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Introduction

Sound propagation in
normal fluid and
superfluid



Fermions in an optical trap
(Duke University)




Sound waves in an uniform normal
fluid

Linearized equations of hydrodynamics :
PO, v=-VOP
0op=—pV-v, 0,05=0
026p =(0P/10p). Adp

Op o« PUCE)
2 22

w' =q°c:, c = (8P/ 6,0)s -adiabatic sound.
wos =0



Density response function

PO v==VOP—pVoV/m,OV x Palaaty
op = x(q,)oV.
Im y can be measured in Bragg scattering
experiments.
Exact relations :
f-sumrule: y(w— o) > —q°p/mo’.

Compressibility sum rule:

Z_),O(Gpj =P qg,w—0,w/qg— 0.
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Density response function — a
problem
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Sum rule is violated!



A solution - zero frequency mode

Take into account thermal conduction :
p0v==VoP—pVoV/m
0,0p=—pV-v, 0.5 =(x/pTl)AST
I (x/ pT)g* << w << qc, : O = 0
;((a) —> O)—) plmc’.

1. @ <<(x/ pT)q* << qc,: 5T =0
2(@—0)—> p/mc’. OK!



Schematic representation of Im  for an
uniform normal fluid.
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Density response function and light
scattering

Im y(,q)can be measured in
the Bragg scattering experiments.
It also defines intensity 7 of

light scattering in the fluid :

T
[ oc— Im(a)a Q) ’

0,
w and g are changes of frequency and

wave vecor at scattering.



Schematic representation of intensity / of
light scattering in an uniform normal fluid.
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Superfuidity

Equations of the Landau hydrodynamics :
P=P+ P J=pPYV,+ PV,
0.0p+V-j=0,mo, v, +Vou=0,
S=ps5,005+S5V-v =0,
0,]J+VoP =0.



First and second sounds

Two sound modes -

first sound and second sound.
If (0p/0T ), is small

¢ = (8P/8,0), Cc; = (Tszps /cpn).
No problem with sum rules.



Im %(®) a.u.

Schematic representation of Im y for an
uniform superfluid.
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Sound propagation in a
cylindrically trapped gas



Fermions in an optical trap
(Duke University)




Gas in a tube




Propagation of sound in a tube

Hydrodynamics. Free path [1s small:/ << A .

Viscous depth of penetration

5= |1 .5~
pna)

Two regimes :
I. Low frequencies : 0 >> R
I1. High frequencies : 0 << R



Regime I, o << 77/(/0 R%):

Vv=0,V ol=
A.Normal fluid :
v=0atr, =0,v=0.

No propagating modes.
B.Supertluid :
v =0,v. #0.
One propagating mode :
"4 -th sound", K. Atkins (1958).



Regime I, o >>n/(p, R*):

One can neglect viscosity and thermal conduction.
Presense of the wall is not important.
A.Normal fluid :
Usual adiabatic sound.

B.Superfluid :

First and second sounds.



Gas in a cylindrical trap
Trapping potential :U (r,) = ma;r] /2

IR

> Z




Regime I, w << n/(p,R*):
LikeimnatubeV v=0,V ol =0.
However trap is smooth.
No boundary conditions for v,
v_, ol #(0but donot depend on r, .
A.Normal fluid :
One propagating mode.
B.Supertluid :

First and second sounds.



Regime I, o >>n/(p, R*):

Likein a tube, one can neglect
viscosity and thermal conduction.
A.Normal fluid :
Adiabatic sound.

B.Supertluid :

First and second sounds.



A classical ideal gas in a cylindrical
harmonic trap.

. 2
Regime I, w >> n/(pR”) :
—ma’v :gTV[V-V]—V[V-VU]—%[V-V]VU
U(r))=mw:r’ /2
A. Griffin, Wen - Chen Wu, S. Stringari (1997).

Boundray conditions :

o0

2
jpv rdr < oo,(vgi )FL%O — 0.
0



Exact solution - adiabatic sound

v oc expli(gz — ot )
S_T
3m

V. = Ceéz/s,f2 =ma’r’ /(ZT)

<

w=qc,,C=

v, =0
T. Nikuni, A. Griffin (19938)



Density response function
U—>U+0oV,0V ocexp[i(qz ot )]
5(p) = 2(q,0)V (p) = | pdxdy

Sum rules for a trapped gas :
f -sumrule:
x(@—>0) > —qg*(p)/ ma’.

Compressibility sum rule :

5 [<p>@<p>j _(p)

~~L g,0—>0,0/qg—0.
moP T 1 1




Density response function of
trapped gas
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Sum rules are violated!



“Repair” of the “defect”

There are no zero - frequency mode or the second sound
mode 1n a normal gas in a cylindrical trap.
Instead in a such gas a new kind of excitations exists.

At given g frequency @ runs continuous interval of values.
G. Bertaina, L. Pitaevskii, S. Stringar1 (2010).



Continuum spectrum mode

v, = Ae* o cos(afz)— sin(cf2 )/ 20]

b / 3 g°cl-w’ A sin(a.fz)
. 20 gc,m, &

o =+lq*ct | 0 =114, ¢, =~24/25¢,

w/q<c,




Contribution of the continuum
spectrum mode into ¥

q 128J- x*dx
w’ [x +1-ciq’ /o Kx2+1x25x2+1)

Function Z(CI )= 1,(q.0)+ 2.(¢, )
satisfies sum rules relations.

7.(q. )

q a)\/coq -’
3 mcO ciq’ -’

Im 7, (g. ) =2

Can be measured at Bragg scattering experiment.



Schematic representation of Im y for a
cylindrically trapped classical gas
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Linearized equations of Landau
hydrodynamics in a cylindrical trap

P=P+P,J=P YV, + PV,
0,0p+V-j=0,
S =ps,0,05+V-(Sv )=0,
0.J+VoP+ pVU /m=0,
mo v +Vou+VU =0.




Regime I, w << n/(p,R*):

Vv =0,V v =0,V ol=0.
gR << 1:

V. P+pV U=0
V,oOP+0pV U=0—->V ou=0
v ,v.,0l,0ux ella=er)
One must integrate equations

with respect to dxdy.



Dispersion equation for sound

Superfluid :

cim(p) (S), =(p), 1+’ [2(p), (S) -
(p)(S), = (p),m(S)" K{p N+ (p)p) Kp,) =0,

Normal fluid :
cm(p) (S), =(p)1+12(p),(S) -
(PXS), ~(p),m(S)" 1(p)1=0.
()= [(-)dxay..), = (@(.)/oT) ete.



An example: an ideal classical gas

, 1T
5m
This valueis different from

C

one for a uniform gas:
,» ST

a

o :
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Fermi gas at unitarity

a —>

_ sy M
P(u,T)=T H(Tj

Was measured : Nascimbene et al., 2010.

p(u,T)=mT**H (?j

p, (1, T)=mT"v, [%j

Was calculated : Fukushima et al., 2007.



Velocity of sound at unitary Fermi
gas above T, in comparison with
an ideal gas

1o
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Velocities of two sound modes at
unitary Fermi gas below T,

0.5 :




Density and temperature

o{p)/<p)
ST/T

fluctuations
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Ratio of contributions of two sound
modes in Imy
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