PHYSICAL REVIEW A 85, 033632 (2012)

One-dimensional multicomponent fermions with §-function interaction in strong-
and weak-coupling limits: Two-component Fermi gas

Xi-Wen Guan
Department of Theoretical Physics, Research School of Physics and Engineering, Australian National University, Canberra, Australian
Capital Territory 0200, Australia

Zhong-Qi Ma
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
(Received 5 October 2011; published 26 March 2012)

The Fredholm equations for one-dimensional two-component fermions with repulsive and with attractive
S-function interactions are solved by an asymptotic expansion for strong repulsion, weak repulsion, weak
attraction, and strong attraction. Consequently, we obtain the first few terms of the expansion of the ground-state
energy for the Fermi gas with polarization for these regimes. We also prove that the two sets of Fredhom equations
for weakly repulsive and attractive interactions are identical as long as the integration boundaries match each
other between the two types. Thus the asymptotic expansions of the energies of repulsive and attractive fermions
are identical to all orders in this region. The identity of the asymptotic expansions may not mean that the energy

connects analytically.
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I. INTRODUCTION

One-dimensional (1D) Fermi gases with §-function inter-
action are important exactly solvable quantum many-body
systems and have had tremendous impact in quantum statistical
mechanics. The two-component §-function-interaction Fermi
gas with arbitrary polarization was exactly solved by Yang
[1] using the Bethe-ansatz hypothesis in 1967. Sutherland
[2] generalized the ansatz to solve the 1D multicomponent
Fermi gas with §-function interaction in 1968. The study of
multicomponent attractive Fermi gases was initiated by Yang
[3] and by Takahashi [4] in 1970. Since then exactly solvable
models have been extensively studied by a variety of methods
developed in the context of mathematical physics; see [3,5,6].
In particular, recent breakthrough experiments on trapped
fermionic atoms confined to one dimension [7] have provided a
better understanding of significant quantum-statistical effects
and the novel pairing nature in quantum many-body systems.
The observed results are seen to be in good agreement with the
results obtained using the analysis of exactly solved models
[8-12].

Although the Bethe-ansatz equations for the 1D two-
component §-function-interaction Fermi gas with arbitrary
polarization were found long ago [1], it was not until much later
that this model began to receive more attention in the context
of cold atoms [13]. The asymptotic ground-state energy of
a Fermi gas with polarization was studied via the discrete
Bethe-ansatz equations in strongly and weakly interacting
regimes in [14]. But it turns out that the asymptotic expansion
of the discrete Bethe-ansatz equations can be controlled only
up to the leading-order correction to the interaction energy.
However, the fundamental physics of integrable models is
usually determined by the set of the generalized Fredholm
integral equations in the thermodynamic limit; see the article
by Yang [15]. The solutions of the Fredholm equations have
not been thoroughly investigated analytically except in a
few limiting cases [13,16]; and there are some numerical
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results [8,9,17,18]. It is usually a difficult task to solve those
Fredeholm equations analytically. It is highly desirable to find
a systematic way to treat the generalized Fredholm equations.

In the present paper, we develop a systematic method to
solve asymptotically the Fredholm equations for a 1D two-
component Fermi gas with §-function interaction and with
polarization in four regimes: the strongly repulsive, weakly
repulsive, weakly attractive, and strongly attractive regimes.
The first few terms of the expansion of the ground-state energy
for the Fermi gas with polarization are obtained explicitly
for these regimes. We also address the analytical behavior
of the ground-state energy at vanishing interaction strength.
This method which we develop can be directly applied to 1D
multicomponent Fermi gases. The results for 1D x-component
fermions will be reported in the second paper of this study [19].

II. THE FREDHOLM EQUATIONS
The Hamiltonian for the 1D N-body problem [1,20],

h2 N 82
H:——Z—-i-ng Z 8(xi — x;), @)

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

describes N fermions of the same mass m with two internal
spin states confined to a 1D system of length L interacting
via a é-function potential. For an irreducible representation
[2M,1¥1=Ni], the Young tableau has two columns. Here, N;
and N are the numbers of fermions in the two hyperfine levels
| 1) and | |) such that N = N4 + N,. The coupling constant
gip can be expressed in terms of the interaction strength
c=—-2/ap as gip = hzc/m, where ap is the effective 1D
scattering length [21]. Let 2m =K = 1 for our convenience.
We define a dimensionless interaction strength y = c¢/n for
the physical analysis, with the linear density n = N /L. For
repulsive fermions, ¢ > 0 and for attractive fermions, ¢ < 0.
The energy eigenspectrum is given in terms of the quasi-

momenta {k;} of the fermions via E = % Zjvzl k?, which in
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terms of the function e,(x) = (x + ibc/2)/(x — ibc/2) satisfy
the Bethe-ansatz (BA) equations

Ny
exp(ikiL) = [ Jer (ki — ).
a=1

N N,
[TerOw —kp) = =] ]e2tha — 2p). )
j=1 p=I

where i =1,2,...,N and « = 1,2, ...,N,. The parameters
{Xy} are the rapidities for the internal hyperfine spin degrees
of freedom. The fundamental physics of the model is deter-
mined by the set of transcendental equations which can be
transformed to the generalized Fredholm types of equation in
the thermodynamic limit. This transformation was found by
Yang and Yang in a series of papers on the study of the spin
X X Z model; see [15].

