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We investigate superfluidity in nonrelativistic fermionic systems in which the pairing interaction includes a
contribution from the exchange of a dynamical bosonic mode. We show that the dynamical boson exchange
(DBE), which causes a retarded pairing interaction and thus violates the Galilean invariance of the fermion
sector, generically leads to a quantum reduction of the superfluid density and hence a nonzero normal fraction
even at zero temperature. For spin-singlet pairing, the DBE also leads to a nonvanishing spin susceptibility at
zero temperature, providing a mechanism for the coexistence of pairing and magnetization. While these effects
are negligible for weak pairing, they become sizable at strong pairing. For the double superfluidity in ultracold
Fermi-Bose mixtures, the superfluid density reduction for the fermion sector induced by the DBE just gives rise
to the Andreev-Bashkin drag effect, indicating a strong entrainment between the two superfluid components. The
DBE may also provide a new source for the superfluid fraction reduction of neutron matter, which is crucial for
models of neutron star glitches based on neutron superfluidity.
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I. INTRODUCTION

It is generally believed that an attractive interaction in
a cold many-fermion system leads to superconductivity or
superfluidity, which covers a wide range of many-fermion
systems, including superconducting materials [1], superfluid
3He [2], ultracold atomic Fermi gases [3], excitonic con-
densate of electron-hole pairs [4], nuclear matter [5], and
dense quark matter [6]. Ultracold atomic gases with tunable
interatomic interaction provide clean systems to explore new
phenomena associated with fermion superfluidity at strong
coupling [7-12]. It has been demonstrated that a fermionic
superfluid can evolve from a weakly paired BCS state to a
Bose-Einstein condensate (BEC) of tightly bound pairs via
increasing the attractive strength [13—-18].

According to Landau’s two-fluid theory for a single-
component superfluid [19], the superfluid density p; and
the normal density p,, satisfying p; + p, = n, with n being
the total particle density, characterize the superfluid and the
normal components, respectively. At the lowest temperature
(T = 0), Galilean invariance leads to p; = n and hence p, = 0
[19]. The violation of Galilean invariance naturally leads to a
quantum reduction of p; [20-28]. At the one-body level, this
may be realized by engineering the single-particle properties
in cold atom experiments, such as optical lattice [20-22],
disorder [23,24], and spin-orbit coupling [25-27]. A quantum
reduction of py is yet to be explored in cold atom experiments.

In this work, we propose a more fundamental mechanism
for a quantum reduction of the superfluid density at the two-
body level. We study a nonrelativistic fermionic superfluid
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in which the pairing interaction includes a part mediated
by a dynamical bosonic mode. Due to the dynamical boson
exchange (DBE), the effective two-body interaction between
fermions is not static. The interaction retardation effect thus
violates the Galilean invariance for the fermion sector and
leads to a quantum reduction of the superfluid density. We
find that the reduction is vanishingly small in the weak pairing
limit. However, for strong pairing, the quantum reduction be-
comes sizable. The boson-mediated pairing interaction can be
realized in dilute Fermi-Bose mixtures, where the force carrier
becomes the Bogoliubov phonon mode of BEC [29-31]. In
the previous studies of fermion pairing in Fermi-Bose mix-
tures, the interaction retardation due to DBE was normally
neglected [32]. On the other hand, this two-component su-
perfluid mixture should be described by the three-fluid theory
[33,34]. We show that in this double-superfluid system, the
quantum reduction of the fermionic superfluid density also
gives rise to the Andreev-Bashkin drag effect [34], as required
by the Galilean invariance of the whole Fermi-Bose system. A
strong pairing thus leads to a strong entrainment between the
two superfluid components.

The spin susceptibility x is another important quantity
for fermionic superfluidity. For static pairing interaction, it
vanishes at T = 0 for spin-singlet s-wave pairing, indicating
that the s-wave pairing is not compatible with a nonzero
magnetization at 7 = 0 [35]. In this case, the application of a
Zeeman field does not induce a magnetization in the superfluid
state, and a first-order phase transition to the normal state
occurs at the so-called Chandrasekhar-Clogston or Pauli limit
[36-38]. One route to realize a nonzero x at T =0 is to
turn on the spin-orbit coupling [39], which induces a spin-
triplet pairing component even though the pairing interaction
is of the s-wave nature. In this work, we show that for

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.033620&domain=pdf&date_stamp=2019-03-25
https://doi.org/10.1103/PhysRevA.99.033620

ZIYUE WANG AND LIANYI HE

PHYSICAL REVIEW A 99, 033620 (2019)

spin-singlet s-wave pairing, the DBE also leads to a nonzero
spin susceptibility even at T = 0, providing a mechanism for
the coexistence of pairing and magnetization. The application
of a Zeeman field induces a finite magnetization in the super-
fluid state.

