat. We now identify different energy scaling of
the SILL from the TLL and quantum criticality. We first ana-
lyze the variables €;(0) emerged in the polylog functions of
[I-IV transition in equation (117),

e1(0)=2B —/ dkcoska; (sink — A) Tln (1 +e_ifk)) |A=0,
(120)

where £1(0) =0, <0, >0 at the exact critical point, in phase
IV and phase II, respectively, measuring the distance away
from the phase boundary of II-IV. In this case, the Fermi point
of the charge x(Q) = 0 gives 2cos Q = — 1 — 2u — B, leading
to k(k) = —2cosk + 2cos Q; here, Q is the Fermi point in the
charge sector. Thus, €1(0) at zero temperature can be simpli-
fied by

4 9]
51(0):237?”

cosk

R (cosk —cosQ) + O (T7)

(121)

0

with the temperature term omitted. By further performing
Taylor expansion around the critical point B, for fixed p and
u, we have

Q=0+ (122)

2sinQ,

with Q. = arccos (—%(Hc +2u, + Bc)). After some algebra,
the quantity €1(0) in the vicinity of the critical point of the
phase transition II-IV can be found to be given by

0 cosk

51(0)%23_7

(cosk —cos Q.
™

0 u? + sin’k

+sinQ. (Q —Q.))
cosk

2 Qc
- / dk—
0 u?+sin“ k

~2AB— —
~2AB [1 - larctan (SmQC)] ,
T u

7r
where the second line brings in the condition £,(0)|g g, =
2AB with the limit &;(0)|p, o, =0. Therefore, ap=
—2[1 —arctan (sinQ,/u) /7| can be obtained from the defini-
tion —1(0) =: apAB.

AB

(123)
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Figure 15. (a) A 3D plot of specific heat in the T'— B — C, coordinate at ;x = —2,u = 1 for the IV-II phase transition, which is marked with
a dashed line in figure 1. The blue circled symbols present the critical temperatures determined by the maximum values of the specific heat
(equation (124)), consistent with numerical simulation. The red lines mark the TLL phase boundaries, below which the specific heat shows
a linear temperature dependency. Crossover regimes between the blue circled symbols and the red lines denote the SILL phase (on the left)
and the spin-gapped phase (on the right). (b) and (c) The specific heat vs temperature near the phase transition IV-II for the magnetic field is
less than (greater than) the critical magnetic field B, respectively. The temperature-independent region and the temperature-square-
dependent region in the ratio C, /T can be visible, characterizng the thermodynamics of the TLL and SILL, respectively.

On the other hand, in the quantum critical region, the heat
capacity satisfies the universal scaling form

3
C,/T=co+crT /2 [4Liz (—e) —xLiy (=)

+x2Li_ 1 (—e")

o] +o(@Bm?), a2

where ¢ is the zero temperature background, c; is a coefficient
depending on the transition point, explicitly see equation (95),
and x = —£1(0)/T = agAB/T. A brief discussion about an
interaction-driven case is given in [109]. One characteristic of
the heat capacity is that it displays bimodal structures around
the QCP. Thus, the peaks of the heat capacity conveniently

mark out the quantum critical (QC) boundaries. These peaks
can be determined from 9C, /0B =0, i.e.

%Li (—e") —xLi_; (—e") —x’Li_s (—e") =0,  (125)

ol

1 1
2 2

which gives two solutions x; = —1.5629, x, =3.6205.
Figure 15(a) shows the overall behaviour of the quantum
criticality in the vicinity of the IV-II phase transition in the
T—B—C, coordinate. The blue circled symbols denote
the maxima of specific heat from the analytical results,
equation (124), showing good agreement with the numer-
ical calculations based on the TBA equations. In this crit-
ical region, T > AB = B — B, and the other thermodynamic
properties also show universal scaling behaviour given by
equations (91)—(95).

As the temperature gradually decreases from the QC part
to a certain extent, TLL regions appear; see the areas below
the red lines in figure 15(a). Around the critical point B, =
0.55, two TLLs emerge. In the region with B < B, denoted
as TLLgc, the system lies in phase IV with spin and charge
degrees of freedom coexisting. For B > B, the system lies
in phase II with only charge degrees of freedom, denoted
as TLL¢. In the TLL region, the specific heat C, is linearly
dependent on T; also, see the discussion in section 3. In the
crossover region between QC and the TLL. phase, the spin
sector is gapped. By utilizing the asymptotic behaviour of the
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polylog function [131] and expanding equation (95), the spe-
cific heat in this gapped region is given by

37r%a0
4

N7rT
N3vc

C, (771)_% T2e8B/T 1 (ABe“"AB/T> )

