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We discuss the topological p, + ipy superfluid phase in a 2D gas of single-component fermionic
polar molecules dressed by a circularly polarized microwave field. This phase emerges because the
molecules may interact with each other via a potential Vo(r) that has an attractive dipole-dipole
1/r3 tail, which provides p-wave superfluid pairing at fairly high temperatures. We calculate the
amplitude of elastic p-wave scattering in the potential V;(r) taking into account both the anomalous
scattering due to the dipole-dipole tail and the short-range contribution. This amplitude is then
used for the analytical and numerical solution of the renormalized BCS gap equation which includes
the second order Gor’kov-Melik-Barkhudarov corrections and the correction related to the effective
mass of the quasiparticles. We find that the critical temperature 7. can be varied within a few
orders of magnitude by modifying the short-range part of the potential Vo(r). The decay of the
system via collisional relaxation of molecules to dressed states with lower energies is rather slow due
to the necessity of a large momentum transfer. The presence of a constant transverse electric field
reduces the inelastic rate, and the lifetime of the system can be of the order of seconds even at 2D
densities ~ 10° cm™2. This leads to T, of up to a few tens of nanokelvins and makes it realistic to

obtain the topological p, + ip, phase in experiments with ultracold polar molecules.

I. INTRODUCTION

The recent breakthrough in creating ultracold diatomic
polar molecules in the ground ro-vibrational state [1, 2]
and cooling them towards quantum degeneracy [1] has
opened fascinating prospects for the observation of novel
quantum phases [3-9]. A serious problem in this direc-
tion is related to ultracold chemical reactions, such as
KRb+KRb=Ks+Rby observed in the JILA experiments
with KRb molecules [10], which places severe limitations
on the achievable density in three-dimensional samples.
In order to suppress chemical reactions and perform evap-
orative cooling it has been proposed to induce a strong
dipole-dipole repulsion between the molecules by confin-
ing them to a (quasi)two-dimensional (2D) geometry and
orienting their dipole moments (by a strong electric field)
perpendicularly to the plane of the 2D translational mo-
tion [11]. Nevertheless, in order to prevent the approach
of colliding molecules at short separations, where the
chemical reactions occur, and to proceed with evapora-
tive cooling, one has to have a fairly strong confinement
to the 2D regime [12-14]. The suppression of chemical re-
actions by nearly two orders of magnitude in the quasi2D
geometry has been demonstrated in the recent JILA ex-
periment [15]. It should be noted, however, that these re-
actions are not expected to occur for all polar molecules
of alkali atoms [16], on which experimental efforts are
presently focused. While present for KRb molecules and
for the molecules containing a Li atom, they are ener-
getically unfavorable, for example, in the case of NaK
molecules. We thus expect that future investigations of
many-body physics will deal either with molecules which
do not undergo ultracold chemical reactions, or otherwise
are strongly confined to the 2D regime.

One of the challenging goals in the studies of many-

body physics is the creation of the topological p, + ip,
superfluid phase for identical fermions in two dimensions
(2D) (see [17] for a review). This phase, first discussed
in relation to superfluid 3He and the fractional quantum
Hall effect [18, 19], has exotic topological properties at
positive chemical potential ¢ > 0, i.e. in the BCS regime.
The topological nature of this superfluid phase supports
a gapless Majorana mode at the boundary to a vacuum,
and the quantized vortices in the superfluid carry local
zero energy Majorana modes on their cores[19, 20]. These
Majorana modes are predicted to cause the vortices to
obey non-abelian exchange statistics, which has poten-
tial applications in topologically protected quantum in-
formation processing [21]. There is significant interest
in finding physical realizations of this topological super-
fluid phase in which the exotic physics of these Majorana
modes can be detected.

The p, +1ip, topological phase can be the ground state
of ultracold identical fermionic atoms interacting via a
short-range potential [17]. However, away from a p-wave
Feshbach resonance the superfluid transition tempera-
ture T, is vanishingly low. On approach to the reso-
nance it increases but the system becomes unstable due
to the formation of long-lived diatomic quasibound states
and their collisional relaxation into deep molecular states
[22, 23]. A stable p, + ip, state has been recently pro-
posed for fermionic polar molecules with a large dipole
moment [8]. When these molecules are confined to a 2D
geometry and dressed by a microwave field (MW) which
is nearly resonant with the transition between the low-
est and the first excited rotational levels, they acquire an
attractive 1/r® dipole-dipole interaction. This leads to
superfluid pairing of p, + ip, symmetry, and due to the
anomalous contribution of the 1/r tail to the scattering
amplitude, already in the BCS limit the superfluid tran-



sition temperature can be made a sizeable fraction of the
Fermi energy. At the same time, collisional decay pro-
cesses remain sufficiently slow to allow the experimental
realization of this phase [8]. Several other ways in which
a stable p-wave coupled superfluid phase may be obtained
have been proposed in recent years [24-30].

In this paper we present a complete analysis of the BCS
limit of the p, +ip, phase of MW-dressed fermionic polar
molecules. In particular, using the many-body perturba-
tive approach up to second order, we derive a relation
for the transition temperature T,. It is then shown how
T. and the collisional stability may be manipulated by
tuning the short-range part of a MW-induced effective
molecule-molecule interaction potential or by applying
a constant electric field perpendicular to the plane of
the translational motion. Our analysis is confirmed by
numerical calculations, which are also extended to the
regime of moderately strong interactions.

The paper is organized as follows. In Section II we
discuss a single polar molecule in the presence of a cir-
cularly polarized nearly resonant microwave field and a
constant electric field as shown in Fig. 1. We then show
that two microwave-dressed polar molecules undergoing
a 2D translational motion may interact with each other
via a potential Vj(r) which has a repulsive core, a po-
tential well, and an attractive 1/r® tail. In Section III
we find the amplitude of elastic p-wave scattering of par-
ticles in the potential Vi(r), which takes into account
both the anomalous scattering due to the 1/73 tail and
the short-range contribution. Section IV is dedicated to
the analysis of the decay of the gas due to collisional re-
laxation of the molecules to lower dressed states. The
presence of a constant electric field is found to reduce
the inelastic rate, and the lifetime of the system can be
of the order of seconds even at 2D densities ~ 10° cm~2.
In Section V we present the renormalized BCS gap equa-
tion which takes into account the second order Gor’kov-
Melik-Barkhudarov processes and the effective mass of
the quasiparticles. In Section VI we obtain analytical
and numerical solutions of the gap equation, show that
the ground state has p, + ip, symmetry, and reveal the
influence of the short-range part of the scattering poten-
tial Vo(r) on the critical temperature. In Section VII we
conclude, emphasizing that it is realistic to obtain the
topological p, + ip, phase for microwave-dressed polar
molecules in the 2D geometry, with a critical tempera-
ture of up to a few tens of nanokelvin.