II. FERMIONIC SUPERFLUIDITY
WITH BOSON EXCHANGE

We consider a gas of spin-1/2 nonrelativistic fermions with
bare mass my in free space. The interaction between fermions
includes a part mediated by a bosonic mode. The Lagrangian
density of the system can be given by £ = L; + Ly, + Ly.
The fermion part reads

VZ
L= Y Yl =0+ ), + L. (1)
= 2my

where 7 is the imaginary time, 1, represents the Grassmann
field for fermion with spin o, and L denotes the static two-
body interaction between the fermions. We use the units /i =
kg = 1 throughout. The boson part £}, and the fermion-boson
interaction Ly are not specified here.

Formally we may integrate out the bosonic mode and
obtain an action with only fermions. The action reads
S = Sy + Sine, With the single-particle part given by Sy =
> S (—iw, + EQVI(K)Y, (K). Here K = (w,, k) denotes
the fermion Matsubara frequency w, = (2n 4+ 1)7 T and mo-
mentum k, and & = k?/(2m;) — ¢ is the free fermion dis-
persion, with us being the chemical potential. The interaction
part can be expressed as

1

Sin = 3N
YY)

3D Ver @)oo (—0). ()
o=t} Q

where p,(Q) =Y ¥ (K + Q)W (K), B=1/T, V is the
volume of the system, and Q = (g;, q) denotes the boson
Matsubara frequency ¢; = 2IxT and momentum ¢q. The
frequency and momentum dependent effective interaction
Vso(Q) includes the contribution from the exchange of the
bosonic mode. Because of the contribution from DBE, the
effective interaction between the fermions is not static. The
interaction retardation thus violates the Galilean invariance of
the fermion sector.

We consider equal spin populations (n4 = n}) and assume
that the spin-singlet pairing dominates. We thus rewrite the
relevant pairing interaction as

Sw = — D BHOUK — KB (@), ()

BV |

0 KK
where Bx(Q) = ¥, (Q — K)y4(K) and U(Q) = V4, (Q). Fol-
lowing the standard field theoretical treatment, we introduce
a pairing field ®g(Q) via the Stratonovich-Hubbard trans-
formation, which satisfies the equation of motion ®x(Q) =
BY)~! >« UK — K')Bg (Q). Integrating out the fermions,

we obtain an effective action

Seir = =BV Y Y PR(QU (K — KP4 (Q)

0 K.K'

—Trln {Gg ' [@, @*1}. “4)

Here the inverse of U is defined as ), U"(K—-PU(P —
K') = 8gx. The inverse of the fermion Green’s func-
tion G in the Nambu-Gor’kov representation W(K) =
(¥, (K), ¥ (—K)]" is given by

(iw, — &)dxx

L Pi(K — K')
GK,K’ - [ q)Z,(K/ _K) :| (5)

(iw, + &)dxk

At low temperature the pairing field acquires a nonzero
expectation value. We consider a static and homogeneous su-
perfluid state and write ®x(Q) = A(K)Sg.0 + Px(Q), where
A(K) serves as the order parameter of superfluidity. The path
integral over the fluctuation ® cannot be accurately evaluated.
Here we mainly consider 7 = 0 and hence employ the mean-
field approximation. It is believed that the mean-field theory
describes correctly the BCS-BEC crossoverat 7 = 0 [13-18].

In the mean-field theory, the grand potential reads

QIAK)] = — Z A*(KYU (K — K')AK")
K,K’

1 —1
~ 5y XK:m det[G™(K)], (6)

with the fermion Green’s function given by

—1 _ iwn - Ek A(K)
¢ = [ AYK) i, + SJ' @
Minimizing Q[A(K)], we obtain the gap equation
1 A(K)
AP)=—— UP—-K)———F7F—. 8
Pr=—g5 2 VP - Sngy ®
The total fermion density ny = ny + ny is given by
2 i, iw, 0"
- (0, + Ei)e o)

BV @A WAE)

Here W2(K) = &2 + | A(K)|%.

For static pairing interaction, U (P — K) reduces to U (p —
k) and thus the pairing gap depends only on the momen-
tum. The Matsubara sum can be worked out analytically and
the gap and number equations reduce to the BCS-Leggett
mean-field description of the BCS-BEC crossover [14]. In
the presence of DBE, Eqgs. (8) and (9) should be solved
simultaneously to determine the full frequency and momen-
tum dependence of the gap function A(w,, k) as well as the
chemical potential p¢, and thus constitute a type of Eliashberg
theory [40—43]. Here we emphasize that unlike the previous
studies, the full momentum dependence should be maintained
in order to approach strong pairing, as was considered in
[43]. For convenience, we define the Fermi momentum kg
and the Fermi energy e via a noninteracting Fermi gas, i.e.,
kg = B3m?ne)'/? and ep = k%/(me). The Fermi velocity can
be defined as vg = kg/my.