(126)

In comparison, in the crossover region between QC and
the TLLgc phase, i.e. in the temperature range Es ~ kpv, <
kgT < E. ~ kpv,, lies the SILL [65-69]. In this region, the
specific heat is given by

) 1

LT ao(m) *(=e1(0)) T
3v, 3
2172 20
<1+ (—e1(0)* T +0(T"), (127

which manifests a gas—liquid coexistence. We note that the
coefficient before the square bracket should be 7 T/ (3vy). The
proof is given in the following. The spin dressed energy around
the QCP is written as 1 (A) = D;A? + D,. Thus, for the SILL
region, the spin Fermi point A is related to £ (A) = DA% +
D, =0, resulting in A = (sz/Dl)l/z. On the other hand, by
the definition of D , given in equations (75) and (76), we have
Dy =¢{'(0)/2 =mn,D, = £1(0). Therefore, the Fermi point
A is expressed as A = (—¢;(0)/n;)"/2. Using the definition
of ap, see equation (90), we have ag = 0,(0) ~ 0;(A) and
e,(A) = 21, A, which renders

wag (1) 2 (1 (0)) * T

3
_ o1 (A) T ()’ 1

3 m (—€1(0))?
w0 (A)T w270 (A)T

3mA - 3¢l (A)

_rr 128
B (128)
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This immediately gives a universal thermodynamic relation of

the SILL
( ) Tm37°
to——
40v, (—¢1 (0))

The result in equation(129) is complementary to the correla-
tion function in SILL, which will be studied below.

Furthermore, in figures 15(b) and (c), we plot the spe-
cific heat below and above the QCP for different values of
magnetic fields. It is obvious to see the region of the linear
temperature-dependent specific heat, a crossover region of the
SILL with both the linear and cubic temperature-dependent
specific heat. The latter marks the crossover region Ej ~
kpvy < kgT < E, ~ kpv., showing the thermodynamic beha-
viour of the SILL.

1

Ve

1

nT
Vs

G
3

+0(T"). (129)

3.2.2. Correlation functions in SILL.  The SILL regime with
kpvy < kT < kpv, lies between the boundaries of TLL and
QC. In this region, the spin degrees of freedom behave like hot
spins, whereas the charge still behaves as a collective motion
of bosons. As a result, the SILL largely behaves like a spin
and charge decoherence liquid, i.e. possessing only a propagat-
ing charge mode but not a spin mode, see [65-69]. In the
spin sector, the magnetic exchange energy is lower than the
Fermi energy, resulting in the spin being thermally excited
with equal probability [69]. In the strong coupling regime, the
spin degrees of freedom show spin dynamics of a Heisenberg
chain with a nondispersive spinon band due to small effect-
ive exchange coupling J = 41> /U, whereas the charge acts as
noninteracting fermions with a dispersive spectrum x(k) =
—2tcos(k). This SILL theory can also be captured in the excit-
ation spectrum in the low-density regime in figure 6(b). The
concept of SILL is helpful for explaining the appearance of a
conductance plateau in a quantum wire [70]. When interaction
increases, or in the vicinity of the QCP, the spin velocity pro-
gressively dwindles to zero. This means that the spin sector
loses dynamics, indicating the emergence of the SILL.

In this regime E; < T < E., the spin sector is totally
thermally averaged and equally excited, whereas the charge
remains at a relevant low-energy performance, rendering the
correlation functions independent of temperature [67]. We
note that the TLL theory has its own applicable condition
T <K E., E, whereas for the region E; < T < E,, the energy
scales of charge and spin degrees of freedom can be dealt
with separately [65]. Under such a circumstance, the finite-
temperature correlation functions in terms of conformal field
theory [6, 34, 35] still remain valid for the charge and spin
degrees of freedom operating with different limits, i.e.

|x £ivt] < v /T, |x £ ivst| > v, /T. (130)

This is essential to capture the asymptotic behaviour of the
SILL. Here, we would like to mention that the remaining tem-
perature term in the spin sector can be replaced by the typical
energy scale of spin
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T~E;~J~ (ka—FkFi)/Z-VSEkFVJ.

With the help of the finite-temperature asymptotics of correla-
tion functions under the condition in equation (130), the two-
point correlation functions of prime fields can be obtained as

<¢ (xa t) ¢(070)> = ZA (DCaDwNC:-tvN;t) eXp (_ZiDckF,Tx)
x exp (—2i(D; + D) kp, x)

1
X

- -
(x — ived) ™ (x4 ivet) ™

x (2ra kF)zAjr +2A7 o T (2af+24; )kpx,
(131)

)
)

(132)

where the conformal dimensions in gapless phases read

ZssANc - chANs
2detZ

2AE (AN,D) = <ZCCDC +Z Dy +

+2NE,

Z..AN, — Z..AN.
2detZ

2A%(AN,D) = (szC + ZDy +
+2NE.

