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Outline

* AMO revolution

» S-wave Feshbach resonant superfluidity
» P-wave Feshbach resonant superfluidity
* Polarized Fermi gases

e Universality of a unitary Ferm1 gas




Revolution in AMO physics

 degenerate Bose and Fermi atomic gases
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Revolution in AMO physics

 degenerate Bose and Fermi atomic gases

ac-Stark effect
(red-detuned, attractive)

e optical lattices ~w-
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Revolution in AMO physics

 degenerate Bose and Fermi atomic gases

* optical lattices

e Feshbach resonance




S-wave Feshbach resonant scattering

e tunability (strength and sign) of interactions (sudden and adiabatic) U’
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S-wave resonant fermionic superfluidity

 molecular BEC (Regat, Jin 03) @ 0 'y
1
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S-wave resonant fermionic superfluidity

 molecular BEC (Regat, Jin 03) @ 0 'y
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S-wave resonant fermionic superfluidity

 molecular BEC (Regat, Jin 03) @ - - !
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S-wave resonant superfluidity

ﬁ2

Haen =¥} (5~ — 1) 20+ €0) ¢ — gplep]

dimensionless coupling: |y ~ (

e narrow resonance Y <1 — MFT : ¢(z) =B

* broad resonance v > 1
Strongly coupled ¢ and

=> MFT quantitatively uncontrolled
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Finite angular momentum superfluidity

' ~ Regal, etal. ‘03
" . _ 10" (@) } pwave |
Motivation: E 10" :
. c -12 \
* p-wave Feshbach resonances exist 7« 4] ¥

160 180 200 220 240

B (gauss)
» examples of >He and high-Tc superconductors

 conventional (thermal and quantum) and topological
phase transitions with detuning

* non-Abelian vortex excitations = topological QC?



P-wave Feshbach resonant scattering
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Experimental hopes for p-wave superfluidity
Regal, et al."03

e p-wave Feshbach resonance in 49K, ¢Li -2/ ® } ==
. ® 1o :
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Experimental hopes for p-wave superfluidity
Regal, et al."03
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P-wave resonant superfluidity

- 1/3
dimensionless coupling.: ~ ~ (g Vnkr ) ~ 22l

e narrow resonance 7 <1 — MFT: ¢(z) = B
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Mean-field theory (v ~ ¢*;* « 1)

k2
H, = Z% kak-l-Z——i-eOa)bLaqa-l—Z[Ak akaTk—f-hc]
k q’

* superfluid ground state:

molecular BEC |B) + Cooper pairing IBCSg) = Ik (uk + kaaT_kaL)|0)
(closed) (open)

* excitation spectrum: H.,=Y E"afoy + ZE(m)ﬁk ok 0

E(a) \/Ek + A El(:;) = 612{ + o€k with gap: Ay =2g|B -k

. E, Ny, ,Ng, MK determined by :

OE(B)
8B,

=0

> energy minimization (gap equation) —

> atom number equation — 2ny +n, =n



1 n* Isotropic resonance at T=0 (wa =wo)
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Dipolar-interaction FR splitting <o ¢ 4 03
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P-wave superfluid phases
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T:O phase diagrams also see Cheng, Yip ‘05
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* resonance splits:

v m=2~0

* Iwo competing states: p. (m,=0)

Gurarie, L.R., Andreev ‘05
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Gapless — gapped superfluid transitions

2
p2
E, = \/(— + Iul) + g2 (p2 + p2) |B|?

2m

G. E. Volovik, JETP Lett. 80, 343 (2004)

D, 1 changes sign D,
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p,*ip, superfluid in 2D

 Pfaffian (Moore-Read) state from FQH [Pz +ipygcg) = H [’“p + "’paT—paL] 0)
p

1 1 1

Py T ”Py*P3 — Py  *Pn_1 ~ *Ppn

b (Z]_,ZQ, .o ~722N) — Z(_l)PZ
P

* topological classification in terms of u, and v,

Anderson’s { Ng + 'iny = 2v™u 5 1 (—229;315;)
pseudospin — |’U|2 — |u|2 \/(%—@24-432 (p2 + p2) 25’721(,—#

Explicit calculations show that
N=0i1fu<20
1 2 — — —
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p,*ip, superfluid in 2D

- Pfaffian (Moore-Read) state from FQH Pz +1Dypog) = H [Up + 'UpaT—pa;r;] 0)
p
1 1 1
W(Z]JZQ)'-')ZQN):Z(_]-)P
P “Py — #P*P3 — %P4 #Pn_1 ~ *Py

topological classification in terms of u, and v,

gapped (N=1, BCS) = gapped (N=0, BEC) superfluid transition at u=0
Read and Green, PRB 61, 10267 (2000)

» vortex excitations with non-Abelian statistics Ivanov, PRL (2001)

one fermion (2 states —either
empty or occupied fermion)

> per two vortices
< &
D>

n .
272 states per n vortices

suggested to be used as qubits for quantum computers
Kitaev, Ann. Phys. 303, 2 (2003)



Summary of p-wave superfluidity

* mapped out T, w, xB, 0 phase diagram for p-wave Feshbach

resonant Fermi gas A
" Py andpx T ipy SuperﬂUidS o~ moderate &
" thermal, quantum and topological p. T () (@)
SF => SF transitions Normal
Pt pm
* quantitatively accurate description gapped o gapless >
@ w, (u=0) g, @

for small y=I'/e¢ (low n)

e realization of topological states, majorana zero modes, and
non-Abelian statistics of Pfaffian (Moore-Read) state

e p-wave Feshbach molecules observed in K40

e ...BUT

% short (msec) molecular lifetime (see Levinson, et al, PRL 2007)
< what about Li°
“* need better quantitative understanding of stability