III. LINEAR RESPONSES

The superfluid density and the spin susceptibility can be
evaluated via the standard linear-response method. The super-
fluid density p, characterizes the response of the system to
an infinitesimal uniform superfluid flow v, which amounts
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to being equivalent to a constant U(1) vector potential A =
mgVy [44—46]. For an isotropic superfluid state, the change in
the free energy reads F'(vy) — F(0) = %mf,o_yvs2 + O(Vf). For
convenience we can use the grand potential 2 instead of the
free energy F' = 2 + p¢ny, since the difference can be shown
to be beyond the order O(v?) [44,45].

The grand potential at finite v, can be obtained by replacing
the fermion Green’s function G~!(K) with

AK) :| (10)

—1 _ |iwn —Ek-a
Gu (K) = |: iwy + EkiA

A*(K)

Performing the Taylor expansion in v, we obtain Q(v,) —
Q0) = %mf,osvf + O(Vf). The superfluid density ps can be
expressed as p; = ny — p,, where the reduction or the normal
density is given by

2 k?
Pn = ;;%Y(m. (11)

The function Y (k) is defined as a Matsubara sum

1 a)2 - %-]? - |A(wn» k)|2
Y(k) = — n ,
B Z [02 + &2 + | A0, K1)

12)

which cannot be analytically evaluated in the general case.
For the normal state with A = 0, we can show that p, = n¢
and thus p; = 0. In the absence of DBE, the gap function
does not depend on the frequency, i.e., A(w,, k) = Ak. In this
case, the Matsubara sum can be evaluated to give the standard
Landau formula Y (k) = (4T) 'sech?(Ex /2T), where Ex =

,/«‘Elf + | Ak|? is the standard BCS excitation spectrum. It is
obvious that p, =0atT = 0.

In the presence of DBE, the gap function depends on
the frequency. In this case, p, does not vanish at T =0,
which is a direct consequence of the violation of Galilean
invariance induced by DBE. To show this, we note that the
Matsubara sum at 7 =0 is converted to an integral over
an imaginary frequency, T )", f(w,) — ffooo do/Q2m)f(w).
Using the trick of integration by parts [47] shown in Appendix
A, we can show thatat 7 = 0,

v _ [T e olA@ K dA@k]
()__/_oo?[wurw(w,k)]z o 1

This expression shows obviously that p, is generically
nonzero with a frequency-dependent gap function. For realis-
tic boson-mediated interaction, | A(w, k)| decreases monoton-
ically with increasing || (see Appendix B). Therefore, ¥ (k)
is normally positive, leading to a nonvanishing p, and hence a
quantum reduction of p,;. One the other hand, we expect that
the finite-temperature behavior of the superfluid density p; is
regular. It drops down with increasing temperature and finally
approaches zero at the superfluid transition temperature.

The result here based on the mean-field theory captures of
the essential physics of the DBE. Inclusion of the quantum
fluctuations does not change the result qualitatively. Actually,
the quantum fluctuations bring a correction to p, which should
not be negative [45,46]. Even though here we assume a spin-
singlet pairing, this generic result does not rely on the pairing
symmetry, e.g., it also applies to the p-wave topological

superfluid in a single-component 2D Fermi gas [48], with
interaction mediated by a 3D Bose-Einstein condensate.

However, a puzzle may appear if we consider a spin-1/2
Fermi gas with balanced spin populations with static s-wave
two-body interaction between the unlike spins. Such a sys-
tem has Galilean invariance and hence the superfluid density
should equal the total fermion density. However, a puzzle
appears if we consider dressing the interaction by using the
random-phase approximation (RPA), or consider the so-called
induced interaction [43]. In this case, the PRA improved
interaction is no longer static and hence the superfluid density
may be reduced according to our formula (13). To solve this
puzzle, we recall that the superfluid density is defined as a
linear response to an infinitesimal uniform superfluid flow.
On the other hand, the RPA improved two-body interaction is
built by using the fermion Green’s function. In the presence
of a superfluid flow, the fermion Green’s function is given
by Eq. (10). If we calculate the superfluid density with the
RPA improved two-body interaction, we also need to con-
sider the modification of the fermion Green’s function due to
the superfluid flow. Therefore, there should be an additional
contribution to the superfluid density from the RPA improved
two-body interaction. If the RPA theory is self-consistent and
compatible with the Galilean invariance, the additional con-
tribution from the RPA should compensate the reduction due
to the dynamical boson exchange effect. The total superfluid
density thus remains the total fermion density.

Next we consider the spin response. We introduce a Zee-
man term S, = h[p4+(0) — p, (0)] in the effective action, with
h being the Zeeman field. For an infinitesimal /4, the change
in the grand potential reads Q(h) — (0) = —% xh> + O(h*)
and the induced magnetization is given by ny —n, = xh +
O(I?). The spin susceptibility x can be expressed as

2
X =532 Yk, (14)
k

where Y (k) is the same function defined in (12). Without
DBE, it is obvious that x = 0 at 7 = 0. The DBE thus leads
to a nonzero . In this case, applying a finite Zeeman field i
will induce a finite magnetization even though # is below the
Pauli limit (see Appendix E).