A. Repulsive regime

For repulsive interactions, it is shown from (2) that the
Bethe-ansatz quasimomenta {k;} are real, but all {)\,} are real
only for the ground state; see Ref. [6]. There are complex
roots of A, called spin strings for excited states. In the ther-
modynamic limit, i.e., L,N — oo, with N /L finite, the roots
of the Bethe-ansatz equations (2) are dense enough in the
parameter space. Therefore we can define the particle quasimo-
mentum distribution function ry(k;) = 1/[L(k; — k;+1)] in the
quasimomentum space. Here k; and k; | are two conjunction
quaisimomenta. Similarly, the distribution function of the
spin rapidity is defined as rp(A;) = 1/[L(X; — A;41)] in spin
parameter space. In order to unify the notations in the Fredholm
equations, we replace the parameter A by k for the distribution
function of the spin rapidity. Thus the above Bethe-ansatz
equations (2) can be written as the generalized Fredholm
equations

B,

1
ri(k) = 7 +/ Ki(k — kDra(K)dk', 3)
-B,

B
(k) = / Ki(k — Kri(k)dk

B,

B,
—/ Ky(k — Kry(k)Hdk' . @)
-B
The associated integration 2bounda\ries B, and B, are deter-

mined by the relations

By
n:=N/L= / ri(k)dk,
—B;
By
I’lilENl/LZ/ Vg(k)dk, (5)
~B,
where n denotes the linear density while n is the density of
spin-down fermions. The boundary B; characterizes the Fermi
point in the quasimomentum space, whereas the boundary B,
characterizes the spin rapidity distribution interval with respect
to the polarization. They can be obtained by solving Egs. (5).

In the above equations, we denote the kernel function as

Lc

1
BT ey

(6)
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The ground-state energy per unit length is given by

B
E= / k*ry (k)dk. (7)
— Bl

The magnetization per length is defined by s, = (n — 2n)/2.
Through the boundary conditions (5), the ground-state energy
(7) can be expressed as a function of total particle density n
and magnetization s,. In the grand-canonical ensemble, we can
also get the magnetic field & and chemical potential p via

dE(n,s;) dE(n,s;)
= 2—, =7\
as; on

h ®)

B. Attractive regime

For the attractive regime, i.e., ¢ < 0, it is found from (2)
that complex string solutions of k; also satisfy the Bethe-ansatz
equations. Thus the quasimomenta {k;} of the fermions with
different spins form two-body bound states [4,22], i.e., k; =
ki i %c, accompanied by the real spin parameter k.. Here i =
1,...,N,. The excess fermions have real quasimomenta {k j}
with j =1,...,N —2N,. Thus the Bethe-ansatz equations
are transformed into the Fredholm equations for the density
of the pairs p,(k) and the density of single Fermi atoms p; (k).
They satisfy the following Fredholm equations [3,4]:

1 0>
=5+ / Kik — K)pp()dk, ()
s -0

2 Ql A / /
,02(k)=—+/ Ky(k — k)pi(k)dk
m o Joo

(&3
+/ Kok — KN p(K)Hdk' . (10)

-0
Here ¢ < O in the kernei functions K,(x). The integration
boundaries Q; and Q, are the Fermi points of the single
particles and pairs, respectively. They are determined by

N 0> 01
n=: 7= 2/ pa(k)dk +f p1(k)dk,

> -0
N 0>
n, = —* =/ o2(k)dk. (11)
L -0
The ground-state energy per length is given by
033 Qi
E = k> = % /2)pa(k)dk + / kK p1(k)dk. (12)
-0 -0

In a similar way, the magnetic field and chemical potential can
be determined from the relations (8). In the next section, we
discuss the solutions and analytical behavior of the Fredholm
equations.

III. ASYMPTOTIC SOLUTIONS OF THE
FREDHOLM EQUATIONS

A. Strong repulsion

The strong-coupling condition cL/N >> 1 naturally gives
the condition ¢ >> B, where the Fermi boundary B; o nm
according to the Fermi statistics. For the balanced case, the
numbers of spin-up and -down fermions are equal. Thus there
are no finite “Fermi” points in spin parameter space, i.e., the
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boundary B, — oo. Taking a Taylor expansion with the kernel
function K;(k — k') in (4) at k¥’ =0, we obtained with an
accuracy up to the order of 1/c*

E
ra(k) ~ nK; (k) + —|:
2w

3¢ B P :|
() (50

- / b Ko(k — K)yra(K)dk'. (13)

o0

Here E is the ground-state energy per length. By taking a
Fourier transformation of (13), we may obtain the distribution

function
2
Fa(w) = (n - E7w>/ (2 cosh %) . (14)

Substituting (14) into the Fredholm equation (3), we have

1
ri(k) = 2— —f =(1/2)clol 3 (a))e”"kda)
=+ 2 (v EY(k) (15)
To2r 2x P 2
where
00 Ik ()@
Yo(k) ~ T o
—0o0 +e
After some algebra, we obtain
2In2  3k? 3
Yo(k) = — 5383, B~ 50

Here ¢(z) is the Riemann zeta function. Then we obtain

1 nln2  3n¢(3)
k)= — + - ===
e 4mc

(k2 + g) + 0. 16)

We see clearly that for strong repulsion the distribution of
ri(k) is very flat and it is a constant up to a correction of
the order of 1/c3. This naturally suggests that 1D fermions
with strong repulsion can be treated as ideal particles with
fractional statistics. Substituting (16) into the linear density
(5) and energy (7), we obtain

