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In this work we study the particle conductance of a strongly interacting Fermi gas through a quantum point
contact. With an atom-molecule two-channel model, we compute the contribution to particle conductance by
both the fermionic atoms and the bosonic molecules using the Keldysh formalism. Focusing on the regime above
the Fermi superfluid transition temperature, we find that the fermionic contribution to the conductance is reduced
by interaction compared with the quantized value for the noninteracting case; while the bosonic contribution to
the conductance exhibits a plateau with nonuniversal values that is larger than the quantized conductance. This
feature is particularly profound at temperature close to the superfluid transition. We emphasize that the enhanced
conductance arises because of the bosonic nature of closed channel molecules and the low dimensionality of the

quantum point contact.
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I. INTRODUCTION

The quantized conductance for transport through a quantum
point contact (QPC) is one of the most prominent phenomena
in mesoscopic physics [1,2]. The quantization in units of
2¢2/h is well understood in terms of the Landauer-Biittiker
formalism [3,4] for noninteracting electrons, where e is
the electric charge and & is Planck’s constant. Recently,
experimental advances in cold atom systems have made it
possible to engineer mesoscopic tunnel junctions between two
reservoirs of degenerate quantum gases. The advantage of this
novel system is that one can tune the interatomic interaction to
study the interaction and correlation effects in the mesoscopic
transport phenomena in a highly controllable manner. In 2015,
the quantized conductance of noninteracting neutral Fermi
atoms was observed by the ETH group where the conductance
is found to be quantized in units of 1/A [5]. Subsequently,
the transport properties of strongly interacting Fermi gases
through QPCs were also investigated experimentally for both
the superfluid state [6] and the normal state [7].

Of particular interest is the anomalous conductance discov-
ered in the normal state of a strongly interacting Fermi gas
through a QPC [7]. It is found that the height of the conduc-
tance plateau can be enhanced to a nonuniversal value, which
can be several times of 1/k, as the interaction strength in-
creases. This anomalous conductance is qualitatively different
from the conductance anomalies observed in solid state QPC,
where it is usually reduced. In this paper we put forward one
possible explanation for the enhanced conductance observed
experimentally. We show that the presence of molecular state,
or preformed pairs, in the strongly interacting Fermi gas can
contribute to a larger conductance due to the Bose statistics [8],
even above the superfluid transition temperature 7.

In this work the bulk properties of the strongly interacting
Fermi gas in two reservoirs are described by an atom-molecule
coupled two-channel model, which takes explicitly into ac-
count both fermionic and bosonic degrees of freedoms [9-11].
We focus on the normal state transport through a QPC at
unitarity and adopt the Nozieres and Schmitt-Rink (NSR)
scheme [11,12] to calculate the spectral functions of both
bosonic and fermionic components in the two reservoirs. Then
we employ a tunneling Hamiltonian to describe the particle
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transport through a QPC, and calculate the current contribu-
tions from both the bosonic and fermionic components using
the Keldysh formalism [13,14]. We find that the conductance
still processes quantized plateaus. The conductance of the
fermionic component is reduced due to the strong interaction
effect, while that by bosons is enhanced, and this enhancement
becomes stronger as one approaches the critical temperature.

II. THE MODEL

In the realistic experiment setup the cigar-shaped trap is
split into two reservoirs using the repulsive potential of a
TEMOI-like mode of a laser. A two-dimensional channel is
formed between the two reservoirs initially. Then, at the center
of the two-dimensional region a QPC is created by imaging
a split gate structure using high-resolution lithography [5-7].
The particles will be transferred from the three-dimensional
reservoirs to a two-dimensional region first, and then enters
the one-dimensional QPC. To model the tunneling process,
we simplify the experimental structure as shown in Fig. I:
Two three-dimensional reservoirs are connected directly by
a one-dimensional QPC. The transverse trapping frequencies
wy,; of the QPC in the y and z directions are much larger than
the thermal energy of the system, and as a result, the tunneling
channel can be regarded as one dimensional. An additional
laser beam is shone on the QPC along the y direction to create
an attractive gate potential V, which can tune the particle
density in this region.