Here, Z is the dressed-charge matrix given in equation (59),
while Ngj, AN. ,5 are related to the three types of excitations:
adding particles from left and right Fermi points, changing the
total particle number, and moving a number of particles from
the left Fermi point to the right Fermi point (also, see [22]).
From equation (131), the spin-spin correlation in the spin
sector displays exponential decay as a function of distance,
while the correlation in the charge sector shows a power-law
decay. Explicitly, based on the correlation functions obtained
from the finite-temperature conformal field theory (CFT), we
may calculate various two-point correlations of field operators
close to the critical field B, in the SILL regime, including the
single-particle Green’s function

X
GT exp (_ikF’Tx)
B—B. ™ 2 &
(x—ivet) ™ Be
X(27Tosz)%_% ’Te_wae_%vl_‘%)kﬂ
+ h.c. (133)

This result was derived for the region close to the crit-
ical field B,, corresponding to the phase transition II-IV.
Similarly, for other correlations

2 G*
Gt~ exp (—ikp,x)
B—B,
T vy VR VR
><(27rakp)1_% _%e_WO‘(l_%\/l_B%)k”
+he. (134)
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+exp(—=2i(kry +kry)x)) = v’ (135)
4) G+
Giyp, ~ (exp (i (ke + kr,y) x)
. 1
+exp (=i (kpy +kry)x)) ———
|x —iv.1|2
X (27rakF)%+# Vi e_ﬂo‘(%+% l_%)kFx.
(136)
) G*
. 1
GII;HBC ~ exXp (_1 (kaT + thl,)x) ) 9 T
(x —1ivet)* (x+ivet)*
X (2wakp)%7%\/§efﬂa(r% V1= b
+ h.c. (137)

It should be noted that although these results are obtained
in a very rough approximation, they capture the essential fea-
tures of the SILL [67], i.e. spin-spin correlation decays expo-
nentially while the correlations in the charge degrees of free-
dom behave like spinless noninteracting fermions. The field
theory approach was given in [65-67]. The reason why the
crossover in the vicinity of the phase transition between I'V and
V cannot develop such a similar concept as charge-incoherent
Luttinger liquid is that near a half-filled lattice, the charge
velocity monotonically and exponentially tends to zero [72].
This means subtlety occurs near the Mott phase transition due
to the rapidly vanishing charge collective mode. This limit-
ation is called the holon confinement. In the next section, we
will develop a new concept, contact susceptibility, to study the
Mott phase transition.

3.3. Contact and contact susceptibility

In this section, we focus on an experimentally measurable
quantity double occupancy [132, 133], as well as the asso-
ciated contact, revealing the competition between thermal
fluctuations and quantum fluctuations from different sources,
i.e. external fields and interaction. The double occupancy
serves as an efficient instrument to demarcate phase trans-
itions, especially the Mott phase transition in the extended
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Hubbard model with long-range interaction [30, 31]. On the
other hand, the partial wave contact, which was first proposed
in ultracold Fermi gas [134, 135], has become an important
theme in the study of ultracold atoms [136—141]. Here, we will
introduce the concept of contact susceptibilities with respect
to the temperature, magnetic field and chemical potential, and
investigate applications of these contact susceptibilities. We
will show that the susceptibilities build up a general connec-
tion between interaction-driven quantum criticality and the
phase transitions induced by external fields. Using these rela-
tions, we will also obtain caloric effects in interaction-driven
quantum refrigeration and scaling laws at quantum criticality,
which will pave a way for future studies of interaction-driven
quantum cooling.

3.3.1. Double occupancy and Mott phase. In the Hubbard
model, the lattice filling parameter, interaction strength and
external fields can drive different phase transitions [75, 142].
In contrast to the dilute limit case, the Mott insulator phase
induced by interaction is much less understood. When the
interaction strength increases up to a critical value u. [30,
31, 72] in the canonical ensemble, the system reaches a Mott
insulator state in the extended Hubbard model. The half-filled
phase can be delineated by the Luther—Emery liquid with a
charge gapless mode and a spin-gapped mode [79], in which
the excitations comply with bosonic and fermionic statistics,
respectively. To explore the magnetic order and detect the
Mott phase transition, one can introduce the double occupancy
= & > (ni+n;, 1), which depicts the probability of two elec-
trons with opposite spin occupying a single lattice site with
potential energy E,o = ud. The double occupancy has been
invested extensively in theoretical and experimental research
on the Hubbard model in the half filled state. It appears to
show discontinuity as the interaction approaches critical coup-
ling in interaction-induced Mott transition (note that u. =0
for this model in the canonical ensemble, in which this phe-
nomenon is inconspicuous) and exhibits nonmonotonic beha-
viour in the half-filled state as the temperature varies, similar to
the Pomeranchuk effect (the melting pressure of liquid helium-
3 shows a trend of first decreasing and then increasing with
temperature) [30, 31, 33]. It also reveals the competing phys-
ics from the charge and spin fluctuations. For doping-induced
Mott transition, d is significantly suppressed in the area of
u < u and generates a pronounced signal when the density
exceeds unity [31]. It is useful to locate the Mott transition
point through the detection of double occupancy.
In the canonical ensemble, the double occupancy can be
obtained from the free energy f by