II. INTERACTION POTENTIAL FOR
MW-DRESSED POLAR MOLECULES

The microwave dressing of polar molecules has been
proposed to tune the molecule-molecule interaction po-
tential [31] and to form a repulsive shield for suppressing
inelastic losses [32]. The rotational part of the Hamilto-
nian of a single polar molecule in a circularly polarized
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FIG. 1: (color online). Polar molecule (brown and green cir-
cles) in the considered configuration of fields. The ac MW
field rotates with frequency w in the plane orthogonal to the
dc field

MW-field E,. and a constant electric field E4. reads:
IAJQ = Bj2 - a(Edc + Eac>7 (1)

where J is the operator of the rotational moment, B is the
rotational constant of the molecule, and d is the operator
of the dipole moment. In the following we assume that
E,. is parallel to the z-axis, and the vector E,. rotates
in the {z,y} plane (see Fig. 1).

In the absence of electric fields, good quantum num-
bers are the rotational moment J and its projection
on the z-axis, Mj;, and the diagonal matrix element
(J, My|d|J, M) is equal to zero. The de-field preserves
My but couples states with different J. We will consider
a rather weak dc-field so that the parameter

 dEq.
p= B (2)

is small, where d is the molecular dipole moment. Within
the manifold that includes the original states with J = 0
and J = 1, the new basic states will be called |®qo),
|®1-1), |P10), and |P11). The transition matrix elements
of the operator of the dipole moment, which are needed
for further discussions, are given by [31]:
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where we have omitted terms that are higher order in .

Consider the application of a circularly polarized MW-
field with frequency w close to the frequency wg of the
transition between the states |®gpg) and |®11). For the
Rabi frequency Qg = d.E,./h and the frequency detun-
ing 6 = w—wy satisfying the inequality |d], Qr < wp, the



rotating wave approximation is valid and the MW-field
couples only the states |®gp) and |®11). The resulting
eigenstates are:

[4+) = a|®oo) + b|P11), (6)
|=) = b|®oo) — a|P11), (7)

with a = —A/\/A2 + Q%, b= Qr/\/Q% + A%, and A =
(6++/6% + 49%) /2. We will consider § 2 Qp , and choose
d > 0 such that the energy of the state |+) lies above the
energies of the states |—) and |®;_1). Ramping the MW
field on adiabatically then ensures that the ground state
|0,0) evolves into the state |[+). Thus all molecules can
be prepared in this state.

We remark that it was demonstrated in Ref. [33] that
polar molecules may be prepared in any hyperfine sub-
state of the ground ro-vibrational state. In particular, we
shall assume that the molecules are prepared in the state
with maximum projection of the magnetic moment such
that the circularly polarized MW field does not cause
mixing of hyperfine levels.

We now consider two MW-dressed polar molecules un-
dergoing a 2D motion in the {z,y} plane and separated
by a distance r which greatly exceeds the radius of the
ordinary van der Waals interaction potential. The pres-
ence of the dc and MW-fields introduces a dipole-dipole

J

interaction between the molecules:

i, dy -dp —3(d; #)(dz ¥) ®

r3

Assuming that the molecules are at a fixed separation
r we employ the Born-Oppenheimer approximation and
determine an effective intermolecular potential induced
by the dc and MW-fields. For this purpose we have
to diagonalize the Hamiltonian H = Hy + Hy. The
dipole-dipole interaction couples the molecular states
lg) = |Poo), |e) = |P11), and |&) = |P1_1), whereas the
state |®1¢) remains decoupled from them. The wavefunc-
tion of a two-molecule dressed state can be either sym-
metric (even parity) or antisymmetric (odd parity) with
respect to permutation of the molecules. For studying
topological superfluids we will be interested in the states
of even parity. We then have a basis of five two-particle
states:

(le;g)+1g.€)) (le,9)+lg.¢€)) (le,e)+le )
|gag>7 \/i ) \/i ) | ’ >’ T

(the state |e,é) is decoupled from these states). The
Hamiltonian acting on the spinor of these five states is
represented by a matrix [32]:

B2 /3x3 V20R/6 0 0 0
) V2Qg/6 (8%/10—1/2) /2 — 1 3/223 V2QR/6 0
H=ho 0 3/24 (82/10 —1/2) /a® — 1 0 Qp/d . (9)
0 V20R/6 0 382/1002% — 2 0
0 0 QOp/d 0 342/1002% — 2
[
where @ = r/rs, rs = (d?/h6)'/3, and we omit terms  and decreasing with an increase in 3. For small Q5 /8 and

that are higher order in . Diagonalizing the matrix
(9) we obtain a number of effective intermolecular po-
tentials (potential curves) V., (r) for MW-dressed polar
molecules, depending on the states of the molecules at
an infinite separation (see Fig. 2).

For two molecules which at » — oo are in the state
|+), the long-range tail of such a potential denoted here
as Vo(r) is

2
e r.

%(T%OO):_H,,‘?? (10)

with the length scale r, given by

. _md®  (Qp/6)’
T 32 1+ 4(QR/0)2

49/2160 + (”13” 1+4(QR/5)2> } (11)

60Q7/0

{1—352 x

sufficiently large 3 the parameter r, becomes negative,
which leads to a repulsive tail of V(7). In this case the
dc-field dominates over the effect of the MW-dressing, so
that on average the molecules are perpendicular to the
{z,y} plane and exhibit a repulsive dipole-dipole interac-
tion at large r. In the following we consider only the case
where 7, is positive and the long-range tail of Vj(r) is at-
tractive. Then the quantity r, is a measure of the radius
of the centrifugal barrier experienced by the (fermionic)
molecules.

At smaller separations, the dipolar interactions be-
tween the molecules cause them to depart from the state
|+). This occurs when the characteristic interaction en-
ergy d? /r® becomes larger than the detuning A|d|, setting
the lengthscale rs = (d?/hd)'/? entering the matrix (9).
We assume that rs is larger than the confinement length
in the z-direction, [,, so that the interaction is 2D. The
potential curves of even parity are shown in Fig. 2. The
potential Vy(r), being attractive at r 2 rs with a long-
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FIG. 2: (color online). Potential energy curve Vy(r) for two
|+) state molecules, computed for Qr = 0.256. The black
(solid) curve corresponds to the value of the perpendicular
dc field B = 0, the blue (dashed) curve to 8 = 0.1, and the
red (dash-dotted) curve to 8 = 0.2. Anticrossings of Vo(r)
with other field-dressed levels of even parity occur at distances
r ~ rs, as shown in the inset for Qr = 0.256 and 8 = 0.

range 1/r® tail, has a repulsive core for r < 75. The
repulsive core prevents low-energy molecules from ap-
proaching each other at distances r < 75 and suppresses
inelastic collisions, including ultracold chemical reactions
observed at JILA in experiments with KRb molecules
[10]. Note that in this respect the MW-dressing of po-
lar molecules in the 2D geometry can be used for their
evaporative cooling.

