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Abstract

Transport coefficients of superfluid dipolar Fermi gas are calculated by using the Boltzmann
equation approach. The interaction between Bogoliubov-Bogoliubov quasiparticles in the collision
integral is considered in binary process. The shear viscosities 7 , = Hypifyy 5 Mgy SM45 and

n,, are proportionalto T°; T™°;and T~ , respectively. Also, we have found the elements of

the diffusive thermal conductivities K _, =K , with temperature dependency T and K N
Yy 2z

which is proportional to T~ and other components which are zero.
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1. Introduction

Fermi gases of dipolar particles present a different physical picture. Being magnetically polarized, these par-
ticles interact via anisotropic dipole-dipole forces. The potential dipole-dipole interaction is partially repulsive
and partially attractive. These features of the dipole-dipole interaction have very important consequences not
only for the scattering properties of the particles in ultra cold gas, but also for the stability of the system and for
the variety of its properties. The recent success in observing quantum degeneracy in ultra cold atomic Fermi gas
[1]-[4] stimulates a search for gaseous Fermi systems with an achievable temperature of super fluid phase transi-
tion, which is generally very low.

Fermionic superfluidity was obtained in 2003 and allowed for the exploration of BEC-BCS crossover physics,
a theoretical scenario bridging the gap between the Bardeen-Cooper-Schrieffer mean-field theory describing the
behavior of weakly attracting fermions (scattering length a small and negative), and the strongly attractive re-

How to cite this paper: Dehkordi, M.K. (2014) Transport Properties of Superfluid Dipolar Fermi Gas at Low Temperatures.
World Journal of Condensed Matter Physics, 4, 66-73. http://dx.doi.org/10.4236/wjcmp.2014.42010



http://www.scirp.org/journal/wjcmp
http://dx.doi.org/10.4236/wjcmp.2014.42010
http://dx.doi.org/10.4236/wjcmp.2014.42010
http://www.scirp.org/
mailto:khademi@iaufala.ac.ir
http://creativecommons.org/licenses/by/4.0/

M. K. Dehkordi

gime (a small and positive) where the system behaves as a Bose-Einstein condensate of tightly bound dimers.
Remarkably, although the theoretical foundations of this crossover physics had been laid in the early 1980s by
the pioneering works of Noziéres, Schmitt-Rink and Leggett [5] [6], its first experimental confirmation was only
made possible by the possibility of tuning interactions in ultra-cold atom vapors using Fano-Feshbach reson-
ances [7]-[8].

Braby et al. [9] have computed the thermal conductivity and sound attenuation length of a dilute atomic Fermi
gas in the framework of kinetic theory. Above the critical temperature for superfluidity, T, the quasiparticles
are fermions, whereas below T_, the dominant excitations are phonons. They have calculated the thermal con-
ductivity in both cases. They have found that at unitarity the thermal conductivity K in the normal phase
scales as KT ??.In the superfluid phase they have found KaT?.

The shear viscosity and the second viscosity of superfluid °Li have been formulated in the scope of
Boltzmann equation approach [10] [11]. The value of the shear viscosity decreases as (1—T/TC) with temper-
ature; and the second viscosity of superfluid °Li is temperature independent in the limit of low temperatures,
and in the near transition temperature behaves as inverse of the gap temperature. Theoretical study show that a
gas of spin-polarized atomic °Li becomes superfluid at densities and temperatures comparable with those at
which the Bose-Einstein experiments are performed [12].

The shear viscosity tensor of the A -phase of superfluid *He is calculated at low temperatures and melting
pressure, by using the Boltzmann equation approach. They obtained that the elements of the shear viscosities
My T and n, are proportional to (T/Tc )_ [13] [14]. Shahzamanian [15] calculated the components of
the diffusive thermal conductivity of superfluid *He-A using approximate collision integrals at low temperatures.
The resultsare K ocT™ and K, ocT7.

Transport coefficients of the superfluid p-wave Fermi gas with weak interaction were calculated using the
Boltzmann equation approach and the quasiparticle relaxation rate [16]. They have found that the superfluid
Fermi gases under their considerations are similar to *He — A .

Diffusive thermal conductivity tensor of p-wave superfluid was calculated using the Boltzmann equation ap-
proach at low temperatures [17]. They have shown that their results are in good agreement with A -phases of
superfluid *He at low temperatures [18].