The total Hamiltonian of the system, consisting of two
reservoirs and the QPC, can be written as (setting A = 1)

H = H; + Hg + Hr, (D
where H; (Hg) describes the left (right) reservoir and is given

by
2
/d3 :Zw (r)<———uj>1ﬁ,a(r)

ot v?2 A
+ ¢_/(r)<—a +2v — 2Mj>¢j(l')
+ gl LY ;) + H.c.]}- )
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FIG. 1. The geometry of the experiment setup [7]. Two reservoirs
are connected by a quasi-one-dimensional channel, through which the
fermionic spin-1/2 atoms and bosonic molecules can tunnel from one
side to another. A gate beam applied on the central regime tunes the
particle density in the quasi-one-dimensional channel.

The operator I/Af jo (1) describes the creation of a fermion atom
with spin o = 1, in the jth reservoir with j = L,R. m is the
mass of fermions. Similarly, é i (K) creates a diatomic molecule
of mass 2m in the jth reservoir. 2v is the bare detuning of
the molecular state with respect to scattering continuum and
g is the bare coupling constant between the atoms and the
molecules. These two parameters can be related to the s-wave
scattering length a; and the effective range ry:

2v . m n k1 3)
g Ama 2n)3 2ex
1 rom?>
— = €5
g 8w

where €, = k?/2m.
Finally, Hy describes the tunneling between two reser-
voirs through the QPC. Within the QPC, the transverse

J

da)dkadka
Hr = AZZ,/ZTL' 2r 2w
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confinement leads to the transport channels with energies given
by €1 (ny,n.) = (3 + ny)wy + (3 + n)o, + V,. We define an
effective gate potential as V, = V, + 1wy + 3o, and assume
w; > wy, then the eigenenergy of the several lowest transport
channels would be nywy + V,, and they are nondegenerate.
The potential along the transport direction (X direction in our
case, see Fig. 1) can be modeled as a saddle point potential
with V(x) = —%ma))%xz (see Fig. 1(c) of Ref. [7]), neglecting
the modification of potential to the entry and exit of the
QPC. In our case, w, < wy , and for this particular case,
it is known that transmission matrix element through the
nth channel of the QPC is energy dependent, 7"(E) = {1 +
exp[—27 (E — nw, — \_/g)/a)x]}’1 [15]. We assume that only
particle with momentum along the ¥ direction can pass through
the QPC, and away from the QPC, their energies are given by
elkjy) = kJZ.’X/Zm, j = L,R. As aresult, we can make the fol-
lowing simplification for the tunneling matrix elements when
0y K Wy ;!

Tikpykrs) =Tr [ Oletkjn) —nwy — Vel (5)
j=L.,R

Tikpke)=Ts [] ©

j=L.R

[e(kzj'X) — nwy — Vg]. (6)

The constants 7 g will be related to the transparency of the
QPC later. The tunneling matrix elements above indicate that
only particles with energy e(k;.) > nw, + V, can enter the
nth channel of the QPC and will come out from the same
channel. Namely, we assume that there is no interchannel
scattering within the QPC. With this simplification, we can
write the tunneling Hamiltonian in the explicit form (now
written in Heisenberg representation, for more detail see
Appendix A)

x {T#(kL,x,kR,o D U @k Wre(@ + Appkr ) + Tpkp kg ) @,k OPr(@ + 281 kg )+ Hee t. (])

Here A is the cross-section area in the yz plane of the QPC.
Ap = g — pg are the chemical potential bias, where g
is the chemical potentials for fermions of the left and right
Teservoirs.

