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Ultracold three-component atomic Fermi gases in one dimension are expected to exhibit rich physics due
to the presence of trions and different pairing states. Quantum phase transitions from the trion state into a
paired phase and a normal Fermi liquid occur at zero temperature. We derive the analytical thermodynamics
of strongly attractive three-component one-dimensional fermions with SU(3) symmetry via the thermodynamic
Bethe ansatz method in unequal Zeeman splitting fields H, and H,. We find explicitly that for low temperature
the system acts like either a two-component or a three-component Tomonaga-Luttinger liquid dependent on the
system parameters. The phase diagrams for the chemical potential and specific heat are presented for illustrative
values of the Zeeman splitting. We also demonstrate that crossover between different Tomonaga-Luttinger-
liquid phases exhibit singular behavior in specific heat and entropy as the temperature tends to zero. Beyond
Tomonaga-Luttinger-liquid physics, we obtain the equation of state which provides a precise description of

universal thermodynamics and quantum criticality in three-component, strongly attractive Fermi gases.
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I. INTRODUCTION

The ongoing experimental advances in realizing degenerate
quantum gases in low dimensions [1-6] offer a new and
compelling motivation for the further study of quantum many-
body systems via exact schemes such as the Bethe Ansatz
(BA) and low-energy effective field theory [7]. Reducing
the dimensionality in a quantum system can have striking
consequences. One-dimensional (1D) many-body systems
[7,8] possess unique many-body correlation effects which are
different from their higher dimensional counterparts. These
include the phenomena of spin-charge separation, universal
thermodynamics, and quantum criticality.

A recent scheme for mapping out physical properties
of homogeneous systems by using the inhomogeneity of
the trap [9] has been successfully applied to experimental
measurements on the thermodynamics of interacting fermions
with a wide range of tunable interactions [10,11]. Moreover,
further experimental advances with ultracold atoms allow the
exploration of three-component Fermi gases in the entire
parameter space of trions, dimers, and free atoms [12—14]. This
provides a promising opportunity to experimentally explore
universal thermodynamics and quantum critical behavior of
strongly interacting Fermi gases with high spin symmetries
in one dimension. In this context, the thermodynamics of
1D attractively interacting fermions [8] has been receiving
growing interest [15—18].

For spin-1/2 fermions with attractive interaction there are
three quantum phases at zero temperature: the fully paired
phase, which is a quasicondensate with zero polarization p,
the fully polarized (normal) phase with p =1, and the
partially polarized (1D Fulde-Ferrell-Larkin-Ovchinnikov)
phase where 0 < p < 1 at zero temperature [15,19,20]. This
theoretical prediction of the phase diagram for 1D fermions
was recently confirmed experimentally by Hulet’s group at
Rice University [6]. In addition, it was recently proved [ 18] that
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at low temperatures, the physics of the gapless phase belongs
to the universality class of a two-component Tomonaga-
Luttinger liquid (TLL). However, from a theoretical point of
view, understanding the thermodynamics of multicomponent
Fermi gases with higher spin symmetry imposes a number of
challenges [21-25].

For multicomponent interacting Fermi gases, the phase di-
agrams become more complicated in the presence of magnetic
fields due to the richer number of quantum phases. In contrast
to the two-component Fermi gas, [15,19,20] three-component
ultracold fermions give rise to quantum phase transitions from
a three-body bound state of “trions” into the BCS pairing
state and a normal Fermi liquid [26-35]. The zero-temperature
phase diagrams of the BA integrable 1D three-component
Fermi gas with SU(3) symmetry have been worked out from
the dressed energy equations [29,35]. It was found that Zeeman
splittings can drive transitions between exotic phases of trions,
bound pairs, a normal Fermi liquid, and mixtures of these
phases (see Fig. 1). It is thus very worthwhile to map out such
zero-temperature phase diagrams to the inhomogeneity of the
trap at finite temperatures.

In this paper, we investigate the finite-temperature ther-
modynamic properties of 1D three-component fermions with
unequal Zeeman splitting by means of the exact thermody-
namic Bethe ansatz (TBA) solution. We prove that at low
temperatures the system behaves like either a two-component
or a three-component TLL in certain regimes. Exact finite-
temperature phase diagrams are demonstrated for illustrative
values of the Zeeman splitting parameters. Quantum criticality
with respect to the specific heat and entropy as the temperature
tends to zero is discussed. The equation of state obtained
provides an exact description of the thermodynamics and
quantum critical behavior of three-component composite
fermions which can possibly be tested in experiments with
ultracold atoms.
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FIG. 1. (Color online) Phase transitions from states of trions into
(a) a normal Fermi liquid, (b) fully paired states, and (c) a mixture
of pairs and unpaired fermions. The transitions are induced by linear
(a) and nonlinear [(b) and (c)] Zeeman splitting. Ellipses denote
charge bound states.

This paper is set out as follows. In Sec. II, we present
the model and the exact BA solution. We also derive the
TBA equations for the thermodynamics. In Sec. III, we derive
the low-temperature thermodynamics by the Sommerfeld
expansion method. The universal multicomponent TLL phases
are identified. In Sec. IV, we present the equation of state in
terms of polylogarithm functions from which the quantum
phase diagrams can be mapped out. Concluding remarks are
given in Sec. V. The derivation of the TBA equations is
presented in detail in Appendix A. In Appendices B and C, the
iteration method is used to derive relevant results for the TBA
and the thermodynamics.

II. THE MODEL AND THE THERMODYNAMIC
BETHE ANSATZ SOLUTION

We consider a 1D system of N fermions of mass m
with spin-independent §-function potential interaction that are
constrained to a line of length L with periodic boundary condi-
tions. The fermions can occupy three possible hyperfine levels
(11), |2), and |3)) with particle number N', N2, and N3, respec-
tively. The system can be described by the Hamiltonian [36,37]
N 82
Ho=—-—> —+gn D, (i —x)+Ez (1)

2m 2
iy 0% 1<i<j<N

where we have included the Zeeman energy E; =
> Ni€l,(uly, B). The spin-independent contact interaction
g1p applies between fermions with different hyperfine states
so that the number of fermions in each spin state is conserved.
The intercomponent interaction gp is positive for repulsive
interaction and negative for attractive interaction. For simplic-
ity, we define the interaction strengths as ¢ = mgp/h’> and
the dimensionless parameter y = ¢/n, where n = N /L is the
linear density, and set/z = 2m = 1. Although these conditions
appear rather restrictive, it is possible to tune scattering lengths
between atoms in different low sublevels to form nearly
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SU@3) degeneracy Fermi via broad Feshbach
resonances [12-14].