_ ﬁ <1 N 2n1In2 B 3E¢(3) B n3n2§(3))’

203 2c3
Eo B_f - 2nln2  3E{(3) In3r2c(3) ’
37 c 2c3 10c3
which give
[ 21n2 ( 2ln2) 8(In2)3
B] = nmw — 3
12 14
723
+Z £ )] + 0(c™), (17)
y?
nin? 4In2  12(In2)?* 32(In2)
E = — _|_ —
3 y y? y3
872c(3
+ 8m¢G) + 0. (18)
5y3

We see that the energy is given in terms of the dimensionless
strength y = c¢/n. The correction to leading order in 1/y
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FIG. 1. (Color online) The ground-state energy per length vs
logarithmic y = c¢L/N in units of s> N?/2m L*: comparison between
the asymptotic and numerical solutions of the Fredholm equations for
polarization P = 0,0.2,0.4,0.6,0.8,1.0. In the attractive regime, the
binding energy &, = —c?/2 was subtracted. The crossing of the two
lowest curves in the attractive regime indicates a relation between
the critical polarization and interaction, where the chemical potential
of single fermions exceeds the chemical potential of the pairs. An
excellent agreement between our asymptotic results and numerical
plots is seen for strong repulsion, weak repulsion, weak attraction,
and strong attraction

was found in [13,14]. Actually, the two sets of the Fredholm
equations can be converted into dimensionless units. Therefore
the ground-state energy can be written as an analytical function
of y except at y = 0. This ground-state energy is a good
approximation for the balanced Fermi gas with a strongly
repulsive interaction (good agreement is seen for cL/N > 8);
see Figs. 1 and 2. In these figures, the solid lines are obtained
from the ground-state energy (7) and (12) with the numerical
solutions to the two sets of Fredholm equations (3) and (4) for
the repulsive regime and (9) and (10) for the attractive regime.
The dashed lines are plotted from the asymptotic ground-state
energy for the four regimes.

However, it is extremely hard to obtain a closed form
of the ground-state energy of the gas with an arbitrary
spin-population imbalance in the repulsive regime. This is
mainly because the distribution function r(k) spans the
region —B; < k < B, where the integration boundary B,
can vary from zero to infinity as the polarization changes.
The integration boundary B, decreases as the polarization
increases. An intuitive way of understanding this point is
that zero polarization corresponds to B, = oo while the fully
polarized case corresponds to B, = 0. From dressed-energy
formalism [10], we can easily see this monotonic relation
between the Fermi boundary and polarization by analyzing
the band filling under an external field. For high polarization
and strong repulsion (i.e., Ny < N), we have the conditions
¢ > By, B,, which allows us to make the following Taylor

033632-3



XI-WEN GUAN AND ZHONG-QI MA

3 E— ; —E
2 F :
L ...-—’—-""‘_'—/-
1
boses (a)
0 PR S SR SR N NN TN TR TR NN SN SR T W NN T SO M
-1.0 -0.5 0.0 0.5 1.0

3.5 S e

: (b)
20 PUNE YN YT YN N WO WO WO T N TN TN WO WO AN WO N WO W NN TN NN AN
5 10 15 20 25 30

FIG. 2. (Color online) The ground-state energy per length vs y =
cL/N in units of #2N3/2mL?: comparison between the asymptotic
and numerical solutions of the Fredholm equations for polarization
P =10,0.2,0.4,0.6,0.8,1.0. An excellent agreement between our
asymptotic expansion results and numerical plots is seen in (a) for the
weakly repulsive and attractive regimes, (b) for the strongly repulsive
regime, and (c) the strongly attractive regime.

4E L
cn

expansion:

1 B eri (K —2kk' + k'*
r2<k>=—/ LAILON P +
2 —B % + k? CI + k2

By
—/ Kz(k — k/)rz(k/)dk/

B>

Here we denote n, = N, /L. We notice that the leading
order of the distribution function r,(k) is proportional to 1/c.
Furthermore, taking a Taylor expansion in (3), we obtain

1 1[5 en® kK + k2]
rl(k)%——i——/ nk) |y 2k dk
2r 2w J_p, <+ e

1
- [1 4+ ] + o™, (20)
2 <+ k2

From the asymptotic distribution functions (19) and (20), we
calculate the density

Bi B 4 16B?
n:/ rl(k)dkm—1<1+ﬂ——g'”>
_B b4 c 3c

which gives

4n, 16ni 16n’n 72 64Vl3¢
Bi~nm|l——+ >+ — .
3c3 c3

c c
ey
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From the energy (7) and the distribution function r;(k) (20),
we may obtain an asymptotic ground-state energy of a highly
polarized Fermi gas with strong repulsion (¢ > By, B),

1 8n, 48n7 1 32
E%§n3n2 |:l——+ 3 —;(256ni—?n2n2n¢> .

c C
(22)

In fact, for strong repulsion, the interaction energy in the
ground state of the highly polarized Fermi gas solely depends
on the BA quantum number N,. A similar structure can
be found for 1D k-component fermions [19]. By numerical
checking, we see that for y > 8 and polarization P = (N, —
N})/(Ny + N) = 0.5, the energy (22) is very accurate; see
Fig. 2.

