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Pairing properties of an odd-frequency superfluid Fermi gas
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We theoretically investigate strong-coupling properties of an odd-frequency Fermi superfluid. This pairing
state has the unique property that Cooper pairs are formed between fermions, not at the same time, but at different
times. To see whether or not such unequal-time pairs still exhibit bosonic behavior, we examine the space-
time structure of the odd-frequency Cooper-pair wave function at 7 = 0, by employing the combined path-
integral formalism with the BCS-Eagles-Leggett-type superfluid theory. In the strong-coupling regime, the odd-
frequency pair wave function still has different space-time structure from that in the ordinary even-frequency s-
wave superfluid state; their magnitudes are found to become close to each other, except for the equal-time pairing
component. In this regime, we also evaluate the superfluid phase transition temperature 7. within the framework
of the strong-coupling theory developed by Nozieres and Schmitt-Rink. The calculated T in the strong-coupling
regime of the odd-frequency system is found to be well described by the Bose-Einstein condensation of tightly
bound Bose molecules. Our results indicate that, in spite of vanishing equal-time pairing, odd-frequency Cooper
pairs still behave like bosons in the strong-coupling regime, as in the even-frequency s-wave superfluid case.

DOI: 10.1103/PhysRevA.109.063309

I. INTRODUCTION

In cold atom physics, along with the p-wave pairing
state [1-23] and the Fulde-Ferrell-Larkin-Ovchinnikov state
[24—40], the odd-frequency pairing state has recently attracted
much attention as a candidate for unconventional Fermi su-
perfluid [41-43]. As in the ordinary even-frequency s-wave
superfluid state, Cooper pairs are formed also in the odd-
frequency superfluid state; however, a crucial difference from
the even-frequency case is that the odd-frequency Cooper pair
consists of two fermions, not at the same time, but at different
times [43,44]. Since the even-frequency s-wave superfluid
state has been realized in “°K [45] and °Li [46-48] Fermi
gases by using a Feshbach resonance [49-52], exploring an
odd-frequency pairing state is an exciting challenge in the
current stage of cold Fermi gas physics.

This unique state was first introduced in the context of
superfluid liquid *He by Berezinskii [44], and this idea was
later extended to metallic superconductivity [53-55]. Since
then, the odd-frequency superconductivity has extensively
been discussed by many researchers in various supercon-
ducting systems, such as superconducting junctions [56-60],
strongly correlated electron systems [61-66], Kondo lat-
tice systems [67-71], multiband superconductors [72,73],
nonequilibrium systems [74—76], as well as superconducting
systems with Bogoliubov Fermi surfaces [77]. Experimen-
tally, the observation of the paramagnetic Meissner effect,
which is considered as a typical odd-frequency supercon-
ducting phenomenon near the surface, was recently reported
in an Al/Ho/Nb junction [78,79]. More recently, the gap-
less superconducting density of states, which is considered
to be consistent with a bulk odd-frequency pairing state,
was also observed through the temperature dependence of
the spin-lattice relaxation rate Tl_1 in heavy fermion com-
pound CeRhy slrgsIns [80]. In this way, the odd-frequency
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superconductivity has been extensively studied both theo-
retically and experimentally in condensed-matter physics.
Thus, the realization of an odd-frequency superfluid Fermi
atomic gas would also make a great impact on this research
field.

As mentioned previously, the unequal-time pairing is char-
acteristic of the odd-frequency superfluid state. Regarding
this, we recall that, in the ordinary even-frequency case,
the superfluid instability may be interpreted as a kind of
Bose-Einstein condensation (BEC) of Cooper-pair “bosons.”
Since the even-frequency pairing dominantly occurs between
fermions at the same time [see Fig. 1(a)], this simple picture
seems reasonable, especially in the strong-coupling regime,
where most fermions form tightly bound molecules. Indeed,
such a situation is realized in the BEC regime of the BCS-
BEC crossover phenomenon [51,81-88], where the superfluid
phase transition T; agrees well with the BEC phase tran-
sition temperature Tggc of an ideal Bose gas consisting of
N/2 molecules (where N is the number of fermions). On the
other hand, as schematically shown in Fig. 1(b), the vanishing
equal-time pairing in the odd-frequency case is quite different
from the naive molecular picture. Thus, this raises the inter-
esting question of whether or not such kind of unequal-time
pair still behaves like a boson.

The purpose of this paper is to theoretically explore the
answer to this question. For this purpose, we consider a model
odd-frequency superfluid Fermi gas, and take the following
steps.

(1) At T = 0, we calculate the space-time structure of the
odd-frequency Cooper-pair wave function @oqq(r, t), within
the framework of the mean-field base strong-coupling theory
developed by Eagles and Leggett [89,90] (which is referred
to as the BCS-Eagles-Leggett theory in what follows). We
examine the similarity of @oqq(r,?) to the even-frequency
case, especially in the strong-coupling regime where the
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even-frequency system is well described by an ideal molecular
Bose gas.

(2) We evaluate T, by extending the strong-coupling the-
ory for even-frequency s-wave Fermi superfluids developed
by Nozieres and Schmitt-Rink (NSR) [81], to the odd-
frequency case. In the strong-coupling regime where 7; in the
even-frequency case agrees well with Tggc of an ideal Bose
gas, we examine whether or not the same “bosonic picture” is
applicable to 7; in the odd-frequency case.

We briefly note that in theoretically treating a bulk
odd-frequency Fermi superfluid, the ordinary Hamiltonian
formalism is known to give the unphysical result that the
superfluid state becomes stable above T, [91]. This puzzle
was recently solved by employing the path-integral formalism
[92,93]. Following this progress, we also construct our theory
by using this approach [92-95] in this paper.

This paper is organized as follows: In Sec. II, we explain
our formalisms in the superfluid state at 7 = 0 based on the
BCS-Eagles-Leggett theory [89,90], as well as at 7; based
on the NSR theory [81]. In Sec. IIl, we show our zero-
temperature results on the superfluid order parameter, as well
as the Fermi chemical potential. Using these data, we evaluate
the pair wave function @uqq(r, t) in Sec. IV. Here, we also cal-
culate T¢, to see whether or not a gas of odd-frequency Cooper
pairs can be viewed as a Bose gas in the strong-coupling
regime. Throughout this paper, we set i = kg = 1, and the
system volume V is taken to be unity, for simplicity.

