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We investigate the low-temperature thermodynamics and correlation functions of one-dimensional spin-1/2
fermions with strong repulsion in an external magnetic field via the thermodynamic Bethe ansatz method. The
exact thermodynamics of the model in a weak magnetic field is derived with the help of Wiener-Hopf techniques.
It turns out that the low-energy physics can be described by spin-charge separated conformal field theories of
an effective Tomonaga-Luttinger liquid and an antiferromagnetic SU(2) Heisenberg spin chain. However, these
two types of conformally invariant low-lying excitations may break down as excitations take place far away from
the Fermi points. The long distance asymptotics of the correlation functions and the critical exponents for the
model in the presence of a magnetic field at zero temperature are derived in detail by solving dressed charge
equations and by conformal mapping. Furthermore, we calculate the conformal dimensions for particular cases
of correlation functions. The leading terms of these correlation functions are given explicitly for a weak magnetic
field H < 1 and for a magnetic field close to the critical field H — H.. Our analytical results provide insights
into universal thermodynamics and criticality in one-dimensional many-body physics.
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I. INTRODUCTION

Since the pioneering work in the 60’s, 70’s, and 80’s by
McGuire, Yang, Lieb, Sutherland, Baxter et al., and of the
St. Petersburg and Kyoto schools, the study of integrable
models has flourished into a major activity. Almost without
exception, the energy levels are given exactly in terms of the
Bethe ansatz (BA) equations, from which physical properties
can be calculated. This is a hallmark of integrable models
that exhibit Yang-Baxter symmetry.! The knowledge and
understanding gained from integrable models have greatly
enhanced progress in the theory of phase transitions and critical
phenomena. The most significant results achieved to date have
been for two-dimensional lattice models and their related
one-dimensional (1D) quantum spin chains as well as strongly
correlated electronic systems.”® Integrable models are also
known for systems such as Bose-Einstein condensates,’-®
metallic nanograins,’ and impurity models.'%!!

In general, the BA solution for 1D integrable systems is a
set of coupled algebraic equations. Finding a set of solutions
of quasimomenta and spin rapidities {k;,A;} for the BA
equations gives the energy »_; k]z and the momentum }_; k;
of the system. However, the BA equations by themselves do
not explicitly exhibit any temperature dependence. At zero
temperature, the BA equations, in principle, give the complete
eigenstates of the model. However, at finite temperatures, the
equilibrium states become degenerate. Thus the thermody-
namics of these BA solvable models are instead determined
by a set of coupled nonlinear integral equations called the
thermodynamic Bethe ansatz (TBA) equations.!”> The TBA
equations are expressed in terms of the dressed energies
of different “Fermi seas” that are functions of temperature,
chemical potential, and external magnetic fields. The TBA
equations in the zero-temperature limit, i.e., T — 0, give rise
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to the so-called dressed energy equations that describe the band
fillings with respect to Zeeman fields and chemical potentials.

The TBA equations are very difficult to solve in general.
They involve an infinite number of coupled nonlinear integral
equations for spin strings, which are quite cumbersome to solve
using either analytical or numerical methods.*® Recently,
Caux et al.'>'* developed numerical schemes to solve the
TBA equations of the 1D two-component spinor Bose gas
with §-function interaction. The results obtained by these
numerical schemes show an insightful interplay between
quantum statistics, interactions, and temperature in 1D in-
teracting many-body systems. In the context of the quantum
transfer matrix method,? Kliimper and Patu'® derived the
nonlinear integral equations for the 1D Bose and Fermi gases
with repulsive §-function interaction. This approach opens
up the possibility of obtaining the thermodynamics of the
continuum models of interacting fermions and bosons by
taking an appropriate limit for the integrable lattice models.
The advance of such approaches is the reduction of the
infinite number of TBA equations to a finite number of
the nonlinear integral equations. Where the finite number
of the nonlinear integral equations for the lattice models can
be solved numerically and analytically in certain temperature
regimes.!”!8 Despite giving high-precision numerical thermo-
dynamics, finding the universal nature of interacting particles
requires further analytical input. Significant universal features
of 1D many-body systems are Tomonaga-Luttinger liquid
physics and quantum critical phenomena at low temperatures,
which involve finding essentially universal parameters such as
central charges, Luttinger parameters, correlation exponents,
and dynamical critical exponents. All studies of these universal
parameters call for mathematical analysis and analytical
derivation.
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Some progress has been made to derive low-temperature
analytic results for BA solvable models. For example, Mez-
incescu et al.'>?° obtained the free energy of spin chains at
low temperatures under a small magnetic field by using the
Wiener-Hopf technique. Johnson and McCoy?! obtained the
leading temperature-dependent terms in a low-temperature
expansion of the free energy for the massive regime of
the Heisenberg model. Filyov et al.??> gave an exact solution
to the s-d exchange model expressed as a series in terms
of the temperature. Some analytical results for the TBA
equations of 1D many-body systems are restricted to the
ground state (7 =0) in the strong-coupling limit (c >
1).2%25 Recently, further progress has been made to obtain
the analytic finite-temperature thermodynamics and quantum
criticality of 1D attractive fermions with strongly attractive
interactions.?6-%"

(1 + 1)-dimensional critical systems not only have global
scale invariance but exhibit local scale invariance (conformal
invariance) too. The conformal group in (1 + 1)-dimensions
is infinite dimensional and completely determines the crit-
ical exponents and bulk correlation functions at criticality
for gapless excitations.>® Close to criticality, the dispersion
relations for 1D quantum systems are approximately linear.
Conformal invariance predicts that the energy per unit length
has a universal finite size scaling form E = E; + A/L?
where Ej is the ground-state energy per unit length for the
infinite system and A is a universal term. These universality
classes are characterized by the dimensionless number C
(contained in the term A), which is the central charge of
the underlying Virasoro algebra.’'*> Affleck’! also showed
that conformal invariance gives a universal form for the
finite-temperature effects on the free energy by replacing 1/L
with T in the conformal map z = exp(2nw/L). At the same
time, Cardy®? showed that the two-point correlation function
between primary fields can be directly derived from conformal
mapping using transfer matrix techniques and expressed the
conformal dimensions in terms of finite-size corrections to
the energy spectrum. When C < 1, it takes on discrete values
only, i.e., C is quantized and hence the conformal dimensions
are restricted to certain rational numbers.>* On the other hand,
when C > 1, the critical exponents may depend continuously
on the parameters of the model.®

The critical exponents for BA integrable models can be
calculated via the quantum inverse scattering method (QISM)
in terms of a function Z()) called the dressed charge. In this
way, Bogoliubov et al.* obtained explicit expressions for the
correlation functions for the Bose gas and the X X X and XX Z
chains. Izergin ef al.’’ considered the finite-size corrections
to multicomponent BA systems and presented a formula for
the dressed charge matrix Z.g that determines the critical
exponents. They also showed that the integral equations for the
dressed charge matrix depend only on the quantum R matrix
of the model, which means that the universal class of critical
exponents is described by the R matrix and the structure of
the ground states of the integrable models. This universality
property is a consequence of conformal invariance. Other
models like the impenetrable Bose gas,*® the supersymmetric
t-J model® and the Hubbard model***!**%> have also been
considered in the context of the QISM approach. The Luttinger
liquid is an alternative approach based on the fact that these
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models are certain realizations of the Gaussian model.***
Progress has also been made using Fredholm determinant
representations of time-dependent temperature correlation
functions for bosons and fermions in 1D when ¢ = 00.484

In this paper, we focus on the universal nature of 1D
repulsive spin-1/2 fermions in the frame work of the TBA
formalism, including Luttinger physics and critical behavior
of correlation functions. In order to elucidate the significant
features of spin-charge separation and critical exponents at
quantum criticality, it is essential to analytically calculate
the dressed energy potentials, which encode the quantum and
thermal fluctuations of the spin and charge degrees of freedom
in the critical regime. We investigate the low-temperature ther-
modynamics of strongly repulsive spin-1/2 fermions in a small
magnetic field and a magnetic field close to the saturation field
via the TBA method. We take an approximation to the TBA
equations in the strong-coupling regime, where the interacting
strength ¢ >> 1. Thus the TBA equations are transformed into a
new set of equations that can be solved using the Wiener-Hopf
method. A comparison of the pressure and the entropy is made
between the application of two different integral expansions.
These are Sommerfeld’s lemma, which is valid for very low
temperatures, and the polylogarithm function, which is valid
for finite temperatures. The result from Sommerfeld expansion
agrees with the conformal field theory prediction.?!*? It is
shown that the low-energy physics can be described by
a spin-charge separated theory of an effective Tomonaga-
Luttinger liquid and antiferromagnetic SU(2) Heisenberg spin
chain. A universal crossover from a relativistic dispersion
to a nonrelativistic dispersion is determined by the exact
thermodynamics extracted from the polylogarithm function.
We also derive the explicit dressed charge matrix elements for
the model in a weak external field H <« 1 using the Wiener-
Hopf method again, and also for the case that is close to the
ferromagnetic state H — H,, where H. is the critical magnetic
field. Various two-point and multipoint correlation functions at
zero temperature are derived based on the expressions obtained
from the dressed charge matrix. The leading terms and their
critical exponents are given explicitly. Our results show that
there is indeed no long-range order in this system.

The spin-1/2 fermion model under consideration is the con-
tinuum limit of the 1D Hubbard model (see, e.g., pp. 45-49 of
Ref. 6), which has been widely studied. In particular, the vari-
ous correlation functions and scaling dimensions obtained here
for the spin-1/2 fermion model have been derived for the 1D
Hubbard model, for interacting fermions and for a mixture of
bosons and fermions using the dressed charge formalism.%40-43
Accordingly, our results in the infinite-coupling limit reduce
to those obtained for the 1D Hubbard model with an infinitely
strong repulsion. Caution should be paid to the order of the
limits 7 — 0 and infinite strong coupling.* Taking the T — 0
limit first, the correlations (for example, the one-particle
correlation) show the scaling behavior of conformal field
theory in the infinite strong-coupling limit. However, taking the
infinite strong-coupling limit first, the correlations decay expo-
nentially in the 7 — O limit. The two limits do not commute.
Moreover, in the grand canonical ensemble, the Tomonaga-
Luttinger liquid exists only in a certain region where the
chemical potential is greater than the critical value. Below
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the critical chemical potential, the low-temperature thermody-
namics is that of an ideal gas in another regime, see Ref. 51.