B. Weak repulsion

For the weakly repulsive regime, it is convenient to rewrite
the Fredholm equations (3) and (4) as
B,

Ki(k — K)ra(k)dk', (23)

_BZ

1
k = —
ri(k) 2ﬂ+

(k) = i - / Ki(k — Kri(K)Hdk'. (24)
21 ,

The derivation of (24) 1s strlaightforward via the Fourier
transform of the Fredholm equations (3) and (4), where for
our convenience in the study, we actually used

_ Jrmk), |kl < B,
rmin(k) - {0’ |k| > Bma
rm(k), |kl > B,

Frmout(k) = {O *) :k: <B, (25)

with m = 1,2 in the Fourier transformation. These Fredholm
equations are valid for arbitrary polarization including the
balanced case. In the following unification of the ground-state
energy, we assume B; > B, as an ansatz. In the light of
Takahashi’s unification of the ground-state energy [23], we
give the ground-state energy per length as

1 B

BZ
E=—"14+_— H(k,B)dk
37 27 J_p,

B>
—/ |:/ Ki(k — k,)rl(k/)dk,i| H(k,B)dk,
- |k'|> B

B,
(26)
where
1 ,
H(x,y) = —||x"— — | mgy(x) + yc
T 4
1 4(x — y)? 2
+_xc ]n (xy—)—i_c] s
2 4(x + y)? + ¢?
&(x)=1-Gi(y,x),
c c
Gi(x,y) = tan! —— 4+ tan ! ——.
2(x —y) 2(x +y)

From (5), we find that the integration boundaries B and B,
satisfy the following conditions:

NT Bl 1 B2
L= — | n(G(Bk)dk, 27
L b/ T J-B,
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N, B 1

r(k)G_(k, By)dk, (28)
L T T |k|> B,

in this weakly repulsive regime. Using the condition (28), we
may obtain the integration boundary B, (up to an order-of-c
contribution),

C 4(31 + 32)2 + 62

B, ~ g —In———"——
2T M A B B+ &2

(B —By) c
b4 2(By — By)
(B1+By) ¢
+——tann ————, 29
b4 2(31 + Bz) ( )
or
c | By + B 2
B, = —In———+ 0 . 30
2=t oI () (30)

The logarithmic term in (29) converges as B; = B,. However,
the logarithmic term in (30) becomes divergent as B = B,.
This divergent term in the ground-state energy can be canceled
out. Here we see a subtlety of this asymptotic expansion.
Similarly, we calculate the Fermi momentum B; by definition
(5) and the distribution (23),

c . MBy + B)’+c?

By = — -
LT N B — Byt &2

(B1—By) c
—— “tan ' —
7 2(By — By)
(B1+By) c
+——tan —, 31
- 2B + By) 31
or
¢ . |Bi+ B )
B, ~ — In———+0 . 32
| nTn+27tn|B1—Bz|+ (c?) (32)

The ground-state energy per length in the weakly repulsive
coupling limit can be expressed in terms of the Fermi
boundaries,

BB gy
3r ' 3w g2 72
c |B; + Bs|
—— (B> 4+ B}))In—. 33
22 (B + 2)n|B1—BZ| (33)

Substituting (30) and (32) into (33), we obtain the ground-state
energy of the Fermi gas with a weakly repulsive interaction
and with polarization

E = inin? + inin? 4+ 2cnyn; 4+ O(c?). (34)

This leading-order correction to the interaction energy indi-
cates a mean-field effect. By numerical checking, we see that
the energy (34) agrees well with the numerical results in this
weak-coupling regime; see Fig. 2.

For the balanced case, the integration boundary B, tends
to infinity. It is different from the above setting where we
consider B; > B,. The Fredholm equations (3) and (4) [or
(23) and (24)] can be simplified with the help of a Fourier
transformation,

1
ri(k) = — — / Ky (k — k"o (Kdk'. (35)
T Ik'|> B,
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However, for |k| > B, we find

1 o0
Mou(k) = —— — / R(k — K)rin(kdk',  (36)

where the function R(k) is given by
1 OO 1 —iwk
R(k) = — — e 'do
21 J_ oo 1+ e lele

1 c n c n

© o \4k2 0 8k* '
We see clearly that the second term in (36) gives a contribution
O(c). Substituting the leading term ry(k) = 1/2mx for the

region |k| > Bj into the distribution function r(k) (35), we
obtain the distribution function r; (k) for |k| < Bj,

¢
B —k]|’
From the relation n = f—leal r1(k)dk, we find

niw 1+ < 4Blz+cz+lt ¢
N — n — — .
2 47TB] 6‘2 g 231

+ tan~!

) ~ 1 1 can-"! c
n - T 27'[2 an k+B1

B

(37

Then we obtain the balanced ground-state energy for a weakly
repulsive interaction,

2 3 4B? 2
E=_—"B|1-— ilnl——i_c
B| 6‘2

a1 S §i>] Lo, ()

It is clearly seen that up to the order O(c?) the ground-state
energy of a balanced gas with weak repulsion converges
as ¢ — 0 (or say cL/N — 0 by a rescaling in the above
equations). By substituting B; into (38), we find that the
logarithmic term is canceled. The ground-state energy for the
balanced case is given by

E = 5m’n? + Inc + O(). (39)
We further discuss the continuity of the energy at vanishing

interaction strength in the next section.