II. FORMULATION

A. Model odd-frequency Fermi gas

We consider a single-component Fermi gas with an odd-
frequency pairing interaction. Following Refs. [92,93], we
start from the partition function in the path-integral represen-
tation:

Z= / DyDye VI =T] f ded e SV (1)
k

Here, the Grassmann variable 1 and its conjugate
describe Fermi atoms. In Eq. (1), we have introduced the ab-
breviated notation k = (k, iw, ), where w, is the fermion Mat-
subara frequency. The action S[¥, ¥] = Sp + S; in Eq. (1)
consists of the kinetic term Sy and the pairing interaction term
S1, that are given by, respectively,

So=Y_ ul—iown + &lvi. )
k
1 -
S] = ﬁ Z Vk+q/2yk’+q/2‘(/fk+qw—kl/,—k/wk’-ﬁ-q' (3)
q.k.k

Here 8 =1/T, and g = (q, iv,) with v, being the boson
Matsubara frequency. InEq. (2), & = ¢ — u = 'S /C2m) —
is the kinetic energy of a Fermi atom, measured from the
Fermi chemical potential u (where m is an atomic mass).
V(k, k') =V(k,io,, k', iw)) in Eq. (3) is an odd-frequency
pairing interaction, where the dependence of the Matsubara
frequency (w, and w)) describes retardation effects of this
interaction. In this paper, we do not discuss the origin of this
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FIG. 1. Illustration of the space-time structure of a Cooper pair.
(a) Even-frequency superfluid state. (b) Odd-frequency superfluid
state. r and t are, respectively, the relative coordinate and the relative
time between two fermions (“A” and “B”). While the equal-time
pairing is dominant in the even-frequency Cooper pair, it vanishes
in the odd-frequency case.

interaction, but simply assume the following separable form:
Viw = Uy k,iw,)y Kk, iw)). 4

Here, —U (< 0) is a coupling strength. (In Appendix A, we
briefly explain how this kind of interaction is obtained in the
case of phonon-mediated interaction.) When we use Eq. (4),
the symmetry of the superfluid order parameter A(k, iw,) is
determined by the basis function y (k, iw,) as

Ak, iwy) = Ay (k, iw,), (5)

where A is a constant. Keeping this in mind, we chose the
following odd-frequency basis function in this paper:

Wy \/“’3“‘51(2
| /a)’Zl + sl? + A2.

As shown in Appendix A, A in Eq. (6) is related to the
frequency of the Einstein phonon in a phonon-mediated in-
teraction. In this sense, A may be regarded as a parameter to
tune retardation effects coming from the model interaction in
Eq. (4).

The resulting superfluid order parameter A(k,iw,) in
Eq. (5) has the odd-frequency spin-triplet s-wave pairing sym-
metry [96]. That is, A(k, iw,) is an odd function with respect
to w, (see Fig. 2), and isotropic in momentum space.

Here, we comment on the reason for the choice of Eq. (6):
In superconductivity literature, the separable pairing interac-
tion in Eq. (4) is frequently used to describe an anisotropic
(unconventional) superconducting order parameter in momen-
tum space. (In this case, the frequency dependence of the
basis function is usually dropped.) For example, the d,>_,2-

V(kv iwy,) = (6)

A(k,ioy)

At

A=0|
iA>0
of
a| wn
&0
.............. _A

FIG. 2. Illustration of the odd-frequency superfluid order param-
eter A(k, iw,) in Eq. (5) as a function of w,, when & = 0.
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wave superconductivity discussed in high-7; cuprates can be
described by setting y (k) oc k} — k;. In this way, the basis
function can flexibly be chosen in terms of the momentum
dependence of the pairing state. On the other hand, one needs
to be careful in the odd-frequency case. For example, one
may think that the simpler basis function y (k, iw,) = w, is
more tractable than Eq. (6) as a model odd-frequency pairing
interaction. However, the diagonal component of the resulting
mean-field BCS Green’s function [43],

iwn+§k
(1+[AP]o? + &

gives the following single-particle spectrum weight A(k, w):

1,1 .
Gk, iw,) = —

)

Ak, w) = —%Im[Géhﬁl)(k, iw, > o+ i8)]
_ lJm/lJrlAl2 0 &)
T2+ IAP ‘
1—/1+]|AP
+ 2[1+—|A|2]5(0) + &), (®)

where § in the first line is an infinitesimally small positive
number. Equation (8) is unphysical, because the last term is
negative. In contrast, we will show in Sec. III that Eq. (6)
gives positive A(k, w) [97]. [We show in Appendix A that
the positivity of A(k, w) again breaks down when we drop the
factor &7 in Eq. (6).]

We introduce the Cooper-pair Bose field & as well as
its conjugate field ®, by way of the Stratonovich-Hubbard
transformation [98,99]. Executing the fermion path integrals,
we have (for the derivation, see Appendix B)

Z f DIDPeSerl®:®l

=11 / dRe[®,]dIm[ D, Je~Serl®®1, ©)
q
where the effective action S is given by
1 ~ ﬂ
Set = =5 Trin[~G~" Z Zsk (10)
Here,
Al licwn — &kldex fg?(’%k,, 1)
k'

k+k’ za),,+twn )Cbk i

fl/( 3 Licwon + &k 10k .k

(1)

is the inverse of the 2 x 2 matrix single-particle thermal
Green’s function [11,100-103].

B. Odd-frequency superfluid state at T = 0

Eagles and Leggett pointed out that the mean-field BCS
theory, which was originally invented for weak-coupling su-
perconductivity, is actually applicable to the whole BCS-BEC
crossover region (at least qualitatively), when we deal with the
BCS gap equation, together with the equation for the number
N of fermions, to self-consistently determine the superfluid
order parameter and the Fermi chemical potential. In this

paper, we extend this scheme to the odd-frequency Fermi
superfluid described by the effective action Se in Eq. (10).

It is well known that the mean-field BCS theory corre-
sponds to the saddle-point approximation in the path-integral
formalism. In this approximation, the path integrals with re-
spect to the Cooper-pair fields ® and @ in Eq. (9) are replaced
by the representative value at the saddle-point solution [104].
The resulting partition function (= Zgp) has the form

Zop = e 115" 5 Tty n (— det [-GG ) (12)

Goda(k) ™18y with

n 1
Goda(k) = - 13)
00 = 8T+ (sytoion 0

where [GS_Pl e =

being the 2 x 2 matrix mean-field single-particle thermal
Green’s function in the odd-frequency superfluid state (where
Ti=1.2,3 are the Pauli matrices acting on particle-hole space).
In obtaining Zsp in Eq. (12), we have chosen the Cooper-pair
fields at the saddle point as [92,93]

D, = /BAS,0,

by = BAS0. (14)
The mean-field superfluid order parameter A in Eq. (14) is
determined from the saddle point condition:

dA*

=0. (15)
Here,

QM]::—TIIIZSP
A 1
- ' _ng_ i
k

x [0} + & + APy (&, i,)] (16)

is just the mean-field thermodynamic potential. Substituting
Eq. (16) into Eq. (15), we obtain the BCS-type gap equation,

v vk, iw,)?
=2 Z 2 2 2 —
B k.o w; + & + 1A y(k, iwy)

1 Eoda(k, A)
_U;zeomk,mtanh( o7 ) an

Eoaalk, A) = \J& + A2+ |AJ? (18)

describes Bogoliubov single-particle excitations. We briefly
note that the gap Eq (17) can also be obtained from the
(1,2) component G, dd2 ) of the 2 x 2 matrix Green’s function
in Eq. (13) as

where

, 1 /
Ay(k,iwy) = - Y ViwGogl (K). (19)
k/
As pointed out in Refs. [92,93], the choice in Eq. (14)
guarantees the expected thermodynamic behavior that the
superfluid phase becomes stable below T.. In contrast, the

Hamiltonian formalism gives the opposite result that the sec-
ond equation in Eq. (14) is replaced by &, = —/BA*8,0
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[92,93], which lead to the unphysical situation, as mentioned
previously.