Here we present a calculation of the transport properties of a superfluid dipolar Fermi gas, based on the deri-
vations of Abrikosov and Khalatnikov [19] (shear viscosity and diffusive thermal conductivity). We used a suf-
ficiently high magnetic field so that all quasiparticles with spin up will go to superfluid state. Important collision
processes are the binary scattering of quasiparticles, the decay processes in which one Bogoliubov quasi particle
decays into three and coalescence processes in which three Bogoliubov quasi particles coalesce to produce one.
We obtained the transition probabilities at low temperature. By using the Boltzmann equation, we calculated
shear viscosity and diffusive thermal conductivity tensors.

2. Transition Probabilities

The interaction between quasiparticles in the superfluid dipolar Fermi gas was found by performing a Bogoli-
ubov transformation on the normal state interaction:

1 ?
H=7 Y (34[T|L2)ala%aqa,

12,34

1 « ” X
le; <3’4|T|1’2>(‘J, G s =1 1 )(Lé MG~y ¢> 1)

?
x (“m“n —Viprd 4 )(UmazT ~Vor @1 )

The Hamiltonian interaction contains the terms o) o) a0, o d)aa, aloo,a,, o o a,a, and
a0 0,0, . The last two processes are not allowed because in each process the total energy should be con-
served.

At low temperatures Bogoliubov coefficients can be written as u, =1 and v, =0, because more particles
are gathered in the nodes of gap, that gap in direction p on the Fermi surface is A, :A(T)sin 0,., where
A(T) is the maximum gap and @, is the angle between the quasiparticle momentum and gap axis |, which
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is supposed to be in the direction of z-axis, in this region of temperature sing, = O(i =1, 2,3,4) [20]. Using
the bogoliubov transformation, transition probabilities in polarized Fermi gas are:

W, (1) =2x|(4 13T [H |1T2T\ 1/4‘ v Vo )= (Voroon Voo )|
W, (1) =2x|(4 T [L 1,27, 3T>‘ =0 @)
W13(TT):2nK3T,4T,—2T|H|1T>‘ =0.

2

The interparticle interaction in polarized dipolar gases that the dipoles are polarized along the z-axis reads,

217
V,(q)= 3cos® 4, —1),
4 (a) 3 \/E( . 1) 3
where 1 is magnetic dipole, and ¢, is the angle between the momentum ¢ and the z-axis [21]. Choosing

p, along the z-axis, 6, (i = 2,3,4) is the angle between p, and p,, and ¢ is the angle between the plane
f (p.p,) with (p,, p,). The relations cos¢, and cosé, according to the momentum conservation are

cosé,, = cos’ (6/2)+sin® (6/2)cos g, (4)
cosd,, =cos’ (6/2)—sin*(6/2)cos . )

At low temperatures more particles are contributing in contacts about Fermi momentum [19]. By replacing
Equations (3)-(5) into (2) and considering the fact that the size of momentums are equal to Fermi momentum
and by neglecting the potential effects of trap in Fermi momentum, transition probability is obtained in the form
below:

W (6,9) :ﬂcos4 (6/2)sin* (6/2)cos’ p. (6)
I

3. Collision Integral

The Boltzmann transport equation reads

on _on de_on O¢ _ 1(n), )

ot or op Op or
where 1(n) is the collision integral. The full distribution function is given by n(p,r)=ny(p)+on(p).
where no(p) (exp & — /k T +1) and 5n(p) is a small departure from equilibrium. We wrote the devi-
ation from equilibrium as:

n, (p)(1-ny(p))

on(p) =" (o), ©

by using (8) in (7) we got [23]
Ly [%ﬁ& 2

20E,, ' op \on or 3 “J (on-(p)) ©)

The collision integral is form [23]

()= ) )T oy 42,92 MO0 e (ry )

21 cos(6/2) (10)
|:1_n° X :H:l_nO y ][Zl+lz_)(3_l4]y
here x=(&;—u)/keT .y = (&, — 1) /KeT ,t=(&,— 1) /KeT .
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We expressed ;(( p) as a series of spherical harmonics in the polar angles ®,, ©,. Thus

