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Cold Fermi Gases ‘

3

Fermions in magneto-optical traps: " Femibaraw
(|) evaporat|ve|y COOIed to degeneracy’ FIG. 2. Large and ultradegenerate Fermi sea. (a) Absorption

image of 3 X 107 ®Li atoms released from the trap and imaged

(“) Control Of |nteract|on Strength & S|gn after 12 ms of free expansion. (b) Axial (vertical) line density

profile of the cloud in (a). A semiclassical fit (thin line) yields a

near magnetlca”y tuned resonance temperature T = 93 nK = 0.05T7. At this temperature, the

high energy wings of the cloud do not extend visibly beyond
the Fermi energy. indicated in the figure by the momentum-

space Fermi diameter. . . .
’ Z. Hadzibabic, et al. ‘03

SLi,|F =3/2,Mr=3/2>

Feshbach resonance

A. Regal, et al. '03 T. Bourdel, et al. '03
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N onadiabatic vs. adiabatic dynamics

e External control of interaction, a(B)

e Fast on fermion time scales
e Time-resolved state evolution, normal-to-BCS ?

Bardeen-Cooper-Schrieffer Hamiltonian

_ + + T
"= 5, Spapoapo—Ali) p%d “p+d/21%-p+d/2|?—a+d/2|%q+d/21

472
At) = Wm|a|9(t) Abrupt switching of pairing interaction

&p = 5 — M BCS ground state at t>>0

Describe the transition?
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Time scales in a superconductor

Time of change of the order parameter 7a
Quasiparticle energy relaxation time Te

71 ~ max{T?, e}/ Ep, 7';1 ~ Ag

True not too close to critical temperature
TimeMandau eqgn

Short time of interaction switching 70 <K TA, Te

TA < Te

Nonadiabatic time evolution
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BCSparametersfor trapped gas

Nonretarded BCS pairing: 7. = 0.5Epe™ /A A= %kﬂﬂ\

n~18x10%em™ Er ~0.35uK

Jila experiment:
a ~ —50nm 1.~ 0.01EF

TA = h/ Ap =~ 2ms Slow relaxation

Te ~ hEp/A% ~ 200 ms = 1007

Time scales:

BCS correlation length (Cooper pair size) £ = ﬁEkF /m,ﬁn
VS. gas sample size:
£~24pum ..comparableto L ~ 18 um

Zero-dimensional limit (no spatial dependence)
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Reduced BCSHamiltonian

— +
= pz,:a Epap,oap.s = A1) Z apT pl 9—ql%t1

Mean field theory provides exact solution

BCS state V@) =11 (up(®) + vp(tag T, ) 10)

Pairing amplitude A(t) = XY up(t)vh(t)
P

Bogoliubov-deGenneseqs (% |\ _ (¢ A ) (Up
Up A* —€p Up

1

Equilibrium values

> _
U 1+ =
b ( , /gp+A2) e |
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Pairing instability

Normal state UI()O)(t) = e~ %plO(&p), vl()o)(t) = e%Plo(—¢p)

Linear stability analysis of
B-dG equations

Abrahams and Tsuneto '66

A(t) x evtewwt

sgn §
Eqn for instability growth rate %: 2&p—w—iy

v~ 2weexp(—1/g),
g=19G/2 K1

Characteristic time scale Tgl =7~ Ap
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Nonlinear dynamics

Time-dependent B-dG equations

a0 ()= (2 2) ()

Selfconsistency egn for pairing amplitude
t NOESINMOTHO

e — Up/’l)p, gp > 0]

iwp = 2&pwp + A(t) — A*(t)w3

_ wp (1) wp()
A(t) = >‘ng>30 THwp(OF7 T )\gpz<:o o up (O



Soliton solution
Ansatz

wey>0(t) = 26pf(1) - if(t), 7
(1) = &5 = e~ “la(t) =

Same equation for all momenta!
aid = a2+ 1
a(t) = %cosh ~(t — to)
Self-consistency condition

of the same form as
In the linear analysis

o

8 10

—wt
A(t) = coszey(t—to)
_ sgn ¢
L=A % 2§p—w3737
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Pseudospinsin BCStheory