(138)

in which the last two terms —1/4 + n./2 stem from the extra
terms —2uN +uL in the Hamiltonian. We can define C =
Jf/Ou to be the lattice version of contact C,

C=0f/0u=4d—2n.+1, (139)
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Figure 16. (a) Double occupancy maps out the phase diagram of the 1D Hubbard model plotted. The white dot—dashed lines show the
zero-temperature phase boundaries, while the thick dashed lines show the contour lines of d =0.04 and d = 0.07, respectively. At the critical
points, the double occupancy suddenly changes. The parameter setting for the numerics is the same as figure 10(a), i.e. 7 =0.005 and u = 1.
(b) Double occupancy versus magnetization in the Mott phase for various coupling strengths. The numerics from the TBA equations
confirm the accuracy of the analytical result, equation (138), with the contact given by equation (140).

which is analogous to Tan’s contact [134, 141] in the con-
tinuous systems of ultracold atoms. Regarding the role that
the double occupancy can reflect the phase information, we
expect that d distinguishes different phases with and without
internal degrees of freedom, see figure 16(a). The d always
vanishes for phases I, II and III and has no demarcation lines
between these phases. The boundaries of II and IV or III and
V are obvious, while for IV and V the inflection point of the
contour line marks the phase transition. Due to the fact that
the double occupancy essentially reflects charge fluctuations
at the Mott insulator accompanied by the existence of the anti-
ferromagnetic order, we demonstrate the roles of the magnetic
field B and the interaction strength u on d in figure 16(b). It
is clear that repulsive interaction always lowers the possibil-
ity of double occupancy, which is quite intuitive. When the
interaction increases, the electrons with different spins repel
each other more strongly and the system becomes more incom-
pressible. The infinity coupling u — oo makes the particles
fully localized. The decrease caused by magnetization origin-
ates from the tendency that the magnetic field tends to align
the spins of electrons in the field direction. Through the deriv-
ative of the background term in equation (103) with respect to
u, the exact analytic expression of the contact C in the Mott
phase V of the ground state can be obtained as

49 L 0A
Co *—1—§6*(>\1771) S —4NmA o
2 0 2 0A
A — S omAt— 140
~ 159 (Do) A° 3AmA o (140)

where OA/Ou is given in equation (151). We plotted the double
occupancy through equation (140) (solid lines) in figure 16(b),
showing good agreement between this analytical result and the
numerical calculation from the TBA equations. Based on the
relation from equation (139), it is more essential to investigate
the variations of the contact with respect to the changes in the
external fields and temperature.

3.3.2. Contact susceptibilities and Mott phase transition. In
comparison to the double occupancy d, the contact C is more
essential to capture many-body effects induced by the vari-
ation of the interaction strength. Using the thermal potential

f=e—un. —2Bm — Ts — uC and the Maxwell relations in its
derivatives with respect to the temperature, chemical poten-
tial and magnetic fields, we may build up general relations
between contact susceptibilities and interaction-driven vari-
ations of density, magnetization and entropy:

on, ocC

e 141
o o’ (141)
om ocC
ou 0B (142)
Os ocC
- ar (143)

We prove that these contact susceptibilities will provide strik-
ing features of interaction effects in the thermodynamics of the
model. In particular, the relations (141) and (142) respectively
provide important input on the interaction-driven quantum
mechanism and equation (143) for quantum cooling, to be dis-
cussed in more detail later.