The corrections we have obtained in terms of strong but
finite coupling are of importance because of the experimen-
tal developments that enable access to the finitely strong
coupling regime.’> Our analytical 1/c order corrections to
the critical exponents indicate an important signature—the
critical exponents depend on the model parameters with central
charge C > 1. In addition, our thermodynamical properties
are valid for temperatures from 7 =0 to T < c?. Results
of this kind are necessary to test critical phenomena and
spin-charge separation theory in experiments with trapped
fermionic atoms. Indeed, along with extending the known
results for the thermodynamics and correlations, this is our
main motivation here.

This paper is set out as follows. In Sec. II, we introduce the
model and present the TBA equations. The low-temperature
thermodynamics is derived in Sec. III by expressing the TBA
equations in the form of Wiener-Hopf integral equations.
We solve the dressed charge equations for the model in
the small field limit (H <« 1) and in the limit where the
field approaches the critical value (H — H.) in Sec. IV.
In Sec. V, we calculate the correlation functions of various
operators in both limits. We then give a summary of our
main results and concluding remarks in Sec. VI. Some
detailed working and results are given in the appendices. In
Appendix A, we derive the ground-state thermodynamics and
the critical field for the model. The Wiener-Hopf method is
discussed in Appendix B. A more detailed derivation of the
low-temperature thermodynamics is given in Appendix C. The
leading terms of the zero-temperature correlation functions are
given in Appendices D and E.

II. THE TBA EQUATIONS

We consider a system of 1D spin-1/2 fermions with §-
function interaction, with Hamiltonian

%:%—/_LN’

N
a
j=1 J

1< j<k<N
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Here, N = N; + N, is the total number of spin-up N
and spin-down N fermions and M = (N — N})/2 is the
magnetization. © and H are the chemical potential and
the magnetic field, respectively. In this paper, we ex-
clusively consider the case of repulsive interaction for
which ¢ > 0.

The ground-state properties can be obtained using the BA
solution®*>* (see Appendix A for a brief review). On the other
hand, at finite temperatures 7 > 0, the physical quantities
are described by the following set of nonlinear integral
equations, which are referred to as the TBA equations.*>’
In the thermodynamic limit, their explicit form is

H o
e(k) = k> — ju — 5~ T Zan #In[1 + e W/, (2)

n=1

én(M) = nH — Tay, * In[1 + ¢ *®/T]

+T Z Ty % In[1 + ¢ 9 */ T 3)

m=1

or equivalently
ek) =k* — p — TK *In[1 + e *®/T]

—Ts xIn[1 4 M ®/T], “4)

$1(A) = Ts x1In[1 + /7]

— TsxIn[l 4+ e P/, (3)

¢n(X) = Ts *In[1 + e¢n—l()\)/T]

+ Ts *xIn[1 + e¢n+l()h)/T]’ ©)

where the functions ¢, (A) must satisfy the condition

. Gn(2)
im

n—-oo n

= H. 7)

The functions a = a,(A), s = s(A), K = K(A), and T,,,,, =
T,m(A) are defined by

1 nc/2 1 o0 1 o
aA)=——5"—75, S =—7—"-, K})= —/ ———e '"do,
7 (nc)?/4 + A2 2c¢ cosh(zrA/c) 27 J_oo 1+ ecl®!
T,(0) = { App—m|(A) + 2a10—m42(X) + . .. + 2a04m—2(A) + Apim(A)  forn # m; ®
T 2a0(0) 4 2a4(0) + . .+ 2a,—2(A) + azp(X) forn = m.

The asterisk * denotes the convolution f * g(x) = f_oooo flx —
xNg(xNdx'.

The bulk quantities are characterized by the solution to the
TBA equations. For instance, the free energy per unit length
F and the pressure P are given by

T o0
F = pn. — P, P= _/ In[1 4 e *®/T1dk, (9)
27 J_ o

where n, denotes the particle density.

III. LOW-TEMPERATURE THERMODYNAMICS

The most complicated part of the TBA equations is the
string part (which characterizes the spin excitations) consisting
of an infinite number of string functions ¢,(1) [see Egs. (3)
or (5) and (6)]. These coupled nonlinear integral equations
have not been solved in the most generic manner, but the
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obstacles can be overcome if we make certain assumptions
for the parameters involved. Among them, one of the most
crucial cases that we consider below, is the low-temperature
limit 7 <« 1. In this limit, the TBA equations reduce to
a set of linearly coupled equations, which are easier to
deal with. Moreover, for the strong coupling regime ¢ > 1
in a weak magnetic field H < 1, we can solve the linear
integral equations analytically. Below we derive the analytical
solutions in this physical regime: strong coupling ¢ > 1,
weak magnetic field H « 1 and low temperature 7 < 1. The
low-temperature thermodynamics for the generic case of ¢ > 0
and H < H, (H, is the critical field) is derived in Appendix
C.

We first observe from Eq. (6) that ¢,(1) > 0 for n > 1,
because s(A) > 0 and In[1 + ¢**/T] > 0for A € R and n >
1. This positivity condition implies that the function 7 In[1 +
e »®W/T1 0 for T — 0 and n > 1. Therefore in the low-
temperature limit 7 < 1, all the higher spin string functions
drop off leaving only the function ¢;(}) in the first set of TBA
equations. The revised form is

H
ek) =k>— pu — 5 — Tar+In[l+ e~ MW/TY (10

¢1(A)=H —Tay * In[1 + g*a(*)/T]
+ Tap * In[1 4+ e~ H W/ T, (a1

We now have to solve two coupled integral equations with
only two unknown functions (k) and ¢;(A). Let us analyze
them in the strong-coupling regime c¢ >> 1, where the above
equations are further simplified. Analyzing the dispersion &(k),
we are able to rewrite the term>>

1
Tay * In[1 + e /"]~ 27 Pa;(A) + O (—J . (12)
P

where the major contribution to the integral comes from a finite
range (—ko,ko). As shown in Appendix A, one notices that the
points kg correspond to the Fermi points in the charge Fermi
sea. Thus Eq. (11) simplifies to

$1 (W) = H—2wPay(A) + Tay * In[1 4+ e~ P®/T] 0 (13)

Using the Fourier transform, this equation and Eq. (10) can
also be expressed as

e(k) = k> —u — 2m PK (k) — T's % In[1 4+ ¢#®/T],
H 14
o1(1) = 57 27 Ps(A) + TK % In[1 + e‘f’l()»)/T]‘

To proceed further, let us separate the function ¢; (1) into two
parts:

010 = 0 + ¢V (). (15)

The first part ¢§0)(A) corresponds to the leading order term
when T = 0, while the second part ¢§1)()L) is the first-order
correction to the limit 7 — 0. Analyzing the leading term
H /2 — 27 Ps(1) inEq. (14), we find that ¢'* (1) should satisfy
the linear integral equation

o"(n) = g — 21 Pos(A) + K % ¢V (), (16)
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where Py denotes the pressure at T = 0. Here, we have divided
¢io)()») into its positive and negative parts:

¢ () =" () + 60 (),

¢"(n)  for [A] < Ao,
0 for |A] > Ap.

(17)
¢~ =

Note that the function 4550)()») is nothing but the dressed
energy &,(1) (A4) denoting the energy of a spinon excitation
with rapidity XA, and the points +X( are the Fermi points (see
Appendix A for details). On the other hand, the function e(k) at
T = 0 corresponds to the dressed energy ¢.(k) (A4) describing
the energy of charge excitation with momentum k.

Substituting Eq. (15) into Eq. (14) and subtracting Eq. (16)
from the resulting equation gives

o) = —271(P — Py)s(h)

+ / KO—w{Tin[1+ e(¢'1°><m+¢i“<u))/r]
[lZ20

— 1" (w)du

n / TR — s In {1 4 o970 wU T g,
[l<2o

(18)

An iteration procedure shows that ¢>§1)()L) = O(T). Thus one
sees that

V() & =27 (P — Py)s() + Ex(3)
+ / K= e odu,  (19)
|11 =20

where we denote
Ex() =TK x In[1+ ¢ 07017, (20)

In the limit 7 — 0, the major contributions toward Ex ())

come from the regions near £iy. Hence we expand qﬁio)()\)
around A = £Ay:

") = t(h — 10) + O[(A — 1o)°], Q1)

where t = d¢§0)()»)/d)»|xz;\0. Then we find

Ex(\) ~ T/ KO — w)In(1 + e—tlﬂ—lo\/T)dM
[—Aol<e
2

2T o0
=K G = %0) + K G+ 20)] / In(1 + e “)du
0

2

7’T?
6t
Therefore we obtain a linear integral equation, which deter-
mines ¢>il) (1), namely,

[K(A — Ao) + K(A + 20)]. (22)

Dn) = —27(P — Py)s(h)

T*T?
+ o [K(A —Ag) + KA+ Ao)]
+ / _ Ko~ Wy (d . (23)
HlZro
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In completely the same way, one finds that the low-
temperature behavior of (k) (14) is described by
2T2
2
eky~k“—u—-2nPKk)—

[s(k — Ao) + s(k + A0)]
- / stk = [6P0) + ¢V ()]d. 24)
[A[Z=20

Equations (16) and (23) can be solved for H <« 1 via
the Wiener-Hopf technique as in Refs. 6,19, and 20. For
convenience, let us introduce the functions

YO = P+ 20) (k=0,1). (25)

By definition [see Eq. (17)], the Fermi points £A, are
determined by the condition

¢ 00) = y(0) = 0. (26)

Applying the iterative procedure to Eq. (16), one sees
y©(0) = 0 = H/2 — 27 Pys(r9) + O(H). Solving this equa-
tion, one finds that Ay & —In H for H < 1. Because K (L)
rapidly decreases with A > 0, we may solve the integral
equations (16) and (23) by expanding