C. Weak attraction

For the weakly attractive regime, the Fredholm
equations (9) and (10) are rewritten as
1 0> ) )
pi(k) = o +/ Ki(k — K)pa(K)dk', (40)
4 -0

pa(k) = L f Ki(k —k)pi(khdk'. — (41)
2 Jwiso
These Fredholm equations are valid for arbitrary polarization.
It is seen clearly that the Fredholm equations (23) and (24) for
the repulsive regime and (40) and (41) for the attractive regime
are identical as long as the integration boundaries match each
other between the two cases. Similarly, for unification of the
energy of a gas with weak attraction, we assume Q; > Q». In
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the above equations, Q and Q» are determined by

N 1 (o3
f _2 1 / p2(k)G (Q1.k)dk,  (42)
T T J-0,

N 1
N_Q 1 fk p1(K)G_(k.Qdk,  (43)
[k|> Q1

L b T

which indeed match the integration boundaries By and B, [(27)
and (28)] in the region B; > B, and Q| > Q5.

Furthermore, substituting (40) and (41) into the ground-
state energy (12), we obtain

Q2 1 (%)
E==4+_— H(k,Q1)dk
3m 27w J_p,

[0}
- / [/ K.(k—k’)m(k’)dk’]H(k,Qodk.
-0 |k'|> Q1

(44)
From Egs. (42) and (43), we find
0 Ly 0 07
VT T T a - 0+ @
+(Q1 —0») tan-! |c|
7 2(01 — 02)
(Q1+Q2)t . Ic|
— an
7 2(Q1 + 02)

+ 0(c?), 45)

le| . 401+ 02)* +¢?
Or=nm7——1In 3 5
dr 401 — Q) +c

+(Q1 — Q) tan-"! Ic]
T 2(01 — 02)

01+ 02 4 Ic|

— tan

T 2(Q1+ Q2)
Indeed, by calculating the ground-state energy (44) with the
integration boundaries (45) and (46) for a weakly attractive

interaction, we do find a similar form of the ground-state
energy:

E = imn® + inin? = 2lclnyny + O(c?).  (47)

+ 0(c?). (46)

We see that the asymptotic ground-state energies (34) and (47)
continuously connect at ¢ = 0 for arbitrary polarization; see
Figs. 1 and 2.

For the balanced attractive regime, the Fermi boundary
0, = 0 and Q; is finite; the Fredholm equations (9) and (10)
[or (40) and (41)] reduce to

1 [0}
p2(k) = p + / Ko(k — k') pa(k)dk'. (43)
-0

By iteration, the Fermi boundary Q, is obtained from n =
2 f_Qéz p2(k) in a straightforward way:

nm le] . 403+ 1, Icl]
~ n — —tan ,

~ - 1 b
Q2 2[ 47 0, ) %0,

(49)

which gives a similar form to that of the Fermi boundary Bj;
see (37). After lengthy algebra and iteration, we obtain the
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ground-state energy

2 3 40?2 2
E:—Q%[l—l——('c—llnﬂ
7T 7T

3 4 Q2 c?
4 ol 8lel z
+3tan 50, 3 Qz)] + O(c?). (50)

It is clearly seen that up to the oder O(c?) the ground-state
energy of the balanced gas with an attractive interaction also
converges as ¢ — 07. By substituting O, into (50), we find
that the logarithmic term is canceled out. Thus the energy is
given by

E = 5n’n? — 1n?(c| + O(c?), (51)

which continuously connects to the energy (39) at c — 0. But
the identity of the asymptotic expansions may not mean that the
energy analytically connects because of the divergence in the
small region ¢ — 70 and the mismatch of the Fermi boundaries
associated with the two sets of Fredholm equations for both
cases. Nevertheless, we see that under a mapping

ri(k) <— pi(k), ry(k) <— pa(k), c <—>c, (52)

the Fredholm equations (23) and (24) with (27) and (28) for
the repulsive regime and the Fredholm equations (40) and
(41) with (42) and (43) for the attractive regime are identical
for Q) > O, and B; > B;. In the above equations ¢ > 0
for repulsive interaction and ¢ < 0O for attractive interaction
are implied. We also see that the ground-state energy of the
gas with a weakly repulsive interaction (26) and the gas
with a weakly attractive interaction (44) are unified under
the mapping (52). This unification leads to continuity of the
energy for this polarized gas at vanishing interaction strength,
i.e., ¢ = 0. Thus the asymptotic expansions of the energies
of repulsive and attractive fermions with nonzero polarization
are identical to all orders in the vanishing-interaction-strength
limit as long as the conditions Q; > @, and B; > B, hold.
The analyticity of the the energy at ¢ = 0 was discussed
by Takahashi [23]. Takahashi’s theorem states that (a) the
energy function f(n4,n;c) is analytic on the real axis of
¢ whenny # n; (b) f(ny,n;c)is analytic on the real axis of
¢ except for ¢ = 0 when ny = n . This theorem appears not
to be true for the region B; < B, and Q| < Q5 in our study.
Takahashi’s proof of this theorem relies on his Lemma 2, i.e.,
the function f, density n, and density of spin-down fermions
n, are analytic as functions of Q, B, and c¢ except for the
region ¢ = 0 and Q < B. Here Q and B are two integration
boundaries. Even the identity of the asymptotic expansions of
the energy may not mean that the energy analytically connects
due to the divergence of the two sets of Fredholm equations
in the limit ¢ — i0 and the mismatch of the intervals for
the density distribution functions. Although we unified the
two sets of Fredholm equations (23),(24) and (40),(41) for
arbitrary polarization, the integration boundaries between the
two regimes are mismatched for the regions Q; < O, and
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B| < Bz, i.e.,
N B 1 B
M_B 1 / ra(K)G . (B1 )dk
L b4 T J_p,
1
—/ ra(k) [1 - —G(k,Bl)} dk, (53)
By <|k|<B» T
N B 1
4o r(k)G_(k, B,)dk
L T T

