PHYSICAL REVIEW A 88, 043620 (2013)

Composite pairing and superfluidity in a one-dimensional resonant Bose-Fermi mixture
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We study the ground-state properties of one-dimensional mixtures of bosonic and fermionic atoms resonantly
coupled to fermionic Feshbach molecules. When the particle densities of fermionic atoms and Feshbach molecules
differ, the system undergoes various depletion transitions between binary and ternary mixtures as a function of
the detuning parameter. However, when the particle densities of fermionic atoms and Feshbach molecules
are identical, the molecular conversion and disassociation processes induce a gap in a sector of low-energy
excitations, and the remaining system can be described by a two-component Tomonaga-Luttinger liquid. Using
a bosonization scheme, we derive the effective low-energy Hamiltonian for the system, which has a similar form
as that of the two-chain problem of coupled Tomonaga-Luttinger liquids. With the help of improved perturbative
renormalization group analysis of the latter problem, we determine the ground-state phase diagram and find
that it contains a phase dominated by composite superfluid or pairing correlations between the open and closed

resonant channels.
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I. INTRODUCTION

The Feshbach resonance [1], as experimentally realized in
ultracold atoms and molecules in optical lattices, has made it
possible to investigate the many-body physics of multicompo-
nent quantum degenerate mixtures of fermions and/or bosons
with interspecies interactions [2—6]. Operationally, a magnetic
field near resonance can tune the energy splitting between
different hyperfine configurations of atoms, yielding a tunable
scattering amplitude with a magnitude that depends on the mis-
match of the magnetic moments [7]. In this context, theoretical
studies have introduced two primary interaction vertices: a
short-ranged, one-channel density-density type interaction and
a two-channel interaction that couples open-channel atoms to
a molecular bound-state (MB) particle [8-10].

Recently, heteronuclear fermionic Feshbach molecules
composed of bosonic 23Na and fermionic °Li [11] and of
bosonic ¥’Rb and fermionic *°K [12] have been observed
experimentally and attracted the attention of theoretical studies
[13-21] focusing on the competition between the condensed
state of unpaired bosons and the degenerate MB particles
with an additional Fermi surface. It has been argued that
there can be depletion transitions [13,14,16] where one or
more of the atomic or molecular species can be exhausted
by driving the formation or disassociation of MB particles.
Furthermore, if bosons are condensed, the spectrum can be
directly diagonalized, yielding MB particles that are dressed
by free atomic fermions, which form low-energy quasiparticles
in a Fermi-liquid theory [21]. Additionally, the superfluidity
of a paired state of a fermionic atom and a fermionic
molecule, which is formed through attractive interactions
mediated by the condensed and/or uncondensed bosons, has
been predicted to occur [18]. However, it is questionable
as to whether such features obtained by a mean-field ap-
proach can persist when strong quantum fluctuations are
present, especially for atoms trapped in one-dimensional (1D)
tubes.
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There are many reliable analytical and numerical methods
available for 1D systems [22,23]. In particular, the bosoniza-
tion technique has been applied to one-channel systems
with density-density type interactions, showing pairing and
density-wave instabilities [24], polaronic phases [25-27], and
competing orders [28]. The dominant phases exhibit variants
of “paired” order parameters with algebraic decay or quasi-
long-range order (QLRO) [24-27]. Systematic analysis has
also been performed for a two-channel type model arising
from atom-molecule mixture, expected for narrow resonances
[29,30]; however, these investigations were primarily focused
on the bosonic MB particles for two-component fermions in
the context of the BEC-BCS crossover. The possibility of
more complex pairing and superfluid orders that couple the
open and closed fermionic channels has not been observed
experimentally or discussed theoretically in detail.

In this paper, we study a general two-channel model
of fermionic and bosonic atoms near a narrow Feshbach
resonance where bosons, fermions, and molecules can coexist.
Using a renormalization-group (RG) method based on the
bosonization formalism, we obtain a low-energy theory and
attempt to clarify the ground-state phase diagram, with an
emphasis on the conditions that allow the pairing of the
fermionic atoms and molecules across the Feshbach resonance.
In doing so, we make use of the analogy to the two-chain
problem of coupled Tomonaga-Luttinger liquids (TLL). The
paper is organized as follows. In Sec. II, we introduce
the model and examine the condition for ternary mixed
phases of bosonic atoms, fermionic atoms, and fermionic
molecules. In Sec. III, the ternary mixed phase is studied
and possible order parameters are introduced to characterize
QLRO. We determine the phase diagram for the case of an
incommensurate density regime of fermions and molecules. In
Sec. IV, the RG method is applied to analyze the low-energy
properties, and in Sec. V, the phase diagram is determined for
the commensurate density regime of fermions and molecules.
Last, in Sec. VI we summarize our results in the conclusion. It
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so happens that, given the mathematical form of the resonant
interaction, we can draw on an RG approach applied to the
spinless two-coupled chain, which is revisited in Appendix A.
Finally, as a supplement, we present an alternative approach
based on a gauge transformation procedure in Appendix B.

II. MODEL AND CONDITION FOR TERNARY
MIXED PHASE

A. Model Hamiltonian

Our starting point is a coupled, two-channel model that
describes a resonant scattering process, where free bosonic
(b) and fermionic (f) atoms resonate into fermionic Feshbach
molecules (¢). The model Hamiltonian is given by

H = Hy+ Hy + Hy + Hs,), @1
where
H—/dxqﬁ(x) L& Wy (x)
b= b 2mb dxz He b
1 I ! I
+3 / dxdx'Vip(x — )pp0pp(x), (2.2a)
H f dx Wl (x) I & W (x)
= X )N ———— — (X
4 ! 2m ¢ dx? i
1
+ 3 / dxdx'Vip(x — xpr(x)pr(x"), (2.2b)

1 4
Hy = /dx \I/L(x)(— oy 43 +V—M¢>\P¢(x)

1
+ 3 / dxdx"Vyy (x — x")py () py (x"), (2.2¢)

Hs, = g3p / dx[U) ()W (0)W(x0) + Hel,  (22d)

and we have set i = 1. The density operators are p,(x) =
q/j (X)W¥s(x), (s =b, f,1), where the field operators W(x)
obey the usual commutation and anticommutation relations
for bosons (s = b) and fermions (s = f,v). The Hamiltonian
H; (s =b, f,¥) consists of a kinetic energy term and an
intraspecies density-density interaction term. The coupling
&3p in Eq. (2.2d) induces the conversion of bosonic (b) and
fermionic ( f') atoms into fermionic MB particles (y) and vice
versa (disassociation) [8,9]. The individual particle numbers
are not conserved; instead, the total numbers of bosonic and
fermionic atoms,

N = /dx[pb(x)+ Py (X)], (2.30)

Ni = [ dxtpso+ py(ol (2.3b)
are conserved quantities. It follows that the masses (m,) and
the chemical potentials (u;) obey the sum rules for mass
conservation and chemical equilibrium,

my+mg=my, W+ 5= Wy, 2.4

and the detuning parameter v in Eq. (2.2c) defines the energy
splitting between the open and closed channels. The fermionic
intraspecies couplings, Vr(x), and Vi (x), are assumed to
be short-ranged, while the b atoms interact with each other
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through the coupling Vj;,(x). At strong repulsion, the boson
system is described by an ordinary Tonks-Girardeau (TG) gas
which behaves as free fermions.

B. Phase diagram in the limit of g3, — 0

Before proceeding to the many-body features of the model
described by Eq. (2.1), it is important to first establish the
range of physical parameters that allow the ternary coexistence
of all atoms and molecules. For simplicity, we will consider
the limit g3, — 0, with Tonks-Girardeau bosons [V, (x) =
g»6(x) with g, — 4o00], and noninteracting fermions and
molecules [Vyr(x) = Vyy(x) = 0]. As noted in Ref. [16],
we can construct a set of dimensionless parameters Ny /N,
my/myp, and v/Ty, where Ty is the “Fermi” degeneracy
temperature for hard-core bosons: Ty = 72N, é /(2m, L?%), with
L being the system size.