Z yO0)

y® (1) obeys the integral equation

YO0 = (k =0,1). (27)

WO = gD + /O KO — wy®du,  (28)

where the driving terms g(o)(k) and g(l)(k) in the limit of
T « 1 are explicitly given by

© H
8 )= 5 27 Pos(A + Ao),

) 7T2T2
8 (W) = =2m(P — Po)s(h + Ao) +

K (), (29)

5§90 = / KO+ pn+205® Gode (2 D).
0

The above equations are the so-called Wiener-Hopf type in-
tegral equations. In Appendix B, a method to solve the Wiener-
Hopf type integral equations is given. Let us decompose 3 (w)
into a sum of two parts, i.e., ¥ (w) = 3 f (@) + 3 (w), where

+)(a)) [A(_k)(a))] is analytic in the upper (lower) half plane [see
Eq. (B3) in Appendix B]. For the leading terms %k)(w), we
obtain [see Eqgs. (B20) and (B23)]

a0, iHG _(—ie)
Yor (@) = G(w) |:—2(w o

St G C).eﬂwc] +O(H?),

¢ w+mi/c
Top(w) = T 2[G (@) — 1]
6r *
_ 2P = P) G (@)G_(mije)e ™
¢ w+mi/c
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where G 1 (w) is defined by Eq. (B12). Using the formula (B10)
and combining the above equation with the condition (26), we
determine the leading term of the Fermi points Aq to be

c H 4w PyG _(—mi/c)
)»0”—111( 0) HO_OCG—(())/

_47TP() \/?
T Tao(l). e

where we have used the formulas (B5) and (B13). To derive
the last equality in the second equation, we used the property
(see Appendix A)

2

P, 1 [k H. 1
Do | edk~ =£ 10 (-) . 32
c 2me J_g, 4 c

where H, is the critical magnetic field, where all fermion
spins point up [see Ref. 57 or Eq. (A9) in Appendix A], with
H,. ~ 8n3n?/3c.

From the relation (25), the integral in (24) can be evaluated
as follows:

f stk — VP ()dx
A=A

e~k poo
~ / e’?’\y(()k)()»)d)\
c 0

_ 2 /Oo e‘%’\dkfoo do
¢ 0 —00 27

Qe /°° dw 55 (@)
e a)—m'/ 0+

26 < (k)
) 33
c y o+ (33)

where the relation s(k = |A + Ag|) & e 7*H20)/¢ /¢ is used in
the first line. Substitution of Eq. (33) together with Egs. (31),
(30), and (B13) into Eq. (24) yields

—tkwA(k)( )

cPH? 7T*H
sky~k>—u—2nPK(Kk) — - . (34
2P02 6«/§P()l
Inserting the relations
In2 TH
Kk)~ —and ~ y)(0) = — lim 0’3 (0) = —
(k) o an ~ yo(0) = Jim o Yoy (@) NP
(35)
and using P =~ P,, we arrive at
2P In2 H? T?
B Y Ve Sy = SR C 5

472P 6P

where A:=pu+2PIn2/c+ cH?/4x*P +cT?/6P. We
would like to address that the calculation of the dressed energy
potential (36) is essential for catching spin-charge separation
signature and quantum criticality at low temperatures. The
terms in the function A show an important implementation
of spin density and charge density fluctuations that reveals a
physical origin of spin-charge separation. This is clearly seen
from the following low-temperature and finite-temperature
thermodynamics. In view of this validity of catching this
universal nature, we see that the result (36) is also helpful to
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numerics. Using this function A, we then perform integration
by parts on the pressure of the system (9) to get

1 [ d 1 ;
p_l vede 1 piti ey, (37)
T Jo 1 + e(ng)/T vV 47[ :

where Li;(z) is polylogarithm function defined by

00 Zk
Li;@)=) -

k=1

(38)

For fixed particle density, the chemical potential is deter-
mined by solving the equation n, = d P/d . By inserting Eq.
(37) into Eq. (9), the low-temperature thermodynamics in the
region H < 1 and ¢ > 1is completely determined. To capture
universal features of the low-temperature thermodynamics, we
further expand Eq. (37) by making use of Sommerfeld’s lemma
(see Refs. 55 and 56 for instance):

2432 [ 72 (T
P = 1+ — <Z) +0O(TH |. (39)

3 8

Furthermore, we use the relation n, = d P/du and repeat-
edly iterate the terms to eliminate those with orders higher
than 72, H?, and 1/c. After some lengthy algebra, we finally
obtain the chemical potential

16In2\ 3y H? 3In2
2.2
~ |1 - 1
g nn‘( 3y )+4n“n%<+ V)
yT? 3In2 T?
+2n2n3 1+ > +12n3, (40)

where y denotes y := c/n.. Substituting Eq. (40) into the
expression for the pressure (39) and then iterating the pressure

itself, we obtain

2 6In2 9y H? 41n2

P~ ki (1-222) 4 L 4+ —
3 y 8m4n, y

N 3yT? 1+4ln2 N T?
47n, y 6n.

(41)

The free energy of the system defined by Eq. (C14) is given

by
paban () 42\ 3yH () 62
3 ¢ y 8mn, Yy

T 6In2 T2
-+ 22 - (42)
. y 12n,

From this free energy (42), we have the susceptibility

d’F 3y 61n2
X 0H?  A4Am*n, ( + y ) “3)

This susceptibility can be possibly tested in an trapped 1D
Fermi gas of cold atom. We rewrite the pressure (37)

m 3. X
p= =\ 3o TiLis(=e"), (44)
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In dimensionless units, i.e., h = H/gy and u = u/ey with
2 g eqe . .
& = ;’—mcz, the susceptibility is given by

3 61n2
x_c_ o 1+ =2, (46)
g0 & 4mtn'(w,h) y

which agrees with the field theory prediction v, = 6/x.
Here, 6 = 1/2. The holon velocity v, and spinon velocity vy
at H = 0 are given in Eq. (C16) in Appendix C. In the above
equation, the density is given by

, n
n:=—
NG
3 (hY 3/n2\ 8 /mIn2
SRl () (1 M) B
T 8. /u\ b4 Ris
47
and the dimensionless interaction strength is given by
1 3 (k)
=~ \/_ﬁ -~ (=) . (48)
y T 872 \ 1

In Fig. 1, we plot the susceptibility for different values of
the chemical potentials at low temperatures. In contrast, in
Chap. 13 of Ref. 6, the thermal and magnetic properties
of the 1D Hubbard model are plotted by using the result
obtained for the thermodynamics of the 1D Hubbard model by
numerically solving nonlinear integral equations (NLIE). The
thermodynamics for the Hubbard model can be calculated by
the quantum transfer matrix method for all temperatures. Here,
we have obtained an explicit low-temperature expansion for

T T T [ T T T T [ T T T T [ T T T T [ T T T T

o
T
|

susceptibility x(c/e,)

temperature T/g,

FIG. 1. (Color online) Susceptibility vs temperature for different
values of chemical potentials u = 0.01,0.03,0.05 and 2 = 0.001.
At T = 0, the susceptibility values for different values of chemical
potentials are consistent with the field theory prediction xv; = 6 /7.
This possibly gives a way to test effective spin velocities of the
spin-1/2 ultracold atoms with a repulsive §-function interaction.
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FIG. 2. (Color online) Pressure and entropy vs temperature 7.
Solid lines show the pressure (41) and entropy obtained from the free
energy (49), dashed lines show pressure and entropy obtained from the
polylogarithm function (37), which gives the precise thermodynamics
for temperatures below the Fermi temperature kg Tr = Ep = %
in the strong-coupling limit. At low temperatures, they are indeed
consistent with the field-theory predictions. The deviation of the
entropy from the linear temperature dependence marks a breakdown
of the two massless field theories.

the fermion model. The result (44) for the pressure contains
the spin density and charge thermal potentials at criticality
and may thus possibly be used to test the spin and charge
velocities in experiments with ultracold atomic fermions in a
1D harmonic trap.

By substitution of the holon velocity v, and spinon velocity
vy at H = 0[see Eq. (C16) in Appendix C], the free energy (42)
suggests the universal low-temperature form of spin-charge
separation theory, namely,

CT? (1 1
F=E - (—+—), (49)

Us Uc

where Ej denotes the ground-state energy density and C = 1.
The above behavior can also be derived for generic ¢ and H
(see Appendix C). This expression corresponds to two central
charge C = 1 conformal field theories.?! This universal nature
of Eq. (49) means that the low-lying excitations are decoupled
into two massless degrees of freedom, which are described
by two Gaussian theories. However, if the excitations involve
highly excited states, these theories break down. In Fig. 2,
we compare the exact thermodynamics with the predictions
of conformal field theory and show the breakdown of the two
Gaussian theories at higher temperatures.

IV. DRESSED CHARGE

The excitation spectrum for repulsive spin-1/2 fermions is
gapless for any magnetic field strength H. As a consequence,
the asymptotic behavior of the correlation functions of the
model can be described by conformal field theory (CFT).3!-33
CFT relates the critical exponents of the correlation functions
to the finite-size corrections in the energy spectrum. The basic
tool used to determine the critical exponents from the finite-
size corrections is the dressed charge matrix. For this model,
itis a2 x 2 matrix that couples the charge and spin degrees of

PHYSICAL REVIEW B 85, 085414 (2012)

freedom together and at the same time governs the excitations
of charge and spin waves near the Fermi surface.
The dressed charge matrix of this system is explicitly given

by
Zeelko)  Zos(h
Zz( (ko) s( 0)>’ (50)
Zsc(k()) Zss()LO)
while the integral equations of its elements are given by
Ao
Zee(k) =1 +f ay(k — M) Zes(M)da, (5D
—Xo
ko
200 = / 100 — B Zeo (K)dk
—ko
Ao
- / 00— WZe(de,  (52)
—Xo
Ao
Zc(k) =/ ay(k — 1) Zg(M)dA, (53)
—Xo

ko
Zo0) =1+ / 0. — K)Z,o(k)dk
—ko

Ao
- / w0 — WZs(wdp.  (54)

Ao

This set of equations is in turn made up of two coupled sets
of equations. Equations (51) and (52) can be treated separately
from Eqgs. (53) and (54). The following relations are useful for
further calculation:

ko Ao ho
/ Ziek) / Zes(M) ) _ / ps(WdA = n,, (55)

—ko 2 —o 2 Xo

ko kO
[ Z“(k)dk = [ pe(k)dk = ne, (56)

ko 27 —ko

where n is the density of down-spin fermions. To derive
these relations, we first multiply each set of density equations
with the dressed charge equations and integrate them. While
making use of the fact that the kernels are symmetric, we then
subtract one equation from the other to eliminate the same
terms. Figure 3 shows a depiction of the numerical solutions
to Egs. (51)-(54).