In Eq. (1), the Zeeman energy levels €, are determined
by the magnetic moments ', and the magnetic field B. By
convention, particle numbers in each of the hyperfine states
satisfy the relation N' > N2 > N3. Thus the particle numbers
of unpaired fermions, pairs, and trions are, respectively, given
by Ny =N!—N?, N, =N?— N3, and N3 = N3 for the
attractive regime.

In order to simplify calculations in the study of population
imbalance, we rewrite the Zeeman energy as £, = —H|N;| —
H); N, + Né, where the unequally spaced Zeeman splitting in
three hyperfine levels can be characterized by two independent
parameters, H; = € — eé(ug,B) and H, = e%(/ﬁB,B) — ¢,
withé = Y7_ €k (u’, B)/3 the average Zeeman energy. Pure
Zeeman splitting (equally spaced splitting), i.e. H; = H>,
leads to a smooth phase transition from trions into the normal
Fermi liquid. On the other hand, unequally spaced Zeeman
splitting can lead to quantum phase transitions from trions to
the fully paired phase and to a mixture of pairs and single
atoms (see Fig. 1).

The Hamiltonian (1) exhibits a symmetry of U(1) x SU(3),
where U(1) and SU(3) describe the charge and spin degrees
of freedom. This model was solved long ago by means of
the nested Bethe ansatz [36,37]. The energy eigenspectrum is
given in terms of the quasimomenta {k;} of the N fermions by

gases

N
E= ij? )
j=1

which satisfy the BA equations [36,37]

M,

, ki — Ay +ic/2
elkjLzl_[—J Z+I.C/ )

i ki — Ay —ic/2
lﬂ[Ag—kj+ic/2_ ﬁAe—Aa+ic
LU A —kj—ic/2 Ap— Ay —ic
j=1 a=1

y 3)
= A — Ay —ic/2
o A
i ANg— Ay +ic/2
ﬁkm—Ag+ic/2_ ﬁkm—kﬁ+ic
ot dm = Ag—ic/2 gt dm = kg = ic’

Here j=1,...,.N,{=1,...,Mj,and m =1, ...,M, with
quantum numbers M; = N? + N3 and M, = N?3. The param-
eters { Ay, A, } are the rapidities for the internal hyperfine spin
degree of freedom.

In the thermodynamic limit, N,L — oo with n finite, the
sets of solutions {k;}, {A,}, and {A,,} of the BA equations (3)
are of certain forms, as discussed in Appendix A. For
attractive interaction the quasimomenta {k;} can form two-
body and three-body charge-bound states, which give a natural
description of composite fermions, and can also be real [29,37].
However, the rapidities {A,} and {),,} can form complex
spin strings characterizing the spin wave fluctuations at finite
temperatures.
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In the thermodynamic limit, the grand partition function
[8,38] Z = tr(e~f/T) = ¢=G/T is given in terms of the Gibbs
free energy,

G=E—-uN+Ez—-TS

=FE—uN—HN, —H,N,—TS, 4
where the chemical potential u, the Zeeman energy Eyz, and
the entropy S are given in terms of the densities of unpaired
fermions, charge-bound states, trions, and spin strings, which
are all subject to the BA equations (3). The equilibrium states
are determined by minimizing the Gibbs free energy, which
gives rise to a set of coupled nonlinear integral equations—the
TBA equations for the dressed energies ¢,(a = 1,2,3), which
are derived for this model in Appendix A, with final result

g1(k) = k> — uw — Hy + Tay xIn(1 4+ e=*/T)(k)
+ Tay x In(1 4+ e~ 5/T)(k)

—T Zan wIn (1+£,")k),

n=1
2 1 2
er(k) = 2k> — 3¢ = 2u — H,
+ Tay *In(1 4+ e~*/T)(k)
+Tap *In(1 4+ e~/ T)(k)
+ T(a; + a3) * In(1 + e~/ T)(k)

®)

=T apxIn(1+¢,")k),

n=1
e3(k) = 3k* = 2¢* =3+ Tap  In(1 + e/ T)(k)
+ T(a; + a3) * In(1 + e~/ T (k)
+ T(as + aq) * In(1 + e~/ T)(k).
Here the quantity

am( )_

m |c|
2 (mc/Z)2 + x2
and * denotes the convolution,

(a*xb)(x) = /a(x — Y)b(y)dy. (N

(6)

The spin string parameters &, := o,f‘ /o, and &, 1= r,f’ /Tn
associated with particle and hole densities of string length n
in A and A parameter spaces satisfy the string TBA equations

In&,(A) = w + ay, * In(1 + e—sl/T)(A)
+ 3 T xIn (14+8,")(A)
= S In (142,")(A),
m (8)
Ing,(A) = w +a, xIn(1+e /7))
+ ) T xIn (144,10

= S kI (148,

The functions T,,, and S,,, are as defined in Appendix A.
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In the thermodynamic limit, the pressure p is defined in
terms of the Gibbs energy (4) by p = —(dG/0L), which
includes three parts, p(l), p(z), and p(3), for the pressure of
unpaired fermions, pairs, and trions, respectively, where

aT
p@ = 7 f dk In(1 + e~*«®/T), 9)

Here we have set the Boltzmann constant kg = 1.

The TBA equations (5) are expressed in terms of the dressed
energies ¢1(k), &2(k), and e3(k) for unpaired fermions, pairs,
and trions, respectively. The dressed energies are seen to
depend not only on the chemical potential i and the external
fields H; and H, but also on the interactions among themselves
as well as the spin fluctuations characterized by the spin strings
(8). We clearly see that spin fluctuations are ferromagnetically
coupled to the dressed energies for unpaired fermions and
pairs. There is no such spin fluctuation coupled to the dressed
energy of the spin-neutral trion states. The TBA equations
play the central role in the investigation of thermodynamic
properties of exactly solvable models at finite temperature.
They also provide a convenient formalism to analyze quantum
phase transitions and magnetic effects in the presence of
external fields at zero temperature [39].