Let us introduce the average particle density p° =
L~! J ps(x)dx and the corresponding normalized quantity
ps = Lp?/Np. The conditions for the conserved total numbers
of atoms [Eqs. (2.3)] are expressed as 1 = p, + py and
Nr¢/Ng = ps + py, respectively. For hard core bosons, free
fermions, and free molecules, the chemical potentials are

given by 11, = (k2)?/Qmy), pp = (k) /@my), and =
(kﬁ)Z/le/,)—i— v, where the “Fermi momenta” for each
species are given by

k3. = mpl. (2.5)

The particle densities can be determined from the equilib-
rium condition of Eq. (2.4). In the ternary mixed phase of b, f,

and y particles (b+ f + i phase), the density of molecules
Py 1s determined by the following equation:

1
1+
where /\_[F ENF/NB, ﬁlf = mf/mb, and D =v/Ty. The
densities for b atoms and f atoms are determined by p, =

1—py and oy = Ni — Py, Tespectively, and the expected
v dependence is shown in Fig. 1. Notice that in the case

1 =
(1—m,)2+m—f<NF—m>2= mf(m>2+v, (2.6)

particle densities

detuning Vv/7,

FIG. 1. (Color online) The normalized particle densities p; =
Lp?/ Ny as a function of the detuning parameter v. In this figure, we
choosem;, = my and N /Ny = 3/2. Atv/ T, = 11/32, the densities
of fermions and molecules become equal, p; = py = 3/4.
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FIG. 2. (Color online) Phase diagram in terms of the detuning
parameter v and the fermion number N for the case of equal masses
my = my. The ternary mixed state of bosonic atoms, fermionic
atoms, and Feshbach molecules is realized in the region denoted by
“b+ f + . Theregions denoted by “ f + v, “b+ ¢,” and “b + f”
represent the fermion-molecule, boson-molecule, and boson-fermion
binary mixed phases, respectively. Along the dashed line, the densities
of fermions and molecules become equal, oy = Dy .

of sufficiently strong positive detuning, the iy particle is
completely depleted and only the b and f atoms remain. We
thus label this binary mixture the “b + f” phase; effects of
possible heteroatomic interactions in this regime have been
analyzed in the literature [24-28,31,32], where it has been
pointed out that the excitation spectrum can have a gap and the
pairing fluctuations are enhanced when the particle densities
of two kinds of atoms become equal. On the other hand, the
MB particles become stable for sufficiently strong negative
detuning; for Nz /Np < 1 (>1), either b or f atoms coexist
with the i particles and the resulting binary mixtures are
labeled “b + ¥ and “ f 4 1 phases, respectively.

The phase diagram in terms of the detuning parameter v
and the total fermion number N is shown in Fig. 2, which
can be contrasted with the corresponding phase diagram in the
three-dimensional (3D) case (see Fig. 3 in Ref. [13], Fig. 3 in
Ref. [16], and also Fig. 1 in Ref. [18]), where the Bose-Einstein
condensate (BEC) proliferates everywhere except for the small
v and large N region corresponding to the f + i phase in
Fig. 2. In the present 1D case, no BEC can occur in any
parameter region, but a “Fermi surface” of the b atoms can
be observed instead. With this in mind, we find qualitative
agreement with our phase diagram for 1D mixtures and that
for 3D mixtures. The densities of fermions and molecules
become identical (0y = py ) in both ternary and binary mixed
phases for a particular ¥, satisfying

"~/ 14m r+m
5= I=Nr+ 4r:f(1fim;)/\ﬂ (b+ f + ¥ phase), )
zlt(m_l, - 1+1m,-)/\73 (f +  phase),

which is represented by the dashed line in Fig. 2. The analysis
given in Ref. [24] may be applied to the case oy = py in the
f + v phase. However, the spectrum for the case pr = py
in the b+ f + i phase has not yet been analyzed so far. In
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the following sections, we study phases realized inside the
b+ f 4+ phase upon turning on the g3, coupling.

III. BOSONIZATION

A. Bosonized Hamiltonian

The dominant low-energy behavior of the model defined
by Egs. (2.2) can be studied by using a harmonic fluid
representation, where the single-particle dispersion relations
are linearized near the “Fermi” points. In the problem of
BEC-BCS crossover in one dimension, a two-channel model of
two-component fermions that dimerize into bosonic molecules
has been previously analyzed by means of the bosonization
method in Refs. [29] and [30]. Because of the different
statistics of particles, the bosonization analysis of the present
model will reveal different phases.

In terms of the bosonic phase fields ¢ (x), the density
operators can be expressed as [22,23,33]

1 d¢:(x) OZ 2imlrpx (0]
7T m#0

ps(x) = (3.1)

where p? is the equilibrium density and the summation is
over nonzero integer m. The field operators for the respective
particles are represented as [22,23,33]

1 . 0 .
Wy (x) = em[2ﬂpbx—2¢b(x)]+l<%(x), (3.22)
V2o nGZZ
L/R _ gf Filmplx— s (x)]+i07(x)
P (x) = ——e 1ETes A (3.2b)
f V2ma
L/R( )_ ‘i:l/f eq:i[npgfx—¢v,(x)]+i9v,(x), (320)

T

where o is a short-distance cutoff. The field operators WX
and WX (s = f,v) represent the left-moving and right-moving
chiral branches of fermionic particles, respectively. The Klein
factors &; and &, satisfying {&,,&,} = 25, ¢ and EST =&, are
introduced in order to retain the anticommutation relation
between f and i particles. 6;(x) are dual fields to ¢s(x)
and obey [¢;(x),0y(x")] = imds ¢ O(—x + x’), where O(x) is
the Heaviside step function, i.e., ®(x) = 1 for x > 0, ®(0) =
2, and ®(x) =0 for x < 0. By introducing the conjugate
momenta IT;(x) = (1/7)0d,0,(x), a generic TLL Hamiltonian
for each component is expressed as

Uy 2 1 5
Hy = — dx K[m Hs(-x)] + _[ax¢s(x)] . (33)
2 Kx

The parameters u; and K; are velocities and TLL param-
eters, respectively, which depend on the precise forms of
microscopic intraspecies interactions. We will consider the
general case where 0 < K, sy < 00. The noninteracting
limits Vj, — 0 and Vy, Vyy — 0 correspond to K;, =
and K_, = 1, respectively. By tuning g, — 00, the system
enters the TG regime at K, 2 1 [23,33]. For specific realiza-
tions of optical lattice systems, the commensurability of the
Bose-Hubbard interaction allows the possibility of tuning into
the regime K, < 1, when V},, is long ranged [23,33].

After substituting the bosonized form of W (x) defined in
Egs. (3.2) into Eq. (2.2d) and keeping only the n = 0 term for
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W, we obtain

Hs, = —ig3, / dx cos[Op(x) + 0(x) — 6y (x)]
x sin[¢f(x) — ¢y (x) — Skrx],

where Skr = k'fp — kﬁ and g3, = 4g3,(2ra) /2. In deriving
Eq. (3.4) we have discarded terms like g3, sin(6, + 0 — 0y,)
cos(2kpx — ¢y — ¢y ), which are strongly irrelevant in the RG
sense because they have spatial oscillations with the wave
number 2kp = k‘£ + kY =aN, r/L. Furthermore, we have
replaced & ¢&, with +i, because the product of the two Klein
factors is a constant of motion [the identity (& ff;/,)Z =-1
implies either £:&, = +i or —i, and we have chosen the
former]. We will use the same sign convention when we derive
bosonized form of order parameters.