Actually, the potential curves of even parity, in partic-
ular Vi (r), may cross with potentials of odd parity. How-
ever, inelastic transitions between the states of different
parity are not possible in two-body collisions, and three-
body collisions accompanied by such transitions will be
suppressed at the low densities that we consider.

III. ELASTIC SCATTERING

We now consider elastic scattering of fermionic
molecules (each in the state |[4)) undergoing 2D transla-
tional motion and interacting with each other via the po-
tential Vj(r), with the attractive dipole-dipole tail (10).
At ultralow energies the leading scattering is in the p-
wave scattering channel. For the investigation of super-
fluid pairing we need to know the off-shell scattering am-
plitude defined as

f(K k) = / exp(—ik'r) Vo (r)dy (r)d>r, (12)

where ¢y (r) is the true wavefunction of the relative mo-
tion with momentum k. The p-wave part of f(k’, k) is
f(K' k) expi¢p, where ¢ is the angle between the vectors

k and k/, and the partial p-wave amplitude is given by

F(EF) = /O S LW Vo ()b, 2mrdr,  (13)

with J; being the Bessel function. The wavefunction of
the relative p-wave motion, ¥(k,r), is governed by the
Schrodinger equation

o (d%}

S (el A e A Voup = . 14
m \ dr? + r > + oy m v (14)
The full on-shell scattering amplitude is obtained from
equation (12) at |k’| = |k|, and its p-wave part follows
from Eq. (13) at k' =k, f(k) = f(k,k). Tt is related to
the p-wave scattering phase shift (k) by [34]

FO) = — 2T fexp(2i6(k)) — 1] = — A1~ __tan o (k)

mi m 1—itand(k)’ (15)

In Eq. (13) the wavefunction (k, r) is normalized such
that for » — oo we have

p if (k)
4

(k,r) = Jy(kr) — Hy (kr),

where H; = J; 4+ ¢N; is the Hankel function, and N; is
the Neumann function. It is, however, more convenient
to normalize the radial wavefunction in such a way that
it is real and for r — oo one has

Yk,r)=[J1(kr)—tan § (k) Ny (kr)] < cos(kr—3mw/4445). (16)

One easily checks that ¥ (k,r) = ¢ (k,r)/(1 — itan (k).
Using this relation in Eq. (13) we see that the off-shell
scattering amplitude can be written in the form:

/ f(K' k)
F(K k) = 1—itand(k)’ (17)
where f(k', k) is real and is given by Eq. (13) with ¢ (k, r)
replaced by 9 (k,r). For k¥’ = k one has

f(k, k) = f(k) = —(4h*/m) tan 6 (k). (18)
To find the p-wave scattering amplitude in the limit
kr, < 1 we divide the range of distances into two parts:
r < rg and r > rg, where rqy lies in the interval r, <
ro < k71 (see Fig. 3). As we will see, this separation
reflects the presence of two contributions to the scattering
amplitude, the short-range contribution (r < r,) and the
anomalous contribution (r ~ k1).
In region I where r < 7, the p-wave relative motion of
two fermionic molecules is governed by the Schrodinger
equation with zero kinetic energy:

R (d% Ldyr  r

+—>+V01/)[:0.

dr? r dr r2

m

(19)
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FIG. 3: (color online). The division of ranges into regions I
(r < ro) and II (r > r9). The length scales r and 7o > r.
are indicated by a circle and a dashed line respectively.

At distances where the interaction potential is behaving
as Vo(r) = —h*r,/mr3, the solution of Eq. (19) reads:

o o () o (2]

where the constant A is determined by the behavior of
Vo(r) at shorter distances.

In region II, at r > rg, the relative motion is prac-
tically free and the potential Vo(r) can be considered a
perturbation. To zero order we then have for the relative
wavefunction:

(20)

() = Jy(kr) — tan 67 (k) Ny (kr), (21)

where the scattering phase shift §; is due to the interac-
tion between particles in region I. Matching the logarith-

mic derivatives of ¥y and 1/)?}) at r = ro we obtain

k21T, Ty 1 70
= 1- —(20- = A—1In — 22
tandy 3 [ r0<c 2—|—7T nr*>}, (22)

where C' = 0.5772 is the Euler constant, and we took into
account that r > r, and kro < 1.

We now include perturbatively the contribution to the
p-wave scattering phase shift from distances r > rq (re-
gion IT). In this region, to first order in V() the relative
wavefunction is given by

G =vi () — / G(r, 7" Wo(rY i) (") 2mrdr,  (23)

To

where the Green function for the free p-wave motion
obeys the radial equation:

1d 1

K2 [ d2 5 N O(r—1")
—H <d7‘2+7‘d7”_7“2+k )G(Tﬂ")—.

27r (24)

For the asymptotic representation of the relative wave-
function, chosen in Eq. (16), we have

}?(W)Nl(kr), r >

. 25
g)(r)Nl(kr’), r < (25)

m
G(T7 T/) = —R {

Then, substituting the Green function (25) into equation
(23) and taking the limit » — oo we obtain:

mOO

tan 6M(k) =tan 6, (k) — —5
an 0\(k) =tan 67 (k) ).

[ ?P(@f%(ﬂmm: (26)

Using Eq. (22) for tand; and calculating the integral in
Eq. (26) we find:

2 D[ T
tan(s(l)(k):gkr*—”(kg) {1n’"+20—;’+m4}, (27)
0

r

and we omitted terms that contain higher powers of k.

Adding the second order contribution we have for the
relative wavefunction:

Pr= we)+ [ Grreezerar
0

x / G(r' 7" Wo(r" )iy (r')2mr" dr”. (28)
7o

Then, using Eq. (25) and taking the limit » — oo we
see that including the second order contribution, the scat-
tering phase shift becomes

2 o] 2
tand(k) = tandM (k) — i / [ g)(r)} Vo(r)2mrdr

sht
x / Ny (k' \WVo(r'y$9 (W 2mr'dr’ . (29)

As we are not interested in terms that are proportional
to k2 or higher powers of k and in terms that behave as
(kr.)?r./ro, we may omit the term tan d;(k)Ny(kr) in
the expression for zbf,(}) (r). Then equation (29) reduces
to

2 oo 72
tan d(k) = tan 6V (k) — (mkrs) Ji (z) du x
2 ) a2

ro

[2a(No() () — Ni(e)s (@) — 5 Nolw) 2 (2)

+%N1 (2)Ja(z) — i]

™

(30)

For the first four terms in square brackets we may put
the lower limit of integration equal to zero. Then, using
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we obtain

2
tan 6(k) = tan dV(k) — ”(kg*) {172—|—C’—ln2—|—ln kro} .