Building on the contact susceptibilities’ relations,
equations (141)—(143), we further show that the contact
susceptibilities exhibit universal scaling behaviour in the
quantum critical region [141]. The Mott insulator phase with
an average of one electron occupying one site is of particular
interest in many-body physics. Here, using the free energy,
equation (103), for the transition from IV to V, we obtain the
contact susceptibilities

— 4 3 ZaA 2 5
C=—1=3fud’ —4hmA’ == — of
A T3
Y Ob lf, (144)
3 Ou
aC _ bob
ou 145
ou iy h (145)
9C _9Cy  bob 44,
9(2B) _ 02B - 14
6(23) O2B  4AxiT: < Tu-+A, )f_;’ (146)
dC  bob, bob, .
ar Ap+(1-——)AB
or 471'2T%f2 27173 [ NJF( 7Tu+Ac) ]f%’
(147)
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Figure 17. The universal scaling behaviour of susceptibilities: (a) contact susceptibilities with respect to the chemical potential, magnetic
field and temperature vs the magnetic field at the quantum criticality of phase transition IV-V. (b) Contact susceptibilities vs the argument
(B — B.)/T show universal scaling forms at quantum criticality. The parameters are set within the white empty circle in figure 1. The
numerical results obtained from the TBA equations (symbols) confirm the scaling functions of the contact susceptibilities,

equations (144)—(147) (solid lines).

where Cy denotes the background terms of the ground state,
that is equation (140). We have denoted the background of the
magnetic susceptibility and other functions as

0 _ gy (g4 Lpar) A
g~ A (f“+ ¢ ) 0 (2B)
1. ,\ 0A oA
—8mA <>\1 +§)\2A ) 9(2B) ou’
—4mA% (A +1>\ A2 A (148)
n "6 ) 0(2B)ou’
) 0A 1
Ju = a(/\ml),fﬂ = (Aami) s 2B ——m’
(149)
p 02+ C) 8 p0A g
Ou mu(l+u?)’ Ou

Solving (84) in the supplementary material’, we have the fol-
lowing explicit forms of the quantities

OA — (1+u?)?
= (1 2
Ou ( —|—u) A(l—i—ﬁ)
3u_ All+g2 (4+5)A]
+2(1+u2) 1+ A ’ (D
2 1424
PA ) 1 152)

OBOu n1A2(1+%)2 Ou 77177142(1—&-%)2'
In figure 17, we demonstrate the scaling behaviour of contact
susceptibilities, confirming the analytic expressions (144)—

(147) (solid lines) with the numerical data from TBA
(symbols).

3.3.3. Interaction-driven quantum cooling. It is remark-
able to observe that equation (143) essentially relates the
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entropy, temperature and interaction strength. This relation
is of great importance for interaction-driven quantum cooling
since the interaction can be tuned in cold atom experiments via
Feshbach resonance, and temperature plays a vital role in con-
trolling the entropy. Therefore, an adiabatic cycle process can
be used in realization of quantum refrigeration in real physical
systems. Inspired by this, here we consider an isentropic pro-
cess by ramping the interaction strength up or down. Focusing
on the (7, u) coordinates for a fixed magnetic field, we perform
total derivatives on the entropy s, i.e.

Os Os
ds=—d —d7T=0.
S= ot ar

(153)
Using equation (143) and the relation Js/0T = C,/T, the
points on the isentropic line in the (u, T') coordinates satisfy
the relation:

C, 0T oC
T ou 0T (159

Thus, the interaction-driven Griineisen ratio I';, is related
to OC/IT via the relation Ty =9C/OT-u/C,. Note that
0C/OT dramatically changes near quantum phase transition
(see equation (147) and figure 17), where C, has a minimum
(see figure 14) and the entropy has a maximum (see figure 18).
A good cooling effect is observed when the interaction drives
the system approaching a critical point. The lowest temperat-
ure point can be estimated by C/9T = 0. To characterize the
refrigeration efficiency, we give a brief description of the low-
est reachable temperature during an adiabatic cooling cycle.
From the results, equation (147), of 9C/0T, the condition for
determining the lowest temperature reads

Li; (—e") —xLi_, (—e*) =0, (155)

[N
=

N —
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Figure 18. Plots of isentropic lines in the 7' — u plane for the interaction-driven phase transitions II-IV (a) and IV-V (b) at B=0.15 and
p = —2.5, which is initially located in phase II, then enters phase 1V, finally reaching phase V as the interaction increases. The temperature
on the vertical axis is logarithmic. The purple dotted lines in (b) denote the interaction-driven Otto cycle, where stages A and B (or stages C

and D) lie on the isentropic lines; see the main text.