|k|> B>
1
—/ ri(k) [1 - —G+(Bz,k)i| dk (54)
B <|k|<B> T

for the weakly repulsive regime, and

N 1 Qi
M_ o _1 / ()G (1 K)dk
T T J-0

+/ 02(k) [1 + lG(k,Ql)] dk, (55)
01<[k|<Q> T

N 1
L _ 9 _/ p1(K)G_(k, Q)dk
[k|> Q2

L T T
1
+/ p1(k) [1 + —G+(Q2,k)] dk (56)
01<lk|<0Q, T

for the weakly attractive regime. It is obvious that the signs
in the last term in each equation are mismatched. In the
above equations ¢ > 0 for repulsive interaction and ¢ < 0 for
attractive interaction are implied. This mismatch is clearly
seen in the balanced case: B| — Q,, B, — 00, and Q; — 0.
Thus we see that the Fredholm equations cannot be unified
for the region Q; < Q5 and B; < B, at vanishing interaction
strength.

D. Strong attraction

In recent years, the strongly attractive Fermi gas has
received considerable attention in theory and experiment due
to the existence of a novel pairing state. For the spin-1/2
Fermi gas with strongly attractive interaction, two fermions
with different spin states can form a tightly bound pair. For the
ground state, the model has three distinct quantum phases, i.e.,
a fully paired phase with equal numbers of spin-up and -down
fermions, a fully polarized phase of single spin-up fermions,
and a partially polarized phase with both pairs and excess
fermions. The key features of this 7 = 0 phase diagram of the
strongly attractive spin-1/2 Fermi gas were experimentally
confirmed using finite-temperature density profiles of trapped
fermionic °Li atoms [7].

Here we calculate the ground-state energy (12) from
the Fredholm equations (9) and (10) with the integration
boundaries Q;, Q> that characterize the Fermi points of two
Fermi seas, i.e., the Fermi seas for excess fermions and pairs,
respectively. Therefore, for strong attraction, i.e., [c|L/N > 1,
all integration boundaries are finite, i.e., Q; and Q, are finite.
In this regime, the conditions ¢ > Q;,Q» hold for arbitrary
polarization. From the following calculation, we will see that
the conditions Q; > Q, and Q; < @, do not change the
expression of the energy. Therefore, the following result is
valid for arbitrary polarization, including the balanced case. In
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this regime, it is convenient to use the notation |c| instead of
a negative value of c. The ground-state energy is calculated in
the following way:

3 0> 2
E=%+l/ pz(k)[(k2—c—> Qn
T T J 0, 4

et 201 =B) 20 +k>)
lcl |c]
1 4k — Q1) +¢*

Furthermore, we consider a strong-coupling expansion in
the energy (57); here we assume |c| > Q;,0>. We collect
contributions up to the order of 1/|c|?, i.e.,

po O, 4 4800
3 lc| 5|cP

3203
37c)? i|

2 0>

——n, +2 / pa(k)k*dk. (58)
2 %

In the last equation of (58), the first part in the square brackets
is the kinetic energy of excess single atoms including the
marginal interference effect between the single atoms and
molecules of two atoms. The second term is the total binding
energy of the bound pairs. The last term characterizes the total
energy of the molecules of two atoms. We now calculate the
Fermi momenta Q; and Q, and the energy of the molecules
of two atoms. For our convenience, we denote

E=Ey{+E}+ne (59)
with
po_ Qi _4n 4800, 3207
07 3g lc| 5lc|? 3rlc]? ]’
0> 2
Eb =2 / pa(k)k*dk, &p = ——. (60)
o, 2

We calculate Q) from (11) with the density (9):

= “ (2 . Ki(k — KNpa(k") ) dk
ny —n, = — — —
! v /_Ql <27‘[ /—Qz l( ),02( )>

L Q[ 4ny 1601, 3203
T Ic| 3c|? 3P|’
Then we obtain the Fermi momentum

4n¢ 16I’li
Qrxm—npr |1+ —=+—
lc] c

3.2
I’Z¢JT

16
3|cf?

<(”T —n)7n, +

- 12n1)] (61)

Similarly, we calculate Q, from (11) with the distributions (9)
and (10),

n,mw 2ny —n 2ny —ny)? 2ny —n,)?
0, ~ W (12 @ny —n)” Gy —ny)
2 | c? lc|?
_nin2(8n¢ —Tny) B 2 [ni +32(ny — n¢)3]
12|c]? 12|c|?

(62)
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We observe that the kernels in the Fredholm equations (9) and
(10) converge quickly with the distribution functions as the
interaction strength |c| increases. This allows one to make a
proper Taylor series expansion in the distribution functions. In
this way, from Eq. (10) we may obtain

Ic|Eg 1 |c|(n¢ —ny)
A2+ k22| 21 = > 4 k2

nlc|
c? 4 k2

|C| o NL'2 1
s [ pikak
((I + kz) -O

1
pa(k) = — [1—
T

1 203 803 n, el
B 3n2|cP  3n2le)P w24 k2
_mom el (63)
2 <+ k2

Substituting (63) into the energy E(’)’ (60),

405 | 805 | 320{03

37 9n%|c)  9n?c)?
2n, (9 |clk’dk  (ny —ny) /Qz |c|k*dk
7T J_o, 2+ k2 0> —+k2

403 2ny —n,  2(03+403)
~—=[1- +
37 Ic]

37c|]?
38ny — 7 2
( 4 ni)Qz) )

b~
Ej ~

64
SRE (64)
Substituting Eqs. (61) and (62) into the ground-state energy
(58) and (64), we obtain the ground-state energy of the gas
with a strongly attractive interaction and with an arbitrary
polarization:

g )7 8y 48n]
0 3 lc| 2

8n,
e |3[12n2(n¢ —ny)* —480n] + 507 ]] (65)
Ebw”i’ﬂ | 22ny —ny)  32ny —ny)?
b~
6 | c?