In the incommensurate case (8kr # 0), the g3, interaction
[Eq. (3.4)] is irrelevant in the RG sense. The analysis of the
previous section is then applicable, and the phase diagram
therefore can be determined as in the previous section, with
various depletion transitions occurring between binary and
ternary mixture phases. On the other hand, Eq. (3.4) has a
dramatically different effect for the commensurate case (5kp =
0), which is satisfied along the dashed line in Fig. 2. In this
case, sinusoidal potentials can lock a particular phase variable
(6 or ¢5), and a competition of various orders due to the phase
locking must be studied by performing a RG analysis.

34

B. Order parameters

In the context of quantum mixtures, composite “pairing”
correlations have been previously introduced in the literature
and will be extended here to a more comprehensive list of
possible order parameters. First, the conventional 2k density-
wave (DW) order parameters are given by

OV (x) = W) () Wy (x) = €/ CKre200), (3.5)
O (x) = WH WA () = 720 (3.5b)
OV (x) = W WE (x) = /i (3.50)

Here (and below) we have dropped unimportant numerical
prefactors. In analogy with order parameters in the spinless
two-coupled chain system [see Eq. (A4a)], we introduce the
out-of-phase DW state of f and  particles,
OV () = Wi ()wh() — W) () wh )
o~ oK@t o) sin(¢ r — ¢y — Skpx).  (3.5d)

Next, the order parameters for the superfluidity (SF) of bosons,
p-wave-paired fermions, and p-wave-paired molecules are
given by

OF(x) = Wy(x) = €', (3.5¢)
O (x) = Wi f(x) =~ e, (3.5f)
O3, (x) = W)W S (x) ~ . (3.59)

We will also consider the p-wave-paired SF state composed
of f and ¥ particles,

Off;(x) = WH)W(x) — W)Wy (x)

~ ei(9f+0w) Sln(¢f — ¢w — (skpx), (35h)
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which is odd under the parity transformation, L <> R, and
therefore can be classified as p-wave pairing. Moreover,
this order parameter can be identified with the interchain
pairing SCd state in the two-coupled spinless chain problem
[see Eq. (A4c)], where f and i can be replaced by the
two-chain indices.

Earlier work in Ref. [34] investigated the phase diagram of
interacting “b 4 f”’ binary mixtures near the commensurate
point p, = py, where the composite p-wave superfluidity
~p? \IIJ% \/ }’}" was shown to have dominant QLRO correlations.
In the ternary system studied here, similar orders can persist,

SF _ L\, R Ly R
Optrapyy () = VoW ¥y + W, W, 0y

~ /@) cos(0, + 0 — 0y), (3.51)
which describes the p-wave pairing of two fermionic
(f or ¥) particles combined with a single b atom. Note
that the two composite operators in Eq. (3.51), W, W7 W and

w) W w7, annihilate equal numbers of fermionic and bosonic
atoms (including the ones forming a molecule), as seen from

: . SF _ _(7SF
the commu;itlon relations ['/s\gB’ObffMWf}/f] = Ohfﬂ_biww
and [NF’Obferbfw/] = _2Obff+b“'¢w' This order parameter

corresponds to the intrachain SCs pairing in the two-coupled
chain problem [see Eq. (A4d)].

In addition, we consider other composite order parameters
defined by

hi b Lt L Rf 1 R
O, () = Wik el w,w ks
~ !Okrx=i@r=y) gin(g, + 05 —6y)

+ o C2KiASkE)x+i Qb= +6y)

x cos(fp + 0 — 0y), (3.5))
h2 fop LT Lt
Opipry () = W W Wit — w0 T
o~ K@t cog (0 4+ 0 — 0y),  (3.5k)

which represent the particle-hole combinations of f and ¥
fermions. These operators are composed of the products of
three field operators, ‘llglll;\lld, and \Il;,\IJL\IJf, which are
similar in form to the g3, term of Eq. (2.2d) but asymmetrical
in the L,R branches. The second bosonized contribution
in Eq. (3.5j), coming from the n = —1 contribution in
Eq. (3.2a), can become a dominant order parameter for some
parameter regime, as will be shown later. We also note
that the order parameter in Eq. (3.5k) corresponds to the
“orbital antiferromagnetic state” in the two-coupled chain
problem, in which circulating currents flow between the two
chains, if the f and ¥ indices are regarded as chain indices
[see Eq. (A4b)].

C. Ground states in the incommensurate case

When §kr # 0, the g3, interaction of Eq. (3.4) oscillates
in space and does not affect the low-energy spectrum. Thus
we can set g3, = 0 in the low-energy limit, and the system is
described as a three-component TLL, in which the b, f, and
Y particles are decoupled and the correlation functions exhibit
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FIG. 3. (Color online) Phase diagram of Hamiltonian (2.1) for the incommensurate case py # py (a) and the commensurate case py = py
(b). For simplicity we set u, = us = uy and K, = K. The regions labeled by DW and SF represent phases with the dominant density-wave
and superfluid correlations, respectively. The dominant correlation crosses over from DW to SF or vice versa across the dashed lines. (b) In the
phase denoted by “(3 component TLL),” all the couplings G3,, G4, and G are irrelevant in the RG sense. The boundary between the phases of
relevant G, and that of relevant Gy is shown by the thick solid line at which the system undergoes a quantum phase transition. On the left-hand
(right-hand) side of the thick solid line, the coupling G4 (G4) becomes relevant.

algebraic decay. For example, the correlators for the b particles
are given by

(3.6a)
(3.6b)

<OI§F(X) O:FT(O»O ~ x—l/(ZKD’
(OEW(X) ObDwT(O))O ~ x 2K pi2kpx

We find that the superfluidity correlation dominates over
the density-wave correlation when K; > 1/2. Similarly, the
correlation functions for the p-wave superfluidity and the
density-wave of the f and ¥ particles exhibit algebraic decay,

(O5F () OSFi(0)), ~ x~2/K:,

<O?W(x) O?WT(O»O ~ X—ZKA eiZk;x’

(3.7a)
(3.7b)

where s = f,¢. The dominant correlation for fermions
changes between the superfluidity and density-wave orders
at K; = 1. In Fig. 3(a) we show the phase diagram in the
parameter space of K; (s = b, f,¥), which is obtained by
identifying the dominant QLRO among those in Egs. (3.6)
and (3.7).

IV. RENORMALIZATION IN THE
COMMENSURATE CASE

When 8kr >~ 0, the effects of the sinusoidal potential (3.4)
can be analyzed using RG techniques [33]. Apparently, the
form of Eq. (3.4) contains dual fields which do not commute
[6p +0f — Oy,¢5 — Py] # 0. This type of interaction has
been analyzed in the context of two TLL chains coupled
by one-particle interchain hopping [35,36], where it has
been confirmed that higher-order corrections are crucial to
determine the low-energy spectrum of the two TLL chains
[37]. We thus can expect that interactions generated by RG
transformation should similarly be taken into account in our
model.

In order to properly derive the RG equations and to
determine the ground-state phase diagram for the Hamiltonian
including the potential as Eq. (3.4), we have to pay special

attention to the commutative properties of the phase fields,
besides the Klein factors. In Appendix A, we analyze the
two-coupled chain system on the basis of the present bosoniza-
tion scheme and verify that the correct results [38] can be
derived. In Ref. [38], the interchain hopping term was treated
nonperturbatively and the phase diagram was determined. In
Appendix B, we analyze the present model (2.1) using the
method of Ref. [38] and observe that the consistent results can
be obtained.

In this section we setu;, = u y = uy(=u) for simplicity. The
Euclidean action of the system is given by S = Sp 4+ S;0 +
Si1+ Si2 + Si3 with

1
So=) e / d*r(Ve,)?, (4.1a)
Gss’ 2
Sto=_ 5= | d*r(Ve)(Vey), (4.1b)
s#£s’
G3p dzl" .
S = el s cos(fp + 05 — 6y) sin(¢py — ¢y),
4.1¢)
G¢ d2Y‘
S[’z = 7 ? COS(2¢f' — 2(1)1/,), (41d)
G d?
Sis3 = Z0 / _2r cos(20y, 4 26 — 26y,), (4.1e)
g o

where r = (x,ut), V = @@,,u"'9;), d*r =udxdr, and
G3, = wa?g;,/u. Although the extra terms G4, Gy, Gy,
Gpy, and Gy, are absent in the original Hamiltonian, they
are generated through the RG process [35].

