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Outline

@ RF spectroscopy

@ Polaron and molecule coupling and decay

@ Dipolar gases and p-wave pairing




Strongly Interacting Gases
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Radio frequency
spectroscopy

Atomic levels
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Theory

Transition rate:
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Bottom lines

@ m3>>my: Controlled conserving calculation
@ Exact analytical results for ns<<n;

@ Vertex corrections qualitatively change
spectrum

@ Resonance # large line shifts

@ Ladder approx. inadequate for ms>>m;
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1-loop approx. 2)

D(r,v',t — t') = —if(t — ') ([} (x, )¢ (x, 1), Y] (&' ¢ ) o (v, ¢')])
Limit ms>> = Static impurities
Self-energy effects for |1) and 12) :

G (p, Z)_l 7 Gg(p, Z)_l — Yo (2)

Yo (2) = nsdE el
1.(2) =V, + VGl




SU(2) symmetry: 7, = T 2)

A 12) - =
1-loop approx.

1)

No line shift due
tfo interactions Yu & Baym 2006

Conserving approximation:
Strinati group, Nat. Phys. 2009; Strinati group + Jin group, 2010

Particle-hole scattering
on same impurity

Ve Ol (w1 iw.)
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Momentum independent. Series can be summed

D(iwny) = L (2m) 77 | @’p G1(p, iw,)Ga(p, iw, + iw,)
U S Lo naTi(iw) To(iwy +iwy) (2m) 78 [ BpGalp, iwy ) G(p, iwy +iw,)

d>p : do(z9)sgn(Imzs) — dy(21)sgn(Imzq)
M Y = G Y G I e
i / (2m)3 1, 21)Galp) 22) i3S Bl = PN (7)) — Yo (20)

Conserving (All propagators dressed)
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The case ns<<n;:
Analytical results

by
- -

e do f(€+ €1 — p1)
ImD(w) = Im/ de Fo i [621(51 dp Yucd ﬂ /2mdy
: ‘ 3 &, (5]
SU(2) invariant Ideal Gas: D(w) = v

2-particle and 1-hole scattering on same impurity:
T ot ) 30
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tano = —ka

ImD(w) = —Im/ do f(e+ €1 — p1)
“w — Aw(e) +il(e) No vertex:
- sin(207 — 20 T SIn 251 — sIn 252
Shift: Aw(e) = ng3 15 ) ng— ;
m k
" 4 in? 5 —5 7 9] 2 _inZ
Width: T'(e) = ng— — 91— 02) A i Oy + sin® 6

Pipkin 1964, Koelman 1988

oWeak coupling s, ~ ka, Aw~ Me2T82—01) Mean

m field

T

@Resonant coupling 6, = 7/2 Aw = —n3— sin(26;)
™

@Large shift (d0=r1/4) # large width (0=11/2)
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- —

Numerics

de d2-—-d1 d2'+'df
TmD(w) = fo— (e 4
D /2(f2 f1>m[w—A+n3[71—72—m7172(d2—d1)] RN T T R T

i —~ 47 sin? (61 — 6
N3<<ny: Avle) o b B SRt i) e T B R 03)
m k m k

kpa1=-1

Kraz=-1
no vertex

Wrong!
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Recovery of m/m3;—0 limit

Impurity scattering
Yo lZF =i I )

T5(2) = Vo + VoGo(2)75(2)

Finite m3: nth order diagram

B
Zgn) G —(—Vl)”/ dr ...d7,_o
0
Gi(mp — Tn2)G1(Th_2 — Tn_3)...G1(11 — T4)

X| Gs3(mp — Tn_2)G3(Tp_o- Tnog)...Calm — 7,)G3(74 — ™)

+ all 7 permutations]

f3et3T  for 7 < 0 52 Zgn) (w) = ngV1 [VlGl (W)]n_l
GS(p7 T) . { _pe,ugm'
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Conclusions

@ Conserving calculation
@ Analytical results for RF signal m<<ms

@ SU(2) symmetry = Vertex corrections

@ Vertex corrections change result qualitatively

@ Resonant interaction # large shifts
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Polaron-molecule
coupling

Polaron Molecule

Polaron || Molecule

Chevy, Mora, Zwerger,
Punk, Combescoft,
Leyronas, Recati, Lobo,
Prokof’ev, Svistunov ...
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Bottom Lines