III. UNIVERSAL TOMONAGA-LUTTINGER-LIQUID
PHASES

The TBA equations (5) and (8) involve an infinite number
of coupled nonlinear integral equations, which hinders access
to the thermodynamics from both the analytical and numerical
points of view. In the strong-coupling regime, the dressed
energies &,(k) with a = 1, 2,3 marginally depend on each
other. The spin string contributions to thermal fluctuations
in the strong-coupling regime and at low temperatures, i.e.,
T < Hy and T <« H,, are negligible. In this temperature

regime, the TBA equations (5) can be sorted as
cak) ~ ak® — AW, a=1,2,3, (10)

in terms of the dressed chemical potentials

M _ _2 e 2% 6
A u+ H pe p¢
Icl 3lcl
1 4 1 16
AD =2u+ A+ Hy— —ph — —p® — 50 (11)
2 Ic lcl 9|c|
2 8 1
A® =3 42cr — = ph - 2 p@ . p0®)
el 3|c| le|

In this case we can directly calculate the pressure through (9),
with the result

P = */_/

in terms of chemical potential u, temperature T, and external
fields H, and H,. Using Sommerfeld expansion, we obtain the
pressure p@ at low temperatures,

2 a 3 7'[2 T 2
@ = [=AD2 [T+ ——] |- 13
p 3 2A) [ +3 (A(a)>} (13)

The fields H; and H, may drive the system into a number
of different phases. In order to extract the nature of the

_ NEadea
1 + elea—A@)/ T (12)

053633-3



HE, YIN, GUAN, BATCHELOR, AND WANG

TLL physics from the low-temperature thermodynamics, we
first consider the phase in which trions, pairs, and unpaired
fermions coexist. In this coexisting phase, we can apply
Sommerfeld expansion under the condition that the effective
chemical potentials for trions, pairs, and unpaired fermions are
greater than the temperature scale. Iteration with the defining
relations

ap ap ap
= T ny = ) ny; =
8//L 3H1 aHz

leads to explicit forms for the pressure:

p<1>~2”?”21 12ny 6ny 7t ( T 2
| | 4 n%nz

n

(14)

2
2n3m? 2n 16n 3n T’ T
e e I SRy
9 lc]| 3]c| lc| 4 %37.[2

2711 161’12 nj
x[1-2—=—-— =11, (17)
Blel el el

The detailed derivation is given in Appendix B. For a fixed
total number of particles (i.e., n = n| + 2ny + 3n3), the free
energy can be written as

F=pn—p=p"n+2u@n; +3uVn;
2
Cc
—Hln] —Hznz— Enz—Zczng - P, (18)

where effective chemical potentials 1“)s are given by

p =+ Hy, (19)
p? =p+ 3+ 1 Hy, (20)
n® =+ 3 Q1)

In order to see universal TLL physics, we calculate the
leading low-temperature corrections to the free energy F.
Substituting ©@ and p@ into (18), after some lengthy
calculation, we obtain the leading temperature correction to
the free energy,

xT? [ 1 1 1
FraEyp— " (—+—+—), (22)
6 vy vy U3

where the ground-state energy is given by

Ey=—Hn, — Hyn, — %cznz —2¢2n;, 23)
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and the velocities are

8 4
n~r2nmnon|l+—ny+—nsz|,
el |c|

4 2 16
ndnpr (1+—n + —na+—n3), (24)
Ic| |cl 3c|

4 2 2
vy~onmw |14+ —n +—n,+—ns|.
c c c

The particle numbers 1, 15, and n3 of different bound states
can be obtained approximately by collecting terms up to order
1/|c| in the expressions for the effective chemical potentials
1@ in (19)—(21) at zero temperature,

2 nd 4 nd 8 4
u® = nlx? <1 + mn—% 7 n—? + o + Hm) ,
(25)
n2 16 n3 64 n’ 4
w0 S (4 S S
8 16
%nz + mm) , (26)
FORCSYIEY Y N
9 leln ~ 3leln3 3l
32 8
+ %nz + mm) . 27

with the final result

N¢MDG 8 (u®): 2 ()

nty ~ f— J—
T 3lc] u®  wle| p®

w— S e i,/,,p)), (28)

7|c| 7|c|

2 @i 8 @)
3rlel u®  3xlel p®

_ 2 SV@®—JiJmﬂ,<”>

|| 37|c| 7lc|

ny ~

2/ u® (1

T

n

WO (2 @wM: 32 u?):
T x C9xlel w®  277le| w®

_ 2 m . 32 /M(z) _ %m) . (30
C

37| 97c|

This result shows that strongly attractive three-component
fermions behave like a three-component TLL for the coex-
isting phase of trions, pairs, and unpaired fermions at low
temperatures. Similarly, we can extract the finite-temperature
corrections to the free energy in other quantum phases. For
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example, in the coexisting phase of trions and pairs, we have
the same universal form

xT? (1 1
Fx~Ey——(—+—), 31)
6 (%) U3

where the velocities v, and v3 have the same expressions as
given in (24) with n; = 0. In these equations, the free energy
and the thermodynamics are given in terms of the chemical
potential and the effective Zeeman fields H; and H,. The
chemical potential is convenient for practical purposes in
experiments with cold atoms, where the chemical potential
is replaced by the harmonic potential y = p19 — 2ma*x*. The
relation between p and total particle number n can be obtained
from (14).

Although there is no quantum phase transition in 1D
many-body systems at finite temperatures due to thermal
fluctuations, we shall show that the TLL phases persist for
nonzero temperatures, as noted in another context [40].

IV. THERMODYNAMICS AT LOW TEMPERATURES

For strong attraction (|| > 1) three-atom and two-atom
charge-bound states can be stable under certain Zeeman fields.
The corresponding binding energies of the trions and pairs are
givenby &, = h’2c?/mand &, = h’c?/4m, respectively. Athigh
temperatures 7 ~ &;,&p, thermal fluctuations can break the
charge-bound states while spin fluctuations cannot be ignored.

However, such spin fluctuations coupled to the channels
of unpaired fermions and the spin-1 charge-bound pairs are
suppressed by large fields H; and H, at low temperatures. In
this regime, the spin string contributions to thermal fluctuations
can be asymptotically calculated from the TBA equations (5)
and (8) (see Appendix C).