In this paper, we adopt the momentum-space RG method
[39] by introducing the momentum space cutoff A. The
RG equations can be obtained by integrating out the high-
momentum components A’ < |k| < A, where A" = A(l —
dl) is the reduced cutoff (dl = —dA/A) and k = (k,w/u)
with the frequency w. Accordingly, the phase fields ¢,(r) are
split into two components ¢(r) = ¢.(r) + hy(r) [39], where
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¢.(r) is the field having components in lower momentum
0 < |k| < A’ and hg(x) has higher momentum components
A" < |k| < A. The free propagators for these fields are given
by

, , K, K, [ dk ,
@B O) = S g = = / k) f/N),
0
4.2)
K,
() = S og0r)

K, > dk /
- f IEDLFG/A) = FE/A)
0
4.3)

where r = |r| and Jy(z) is the Bessel function of the first
kind. With the smooth cutoff function f(p) = c?/(p* + c?)
[40], we have the correlation functions ([¢,(r) — ¢§(0)]2) =
K In(e?cA'|r|/2) and 8g(r) = cArK(cAr)dl for cAr >
1, where K(z) is the modified Bessel function. The con-
stant ¢ is taken as ¢ = 2e¢~7/(Aw) in order to reproduce
the asymptotic form ([¢(r) — ¢4(0)]?) = K In(|r|/a) for
|r| = oo. The derivation of one-loop RG equations pro-
ceeds similarly to the case of the two-coupled chain sys-
tem explained in Appendix A. By exploiting the commu-
tation relation [¢y(x),0y(x")] = inmd;yO(—x 4+ x’) and the
normal ordering procedure for the operator-product expansion
[33,41], we eventually obtain the following one-loop RG
equations:

dGy (o1 L 1 K Ky 1o
dl 4K, 4K, 4K, 4 4 27
1 1 1
+ EGW} + Evaf — EGf‘/foK‘/f)G3P’ (4.4a)
dG
d—l¢=(2—Kf—K,,,—2Gf¢,KfK¢,)G¢
1
+ 7G5, MKy + K7+ K =Ky = Ky) /4),
(4.4b)
dG 1 1 1
—9=<2———————2be
dl K, K; K,
+2Gpy + 26f¢>G9
1 2 —1 —1 —1
—ZGspAl((Kf+Kw—Kb —K;'=K,')/4).
(4.4¢)
dKp 2 -1 -1 -1
72"'601“2(1@ +K; K, (4.4d)
R G2 ANK, + Ky)
dl ¢ B ERRSTRY
+GiA (K, + K+ K, (4.4e)
dK
d_lV’ = -G, K} Ay(K;+ Ky)
+Gi A (K + K+ K, (4.4f)
dGyy Gg —1 —1 —1
= = A(KT' + KV + K, 4.4
yT +Kbe oK+ K+ K (4.49)
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dGpy G; -1 - -1
= A (K K K7, 4.4h
dl +KbK1// 2( b + f + v ) ( )
dGry
o= —G, Ax(Ky + Ky)
Gg —1 —1 —1 .
+ XKy A (K, '+ K;'+K, ), (4.41)
where we have defined
o0
d o
Av(p)dl = 2p f L sg(r)e $EOF0L (4.5q)
0 o o
o 4 3 - ~
Ay(B)dl = 28 f ?r:?ag(r)e-zﬂ[g@)—g(fﬂ. (4.5b)
0

The exponential factors in the right-hand side of Egs. (4.5)
appear as a result of normal ordering in operator-product
expansions [33,41]; for example,

cos[pgy(r1) + q¢;(r2)]
— cos[pl(r1) + gL (r)] : e P HOIEI—pa@i DY)
: . o (r2)] :
1cos[(p + )P/ (R)] : e~ 27 +aI@)=paldi (L)
: (R)] :
— cos[(p + @) (R)] 2L P+ar =rH+a)@") = pa ¢ (D)
s

Q

= cos[(p + q)¢;(R)] e%qu[g(O)_g(”Z)], (4.6)

where R = (r; +r»)/2 and ri; = |r; — rz|. We have used
the short-hand notations 1 = r; and 2 = r,. We note that
Ai(B) ~ ¥ B for small B8, and A;(1) = A,(2) = 1, where y
is the Euler-Mascheroni constant. One can neglect the velocity
renormalization up to one-loop order. The initial values of the
RG equations are given by G3,(0) = G3,, K;(0) = K, and
Gss(0) = G(0) = Gy(0) = 0.

Diagrammatic representations for the G3,, G4, and Gy
terms are shown in Fig. 4. The G4 coupling is a four-point
vertex representing interactions between f and i particles,
while the Gy coupling is a six-point vertex for a two-molecule
conversion from two b and two f particles. Low-order
contributions to G4 and Gy are also shown in Fig. 4. The

b
\\

O=> = b‘ 4.
f ¥ v P

G3P G¢ P I
\\\l{ "
f
= 4.
f
Gy /(b v

FIG. 4. Diagrammatic representation of the G3,, G4, and Gy
terms, and low-order contributions to G4 and Ggy. The dashed,
sold, and double lines represent the boson, fermion, and molecule
propagators, respectively. The wavy line represents the intraspecies
density-density interaction.
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lowest-order contribution to the G4 coupling comes from the
effective interaction mediated by b atoms. Pairing between
fermions (f) and molecules (1) induced by such boson- (b)
mediated interaction has been suggested in Ref. [18]. We will
contrast this paper with our work in more detail later.

Since [¢pf — ¢y .0, +0r — 0,1 # 0, the phase variables
¢ — ¢y and 6, + 0y — 0y, cannot be locked simultaneously.
This means that there should be two distinct phases separated
by a quantum phase transition, a phase where ¢, — ¢y is
locked by the G4 term and a phase where 0, + 6 — 6y is
locked by the Gy term, in addition to a three-component TLL
phase where none of the phase fields are locked. Here we obtain
the phase diagram by comparing the scaling dimensions, which
we denote by dim[ ], of the operators for the couplings G3,,,
G4, and Gy. We ignore renormalization of K, K ¢, and K, for
weak g3, because the right-hand side of Egs. (4.4d)—(4.4f) are
of order gé‘ - The scaling dimensions of the sinusoidal potential
operators are found from Eqs. (4.4a)—(4.4c) as

dim[G3,] = %(Kib + Kl, + Kl,/, + K+ K¢,>,
dim[Gy] = K; + Ky, 4.7
dim[Gy] = i PRI

K; Ky

In the case when three inequalities, dim[G3,] > 2,dim[Gy] >
2, and dim[Gy] > 2, are simultaneously satisfied, all the
locking potential operators are irrelevant, and, consequently,
we have a three-component TLL phase. This is the case for
large K y and K, and small K,. Otherwise, either the coupling
G4 or Gy becomes relevant and flows to strong coupling at
low energy.

We observe from Egs. (4.4b) and (4.4c) that the condition

1 1

1
Ki+Ke=q-+o+ g

4.8
X, &, (4.8)

defines the particular case where the scaling dimensions
dim[G 4] and dim[Gy] become identical and the factor A; in
the second terms of the right-hand side of Egs. (4.4b) and (4.4c)
vanishes. Thus, Eq. (4.8) determines the phase boundary
between the phase where the G, operator is relevant and the
phase where the Gy operator is relevant. In the case where
K+ Ky < K,;l + K;l + K]/jl, the coupling G, is relevant
and renormalized to strong coupling with G4 > 0. We note
that the positive G4 coupling implies repulsive density-density
interactions between f and 1 particles. On the other hand, in
the opposite case where K ; + Ky < K, ' + K;l + K;l, the
coupling Gy is relevant and renormalized to strong coupling
with Gy < 0.