Substituting tan 6 (k) from Eq. (27) we eventually ar-
rive at the scattering phase shift

m(kry)?
8

tan§(k) = ;kr* - In pkr., (31)
where p = exp{3C —In2—-11/124+ 1A} ~ 1.13exp(7A).

Using equations (15) and (18) we then immediately ob-
tain the on-shell scattering amplitude f(k) and the am-
plitude f(k). Note that f(k) is conveniently represented
as a sum of two terms: f(k) = f1(k) + fa(k), where

2
filk) = —g%kr*, (32)
_ T h?
fa(k) = 55(%)2 In pkr., (33)

so that in the low-momentum limit the term f; (k) is dom-
inant. The related tangent of the scattering phase shift
is contained in the first order contribution from distances
r > 1o, given by the second term on the right-hand side of
Eq. (26) in which one keeps only Jj (kr) in the expression
for 1;7(r). This says that fi(k) = —(4h%/m) tané(k) =
[0 TR (kr)Vo(r)27rdr and for Vo given by equation (10)
the amplitude f(k) is reduced exactly to the result of
Eq. (32).

The off-shell scattering amplitude f(k’, k) defined by
Eq. (17) can also be written as fi(k', k) + fo(k’, k), and
the leading low-momentum contribution is given by

f(K k) = /00 J1(K'r) Iy (kr)Vo(r)2mrdr

To

mh? 11 _ k2
= *?kT*F <2, §a27 k"2> , (34)

where we took into account that for » > rq the interaction
potential surely has the form Vo(r) = —h?r,/mr3 . The
quantity F' in Eq. (34) is the hypergeometric function,
and the result is written for k¥ < k’. For & > k' one
should interchange k and k’.

IV. INELASTIC COLLISIONAL PROCESSES

For the considered case of § > 0 the dressed molec-
ular state |+) is higher in energy than the states |—)
and |®;_1). Therefore, molecules in the dressed state
|+) may undergo pair inelastic collisions in which one
or both are transferred to the state |—) or |®;_1). For
Qr S 0§, the released kinetic energy is ~ hd and it can
cause both molecules to escape from the sample. The
kinetic energy release requires a momentum transfer of
~ h/Xs with As = \/h/md. For A\s/rs < 1 the particles
cannot approach each other sufficiently closely to allow
the required momentum exchange, and one anticipates a
reduction in the loss rate. The same condition can be de-
rived semiclassically as the condition of adiabatic motion
in the potential Vy(r).

In order to go beyond this limit and deter-
mine the loss rate for As; approaching rs, we have
solved the full two-body scattering problem, involv-
ing states of even parity which at an infinite separa-
tion are: (|+>7|+>)7 (|+>7|_>)7 (|—|—>,|(I)171>)7 (|_>7 |_>)7
and (|—),|®1-1)) [the state (|P1_1),|P1-1)) is decou-
pled]. We calculate numerically the probabilities P,
that two |4)-state molecules with relative angular mo-
mentum [ are scattered into any outgoing channel in
which at least one of them is in the state |—) or
|1,—1). This corresponds to non-adiabatic transitions
from the potential V(r) to the other potentials shown
in the inset of Fig. 2. The Hamiltonian term which
causes these non-adiabatic transitions is the kinetic en-
ergy (Laplacian) term. Defining the spinor x;(r) =
\/r;(r), where the index i labels the two-particles
states (|4),[+)), ([+),[=)), (I4);[®1-1)), (I=),|=)), and
(|-), |®1-1)), we obtain that the Laplacian term acts on
xi(r) as

Lx(r) = Lij(r)x;(r).

The matrix L;;(r) is diagonal, L;;(r) = L;d;;, with

2 2 2

L ="~z + Sl ) im L2 @)
_ h? 2 (1-2)2-1/4

We note that coupling between these scattering channels
will affect also the elastic scattering of two molecules in-
cident in the ¢ = 1 channel, in such a way that the scat-
tering amplitude will differ for molecules in the [ = +1
and [ = —1 channels. This difference is a consequence
of the fact that time reversal symmetry is broken by the
circularly polarized MW field. The change in the scat-
tering amplitude is small for rs < r*, which is valid in
the situations studied below, so it will be a small effect.
Nevertheless, we note that it will cause a slight differ-
ence in the energetics (and the transition temperatures)
of the p, + ip, and p, — ip, phases, providing a small
symmetry breaking perturbation that will favour one of
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FIG. 4: Inelastic rate constant « as a function of kr. for
QR = 0.25(5, 7“5/)\5 = 8, and ,B =0.

these two phases. Which one is favoured depends on the
handedness of the circularly polarized MW field.

Taking into account that two molecules are lost in each
inelastic collision, and writing the molecule loss rate as

n = —an?, (37)
for the 2D inelastic rate constant we obtain:

a=4h/m> P (38)
l

This rate constant at zero static electric field E,. has
been calculated in Ref. [8]. As in [8], we treat parti-
cles of the outgoing channel as 2D. This is surely valid
for A\s > [,, where [, is the size of the molecule wave-
function in the tightly confined z-direction (amplitude of
zero point oscillations). In this case the energy release
is insufficient to allow transitions to excited states in the
z-direction. On the other hand, the 2D treatment of out-
going particles is relevant in the opposite limiting case of
As < 1, where they have a very small angle ~ A5/l out
of the 2D plane. Thus, this approach should give a good
result also for the intermediate case A\s ~ [,.

The dependence of o on r5/\s at a constant kr., ob-
tained in Ref. [8] for 8 = 0, shows the general trend
of a reduction of inelastic losses with increasing r5/As,
which is consistent with the semiclassical expectations.
In addition, there is a dramatic modulation of the in-
elastic scattering rate, arising from an interference of in-
coming and outgoing waves in the scattering potential.
We recover these results and investigate the dependence
of a on kr,. Fig. 4 shows a as a function of kr, for
Qr/0 = 0.25, rs/As = 8, and 8 = 0. The dependence
a o (kr,)? expected in the low-momentum limit is ob-
served for kr, < 0.1

We also consider the influence of a static electric field
on the inelastic losses. In Fig. 5 we present the inelastic
rate constant « versus the ratio r5/As for various values
of B at kr, = 1. One sees that an increase in [ shifts
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FIG. 5: (color online). Inelastic rate constant a as a func-
tion of rs/As for Qr = 0.254, kr. = 1, and 8 = 0 (black,
solid), 8 = 0.1 (blue, dashed), and 3 = 0.2 (red, dash-dotted).
The critical value of r5/\s above which a bound state of two
molecules exists is indicated with corresponding vertical lines.

the interference minimum of « towards larger values of
rs/As and leads to lower values of « at these points. For
example, for § = 0.2 the (first) interference minimum is
located at r5/\s = 15.3 with a ~ 4 x 10~°h/m, whereas
for 8 = 0 the minimum is at r5/As = 10.7 and the corre-
sponding inelastic rate constant is a ~ 3 x 107*h/m.