We remove the ultraviolet divergence involved in the gap
Eq. (17) by the same prescription as that used in the BCS-BEC
crossover theory for even-frequency s-wave Fermi superfluids
[82,83,90]: We measure the interaction strength in terms of
the s-wave scattering length a; in an assumed two-component
Fermi gas with a contact-type s-wave pairing interaction Hy =
—Ué§(ry — ry), which is related to —U as [83]

47;1% T UU L 0
— U3

We then rewrite the gap Eq. (17) as

4may 1 Eodalke, A) 1
1=-— tanh - — .
m Xk:[zgodd(k,/\) an ( 2T ) 28,(}

2L

In this scale, the weak-coupling (strong-coupling) regime is
described as (kpa;)~! < -1 [(kpag)™! 2 +1], where kg is the
Fermi momentum.

In the BCS-Eagles-Leggett scheme [89,90], we solve the
gap Eq. (21) at T =0, together with the equation for the
number N of Fermi atoms. The latter equation is obtained
from the (1, 1) component of the Green’s function in Eq. (13)
[105]:

1
_ _ZG(I,I) k ‘
ﬂ - odd ( )T=0

A2
RNy > O—&)
k

|A]?
|A|2 +A2 Z

where ®(—§;) is the step function.

_— 22
Eoaa(k, A)] (22)

C. Pair wave function

To examine the space-time structure of the odd-frequency
Cooper pair, we consider the pair wave function at 7 = 0,
given by [106]

Poaa(r, 1) = (Y (r, )Y (0, 0))
—i Y eGPk, 1), (23)
k

where the lesser Green’s function Q;’él’z) (k, t) is related to the

(1, 2) component of the thermal Green’s function Gk, iwy) in
Eq. (13) as [107]

<,(1,2) do o (1,2)
godd k1) = / Ee god’d ik, w), (24)
—0oQ

— f(w>[G§,L;,2>(k, iy = @ + i8)|w,20
Gy i)w<0]- (29

odd
Here, f(w) is the Fermi distribution function, which equals
the step function ®(—w) at T = 0.

(1,2
Gk, w) =

k,iw, > o —

To grasp the background physics of pyqq (7, 1), it is helpful
to recall the pair wave function discussed in the ordinary
(even-frequency) spin-singlet s-wave pairing state given by
[106]

(¥ (1)1 (0))

Aeven * k .
= dk kr). 26
an?r /0 N R

The outline of the derivation is explained in Appendix C.
In Eq. (26), the field operator v,—4, () describes fermions
with pseudospin o =1, |, and Eeyen (k) = /Eeven(k)? + A2,
where &even(k) = € — Meven 1S the kinetic energy, measured
from the Fermi chemical potential pteven. The s-wave super-
fluid order parameter Ay, (Which is taken to be real, for
simplicity), as well as fleyen, are determined from the BCS-
Eagles-Leggett coupled equations [90]

4 ay 1 1
l=— - — 27
m ; |:2‘5‘even(k) 2“3‘k:| ( )

N = Z |:1 _ %‘even(k):|
k

geven (k) .
Deep inside the strong-coupling regime, where [leyen =
—1/(2maf) < 0 and |teven| > Aeven [83,90], one finds

Peven (r )

(28)

Aeven — /
———e %, 29
4y ¢ 29)
Apart from the unimportant constant factor, Eq. (29) is just
the same form as the wave function of a two-body bound state
with the binding energy [83,88]

Peven (I‘ )

1
Eping = —. (30)
ma?

In the weak-coupling BCS regime (where fieyen 2 €f, With
er being the Fermi energy), Eq. (26) is reduced to

Poren(r) = T2 Ko( ) sinker),  G1)
i 2 2 %‘coh '
where Ky(x) is the zeroth modified Bessel function, and &, =
U/ Aeven 18 the BCS coherence length [108] (where vg is the
Fermi velocity). Noting that Ko(x) = /7 /(2x)exp(—x) for
x > 1, one finds that Eq. (31) physically describes a Cooper
pair whose spatial size is comparable to the coherence length
&con- In this sense, @oqq(r, t) in Eq. (23) is a natural extension
of the equal-time pair wave function, to include effects of time
difference between two fermions involved in the Cooper pair.
Since the (1,2) component Ggg’dz)(k, iw,) of the odd-
frequency Green’s function in Eq. (13) is isotropic in
momentum space, one can rewrite @oqq(r, t) in Eq. (23) as

®od (T, 1) =L/ kdksm(kr)/
27%r

+ 7 f(=0)Gl (k. iy = © + )], 0.
(32)

In obtaining Eq. (32), we have used the symmetry property,

[e’“”f (@)

1,2 . .
Gf)dd)(k iy = —® — i6)|w, <0

= —GL2(k, iw, — © + i8)|w,0. (33)
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FIG. 3. Spatial variation of equal-time pair wave function
Peven(r) iIn Eq. (26) at T = 0. py is given in Eq. (44).

At t =0, because the retarded Green’s function
Ggh’dz)(k, iw, — w + i8) is analytic in the upper-half complex
plane, the w integration in Eq. (32) vanishes by closing
the integral path in the upper-half plane. Thus, while the
equal-time pair wave function @eyen(r) is nonzero in the
even-frequency case as shown in Fig. 3, one finds

@odd(r,t =0)=0 (34)

in the odd-frequency case.
For later convenience, we introduce the time-dependent
even-frequency pair wave function as

Peven(r, 1) = (Y (r, 1)11(0, 0))

Aeven /00 dk k sin(kr)e_ige"e“(k)’. (35)
0 geven(k)

T 4x2r

We summarize the derivation of Eq. (35) in Appendix C.

D. Superfluid phase transition temperature 7

‘We next consider 7 within the framework of the NSR the-
ory [81]. In the path-integral formalism, this strong-coupling
theory corresponds to the Gaussian fluctuation theory with
respect to the auxiliary Bose fields ®, and ®, around &, =
Ci>q = 0[82,83]. Expanding the effective action Sef in Eq. (10)
with respect to these fields up to the second order, one obtains
the NSR partition function Zysg as

Zasg = ¢ s Tebtd D@+ / DED Do Hol1-UT@IS,

1

1 -UI(g)’ G0

— By at Y, In(@i+ED)
— @ 2 LkSkT3 Lk n TSk l_[
q

where we have dropped an unimportant constant factor. In
Eq. (36),

M(g) = % 3yl iwn + iv,/2)Go
k

x (k + %, iw, + iv,,)G()(—k + %, —iwn)

- _ Z 1 — f(E—krq2) — [ (Ekrq/2)
X

Wy — §_k1q/2 — Ektq)2

o' A?