The resulting phase diagram is shown in Fig. 3(b), for which
the nature of the ground state in each phase is discussed in the
next section.

V. PHASE DIAGRAM IN THE COMMENSURATE CASE

In the preceding section we determined the phase bound-
aries in the phase diagram that admit quantum phase tran-
sitions. Therefore, in a given region of relevance where a
particular phase variable is locked, the properties of the
resulting phase that may exhibit dominant QLRO can be
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understood by analyzing the exponents of the order-parameter
correlations.

For this purpose, the analysis based on the RG equations
given by Egs. (4.4) is not simple since the G3, term contains
both ¢ and 6 (s = f,y) fields. When treating this type of
term, one often encounters subtleties in determining ground-
state phases, especially in the case that the G3, term becomes
relevant. Thus it is necessary to make transformation to a
suitable basis.

A. Recombination of phase variables

We perform the following canonical transformation:

9(x) = P¢x), #x)= 00(x), (5.1
where
p(x) 0 (x)
o) = | ¢or(x) |, )= 0r(x) |, (5.2a)
() 0, (x)
Qol(x) 91(x)
o) = | p(x) |, Fx)=| F2x) (5.2b)
§03(x) 193()6)

The transformation matrices P and (Q are generally
nonorthogonal, but the commutation relations of ¢ and ¥,
[(pa(x),n_layz?b(y)] =i8,6(x — y), are preserved as long as
the relation PQT =1 is satisfied [42]. A simplification of
Eq. (3.4) follows from the following choice of the matrices:

(21l 1 10
P=— 1], o=—
V2 0 1 - V21

(5.3)

Substituting the phase variables ¢ and #, we rewrite the cosine
terms in Eqgs. (4.1) as

Sy = G3p/—cos(«/_193) sin(v/2¢3), (5.42)
Sio = Go / £ cos2v2¢3), (5.4b)
T o
2
) / i—;cos(Z«/EL%). (5.4¢)

‘We note that the phase variables ¢3 and 3 are under the influ-
ence of the G, and Gy cosine potentials, respectively. In terms
of the phase variables ¢ and ¥, the TLL Hamiltonian (3.3) is
rewritten as

H():Hb-f-Hf—i—H,/,

1
T / dx[(3:@ M (3:9) + B FHN@ D], (5.5)
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where M and N are real symmetric matrices defined by

PHYSICAL REVIEW A 88, 043620 (2013)

| ubK,,_1 0 —ube_l
M= 0 upKy' +uy, K, urK;' —uy K, , (5.62)
—up Ky upK S —ug K wp K K uy K
1 4upKp +urKyp+uy Ky urKs—uyKy urKe+uyKy
N = 3 urKy—uy Ky urKy+uy Ky urKy—uy Ky (5.6b)
usKe+uyKy urKy—uyKy urKy+uy Ky

The order parameters introduced in Sec. III B can now be
expressed in terms of the new phase variables ¢ and #. The
order parameters for the b particles are given by

OZF(X) ~ e‘iﬁﬁ‘,

OEW(x) ~ ei2k‘,’,x+i\f2§017iﬁ¢3.

(5.7a)
(5.7b)

The order parameters for the p-wave-pairing SF and out-of-
phase DW states of the f and i particles are written as

O%, (x) == &2 sin(v/2¢3), (5.7¢)

O?y(x) ~ oi2Zkrx—iv2¢ Sin(ﬁ%)’ (5.7d)

from which it follows that correlations of SF;y, and DW
are enhanced when the phase field ¢3 is locked at (V2¢3) =
/2 mod . Finally, the order parameters for the composite
particles are expressed as

O 1y @) = €12 cos(v/203), (5.7e)
O, (0) = eV sin(v/203)

+ e~ 2KEx—iv201 cos(v293),  (5.7)

Oi?ii.w(x) ~ i 2kri =iV 005\ /295). (5.7g)

We see that the correlations of these order parameters are
enhanced when the phase field 93 is locked at (V293) =0
mod , except for the first contribution in Eq. (5.7f).

B. Effective low-energy Hamiltonian

The sinusoidal potentials of Eqs. (5.4) take on forms similar
to those of the spinless two-coupled chain system [35,37] (see
Appendix A). In the two-chain system, operators generated
in RG transformations become relevant in the low-energy
limit. Similarly, we expect that either the G4 or Gy term can
become relevant and renormalized to strong coupling, as we
have discussed below Eq. (4.8). The relevant G4 > 0 leads
to locking of the phase field ¢3 at (V2¢3) = /2 mod 7,
whereas the relevant Gy < 0 leads to the locking of the phase
field v5 at («/51?3) =0 mod 7. When either @3 or 93 is
locked, the remaining phase fields ¢, and ¥, (s = 1,2) remain
gapless, and then the system is effectively described by a two-
component TLL and a massive sine-Gordon model. However,
in contrast to the simple forms of sinusoidal potentials, the
quadratic Hamiltonian in Eq. (5.5) is complicated by the

presence of many cross terms. One approach that we will
implement here is to integrate out the massive mode (¢3,93)
in a manner similar to Ref. [43], thereby reducing the problem
to a two-band system which can be exactly diagonalized. To
be more precise, when G4(I) — +o0 in the RG analysis, the
quantum fluctuations of the ¢; field are suppressed, and we
can make the approximation 9,3 — 9y (p3) ~ 0. Moreover,
since the cosine potentials can be ignored for the strongly
fluctuating 3 field, 3 can be integrated out by completing
the square for 9,3 in the quadratic Hamiltonian, as described
in Ref. [43]. The same approach can be used for Gy(/) — —oo.
Consequently, the system can be described effectively by
the two-component TL liquid with the effective low-energy
Hamiltonian

dx  _ y
Heft — Z /g(MUgol{(p;—i-Niﬂ?;l?;)y (5.8)

ij=12

where ¢/ = d,¢; and ¥/ = 9,9;. In the case when ¢;3 is
locked (G — 00), the renormalized coefficients are given by
Mij = M,'j and Nij = Nij — Ni3Nj3/N33 (l,J = 1,2) Simi-
larly, when 93 is locked (Gy — —o0), the coefficients are
given by Mij = Mij — Mi3Mj3/M33 and N,'j = N,'j.

The Hamiltonian (5.8) can be diagonalized sequentially
[42], yielding

HT = ;—]/dx[(ax(ﬁl)z + (0:91)°]
T

v / Ax[(3:62 + @71 (59)
JT

The canonical transformation between the phase variables
(¢,9) and (¢,9) are given by
Dy
R E 5.10
< 02> (5.10)

_ (@ v _
(2)=7(5) (i)-2
©2 (%) )

where the transformation matrices P and Q are defined
as P=RiATPRyAY* and O = RiAPRyA; Y with A
and A, being diagonal matrices. Here the rotation matrix
R, diagonalizes the matrix M as RITM Ry = Ay, and the
rotation matrix R, diagonalizes the matrix A }/ 2RIT]\_I R A }/ 2
R2A2R2T . The velocities u; and u, are diagonal elements of

AYP.
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C. Correlation exponents

In this section we calculate correlation exponents for order
parameters characterizing the phases in Fig. 3(b).

For the Gaussian model (5.9), the correlation functions
of vertex operators, exp(it;¢;) and exp(i;¥;) with real
parameters X », show power-law decay,

(eiklwl(x)HAz(pz(x)efiMwl(0)*512402(0)) ~ x*%)‘%’/wl*%)‘gﬂwrk]?xzﬂmz
(5.11a)
<eikl19|(x)+iA2192(x)e—iA1791(0)—iA2192(0)) ~ x—%xfnm—%xgnm—,\,xzn,,,z
(5.11b)
where the exponents are given by
_, _
Noi = Z Pl nen= Z Py Py, (5.12a)
j=12 j=1.2
. - =
moi = »_ Qh M=y 01;02;. (5.12b)
j=1.2 j=1.2

These results can be applied to the cases of interest.