While the DBE generically leads to nonvanishing normal-
fluid density and spin susceptibility, a natural question is
whether they are sizable and hence can be probed experi-
mentally. From the gap equation (8), we can derive a useful
expression for d|A|/dw (see Appendix B):

|A(w, k)| :_/ UK —P) |A(v,p)l
v.p

dw dw vZ 4+ W2(v, p)’ (15
Together with Eq. (13), we expect that sizable values of p,
and x require a large magnitude of the gap function, i.e.,
strong pairing. Therefore, in the weak pairing limit, |A| < ¢,
pn and x become vanishingly small. On the other hand, for
very strong pairing, the system becomes a Bose condensate of
bound pairs. In this regime, we have uy < 0 and |u¢| > |A|,
indicating that p, and yx are also rather small.

One should not conflate the superfluid density with
the condensate density. The condensate number of
fermion pairs can be evaluated by using its definition

033620-3



ZIYUE WANG AND LIANYI HE

PHYSICAL REVIEW A 99, 033620 (2019)

0.25 i i " " 0.25

02/ @ .. X/Xo
0.15
0.1

0.05

0.25

()

0 0.05 0.1 0.15 0.2 0.1 0.2
Vg VR

me/er

0.3 0.4 0 0.2 0.4 0.6 0.8 1
w/sy

FIG. 1. Results for the toy Yukawa model. (a) The dependence of p, (scaled by n¢) and x (scaled by xo) on vg/vr at mg = 0.1eg.
(b) The dependence of p, and x on my/er at vy/vp = 0. (c) The frequency dependence of the gap function at vy /vg = 0, for my/ep =
0.1,0.15,0.2, 0.25 (from top to bottom). The Yukawa coupling is fixed at g2 /v} = 0.1.

No = fdrfdr’llm (r)yy (r")|%. In the mean-field theory, the
condensate density ny at T = 0 reads

[} 2
B TN
- 00 2T @* + W?*(w, k)
The behavior of ny is thus quite different from the superfluid
density p;. In the weak pairing limit, we have ny — 0 while
ps — ng. With increasing pairing strength, the condensate
density gets enhanced but the superfluid density is suppressed

due to the DBE, leading to opposite behavior of condensation
and superfluidity.

IV. SINGLE-COMPONENT SUPERFLUID:
A TOY YUKAWA MODEL

We first consider a system in which only the fermion
component is a superfluid and the bosons play the role of force
carriers. We study a toy model, fermions attracting each other
via a real scalar mode ¢, of which the Lagrangian density
reads

Ly = 1[(3:0)* + v3(Ve)? +m2e?]. a7

The fermions and bosons interact via a Yukawa coupling
Lof = gp Y., ¥, . Integrating out the scalar mode, we ob-
tain the pairing interaction

g

—_— 18
qi +v3q? +mj (18)

U(q]’ q) = -

The velocity parameter vy [49] and the mass parameter
my control the interaction retardation and also the pairing
strength. In the static approximation, i.e., discarding q,z, the
pairing interaction reduces to a static Yukawa-type potential.

For s-wave pairing, the gap function depends only on k =
|k| and can be set to be real. We solve the gap and number
equations for s-wave pairing at T = 0 (see Appendixes B and
C). In Fig. 1(a), we show the dependence of p,/ns and x/xo
on the velocity parameter vy, where xo = 3n¢/(2¢r) is the
spin susceptibility of a noninteracting Fermi gas. With de-
creasing values of v, /v, the interaction retardation becomes
more pronounced and hence p, and x become enhanced.
Figure 1(b) shows the dependence of p, and x on the mass
parameter mg at vanishingly small velocity vg/vgp — 0. In
this case, the gap function depends only on the frequency w.
With increasing values of mg, the pairing becomes weaker

[Fig. 1(c)], and hence the derivative dA/dw gets smaller.
Accordingly, we find that p,, and x become vanishingly small
at large my.

In a single fermion superfluid, the speed of the second
sound is given by [50,51]

1 2
o= |——2 P (19)
myg (35/0T )p; on

In the absence of DBE, ¢, approaches a nonzero constant
when T — 0 [50,51], because of the cooperative low-T be-
havior of the entropy per fermion s and p,. However, the DBE
leads to ¢; ~ T? for T — 0 due to the nonvanishing p, at
T=0.

Next we study the system at finite Zeeman field 7 at T =
0 (see Appendix E). With increasing h, the superfluid state
persists up to the Pauli limit determined by the sign change of
the grand potential difference Qg — Q. In Fig. 2, we show
that the spin imbalance is nonzero in the superfluid phase. At
small &, the spin imbalance is well given by ny —ny >~ xh.
Thus the nonzero spin imbalance generated in the superfluid
phase is caused by the DBE. For static pairing interaction, the
spin imbalance keeps vanishing in the superfluid phase below
the Pauli limit.