A. Thelimit H < 1

When H =0, the ground state of the system is anti-
ferromagnetic. We now solve the dressed charge equations
under a small magnetic field by the Wiener-Hopf technique.
Considering only terms of up to order 1/c in the strong-
coupling limit, Eq. (54) can be written as
Ao

ko
Zgs(A) =1+ al()»)/ Zs(k)dk — / ar(A — ) Zss(n)dp
—ko

_)‘0
Ao

=142an,a:(2) —/ ar(h — W Zg(Wdp, — (57)

—Xo
where the property (55) was used. Applying the Fourier
transform, we obtain

1
Zu) = 5+ 25+ [ KO- wZuGodi. (59

[1lZAo
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FIG. 3. (Color online) This figure shows the dressed charges Z..(ko), Z.s( o), Zs.(ko), and Z,(X¢) as functions of the external field H/H..
The dressed charges are plotted for different values of n./c, which is the inverse of the interaction parameter y. These curves are plotted by

numerically solving Egs. (51)—(54).

This equation is the same as Eq. (16) other than the driving
term, and hence a similar procedure as introduced in Sec. 11l is
applicable. Introducing the function y(X) = Z;(A + Ao) and
expanding it as y(A) = > -, y,(1), we obtain the integral
equation [see the corresponding equation (28) in Sec. I1I]

() = ga(h) + /O KO — wyaGodie,— (59)
where g,(A) is given by
1
go(A) = 3 +2mn,s(A + Ao),
(60)

gn(k)=/ KO 4 1+ 2X00)yn—1(n)dp (n=1).
0

Forn = 0, settinga = 1/2and b = 2nn in Eq. (B20), one
has

J —i ] —TT —mho/c
3’\0+(w)=G+(w)|:lG( i€)  2min,G_(—mwi/c)e }

2w+ i€) c(w+mi/c)
+O(H?). (61)

Combining this result with Eq. (B10), and finally substituting
the relations (B13), (B5), and (31), one obtains the first-order
contribution to Z;(Ag):

0) = L (1 + ﬂﬁ) + O(H?) (62)
Yo = V2 c H. '

To obtain the second-order correction to y(0) = Z;,(1g), we
must consider the contribution of y;(0). The Fourier transform
of g1(}) is given by

Z1(@) = e72M0%, (—0)K ()

_ 05 (— ) [1 (63)

- G+(w)G(w)] '

Here, we have used the decomposition of the kernel (B5). As
demonstrated in Appendix. B, let us decompose g;(0)G_(w)
into the two parts & (w), which are analytic in the upper
and lower half planes, respectively: 2;(0)G _(w) = () +
®_(w). Now @ (w) is given by

1 00 ,—2ihoX T (_ 1
Sy =~ [ D 1
2ni J_ oo X —w—i€ Gi(x)
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where € is a small positive constant. Note that the function
G (x) has a branch cut along the negative imaginary axis.

PHYSICAL REVIEW B 85, 085414 (2012)

Deforming the integration contour to avoid the branch cut, we
have

20X
®r(@) = 2i X —yia)(”o |:
_ / EFunlix)
Qn)di x—iw
_ 2 e 5o, (ix)
Q) /0 X—iw

1 00 e—Zon c
~— ~+0
2 /0 —iw |:ﬁ +Ow)

()]

1 [ c 4
__ia) 4\/57'[)\.0

Note that, from the third to the fourth step in the above
equation, we have used the fact that the integrand rapidly
decreases for x > O because Ay > 1, and hence the integral
can be approximated by expanding the terms other than
exp(—2Agx) around x = 0. By a relation similar to Eq. (B9),
Y1+ (w) is expressed as

R Gi(w) c 1
Vi+(@) = G (@)P(w) = —+ia) [m +0 <)»_%>:| .
(66)
Insertion of the relation (B10) and Eq. (B5) yields
c 1
"0 0 (3) 7

Therefore from (62), (67), and (31), we finally obtain the
expression

ZuGo) = o= 14 2 () 4
ss\A0) = ﬁ c Hc 4111(H0/H)

1
o ————|.
i [(m Ho/H>2]
Next we evaluate the dressed charge Z; (ko). The Fourier
transforms of Egs. (53) and (58) give

(68)

Zeh) = 5 + 210, K(k) — /

[ulZAo

sk — M) Zg;(MdAr. (69)

Applying the same procedure as used in the derivation of
Eq. (33), we immediately obtain

De~ ek > i
Yo+ \ —
c c

_1+2n¢ln2 2 (H L0 H
T2 c 72 \ H, H.In(Hy/H) |’

(70)

1
Zsc(ko) = 5 + 27Tn¢K(k0) —

where we have used the relation (35).

1 1
- — - dx
Gi(—ix —¢€) Gy(—ix+ e)j|

s 1 ox
—)21" . (e2—e2)dx
2me 2 27

b 1
() (L ) n (2
2me 2 2m 2
i|dx

(65)

Repeating this whole process to evaluate Z.(Ao) and
Z..(ko), we find that

2V2n. ( H H
Zeslho) = =2 (E)+O{Hc[lﬂ(H0/H)]2} a7y
and
2n.1n2  4n, [ H\?
s B2t (1)
2
+O{Hf[ln(Ho/mP}' 72)

The down-spin density n| can be explicitly written in terms
of the external magnetic field H by evaluating Eq. (55). Using
the property that Z,.(k) ~ Z,.(ko) + O(1/c?) for ¢ > 1 and
ko =~ mn./(1+21In2/y) [see Eq. (C12)], we find that

ne 4 (H

By substituting the expression (73) into Egs. (68) and (70),
the dressed charges in the strong-coupling regime ¢ >> 1 and a
weak magnetic field H < 1 are explicitly determined in terms
of the fixed particle density n. and the external magnetic field
H.

(73)

B. Thelimit H —» H, for y > 1//1— H/H,

When H > H,, the ground state of the system is ferro-
magnetic. Correspondingly, the Fermi point Ao becomes zero.
Before solving the dressed charged matrix for H approaching
the critical field H,. from below, we have to know how X
behaves in this vicinity. The spin part of the TBA equation
at T =0 [i.e., ¢>§0) (1) in Eq. (16) or equivalently the dressed
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energy &(A) in Eq. (A4)] is approximately

ko
MM=H+/'ma—mmmm
—ko

Ao
—/ a0 — We,(wdp

Ao

~ H — 27 Pyai (M) — 2hoa2(M)e;(0), (74)

which is derived by approximating the first integral as in
Eq. (12) and expanding the second integral around Ay = O.

Let us assume y > 1/4/1 — H/H, > 1. In this region, one
sees from Eq. (A9) that Eq. (74) further reduces to

ey H— e 20 &0 g
14+4A2/c?  mc 1+ 2%/c?
With this result, we can explicitly find &,;(0) to be
&(0) = —M. (76)
1420 /7c

The last step to derive an explicit expression for A is to use
the condition &;(3+Xy) = 0. This gives

H, 20 H.—H _o
1+422/c2  me (14 22/c2)(1 +2xo/7c)
7

Multiplying the equation with each denominator and then
ignoring the terms of order O(Ag/c3) or higher yields the
equation

5M3 A3
H—-H.+—H— —H, =0. (78)
c Cc

After rearranging the terms and using the fact that H — H,,
we arrive at the result

o~ S 2 (79)
0~ 3 .
which is also similar to the result obtained for the 1D Hubbard
model*' and the X X Z Heisenberg chain.?®
With this expression, we can evaluate the dressed
charge matrix explicitly in terms of H. For Z.(Ao),
from (52),

Zes(W) = 2may(Mne — 2h0a2(A) Zes(0). (80)

Here, an approximation similar to the above and the property
(56) have been used. Solving for Z.,(0) and neglecting terms
of order O(1 /cz), we have Z.(0) &~ 4/y. Substituting this
together with (79) implies that

4 1 H
Zes)~ —|1——[1——]. (81)
Y T H,

Z..(ko) is easily obtained by substituting the above results
into the approximation form Z..(ko) & 1 + 2A0a;(ko)Z.5(0)
of Eq. (51). The result reads

8 | H
Zeeko) 1+ — [1 — —. (82)
Ty H,

PHYSICAL REVIEW B 85, 085414 (2012)

The remaining dressed charges Z;(1o) and Z;, (ko) are also
evaluated by similar calculations. For Z(1g), Eq. (54) be-
comes Zg(A) = 14+ 2xnai(A) — 2Aoa2(A)Zs(0), and hence
Zss(Mo) = 144ny/c —21o/(mwc). The density of down-spin
fermions 7 is evaluated by applying the same method as in
the above to Eq. (A1), with result

Ao N N 2n, H
n, = Ps(M)dA = 220p5(0) = 1— A (83)
o g P

This in turn gives

Zis(ho) =~ 1 ! 1 H+8 1 " (84)
ss0TT T H. ny H.'

Likewise,

Z(k)~2 oA (85)
sc ONT[ HC-

In Fig. 4, we compare the numerical solutions to the leading
order solutions for the dressed charges in both limits H < 1
and H — H,. It shows good agreement between our leading-
order solutions and the numerical solutions at points not far
from H =0and H = H..