@ Leading process coupling molecule and
polarons is 3-body

@ Transition sharp

@ Phase space and Fermi statistics strongly
suppress decay

® Life times ~10-100ms

Wednesday, August 18, 2010



c.l-

Cross-over region

0.S-

l?F%j?:: O)'_-IEAJ(Z)::())EEEZXQJCX 0 2.
n=0 polarcsi — \ ke
p=C inolecule + p=C hole « Jos

c.h-
sl proo€r St 0r eo 80 YO
:|

Not enOUgh energy for Aw ~< EF/2 Prokof’ev & Svistunov
2008

Need to look at 3-body processes

Polaron decay Molecule decay

Wednesday, August 18, 2010




Polaron: G, (p,z)" " =G|(p,2) " —Zp(p, 2)

Hole expansion p(p,z) =38 (p,2) + =2 (p,2) +... .
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Molecule: p(q,.r) = — (T b, (7)b5 0)))

5 vV 8ma3
R & Bale A ~ T 2 2,2
Op e /d q¢qap/2+qlap/2—QT 1+¢%
6—r/a
P )06
B(r) o —
32 ke (Co—tin) +T2(Paz)

e — gp—qT = gql g(p, 2)2

Molecule-atom
coupling
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F(q,k,w) =T(q,w + qu)G?(q S 5, W TR St )

922M 3~ 737, 33 < / :
= / d*qd®kd*{ [F(a,k wp) — F(q, k,wp)

%0 (Aw +&g1 + &t — &t — (a+d' = k)*/2m}) .

AN R

o0 0 2
dgv % de' d //5<A / 7 p ) A T
[ | e[ dedehs (Bwte +g"~g- 5o ) oc A

*k
s
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Matrix element: F(q,k,wp) — F(q', k, wp)

Kinematics
: k Depends only
k— g~ . 'q\eq' on angle ©
Equilateral triangle
Expand around 9/2
equilateral T s JANG
triangle ¢ NS € o

Fermi exclusion gives
extra power of Aw
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Molecule decay:

FM ~ Zpk‘FCL (

Numerics: T 9°Znm /d3gd3/%d3g’ F(q,k,wp) — F(q, k,wp)|’

2
X0 (Aw + &gt + &gt — &ry — (a+ d' —k)?/2m},) .
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Phase space effects + Fermi statistics =

Long lifetimes ~ 10-100ms
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Conclusions

@ Leading process coupling molecule and
polarons is 3-body

@ Transition sharp

@ Phase space and Fermi statistics strongly
suppress decay

® Life times ~10-100ms
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Polarons at non-zero
momentum

New Fermi liquid:

® ftricritical point

|T) ideal gas, mass mt
|1) dressed mass m’, Z=0.7

Rich: Can vary m /mt, n;/n1, kra L -

Studied experimentally
by MIT group, Rice group.

New study by Paris group
reveal Fermi lquId behavior GMB & Massignan 2008
Science 2010




Spin dipole mode:

Damping: Fermi surfaces
P

P, =
PR

\ Momentum

relaxation time

Spin modes measured for high T
by Jin group 2003

Will calculate this using thermodynamics
to find scattering rate.




Displayed Fermi surfaces:

1 1
ePept + 1 ol ePEpL—P V) 4 1]

"pi

Decay rate:

dP | \U\Q _
i — - Zmg Z P [7pnp1 (1 — Np—q1)(1 — npriqr)
p,p’,q -

— Tlp_q|Pptrqid Fpl JUL = ’flpr)-‘ 0(€p| + €p't —€p-q| — €p'iqt)

Interaction between polaron
and majority atoms:
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Thermodynamics:

82E (9,ul
U o B S
((9TLTTLl 8TLT
QEFT |
== T e X E T
TLT kFT
e

~i 6 Pilati & Giorgini 2006,
Cr =—Sth Prokof’ev & Svistunov 2008

Lindhard function

We get:

dP x —27T|U|2/ d>q /OO dwlmxl(q,wq — w)Imy(q,w)
( L e e
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Results

T=0. Low velocity regime m)v < kr,

K 2
1 4 1 ", v )

TP I 29 T0 kpl
T=0. High velocity regime kr) < mjv < kpq
1 271 (miv\® oo
TP a5 357‘0 kpl 101;_