0.07
0.06 |
0.05r
0.04

0.03F

(ny —ny)/n

0.02

0.01r

0 0.05 0.1 0.15
h/EF

FIG. 2. The spin imbalance (ny —n,)/n; as a function of the
Zeeman field & (scaled by er) for vy /vp = 0 and mg/er = 0.1 in the
toy Yukawa model. The Pauli limit is located at & =~ 0.145¢g. The
thin red line denotes the linear approximation ny — n, >~ xh.
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V. DOUBLE SUPERFLUIDITY: FERMI-BOSE MIXTURES

A possible cold atom system to test our predictions is a
dilute Fermi-Bose mixture which has been realized in re-
cent cold atom experiments [52—60]. We consider a mixture
composed of two-component fermions and weakly interacting
bosons of mass my,. With a boson-fermion interaction, an
effective interaction between fermions can be induced by the
Bogoliubov phonon mode of the BEC [29-31]. The bosons
are described by a complex scalar field ¢ and its Lagrangian
density reads

2
Ly = qﬁ(—af 4 )q> LIPS 20)

2mb Ny

where ayp is the boson-boson scattering length. The boson-
fermion interaction is given by

Lor = gorl¢* Y vl @1)

where gyr = 4w aps/mye is the boson-fermion coupling, with
the boson-fermion scattering length ay,r and the reduced mass
Myt = 2mypmy [ (M, + mg).

Within the Bogoliubov theory, the action for the BEC reads
So = Yl —igi + En(@)]p*(Q)p(Q), where ¢(Q) is phonon

field and Ey(q) =

trum, with ,(q) = q>/(2my) and the phonon velocity vg =

Jv34? + e2(q) is the Bogoliubov spec-

41 apyny /mﬁ. Here the boson condensate density n;, equals

the boson number density at 7 = 0. In terms of the phonon
field, the boson-fermion interaction can be expressed as Spy =
VY Yo M@I9*(Q) + ¢(—0)lps (Q), where M(q) =
8ot/ Men(Q)/Ep(q). Integrating out the phonon mode, we
obtain the pairing interaction U (g;, q) = ug(q) + Uina(q1, q),
where ug(q) is the direct instantaneous interaction. The in-
duced interaction mediated by the Bogoliubov phonon is
given by [29-31]

288 nben(q)
g + [Ep(q)?

While the Galilean invariance of the fermion sector is
violated due to the phonon exchange, the whole system is
Galilean invariant. We note that the boson component is also a
superfluid and hence this double-superfluid system should be
described by the three-fluid theory [33,34]. We thus introduce
two superfluid flow velocities, v and vy, for the fermion and
boson parts respectively. The change in the free energy is now
given by [61]

Uina(q1, @) = — (22)

1
F(v. Vo) —F(0,0) = 5 > Dyvi v+ 0(v)). (23)
i,j=f.b

The diagonal term for the fermionic part has been calculated,
D¢ = mg(ns — pq), where the reduction pqg is just given by
the expression of p, in Eq. (11). The off-diagonal terms,
Dy, = Dy, represent the Andreev-Bashkin drag effect [34].
The Galilean invariance of the whole system requires Dy +
Dg, = mgng [62]. Thus we obtain

Dp, = Dot = mzpq. (24)

0 0.5 1 0 0.5 1
me/my,

me/my,

0.1

0.05
107 102
(myady,)"?

(nnap,)'/?

FIG. 3. Results for the Fermi-Bose mixture. (a),(b) The depen-
dence of py and x on the mass ratio m/my, at (mpai,)'/? = 0.001.
(c),(d) The dependence of py and x on the boson-boson interaction
parameter (nad,)'/> at mg/my, = 6/133 (°Li-'**Cs mixture). The
boson-fermion coupling is chosen as (nyai;)'/* = 0.1 (solid lines)
and 0.15 (dotted lines). The fermion density is ny = 0.1ny,.

Therefore, the quantum reduction pg of the fermion sector
just gives rise to the Andreev-Bashkin drag effect. To prove
Eq. (24), we note that the bosonic flow vy, leads to a shift
iq; — iq; — q - Vp in the induced interaction (22), which fur-
ther induces a change in the gap function A(K). To the
leading order in v, the change at T = 0 reads ik - v,0A/dw.
Collecting the terms proportional to v - v, and using Eq. (13),
we find that the off-diagonal coefficients just equal m;pq4. This
proof also shows that the mean-field theory for the fermionic
superfluidity is compatible with the Galilean invariance and
hence is qualitatively reliable for the predictions of the super-
fluid and normal densities.