We have

2 2
1) ¥ k2 — p = Hy + —p@ + = p®
el 3|c|
—QH—Hy))/T —J\/T Ji
—Te e | =),
T
»_ ¢ 4 v, oo
k) X 2K — S — 2 — Hy+ —pV 4 —p
2 el Ic]
16 J>

4+ 3) _ Te—(2H2—H1)/Te—Jz/TI =),
oel” ‘\r

ip‘”,

2 8
e3(k) ~ 3k* —3pu — 27 + —pV + —p® + "
(32)

|| 3c]

where J; = 2p;/|c| and J, = p»/|c| effective spin-spin inter-
actions and

1 [ X
I(z) = — / %% cos(nh) do. (33)
T Jo

We also see clearly that there is no such effective spin-spin
interaction for the spin-neutral trion bound state.

Using the formula (12), we can write the pressure p® in
terms of the polylogarithm function, i.e.,

@ = _ [ L T2y (= AT 34
p s sp(—e ), (34)
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fora = 1, 2, 3, where the polylogarithm function is defined as

k*dk

1 o0
Lijpo(—e") = — . 35
14s(—e€") I‘(s+1)/0 T (35)
To leading order, the functions A are
2

2
AV =y p H — Zp@ 250
el 3el

+T e*(2H1*Hz)/Te*11/T]0 (%) ,

c? 4
A(2) =2u+—+H, — _p(l) _ _p(2) _ _p(3) (36)
2 lcl |c| 9lcl

+T e*(2H2*H1)/Te*12/T]O (%) ,

A® =3 +22 - ipm _ ip@) _ ipe).
|| 3lcl ||
We emphasize that the pressure given by (34) provides the
exact equation of state through iteration with (36). The
thermodynamics and critical behavior can thus be worked out
in a straightforward manner in terms of a special polylogarithm
function.

A. Phase diagram in the p-H plane

We first consider quantum phases in the - H plane at low
temperatures. Although there is no quantum phase transition in
1D many-body systems at finite temperatures, the TLL leads to
a crossover from relativistic dispersion to nonrelativistic dis-
persion between different regimes, which may persist at some
nonzero temperatures [18,40]. The zero-temperature phase
diagrams for fixed total number of particles have been explored
earlier [29,35]. The phase diagrams in the pu-H plane from
which quantum criticality and the finite-temperature phase
diagrams can be mapped out are investigated here. At zero
temperature, the ;- H phase diagrams can be worked out either
from the dressed energy equations obtained from the TBA
equations (5) in the limit 7 — 0 or by converting the critical
fields in the H-n plane, which were found in [29], into the u-H
plane or directly using the equation of state (34) with 7 — 0.

We first work out the phase diagram for equally spaced split-
ting (H; = H,) at T = 0 through analyzing the band filling in
the dressed energy equations [29]. Here we find that the critical
field for the phase transition from the vacuum into the fully
trionic phase is p, > —%cz. The critical field for the phase
transition from the fully trionic phase into the mixture of trions
and unpaired fermions is determined by the set of equations

ST /Q3 2lel . oyan
— —_— — —8 ,
He =z 1= 5 0, A2 3

1 2 2|c|
e3(0) =302 =262 — 3 — — [—
3 Foon o la+ o=y
4|c| , ,
Ll N PV
42+ O — )J)J #0)
2 1 (ST 2
) L
Qs" = 3¢ T o J_o, |:c2+kz
Hel oy an (37)
4242 |7 ’
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FIG. 2. (Color online) The pu-H phase di-
agrams at the temperature 7 = 0.001l¢, for
(a) pure Zeeman splitting and unequally spaced
Zeeman splitting (b), (c), and (d). V denotes the

vacuum phase, A denotes the unpaired fermion
phase, B denotes the paired phase, and C

denotes the trion phase. The phase boundaries
are determined by the equation of state (34)
and are consistent with the phase diagrams
determined via the dressed energy equations (see
the description in the text).

-1.30 . -1.30
\
]
\
+
32t C A+C | -1.32f
el —‘/
W \
= ' 134 '
-1.341 ' 1 -1.34¢ "
\% A \Y A+B
(a) | (b)
H2=H1 “
-1.36 : . : -1.36
el 1.3 1.4 1.5 1.
. C:‘\B+'C\A+B+' : -1.30
-1.35} B 1
<. A+B -1.32}
NN
& 1401 N
= V N\
N -1.341
-1.45} (c) NS ;
H,=1.3H, YA
-1.50 . . M 436 . A .
1.2 1.3 1.4 1.5 0.7 0.8 0.9
H /e, H. /e

It seems to be very difficult to get a general expression
for p. from the condition (37), except in the strong- and
weak-coupling regimes. Nevertheless, we can extract the phase
boundary by numerical calculation for arbitrary strong interac-
tion. The critical field for the phase transition from the vacuum
into the fully polarized phase is given by p. > —H;. The
critical field for the phase transition from the fully polarized
phase into the mixed phase of trions and unpaired fermions is

2, 2
g > —22 4 Ad [Qll arctan 2 — Ql] . (38)
3 3 lc] Ic|
with the Fermi point Q; = /u + H;. This phase diagram is
shown in Fig. 2(a).

The phase boundaries for nonlinear Zeeman splitting are
obtained in a similar fashion. Indeed we find that all zero-
temperature phase diagrams are consistent with the - H phase

0.010

0.008

0.006

Tle,

0.004

0.002

0.0

cl Hc2

1.0

diagrams which are directly plotted from the equation of
state (34) with the temperature 7 = 0.001¢;, (see Fig. 2). For
simplicity, we used A, B, and C to, respectively, denote the
phases of unpaired fermions, pairs, and trions. The phases
A+ B,B+C,A+ C,and A + B + C stand for a mixture of
corresponding phases.

The quantum phase segments in a harmonic trapping
potential can clearly be discerned from the phase diagrams
in Fig. 2. The phase diagram in Fig. 2(a) is for pure Zeeman
splitting (H, = H,). The multicritical point in the phase
diagram in Fig. 2(a) is located at (4%, — 4%) at T = 0. It may
persist for some nonzero temperatures due to the existence of
TLL phases. In a harmonic trapping potential, the mixture of
trions and unpaired atoms is at the center of the trap, whereas
the unpaired fermions are at the outer wings when the external
field H > 4¢,/3. However, for H < 4¢;,/3 almost the whole

-0.02500
0.001563
0.02813
0.05469

0.08125

FIG. 3. (Color online) The specific heat c,
in the T-H; plane for pure Zeeman splitting
with H; = H, and total density n fixed. An
asymmetric two-component TLL remains within
a regime below the line of squares in the region
H., < H < H.,. The TLL of spin-neutral trion
states and the TLL of unpaired fermionic atoms
lie below the left and right lines of triangles,
respectively.