where x = o, Au/T. It is found that, to a good approxim-
ation, x~ 1.3117. Thus, the extreme point can be determ-
ined. In figure 18, we plot the isentropic lines near the phase
boundaries of II-IV (a) and IV-V (b), respectively. It is
obvious that entropy shows a minimum in the quantum critical
regions. Away from the QCP with temperature 7 < |u — u.|,
the entropy linearly depends on temperature; see the left part of
figure 18(a) and the right part of figure 18(b). In figure 18(b),
we draw an Otto cycle for the interaction-driven refrigeration
process. Stages A and D lie around the QCP, whereas stages B
and C are located in the TLL area. There are four steps to cool
the target material. For A — B, the working substance is adia-
batically ramped up from the target temperature Ty g to the
nonthermal higher temperature stage B. Then, through a hot
isochore process B — C, the working substance comes into
contact with the ambient conditions, transferring heat to the
high-temperature source. Meanwhile, the temperature of the
working substance reduces to the one at the thermal state C.
Next, for the isentrope process C — D, the working substance
is adiabatically ramped down to the low-temperature stage D.
This is an opposite process in contrast to the A — B process.
Finally, for the isochore process D — A, the working sub-
stance contacts with the target object, absorbing heat from the
target material and reaching the thermal state A. Consequently,
the target object is cooled down by this cycle.

Now let us determine the lowest temperature which can be
reached through an isentropic process indicated in figure 18.
From equations (114)—(118), phase II (V) contains one charge
(spin) degrees of freedom. Consequently, their entropies st
and sp, are given by equations (34) and (35), respectively,
namely,

T,

s~ = (156)
3v,
T

sy Ao 112 (157)
3y,

Comparing isentropic lines with the same entropy for phases
II, IV and V, for example, s = 0.00008 in figure 18, the tem-
perature of TLL (phase II) is higher than that of TLLg (phase
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V) since the charge velocity v, changes faster than the spin
velocity vy when the interaction is changed around the critical
point, i.e.

Tp > Tpo. (158)
On the other hand, when it approaches the QCP, i.e. at the

extreme low temperature for each isentropic line, the entropy
has explicit expressions for the transitions [I-IV and IV-V

s & M7 20 (0) (] (0) /2) " T, (159)
so & M 2p () (—k" () 12) 7 T, (160)

respectively, where A3 =xLi;/, (—e*) —3/2Li3/ (—€) =
1.3467.

With the above analysis, we observe that the entropy shows
a square root dependence on the temperature at an extreme
point; it is proportional to the temperature in the Luttinger
liquid. Therefore, by considering an isentropic cooling process
through the ramping up or down in the 7 — u plane around
critical phase transitions from II to IV or from V to IV, see
figure 18, the minimum temperatures can be reached

1/2
s et _ (e (0) /)" (a6h)
' TLl 3)\31/60'1 (0) ’
1/2
V-IV: TcZ/ _ 71-]/2 (_’%”(ﬂ.) /2)1/2 (162)
" T 3A3vsp () 7

respectively. A brief discussion about interaction-driven
quantum cooling is given in [109]. Based on previous res-
ults, equations (43) and (48), the leading contributions to
the minimum temperature near the quadruple critical point
are

1/2 1/2,1/2
T /e

Iv: b~ 1 163
T 61 \30 (163)
1/2 5/2
T 2)\171'

VoIV: =2~ . 164
TL2 3)\377114 ( )
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Figure 19. (a) A 3D plot of the density n. in the u — yt — n. coordinate with fixed B = 0.827 14, showing quantum phases I, IV (or II) and V
(or IIT). The green arrow on the 3D coordinate denotes the phase transition from IV to V around u. = 1. And the green arrow in the u — p
plane represents a 3D projection onto the u — . plane when the density firstly reaches unity from phase IV to V. (b) Quantum scaling
behaviour of density near phase transition from IV to V driven by interaction. The numerical results from the TBA equations and analytical

results are in good agreement.

These suggest that the lowest temperature can be reached
around the QCPs, which can also be reachable through adia-
batic demagnetization cooling, see the study of the Griineisen
parameters in [120]. Moreover, we further note that the loca-
tion of the minimum temperature for each contour entropy line
in the T-u plane is governed by the relation o, Au/T =~ 1.3117
in equation (155), where «, needs to be determined.

3.3.4. Calculation of «, for phase transition IV-V.  One
remaining problem from the discussion in the previous sub-
section is that the underlying coefficient ¢, is not given. It not
only determines the scaling factor of the critical temperature at
quantum criticality driven by the interaction, but also determ-
ines the extreme point associated with the lowest temperature
in an isotropic process in the refrigeration cycle. We know that
a, emerging in a polylog function is related to the phase trans-
ition line via the formula x(7) = agAB + o, Ap + oy, Au. For
transition IV-V, the phase boundary between phase IV and V
is marked by x(m) = 0, where () is expressed via g, (A) by