V. CORRELATION FUNCTIONS

We turn now to the calculation of the long distance
asymptotics of various correlation functions and scaling
dimensions that have been obtained for the 1D Hubbard model
in terms of the dressed charge formalism.*%*! Qur results
extend these results into the strong but finite coupling regime
for the spin-1/2 repulsive fermion model.

The spin-1/2 repulsive fermion model is gapless and thus
critical at zero temperature. At T = 0, the correlation functions
decay as some power of distance governed by the critical
exponent, which we shall denote conventionally by 6. For
T > 0, the decay is exponential. It was shown that conformal
invariance leads to universality classes of critical theories that
are related to the central charge C related to the underlying
Virasoro algebra.’® The critical behavior of the model under
consideration is described by the direct product of two Virasoro
algebras, one characterizing the spin degree and the other
characterizing the charge degree. Both Virasoro algebras have
central charge C = 1.

The general two-point correlation function for primary
fields ¢ with conformal dimensions AZ at 7 =0and T > 0
are given by

(p(x,1)(0,0))
_ exp[—2i Dc(kpy + kp))x]exp(—2i Dskp | x)
T — v )P (x4 02 (o — iugt)2A (x4 ivgt)2AY
(36)
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FIG. 4. (Color online) This figure shows a comparison between the numerical solutions (solid lines) and the leading-order corrections to
the dressed charges Z,.(ko), Z.s(Ao), Zsc(ko), and Z,(A¢) in the limits H < 1 and H — H, for n./c = 0.001.

and

(p(x,0)9(0,0))7 = exp[—2i D(kry + kp))x] exp(—2i Dskp | x)

T 287 nT 28
X
ve sinh[ T (x — iv.t)/v.] Ve sinh[r T (x + iv.t)/v.]

nT

207 =T
x { vy sinh[r T (x — iv,t)/vs] } { vs sinh[w T'(x + iv,t)/vg]

where kp 4 are the Fermi momenta, 0 < x < L and —o0 <
t < oo is Euclidean time. The conformal dimensions of the
fields can be written in terms of the elements of the dressed
charge matrix as
+ +
2AZ(ANc s, N2, De )

c,s?
ZSSANC - chANs
2detZ

2
) +2NF

(88)

= (ZCCDC + ZyDs =

and

2A*(AN,,NE..D.y)

c,s?

2A7
} ) 87

Z.ANy, — Z,, AN,
2detZ

2
) +2NE.

(89)

= <ZCSDC + Zs D =

The non-negative integers AN,, NI and the parameter
D,, where o = c,s represent the three types of low-lying
excitations. Here, AN, denotes the change in the number
of down-spin fermions. N characterizes particle-hole exci-
tations, where N; (N, ) is the number of occupancies that
a particle at the right (left) Fermi level jumps to. NI also
enumerates the descendent fields for the primary fields ¢. And

085414-11



J. Y. LEE, X. W. GUAN, K. SAKAI, AND M. T. BATCHELOR PHYSICAL REVIEW B 85, 085414 (2012)

lastly, D, represents fermions that are backscattered from one (O(x,1)0%(0,0)). The operators can be written as a linear

Fermi point to the other. They are restricted by the condition combination of primary fields with conformal dimensions
AN, + AN, AN, A%, and their descendent fields. Noting that the correlation
D, = T (modl), Dy = > (modl). (90) functions for fields with different conformal dimensions are

zero, we can express the correlation functions at 7 = 0 and

We want to find the asymptotic behavior of the general two- T > 0 respectively as

point correlation functions for the operators O(x,t), namely,

exp[—2i Dc(kFT + k[w)x] exp(—2i Dskplx)

O(x,1)0(0,0)) = Y "A(AN.,NE. D, — s - - 91
(000 0.0) ; (ANes: N De )(x — 1U)2A (x + Tve)?De (x — [ugh)?AY (x 4 fugr)? D e
and
(0.)01(0,0)r = > A(ANes.NX, De) expl—2i De(kiy + ki) )x]exp(—2i Dyk ) x)
aT 24 T 2A,
x { ve sinh[w T (x — iv.t)/v.] } { ve sinh[w T (x + iv.t)/v.] }
T ZAT xT 2A7
X . . - . , 92)
vy sinh[r T (x — iv,t)/vs] vy sinh[w T (x + iv,t)/vs]
[
where n denotes the set of quantum numbers where
n= (AN, .. N, D), ©3) ST =yleany @, ST = YDy,
(101)

which are determined by the condition given in (90) and the
selection rules for the form factors while performing a spectral and (v) pair correlation function:
decomposition of the correlation functions.

Let us consider the correlation functions of operators, which Gp(x,t) = (Y (x, )Y (x, f)‘ﬁl (0,0)wI 0,0)). (102)
are written in terms of the field operators v, (x,¢) where ¢ =%
, 1. They obey the canonical commutation relations

(Yo (0,0, 06, 8)} = 855:8(x — X'),

For each of the correlation functions considered above, the
values of n are given by

(94) Gy(x,t) : (AN, =1,AN; =0,D, € Z+1/2,Ds € Z + 1/2),

(W (.0, 95 (610} = (Y] (. 0). 9] (x.1)} = 0. G,(x,1)): (AN, = 1,AN, = 1,D. € Z,D, € 7 + 1/2),
Here, we consider the following correlation functions: (i) one- Gu(x,t) : (AN, =0,AN; =0,D. € Z,D, € 7),
particle Green’s function: G(x.t): (AN, = 0,AN, = 0,D, € Z,D, € 7,),
Gy(x,t) = (wg(x,t)w(i(0,0)), 95) G*(x,t): (AN, = 0,AN, = 1,D, € Z+1/2,D, € Z),

(ii) charge density correlation function: Gp(x,0) : (AN =2,AN; = 1,D. € Z+1/2,D € Z),

with N € Z for every case. The explicit results for these

— c,s

Gn(x,1) = (n(x,0)n(0,0)), 6)  orrelation functions for H « 1 and H — H, are given

where in Appendices D and E, which include the order of 1/y
corrections in the critical exponents.
n(x,0) = np(e,n) +n (0,0, ne(x,0) = ¥ (0 (x,0),
©7) VL. CONCLUSION

(iii) longitudinal spin-spin correlation function: We have derived the low-temperature thermodynamics and

G*(x.1) = (S%(x.1)S%(0,0)), 98) long-distance asymptotics of correlation functions for the spin-

1/2 repulsive é-function interacting Fermi gas with an external
where field by means of the thermodynamic Bethe ansatz method
and dressed charge formalism. With the help of Wiener-

, _ 1
§70x,1) = 3lnp(x,0) = ny(x,0)]. 99) Hopf techniques we have calculated the low-temperature free
(iv) transverse spin-spin correlation function: energy and thermodynamics and found that the low-energy
physics can be described by a spin-charge separated theory
G*(x,t) = (ST(x,1)S7(0,0)), (100) of a Tomonaga-Luttinger liquid and an antiferromagnetic
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spin Heisenberg chain. The dressed charge equations have
been solved analytically for a small external field H — 0
and a large external field H — H, using the Wiener-Hopf
method. We have also calculated the conformal dimensions for
many correlation functions including the one particle Green’s
function, the charge density correlation function and pairing
correlation, as given in Sec. V.

In particular, the explicit form of the critical exponents
that we have obtained in terms of the external magnetic field
and the interaction strength up to 1/c corrections extends
the known results obtained for the 1D Hubbard model
in the infinite-coupling 1imit.>** They provide insight into
understanding the critical behavior of interacting fermions in
1D. The result for the free energy at low temperature shows a
universal signature of Tomonaga-Luttinger liquids where the
leading low-temperature contributions are solely dependent
on the spin and charge velocities. It is to be expected that
this universal nature can be tested via the finite-temperature
density profiles of the repulsive Fermi gas in a harmonic
trap. This opens a way to experimentally observe how the
low-temperature thermodynamics of a 1D many-body system
naturally separates into two free Gaussian field theories.

We have also presented results for the low-temperature
thermodynamics that extend beyond the range covered by
spin-charge separation theory. As effective as it is, the Wiener-
Hopf method does not allow the full derivation of the equation
of state for temperatures beyond the Tomonaga-Luttinger
liquid regime. This is because the Tomonaga-Luttinger low-
temperature physics does not contain enough information on
thermal fluctuations necessary to describe the quantum critical
regime. This restricts access to quantum criticality in the
whole physical regime. However, as we have demonstrated, the
polylog formalism is suitable for the study of low temperature
and strong coupling in the u — H phase plane for weak
magnetic field. The pressure we obtained captures the essential
spin density and charge density fluctuations at criticality and
may possibly be used to test the spin-charge separation theory
in experiment with ultracold atomic fermions. This points to
the further study of quantum criticality in 1D interacting Fermi
gases with repulsive interaction, as has been done recently for
attractive interaction and for the Lieb-Liniger Bose gas.”®?
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APPENDIX A: THE GROUND-STATE PROPERTIES

Here we briefly describe the ground-state properties of spin-
1/2 fermions with repulsive interaction. The full spectrum
of the Hamiltonian can be obtained by the BA method.>3>*
In the thermodynamic limit, the ground-state properties are
characterized by two Fermi seas made up of charges and
(down) spins. The distribution functions p.(k) of charges with
holon momentum k&, and p,(k) of down spins with spinon
rapidity A are written as integral equations,

1

pek) = —— +f ay(k — 2)ps(M)d A,
T —Xo

(A1)
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Ao

ko
po(h) = / 0. — Ky )k — / a0 — s (W,

ko —ko
where the function a,(x) is given by Eq. (8) and £k, and 2,
correspond to the Fermi points. The density of the fermions
ne = n4 + ny (n, denotes the density of spin-o fermions) and
the density of the down-spin fermions 7| are respectively given
by

ko Ao
[ ptoak=ne [ poodr=n. @)

k() )VO

The ground-state energy per unit length (denoted by Ej) is

ko
Eo—pn.=—Py= | (K —p— H/2)p(k)dk
—ko

Ao
+ H/ ps(A)d A, (A3)
—X0
where Pj is the pressure at zero-temperature [see Eq. (9)
for finite temperature]. The ground-state properties are also
described in terms of the charge dressed energy ¢.(k) and the
spin dressed energy &5(}) as

Ao
6k) = kK —— H/2+ f ay(k = 1)ey (R)dA,
—o
ko
600 = H + / 0. — ke (k)dk
—ko

Ao
- / 0. — W, (. (A4)

_)\0
The above dressed energies define the energy bands. The
ground state corresponds to the fillings of e.(k) <O and
&s(A) < 0. Thus the Fermi points 4ky and +1( are given by
the conditions

ec(xko) =0, &4(£Ao) = 0. (AS)
Using the above dressed energies, E is written as
1 [k
Ey—un.,=—Py= —/ e(k)dk. (A6)
2 —ko

One can immediately realize that the dressed energies e.(k)
and &;(1) respectively correspond to €(k) and ¢;(A) in the
TBA equations (2) and (3) in the limit 7 — 0.