We solve the gap and number equations for s-wave pairing
for ug = 0 at T = 0 (see Appendixes B and C). The result de-
pends on the interaction parameters (nbagb)l/ 3 and (nbagf)l/ 3
the density ratio n¢/ny,, and the mass ratio mg/my. The inter-
action retardation can be characterized by the velocity ratio

1/6
v 2T m (may,)

U _ mg . (25)
ve (33 my (ng/ny)'/3

For small vg/vg, we expect that the retardation is significant
and hence p4 and x reach sizable values. In Fig. 3 we show
the results of pg and x for n¢/n, = 0.1 and two values of
the boson-fermion coupling (mpad;)'/? (0.1 and 0.15). From
Figs. 3(a) and 3(b), we find that a small mass ratio m;g/my,
enhances pg and x due to strong interaction retardation ef-
fect. Figures 3(c) and 3(d) show that a smaller boson-boson
interaction parameter (nya;,)'/? leads to larger pg and x, also
consistent with the interaction retardation picture.

We expect that the recently realized °Li-'7*Yb [59] and
5Li-133Cs [60] mixtures are good candidates to test our the-
oretical predictions and explore the Andreev-Bashkin drag
effect. Our simple calculation shows that pq/n¢ can reach the
order 10% in the ®Li-'33Cs mixture [63]. Note that here we
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have neglected the direct pairing interaction uyx which can
be tuned by using the method of Feshbach resonance [64].
Turning on this resonant interaction will greatly enhance the
magnitude of the gap function A and hence the derivative
dA /0w (see Appendix D), leading to a much stronger cou-
pling between the two superfluid components. On the other
hand, for realistic experimental systems, we need to consider
the trapping potential. In this case, we can use the local
density approximation to calculate the local superfluid density
or the superfluid density profile. Within the local density
approximation, our theoretical predictions are still valid for
the local superfluid density. The total superfluid fraction can
also be computed and could be compared with the future
experimental measurements.

VI. SUMMARY

We have shown that the interaction retardation due to DBE
in a fermionic superfluid leads to a quantum reduction of
the superfluid density. For s-wave pairing, it also leads to a
nonzero spin susceptibility at 7 = 0 and hence allows spin-
imbalanced pairing when a Zeeman field is applied. For the
double-superfluid system in ultracold Fermi-Bose mixtures,
the quantum reduction also gives rise to the Andreev-Bashkin
drag effect. These effects become sizable at strong pairing and
hence can be probed in cold atom experiments. The superfluid
or normal fraction can be probed by measuring the moment of
inertia in the presence of a slow rotation [65-69] and can be

extracted by measuring the second sound [70]. On the other
hand, the superfluid fraction can be computed by using the
quantum Monte Carlo method [71,72].

Other possible candidate systems to explore the effect of
DBE on fermion superfluidity may include an ultracold Fermi
gas with an effective interaction mediated by the cavity modes
[73] and the exciton-polariton mediated superconductivity in
two-dimensional electron gases [74]. Since the nuclear force
includes contributions from meson exchange [75], the DBE
may also provide a mechanism to reduce the superfluid den-
sity of neutron matter, which is crucial for models of neutron
star glitches based on neutron superfluidity [22,76].
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APPENDIX A: TRICK OF INTEGRATION BY PARTS

We prove Eq. (13) by using a simple trick of integration by
parts. We consider the integral

Using the identity

20? 0 1

[ + 8 +[A@PP

and performing integration by parts, we obtain

00 2 g2 2
Yz/ do o =& —|A@P Al
—o0 27 [0? 4 E2 + |A(w)|?]?
which can be written in an alternative form,
|
/"o dw 2w? 1
Y = — — . (A2)
o0 27 [[@0? + 82+ [A(@)P @? +E2+|A(w)?
2

dw @ +E2+ [A()]? [0 +E2+ |[A()?]?  dw

*dow ol A(w)| 3IA(w)|_ (Ad)

r=- /_oo P+ EFIA@PE o

Note that in this proof, we do not require |A(w)| — 0 for ® — Fo0.

APPENDIX B: GAP EQUATION FOR s-WAVE PAIRING

For s-wave pairing, the gap function depends only on k£ = |k| and can be set to be real without loss of generality. The s-wave

gap equation can be expressed as

®dw [ k*dk Aw, k)
A(V, p) = - _ZICS(U’ p’a)’k) B 2 ) 5 (Bl)
o T Jo 2w @ + & + A*(w, k)

where we have used the fact A(w, k) = A(—w, k). The s-wave kernel function /C;(v, p; w, k) is given by

Ks(v, pro, k) = 3[Us(v — @; p, k) + Uy (v + 3 p, k)]. (B2)
Here Us;(v — w; p, k) is the s-wave interaction obtained by performing the angle integration,
1 b1
U(v —w; p, k) = —5/ sin0doU (v — w, p — k), (B3)
0
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where 6 is the angle between p and k. For the Yukawa model, we have