1
+ ;
Xk: w, — S—k+q/2 - Ek+q/2 J’H/X::i] 2 /%-kZ 4+ A2
S Gokigr) — f(0' /&8 + A% +iv,/2)

x (37)
%ak+q/2 - O'/\/ é]? + A% —iv,/2

is the pair-correlation function describing fluctuations in the
Cooper channel, with G, Yk, iw,) = iw, — &, being the free
single-particle Green’s function. The resulting thermody-

namic potential Qnsg = —7 In Zngsg has the form
1 1 ) )
Qnsr = 3 Xk:& Y Xk:ln(wn + &)
1
+E2m“ - UT(g)]. (38)
q

The NSR number equation is then obtained from the thermo-
dynamic identity N = —9Qnsr /9, which gives

1 0 4 ay 1
N= —— —1In|1 I(g)— — 1,
;f@w 3 ; 70 [ +— ( (@) ; ng)}
(39)
where we have removed the ultraviolet divergence involved
in T1(g), by replacing the bare interaction U with the s-wave

scattering length a; in Eq. (20).
We solve the T; equation,

dra, 3 1 anh JEE + A 1
m % 2 /EI? +A2 2T 25k
(40)

[which is obtained from the gap equation (21) with A = 0],
together with the NSR number equation (39), to consistently
determine 7; and w(T;).

1=

III. GROUND-STATE PROPERTIES OF ODD-FREQUENCY
FERMI SUPERFLUID

In this section, we consider the odd-frequency Fermi
superfluid state at T = 0, within the framework of the BCS-
Eagles-Leggett theory explained in Sec. I B.

Figures 4(a) and 4(b), respectively, show the odd-
frequency superfluid order parameter |A| and the Fermi
chemical potential . When A = 0, because the basis function
is reduced to y (k, iw,) = sgn(wy), both the gap Eq. (21) and
the number Eq. (22) have the same form as Eqs. (27) and
(28), respectively, for the even-frequency s-wave superfluid
state. [Note that the basis function only appears as y (k, iw,)?
in Egs. (21) and (22).] The resulting |A| and p thus exhibit
the same behavior as in the even-frequency s-wave case. That
is, the system is always in the superfluid state, irrespective
of the interaction strength. Particularly in the strong-coupling
regime [(kpas)~! 2 +1], the magnitude of the superfluid or-
der parameter approaches [88] [see Fig. 4(c)]

|A] 16 (41)
=& .
"\ 3kea,
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|Al/er

u/ EF

Eq. (41)
————— Eq. (45) (A/ep=0.4)

2 1 0 -1 -2
(kpag) ™

FIG. 4. (a) Calculated magnitude |A| of the odd-frequency su-
perfluid order parameter. (b) Fermi chemical potential u at 7 = 0.
Panels (c) and (d), respectively, show |A| and p as functions of the
interaction strength. In panel (d), Epi,g is the binding energy of a
two-body bound state given in Eq. (30). We also plot the approximate
result given in Egs. (41) and (45) in panel (c).

In addition, as shown in Fig. 4(d), the Fermi chemical poten-
tial  in this regime becomes negative, to approach

= —3Epind. (42)

where Epiyg is the binding energy of a two-body bound state
given in Eq. (30). These results are just the same as those in the
even-frequency s-wave superfluid Fermi gas in the BCS-BEC
crossover region [51,81-88].

When A > 0, on the other hand, we see in Fig. 4(a) that
the superfluid state vanishes, when the pairing interaction
becomes weak to some extent. This is because of the suppres-
sion of the present odd-frequency pairing interaction in the
low-energy region. Indeed, when A > 0, the factor y (k, iwy)?
in the numerator in the first line in the gap Eq. (17) becomes
small for small |w,|, which physically means the weakening
of the pairing interaction around the Fermi level. In the weak-
coupling regime at T = 0 (where u =~ er and |A| < ¢f), we
approximate the second line in Eq. (17) to

[ON 1
1:Up0/ df ——————
0 E24+ A2+ A2

2
~ Upoln | —22__], 43)
VAZ+ A

where w. (> A) is an energy cutoff, and

I’I’lk]:

= “9

00
is the density of states in a single-component free Fermi gas
at the Fermi level. We then immediately find that the inter-
action strength needs to exceed the threshold value U.py =
[In(2w./A)]~", in order to obtain a nonzero A. More quanti-
tatively, applying the same discussion to the renormalized gap

Eq. (21) at T = 0, one obtains

8 = 1 2 A 2
|A] = er (—ze) —(—), (45)
e EF

which gives the threshold interaction strength (kraS)~! as

2
(kea®) ™" = 2 (e— ﬁ). (46)

As seen in Fig. 4(c), Eq. (45) well describes the behavior of
| A| around (Iq;czfﬂ)’1 given in Eq. (46).

Here, we confirm that the present odd-frequency super-
fluid state satisfies the positivity of the single-particle spectral
weight A(k, o). Explicitly calculating A(k, ) from the (1, 1)
component of the single-particle thermal Green’s function
Goaa(k, iw,) in Eq. (13), we have

1
Ak, w) = —;Im[G&h’dl)(k, iw, = o+ i5)]
i $(w — &) + A7
= — w — e —
A2+ A2 AR+ A2

1 &k
x (5[1 + kD) A)]S(w — &Eoda(k, A))

1 &k
o1
x 2|:

m}ﬂw + Eoaalk, A)])-

(47)

As shown in Figs. 5(a) and 5(b), Eq. (47) is always positive.

Equation (47) shows that, when p > 0, single-particle ex-
citations are gapless, because of the dispersion w = & =
'S /(2m) — w. Indeed, one clearly sees in Fig. 5(a) that this
dispersion passes through w = 0. Thus, the superfluid density
of states p(w), which is related to A(k, w) as

p@) =Y Ak, w), (48)
k

also becomes gapless, as shown in Fig. 5(c).

In the strong-coupling regime, since the Fermi chemical
potential 1 becomes negative [see Figs. 4(b) and 4(d)], the
dispersion w = & = k?/(2m) + || no longer passes through
w = 0. Because of this, when (kga,)~! = 1, gapped single-
particle excitations are obtained, as seen in Figs. 5(b) and 5(c).

Regarding the above-mentioned gapless single-particle ex-
citations, we note that the recent experimental proposal about
the realization of the bulk odd-frequency superconducting
state in CeRhg 5lrgsIns [80] is based on the observation of
Korringa-law-like temperature dependence of the spin-lattice
relaxation rate Tl_l below 7. Since the Korringa law in the
normal state is well known to originate from the presence of
gapless single-particle excitations around the Fermi surface,
the observed anomaly implies the absence of single-particle
excitation gap in this superconducting state. Thus, although
our model is not directly related to this material, it is an in-
teresting future problem to examine to what extent this simple
model can explain the observed temperature dependence of
7,”" in CeRhy 5Irg sIns.

063309-6



PAIRING PROPERTIES OF AN ODD-FREQUENCY ...

PHYSICAL REVIEW A 109, 063309 (2024)

S = N W A~ W

FIG. 5. Calculated intensity of single-particle spectral weight
A(k, ®) in the odd-frequency superfluid state at 7 = 0 and A/eg =
0.1. (a) Weak-coupling regime [(kpa,)~' = —0.9]. (b) Strong-
coupling regime [(kea,)~' = 1]. The intensity is normalized by e L
(c) Superfluid density of states p(w) in Eq. (48). po is given in
Eq. (44). In calculating A(k, w), we have approximated the § function
in Eq. (47) as 8(x) ~ (1/7)n/[x> + n*] with n/ep = 1072, We also
use the same prescription in Figs. 6 and 10.