III. THE CONDUCTANCE FORMALISM

In the presence of a chemical potential bias A, the total
(atomic) current is a sum of both the fermionic and bosonic
parts as I(t) = Ip(t) + Ip(t), where

1/0

Ir = 5<5(NF,R - NF,L)>: (3
d

Ip = <E(NB,R — NB,L)>’ 9

[
with Npj = Yy Wy 00 (K) and Np ; = 3, 61 K); (k)

are the number operators of fermions and bosons in the two
reservoirs, respectively. In the above expressions the averages
(- - -) are taken over a time-evolving many-body state, which
we implement using the Keldysh formalism [6,13,14]. To
second order in 7pp), one obtains the expressions for the
currents Ir g(f) in terms of spectral functions Af B (w,K) for
fermions and bosons in the reservoirs (see Appendix B)

Ir (1)

dw de; degp o
= 2apel [4o 5L —ﬁ\/?R@(eL nw

X O(eg — nwy — Vo)A (w,+/2mer)
X Af(w+ Ap,N2meg)np(w) —np(w+ Ap)l,
(10)

y_‘_/g)

where €X is the Fermi energy of the right reservoir. In this
work we will use €X and the Fermi momentum k¥ of the right
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reservoir as the energy and the momentum units. The expres-
sion for /p is similar except that m, o, A JF ,and ny are now re-
placed by 2m, ap, Af, and n g. Furthermore, for I3(t), Aur =
A should be replaced by App = 2A . The so-called trans-
parency is defined as ap) = 167r2|Tp(3)|2D%(B)(e§)/A2,
where Dp(e) = +/2m /(4 /€) and Dp(e) = /4m /(47 /<)
are the one-dimensional density of state for fermions and
bosons, respectively. In this work we assume a perfectly
transparent junction and set both ar g = 1 for simplicity. The
atomic conductances are then calculated by o = o + o with
org = Ipp/Ap.

For noninteracting fermions, the spectral functions are
8 functions: Af (w,v2mer) = 8(w — €, + pr) and Ak(w +
Ap,/2meg) = 6(w+ A — €g + ). Then the current
in Eq. (10) reduces to the standard Landauer-Biittiker
formula [3,4,14] as Ir =1 [de®(e — nwy, — Vy)lnp(e —
ur) —np(e — ugr)l, which exhibits quantized conductance
plateaus as V, changes. For the interacting cases, the spectral
functions of fermions and bosons are given by

1 1
Al (w.k) = —=Im - , (11)
T a)—ek—i—uj—Ej(a),k)
5 1 1
A¥(w,k) = ——Im B :
/ T w—ex/2—2v9 42 — £ (w.k)

12)

Here Ef B(w.k) is the self-energies of the bosonic and
fermionic components in the jth reservoir and will be
calculated within NSR scheme in the following.

IV. THE SPECTRAL WEIGHT FUNCTIONS OF FERMIONS
AND BOSONS IN NSR SCHEME

Within the NSR scheme [11,12], the number density in jth
reservoir is given by

d’k
22/ (27T)3”F(€k — )

&’k d
ﬂ_w B(w)

where n r(p)(w) = (exp[fw] £ 1)~! is the Fermi (Bose) distri-
bution function. The phase shift is defined by

9 8 j(w,K), (13)

—w+ %4 2vy —2u;
2 = “’—ry«mkﬁ,
g

(14)

dj(w,k) = —arg|:

where arg means taking the phase of the expression in the
bracket. Here vy = —mg?/(8may) and the polarization IT jis
given by

d’p |:1 —np(ep — ;) —np(ep—k — 1)) 1 }
n; = -

2n)3 —w+€p+ €pk — 214 2¢p |
(15)

We consider transport when both reservoirs are in the normal
state above the superfluid transition temperature 7., which in
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(@ = == (b)

FIG. 2. The Feynman diagrams for self-energies of (a) fermions
and (b) bosons. Dashed lines and solid lines denote the boson and
fermion propagators, respectively.

turn is given by the Thouless criterion

2U0—2,1,Lj d3k 1_2”F(€k_:uj) 1 -0
g2 (2r)3 Qe — 214 2 |

(16)

The self-energies of fermions and bosons can be calculated
from the Feynman diagrams in Fig. 2. The fermion loop in
Fig. 2(b) is the polarization operator IT;(w,K) in Eq. (15):