()= (1,0, 9) 3 3 W7 (0P (cos6y)e™, (1)

by inserting (11) in (10) and integrate over y we have

(T, et W) ()

' (®) = 2 cos(0/2)\ o= (12)
><|:‘I’nm(t)+‘1’nm(—x)><Pn(COSH)—‘P:(X){Pn(C0893)+Pn(00894)}]
where
K (tx) =t (x=t) (13)

e—x +1 e(x—t) _1'

We divided ¥ (t) in to even and odd functions of t, and in the same way separated 17 (t). Since
K (t,x) = K(~t,—x), only the even part of ¥ (t) contributes to the even part of 1, and similarly for the odd
part [24].

[ oK (8, x) {7 (t) - 4, ¥ (x)} = an even function of t, (14)
[ oK (t,){ W ()~ 4R (x)} = an odd function of t, (15)

that an even function of t used for calculating of shear viscosity and odd function used for thermal conductivi-
ty [24].
4. Shear Viscosity

The coefficients shear viscosity describes the response of the momentum current density to a transverse velocity
field

ou, 2
+——-=06,V-u|,
%nukl [6rk or 3 ij J (16)
IT; is expressed in terms of the bogoliubov qusipartcle distribution function &n; by
I, =Zplpi(“p),- Ny, (17)

to solve the linearized Boltzmann equation, it is suitable to define q (t) as

2(t)=p spEi q(t )Fu + S —zﬁijV-u}. (18)

o, or 3
By substituting (18) in (9) and then in (17) and compared with (16), we got [24]

fa oA A on
T =~ Ide PiP; P By (Idt quzﬁ (t)j (19)

4p;
(27:)3 m"*
By solving the even part of t in (15) and with regard to the fact that system is polarized, we have [24],
5

P} Aa A oa B,
T = Wjdgp Pi P; P By (FC (ﬂ«m )J. (20)

25T

in this equation B, , A,

1 and C(/lm) are

16n° [ sin6dode B
B, = W(0,0)| .
T (m*)sTZI:I cos(6/2) ( ¢):| (21)
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IWW (0,(/7){1—2(1—0059)2 sin’ (/7}

_* cos(6/2)
Aost = sin@d&de ’ (22)
[Z2 227 T W(0,0)
cos(6/2)
1-4,4 & 4n+3
c(a — 25T
(ast) 4 nz:o(n+1)(2n+1){(n+1)(2n+1)—1m} )
A, =1 1 1
=L{7/+|n2+51//d (51)+E!//d (sz)},
25T
and y =0.577--- is Eulers constant, y, isa digamma function and
31:%+% 8A+1 52:%—% 81+1. (24)

W (6,9) only replaces with %WZZ(TT),because Wi, (1) and W, (1) are nearly zero.

For obtaining 4,, and B., we used (6) and note that & is small for superfluid case and its maximum
value is «T/A(0) [20], where maximum gap, A(0), due to strong coupling effects is equal to 1.76T, [25].
Then, we obtained:

9
Aa=1-—6°, 25
25T 320 m ( )
5
B. — 1927 , (26)
i )\ 22146
(m) kgT1%0;
C(Aye ) =[0.75+0.0036750; |. @7)
After substituting B, , 4,,,and C(/Iﬂ) in (20) and taking the angular integrations, we have
Py TS
N =11 =1943-237 — (28)
y (m) ke T
Py T
=156-62———FM ==, 29
nzzT (m*)4 kélA TlO ( )
s pT
Mt =3-503x107° ———— <, (30)
’ (m* )4 kZ1 T°
P T
Nt =123-84——p———, (31)
(m )4 K2+ T"
s P
1,4 =124-63x10° ———— < (32)
’ (m”)4 k21 T
5. Thermal Conductivity
The diffusive thermal conductivity tensor K;; is defined by
Ji =K,VT, (33)
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where J is the diffusive heat current. It is noted that, in addition to heat transfer by a random diffusive process
of thermal excitations described by Equations (33), there is a convective contribution to the heat current in a su-
perfluid, even in the absence of mass flow, owing to the possibility of normal-superfluid counter flow.

At low temperatures, this contribution is negligible [24]-[26] and the measurement of the components of
thermal conductivity at these temperatures is more meaningful than the measurement of the thermal conductivity
components in the vicinity of T.