Imbalanced (“magnetized”) BEC-BCS

* motivation: superconductivity in B field, quarks-gluon plasma, ...
* natural realization in cold atoms: H,=H - h(N,- N )

Fermionic Superfluidity with
Imbalanced Spin Populations

2

H =9l (5— = o)¥o + MJY[¥1

n = ¢¥¢T + ?,blr‘pla An = ‘H@bT ~ ¢I¢l



b,=B,6,, Mean-field theory taidfor v~ /ef* <1 )

q
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* ground state: |gs) = I (u,q + v,Q0 ;2,1 O q/2,1) 10)

2
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o e . b
* excitation spectrum: p _ — Z El((agalt Okt Z Ef{ 2, Bl B
k,O’ k,O’
b
EY = E,F (h+k-Q/2m), E =./&+Voer (for Q=0)
(gapped and gapless k’s) (gapless k’s collective, also phonons Q # 0))
E(a)k’(j, (for u <0, h# 0, 0=0) E(a)k,(j (for u>0, h# 0, 0£0)
i V | )
gapless gapless gapless

* determine By, Ny, Nyyy N,y (AN, ), Q by:

OL,qs — (O (gap equation), 0Ly

energy minimization w—> =0 (P,
gV 8BQ 8Q total




BSC and crossover regimes (6 >0)

u, h fixed
'BCSSFB#OB_OAN 0: 0<h<h, 1/—gBO‘ué) \ E
gs /
BQ
* FFLO B,=0, B # 0,AN#0: h, <h<hgg, (é)z;? 1.1 h, (Fulde-Ferrell)
0~ 26Fh
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symmetry % gs /
BQ
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i /
N, h fixed Phase separation (6 >0)

nF (w
e (W
hl < hcl (6) < h2 < hc2 (6) < h3
_ / hy
SF hd N h,
n=(1-x)n*" + x n" L N - U

phase separation x(h, &) = (n5F - n)/(n5F -n")
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N, h fixed BEC regime (6 <0)

* BECSF By# 0,By=0,AN=0: 0<h<h,(8)~-82

* SF,, By# 0,Bg=0, AN # 0: h, < h < h,,(8) ~-0.65

—@—W T\h; h

I a, u, vanish at h,,

A} Eg

s

* Normal By=0,B,= 0, AN # 0 (Pauli “paramagnet”): h >h_,(5) ~ 2*/%ep — 6/2
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Imbalanced BEC-BCS Sheehy, L.R. 05

* |st order transitions and phase separation

T=0
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Imbalanced BEC-BCS Sheehy, L.R. 05

* 1st order transitions and phase separation

AN=NT-N¢ (N fixed) [ T=0

A fully-magnetized normal Fermi 0as
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Imbalanced BEC-BCS Sheehy, L.R. 05

* 1st order transitions and phase separation

=0

.
Rren




Imbalanced BEC-BCS experiments (2006)

 Ketterle’s experiments (vortices, phase separation)
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* Hulet’s experiments (phase separation, surface tension)
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y>>1 Broad resonance scafttering
2

HZch > chh = 'Qb(];(;)_m — .u’a)wa 0 /\w%bl"»ble

e scattering T-matrix relates A to a:
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y>>1 Broad resonance superfluidity: Large N

* no small parameter for k.a ~ n'3a >> 1 — introduce 1/N

" Sp(2N) p? At
lch  w— HN waa(_ o ,U/o')waa + NwTa¢lawlﬁ¢Tﬂ
B .
S[p] = —% : drd’r|¢|* — NTrlog [ — G '] a;1=(‘3*+¢§—m+“* % _M)
f = I / Doe™"

~ NFO /N 4

MFT Veillette, Sheehy, LR
Nikolic, Sachdev

2
FO) = _IAF /k (B — &) — Z /k]og [1 + e—ﬁ(EkﬂLUh)} also Nishida, Son

g-expansion



y>> 1L ka—» Universality at unitary point 1. to 04
« f,=-1/(a! +ik) — ik, kgisthe only scale

check in N—co (BCS) limit:
s )

T.n) =mnerf(kpT /e mo [ (A1)
V( ? Ff B F} o2rh2a 0 e \ B €g
3 2 0 1 2

e = E—€fp
55
p = &ep
A = Qe

Ae:z:c =  COegc€F
kpl. = ~eF
2

B = fg’nGF

| Veillette, Sheehy, LR
Result from 1/N £ = 0.5906 — 0.312/N_;L oL )

Exp with “K £ =0.46+995



Questions of current interest

* What are the big fundamental questions?

* Specific questions of current experimental interest:
» Unitary Fermi gas (universality)
" Resonant Bose gas (beyond Beliaev)
= Stability to 3-body collisions and other inelastic processes
* Cooling and thermalization
» Experimental probes (development and understanding)
" Phases realizations (e.g., FFLO, p-wave SF, magnetism, ...)
» Nonequilibrium quantum dynamics



On the horizon

» p-wave superfluidity?

 degenerate molecular gases?

e local many-body lattice models

» multi-site many-body lattice models = exotic models?
 quantum Hall regime?

...but not before technical hurdles are overcome:

* cooling

* off-site interactions

e stability to inelastic processes near Feshbach resonances
* much larger clouds

« flat traps

e better and wider range of experimental probes