180n,n3 + 207°n3 — 90nyn] — 227°n)

4
15| |3(
+15n] — 12013 + 637°niny — 607°n ¢n%)i|. (66)

We define the polarization P = (Ny — N})/N = (ny —
ny)/n; then the energy in terms of polarization is given by

£~ h%n? {_(1 —P)y? (1 —=3P+3P2+15P%
2m 4 48
7%(1 — P)(1+ P —5P%*+67P?)
438y |
72(1 — P> (1 + 5P +3P% +247P3)
64y2
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72(1 = P)
- 2 [—-15+4+31125P* + 18617%P>
1440[, [-15+ + 180k
—15765P° — 65972 P* + 34672 P? — 147% P?

+7?P + 7% — 105P — 150P> — 15090P]}, (67)

which agrees with the result derived from dressed-energy
equations [10,11]. This result is highly accurate as can be seen
in Figs. 1 and 2. From the energies (65) and (66), we see that
the bound pairs have tails and they interfere with each other.
But it is impossible to separate the intermolecular forces from
the interference between molecules and single fermions. If we
consider n 3> x = ny — n, the single atoms are repelled by
the molecules, i.e.,

E(n;,0) 1 4x  12x(x +ny)
where
2n¢ 3’/%
E(nl,O)% 1+ﬁ+— + &p.

In addition, the phase diagram and magnetism can be
worked out directly from the relations (8) with the ground-state
energy for the four regimes. The phase boundaries of the full
phase diagrams may be analytically and numerically obtained
by imposing the conditions s, = 0,0.5 in the conditions (8), as
has been discussed in the literature [8—10,18].

IV. CONCLUSION

In conclusion, we have presented a systematic method
to derived the first few terms of the asymptotic expansion
of the Fredholm equations for the spin-1/2 Fermi gas with
repulsive and attractive §-function interactions in four regimes:
the strongly repulsive, weakly repulsive, weakly attractive,
and strongly attractive regimes. We have obtained explicitly
the ground-state energy of the Fermi gas with polarization
in these regimes; see the key results (18), (22), (34), (47),
(65), and (66). By numerical checking, these asymptotic
ground-state energies are seen to be highly accurate in the
four regimes. In the weakly attractive and repulsive regimes,
the ground-state energies, integration boundary relations, and
associated two sets of Fredholm equations have been unified.
The two sets of Fredholm equations can be identical as long
as the associated integration boundaries match each other
between the two cases. This suggests that the asymptotic
expansions of the energies of the repulsive and attractive
fermions are identical to all orders in this region as ¢ — 0.
The identity of the asymptotic expansions may not mean that
the energy analytically connects, due to the divergence of the
two sets of Fredholm equations in the limit ¢ — i0 and the
mismatch of the associated integration boundaries between
the two cases at some intervals, e.g., By < B and O < Q>.

Moreover, the explicit results obtained for the ground-state
energy provides facilities to study the universal nature of many-
body phenomena. The local pair correlation for opposite spins
can be calculated directly from the ground-state energy by

g (0) = aE(n 5.)/dc.
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This naturally gives the 1D analog of Tan’s adiabatic theorem
[24] through the relation

4
C= aTnTnig(Tz’)i(O),
1D

where C is called the universal contact, measuring the
probability that two fermions with opposite spin stay together.
It was shown [24] that the momentum distribution exhibits
universal C/k* decay as the momentum tends to infinity. The
significant feature of Tan’s universal contact is that it can be
applied to any many-body system of interacting bosons and
fermions in 1D, 2D, and 3D [24,25]. In addition, the explicit
forms of the ground-state energies in the four regimes can
be used to determine the magnetism and phase diagram of the
system in the grand-canonical ensemble. It can help to evaluate
quantum-statistical effects by a comparison between the

PHYSICAL REVIEW A 85, 033632 (2012)

ground-state energies of 1D §-function-interacting fermions
and spinless bosons. These provide a precise understanding of
many-body correlations and quantum magnetism in the context
of cold atoms. The method which we have developed in this
paper can be generalized to study ground-state properties of
1D multicomponent Fermi and Bose gases with §-function
interaction. We consider this in the companion paper [19].

ACKNOWLEDGMENTS

The authors thank Professor Chen Ning Yang for initiating
this topic and for valuable discussions and suggestions. They
also thank Dr. Xiang-Guo Yin for the preparation of the
figures. X.W.G. has been supported by the Australian Research
Council. This work is partly supported by the Natural Science
Foundation of China under Grants No. 11075014 and No.
11174099.

[1] C. N. Yang, Phys. Rev. Lett. 19, 1312 (1967).

[2] B. Sutherland, Phys. Rev. Lett. 20, 98 (1968).