0.1078

0.1344

0.1609

0.1875

0.2141

0.2406

0.2672

0.2937

0.3203

0.3469

0.3734

0.4000
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0
0.03125
0.06250

0.09375

0.1250
0.1563

0.1875
0.006

0.2188

0.2500

Tle,

0.2813
0.004
0.3125
0.3438

0.3750

FIG. 4. (Color online) The specific heat c,
in the T-H, plane for H, =2H, with total
density n fixed. An asymmetric two-component
TLL remains within a regime below the line
of squares in the region H,, < H < H.». The
TLL of spin-neutral trions and the TLL of the
composite pairs lie below the left and right lines
of triangles, respectively.

0.002

0.0
1.6 1.65 M Hoq7 1.75

cloud is the trion phase due to a large binding energy of trions.
The mixture of trions and unpaired fermions might lie in a
very narrow strip in the trapping center.

Quantum phase diagrams for unequally spaced splittings
are very intriguing. In the phase diagram shown in Fig. 2(d)
the Zeeman splitting parameters are H, = 2H,. Inthis case, the
pair phase is energetically favored. From the dressed energy
e%lations we can find that the phase boundaries intersect at

Ep

T, — 4%) at 7 = 0. In a harmonic trapping potential, when

the external field H > 1%, the center of trap is a mixture
of trions and pairs whereas the outer wings are occupied by
pairs. However, for H < l%, the mixture of trions and paired
fermions lie in a narrow strip in the trapping center. The trions
occupy the outer wings.

More subtle quantum phases can be tuned through non-

linear Zeeman splitting [see Figs. 2(b) and 2(c), where the

0.010

0.008

0.006

0.4063
0.4375
0.4688

0.5000

phase diagrams for the chemical potential are shown for the
illustrative field values H, = 1.24H; and H, = 1.3H,]. The
mixture of trions, pairs, and unpaired fermions can occur in
a certain setting of Zeeman splitting among the three lowest
energy levels. The intersection points in the phase diagrams
can be easily determined through the equation of state (34) with
such settings, but it seems to be more difficult to analytically
determine the phase boundaries. These subtle quantum phases
can be mapped out through the new scheme proposed in [9]
from experimental data in trapped 1D Fermi gases. In order to
understand the nature of such quantum phases, we turn to the
examination of the specific heat in the T-H plane.

B. Specific heat and entropy

The thermodynamics of the system (1) can be analyt-
ically calculated through the equation of state (34). All

0

0.03750

0.07500

0.1125

0.1500 FIG. 5. (Color online) The specific heat c,
0.1875 in the T-H; plane for H, = 1.2H; with total
0.2250 density n fixed. An asymmetric three-component

0.2625

Tle,

0.3000
0.3375
0.004
0.3750
04125
0.4500
0.002
0.4875
0.5250
0.5625

0.0

0.6000
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TLL remains within a regime below the line
of squares in the region H. < H < H,. An
asymmetric two-component TLL remains within
a regime below the line of pink squares in the
region H, < H < H;. A TLL of spin-neutral
trion states and a TLL of unpaired fermionic
atoms lie below the left and right lines of
triangles, respectively.
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FIG. 6. (Color online) Entropy per unit length
vs chemical potential with 7/g, = 0.005 and
H, = 1.3H, for different H,/¢,. The entropy
exhibits peaks in the phases of higher density
of states when the chemical potential passes the
critical points.
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thermodynamic properties then follow analytically through the
general thermodynamic relations. According to the formula
for the specific heat ¢, = (3°p/dT?),, the phase diagrams as
revealed by c¢, in the T-H plane can be easily explored for
fixed total density. Here the specific heat ¢, is a function of 7',
W, Hy, and H,. Thus the full ¢, phase diagram would be four
dimensional. In order to observe the signatures of the TLL, we
take two-dimensional contour plots for the ¢, phase diagrams
for some illustrative values of Zeeman splitting associated with
Fig. 2.

For pure Zeeman splitting, the gapless phase is described
by a two-component TLL phase under a crossover temperature
(lines of squares in Fig. 3) which indicates a deviation from
the linear temperature-dependent specific heat

~I0 (L] (39)
@3y v ow )

The trions and unpaired fermions can form an asymmetric
two-component TLL of composite fermions and single atoms
for temperatures below the lines of squares. However, the trion
phase C and unpaired fermions phase A form two different
single-component TLLs, which lie below the left and right
lines of triangles, respectively. In the single-component TLL
phase the other states are exponentially small and thus the
system is strongly correlated.

For unequally spaced Zeeman splitting (H, = 2H) the
zero-temperature phase diagram in Fig. 2(d) may persist for
finite 7 as long as the excitations are close to the Fermi points
of each Fermi sea.

From the low-temperature phase diagram of Fig. 4 we see
clearly that a two-component TLL of trions and pairs remains
in the regime B + C. The gapless phase is described by a
two-component TLL phase under a crossover temperature de-
lineated by a deviation from the linear temperature-dependent

specific heat
Ty (40)
R —|—+—).
v 3h (%) U3

In this case a TLL of hard-core bosons of composite fermions
lies below the right line of triangles.

For unequally spaced Zeeman splitting (H, = 1.2H;) the
three-component TLL (A 4+ B + C) and two-component TLL
(A + B) phases may persist within certain regimes in the 7- H
plane (see the lines of squares in Fig. 5).

Beyond the universal crossover temperatures one of the
excitations among the states of trions, pairs, and unpaired
fermions exhibits nonrelativistic dispersion.

In the three-component TLL phase, i.e., where trions, pairs,
and unpaired fermions coexist, the specific heat is given by the

linear relation
~ T ! + ! + ! 41
I v vy v/

We see clearly that the equation of state (34) provides a precise
description of the thermodynamics and critical behavior of
composite fermions.