The characteristic lifetime of the sample is 7 ~ (an) 1,
and for a deeply degenerate molecular Fermi gas one
should take the rate constant o at k equal to the Fermi
momentum kr. We then see that even for krpr, = 1 the
lifetime 7 of, for example, Na*°K molecules ranges from
20 to 2 s when increasing the density from 10® to 10°
cm ™2 and considering the first interference minimum at
B =0.2 (see Fig. 5).

We should avoid the presence of bound states of two
molecules in the potential V(). Otherwise three-body
recombination will lead to a rapid decay of the gas [8].
A dimensional estimate for the three-body recombina-
tion rate constant gives ayee ~ (Ar*2/M)(kpr*)*. The
corresponding decay time is Tyec ~ (arech)_l7 and it
can be as short as milliseconds or even lower at densities
n ~ 108 —10% cm—2 for not very small values of kpr,. As
we will see below, an efficient superfluid pairing and suf-
ficiently high superfluid transition temperature require
kpr,. approaching unity.

Bound molecule-molecule states in the potential Vo (r)
appear under an increase in 75/As. Critical values of
r5/As below which bound states are absent for a given
B, are shown by dashed vertical lines in Fig. 5. Thus,
to the left of these lines the three-body recombination is
absent. This is in particular the case at the first inter-
ference minimum for which the lifetime of the gas due to
two-body inelastic collisions was estimated above.



V. SUPERFLUID PAIRING AND THE GAP
EQUATION

We now discuss superfluid pairing in the 2D gas of
MW-dressed fermionic polar molecules in the internal
state |+), interacting with each other via the potential
Vo(r). The Hamiltonian of the system reads:

H= /dQMﬁT(r) (—ZHVQ - M) P(r)
% / d2rd?r' gt (r)dt () Vo(r — )b (' )d(x), (39)

where @/Aj(r) is the field operator of the dressed molecules,
and p is the chemical potential. The pairing is due to
an effective attractive interaction between the fermions,
which is reflected by a negative sign of the scattering
amplitude f(k) at k close to the Fermi momentum kp as
discussed below using Eqgs. (32) and (33). We thus em-
ploy a BCS approach [35, 36] and reduce # to a bilinear
form:

Hpcos = /d%ﬁ(r) (vaz - M) i (r)
+% / rd?r' [A* (v, v )b (' )ip(r) + h.e).  (40)

The order parameter (gap) obeys the gap equation

A(r,r') = Vo(r — ') (4 (') (r)),

with the symbol () denoting the expectation value.
Strictly speaking, in two dimensions this approach is ac-
curate at T' = 0. At finite temperatures the long-range
order is destroyed by long-wave thermal fluctuations of
the phase and one has only an algebraic order. How-
ever, in the weakly interacting regime the characteristic
phase coherence length is exponentially large, and on a
distance scale smaller than this length one may still use
the order parameter (41) and the BCS approach. In the
uniform case this order parameter depends on r and r’
only through the difference (r — r’).

(41)

The Hamiltonian H gcg is reduced to a diagonal form
Hees = Dy ekb;r(bk + const, by using the Bogoliubov
transformation

Y(r) = % ;[uk exp(ikr)by + vis exp(fikr)lA);r(].

Here S is the surface area of the system, while Bk,l;;r(
and €, = /& + |Ak|? are annihilation/creation opera-
tors and energies of single-particle excitations. The func-
tions wuy and vy satisfy the well-known Bogoliubov-de
Gennes equations. They are given by

Sk +ex Ak

e V2 (€ + ex) = 2k (&L +er)

where Ax = [d3rA(r — r')explik(r — r’)] is the
momentum-space order parameter, & = h2k2/2m — U,
and the chemical potential in the weakly interacting
regime is close to the Fermi energy Er = h*k%/2m. In
the momentum space, the gap equation (41) takes the
form:

Me=- | (;i‘;vo(q CWAKQ),  (42)

where Vj(q) is the Fourier transform of the potential
Vo(r), and K(g) = tanh(e,/2T")/2¢,.

We now renormalize the gap equation (42) by express-
ing the Fourier transform of Vj(r) through the off-shell
scattering amplitude. The relation between these two
quantities reads [34]:

?q Vo(K' —q)f(q,k)
(2m)2 2(Ey — B, — i0)

F k) = Vo (K k) + / - (43)

Multiplying Eq. (43) by K(k')Ax: and integrating over
d?k', with the help of Eq. (42) we then obtain:

1 K
(Ek’ —Ek —’LO) (271')2 ’

Ar=— /f(k’, k) Ay [IC(I@’) -5 (44)

Note that in contrast to the commonly used renor-
malization procedure expressing the Fourier transform
of the interaction potential through the vertex function
I'(k,k', E) [37] at an arbitrarily chosen energy F, which
coincides with f(k’,k) for E = FEj, we use the off-
shell scattering amplitude from the very beginning of the
renormalization.

At T = 0 we put tanh(ex/27) = 1 and, hence,
K(k) = 1/2¢;. We then perform an analysis assuming
that in the weak coupling limit the main contribution to
the integral in Eq. (44) comes from momenta k' close to
kr. It shows that the dominant pairing instability is in
the channel with orbital angular momentum [ = 1, since
for higher angular momenta the interaction (scattering)
amplitude is much smaller. The most stable low temper-
ature phase has p, + ip, symmetry, following from the
fact that this phase fully gaps the Fermi surface, in con-
trast to competing phases [38]. A full numerical solution
of the regularized gap equation confirms this analysis.

In fact, equation (42) and, hence, equation (44) are
not sufficient for obtaining a correct result for the order
parameter. One should calculate the quantity 6V (q, k)
originating from many-body effects and add it to Vo(q —
k) in Eq. (42). The quantity 6V (q,k) is a correction
to the bare interparticle interaction V4, and the leading
terms of §V (q, k) are second order in Vj [39]. The corre-
sponding diagrams are shown in Fig. 6 and they are the
same as in the case of superfluid pairing between identical
dipolar fermions in three dimensions [40]. They describe
processes in which one of the two colliding particles po-
larizes the medium by creating a particle-hole pair. In
Fig. 6(a) the particle-hole pair then annihilates due to
the interaction with the other colliding particle. In 6(b),



FIG. 6: The lowest order many-body corrections to the effec-
tive interparticle interaction.

6(c), and 6d the hole annihilates together with one of the
colliding particles. In 6(b) and 6(c) the particle-hole pair
is created due to the interaction of the medium with one
of the colliding particles, and the hole annihilates with
the other colliding partner. In 6(d) these creation and
annihilation processes involve one and the same colliding
particle. Including these many-body effects, which were
introduced by Gor’kov and Melik-Barkhudarov [39], the
gap equation becomes:

/ / 1 d2kl
Ak:_/f(k k) A [K(k )= 2(Ey — By —i0) | (2m)
_ / SV (K, k)lC(k’)Ak’(d;#' o

It turns out that we should also take into account the
difference between particles and quasiparticles (single-
particle excitations). The latter are characterized by
the effective mass m,, and the density of states near the
Fermi surface is

— My
orh?’