& (v — @)+ v3(p+k)* +my B4
(v = P + 03 (p— kP +m} B9

Uv — w; 7k =
s(v —w; p, k) Tolpk

For the dilute Fermi-Bose mixture with ug = 0, Us(v — w; p, k) is given by

(p+k)? + (p+k)4

‘ (v = @)* + 2guonn 5, )
Uy = 0 oy = S 2 ;f> s
2pk (v — @)% + 2gnomy G0 + [Z‘mb
2 2
28bbMp 8bbMy + (pz,,i) &by + %
rctan — arctan (BS)
¢(v — )% — (gob/)? VO — o) — (gnm)? VO — )2 = (gom)?
Note that for (v — w)? < (gbbnb)z, the inverse tangent function is understood as arctan(ix) = In[(1 + x)/(1 — x)]/(2i).
On the other hand, from the gap equation (B1), we obtain
IA(w, k) /00 dv f°° prdp I (w, k; v, p) A(v, p) (B6)
- 272 do V24 E 4 A )

Thus we estimate that the magnitude of the derivative d A /dw depends on two components: the derivative 9K ;/dw representing
the DBE effect and the magnitude of the gap function. For the Yukawa model, we have

(@, k; v, p) S w—Vv - + W — —v);. (B7)
dw [(w—v)2+ vg (k2 + p?) + mé] +4ugk?p?

Thus 0A /0w is zero at w = 0 and is negative for w > 0.
Using the dimensionless quantities,

1) , v k , D - A LM
X =, X =—, y=- y = A:—, w=—, (BS)
EF EF kg kg EF EF
we can express the gap equation as
A(x,
(x,y) (BY)

o0 o0
A,y :/ dx/ 2dyK (X', ¥ x, _ )
e A L s ey Ty

For the Yukawa model, the dimensionless kernel function Ias(x’, Y';x,y) is given by

)2 a4 2
@ 1 |:(x X+ 4y +Y) +m¢:|+(x—>—x) (B10)

Ko,y 2, y) = n
’ v y2yy | (W = x)? 4y -y

where y = vy /vr and iy = my/eg. For the Fermi-Bose mixture with ug = 0, we have

s 1+ a)?
Ko, y's5x,y) = ﬂ)\l
omyy

{ |:(x/ — X+ 20200+ YY) + Py + y’)4]
(O =22 + 2020 (y = )2 + 2y = ')

A A AV A /N2
*2 2H OV ppetan 2OV L o BID

o
+ arctan
JO=x)? — Ol2)»% J (= x)? — az)»% x —x)? — az)%

where

2/3 1/3
_m o md)T g () (B12)
my’ (Bm2ng /)13 (3r2ng )3

The solution thus depends on four quantities: (nbagf)l/ 3 (nbabb)l/ 3 «,and ng /Ny
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Meanwhile, the number equation becomes

00 5 2 00 y2 — 2
ydy|l—— dx2 o = . (B13)
0 TJo X+ -p)P+ANxy] 3
The normal density p, and the spin susceptibility x can be expressed as
Pn 4 [ * Alx,y) AA(x,y)
I xdx ydy— 2 721 A2 2 ’
ny 7 Jo 0 [x* + (O = ) + A%(x, y)]* - 0x
X 4 [ > A(x,y) dA(x, y)
— = ——f xdx/ y2dy > T 2y = 3 4 . (B14)
Xo 7 Jo 0 [x* + (2 — 1)* + A%(x,y)]*  Ox

APPENDIX C: TREATMENT OF THE NUMBER EQUATION

For balanced spin populations, the number equation can be expressed as ny = (2/V) Y, nk, where the fermion momentum
distribution ny is formally given by

1 (iwn + & e
ng = —— . Cl1
‘ ﬂ;w,%+s.%+m<wn,k>|2 b

The convergent factor ¢/**" is not convenient for a numerical calculation. Here we provide a useful treatment at 7 = 0 and it

can be easily generalized to T # 0. At T = 0, we have

/w do  (iow+ &)e®""
ng = —

— . 2
0o 27 W+ E2 + |A(w, k)2 €2)

Noting that the gap function becomes vanishingly small at large |w|, we introduce a large cutoff w,. and divide the integration
into three parts,

ng =1 +hL+ 1, (C3)
where
. /w do  (io+ &) L /00 do  (iw+ &)™
L m R 4 AR T ), 210 1 8+ [A, k)P
0 o (iw_'_gk)ein*
13=—/ g S (C4)
—oo 27 @ + & + |A(w, K)|

The convergent factor only guarantees the convergence for |w| — oco. Therefore, we can get rid of it in /; and obtain

“dw &k
I = — — . C5
: /o T 0+ E+ A K)P ©

Here we have use the fact A(w, k) = A(—w, k). Since the cutoff w, is large, we can neglect A(w, k) in I, and Z;. It becomes
exact when we set w. — oo finally. Thus we have