1. Case of relevant G

In the case when G is renormalized to strong coupling
(Gg — 00), the fluctuations in the v; field diverge, and,
consequently, the order parameters that contain the vertex
operator of 13 exhibit short-range correlations or exponential
decay at large distances. On the other hand, the locked field ¢3
can be replaced by its average (v/2¢3) = /2 mod 7 in the
order parameters that contain ¢3. The correlation functions for
the boson order parameters are then given by

(O5F(x) OSFT(O)) ~ x~ /Ky
(OPY(x) OV (0)) ~ x~2Ko ik,

We note that the exponents are unchanged from those in the
83p = O case [see Eqgs. (3.6)] and that the correlation functions
of b particles are controlled by the TLL parameter K;. (To be
precise, K, should be replaced by its renormalized value K,
whose difference from K}, is on the order of gg‘p.) The SF,, is
dominant for K;, > 1/2, while the DW,, becomes dominant for
K, < 1/2.For f and v particles, slowly decaying correlation
functions are given by

(Of:];( )OSFT(0)> ~ x—l/K?
( ( )ODWT(0)> 7K2612k,4x’

(5.13a)
(5.13b)

(5.14a)
(5.14b)

where

u 1 1 -172

¥

—2[( +—>( + )} . (5.14c)
Ky Ky )\ugKy uyKy

The most dominant order for f and i particles is determined
by K,: The SF, state for K, > 1 and the DW,, state for
K5, < 1.1Inthe phase diagram shown in Fig. 3(b), the region of
relevant G, is classified into four regions according to the most
slowly decaying correlation for the bosonic (b) and fermionic
(f, ¥) particles.

Here we briefly discuss the correspondence to the results
obtained in Ref. [18], in which the f- paired state is predicted
within a mean-field analysis of a 3D model. It is pointed
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out in Ref. [18] that the molecular conversion term induces
a repulsive density-density interaction between a fermionic
atom and a molecule through a lowest-order virtual process.
This effective interaction is consistent with the interaction
vertex G4 > 0 generated in our perturbative RG analysis.
Furthermore, it is argued in Ref. [18] that, if the bosons are
condensed, the effective interaction between a fermionic atom
and a molecule can become attractive, thereby yielding the SF
order of “s-wave” f-y pairing state. In the present 1D case,
the mean-field theory is invalid (bosons cannot condense),
and the effective interaction Gy is repulsive. Therefore the
s-wave f-y pairing cannot be stabilized. Instead, we obtain a
“p-wave” f-y pairing (or out-of-phase DW state of f and v
particle) which can be stabilized due to the induced repulsive
interaction between f and ¥ particles.

2. Case of relevant Gy

Next we consider the case where the phase field 93 is
locked. The fluctuations of the ¢; field are divergent, and its
order parameters exhibit short-range correlations. The order
parameters of our interest are those involving 3, which
can be simplified by replacing /293 with its expectation
value (+/2093) = 0 mod 7. The correlation functions of these
leading order parameters exhibit algebraic decay,

(O5F ) O () ~ x 71, (5.15a)
<Obff+b“//10(x) Obff-s—hfwl/,(o)) ~ X, (5.15b)
(© ZT}T,,,( )ngw (0)) ~ x M kY (5.15¢)

(002, @) ONT () ~ x7eees (5.15d)

The correlation functions of the order parameters OS (x) and

w(x) also exhibit algebraic decay. However, these orders
cannot dominate over those given in Egs. (5.15), since their
exponents are always greater than those in Egs. (5.15).

Whenu, =uy = uy and Ky = Ky, the Hamiltonian (5.8)
takes a diagonal form, and the exponents are simplified to

Net = 2K, + K¢, 1y =Ky, (5.16a)
1 1

=, =—. 5.16b

M1 2K, + K, 92 X; ( )

In the parameter region in Fig. 3(b) where G4 flows to strong
coupling, the exponent 7y is always smaller than the others
in Eqgs. (5.16). Hence, the SF, state is designated as the
most dominant state. We also note that the SF, correlation
is enhanced as compared with the case of g3, =0 where
ne1 —> 1/(2Kp).

VI. DISCUSSION AND CONCLUDING REMARKS

In summary, we have carried out a comprehensive study of
a two-channel Bose-Fermi mixture, for which the analysis and
results presented here can possibly be applied towards more
general many-body problems involving interacting multicom-
ponent quantum liquids.

When the densities of the fermionic atoms and fermionic
MB molecules are identical, the Feshbach molecule conversion
and disassociation, the g3, term, can become relevant and
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induce an excitation gap, while the system retains two
gapless modes. One appealing feature of the phase diagram
in particular is the existence of a dominant composite p-wave
pairing state W7 W, which occurs for fermions in both the
open and closed hyperfine channels, induced by an effective
interaction mediated by b atoms. Ultimately, we hope that
the phase diagram presented here should demonstrate more
general features of composite orders and indirect scattering
processes that will manifest in higher dimensions.

Although we have established the qualitative behavior of
the phase diagram for a wide range of interaction couplings, a
better comparison with experiments will require microscopic
determination of the TLL parameters using numerical meth-
ods. Since our model contains specific order parameters that
couple different atomic species, a direct experimental probe
must be sensitive to interspecies density correlations. Time-
of-flight spectroscopy is the most promising method, as it can
directly image an atomic cloud’s density profile, which should
demonstrate specific commensurability in the presence of
density wavelike order [6]. A possible experimental realization
within the cold atoms systems would involve a magnetic
trapping technique developed on atom chips [44]. Recently,
the TLL signatures have been confirmed by observing certain
quasi-long-range order within the noise correlations between
two independent 1D bosonic atomic condensates created on
an atom chip [45]. As discussed in Ref. [46], the analysis
of the noise correlations would be also useful to detect the
composite pairing states proposed in the present paper, since
this measurement would be sensitive not only to density-wave
fluctuations but also to pairing fluctuations.

In order to make a proper comparison of the results
obtained in this paper with actual experiments in trapped
cold atom systems, we have to take into account the density
inhomogeneity arising from the harmonic trap. For this
purpose, we can apply the local density approximation (LDA)
[47] when the range of the density variation is much larger
than the average interparticle distance. In the incommensurate
case (pr # py), where the system is described as the three-
component TLL in the homogeneous limit, the low-energy
properties can be analyzed by the bosonization scheme based
on the LDA [23,48]. On the other hand, in the commensurate
case (0y = py ), the extension of the RG analysis would not be
so straightforward. The numerical studies on the trapped boson
system in an optical lattice [49,50] have shown the transition
from a superfluid to a Mott insulating state in the so-called
“wedding cake” structure with density plateaus of the Mott
state, which was indeed observed experimentally [51]. Such a
structure can be ascribed to the commensurability effect which
is present when the number of bosons per site becomes integer.
Since the commensurability effects can be represented as the
sinusoidal potentials in the bosonization scheme, we expect
that similar commensurate-incommensurate transitions should
be realized when a trapping potential is taken into account in
the present system.
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APPENDIX A: TWO-COUPLED CHAIN REVISITED

The model which we consider in the present paper has a
close connection to the model of spinless two chains coupled
by the one-particle interchain hopping [35,38]. The model
Hamiltonian for the two-coupled chains is given by

H2chain = Z /‘dx”](\.IJYLTaxlIJ‘L - lpvRTaX\IJYR)
s=1,2

—1 Y / dx (W) + He)

p=L,R
+ / dx [g(o1 pr + p2 p2) + 28 0102], (Al

where p = L (R) refers to the left-(right-) moving particle and
s = 1,2 is the chain index. The couplings g and g’ represent
the intrachain and interchain interactions, respectively [35].
In earlier works, the interchain hopping term is diagonalized
by introducing the bonding and antibonding band basis of the
field operators, and then the bosonization and RG methods are
applied to the field operators on the band basis [35,38]. In this
appendix, we verify that the same results can be obtained by
directly applying the bosonization to the field operators on the
original chain basis. The bosonized forms of the field operators
are given by

\ySL/R(x) — s e FikpxLig;()+ib; (X)’

A2
2o (A2)

where s = 1,2 is the chain index and &; is the Klein
factor satisfying £,&, = i. The commutation relation of the
phase variables is [¢s(x),0y (x")] = in 8, ¢ O(—x + x’). Since
a dominant phase can be determined by the locking position of
¢y or 6;, we have to carefully apply the fusion rules for vertex
operators.