The diffusive heat current may be written in terms of the polarized quasi-particle distribution functions:

oE
J, =jdrEa—5n (34)

Ny is defined at below[26]

o, :—no(p)(1+no(P))(aEl]q(t)[a_T}. )

T Py or,

By using (35) in (34) and compared with (33) and using odd function of t in (15) for polarized gas we got
[24]

=T, b [ a0 (3)

( ) (21t)

By using Sykes and Brooker procedure we defined K; as bellows

B 8p;T B
Sy P (3 .

A+ and H(4,,) areintroduced as below

Hulﬁ)], @)

singdé&d
Aar = sin0dode ’ (38)
[Z 2 W (6,0)
cos(6/2)
4n+5)
H — 1aT (
(2 ) nz;)(n+1)(2n+3){(n+1)(2n+3)—,1m} )
TS IR S T T (s —lj+1 (s —lj
27 e 27, 2'//d 17 Zl//d 275
where s, and S, are defined by (24).
By using (6) in (38), (39) we took the following explicit forms
A -1-3g2, (40)
4
H (A, ) =0.42-0.5956>. (41)

By using the Sykes and Brooker procedure [24], we calculated the diffiusive thermal conductivity tensor. Af-
ter substituting A4, ,B,,and H (lm) in (37), and taking the angular integrations, we got:

Ky =Ko =K =0, (42)

xy ™
piT
(m) k21eT*

O,

Ky = K, 2 =97.78 (43)
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piTe

K, =12288——°
& (m') k21T

(44)

6. Discussion and Concluding Remarks

As a result, in a superfluid dipolar Fermi gases we calculated the transition probabilities for the cases where the
Bogoliubov quasiparticles are presented in coalescence, decay and binary processes and obtained that binary
processes are dominated in calculation of transition probabilities, and other processes are nearly zero. Then, by
using collision integral in the Boltzmann equation contained binary processes, the components of shear viscosity
and thermal conductivity were calculated. We obtained 7, , = UNPSY/ NS NN/ N and 7,, with tempera-
tures dependences T°; T®;and T respectively (see Equations (28)-(32)); and we have found the com-
ponents of the diffusive thermal conductivity, K .= Kt with temperature dependency T~° and K+
which is proportional to T~ and other components which are zero. Temperature dependency of shear viscosity
and thermal conductivity along the z-axis (T™*° and T respectively) were showing that the polarization is
along the z-axis.

Then, we had to compare our results in transport coefficients with [13] [14]. (They found the shear viscosities
Ny 1 and 7, of Aq-phase of superfluid *He are proportional to (T/T¢)2). Two major differences were
shown: a) Transition probabilities in superfluid dipolar Fermi gas are the function of temperature, but in super-
fluid *He-A, are constant. b) ®He-A, have two kind of the quasiparticles, one for Bogoliubov quasiparticle, and
another for normal quasiparticle. The wave function of the system in A; phases of *He is |TT) that interacts
with Bogoliubov quasipaticle (T) and normal quasiparticle (i) but in superfluid dipolar Fermi gas only

™) contributes to Bogoliubov quasiparticles (T) in interaction.

Itis noted that, in superfluid Fermi gas in p-wave state W,, (1), W,, (V) were contributed to calcula-
tions [16] [17] but in superfluid dipolar Fermi gas only W,, ('ﬁT with temperature dependency contributes to
calculations.

Also, in [15] the components of thermal conductivity tensor of superfluid *He-A were calculated using ap-
proximate collision integrals at low temperatures, and the thermal coefficients K, and K | have been ob-
tained with temperature dependences T~ and T , respectively. This is due to the fact that A
(/11‘ :1+(2/ (W %grw (H,go)cos 9>) was taken to be a constant parameter with respect to temperatures.

In [18], W,, (TT), W,, (V) and W, (TV) were contributed in calculations and the wave function |1
interacted with Bogoliubov and normal quasiparticles, but in superfluid dipolar gas only W,, (TT) contributed
to calculation and only |T1) interacted with Bogoliubov quasiparticles. These differences in transition proba-
bilities of *He— A and superfluid Fermi gas in p-wave state with superfluid dipolar Fermi gas, have shown
themselves in transport coefficients.
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