(@ +i0% k)
= —¢’T;(w+i0" k)

d’p |: Il —np(ep — i) —
(2m)3

nplep—x—pi) 1
o+i0t — ey —ep_k+2m; — 0t 26|
(17)

The self-energy of fermion can be calculated by summing
the diagrams in Fig. 2(a) as

=l (iwy.K)

1
_Z/QW—MWWJHM I
X{_U(lwmvp) - U(lwmsp)n(lwm’p)U(lwmsp)
—U(iwy,p)[1Iwn,p)U (I w0, p) 1w, p)U (0, P)
+ )

1
B Zf @2m)} =1/U(iwm.p) + TH(wp.p)

1
— )+ €pk — 1

i (18)

where U(iwy,p) = g*(—iwy + p*/4m +2v9 — 2u;)~ ", Af-
ter the analytical continuation we obtain the fermion self-
energy as

2l (w+i0" k)
Z_Z/mﬁ

X (wp,p)lw +i0*

1
- ia)m + (P - k)2/2m - /'Lj] '
(19)

where we have defined

X (@m,p) = =1/ U(iwn,p) + I(wn,p). (20)
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FIG. 3. The spectral weight function of bosons A%(w,k). The
black solid, blue dot-dashed, and red-dashed lines are for three
different momenta k/k,’f =0.01, 0.1, and 0.5. The inset is the
spectral weight function of fermions A% (w,k). The blue dot-dashed,
red-dashed, and black solid lines are for momenta k/ kﬁ =0.1, 0.5,
and 1. The scattering length is set at resonance when 1/ (askf) =0
and the effective range k®ry = —0.1. The temperature is above the
superfluid transition temperature with T/ TR = 1.1.

The spectral function for bosons is shown in Fig. 3 for
three different momenta. It is worth noting the accumulation
of spectral weight at low energy when k is small. It is this low
energy spectral weight that contributes an enhanced bosonic
conductance through the QPC. On the other hand, the Fermi
spectral function within the NSR calculation shows broad
peaks. For k = kp (black line in inset of Fig. 3), the width of
the spectral function is comparable to Fermi energy, indicating
that Landau quasiparticle is not well defined within NSR. In
addition, the peak position occurs away from w = 0, consistent
with psuedogap behavior.

V. THE CONDUCTANCE RESULTS

In Fig. 4 we plot the conductances contributed by both
the bosons and fermions, as well as the total conductance as
functions of the effective gate potential Vg. The first feature
to be noted is that the conductances for both bosons and
fermions still exhibit plateaus. However, the height of fermion
conductance plateaus is reduced to a smaller values than
the noninteracting case due to strong interaction which is
consistent with a non-Fermi liquid behavior at unitarity.

On the other hand, the conductance contributed by bosons is
much higher. There are two effects leading to this large bosonic
conductance: (i) The boson spectral weight distribution and
the Bose statistics. In Fig. 3 we show that the spectral
function of the bosonic molecule is sharply peaked at small
momentum at low energy in the strongly interacting regime.
Meanwhile, the weight of the Bose distribution function
ng(w) = (exp[Bw] — 1)~ ! increases towards the small w limit,
and this leads to a large value of boson current in Eq. (10).
(i) The low dimensional structure of the QPC. If the QPC
is just a point in three dimension, the integration over the
momenta is equal to an average over a three-dimensional

PHYSICAL REVIEW A 95, 013623 (2017)

= 14f ----- Boson conductance| | T ’
% 12f ——  Total conductance ’
2 10} .
5 g :
o I ————— P i
2 6 h -
%’ i 0.8 ,:' -
"§ 4? 04 'I'-“l;“" 1
g5 o i ermion |-
o : i, conductance |-

= ., . 0.00.51.0,1.5:

0.5 1.0 1.5

_Vg/ 611’é

FIG. 4. The conductances contributed by bosons and fermions
(inset), and the total conductance as functions of the effective
gate potential V,. Both boson and fermion conductances exhibit
plateaus. The conductance is enhanced for bosons while suppressed
for fermions. We focus on the resonance with 1/(a,k®) = 0 and the

effective range kR®ry = —0.1,and T/TR = 1.1.

density of state, which vanishes as the energy approaches
zero, which would have canceled the enhancement discussed
in (i). However, in the one-dimensional tunneling channel
we are discussing here, the density of state at low energy
is finite and even diverges when approaching zero, which
guarantees nonvanishing contribution and the existence of
the enhancement effect, consistent with conclusion reached
in Ref. [8].

In Fig. 5 we show the variation of the conductances
as a function of temperature 7 > T.. We observe that the
conductance of bosons drops to zero very fast as one increases
the temperature. The effect of anomalous conductance is thus
most pronounced when temperature is close to 7.

Boson conductance
\ --- Fermion conductance ]
Total conductance 1

conductance (units of 2/h)

—_O = N W R N

FIG. 5. The conductances of bosons and fermions, as well as
the total conductance as functions of the temperature. The scattering
length 1/a;k® = 0 and the effective range kfro = —0.1. Here we the
conductance is calculated at V,/eR = —0.5.
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VI. DISCUSSIONS

Throughout this work, the conductance through a QPC
is presented for a “narrow” Feshbach resonance, where the
effective range is taken as kRro = —0.1. We find that the
contribution from the bosonic molecules can give rise to an
anomalous large conductance in a strongly interacting Fermi
gas. For a broad resonance, our calculation shows that the
closed channel molecule fraction is about f dwAB(w,k) ~
10~* for typical value of k for a broad resonance of °Li
where k,’,f ro = —0.00016 [16]. This small fraction significantly
reduces the conductance contributed by bosons. Nevertheless,
this does not mean the contribution from the bosonic degree
of freedom is not important for a broad Feshbach resonance,
for which the bosonic degrees of freedom exist primarily as
the fluctuating Cooper pairs of open channel character.

When finishing this paper, two other theoretical works also
propose explanations for this anomalous conductance [17,18].
What is common of these three papers is that they all emphasize
the role of bosonic degree of freedoms. Reference [17] assumes
that in the QPC, the strong confinement renormalizes the
interaction such that pairing occurs in the channel, for which
they emphasize the role of multichannel Andreev reflections.
While both Ref. [18] and our work do not assume pairing in
the channel but focus on the effects of pairing fluctuation in
reservoirs. Reference [18] uses a single channel model while
our work uses a two-channel model. In their calculation they
also find that the fluctuation effect suppresses the transport of
fermionic particles, while the contribution from the fluctuating
pairs is enhanced [18]. This is consistent with our conclusion
that the fermionic contribution is suppressed while the bosonic
contribution is enhanced. Hence, Ref. [18] and our work can
be regarded as complementary to each other.
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APPENDIX A: THE TUNNELING HAMILTONIAN

To discuss the construction of the tunneling Hamilto-
nian, we start with the real space tunneling Hamiltonian at
pointr = 0,

Hr =Y [T} V1(0¥ro (0) + T3 6} (0)pr(0)] + Hec.
(AD)
In order to investigate Hr in the Keldysh framework, we
need to derive the time evolution of Hy. Due to the chemical
potential difference in two reservoirs, we use the single particle
Hamiltonian H + Zj(ﬂjNF,j +2u;jNp, ;) to construct the
time evolution operator as

U@t) = ei[H+Zj(ﬂjNF,j+2/4jNB.j)]t. (A2)
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In this case, the energies in both reservoirs are measured on
the absolute scale. Then the time evolution of Hr is given by

Hr(t) = UOHr U™ '(1)

=2 [Tp"e"““ > V1o (1.0)Rs (1.0)

(A3)

+7’,§’e_2i’A“¢Z(t,0)¢R(t,O)i| +Hec., (A4)

where ¥, (1,0) = 'y, (0)e™#"  and
ef'¢;(0)eH'. In momentum space the
Hamiltonian is written as