[3] C. N. Yang, Lecture given at the Karpacz Winter School of
Physics, February, 1970. See Selected Papers 1945-1980 with
Commentary (W. H. Freeman and Company, London, 1983),
p. 430.

[4] M. Takahashi, Prog. Theor. Phys. 44, 899 (1970).

[S]1E H. L. Essler, H. Frahm, F. Gohmann, A. Klimper, and
V. E. Korepin, The One-Dimensional Hubbard Model (Cam-
bridge University Press, Cambridge, 2005).

[6] M. Takahashi, Thermodynamics of One-Dimensional Solvable
Models (Cambridge University Press, Cambridge, 1999).

[7] Y. Liao et al., Nature (London) 467, 567 (2010).

[8] G. Orso, Phys. Rev. Lett. 98, 070402 (2007).

[9] H. Hu, X.-J. Liu, and P. D. Drummond, Phys. Rev. Lett. 98,
070403 (2007).

[10] X.-W. Guan, M. T. Batchelor, C. Lee, and M. Bortz, Phys.
Rev. B 76, 085120 (2007); J. S. He, A. Foerster, X. W.
Guan, and M. T. Batchelor, New J. Phys. 11, 073009
(2009).

[11] T. Iida and M. Wadati, J. Phys. Soc. Jpn. 77, 024006
(2008).

[12] M. Casula, D. M. Ceperley, and E. J. Mueller, Phys. Rev. A 78,
033607 (2008); P. Kakashvili and C. J. Bolech, ibid. 79, 041603
(2009).

[13] J. N. Fuchs, A. Recati, and W. Zwerger, Phys. Rev. Lett. 93,
090408 (2004).

[14] M. T. Batchelor, M. Bortz, X.-W. Guan, and N. Oelkers, J. Phys.:
Conf. Ser. 42, 5 (2006).

[15] C. N. Yang and C. P. Yang, Phys. Rev. 150, 321 (1966); 150,
327 (1966); also see C. N. Yang, Int. J. Mod. Phys. B 2, 1325
(1988).

[16] L. Guan, S. Chen, Y.-P. Wang, and Z.-Q. Ma, Phys. Rev. Lett.
102, 160402 (2009).

[17] Z.-Q. Ma and C. N. Yang, Chin. Phys. Lett. 27, 080501 (2010).

[18] M. Colomé-Tatché, Phys. Rev. A 78, 033612 (2008).

[19] X.-W. Guan, Z.-Q. Ma, and B. Wilson, Phys. Rev. A 85, 033633
(2012).

[20] M. Gaudin, Phys. Lett. A 24, 55 (1967).

[21] M. Olshanii, Phys. Rev. Lett. 81, 938 (1998).

[22] C.H. Guand C.N. Yang, Commun. Math. Phys. 122, 105 (1989).

[23] M. Takahashi, Prog. Theor. Phys. 44, 11 (1970).

[24] S. Tan, Ann. Phys. (NY) 323, 2952 (2008).

[25] M. Barth and W. Zwerger, Ann. Phys. (NY) 326, 2544 (2011).

033632-9


http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1103/PhysRevLett.20.98
http://dx.doi.org/10.1143/PTP.44.899
http://dx.doi.org/10.1038/nature09393
http://dx.doi.org/10.1103/PhysRevLett.98.070402
http://dx.doi.org/10.1103/PhysRevLett.98.070403
http://dx.doi.org/10.1103/PhysRevLett.98.070403
http://dx.doi.org/10.1103/PhysRevB.76.085120
http://dx.doi.org/10.1103/PhysRevB.76.085120
http://dx.doi.org/10.1088/1367-2630/11/7/073009
http://dx.doi.org/10.1088/1367-2630/11/7/073009
http://dx.doi.org/10.1143/JPSJ.77.024006
http://dx.doi.org/10.1143/JPSJ.77.024006
http://dx.doi.org/10.1103/PhysRevA.78.033607
http://dx.doi.org/10.1103/PhysRevA.78.033607
http://dx.doi.org/10.1103/PhysRevA.79.041603
http://dx.doi.org/10.1103/PhysRevA.79.041603
http://dx.doi.org/10.1103/PhysRevLett.93.090408
http://dx.doi.org/10.1103/PhysRevLett.93.090408
http://dx.doi.org/10.1088/1742-6596/42/1/002
http://dx.doi.org/10.1088/1742-6596/42/1/002
http://dx.doi.org/10.1103/PhysRev.150.321
http://dx.doi.org/10.1103/PhysRev.150.327
http://dx.doi.org/10.1103/PhysRev.150.327
http://dx.doi.org/10.1142/S0217979288001177
http://dx.doi.org/10.1142/S0217979288001177
http://dx.doi.org/10.1103/PhysRevLett.102.160402
http://dx.doi.org/10.1103/PhysRevLett.102.160402
http://dx.doi.org/10.1088/0256-307X/27/8/080501
http://dx.doi.org/10.1103/PhysRevA.78.033612
http://dx.doi.org/10.1103/PhysRevA.85.033633
http://dx.doi.org/10.1103/PhysRevA.85.033633
http://dx.doi.org/10.1016/0375-9601(67)90193-4
http://dx.doi.org/10.1103/PhysRevLett.81.938
http://dx.doi.org/10.1007/BF01221409
http://dx.doi.org/10.1016/j.aop.2008.03.004
http://dx.doi.org/10.1016/j.aop.2011.05.010