With the symmetric and antisymmetric combinations of
phase variables, ¢4 = (¢1 £ ¢»)/v/2 and O = (6) £ 65)//2,
the bosonized Hamiltonian is written as

Hyaan = 5 [ dx| 200600 + K, (0,0,
2chain = 5 XK—+(x¢+)+ +(0,05)

Ll PN LA 2
+5 / dx[ —(0:9) +K_(ax9_>}

-G
+iu l/dxcosx/EQ_ sinﬁqb_

o’

G
+u ¢/dx0052\/§¢_

mo?

G
bl / dx cos 2726, (A3)

ol

where Ky >~1—(g+£g')/(mv), ux ~v+(g+g)/m, and
G, =2t,a/u_. The coupling constants G4 and Gy are ini-
tially zero but generated through the RG transformation. Only
the asymmetric fields (¢_,0_) are subject to the sinusoidal
potentials, and the symmetric fields (¢, ,6) remain free.
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The order parameters characterizing the ground state are
written in the bosonized form as [35,38]

Ocpw(x) = WETWR — WHQR ~ pi2krx=iv2s gin (/2
(Ada)

Oonr(x) = WHWE — WHWR ~ pi2%kr=iV2: 06 /20_
(A4b)
Ogee(x) = WEWE 4 WEWR ~ oV 5in V29, (Adc)
Oscs (x) = WEWR 4 WEWR ~ o1V cos/20_,  (Add)

where CDW”™, OAF, SC?, and SC* stand for charge-density
wave, orbital antiferromagnetic, d-wave superconducting, and
s-wave superconducting states, respectively.

In order to analyze the low-energy behavior of the ¢_ mode,
we apply the momentum-shell renormalization-group method
[33]. First, we split the phase variable as ¢, = ¢; + h;and 0, =
0, + i, where ¢. and h, are the phase fields containing low-
momentum and high-momentum components, respectively,

&’k
/ — 1 r ; k AS
oi(r) /M Gl e, (ASa)
d*k .
hy(r) = ikr o (k), A5b
) /A e G ST BB as)

where r = (x,u;7), k = (k,w/uy), k- r = kx — wt [33], and
¢5(k) is the Fourier transform of ¢;(x,7). The fields 6, and g
are defined similarly as low- and high-momentum components
of the conjugate fields 6;. The RG equations are derived by
integrating out the & and / fields with the help of Eq. (4.3).

We perform RG transformations of the action S by treating
the interchain hopping part,

Sl—z—/.— cos V26_(r) sinv2¢_(r), (A6)

as a weak perturbation, where d*r = u_dxdz.In doing so, we
have to pay special attention to the commutative properties.
The equal-time commutation relation between ¢, and 0, is
given by

[¢s(x).05(x")] = i8¢ O(=x + x"), (A7)

and their correlation functions are given by [33]
(p5(r)85(0)) = %Fz(r) + % (A8a)
(65(r)gs(0)) = %Fz(r) - IT (A8b)

where F,(r) = —iArg(y, +ix) with y, = u,t + a sgn(r).
The last terms +im/4 in Eqs. (A8) are added in order to
reproduce the commutation relation (A7). Integrating out the
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hy fields yields the O(ti) contribution to the action S,

_1( 2ye = — Gzi @@
2 B2 £~ ) o a?

( ien/260_(1) ie’ﬁ(j),(l) 7iexf29,(2)eie’\f2¢,(2)>c
h

dr]drz
32712 Z/

V20_(1) jie'N2¢_(1) jie/260_(2) ,—ie'N2p_(2
% (eté (D) pi€'V2¢-(1) ,ieV20-(2) ,~ie'V2¢( ))Z’
(A9)

where (1) and (2) stand for (ry) and (ry), respectively, and
(---)} is the cumulant expectation with respect to the & and &
fields. The cumulant expectations can be evaluated as

<eieﬂ9_(l)eie’ﬂ¢_(1)e—ieﬂ9_(2)eie’ﬁ¢_(2)>z
_ eieﬁ@’_(l)eiE’ﬁ¢'_(l)e—ieﬁa/_@)eié'ﬁd_@)
% e*(KerK:I)Bg(O)[e(K:]*K—)&&’(rlz) _ 1]. (A10)

We note that the integrand becomes nonzero only for small
rip/a = |ry — ra|/a since the function §g(r) decays rapidly
in r/a. We can rewrite the product of the vertex operators as

P EV20L(D) i€ V2L (1) ,—ien/201(2) i€ V24_(2)
A et eVILFEVIPL(-ieVLQHEVILD)  (A]])

where we have used [¢.(r)),0.(r2)] + [¢.(r2).0.(r1)] =
(,(r).6.(r)) + ([§,(r2).6.(r))]) = i, together with the
relation (A8). Using Eq. (4.6), we can perform the operator-
product expansion [rj; = |r; — rp| and R = (r| + r2)/2]:

P €V20L (D€ V2 (D—ien/26) Q) +ie' V29 (2)
- eiefza/,(nﬂe'ﬁzﬁ’,(1>—teﬁ9L<2)+ie'ﬁ¢L<2) .
« o K='180)-g(r2)] ,~K_[2(0)+8(r12)]
n s e HEWV2LR) L =K [3O0)=30r12)] ,~K-[3(0)+3(r12)]

= VLR —(KT =K )[5O)=3(r2)] (A12)

where g(r) is given in Eq. (4.2), and we have used Eqgs. (A8).
Thus we find

Gi —(K_+K~"5g(0) -1
—=e TR A (K
4

2
X /d—ZRcos2«/§¢/_(R)
a

G2
_Yl L«
4

d’R
x / —- cos2v20(R),
o

1
—5 (505 =+ S
~FEDBO 4 (K- — K=YY/2)dl

(A13)

where A;(B) is defined in Eqs. (4.5). The first (second) term
renormalizes the G4 (Gg) term. The full RG equations for the
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coupling constants and the TLL parameter K_ are given by

dG K_ 1
(-5 )

Al4
T (Alda)

dd% =(2-2K)Gy+ %GiAl((K:l —K_)/2),
(Al4b)

% =(Q2—-2K"")Gy— %GiAl((K— — kY,
(Aldc)

% = —2G;K2A; 2K-) +2G3A,(2KZY).  (Al4d)

We see from Eqgs. (A14b) and (Al4c) that the one-loop
RG processes yield contributions of order G to 5¢ and G,
respectively. Consequently, when K_ < 1, the coupling 54, is
relevant and renormalized to strong coupling (5¢ — +00).
In this case, the phase field ¢_ is locked at (V2¢p_) = /2
mod 7. On the other hand, if K_ > 1, the cogpling 69 is
relevant and renormalized to strong coupling (Gy — —00),
and then the phase field 6_ is locked at (+/26_) =0 mod 7.

For K_ <1 (i.e,, g > g'), the relevant order parameters,
CDW7™ and SC?, are reduced to Ocpwr(x) — e/2krx=iv20s
Ogea(x) — V2= asp_islockedat (v2¢_) = 7/2 mod 7.
These correlation functions show QLRO,

(Ocpw~ (x)OéDwﬂ (0)) ~ x K gikrx,

(Oscs () 0L (0)) ~ x 71K+,

(Al5a)
(A15Db)

The dominant correlation is determined by the value of the TLL
parameter K ; the CDW (SC¢) state becomes most dominant
for Ky <1(Ky>1),ie,g+¢g >0(g+g <0).