A dw dkL dkR
A = “C oL COR
r Z/ 27 )3 (27)?

x !Tﬁ(kL,kR> Y U (@K )Pre (@ + ApKg)

¢;(t,0) =

tunneling

+T7 (kL k)Pl (@K )Pr(w + 2A1,kg) + Hec. }

(AS5)

In the momentum space representation above, it is clearly
shown that a fermion with energy w in the left reservoir will
tunnel through the QPC and end up as a fermion with energy
w + Ap in the right reservoir. Similar considerations applies
for bosons. Furthermore, in our model we assume only particle
moving along % direction can pass through the QPC. The three-
dimensional momentum integration will be reduced to one-
dimensional integration by [ - L[k

Qry A

cross-section area of the QPC. Then the tunnelmg Hamiltonian
can be written as

da)dka dka
Hr = AzZ/QJT 2r 2w

X {TFn(kL,mkR,x) Z Iﬁza (wakL,x)KZRU(w + A/’kaR,x)

+ Tk kg OPh (@, OBr(@+2A1,kg )+ Hee.}.
(A6)

APPENDIX B: THE KELDYSH FORMALISM
OF THE TUNNELING HAMILTONIAN

To study the particle transport through the QPC, we follow
the Keldysh formalism on a closed time contour [14]. The
action of the left and right reservoir can be written as

S; = / dxdt{z o [Grjl™'Wjo + PIGp] ' @
+8[65 Ty + Vi)

+ ]Gy +1/_/j2¢1ﬁj2¢)+H.c.]}, (B1)
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where the bosonic and fermionic coherent fields are given by The retard (advanced) Green function of fermions is given by
qj'a:(lp'a &'a)’ (B2) 1
J Jl j2 GI;E‘A) _ . : (B12)
v o —k?/2m + p; £i0+
U, = <¢];U> (B3)
: ! Uq and the Keldysh Green function

;= (#5" ¢). (B4)

5 Gy =11 =2np()](GF; — G1)). (B13)
;=1 (BS)

¢j The retard (advanced) Green function of bosons in momentum

The quantum and classical fields are defined as usual in the space is given by
following [14]:

1
1 - 1 - Gy = B14
¢S = ﬁ(¢f+¢j ), ¢ = E@f —¢;), (B6) BI @ — k2 /4m — 2v + 2 £i0F (14
¢5l* - L((p;r* + ‘151'_*)’ ¢;_1* — _(¢+* ¢7*)_ (B7) and the Keldysh Green function is ng =[1+
V2 V2 2n i(w)](cgj - ngd), bwheref N = (explBw] £ 1)
1 B 1 B is the Fermi (Bose) distribution function.
Vile = E(I/f;, + V) Ve = E(l//; —V¥,,), (BY) With a chemical potential bias both fermions and the bosons
can be transferred through the QPC. The currents contributed
- | _ - I - - by fermions and bosons are defined as
Vito = —=Wjo = Vo) Vjoo = —=Wj5 +¥;,), (BY)
\/5 jo jo \/E jo jo
where ¢;H—> and 1//;;(_) are the bosonic anq fermionic fields Ip(t) = 1 d(Ng —Nf) _ 1 ([H,N,g B Nf])» (B15)
along the forward (backward) branch of the time contour [14]. 2 ot 2ih
The fermionic and bosonic propagators are given in Keldysh 3( N}f _ NE) 1 5 R
space as 13(1‘)=<T>= _FL([H’NR - N/]).  (B16)
Gr; G , _— .
Grj = 0 GA | (B10) The factor of 2 in the above definition is because two fermions
Fj are transferred when one boson passes through the QPC. For
Gk GR convenience, we calculate the current in the momentum space.
Gpj = (Gﬁj (f] (B11) By Fourier transformation, the currents can be expressed as
Bj