Vp (46)
Thus, dealing with this quantity in the gap equation we
should replace m with m,. Note that for short-range
potentials the effective mass correction can be neglected.
However, for fairly long-range interactions like 1/r3 in
2D, this correction becomes important as was recently
demonstrated for the case of s-wave pairing in bilayer
dipolar systems [41].

According to the Landau Fermi-liquid theory, the
derivative of the quasiparticle energy e(k) with respect
to momentum is given by [35]:

de(k) R’k LON(K') d?K'
ok _?;+/F®k)8w(%ﬁ’

(47)

where N (k') is the distribution function of quasiparticles
for which we take a step function N (k') = 0(krp — k'),
so that ON(k')/0k’ = —(X'/K")6(k' — kr). The leading

contribution to the interaction function of quasiparticles,
F(k,k’), comes from the scattering by the 1/r3 tail of
the interaction potential V(7). This contribution can be
calculated in the first Born approximation and, including
all (odd) partial waves, for small momenta it is given by

2mh?
m

Fk,K) = [Vo(0) — Vo(k— k)] = k—K|r,. (48)

This simply follows from the fact that in our weakly in-
teracting system of identical fermionic particles the in-
teraction energy par unit area is

1

B = 9 Z %(kB - k2)<&;r(l+k27k3d£3dk2dk1>

ki k2 ks

= 5 3 () ~ Vol — k)N ()N (k)
ki k2

with af and @ being the (quasi)particle operators.
For k near kr equation (47) then yields:

kpdd
42’

1 27
op = T 7/ F(2kp| sin ¢/2|) cos ¢
0

m h

(49)

where ¢ is the angle between the vectors k and k’, and
vp = 0¢/hok|p—k, is the Fermi velocity. The effective
mass is defined as m, = hkp/vp. Then, using Eq. (48)
we have:

MMy

4
=1+ —kpr..
+ 3. Jals

(50)

The Gor’kov-Melik-Barkhudarov corrections and the
replacement of the bare mass m by m, do not change our
conclusion that the ground state has p, + ip, symmetry.

VI. ORDER PARAMETER AND TRANSITION
TEMPERATURE

In the 2D geometry that we consider, the transition
temperature T, of a Fermi gas from the normal to su-
perfluid regime is set by the Kosterlitz-Thouless transi-
tion. However, in the weak coupling limit the Kosterlitz-
Thouless temperature is very close to T, calculated in
the BCS approach [42]. The latter follows from Eq. (45)
as the highest temperature at which this equation has a
non-trivial solution for the order parameter. Using the
Pz + ipy symmetry we write Ax = A(k) exp(i¢k). Then,
multiplying both sides of Eq. (45) by exp(—i¢k) and in-
tegrating over d¢y and de¢y, we obtain the same equa-
tion (45) in which Ax and Ay are replaced by A(k) and
A(K'), the off-shell scattering amplitude f(k’,k) is re-
placed by its p-wave part f(k’, k) defined in Eq. (13), and
0V (k' k) by its p-wave part §V(k', k). Calculating the
contribution of the pole in the second term in the square
brackets and expressing the off-shell scattering amplitude



through f(k’, k) by using Eq. (17), we obtain:

A== [0 12w W) - gt |
_ / SV (K, )R ) AGK) éﬂk);. (51)

The symbol P denotes the principal value. The ampli-
tude f(k’, k) is real, and Eq. (51) is convenient for ana-
lytical and numerical calculations of the order parameter
and T..

The leading contribution to the integral on the right
hand side of Eq. (51) is related to the first term in square
brackets and comes from a narrow vicinity of the Fermi
surface. Omitting other contributions we then establish
a relation between A(k) and the order parameter on the
Fermi surface:

A(k) = Ak L EEE). (52)

f(kr)
For small momenta it is sufficient to use Eq. (34) for
f(kp, k) and Eq. (32) for f(kp). This yields:

A(k) 3 F(_éég’ '%F) k> kp

so that A(k) < k for k < kp, and it becomes k-
independent for k > kp. In Fig. 7 we compare the result
of Eq. (53) with the result of full scale numerics at T' = 0
for the interaction potential Vp(r) at Qr = 0.256 and
B =0.

Equation (52) can be used to calculate the contribu-
tion to the integral in Eq. (51) from momenta k' away
from the Fermi surface. This immediately leads to a
relation between the zero-temperature order parameter
on the Fermi surface, Ag(kr), and the critical tem-
perature T.. Putting k& = kr in Eq. (51) and taking
into account that in the weak coupling regime one has
|A(k)], T, < Ep, we divide the region of integration over
k' into two parts: |Ep — Ep| < w, and |Ey — Er| > w,
where |A(k),T, < w < Ep. In the second region
we may put ey = || and tanh(ex /2T) = 1, so that
K(K') = 1/2|&k/|. Then, making use of Eq. (52) for A(k')
we see that the integration in this region gives A(kr).A,
where the quantity A is temperature independent. Divid-
ing both sides of the gap equation by A(kr) we obtain:

_2:;2/O[f(kF)+5V(kF,kF)]tanh<W)

d€yr
&+ Akr)|?
As T — T, the order parameter tends to zero and we

may put A(kr) = 0 in Eq. (54). Then, subtracting this
equation at T' — T, from the equation at 7' = 0 we have:

“ tanh(fk//2TC) 1
- d&ir = 0.
/0 { & Vi + 180 (kr)[? } =l

FA=1. (54)
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FIG. 7: (color online). The zero-temperature gap Ag(k) in
units of Ag(kr) as a function of k/kr for Q = 0.25, 8 = 0,
and kpr. = 0.4 near the minimum of inelastic losses (r5/A\s =
10.5). The solid curve is the result of full scale numerics on
the basis of Eq. (51), and the dashed curve is the result of
Eq. (53).

The integral converges at & of the order of T, or
|Ag(kr)|, and we may extend the upper limit of inte-
gration to infinity. This gives:

7= (%) 180the). (59

which is the same relation as in the case of the s-wave
pairing in a two-component weakly interacting 3D Fermi
gas [35]. Note that equation (54) allows one to establish
a relation between T. or |Ag(kr)| and |A(kp)| at any
temperature. Having in mind that the momentum de-
pendence of the order parameter follows from Eq. (52)
we see that the calculation of T, provides us with the
order parameter at any k and temperature.