For K_ > 1(i.e., g < g’), the relevant order parameters are
given by Ooap(x) — e/ 2r3=ivV20+ and Ogcs (x) — €V2%+ and
their correlation functions are

<OOAF(X)O$AF(0)> ~ X7K+ei2kFx’

(Oscr ()04 (0)) ~ x71/K+

(A16a)
(A16b)

The dominant correlation is the OAF (SC°) state when K, < 1
(Ky > 1),ie,g+¢g >0(g+¢g <0).

Since the RG analysis described above correctly reproduces
the phase diagram obtained in Ref. [38], the validity of our
method is confirmed. As we noted earlier, the sinusoidal
potentials of the two-chain Hamiltonian (A3) have forms
similar to those of Egs. (5.4). We can thus study the phase
diagram of our model using the same RG method (with
straightforward generalization), as described in Secs. IV
and V, where the RG equations (4.4) are indeed similar to
Egs. (A14).

APPENDIX B: MAPPING TO TWO-COUPLED
CHAIN WITH GAUGE FIELD

The model Hamiltonian (2.1) can be mapped to the
Hamiltonian for the two-coupled chain with gauge field.
By applying the phase representation only for the boson
[Eq. (3.2a)], and by expressing ¥, — W and ¥y, — W,, the

PHYSICAL REVIEW A 88, 043620 (2013)

effective Hamiltonian is expressed as

Hyy = Hy + Hy

=Y /dxiu(\yﬁaxwf — Wiy, wk)
s=1,2

+ Y ¢ f dxps(X)ps(x + 8), (B1)

s=1,2

Hy= 2 [de| 2= o)+ K 00,2, B2
2 Kb

Hyp=—t, Y /dx(w{”\y;’e—“’b +Hc),  (B3)
p=L.R
where 1, = —g3,/2ra)"/?, and we have set u, =u; =
uy (=u). We assumed the short-range interaction Vi r(x —
x')=g0(x —x'£8) and Vyyu(x —x') = gyd(x —x" £6),
where § is the small quantity, and we set g = gy (=g) for
simplicity. We focus on the commensurate case py = py.
This model can be interpreted as the two-coupled chain
model with a gauge field on the rung. In this section, we first
eliminate the effect of the gauge field by gauge transformation
and diagonalize the #; term. In the next step, we apply the
bosonization, as performed in the two-chain problem [38]. By
the gauge transformation

W (x) > Ul(x) = W (x) e, (B4)
WY (x) = WP (x) = W (x) e 02, (BS)

the 7, term becomes —r, Y, [ dx(¥"B? 4 H.c.). Since the
t) term is expressed in the form of conventional interchain
hopping, we can follow the approach of Ref. [38] in which the
relevant 7, term was treated nonperturbatively.

The interchain hopping term can be diagonalized by
introducing the bonding and antibonding operators,

1 . -
V= —(0F —9)). (B6)
(9 - 9)

The ¢, termis given by —z, Zp fdx(\llfjlllﬁ - \IJfT\I'f), and
the intrachain kinetic terms are given by

. Lt R
/dx (W9, Wk — whiy wky
+ /dxiu(\lffTax‘-Ilf —why Wk

+ g f dx(WEwl — wRWR L He)o,6,). (BT)

In contrast to the 7, term, which is given in a diagonalized

form, the intrachain kinetic terms contain the gauge field and

the field operators are given in the nondiagonalized form.
Now we bosonize the fields W,

£+ ei'l[erf¢i(x)]+i9i(X)’ (BS)

Wi(x) =
= 2o

where n = +(—) for p = R(L). In order to simplify the
notation, we further apply the simple transformation,

- 1 ~ 1
dy = —2(¢+ +¢o), - =-—7

—¢_), B9
7 ﬁ(¢+ ¢-), (BY)

043620-12



COMPOSITE PAIRING AND SUPERFLUIDITY IN A ONE- ...

TABLE 1. The average value of (v/26_) and the correspond-
ing order parameter, determined by the fixed point value of the
relevant g;.

Fixed point Average value Order parameter
g >0 (V26_) = /2 mod (sin~/26_) # 0
g <0 (v26_) =0 modm (cos~/26_) #0

and then the Hamiltonians H, and Hj, are expressed as

Ut
Hpy =5

U el 062 + k0,672
+27T/x|:K x¢—+—x—]

dx |:KL(3X<5+)2 + K+(3x9~+)z]
+

_ 180 [ dx (8,65) sin /20 cos /26
T

1 ~ -
+—— / dx[—gg cos 2«/5(;57 + gp cos 24201,
2720

2
Hs, =tlfdx§3x¢_, (B10)
where
go=1u, gp=go = gll—cos(Zkrd)], (B11)

and K; and uy depend on g and u. The microscopic
determination of the parameters Ky and uy are given in
Ref. [38] for weak-coupling region, while it requires numerical
analysis in the wide range of interactions.

From the scaling analysis, the RG equation for gy is given by
dgo/dl = (1 — K_/2 — K~'/2)g,, implying that the gy term
is marginal for K_ = 1 and becomes irrelevant for K_ # 1.
The presence of the marginal or irrelevant gy term would
give rise to slight renormalization of other quantities like Kj,
K_, g4, 8¢, and t;. However, we argue below that, up to
such relatively unimportant corrections, we can safely neglect
the go term so this Hamiltonian takes on the same form as
two-coupled chains, derived in Ref. [38]. First, we observe
that the 7, term suppresses the potential cos2+/2¢_, since
the former favors the incommensurate state while the latter
favors the commensurate state. Depending on the value of
K_, the 8_ field can either remain massless or develop a
gap. We concentrate here on the case where _ develops a
gap and acquires a nonzero expectation value determined by
minimizing the ground-state energy. The average value of the
massive field (+v/26_) depends on the sign of g5, where g is

the fixed-point value of gy. The average value of (+/20_) and
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the corresponding order parameters are summarized in Table .

The order parameters of the interest are O?“;" [Eq. (3.5d)],
0%, [Eq. (3.5h)], and Of}ff iyy Q- 3.5D]. After the gauge
transformation and the bosonization, these order parameters
are written as

OV () = W Wk — wiTwk
= OO - 0y
LR LR
= wilwk | gligh
1

= —tkexiV2e G /2
7o

0%, (x) = U wf + wFuf
= U 0F + §uf
= wlyk _ylyk
1 . 55 ~
= — ¢V gip «/59_,
o
1

T
1

s

(B12a)

(B12b)

O

SF i0 LR —i6, L\ R
b bty (¥) = (e Wi W+ e uyw)

[\°)

[\®)

]

= 21 (wiwf + whek)
T

—2i A ~
= melﬁ&r COS \/50_,

S

(B12¢)

where we have set £, & =1i.
When g > 0 (see Table I), we find that the correlation
functions for O]J?X/V and O}Sf;f exhibit algebraic decay,

(0%, () O, (0)) ~ x~ /K, (B13a)
(0P (@) OV (0)) ~ x~Hrei2re, (B13b)

This behavior is consistent with Eqgs. (5.14) if we equate K
with K5. We note that, in the simplified case where u, = u s =
uy and Ky = Ky, the exponent K5 is given by K, — Ky, as
seen from Eq. (5.14c¢).

On the other hand, when g; < 0, the correlation function

of Opf .41, exhibits algebraic decay,
<02;f+bw/¢(x) Olfjl:f+bT¢1//(0)T> ~ x VK (B14)

This behavior is consistent with Eq. (5.15b) by noting that the
exponent 7y, is given by 32 — 1/K ¢ [Eqgs. (5.16)] in the case
ofub =Up = Uy andKf = K,/j.
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