IV. SPACE-TIME STRUCTURE OF THE ODD-FREQUENCY
PAIR WAVE FUNCTION

Figure 6 shows the space-time structure of the pair wave
function. We also show in Fig. 7 the detailed spatial variation
of this quantity at some values of the relative time ¢ between
two fermions involved in a Cooper pair.

When the pairing interaction is weak [(kpa,)™! = —0.4 <
0], Fig. 6(al) shows that the odd-frequency pair wave function
©®odd (r, t) spreads out in the temporal direction. We also find
from Fig. 7(al) that |rgoqq(r, t)|* has larger intensity for larger
value of the relative time ¢ [at least within the temporal range
shown in Fig. 7(al)]. This tendency is consistent with the fact
that ¢oqq(r, t) vanishes at t = 0 [see Eq. (34)].

As shown in Fig. 6(bl), the pair wave function @eyen (7, 1)
in the even-frequency superfluid state also spreads out in
the temporal direction when (kpa,)~' = —0.4; however, in
contrast to the odd-frequency case, |r@even(r, H)|?> has large
intensity around ¢ = 0, as shown in Fig. 7(b1).

As the interaction strength increases, we see in Fig. 6 that,
in both the even- and odd-frequency cases, the pair wave func-
tion shrinks to gather around the origin of the space-time plane
(r =t = 0). In the strong-coupling regime when (kpa,)~! =
2, in spite of @oaq(r, t = 0) = 0, [r@oaa(r, t)|? has large inten-
sity around kgr = 1 at the relatively short relative time ept =
0.1(« 1), as shown in Fig. 7(a2). This tendency is more

P 9 A —112
[ odal(r, t)V/[ﬂ(l\A\kg]}z |7 even(, )2/ [poAcvenki ]

0 05 1 1501234356
| C——

(al) (kpag)! =-0.4 .| |(b1) (kgas)! =-0.4
-

\

=

(a2) (kpas) ' = 1

(=]

(b2) (kFaS):l =1l

kgr
(9]

\

(@3) (kras)! =2

(b3) (kpag) 1 =2

Ju—

0.5 10 0.5
€t

FIG. 6. Calculated space-time structure of the pair wave function
at T = 0. The left and right panels show the odd-frequency case
[@oda(r, t) in Eq. (23)] and the even-frequency case [@even(r,?) in
Eq. (35)], respectively. We set A /e = 0.5.

remarkable in the even-frequency case shown in Fig. 7(b2),
where |F@eyen(r, t)|? is almost dominated by the intensity at
t = 0. As mentioned previously, because the even-frequency
pair wave function at + = 0 is reduced to the wave function
of a two-body bound state when the pairing interaction is
very strong, this result indicates that the pair wave function
Qeven (F, t) may almost be viewed as the wave function of a
two-body bound state given in Eq. (29), when (kga,)~! = 2.
Here, we comment on the spatial oscillation of the pair
wave function seen in the upper panels in Fig. 7: As found
from the factor sin(kgr) involved in Eq. (31), this oscillation

LS~ @) (keag)!=-04 A (bD) (krag) =04

/ \ eft
1 Vi 01— 2
IR 0.5 -——-

ept
01—
0.5 ——-

evenkp ']

1]2

3

s
= <
>~ —~ 0L AV g
< = (b2) (kpas)' =2
& £ 2
2 i ept
11 01—
0.5
\ 1 VVVVVVVVV
0 5 10

kFV

FIG. 7. Spatial variation of |r@e(r,?)|*> (left panels) and
|F@even (', 1)) (right panels) at T = 0. The upper (lower) two panels
show the weak-coupling case (strong-coupling case) where p > 0
(u < 0). Weset AJep =0.5.
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1]2

F

, p
[r@oaa(r.t)?/ [polAlkz']” ——

(@)

, 2
rpeven(r,t)*/ [poDevent ']

[I7@oda(r, )|* = [r@even(r,t)|*] / [polAlk

VIAR et

FIG. 8. Comparison of |r@oq(r, t)|> With [r@een(r, t)|* at T = 0.
(a) We take A/sgp = 0.5 and ept = 0.8. When (kpa,)™' =1 and 2,
results are magnified by the factor 5. (b) We take A/er = 0.5 and
(kFax)71 =2.

originates from the existence of the Fermi surface. Thus, with
increasing the interaction strength, such oscillating behavior
of the pair wave function becomes obscure due to the decrease
of the Fermi chemical potential [see Fig. 4(b)], which may be
interpreted as the shrinkage of the Fermi-surface size. Then,
since the negative chemical potential realized in the strong-
coupling regime can be interpreted as the disappearance of
the Fermi surface, the oscillation of the pair wave function
also disappears in this regime, as seen in the lower panels in
Fig. 7.

Figure 8 compares the magnitude of the pair wave func-
tion in the odd-frequency superfluid state with that in the
even-frequency case. At ept = 0.8 shown in Fig. 8(a), when
the pairing interaction is relatively weak [(kpa,)~' < 0], the
difference between the two is remarkable, especially around
kgr = 1. Their difference becomes small as the interaction
strength increases, as seen in Fig. 8(a).

We also show in Fig. 8(b) the temporal dependence
of the difference between these quantities in the strong-
coupling regime [(kpay)~! =2]. As analytically shown in
Appendix D, these quantities become close to each other when
t > 1/4/|A|* + 2, which can be confirmed in this figure.
In the strong-coupling limit [(kgas)~' — oc], since |A| and
|| diverge, this condition is always satisfied except at t = 0.
Thus, in this limit, one finds

wodd(r’ t)= - Sgn(t)(peven(rv t) (t 7é 0) (49)

(For the derivation, see Appendix D.) That is, the magnitude
|@oaa(r, t)| of the odd-frequency pair wave function in the
strong-coupling limit has the same space-time structure as the
even-frequency case, except at t = 0.

Since the even-frequency pair wave function in the strong-
coupling regime may be viewed as the wave function of a
two-body bound state, Fig. 8, as well as Eq. (49), make
us expect that, as in the even-frequency case, the superfluid
phase transition into the odd-frequency superfluid state may
also be described by the BEC of molecular bosons in the
strong-coupling regime, unless the absence of the equal-time
pairing and the sign change of ¢oqq(r, t) at t = 0 seriously
affect the superfluid instability. To confirm this expectation,
we show in Figs. 9(a) and 9(c) the calculated 7. within the
framework of the NSR theory explained in Sec. II D. We see
in these figures that, with increasing the interaction strength,

@ T./Tr

FIG. 9. Calculated (a) T. and (b) u(T:) as functions of A and the
interaction strength (kpa;)~', in a single-component Fermi gas with
an odd-frequency pairing interaction. The dashed line is the BEC
phase transition temperature Tggc = 0.1377%. The dotted line shows
the threshold interaction strength (kpag)’l given in Eq. (52). Panels
(c) and (d), respectively, show detailed interaction dependence of T
and u(7;). In panel (d), since the results for A/er = 0.1 and 0.2 are
almost the same as that for A /eg = 0.4, we only show the results for
AJerp =0,0.4, and 1.