In Fig. 6, we demonstrate that the entropy exhibits a peak
as the driving parameter chemical potential varies across a
phase boundary in the - H plane [see Fig. 2(c)]. The entropy
curves are shown in Fig. 6 for the indicative values H| =
1.2¢p, 1.32¢;,, and H; = 1.38¢,,. In this example, the chemical
potential thus varies across the different phase boundaries in
Fig. 2(c) at which the quantum phase transitions occur. The
entropy peaks in Fig. 6 are located in the phases with higher
density of states.

V. CONCLUSION

In conclusion, we have studied the thermodynamics of 1D
strongly attractive three-component fermions in the presence
of nonlinear Zeeman fields via the thermodynamic Bethe
ansatz solution. The pressure and free energy have been
analytically calculated in terms of the chemical potential 1,
temperature 7, and Zeeman fields H, and H, for a parameter
regime T K ¢&p, &, Hy, Hy and y > 1. Here ¢, and ¢, are the
binding energies for a bound pair and a trion, respectively. This

053633-8
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-1.40 -1.38 -1.36 -1.34 -1.32 -1.30 -1.28
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physical regime covers the presently accessible experimental
parameter regime [6]. The universal thermodynamics of the
asymmetric two-component and three-component TLLs has
been identified at low temperatures. Beyond a certain crossover
temperature, at least one of the underlying dispersion relations
for the composite particles is no longer linear and exhibits rich
thermal excitations.

We have derived the equation of state (34) from which
quantum criticality and quantum phase transitions can be
mapped out. The equation of state provides the necessary
information to describe the quantum regime near quantum
critical points. The scaling functions and critical exponents
can be obtained from the equation of state following the
approach for the two-component model [41]. With regard to
the harmonic trapping of three-component fermions, quantum
criticality can be mapped out through the specific heat phase
diagram in the T-u plane. For example, for equally spaced
Zeeman splitting with H; = 1.36¢,, the critical behavior of the
system can be conceived from the specific heat phase diagram
in the T-u plane (see Fig. 7). Our results thus open the way for
further study of quantum criticality in 1D many-body systems
via their exact Bethe ansatz solution, in this case for systems
of three-component ultracold fermionic atoms.
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FIG. 7. (Color online) Specific heat phase
diagram in the T-u plane for equally spaced
Zeeman splitting with H; = 1.36¢;,. The figure
shows how the phase diagram extends out from
the zero-temperature phase diagram.

0.1833
0.2167
0.2500
0.2833
0.3167
0.3500
0.3833
0.4167
0.4500
0.4833
0.5167

0.5500

APPENDIX A: DERIVATION OF THE TBA EQUATIONS

For the 1D three-component fermion system we consider,
there are three kinds of states in the system, i.e., unpaired
fermions, pairs, and trions. In the thermodynamic limit and
at zero temperature, there are three kinds of quasimomenta
solutions to the BA equations (3). These are real {k;}, with
i =1,...,N; for the unpaired fermions, complex roots {k; =
A, £ %i|c|}, with £ = 1,...,N, for bound pairs, and three-
body bound states {k,, = A,, L i|c|, A}, withm =1,...,N3
for trions.

For finite temperatures, there are also spin strings for spin
rapidities A and X, which are characterized by the string-
hypothesis

AP = A= L+ 1-2p)i, (A1)

WP = — T+ 1-2B)i, (A2)
where n is the length of the string, j labels the number of strings
of length n, and A’} and A’} are the real parts of each A and A
string. At finite temperatures, there are N| real quasimomenta
k;, Ny real A;, and Nj real A ;. The number of A™ strings is

M,,, and the number of the A" strings is M>,. These quantum
numbers satisfy the conditions

oo
My = Ny +2Nj+ ) nM,,,

n=1

(A3)

)
M2 = Né + ZnMgn.

n=I

(A4)

Substituting these three sets of solutions into the BA
equations (3) gives

. . My, .
. ki— A +ilel/2 1 ki —a +ilel v = kj — A" +in|c|/2
ikiL __ J J J ]
e _l—[ l_[kj—)»l—i|c|1_[l—[

ki — A —ilcl/2

=1 =1

rE— (A5)
il kj — A} —in|c|/2

053633-9
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for unpaired fermions and

on s A Arilel (KD = Ay ilel/2 KD = A ilel/2\ B A < h 4+ 3ilel/2 Ay — A+ ilel/2
e” Nt = - - - ; ;
ey N m A= ilel Nk — A —ilel /2K — Aj —ilel/2) 1 Aj = h = 3ilel/2 Aj =k —ilel/2
oo My, n n,B .
A — A7 +ic|
<[TITT]+—%— (A6)
n,p .
nel =1 gt Nj = AT —ic]

for paired fermions. Notice that Eq. (A6) has explicit singularities from the terms in the large parentheses. To overcome this, we
write the second term of (3) as

N A~k ilel/2 ("5‘1) — Aj—ilel/2kP — A, — i|C|/2>

iy N9 R /2 XK = A el 2K = A+ lel2

oo My, n My, n I’I,Ol _ l|C|/2

A +z|c| A
_HHH——HHH - ’,’n’,‘"+i|c|/2’ (A7)

n=1m=1 =1 l|C|n I m'=1a=l1

which shows the spin flipping of A" strings. Substituting (A7) back to (A6) gives the revised form

N/ . N, . N; . . My, n .
eziA,-LZl_l[Aj_kl'H'CVZl_z[Aj_Al+’|c|l_]Aj_)‘1+3’|C|/2Aj_)‘l+’|c|/2ﬁl_2[Aj_)‘l+’”|C|/2 (A8)
i A;—k —ilc|/2 e Aj— Ap—i]c]| e Aj— 2 —=3ilcl/2 A — X —ilc|/2 it A; — )N —in|c|/2

for pairs without singularities. Similarly, the equation for trions is
N; . . N; . .
eSMIL:l—[k —k1+z|c|l—zlkj—Az+l|c|/2Aj—A1+3z|c|/2 2 )Lj—)\l+z|c|)»j—kl+21|c|‘ (A9)
e Aj—k —1lc| i Aj— N —ilcl/2h; — Ay —3ilc]/2 sy — A —ilc| Aj — A —2i]c|
The BA equations for the spin parts are
lli‘/[A;"—kz—im|c|/2 ﬁMl_‘[ﬁ A"+(m+n+2 2B)ilcl/2 AT = A + (m +n —2B)ilc|/2
i A — ki +imlcl/2 pt 11 B —(m+n+2=2p)ilcl/2 A} — A} —(m+n —2B)i|c|/2
00 My, n m n
A" A+(m+n+1—2 )ilc|/2
T Bilel/ AL0)
pel =1 1 AT M —(m+n+1-=2B)ilc|/2’
ﬁk;” A1+zm|c|/2 ﬁMz" ! AP =M+ m+n+2=2B)ilcl/2 M} — A + (m +n —2B)ilc|/2
i )\T —imlc|/2 nel =1 Bl AP =M —(m+n+2=2B)ilcl/2 M} = Al —(m+n—2B)ilc|/2
oo My, n n
— A+ m+n+1-2B)ilc|/2
e Pilel/ AL
M — Al —(m+n+1-=2Bilc|/2