J

dwdky , dkg. | ., R .
Ir(Q) = Azz / e 7’;*{zTﬂkL,x,kR,x)Zwz(,(w,kL,x)wmsz+w+Au,kR,»}+H.c.,

dodk; . dkg.
13(9)=ﬁ2f2” 2; K {T(ka,ka)qSL(w ki OBR(Q + o + 2Au,kg )} + Hee. (B17)

We introducing a time-dependent external source fields A(f) to generate the fermionic and bosonic current. The partition
function of the whole system in the momentum space can be written as

1 _
z- 5 [ Do 05011 ex05), B18)

where S = Sp + S; + Sr + S, and Sy, Sy, St, and S, correspond to the free, interaction, tunneling, and source terms, respectively.
They can be expressed in the momentum space as the following:

So = / g—:%{Z\Ifja(w,k)[GF,-]—lea(w,k)+ <I>;f(w,k>[GB,-]-‘<I>,-(w,k)},
da)1 da)z &’k d’k,
21 2r 1)} (2n)3

+¢j(601 + w2,k + K)[ V11 (01, k)1 (@2.k2) 4+ ¥ oy (01, k) 2y (@2.k2) | + Hee. ],
Sy = JA(0) + J90)z + Hec.,

S;=¢ {¢;](0)1 + w2.K1 + K)[11(01. k)W j2y (@2.K2) + ¥ jop (01, k )T 1 (w2, K2) ]

Sy =i f dQ{Acl(Q)[J;!( Q) + 2J5(—)] + AUQ[JF(—Q) + 275 (—2)]} + Hee. (B19)
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In the above partition function A =
forward and backward time direction. We have defined

da)dka dka
Azszn 2r 2w

JQ) =

1 — 1
L(A* + A7) and A% = LAt —
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A7), where A" and A~ are the external field along the

X Tg(kp x kR x) Z[&Lln(kaL.x)wRZU(Q + @+ Apkg o)+ Urae(@kr VR (R + o + Ap,kg ],

dw dkL x dkR X
q
Tr€d) = A2 Z/ 27 2m 2«

X T (kp x kR x) Z[I/_/Lla(w,kL,x)l//Rm(Q + o+ Apkr ) + Yoo (@.kp VR0 (2 + @ + Apkg )],

1 da)dkadka
AZXn:fZH ot 2w

X Tn(kL xsz x)[

JHQ) =

dw dkL x dka
q
Ty = A2 Zf 2 2w 2m

X Y?(kL,x ’kR,x)[

Next, the total current can be calculated by

M.k ) PR(Q+ 0 + 281,kp o) + 7 (0. ) PR(Q+ o + 2A1,kg 1],

@,k PR(Q+ 0 + 28 1,kg ) + G (@.kL ) R(Q+ @ + 201, kg )] (B20)

a2 o
I(t)= | —€""1(Q), (B21)
2
where /(£2) is given by
1@=121 _ @+ L@ (B22)
T 2044, B

To order of 7, Fz( p)» the currents can be calculated

Ir(2) = 3 [(JF (=) JE0)) —
Ip(Q) = (3 (—=)T30)) -

To calculate the correlation functions in the above equations we adopt the approximations: (Y, ¥, ¥rrg) =~

(P PLORVR) =

(T (@* 720)]. (B23)
(T @*T50)). (B24)
(UL¥L)(YrYr) and

(@] PL) (PR Vr), where all the two-point correlation functions are the single particle propagators renormalized

with self-energy within the NSR scheme. A straightforward calculation yields

dw dEL dER
21 Je€rL J€Er
\_/g)®(€R — nw,
dw de; de
IB(t)=2aBG§/E\/—6i\/—ei
L R

X O, — nwy, — V;)O(eg — nw,

10 =2oeFej§/

x O(ep — nw, —

— V)AL (0,/2mep) AR(w + A,/ 2mer)nr(w) — np(w + Ap)l,

— Vo)A  (w,v/4mep ) AR(w + 2Ap,v/dmeg)np(w) — np(w +2Aw)].  (B25)
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