T. always approaches the expected BEC phase transition tem-
perature Tggc of an ideal Bose gas with the molecular number
N = N/2 and the molecular mass Mg = 2m:

2 N 23
T = —( — =0.137Tg, 50
BEC = o (24(3/2)> F (50)

where ¢(3/2) = 2.612 is the zeta function. This clearly in-
dicates that, as in the even-frequency case, odd-frequency
Cooper pairs also behave like “bosons” in this regime, in spite
of the absence of equal-time Cooper pairing.

Similarity between the even- and odd-frequency cases can
also be seen in Figs. 9(b) and 9(d): In the strong-coupling
regime, the Fermi chemical potential u becomes negative and
the magnitude || approaches half the binding energy Eping of
a two-body bound state given in Eq. (30). The Fermi chem-
ical potential physically means the energy to add a particle
to the system. One finds from this behavior of p that, as
in the even-frequency case, an odd-frequency Cooper pair in
the strong-coupling regime also has the binding energy Ebing
given in Eq. (30).

We point out that the above-mentioned bosonic character
comes from the structure of the NSR number Eq. (39): Since
|| > A in the strong-coupling regime, the basis function in
Eq. (6) can be approximated as y (k, iw,) =~ sgn(w,) there.
Then the pair-correlation function in Eq. (37), as well as the
resulting NSR number Eq. (39), have the same forms as those
in the ordinary (even-frequency) s-wave superfluid Fermi gas
discussed in BCS-BEC physics [51,81-88]. Thus, as is well
known in the standard NSR theory [81], the number Eq. (39)
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in the strong-coupling regime is reduced to
N q’ )
5 = nB\ 57, — 4B ) (51)
-2

where ng(x) is the Bose distribution function, and ug =
21 + Eping plays the role of the Bose chemical potential.
Equation (51) immediately gives Tggc in Eq. (50), when pu =
—Eving/2, being consistent with the strong-coupling behavior
of T, and w(T;) shown in Fig. 9 [109].

To conclude, odd-frequency Cooper pairs also behave like
molecular bosons in the strong-coupling regime. Although
this result is the same as the case of the ordinary (even-
frequency) s-wave superfluid Fermi gas in the BCS-BEC
crossover region [51,81-88], the odd-frequency pair wave
function @oqq(r, t) itself is not completely the same as the
even-frequency pair wave function @eyen (7, ¢) in this regime,
as shown in Eq. (49). This means that the sign change of the
odd-frequency pair wave function, as well as the absence of
equal-time pairing (that are different from the even-frequency
case), are not crucial for the odd-frequency Cooper pair to
possess bosonic character, at least in considering the super-
fluid phase transition temperature.

Before ending this section, we discuss the behavior of
T. in the weak-coupling regime: When A = 0, which gives
y(k, iw,) = sgn(w,), the T; Eq. (40) and the number Eq. (39)
coincide with those in the ordinary NSR theory for the even-
frequency s-wave superfluid Fermi gas. Thus, the system
always experiences the superfluid instability at 7. > 0, irre-
spective of the value of (kpas)~" [see Figs. 9(a) and 9(c)].
On the other hand, when A > 0, as expected from the zero-
temperature result shown in Fig. 4, T; vanishes, when the
interaction strength becomes weaker than the threshold value,

a2 > A
(kea$) ™ = Z1n (e——>, (52)
b4 8 u
which is obtained by simply setting 7. = 0 in the T; Eq. (40)
[110].
To quickly grasp how A affects T, it is convenient to
approximately deal with the gap Eq. (19) in the weak-coupling
regime at 7 as

1
1 =UT.
°an(Tc)2+é,3+A2

k,w,

o 1
>~ U poT, d
& wZ/oo SR E A2

(53)

1
= jTU,OoTc%: /—w,l(]::)z _|_A2’

where the density of states pg is given in Eq. (44). Writing the
superfluid phase transition temperature at A = 0 as Ty, we
rewrite the 7. Eq. (53) as

In <£> =T.). ! 1 (54)
Teo | Vou TR+ A2 lon(Tol |

Expanding the right-hand side in Eq. (54) up to O(A?) by
assuming A < T, one has, after summing up the Matsubara

frequencies,

B 7C3) (A
Tc—no[l— <0 (T—O) } (55)

where we have approximated the left-hand side in Eq. (54) as
In(Tc/Teo) = (Te/Teo) — 1.

V. SUMMARY

To summarize, we have discussed pairing properties of
an odd-frequency superfluid Fermi gas. This superfluid has
the unique property that the Cooper pairs are formed be-
tween fermions at different times. In this paper, we examined
whether or not such odd-frequency Cooper pairs still behave
like molecular bosons in the strong-coupling regime, where
this picture is known to be valid for the even-frequency s-wave
superfluid system. For this purpose, we proposed a model odd-
frequency pairing interaction that satisfies the positivity of the
single-particle excitation spectrum. To avoid the well-known
puzzle that the odd-frequency superfluid state unphysically
becomes stable above T. in the Hamiltonian formalism, we
employed the recently proposed prescription using the path-
integral formalism [92,93].

We calculated the space-time structure of the pair wave
function @yqq(r,t) in the odd-frequency superfluid state at
T =0, within the framework of the strong-coupling theory
developed by Eagles and Leggett. From the comparison with
the pair wave function @eyen (7, t) in the even-frequency s-wave
superfluid state, we found that, while @.qq(r, t) has different
space-time structure from @eyen(r,?) in the sense that the
former always vanishes at + = 0 and changes its sign at this
time, the magnitude |@oqq(7, t)| becomes close to @eyen (7, ) in
the strong-coupling regime when |¢| > 1/1/|A|? + 2. Par-
ticularly in the strong-coupling limit (where |A| and |u|
diverge), one obtains |@odd (7, t)| = @even(r, t) except att = 0.
Since the even-frequency pair wave function in the strong-
coupling regime is dominated by the equal-time component,
which is just the same as the wave function of a two-body
bound molecule, this coincidence makes us expect that odd-
frequency Cooper pairs may also have bosonic character.

To confirm this expectation, we calculated the super-
fluid phase transition temperature 7, by extending the NSR
strong-coupling theory for the even-frequency s-wave Fermi
superfluid to the odd-frequency case. The calculated 7. in the
strong-coupling regime was found to approach the expected
BEC phase transition temperature 7Tggc in an ideal molecu-
lar Bose gas, which confirms that the odd-frequency Cooper
pairs indeed behave like bosons there. This indicates that,
although odd-frequency superfluids do not have equal-time
pairing and the odd-frequency wave function does not coin-
cide with the even-frequency one, the odd-frequency Cooper
pair still possesses bosonic character when the condition
|@odd (s t # 0)] = @eyen(r, t # 0) is satisfied in the strong-
coupling regime.