A
() zz—ﬂ—zu—m/ dAay (A)er (A),  (165)
—A
1 (A) =2B—4Re\/1 — (A —iu)’ +4u
A
—/ dA/az (A—AI)El (AI) (166)
—A
However, for transition IV-V, the corresponding

equations (165) and (166) are not in polynomial forms in
terms of the interaction u. In this section, we present a numer-
ical scheme with equation (141) based on the fact that phase
transition from IV to V occurs due to the emergence of the
Mott insulator with constant density. In addition to the mag-
netic field B and chemical potential x4 that can drive the phase
transition, the interaction drives the system from one phase
to others. In figure 19(a), we plot the phase diagram in the
(u — p — n.) coordinate at a fixed magnetic field B = 0.827 14.
The vacuum phase I has n. = 0. The density is 0 < n, < 1 for
phases Il or IV, and n. = 1 for phases III or V. The boundary
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line for IV and V (or II and III) is marked with a constant dens-
ity n. = 1. On this transition line, we perform total derivatives
of n,, yielding

on, on,
d c = 7d 7(1 = 0. 167
" ou “t ou a (167)
Substituting  equation (141) for On./0u=—0C/dOu

with equation (145) and substitutingdn./Ou =y, with
equation (106) into (167), near the boundary line n, =1 in
the u — p plane, we have

___ou
T % B
where we note that o, = W; —1=0y,; see
equation (150). Near the phase transition IV to V, we see
oy, = —1 since the chemical potential ;. only appears in the
charge leading term, with no contribution to the driving terms
in spin string; see equations (165) and (166). At this point, we
relate the value of «, to the slope at the QCP in the u, — p.
plane. Therefore, equation (168) provides us with a way to
obtain the unknown coefficient «,. Moreover, dp/du can also
be obtained directly from equations (165) and (166)

(168)

Qy

A
2%’; = —2+/ dA {8‘“5‘)51 (A) +a; (A) agéiA)] ,
—A
(169)
21 (M) 9 )
]8u = —4% {Re\/ 1— (A —iu)* — u}
A
!/ 6 / !
—/_AdA -l (A=A (A)). (170)

Then, O/ Ju can be obtained by iteratively solving the above
two equations. Here, we use a colour map to get «,, instead,
which can apply to arbitrary systems without knowing explicit
analytic formulas. In figure 19(a), we plot the density in terms
of (uc, 1), showing quantum phase transitions. To evaluate
o, (ue, o) numerically for the interaction-driven phase trans-
itions, compared to figures 14(c) and (d) driven by external
fields, we choose two adjacent points (1, 1), (42, pt2) near the
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QCP u. = 1. It is evaluated from equation (168) that v, (u,
1) &~ (11 — p2) /(1 — uz) &~ —1.9627. Using this value as the
argument factor of the scaling function for the phase transition
IV-V with the help of the scaling functions, equations (103)
and (118), we plot the density scaling law in figure 19(b)
in terms of the variation of interaction strength. This shows
an excellent agreement between the numerical calculation
and these analytical scaling functions, equations (103), (118)
and (168). One can see that the obtained «, captures the ther-
modynamic scaling law well.

3.3.5. Calculation of ay for phase transition II-IV.  Similar to
the analysis of the parameter «, for the transition of IV to V,
the relevant coefficients ag, o, oy, for transition II to IV are
related to each other. In contrast to the Mott-insulator trans-
ition, this transition arises from the introduction of spin-down
electrons, i.e. the phase transition points are determined by
zero spin-down particle density n) = 0. Considering a mag-
netic field B and coupling strength u-driven phase transition,
we perform the total derivative of n, i.e.

:%du—i—

61’%
d
ou

55 (2B) =0.

d}’li

(171)

Substituting dm/9IB = x; with equation (94) and inserting
equation (142) into equation (171), with the help of n| =
n./2 —m we obtain

OB
oy = —Qp—.

o (172)

Recall that equation (123) gives us the value of ap =
—2[1 —arctan(sinQ./u) /7]. We also note that the quantity
OB/0u can be obtained from equation (121), namely, near the
critical line, we have the following relation

_ 2u 0
T o

cosk

B —
u? +sin“k

(cosk —cosQ). (173)

0

Therefore, 0B/0u is easily obtained through the deriv-
ative on both sides of this equation with respect to u.
From equation (172), we finally get the following analytic
expression

4 Oc 2k Oc 2k
== / d—25 ug/ d—2 2
T | Jo u? +sin“k 0 (2 + sin? k)
sinQ, sin (20,)
t . 174
—+arc an( 0 ) + 202 + sin Q) (174)