We now calculate the critical temperature 7. on the
basis of the gap equation (51) at k = kp. In the first line
of this equation we again divide the region of integration
into two parts: |Ey — Ep| < w, and |Ep — Ep| > w. In
the first region we put A(k’) = A(kp) and f(K', kr) =
f(kp). The contribution of the second term in square
brackets is then equal to zero. In the first term we set
€ = |&| and, hence, K(k') = (2|&|) ™! tanh(| & |/2T).
Denoting the result of the integration of this term as
A1 (kp) we have:

4kpr* 3
Al(kp) = A(kp) 31 <1 — EkFT* ln(pkpr*))
2¢Cw
1
X n< T > ) (56)

where we used f(kp) = fi(kr) + fo(kr), with fi, fo



given by equations (32), (33) and the numerical factor
p introduced after Eq. (31).

In the second region, |Fy — Ep| > w, we put (k') =
1/2|&s|. The contribution of this region is small as
~ kpr, compared to the result of Eq. (56). Therefore,
it is sufficient to retain only the leading low-momentum
contribution to the off-shell amplitude f(k’,kr). Thus,
using Eq. (34) for f(k',kr) and Eq. (53) for A(k") we
write this contribution as

3rr ko k3K 11 k"2
No(kr) = Ak * F2(_2 2 9 X
2lkr) = Alkr) Sk:F/O (k3 — k72) ( 2’2’ k%)

where k,, = \/2m(Ep — w)/h*. Taking into account that

w < Er we then obtain:

4]{5177’* EF
No(kp) = Ak In({— | —
o(ke) = M) 5 [ (25) <], o)
where
2,1l
11 11
nzlfgl F2 **,*,Q,I 7F2 77377271
64 J, 272 272
zdr 18,
1—=x

The main contribution to the term in the second line
of Eq. (51), describing Gor’kov-Melik-Barkhudarov cor-
rections, comes from the vicinity of the Fermi surface,
i.e. from the region where |Ey — Ep| < w. The result of
the integration reads:

Agkr) = —A(kF)‘SV(’;jT LZIEW (2;;“) o (59)

In the Appendix we show that in the low-momentum
limit one has

52
(SV(kF7 k’F) = aa(kFT*>27 (59)
where a o~ 2.3.

Then, making a summation of the contributions (56),
(57), and (58), and dividing the gap equation by A(kr)
we obtain:

dkpr, 2¢“ Ep o, (Er
1 —n| — (kprs)?In | —-
37 {n( T, ) 77] (kprs)”In T.

1 o
-1 . — =1
x{4 n(pkprs) + 27r}

(60)

Note that we put w ~ Ep in the argument of the loga-
rithm in the Gor’kov-Melik-Barkhudarov term and in the
term proportional to (kpr.)? In(pkrr,). This is justified
because w can be chosen as a small numerical fraction of
Er, and these terms are small as ~ kgr, compared to
the leading term.

We now recall that the bare mass m should be re-
placed by the effective mass m, following from Eq. (50).

11

The relative difference between m, and m is propor-
tional to kg7, and is small. Therefore it is sufficient
to replace m with m, only in the multiple 7, o< m in
the first term of Eq. (60). Using Eq. (50) this leads to
the appearance of a new term (16/972)(kpr.)% In(Er/T.)
in equation (60), which is equivalent to replacing a by
& = a—32/97 ~ 1.17. Relying on the inequality
kpre < 1 we then immediately find the transition tem-
perature [43]:

T, _ K . _ 3
Ep  (kpr,)o=/64 P Akpry )’

(61)

=e fg—ﬂzl 79£~+C'7 +1 2
K = exp 6 P 50 ntln{— ).

Substituting the values of p, , and & specified above we
obtain:

(62)

3
Kk~ 0.16 exp (97r A> .

64

Let us make several important statements regarding
equation (61). First of all, the factor in the exponent is
~ —(kpry)~t, and the ratio T./Ep can be made larger
than 1072 even for relatively small kpr,. This is a con-
sequence of the anomalous scattering due to the attrac-
tive 1/r® tail of the potential Vy(r), which gives a scat-
tering amplitude proportional to k. Moreover, an ac-
curate calculation of the scattering amplitude reveals a
(kr.)?In(kr,) term, which leads to the appearance of a
power law factor (kpry)~ 97 /64 in front of the exponent
and provides an additional increase of the critical temper-
ature. This behavior is in contrast to the p-wave pairing
of short-range interacting atoms, where the factor in the
exponent is inversely proportional to —k% and the BCS
critical temperature is vanishingly low.

The dependence of T, on the short-range behavior of
the potential Vy(r) is contained in the factor x through
the coefficient A. In Fig. 8 we present A and x as func-
tions of r5/As for Qr = 0.256 and S ranging from 0 to
0.2. These results show that x can be varied by two or-
ders of magnitude by changing r5/As [i.e. by changing
the depth of the potential V5(r)] while remaining in the
regime without bound states in this potential, such that
a rapid three-body decay is absent.

In Fig. 9 we display the ratio T./FEr as a function of
kpr. for Qr = 0.256 and rs/X\s close to the minimum
of the loss rate at a given 8. We compare the full scale
numerical solution of the gap equation (51) with the ana-
lytic expression, Eq. (60). The discrepancy between ana-
lytic and numerical results as kpr, approaches 1 is to be
expected as the analytic method is perturbative in this
parameter. From the results of Fig. 9 we conclude that
a critical temperature of the order of 5% of the Fermi
energy is realistic. For typical 2D densities n ~ 108 —10°
cm ™2 the Fermi energy of alkali atom molecules is of the
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FIG. 8: (color online). The coefficients A and & versus r5/As
for Qr/6 = 0.25 and 8 = 0 (black, solid), 0.1 (blue, dashed),
and 0.2 (red, dash-dotted). The coefficients are presented for
the values of r5/As at which bound states in the potential
Vo(r) do not exist.

order of hundreds of nanokelvins. Then, as we see from
Fig. 9, the superfluid transition temperature can be as
high as 10 or 20 nK.

VII. CONCLUDING REMARKS

The results described in this paper indicate that it is
realistic to create the superfluid topological p,+ip, phase
with alkali atom polar molecules. The key point is the
anomalous scattering by the attractive 1/r3 tail of the in-
teraction potential Vj(r), which leads to a relatively large
(and negative) p-wave scattering amplitude and thus to
an achievable transition temperature T, even in the BCS
regime. What we have shown in the present paper is the
possibility to manipulate T, by modifying the short-range
part of the potential Vy(r). As is seen from Fig. 8, the
pre-exponential coefficient x can be varied within 2 or 3
orders of magnitude, and we may still remain in the BCS
regime with fairly small inelastic losses.