Defining the function 6(x) = 2 arctan x and taking the logarithm on both sides of this equations gives

N

N, o M
2 k A In

ki 2l ZQ( ]|C’| l> 29( 2|c’| > ZZ ( n|c’| )’ (A12)
=1 =1

n=1 [=1

N] k Nz/ Né A )\‘ 0o My, )\'n
1 i — Al
QAL =27 J; 6 o (= 6 :
DY ( >+Z ( 21 >+I_Z,[ ( 31 )+ ( )]+le21: ( e’ )
(A13)
N} WA
—k - A=A Aj— A : A=A j— N
3L =27K; +Ze< e >+;[9( v A G +1:1 o\ 3er )0 (oo )| A9
Nl n oo M, An oo M, Am _)\‘n
Ze( m|c|l> 1<">+Zz®mn( - )—Z Eo (—’M ’), (ALS)
=1 n=1 [=1 n=1 [=1

053633-10
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N

)\m oo My, )\m n 00 Mln An

=1 n=1 I=1 n=1 I=1

Here ¢’ = ¢/2 with I}, J;, K, I ;"), and J; ™ integers or half-odd-integers depending on the quantum numbers.

The functions @mn and B are deﬁned by
9m+n + 29m+n—2 + - 29|m—n|+2 + elm—n\a for m ?é n,
" 20, 4204 4 - + 20000 + 03, form =n,

-
= —
~mn —

em-‘rn—l + 9m+n—3 + - 9|m—n\+3 + G\m—nl-‘rlv for m 75 n,
01 +63+ - -+ 03401, form=n.

Finally, we define the functions In the thermodynamic limit, we then define
N; N dh'(k) ]
Wl = k1.~ 30 (" | |Al> 30 ("2| Tl) 2 =2 [p® + ol k)], (A22)
¢’ c
=1
dj'(N)
oo M, — h
k— A" =27 p2(A) + p3(A)], (A23)
—ZZG( |,|’), (A17) an =)o)
nlc
n=1 I=1 ,
dk'(})
— =2+ 5], (A24)
A—k Y2 <A — A;)
A) =2AL — 0 dj, (A"
A Z ( ) Z 2|c'| din(AT) 21 [0u(A") + o (A™)], (A25)
=1 dA" "
A — kz) ( )] dk, (A"
2 =27[r, W) + (W], A26
-l (5 O i o0l a0
00 Mo where p; and pl.h for i = 1,2,3 are particle and hole densities
ZZ < e ) (A18)  in k space, and o,, o) and 7,, T/ are particle densities
=1 I=1 and hole densities for strings with length n in A space
and A space.
A—k A— A Thus we have the integral equations
kK'(A) = 3L — - -
2|c'| |c']

1 h
TS =l @k p b ot ) axon,  (A2))

wo(* w’)] Z[ (ZCT’) 1 |

P ;=,02+,0§'+a1*,01+az*p2+(al+a3)*,03
( Z)} (A19)

4|c'| + ) an* T, (A28)

n

and

3
—— = p3+ Pl +ayxpi+ (a1 +a3) % pr+ (a2 + as) ¥ p3

" N A — kn o M, An 2T
=30 () =23 e (S5 (A29
n=1 I=1
for the particle and hole densities and

oo My,

—

+ Em | ———)> (A20)

;; m"( ) ay % pr =04+ 00 + Y T %0 — Y Spn T,
m m

(A30)

kw_Ze( mie' ) ¥3e. (Am_m>

n=1 [=1

h
an*p2=fn+7:n +27-;nn*tm_ ZSI1ln*GM'

oo My, n m m
+ 3 G (;/A> : (A21) (A31)

n=1 [=1

053633-11
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where the functions 7,,,, and S,,,, are defined as

T = {a'n+n +2am4n—2+--- 2a|m*”‘+2 + apm—n),
m 2ap +2a4 + - - + 2a2,—2 + agy,

and

S _ {am+i1—1 + Am+4n—3 + - Alm—n|+3 + Am—n|+1,
mn —
ar+az+ -+ a3+ am-1,

The energy per unit length can now be written as

2
E/L = /kz,ol(k) dk +f <2k2 - %) pa(k) dk

+ / (3k? = 2¢*) ps (k) dk. (A32)

The total particle number and magnetic numbers are

N/L = /[Pl(k) +2p2(k) + 3p3(k)]dk,  (A33)

M/L =/,o2(k)dk—|—2/,03(k)dk+ Zn/an(A")dA”,
' (A34)
My/L = /p3(k)dk+zn/rn(,\")d,\". (A35)
The entropy per unit length is
S/L = / [(o1 + o7) In (o1 + o) — p11np1 — pf ln,ol]hdk
+/ [(02+ %) In (02 + %) — p21n py — Pl In p3]"dlk
+/ [(03+ 0%) In (03 + pl) — p31n p3 — P In ps ] dk
Y f (2 +0/) In (0 +0') — 0 In pr,
—o/'Ino,]"dk + Zf [(04 + 0") In (0, + o)

—o, Inpio, — a,f’ In o,,]hdk, (A36)

where Inn! ~ nInn has been used.
The Gibbs energy (4) per unit length is

2
G/L = /k%l dk—i—f <2k2 - %) 0p dk

+ f (Bk* —2cH)psdk — p f (p1 + 202 + 3p3) dk

—H1f<p1—22non+2nrn> dk—H2
x /<p2+2nan—22nrn> dk —TS. (A37)

PHYSICAL REVIEW A 82, 053633 (2010)

for m # n,

for m = n,

for m # n,

for m = n.