Let us evaluate the value of the critical field H = H..
At this point, the density of down-spin electrons is zero
(n, =0), i.e., Ao = 0. Therefore the expressions (Al) and
(A4) are significantly simplified. Inserting p.(k) = 1/(2m)
into Eq. (A2), one has kyg = mn.. The Fermi point k¢ is
also calculated by ¢.(k) = k*—u — H,./2 [see Eq. (A4)] and
the condition (AS5), i.e., k(% = u + H./2. Substituting these
expressions into &5(A) and using the condition (AS5), one finally
arrives at

c? ’ _1 [ 2mn,
H.=|-— +2nn_ |tan — cne. (A7)
21 c

The pressure Py at H = H, is

Py = nzng. (AS8)

I
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In the strong-coupling limit ¢ > 1, H, and Py are given by
chgnzng 1_ﬁ , P &H‘ 1+ﬁ .
3y 5y2 4 5y2
(A9)

&

APPENDIX B: THE WIENER-HOPF METHOD

In this Appendix, we briefly review how to solve the integral
equations appearing in the main text [see Eq. (28) for instance]
by using the Wiener-Hopf method.

Consider a Wiener-Hopf integral equation

yA) =g) + fo KQ — wy(wdu, (B

which determines an unknown function y(1) where K(}) is
defined by Eq. (8), and the driving term g(X) defined on the
entire real axis is assumed to be a known function. By Fourier
transforming Eq. (B1), we obtain

Fi(@) =[1 — K@) [§o) - T_(0)], (B2)

where the functions V. (w) are defined by

oo
Vi) = / O(E1)y (e d (B3)
—00
with 6() representing the Heaviside step function. The
function K (w) can be explicitly written as

e—c|w|/2
2cosh(clw|/2)’

Equation (B3) denotes a decomposition of y(w) into the
sum of functions analytic on the upper and lower half-
planes, respectively, with y(w) = 3, (w) + y_(w). Hereafter,
we assume that y1(00) = g(o0) = 0. N

To solve the equation, we factorize the term 1 — K(w) as

K(w) = (B4)

[1- K] = G+(@)G_(w), Jim Gi(w) =1, (BS)
where G 1 (@) [G ()] is a function that is analytic and nonzero
in the upper (lower) half-plane. Since K(w) = K(—w),
one finds G(w)/G_(—w)= G(—w)/G_(w). Therefore
G (w)/G_(—w) is a bounded entire function. Liouville’s
theorem and the asymptotics of G (w) yield

Gi(w)=G_(—w). (B6)
Using the factorization equation (B5), Eq. (B2) becomes
2O (@)= b @G @F . B
Gi(w)

where ®.(w) are functions assumed to be analytic and
bounded in the upper and lower half planes, respectively,

G- ()g(®) = P (w) + (). (B8)

From Eq. (B7), the function ¥, (0)/ G (w) — ®(w) is a
bounded entire function, and hence is a constant according to
Liouville’s theorem. Considering the asymptotics, we obtain

Vi(@) = G4 () [P1(0) — Pi(00)],

- 1
V-(w) = G @) [P (@) = P_(00)]. (B9)
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A formula useful for practical calculations is

1 © .
30) = — / S@)e*de
27 J_wo

1 .
—/ V(e " “dw = —i lim 0y, (), (B10)
2T c- w— 00

where C~ is a semi-circular path on the lower half-plane.
We have used the fact that the sum of residues in the lower
half-plane is equal to the residue at the point at infinity.

Next, we will determine the explicit forms of yi(w) by
adopting some specific driving terms g(A) appearing in the
main text. First, lgt us determine the factors G+ (w). Using the
explicit form of K(w) in Eq. (8), we have

2eI2 cosh(cw/2) = G 1 (0)G_(w). (BIT)

The well-known  relation ra24+x)ra/2—x) =
w/cosmx>® together with the asymptotic form
I'(x)~ V2rx*"3e* for |x] > 1 and the condition for
G4 (w) in Eq. (BS) yield

Gilw) =G (-o) =

V2 )( 2me )2”7 (B12)

(‘ o) \ ¢ —jcw

2 2

where ¢ — 0+. Useful special values are
G.(0)=+2, G. (ﬂ> —G_ (—ﬂ) - \/Z (B13)
¢ c e

1. The case g(A) = a + bs(A + LX)

Set the driving term to be g(A) = a + bs(: + Ag), where
a,b € C. Taking the Fourier transform yields

71’)»0(0

8() = 2mad() + 3o

(B14)

Let us decompose the function as in Eq. (B8). The first term
can be easily decomposed by using

1 < 1 1
d(w) = — -

2wi \w—i€e w+ie

) (e — +0). (B15)

On the other hand, the second term in Eq. (B14) is a
meromorphic function whose poles are simple poles (denoted
by w,) located at
(ne?Z).

i
w, = —Q2n+1) (B16)
c

Thus the decomposition of the function 1/ cosh(cw/2) reads

1
m = 04(w) + Q0_(w),
_ 2
04(@) = — ;wﬂun (B17)
S ST o W G V)
Q-(@) = cosh(cw/2) ¢ —oto,
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Using this, we can express the function f_(w)/ cosh(cw/2),
where f_(w) is any function which is analytic and bounded in
the lower half-plane, as

flo
cosh(ca/2) X+(@) + x— (o),
(=" f(—wy)
x(@) = = gT (B18)
() o (=D fo(— wn)]
x-(0) = -yl

cosh(cw/2) c w+ w,

n=0
Applying the formula (B18) to (B14) and (BS8), we obtain,

for instance,

(=1)'G_(=wy)e ™o

D (w) = ot

G iG_(—i€) ' i
+l€ —
(B19)

Substitution of the above equation and (B16) into (B9) then
yields

5’\+ (w)

= G(w) |:a

iG(=i€) i G_(=mifc)e /e
o+ie c o+mi/c '

(B20)

2. The case g(A) = aK())
Next we consider the case g(A) = aK () (a € C). Using

the factorization equation (B5), one finds

) =aK(@) =a [1 - (B21)

1
G+(w)G(w)} '

Thus we immediately obtain @4 (w) defined by Eq. (BS),
namely,

@, () = —ﬁ, ® (0) =aG_(w). (B22)
Then V. (w) are respectively given by
~ - 1
Vi) =alGi(w) = 1], y-(w)=a [1 - G_—(w):| . (B23)

APPENDIX C: LOW-TEMPERATURE BEHAVIOR FOR
ARBITRARY ¢ > 0

In Sec. 11, we derived the explicit low-temperature thermo-
dynamics [see Eq. (42) for instance] for the strong-coupling
regime (c > 1) in weak magnetic field (H <« 1) via the
polylogarithm expression for the pressure (37). Here, using
the dressed function formalism, we extract the universal
low-temperature thermodynamics (49) for arbitrary repulsive
coupling ¢ > 0 in arbitrary magnetic field H < H,. As
shown in Sec. III, the low-temperature thermodynamics is
characterized by the two integral equations

H
(k) = k> —p — 5~ Tay % In[1 + e~ ?®/ T,

(CI)
H—Tay* In[1+ e YT 4 Tay % In[1 + e P/ 7],

¢1(M) =
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In the limit 7 — 0, the above equations coincide with the
dressed energies (A4).

In completely the same way as in the derivation for
Egs. (16), (23), and (24), one obtains

Ao
s(k) = “WM+/¢MbJWMML
—Xo

ko
o) = o + / a0 — k)e(k)dk
—ko

Ao
- [ @6~ wentwan, )
—20
where
70— T )t a4 20)
= 2 e TR Ao
0 2772
=H— A —k Atk
é 6;(k)[al( 0) +a1(d + ko)l
2272
A—A A+ Ao)]- C3
+ 651 00) [ax( 0) T ax(A + 29)] (C3)
In this limit, the free energy (9) is reduced to
TT? 1 ko
Fepn — 4 K)dk. c4
Hle = Gortky) | 2m fko =) ©

Applying the dressed function formalism to Egs. (C2) and
(A1), we arrive at

1 ko kO
— / e(k)dk = / 7O po(k)dk + ¢(0),ov()»)d)\
2 —ko —ko —

_ aT? anc(ko) 27 ps(Mo)
T e | etk &l(ho)
7 T?
— un,. Cs5
etk M ©
This yields
T2 (1 1
F:%_Z_(—+—), (C6)
6 vs vc

where v. and v, are, respectively, the holon and spinon
excitation velocities
el(k el(h
o = k) &G0 ©7)
27 pe (ko) 27 ps(Ao)

Before closing this Appendix, we reproduce the low-
temperature thermodynamics (42) for ¢ > 1 and H = 0. At
H = 0, the Fermi point Ao = co. By Fourier transformation,
the density functions p.(k) and ps(}) defined by Eq. (Al)
reduce to

1 ko
pelk) = +/ a(k — 1)ps(A)d A,
- (C8)
ko
m@%=/ 0. — K)putk)dk.
—ko
Up to leading order in 1/c, the second equation reads
ko
ps(A) ~ S(k)/ pe(k)dk = ncs(2). (€9
—ko
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Substituting this equation into the first equation in Eq. (C8)

yields
1 o 1
pl)~ 5 [ anlk = 2sGIdk = o+ K0
2w oo 2
1 In2
N o— 4 —, (C10)
27wy

where Eq. (35) has been used. The dressed energies can be
obtained by just taking the limit 7 — 0, H — 0,and Ay — o0
in Egs. (36) and (16). Explicitly,

eck) ~ k*> — u — 2 PyK (k) ~ k*> — u — 2Py In2/c,
(C11)
es(A) &= =21 Pys(A).