© dw ein+ 0 dw einJr
L~ — - , L~ — - . (Co)
. 27 iw — & oo 2T iw — &

They can be evaluated by using a contour integration. We obtain

©idy 0" ®idy e
12 == _/ ~ . k] 13 - / A . ° (C7)
0 27Ty+'§k_lwc 0 27Ty+§k+lwc
The convergent factor can be dropped when summing /, and /5. We obtain
e [ d 1 1
12—1—13:0)—/ %:———arctané—k. (CB)
mJo G+&)+to: 2 7w wc
Finally, setting w, — 00, we obtain
1 *®dw Ek
ng == — — . c9
) /0 T @ +E + A, k)] ©)
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If the gap function depends only on the momentum, i.e., A(w, K) = Ak, we recover the known result

ng=—-|1- Sk (C10)
Ve 1A
APPENDIX D: EFFECT OF AN INSTANTANEOUS PAIRING INTERACTION
With an additional instantaneous pairing interaction, the gap equation reads
AP) = =3 lun(p — k) + Uina (P = K) |2 o)
BY 4 w? + &+ |AK)?

Here ug (p — k) denotes the instantaneous interaction and Ujpg(P — K) is the boson-mediated interaction. For s-wave pairing and
at T = 0, the gap equation can be expressed as

®dw [* k*dk Alw, k)
A ) = - A IC ;k ICin , D, k ) D2
(v, p) fo - /(; 52 Kt (pi k) 4 Kina (v, p )]w2+§kz+ Ao b (D2)

with the s-wave kernel functions i (v, p; w, k) from the boson-mediated interaction and Ky (p; k) from the instantaneous
interaction. It is easy to show that

8A(w,k)_/°° dv /OO Prdp A ma(w, kv, p) A(v, p)
do  Jo w )y 2n? dw V224 A2(v, p)

(D3)

Note that the right-hand side does not depend explicitly on the kernel function Cg(p; k). Thus if the magnitude of the gap
function is enhanced by the additional instantaneous pairing interaction, the derivative d A /dw is also enhanced.

APPENDIX E: RESULTS FOR FINITE ZEEMAN FIELD
For finite Zeeman field %, the mean-field grand potential is still given by
1

Q=— Z A (KUK — K)AK') — 57

K.K'

Zln det [G, ' (K)], (E1)
X

with the fermion Green’s function replaced with

—1 _ zwn—i-h—ék A(K)
Gy (K) = [ AYK)  iogt+h+E | (E2)
Minimizing the grand potential, we obtain the gap equation
1 A(K)
AP)=—— UP-K . E3
()= =5 2 U = K T Ia P 2
The density for each spin component is given by
1 1
n¢=§znk¢, n¢=§znk¢, (E4)
k k
with the momentum distributions
1 (iw, + h + &)el®"" 1 (i, + h — & )e' " 1 (iwy — h+ &)e' 0"
m= 5% ) -y

(i, +h)* — & — |AK)? B iy +hP — & — MK~ B 4= (i, — ) — & — |AK)P

(E5)

n n n

For a solution of the gap equation, the grand potential can be expressed as

1 |AK)P 1 |AK)P
P TEN= 5y XK: (0 — 2 +E +AK)E BV ;ln [1 " (wn— iy +s.%}’ (0

At T = 0, the gap equation for s-wave pairing becomes

A, p) = /oo do /OO @Us(v —w:p, k) A@ k) . (E7)
oo 2 Jo 272 (w —ih)* + Ekz + A%(w, k)
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We can show that A(w, k) = A(—w, k) still holds for 4 # 0. Thus the gap equation can be written in a symmetrical form

®dow [* kXdk
A(v, p)=/ 2_/ — K (v, pyw, k)[
0 T Jo

22

A(w, k)

(0 —ih)? + &2 + A% (w, k)

+(h— —h)}. (E8)

Using the same trick of contour integral, the momentum distributions can be evaluated as

_! _/Ood_w[a)2+sk2+A2(w1k)_h2](é§k+h)—2ha)2
2 0

ngy = 5 B
T [0? 4 &+ A, k) — h?]" + 4h2?
1 /00 do [0 + & + A*(w, k) — h?](& — h) + 2ho? (E9)
nki = - — e .
2 Jo T [0+ AN k) — 2]+ dn2e?
Thus the total density and the spin imbalance are given by
/00 Kdk || 2/°° do [0+ & + A (w, k) — h*]&
ng = AN - - ’
o 21 0 T [0+ E+ A2, k) — h2] + 4h2e?
ookzdk 0 g 2 _ 2—A2 ,k h2
nT—n¢=2hf —2/ e i (@ )Jg . (E10)
o 2% Jo T [0 +E+ A2w, k) — K]+ 4h2w?
If the gap is frequency independent, i.e., A(w, k) = Ay, a direct integration shows that
* k2dk
n¢—n¢=/0 F®(h_‘/é’3+A%)' (E11)

Therefore, below the Pauli limit the spin polarization is zero. However, for a frequency-dependent gap, the spin polarization
becomes nonzero once a Zeeman field is turned on. At small £, the spin imbalance is well given by ny —n >~ xh.
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