The above conclusion indicates that, considering a two-
component Fermi gas with the even-frequency pairing inter-
action given in Eq. (4) where the basis function y(k, iw,)
is replaced by |y (k, iw,)|, one reproduces the same results
obtained in this paper. Thus, it would be an interesting future
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problem to explore a phenomenon which is sensitive to the
sign change of ¢o44(r, t), in order to highlight the character of
the odd-frequency pairing state.

Although we have only considered the specific interaction
in Egs. (4) and (6) in this paper, our model is still expected
to capture universal low-energy properties of odd-frequency
Fermi superfluids where the low-frequency behavior of the
superfluid order parameter behaves as A(k, iw,) «x w,. For
example, such linear-w, behavior of the odd-frequency su-
perfluid order parameter in the low-frequency region can be
realized in an electron-phonon model, where the increase of
1. with decreasing the frequency of the Einstein phonon,
which just corresponds to the decrease of A in our model,
is predicted [63]. This behavior of T; is consistent with our
results in the weak-coupling regime, shown in Fig. 9(a). In
addition, it has been shown in a two-band Hubbard model that
T in the strong-coupling regime of the odd-frequency pairing
state agrees well with the ordinary BEC phase transition tem-
perature in a molecular Bose gas [66], which also agrees with
our result. On the other hand, while the model interaction in
Eq. (4) gives a nonzero constant value of the superfluid order
parameter in the high-frequency limit [see Egs. (5) and (6)],
the superfluid order parameter vanishes in this limit in the
above-mentioned electron-phonon case [63]. Thus, one needs
to carefully check model dependence for superfluid properties
that are sensitive to detailed high-frequency behavior of the
superfluid order parameter. It remains as a future problem to
clarify how detailed high-frequency structure of the pairing
interaction affects physical properties of odd-frequency Fermi
superfluids.

In this paper, we simply assumed a model odd-frequency
pairing interaction in order to examine the character of Cooper
pairs in the strong-coupling regime. Thus, another crucial
future problem is to explore a more fundamental model that
gives the effective interaction assumed in this paper. Since var-
ious odd-frequency pairing mechanisms have recently been
proposed in both metallic superconductivity [53—80] and ul-
tracold Fermi gases [41-43], it is also an interesting problem
to examine how the present model is related to these pro-
posals. We also note that, although we have presented an
example of the interaction that gives the required positive
single-particle spectral weight, clarifying the general condi-
tion for the odd-frequency pairing interaction to satisfy this
requirement still remains to be solved.

For the superfluid state, we have only examined the cases
at T, and the 7 = 0 in this paper. Regarding this, we note
that the Korringa-law-like temperature dependence of the
spin-lattice relaxation rate Tl_1 has recently been observed
in heavy fermion superconductor CeRhg 5Iry sIns [80]. Based
on this observation, Ref. [80] proposed the realization of the
odd-frequency superconducting state with a gapless super-
conducting density of states in this material. (Note that the
Korringa law in the normal state originates from the existence
of gapless single-particle excitations around the Fermi level.)
Since the odd-frequency superfluid state discussed in this
paper gives gapless single-particle excitations (see Fig. 5), the
extension of our theory to the superfluid phase below 7, would
enable us to examine to what extent the observed T -linear
behavior of Tl_l can be explained in our model. Since odd-
frequency superfluids have recently been discussed in both

condensed-matter physics and cold atom physics, our results
would contribute to the further development of these active
research fields.
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APPENDIX A: SEPARABLE ODD-FREQUENCY
PAIRING INTERACTION

Here, we present an example that gives a separable pairing
interaction. When a Fermi-Fermi interaction is mediated by
the Einstein phonon with the frequency Q2g, the interaction
Vi x appearing in the action S; in Eq. (3) is given by [63]

Viw = gDk — k), (A1)
where g is a fermion-phonon coupling constant, and
Q
D(g)=———= A2
(@) 2 (A2)

is the free phonon Green’s function [111]. When we write
Eq. (Al) as

g

Vik, k') = E[D(k — k) + Dk + k)]

g
2
=V, (k,kK)+V_(k, k),

+ =Dk — k) — Dk + k)]

(A3)

the odd-frequency Cooper channel is given by the latter part
V_(k, k') = (g/2)[D(k — k') — D(k + k')] [63]. Only retain-
ing this, one reaches
2 oy
V(k’ k,) = _Q;gj Wy —w, L; i w,+w,\27" (A4)
B+ () 0+ (55) ]

Expanding the denominator in Eq. (A4) up to O[(w,/kE)?]
and O[(w), /2 )], one can rewrite Eq. (A4) into the separable
form as

Viky ~ -2 On)
T QR 14 2(wn/Qe)? + 2(w),/QE)?
gZ Wy a)l/‘L

T T2 Ju? + (/2 R + (/2P

g . .
—Ey(lwn)y(lwﬁz)- (AS5)

We briefly note that, setting A = Qg/2 and & =0 in
Eq. (6), we find that § (iw,) = y (k, iw,). This implies that A
plays a similar role to the frequency of the Einstein phonon.
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FIG. 10. Calculated single-particle spectral weight A(k, ) in
Eq. (A6). We set u/eg =1, A/eg = 0.1, and |A|/ep = 0.2.

The basis function 7 (iw, ) is essentially the same as Eq. (4)
where & is ignored. Regarding this, we note that this simpler
version of the basis function, however, does not satisfy the
positivity of the single-particle spectral weight. Indeed, when
we ignore & in Eq. (4), the resulting spectral weight,

1 5
Ak, @) = ——Im w8+ 5
T | (w+i8P — &2 — AP

(+isR |’
(@+i8)2—AZ

(AO6)

has a negative branch around v = 0, as shown in Fig. 10.

APPENDIX B: STRATONOVICH-HUBBARD
TRANSFORMATION

We explain how to derive Eqgs. (9) and (10). We introduce
the Cooper-pair Bose field ® as well as its conjugate field ®,
by way of the Stratonovich-Hubbard transformation [98,99].
The partition function in Eq. (1) is then transformed as

Zoc/DCTDDCD/DlﬁDwe_SW"”’é’d)], (B1)

where D®D® is given in Eq. (9), and the action

Sy, ¥, ®, ®] has the form

o 1 o0, )
S[wvw1¢)’q>]:S0_E;|: (;]q_p‘]q:)‘]_pquQ}’

(B2)
1 ( q . ivm>
Pg = —=Y k+_1lwn+_ 1/ffkl/kar 5 (B3)
q ;\/F 2 2 q
_ 1 ( q . ivm> o
Pq = —=v|\k+ 5. ion+ — |VkigVk. (BY)
q ;;ﬁ 2 2 q

Introducing the two-component Nambu fields,

s Y
v = (1/;_1(>’ (BS)

¥ = (I, ¥i)s (B6)
we rewrite Eq. (B2) as [112,113]

L eir Al >, B
S:E;qj;[_ck;]wkwu;%wikj&. (B7)

Here, (A?,:kl is the inverse of the 2 x 2 matrix single-particle
thermal Green’s function given in Eq. (11). Carrying out

the fermion path integrals in Eq. (B1), one obtains Egs. (9)
and (10).