The pressure P is determined by solving (A6). Combining
Eq. (C10) with Eq. (A2) gives the Fermi point

PHYSICAL REVIEW B 85, 085414 (2012)

Substituting these expressions into Eq. (A6) and taking
terms of order O(1/c), one arrives at

2n3n? 61n2
Py = —Eo + pn, = =<~ (1 - ) (C14)
3 Y
where p denotes the zero-temperature chemical potential
determined by Egs. (C13) and (C12):
161In2
= nn? (1 _ o ) (C15)
3y
The excitation velocities
41n2 2730, 6In2
vc.%ZnnL.(l— 1 )ande% T (1— 1 )
Y 3y Y
(C16)

are evaluated by substituting all the results into Eq. (C7). Thus
from Eq. (C6), one finds that the low-temperature free energy

¢ 2In2 F agrees with Eq. (42) at H = 0.
ko ~ m;]z~nn¢.<1— n). (C12) grees with Eq. (42)
1+ =2 14
APPENDIX D: CORRELATION FUNCTIONS FOR H « 1
ko is derived from the condition (A5), with result
Here, we consider the leading terms of the zero-temperature
k2 =+ 2P ln2. (C13)  correlation functions listed in Sec. V. The conformal dimen-
sions are
|
N N 1 1 * 4 (H 1 1
2AF(AN. . NE.D.y) = (De+ =Dy + =AN. ) — = | — | D, ( D. + =D, £ = AN,
’ ' ’ 2 2 72 \ H, 2 2
LAm2 o1, : Loy |—8m2(HY () 1y Ly
J/ c 2 N 4 c 7_[2)/ HC s c 2 N :F 2 c

4 (H (AN AN, ) (D +1D ilAN +2N* (D1)

y \H. 2 * cr2 T2 ¢

and
N . 1 1 * 2 (H 1
2A7(AN.s,N;,Dcs) = = | ANy — =AN. £ D5 | + = |- )AN.|AN; — AN, £ D;
’ ST 2 2 72 \ H, 2
1 5 1 | 4(H 1 1
+—— | D; — | AN; — AN, +—|(—)(Dc+=Ds )| ANy — =AN, £ D;
4In(Hy/H) 2 y \ H, 2 2
4In2 ( H

(i

1
> AN, (ANS - =
2

w2y

AN, + DS> +2NE. (D2)

(i) The leading orders for the field correlator G4(x,7) come from the set of quantum numbers (D, D;) = (1/2, — 1/2) and

(1/2,1/2). The conformal dimensions corresponding to these

sets of quantum numbers are

. 9 32 3 (H\ 3 (H\ In2(H
AT = — — —l|l=)+t==)-—\|=)
16 4y 272 \ H, 2y \ H, 72y \ H,
PA- — 1 3In2 1 H n 1 H +3ln2 H
© 16 4y 272\ H.) 2y \H. 72y \H. )’ %)
. 1 2 (H\ 1(H\ 4mn2(H
2MF =S )= (o )+ 5 (=)
2 T H, y \H, Ty H.
20T =0
for (De,Dy) = (1/2, — 1/2) and
25 5In2 5 H 5 (H In2 (H
2AF =22 - (=) +=(=)-==(+).
¢ 16 4y 272 \ H, 2y \ H, m2y \ H,
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_ 1 5In2 1 H 1 H S5SIn2 (H
A= — 420 (2 () 2,
c 16 4y 272 \ H, 2y \ H, n2y \ H,

+

(D4)
=0,
_ 1 H 3 41n2
2AT = = — — — —
) 712 H. y HC
for (D.,Dy) = (1/2,1/2). Hence we obtain
A k A k 2k
Grrt) ~ : 1 cos( FTx') 2C('>S[( Fr+ .m)x] ’ (D5)
|x +ivet|%|x +ivgt|%  |x Fivet|%2|x + ivgt|%2
where the exponents are given by
0 5 31n2+1 H +2 H +21n2 H
=3 2y 72 \ H, y \ H. 72y \H.)’
0 _13+51n2 3 (H +2 H 6In2 [ H
27y 2y 72 \ H, vy \ H,. w2 H. )’
(D6)
1 2 (H 1 (H 4ln2
051 = E — S\ )\
7> \ H, v \Hc
9. — 1 2 (H n 3(H n 4ln2
272 2\ H y \ H. w2y HC '

(ii) The leading terms for the field correlator G | (x,t) come from the set of quantum numbers (D, Dy) = (0,1/2) and (1, — 1/2).
The corresponding conformal dimensions are

oat_ 9 32 3 (H 3 (H +ln2 H
¢ 16 4y 272\ H. 2y \ H. n2y \H. )’

_ 1 3In2 1 H 1 H 3In2 [ H
AT = — () - — ()22 (),
¢ 16 4y 272 \ H, 2y \ H, n2y \ H,

(D7)
2A+_l+£ E _|_l E __41112 ﬁ
S T2 w2\ H y \ H, 72y \H.)’
2AT =0
for (D¢, Ds) = (0,1/2) and
+ 25  5In2 5 H 5 (H In2 (H
2AT = —+ +—=l=)-=|l=)+=—1|+)
16 4y 272 \ H, 2y \ H, 72y \ H,
PA- — 1+51n2+ 1 H n 1 H +51n2 H
¢ 16 4y o 2n? 2y x2y \H. )’
(D8)
2AF =0,
_ 1 2 (H 3(H 4In2 (H
AT =+ ()2 (AR
2 w2\ H. Yy \H, w2y \ H,
for (D,,Dy) = (1, — 1/2). This gives
A k A 2k k
G (o) ~ : 1 cos( Fix') 20(?5[( Ft+ '”)x] ’ DY)
|x +ivet|%|x +ivgt]f x4 ivet|%2|x + ivgt|O2

where

el L(H) () m )
8 2y wr\H y \ H, 7y \H. )’
902:£+51n2+i(£)_%(£)+61n2<_)
8 2y 72 \ H. y \ H, H. )’
bl 2 (HY,1(HY 4m2(n
TR (H> Ty (H> ﬂzy (H)
1 2 (H 3(H H
~+=5l=)-——|= — (D10)
) =5 (o) = ()
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(iii) The leading terms for the charge density correlator
come from the set of quantum numbers (D, D;) = (0,0), (0,1),
(1,0), and (1, — 1). The corresponding conformal dimensions
are

20 =0, 2Af =0,
(D11)
2A;7 =0, 2A; =0,
for (D.,Dy) = (0,0) and
DAF — 1+ln2 2 (H 4In2 ( H
C T4y 72 \ H, w2y \H.)’
SA- — 1 In2 2 (H 4In2 ( H
¢ 4 y w2\ H my \H.)’
1 1 2 (H (12)
AN = ———— + = (),
i 2  4In(Hy/H) y \ H.
SA- — 1 n 1 . 2 (H
S 2 4In(Hy/H) y \H.
for (D.,Dy) = (0,1) with
41n2
2AF =1+ 225 oAt =0,
4
41n2 (D13)
2A, =1+ , 2A7 =0
for (D.,Dy) = (1,0) and
2AJr_l_'_ln2_|_2 H +4ln2 H
¢ y w2\ H, w2y \H.)’
SA- — In2 2 (H n 4In2 [ H
< y  m* \H n?y \H. )’
(D14)

2 (H
4In(Ho/H) vy \H.)

4

1

4

1
20T = >+
_ 1 1 2 (H)
Ay =+ ———— — — | —

s 2  4In(Hy/H) y \ H.
for (D, D;) = (1, — 1). The correlation function is then given
by
Ay cos(2kpyx)

|x + ivet|fer|x + ivgr|O

Aj cos(2kpyx)
|x + ivet|f2|x + ivgr|f
Az cos[2(kr) + krp)x]

Gun(x,t) ~ n* +

|x 4+ ivet|fe ’ (D15)
where
91:l+21n2_i<£)_81n2<£>
2 y 72 \ H, 72y \H.)’
9_2:l+w+i(£>+8ln2<£)
<2 y 72 \ H, 72y \H.)’
8In2
O3 =2+ , (D16)
Y
4 (H
9“=1+21n(H0/H)+?<E)’
et A ()
2In(Ho/H) vy \H,
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(iv) The longitudinal spin-spin correlator is similar to the
charge density correlator obtained above. The only difference
is that the leading term n? is replaced by (m?)?.

(v) The leading terms of the transverse spin-spin correlator
are obtained from the quantum numbers (D, Dy) = (1/2,0)
and (1/2, — 1). The corresponding conformal dimensions are

+1n2 Z(H)
y vy \H)’

2AJF=1
€4
M-=1+E+z<£)
4y y\H)’
1
2
1

(D17)
N 1 2
WNf =+ 2 (),
‘ 4In(Ho/H) v \ H,
_ 1 2 (H
AT =S
$ 2 4In(Hy/H) y \ H.
for (D, D) = (1/2,0) and
20 =0, 2Af =0,
(D18)
207 =0, 2A7 =2
for (D.,Dy) = (1/2, — 1). The correlation function is
GLxut) ~ Ay C.OS[(km + k{w)x]
|x + ivet|f|x + ivgt|f
A kpy — k
2 cos|( £ F¢)x], (D19)
|x + ivgt |02
where
_1,2m2
cl — ) Y 5
0, =1 ! LA (E (D20)
1T 2InHy/H) oy \H. )"
O = 2.