[
Finally, the TBA equations follow by taking the variation of
equation (A37) and setting it equal to zero (i.e., §G/L = 0).
In this way
Innp =& —pu—H)/T +a *In(1+n;")
oo
+ayxIn(l+n;") = > apxIn(1+8"), (A38)
n=1
L -1
Inn, = [ 2A —Ec —2u—Hy T—I—apkln(l—l-n1 )

FayIn(1+n") + (@ +a3)«In (147377

oo
=Y ayxIn(1+¢,"), (A39)
n=1
2_n2
Inn; = w +ayxIn(1+n")
+(a1+a3)*ln(l+n2_1)+ (a2+a4)*ln(l+173_1)
(A40)
and

In§, =n(2H, — Hg)/T + a, *ln(l +efs|/T)
+ZTm"*ln(1+f§,ﬁl)— ZSmn*ln(lq-;n;l),

(A41)

ng, =nQ2H, — H)/T +a, xIn (1 +e7/7)
+ ZTmn * In (l + é";l) _ ZSmn *1n (1 +Er;l),
m m
(A42)

in which we define n;, = ,ol.h/p,- i=1,23),& = arf’/a,,, and
L = t,f‘ /t,. The TBA equations (A38)—(A42) can be written
in the form (5) with e; = T'Inn, (a = 1,2,3).

APPENDIX B: DETAILS OF THE SOMMERFELD
EXPANSION

In this Appendix, we show that accurate expressions for
© and p can be obtained by iteration after Sommerfeld
expansion. We first use Eq. (11) to rewrite the pressure (13) in

053633-12
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2 72 (T \*
M Z(uOy2 4+ 2 [ =—
p 3n(u ) [ +3 (A(l)>]

e 253 \?
x(1—=2__ 2P ) (B1)
el® " 3jelu®

2 2
p<2>%2ﬁ(zu<2>)3/2 A
37 g \A®

25D @ 8§p® \*?
x(]—p—p p),(BZ)

the form

clu®  2lelu® " 9fe|u®
2
p(3>%2“/§(3ﬂ<3>)3/2 L
37 8 \A®
2 M e 3 \3?
x (12 _°P P . (B3)
3elu®  9lelu®  3elu®

We can extract explicit analytic results appropriate for
the strong-coupling regime |c| > 1 from these equations by
iteration and neglecting higher order terms. Making use of
Egs. (14) and n = n| + 2n, + 3n3, we obtain expressions for
n, ni, ny, and nj. After a lengthy calculation, we then obtain
u®, 1® and u® in terms of ny, n,, and n3, namely,

16 (L@ 2/ 7 \2
PIOPNpEE) S () Ay
Blelm pu® 8 \A®@

4 (u®y2 22/ T \2
+_(u ) L
el pu® 8 \AG®

ﬂf/?[ ()]
|c| Z(S[_% AL ”
(s

71
E Yo (B4)
4 (1)43/2 2 T 2
(u') (T
Blelm u® 8 \ AD
16 (/’L(3))3/2 7'[2 T 2
lclmr u® + 8 (F)
4 /u® 20T\
LAV e (T
lc|] = 24 \ AD
16\/;? 7T\
|c| T 24\ A®

2 T 2
<1+ (ﬂ) ’ (BS)

2
@ M2
o 2 {+

16 1w,

3|c|

—_
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4 (1))3/2 2 T 2
ool Y L
Olclr u® 8 \AD
64 (u®)? 72 (T Y 8
+ _& 1+ — | — + — H(3
27|clm u® 8 \A® le|lm
72 (T \? 64 /@
1—— | — + —
24 \ AD Oc|] =
7 T\’ 72 T\’

Substituting (B4)—(B6) and (13) into (11) and keeping terms
to order 1/|c| gives the explicit form for A@:

n2
u® ~ 33712 1+

4 /u®

3lc] &®

M 8 4
AV~ 1+ Hl’lz + ﬂl’l3 B7)
C

4 2 16
—n; + —ny + —nj (B3)
lcl lcl 3|

n3 21y b, 32,
37 31l T 9]

2
A® ~ ny + Hm) . (B9)

The explicit form for u@ without A terms can also be
obtained as

2
(1)~nn—2 T[_Z _T 2+i£ 1_|_7T_2 _T
H 6 \n2n2) " 3cln? s \2 5
L 2

2
Y T | PO
R I (1
31l T ol 12\

(B12)
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Substituting all of these equations back into (B1)—(B3) and ne-
glecting higher order terms gives the pressure p given in (17).

APPENDIX C: DRESSED ENERGY EQUATIONS AT LOW
TEMPERATURE

For the strongly attractive regime, the TBA equations (5)
can be expanded as

2 2
ei(k) ~ k> — p— Hy + —p? + —p®

el 3c|
—TZ/a * In(1 + &~ Hdk', (C1)
- n c £
2 4 1 16
ex(k) ~ 2> — 2 — S — Hy 4+ —p o —p@ 4 2 p0O
2 | Ic] 9lc|
TZ/ 2k In(1 4+ ¢~ Ydk' (C2)
- an | — — n ,
n ¢
~ 32 _ _np2 3(1) i(Z) i(3)
e3(k) = 3k> = 3u — 22+ —pV 4+ —p@ 4 —p©®,
el 3|c] el
(C3)
with
n(2H1 - Hz) 27‘[.]1
In&,(A) = (A
n§,(A) T + T an(N)
+) TuwxIn(148,")
m
= SunxIn(14,"), (C4)
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Vl(ZHz — H]) 27'[.]2
In &n(A) = T + T

+ ZTm,, wIn(1+¢,")

an(A)

= SunxIn(148,"). (C5)

Here J; = 2p;/|c|, J» = p2/|c|, and the function a,(k) has
the new form

1 2n

an(k) = Ekz +I’l2.

(Co)

Compared with Eq. (10), the last terms of (C1) and (C2)
are string terms for spin waves of unpaired fermions and pairs,
respectively. From In & and In ¢, we have

EV!(A) ~ e”(2H1_H2)/TeZﬂJ1a1(A)/T ezm Tmn*é,;l e Zm Smn*{,;] ,
(e0))
£,00) A @ CHH)/T 2 BT 8 T o= T St

(C8)

Neglecting higher order correction terms we finally arrive at
the dressed energy equations (32). The pressure can readily
be written in terms of the polylogarithm function using (32)
and (12).
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