H=—-Y¢p0%— X4 "(ckc% + clo?
ppp /p,q(qp qp)

op = 1—npp —n_p|, - empty — ( 1 )
— ooper — )

4 . : .
of, op = (0 +iop)/2 — Pauli matrices

P W Anderson '58

Conservation of particle 5 >
number <==> Total spin tot — % p
Z-component conservation

|nteraction of infinite range => mean field theory exact
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Mean field analysis

H=YHp=Sbp- o Pairing ampl.itude
p 0P 0 Y Aznting =A% (od)
q

‘Magnetic field” bp = (Agz, Ay, &p)

(x,y-components the same for all p; z-component p-dependent)
Normal state A=0
—A—)—)—)—)L
(op) Superfluid state A >0  Spin texture

Z

Gap equation Spin rotation <==> Bogoliubov angle

1 = A / 1
2% Joz+e2 | Dom2weexp(-1/g), g =1G/2
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Dynamical equations for pseudospins

H=>>Hp=>bp-op
P P

Bloch dynamics op = i[Hp, op] = 2bp X op

. _ o ’L
Ordinary differential equations P = 2Pp X Tp  7i = (op)

for expectation values bp = (Az, Ay, &p)
A=Ng+ily = A%(a{f)
Simulate ODE numerically
Analytic solution?

Integrabllity: infinitely many integrals of motion
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Collective Rabi oscillations

Synchronized spin dynamics rp = 2bp X rp

All spins complete a 21t Rabi cycle at the same time

1 1

g | < /W\/\/\ M\ <

z05 AJA=001] Z0.5 | AIA=05Y S
% 10 20 0 % 10 20 30

Time X AO Time X A 0




"
Multisoliton solutions

Bloch equation in . =
r1 = —&pr
a rotating “Larmor' frame _1 ~ EpT2;
¥ 5 ro = Epr1 + 282r3,
fp — fp — W L
r3 — —297“2

A(t) = e WIQ(t)

Ansatz r1 — APQ, ro — BPQ, r3 — CPQQ — Dp

D2+ (Q2-A2)(Q2-A3)=0, A_<Ay

Self-consistency 1 — »y° €psan &p

+) 1/2

- P
relation ((E%—I—A%—I—A?I_)Q—ZLA%AQ
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Oscillatory time dynamics
Soliton train | A(t) = e” ! Agdn [Ao(t —t9); kQ]

Ng =2weexp(—1/g) k?=1-A2%2/A3<1

Limiting cases:

2 ~ 1 16 2 ~ _T_ 2
k N1,TNA—O|n(1_k2) <1, TR (1+k2/4..)
1 /AVAVAVAVAVAVAVAVAN
< / <
§05 _______________________ A_/A+=0.01- %05 A /A+=0.9 ]
0 | 0 ;
0 10 20 30 0 10 20 30

Time X AO Time X Ao
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Damping, relaxation, noise

Damped Bloch dynamics  |Ip = Qbf)ff X I'p

Heuristic model
of energy relaxation

Damping constant

v~ 1/(AqgTe)

Lo 'l?" Yhpp 1y SYANET4Y
' -z.“.ﬂ':‘: Y N n
0.8 Loy L | DU | | B
r3 7 = tanh(8&p/2) I\ f ,\
} = 0.6 . A4
' _ PP = = ;:()t.iginpmg
(ritir2)p = cosh(Bép/2) T oatl il ]
Noise in initial conditions:  ,,! v IRYRYE \
E Time X A,
; i
0 < Q5p < 2w 0 o -

(random, uniform, uncorrelated)

Soliton trains robust




Summary

Nonadiabatic regime:
dissipationless, nonlinear, relevant for cold gases

e Exact solution of the BCS pair formation problem
e Single soliton and soliton train solutions

* Robustness with respect to noise