(vi) Lastly, we consider the pair correlator. The leading-
order terms are contributed from the quantum numbers
(D¢, Dg) = (1/2,0) and (1/2, — 1). The corresponding con-
formal dimensions are

9 3In2
2Af == ——=, 2Af =0,
4 14
(D21)
_ 1 3In2 B
2A; = - — , 2A7 =0
4 14

for (D.,Ds) = (1/2,0) and
) 41n2 n 4 (H 8In2 [ H
y 72 \ H, 72y \H.)’
A- — 1 4In2 4 (H +81n2 H
© Y 72 \ H, n2y \H.)’
4 (H 1 8In2 ([ H
—— =)+ + —,
72 \ H. 4In(Hy/H) 7%y \ H,

1

2
_ 1 4 (H 1 8n2 [ H
A= -+ — (2 4 - =
s 2 w2\ H, 4In(Hy/H) 7%y \ H,

(D22)

20 =

2A) =

+
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for (D.,Dg) = (1/2, — 1). The correlation function is then
given by

A] COS[(kFi + kp¢)x]
|x + iv |0
AZ COS[(/CFT — k”)x]
|x + ivet|f2|x + ivgt |0’

Gplx,t) =

(D23)

where

6In2
y 9

01 =

| D
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8In2
90222_ - ,
14

(D24)
051 =14+ ———.

V= (o )

We have obtained the charge and spin velocities in Eq.
(C16) for this regime. An extension to the finite-temperature
correlation functions is straightforward.

APPENDIX E: CORRELATION FUNCTIONS FOR H — H,

The conformal dimensions in this case are

|
N N 1 : 1 2 H 2 8 H
2A7(AN.s,N,Dcs) = | D = =AN. | +2|\D. £+ =-AN.|)|—=,/1 — =Dy F —AN;+ —_ [1 — —D.
’ ’ ' 2 2 /4 H, y Ty H,

8 H 4
and
N N 1 : 1 4 1 H
2AT(AN.s,N,Dcs) = | Dy = =AN; ) +2| Dy = =AN; —1—-——. /1—— | D,
e 2 2 y 2 H.
1 H 8 1
——|1——|Dy— —Dy+ | AN. — = AN;
b4 H, y 2
8 H 1 n
—— 1 ——D.|D; | AN, — =AN; ) | +2N. (E2)
Ty H. 2 s
(i) G4 (x.1): The conformal dimensions are for (D.,Dy) = (1/2,1/2). The correlation function is
G (x t) - A]COS(2kFT.X)
2 [ H 8 H BT i Pl + v P
+_
2AT = 1—; 1-;4‘5 I_Fy Ajcosl(kpy + 2kpy)x] (ES)
2AT7 =0 lx +ivet|%e|x +ivgr|2
c (E3)  with
DAF — 1 2 . 1 H 4 1 H
ST 4y 2n H. 7y H’ 9 _1_3 1_£+i 1_£
cl 5
b4 H. &y H.
_ 12 3 H 12 H
ST =1 A 7 ba=1+2 1oL 8
¢ ¢ 2 = HL- Ty H.
(E6)
for (D¢, D) = (1/2, — 1/2) and 1 4 1 H 16 H
Og1=z————|1——+— |1 ——,
2y =@ H. 7y H,
1 4 1 H
2 H 8 H Or = —+ — — — [1 - =
AT =14+ 21— — 4+ — 1 — —, 52 )
e =1ty V' H s V" H 2 r= He
2A7 =0, (ii) G, (x,t): The conformal dimensions are
(E4)
L 12 3 H 4 H L 1 1 H 4 H
AN = ——— [ = — — — [1 = —, N =———+— 1= — —— 1 — —,
4 y 2r H. &y H. 4 T H. rny H.
_ 1 2 1 H 4 H _ 1 1 H 4 H
Ay =4+ —+— [l —— 4+ — [1 = — 2N, =————— 1= — + — [1— —,
4 y 2m H. ny H. 4 b4 H. ny H,
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2 H 8 H
ANF=1-= 124 2 i 2
T H, Ty H,

2A; =0 (E7)
for (D.,Dy) = (0,1/2) and
+ 6 3 H 28 H
2N =————— 11— —+ — [1 = —,
4 vy =w H. 7y H,
2AT = ! + 2_1 1 " + 4 1 "
C T4y xm H. 7y H.’
(E8)
2AT =0,
_ 24 H
A, =1l————1—— 4+ — [1— —
14 c Ty H,
for (D.,Dy) = (1, — 1/2). The correlation function is
A 2k
Gtx ~ )
|x + iver|fer|x + ivgt|O
A C?S[(ka + k'”)x] ’ (E9)
|x + ivet|fe2|x + ivgt|%2
where
1 4
96‘1 =z
2 vy
5 4 4 32
Op=-————[1——+ — [1— —,
T2 y & H 'y H.
(E10)
051 =1 2 1 i + 8 1 H
st T H, 7y H.’
8 2 H 24 H
bp=1—-————|1——+ — 1 — —
Y T H. 14 H.
(>iii) G,,,: The conformal dimensions are
20 =0, 2Af =0,
(E1D)
2A7 =0, 2A7 =0

for (D.,Dy) = (0,0) and

2 H 16 H
2AF =0, 2Af=1-=[1— —4+ — [1 — —,
b4 H. ny H.
2 H 16 H
2A; =0, 2A =1—-——/1— —4+ — [1— —
H, y H,
(E12)
for (D., D) = (0,1) with
16 H
2Af =1+ — [1——, 2A} =0,
Ty ¢
(E13)
_ 16 H _
2A, =14+ — 1 ——, 2A; =0
Ty H,
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for (D, Dy) = (1,0) and

. 4 H 16
ANF=1——[1——4— [1-—
i H. 7wy H.
_ 4 H 16 H
AT =1——[1—— 4 — [1——,
i H. 7wy H.

T

(E14)
8 2 H 32 H
2Aj= - 1=+ — /1= —,
y =« H, 14 H,
8 2 H 32 H
A, =1———— - — 4+ — - —
T H, Ty H,

for (D, D;) = (1, — 1). The correlation function is then given
by

2 A] COS(ZkFi)C)

A 2k
Gu(x,t)~n°+ 2> cos( FTx)

|x + fvst| |x + ivet| |x + ivgt]|%2
A 2(k k
3 cos[2( Fy + FT)x]’ (E15)
|x + iv.t|fe
where
H 32 H
G =2 —— J1—— 4 2= 1 - 2
T H. &y H.
O =2+ 32 1 H
c2 — Y HC’
(E16)
4 H 32 H
O1=2——|1——+—[1——,
H. &y H,
16 4 H 64 H
Op=2————J1——+— 1 — —
T HL Ty Hc

(iv) G*(x,t) has the same form as G,,,(x,t) except the term
n? is replaced by (m?).
(v) G*(x,1): The conformal dimensions are

1 2 4 H
A= — =+ — 1 — —,
4 y wy H,
_ 1 2 4 H
A, = -+ —+ — |1 — —,
4 v my H,
1 2 1 1
AF =+ S 1
4 vy 2m H,
2A; = 1_z + ! (E17)
ST 4y 2m H,
for (D.,Dy) = (1/2,0) and
+ 12 2 1 12 H
2ANf=—————= /11— — 4+ — 11— —,
4 y =z H. 7y H,
_ 1 2 2 1 4 H
N, =-F——— 11— — —— |1 — —,
4 y =& H. 7y H
(E18)
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+ 12 3 1 16 H
2N = — 1 —— + — |1 — —,
4 vy 2r H. &y H.

6

3 1 3 H
- — 4+ = [1-—

= +
4y 2m H. &y H,
for (D.,Dy) = (1/2, — 1). The correlation function is

Ay cos[(kpy + kpyp)x]
[x + ivet|Pe|x + ivgt|Ps
Az cos[(kpy — kpy)x]

Gt(x,1) ~

, E19
|x + ivet|P2|x + ivgt|P2 (E19)
where
1 8 H
961 == - )
2 ny H.
1 4 H 8 H
bo=——|l——+—[1-—,
2 T Hc 7T)/ HL‘
(E20)
0 + ! 1 i
s1 — T Hcv
5 8 3 H 48 H
bp=-————[1——+— [1— —
2y w H. 7y H,
(vi) G p(x,t): The conformal dimensions are
12 H
2AT = 2.6, 12 —,
‘4 vy my H,
_ 1 2 4 H
A, = —— —— — |1 — —,
4 y my H,
(E21)
I 3 H 8 H
A = ——— [ = — — — [ = —,
) 4 'y 2n H ny f
_ 1 2 3 H 8 H
2Ny =————— [ —— 4+ — 1 - —
) 4 y 2n H. &y H,

for (D.,Dy) = (1/2,0) and

e 9 6 6w 20 [ H
cT 4 y oz H. 7y H.’
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_ 1 2 2 H 1 H
AN, =-——F+— 1l —— — — 1 = —,
4 vy 7 H. ny H,
(E22)
L 12 1 H 8 H
AN =———+— 1 ——+— 1 = —,
4 y 2n H ny H,
9 6 15 H 40 H
A == — [l —— 4+ — 1 - —
4 y 2n H  ny H,

for (D.,Dy) = (1/2, — 1). The correlation function is then
given by

Ajcos[(kry + krpp)x]

G,(x,t) =
P et Pt x F fun P
A kpy — k
2Cf)S[( Ft f”)x] , (E23)
|x + ivet|f2|x + ivgr|f
where
g 3 8. 8 | H
cl — 2 )/ 7'[)/ HC7
b= 8 4 _H 8 ] (E24)
T2y = H 7y .
1 3 H
O =>— = [1——,
sl b T HC

H 48 H
l——+ —_[1——. (E25)
H. 7wy H.

Finally, we note that the charge and spin velocities can be
derived easily from the relations

- &' (ko) b — #1(ho)
T 27p.(ko)’ P 2mpy(ho)

The leading terms in the velocities are then found to be

5 8 7
bp=>———=
2 vy @

(E26)

12 H
ve=2mn,{1— — |1 —— (E27)
Ty H.
and
H. H
vy = —. 1 — —. (E28)
ne H,
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