APPENDIX C: EVEN-FREQUENCY PAIR

WAVE FUNCTION

We derive Egs. (26) and (35). We assume a two-component
Fermi gas described by the standard BCS Hamiltonian:

VZ
Hpcs = /dr< Z w;(r)[_% - Meven:|1//a(r)

o=1.4
— Uyl O, v, <r>>, (C1)

where the field operator ¥, (r) describes fermions with
pseudospin o =1, |. The corresponding 2 x 2 matrix mean-
field BCS single-particle thermal Green’s function is given by

N 1
Gev n(ka lwn) = = .
¢ iy — Eeven(k)T3 + AcyenTi

(C2)

Here, &.yen(k) = &1 — [even 1S the kinetic energy, measured
from the Fermi chemical potential pteven. The s-wave super-
fluid order parameter A.ye, (Which is taken to be real, for
simplicity), as well as [leven, are determined from the BCS-
Eagles-Leggett coupled equations given in Eqs. (27) and (28).

The equal-time component @een(r) of the even-frequency
wave function, which is given in the first line in Eq. (26), is

related to the lesser Green’s function G52 (k, w) as

®do .
Peven(r) = —i Y / —Zne*'k"g;';l%k, ). (C3)
k —00

Here, G52 (k, w) is obtained from Geyen (k, i, ) in Eq. (C2)

even
as

Gaen ke, 0) = = f(@)[Goa) (k, i, — @ +i8)]w,~0

even even

— GOk, iwy, > @ — i8)|w,<0].  (CH)

even

Substituting Egs. (C2) and (C4) into Eq. (C3), and executing
the w integration in Eq. (C3), one reaches the second line in
Eq. (26)at T = 0.

The time-dependent even-frequency pair wave function
given in the first line in Eq. (35) is related to the lesser Green’s
function as

Peven(r. 1) = —i Y e *GLUD ke, 1), (C5)
k

where

<,(1,2) do <,(1,2)

Goven Wk, 1) = > € Goven " (k, ). (C6)
—00

Substituting Egs. (C2) and (C4) into Eq. (C6), and carrying

out the w integration in Eq. (C6), we obtain, at T = 0,

A '

<(12) 1y = _L2even i€ 7

Goun D) = 2 a0 ©

Then, the substitution of Eq. (C7) into Eq. (C5) gives the
second line in Eq. (35).
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APPENDIX D: ODD-FREQUENCY PAIR WAVE FUNCTION
IN THE STRONG-COUPLING LIMIT

We derive the relation between the pair wave functions in
the odd- and the even-frequency pairing states in the strong-
coupling regime (kga,)~! > 1. In this regime, because of
w <0 and |u| > A, the basis function in Eq. (6) can be
approximated to

y(k, iw,) ~ sgn(w,). (DD

Then, the (1, 2) component of the thermal Green’s function in
Eq. (13) is reduced to

A
w? + Eoaalk, A = 0)2

where Eyqq(k, A) is given in Eq. (18). Substituting this into
Eqg. (25), we obtain

GLP (K, iw,) = sgn(w,) (D2)

<,(1,2) _ [A|
godd (k, w) —f(w)[(w +i8)2 — Eoqalk, A = 0)2
[A| (D3)
(0 —i8)? — Eogalk, A = 0)? |

Thus, the lesser Green’s function in the time domain is given
by

(1,2
G ke, 1)

_/‘”d_w o g )[ |A|
=] 2t O T ek A = 0P

(A
+ (w _ 18)2 _ 50dd(k, A — 0)2} (D4)

Att = 0, Eq. (D4) is evaluated as, by changing the variable
w as —o in the last term,

* dw [A|
<020k =0 =/ e
Goda e, ) o0 27 (0 4 i8)? — Eqa(k, A = 0)2

=0. (D5)

In obtaining the last expression, we have closed the inte-
gral path in the upper-half complex plane, and have used
the analytic property of the retarded Green’s function in the
upper-half plane.

When ¢ # 0, one can perform the w integration in Eq. (D4),
by choosing the closed path C; (C;) shown in Fig. 11 whent <
0 (¢ > 0). Evaluating residues at v = £&yq(k, A =0) £ i
and iw,, we obtain

Goaa (k.1 # 0)

i|A|
2E0aak, A = 0)
— flEoualle, A = 0)]e Eoulk-A=0N

= sgn() {fI—Eoaalk, A=0)]eEonk-A=0x

ad 1

~ sgn(t)21'|A| 5
'3 n=0

—lwat|

w2 + Eoaa(k, A = 0)?

l|A| eigodd(k,AZO)t
260alk, A = 0)
+sent)—2L
Sen _— .
B sk, A = 0)

= sgn(?)

(D6)

Im o
t<0
—Eodd(k)+i0
al Re®
—Eodd(k)—id Eoad(k)—-1d
Cy
t>0

FIG. 11. Complex path to evaluate the w integral in Eq. (D4). C;
(G,) is chosen whent < 0 (r > 0).

Here, we have set T = 0 in the last expression, and
Eoaalk, A = 0)

I(T):—/(; da)w2+50dd(k7A =O)2€
= SI[Eoaa(k, A = 0)[t|] cos[Epaalk, A = 0)]t]]
— CI[Eoqak, A = 0)|t] sin[Ega ke, A = 0)[¢t]], (D7)

—ol|

where

x y

Cl(x) = — / dy%(y) (DY)

are the sine integral and cosine integral, respectively.

In the strong-coupling regime, since |A| > A and |u| >
A, we can safely ignore A in the gap Eq. (21), as well as in
the number Eq. (22). The resulting expressions have the same
forms as the corresponding Eqs. (27) and (28) in the even-
frequency case, which immediately concludes |A| = Agyen
and 1 = Weven- Then, Eq. (D6) can be rewritten as, by using
Eq. (C7),

Goas 2,1 #0)

=sgn(t)[g;£’2>(k,t;é0)+ HAl®) }

wEaa(k, A =0)
(D10)

When the pairing interaction is extremely strong, because |u|
and | A| eventually diverge, one may take E,qq(k, A = 0)[t] >
1in Eq. (D7), whent # 0. Then, using the asymptotic formula

1
SI(x)cos(x) — CI(x)sin(x) >~ —= (x> 1), (D11)
X
one finds
1
It#0)~ — 50, (D12)
70> A=
which leads to
Goad k1 #0) = sgn()G Pk, 1 #0).  (D13)
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Thus, the pair wave functions @.qq(r,?) in Eq. (23) and
@even(r, 1) in Bq. (35), which is related to G52 (k, t # 0)
as Eq. (C5), in the strong-coupling limit are related to each

other as

Poda(r, 1) = —SgN(1)Peven (F, 1). (D14)

We find from Eq. (D12) that |pyq(r,t)] becomes

close to |@even(r,t)|, when ¢ > 1/Eqq(k, A =0). Since
Eotatk, A = 0) > \/|A|? + u? in the strong-coupling regime

[where u < 0], this condition may be written as

7] > (D15)
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