In summary, simple relations exist between any pair of
these scaling factors agp, o, and «,. In the previous two
subsections, via the contact susceptibility expressions (141)
and (142), we build up relationships between «, and «, as
well as between «, and «p; see equations (168) and (172).
In fact, in terms of thermodynamic potential, Maxwell rela-
tions can also build a connection between the charge suscept-
ibility On./9(2B) and magnetization susceptibility dm/Opu.
Moreover, equations (168) and (172) remain valid for other
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transitions, like I-II, II-III and III-V. Based on this feature,
we can conclude that the following relations

a,  Ou
o = ow (175)
a, OB
s ow (176)
a_ O
oy - OB a7

hold true in general, i.e. for arbitrary interaction strength and
density. In the above, we have discussed the exact values of
ap for the phase transition II-IV and «, for the phase trans-
ition IV-V. The remaining coefficients can be derived through
equations (175), (176) and (177) in a straightforward way.
Here, we give the values of o, for II-IV and o3 for IV-V

I-1V: o, = 2 arctan <st) , (178)
s u

=1 (A)

9B (179)

A
IV-V: ap = 7% +/ dACl] (A)
0

Together with equations (114)—(118), the results obtained here
offer a more general description of quantum criticality in terms
of full internal and external potentials in the 1D Hubbard
model in arbitrary experimentally controllable parameters.
These hold true for the second-order phase transition in higher-
dimensional quantum systems too.

4. Conclusion and remarks

We have presented analytical results of the thermal and mag-
netic properties of the 1D Hubbard model, ranging from ele-
mentary spin and charge excitations, to the SILL, universal
thermodynamics, quantum criticality and interaction-driven
refrigeration. A summary of our new results is as follows:

(1) We have presented exact results of various excitations and
multiple particle excitations, which are created by few ele-
mentary excitations involving fractional spin and charge
excitations, showing the origin of the spin and charge sep-
aration and spin-incoherent liquid. Meanwhile, the gapped
charge k — A strings and spinon bound-state excitations, as
well as some combinations of them, have been given in the
supplementary material’. These are complementary to that
studied in [22].

(2) Based on the study of such excitations, together with the
dimensionless Wilson ratio, and universal scaling of the
thermodynamics of the model, we have a rigorous invest-
igation of the SILL, which was previously studied only
within the framework of effective theory via bosoniza-
tion. From the conformal field theory point of view, we
have rigorously given the characteristics of various correl-
ation functions near the phase transition from phase II to
phase IV, showing the existence of a collective mode in
charge degrees of freedom rather than the spin degrees of
freedom. The crossover regime between the TLL and the
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quantum critical region belongs to the SILL and indicates
a coexistence of liquid and gas, see equation (129), giving
the behaviour beyond TLL theory.

(3) We have presented general analytical results of thermo-
dynamics, independent of the microscopic details of the
model. Explicitly, we have determined the additivity rules
of charge and spin susceptibilities in the grand canonical
ensemble equations (52) and (53) and canonical ensemble
equations (57) and (58). Away from the critical point and
in the low-energy regime, in general, coherent spin and
charge degrees of freedom give rise to the well-known phe-
nomenon of spin—charge separation, indicating the nature
of the TLL. Besides the thermodynamics, the quantum
criticality and universal scaling laws induced by the vari-
ation of the magnetic field and chemical potential have
been obtained analytically and confirmed numerically; see
the general results of the criticality equations (114)—(118).
These general results are obtained for the first time and are
applicable to any other integrable models. In addition, we
have studied the interaction-driven quantum critical beha-
viour, which provides a promising opportunity to study
interaction-driven quantum phase transitions in ultracold
atoms.

(4) We have introduced the lattice version of the contact
and contact susceptibilities with respect to the external
fields and temperature. In particular, we have investig-
ated applications of contact susceptibilities that build up
a general connection between interaction-driven quantum
criticality and the phase transitions induced by external
fields. These results, equations (175)—(177) together with
equations (114)—(118), present general relations among
arbitrary external- and internal-potential-driven quantum
phase transitions, which allow us to address very general
cases in phase transition. By virtue of the contact sus-
ceptibilities, we have discussed Mott transition, quantum
refrigeration and interaction-induced quantum transitions,
showing promising application in quantum cooling with
ultracold atoms; see section 3.3.

In view of the rapid advances in trapping and controlling
ultracold atoms in experiments, the results obtained here will
provide direct guidance to experimentally explore various
many-body phenomena in the 1D Hubbard model, such as
quantum criticality, spin-coherent and incoherent Luttinger
liquids, generalized hydrodynamics and transport properties.
These relations reveal deep insights into the quantum critic-
ality of the Hubbard model. Furthermore, applications of our
method to quantum metrology and other quantum technolo-
gies are also highly desirable.
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