Another result of this paper is that the addition of a
dc electric field reduces the inelastic losses, and one can
work at higher densities. Consider, for example, 5LiCs
molecules which have a permanent dipole moment of 5.5
D [44, 45]. For Qp = 0.12§ and S = 0.165 the dipole-
dipole distance is r, = 100 nm and kgr, = 1 at 2D
densities of 10° cm™2 corresponding to a Fermi energy
of 200 nK. Then, our calculations give the rate constant
1072 em? /s for rs5/A\s = 39, which for the selected Qr/d
and [ corresponds to the absence of bound states in the
potential Vy(r) and is not far from the minimum of in-
elastic losses. Thus, the lifetime of the gas is about 1
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FIG. 9: (color online). Critical temperature 7. in units of
the Fermi energy as a function of krr. for Q = 0.25 near the
minimum of inelastic losses. In (a) 8 = 0, rs/As = 10.7, in
(b) 8=0.1, rs/As = 11.4, and in (c) 8 = 0.2, rs/As = 13.2.
The data points are obtained from full scale numerics on the
basis of Eq. (51), and the curves from Eq. (60) [43].

s at these densities. With kpr, = 1 we are beyond the
BCS regime. However, the results of Fig. 9 indicate that
in this case we are likely to have a critical temperature
of at least a twentieth part of Er, which is T, ~ 10 nK.
Note that the ratio rs/A\s = 39 corresponds to rs ~ 15
nm and using the rotational constant B ~ 0.27 K [45] we
find that $ = 0.165 corresponds to E4. ~ 350 V/cm.

In order to provide the 2D regime of scattering and su-
perfluid pairing one should have the confinement length
in the z-direction, I, < 75. For the above example of
61iCs molecules with r5 ~ 15 nm this requires a con-
finement frequency w, = li/mi? of the order of 300 kHz.
Such very high frequencies are not unrealistic and are
achievable by a tight optical confinement. In particular,
frequencies close to 100 kHz have been used for sideband
cooling of cesium atoms [46-48].

Similar estimates are obtained for LiK and NaK
molecules which have dipole moments of 3.5 and 2.7 D,
respectively [44]. Here one can have the Fermi energy
above 300 nK (n 2 10° em™2) and T, on the level of
tens of nanokelvins, with a lifetime of the order of a sec-
ond. However, the necessary confinement frequencies are
about 500 kHz.

The requirement for the confinement frequency can be
relaxed by introducing a shallow optical lattice and thus
increasing the effective mass of the molecules. For exam-
ple, increasing the effective mass by a factor of 5 allows
one to increase r5 to 25 nm for LiCs molecules, which



corresponds to the confinement frequency of 100 kHz.
Then, however, we have to have larger r, and even for
kpry ~ 1 the Fermi energy is about 20 nK, so that T,
will be on the level of nanokelvins. Similar estimates are
obtained for LiK and NaK molecules where under the
same increase of the effective mass the confinement fre-
quency can be decreased to 200 kHz, with T, of the order
of nanokelvins. Note that increasing the effective mass
by a factor of 10 makes the situation promising even for
40KRb molecules which have a much smaller dipole mo-
ment d = 0.6 D [1]. Then, taking rs ~ 20 nm, which
corresponds to the confinement frequency of 150 kHz,
and r, = 100 nm we find T, on the level of nanokelvins
(Er ~ 30 nK) at densities of 10 cm™2 and with a life-
time of the order of seconds.

The formation of the p, + ip, superfluid phase should
be apparent in numerous observables. Superfluidity it-
self can be detected by the means that have been used to
detect s-wave superfluids [49, 50]. The most interesting
new properties arise in the presence of quantized vor-
tices, which are predicted to carry zero energy Majorana
modes on their cores [19]. Vortices can be induced in su-
perfluid Fermi gases by causing the gas to rotate [49, 51].
The appearance of zero energy Majorana modes on the
vortex cores will lead to signatures in the RF absorption
spectrum: the Majorana modes are predicted to lead to
a series of sharp lines below the superfluid gap. These
lines arise from processes in which a fermion is excited
out of the Majorana modes [52]. Ultimately one would
hope to probe non-abelian exchange statistics of these
vortices [53].
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Appendix

In this Appendix, we demonstrate how the Gor’kov-
Melik-Barkhudarov corrections to the bare interparticle
interaction may be computed. The corrections consist of
the four diagrams depicted in Fig. 6 [40]. In the low-
momentum limit they are dominated by the long-range
1/73 tail of the potential Vo(r) and, hence, we may ap-
proximate this potential as

0, r<Trp

Vo(r) = { —(h2/m)r*/r3, r>ry’ (63)
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where rg is much smaller than the de Broglie wavelength
of particles. The Fourier transform of the potential takes
the form:

271h?

27 FLQ T«
— Tx. 64

Vo(a) ~ T e +

The expressions for the four diagrams of Fig. 6 are

/ - d*¢ N(q+p_/2)— N(q—p_/2)
5Va(P 7p) - / (271-)2 §q+P—/2 - §Q*p7/2
XVOQ(p—)v (65)

;o d*¢ N(q+p-/2) —N(a—p-/2)
Wo(P'P) = —/ (2m)? Sa+p_/2 — a—p_/2
xVo(p-)Vo(a — p+/2), (66)

, v _ [ d¢ Na+p-/2) - N(a—p-/2)
oVe(p'.p) = /(27")2 Sq+p_/2 — Sa—p_/2
xVo(p-)Vo(a + p+/2), (67)

;v _ [ d¢ N(a+p+/2)—N(a—p4/2)
OVa(p',P) = /(27T)2 €q+p+/2_§q—p+/2
xVo(a —p-/2)Vo(a + p-/2), (68)

with pr =p’+p, and g = h%q?/2m — pi. In the weakly
interacting regime we may put the chemical potential p
equal to the Fermi energy, and at very low temperatures
T < T, we may take the step function N(q) = O(kr—|q|)
for the Fermi-Dirac distribution.

The p-wave part of the diagrams (65)-(68) is

2m d )
TS SUATRTS BT SN
J

j€{a,b,c,d}

where ¢ is the angle between p’ and p. One can eas-
ily check that the momentum-independent term of Vj(q)
does not contribute to the sum of the four diagrams.

For the analytical calculation of T, we only need the
contributions 0V;(p’,p) on the Fermi surface, i.e. for
p' = p = kp. In this case each contribution can be repre-
sented in the form 6V (kp, kr) = a;(h*/m)(krr.)?. The
calculation of the diagram 6(a) is straightforward and it
gives a, = 2m. The other diagrams we calculated numer-
ically. The values of the coefficients are

Qg =21, ap=oa.~—1.5  ag~-1.0, (70)

and thus we find the result of Eq. (59):

2
8V (kp, kp) = a% (kpry)?, (71)

with a ~ 2.3.
For the numerical solution of the gap equation we
used a simplified dependence of §V on p’ and p, namely



the dependence following from the diagram (a) with
Vo(lp—|) = (2nh?/m)|p_|r.. This dependence is given
by:
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For (p+p') < 2kp we have 6V (p', p) = 8V (kp, kr)pp' /K%,
and this quantity rapidly decays at larger momenta.
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