Numerical Calculation

N -,
N s
. -
\\‘ ,
\\ ’
s
>

\ L4
n, 10° ” -7 Low Velocity 1
T«Tr ) «TF1 < | |
2 10_1?
1 w1 ( 78 > |
T g B 10_25‘
TP DT PN ; -
. ‘ High Velocity
10_3 .... -1 | | - I0
GMB, A. Recati, C. J. Pethick, H. Smith, 19 miv/kg 10

& S. Stringari PRL 100, 240406 (2008)
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Pipole oscillation of spin polaron

Potential seen by spin polaron

A

Vi(r) — aepp(r)

Vi (r) + epp(r) =

Vi(r) +aVi(r)

Frequency of dipole oscillation )0 U= wheX
(Collisionless regime): I
EEENEL): * 457 NT/Nl = (0.026
H—]?/Zml—l—VL—I—CVVT ‘N, = 107

n, 3f
=
3 2.5
~
Oé — oL
1.5+

Measure interaction effects "

—N— DN

771LJ, T W
Wp = W) T
\ml m|w

Pamping: - = Sewy T (Tr) (23 2o
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Dipolar Atoms/Molecules

Hrd

r

1 — 3cos? 8,4

73

AnisofropiC y(y) = p?
Long range

Experiments: 52cr 133Cg85Rp - .

133CS7Li 40K87Rb




Collapse and pairing in 20

.

ol = 300829 el b2t

47’(’60

State of system depends on ©

O = g Wigner crystal

H. P Biichler et al. PRL 98, 060404 (2007)
O < arccos(1/v/3)

Collapse Instability

Interaction partly attractive
Superfluidity



Phase Diagram BKT transition

0.3 . . g=10.2
R e NSRS
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0.2
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OO
2D2k3, e e ;
9= el <1Debye> ro 100 ~ 0.8 Jl“ exp' Ay

Significant superfluid region
Strong pairing without collapse|
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Collapse Instability

)
2D 9
OAfi

Compressibility Collapse for « <0

gn == gkin I gdir = gex

; . 1 k2 T n2 1
Kinetic Energy & = )2 / ko fic = kIl BRERREF DT

Al iy
ACY
Peformed Fermi surface \1104
T. Miyakawa et al. PRA 77 061603 (2008)
1
gdir — ﬁ d3r1d3r2n(r1, rl)V(r)n(rQ, I‘Q)

| n(r1,rz) = (Y7 (r1)4(r2))
Eoye = 573 /dgrldgrgn(rl,rQ)V(r)n(rl,rg)
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, T N2 1 ]8n2
In total: & = : ;D(az - o) 37:759](04,@)

Minimize £ to find a(g, ©)

Pimensionless function

arccos(1/v/3)

Collapse for 03m = - - R S
2E SRR
AEEREal 4
i O
0.2
£
2.5 ‘ ‘ @
)
1.5 —g (k) | 0.1
1 ye
05 / .
O I
0
0 1 ; 2 3 0 1 g 2 3
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Supertluid Phase

A2k’ - AT
k k') —K
(27)2 5 Van )2E1~{,

20 interaction V,p(p) = / dz®7(2)V (r) O ,

VQD(k, k') = /de sin(k . p)VQD(p) sin(k’ : ,0)

Hiah energy cut-off for £'1, > 1

k = (akg, ky/0)

Gap equation: A; = — /

p-wave pairing A; ~ Acos ¢




arcclos(Z /3)

0.3 — Maximuw pairing strength:
D gs(kr, kr) along e.(g)
0.2 ° 25 w w
5 2
©
0.1 1.5 — 9 (KpKp) |
Collapse 1 | =
—l /T
Significant superfluid region ° ' o *  °
Strong pairing
without collapse
Weak coupling:
H " Ag
Ag(O) o epel/9:(®)  Infinite order QPT 5o |, = 0
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Phase fluctuations destroy long range order in 20

Above Texr the vortex-antivortex pairs proliferate
g=0.2 |

wh? | /BB EI
0% IS PR )
4m? a it

Vortex energy: s / R ayTama TS

Entropy: s=2ksln (é)

a

Phase transition: £ — TegrS =0 &

0.2

IBKT =

wh?

SkaB

Ps

Superfluid density:s..s@
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Berezinskii-Kosterlitz-
Thouless transition

density

Anisotropic
superfluid




Conclusions

* 20 qas -> Angle new degree of freedom

* Pairing can be strong yet the system stable
* Berezinskii-Kosterlitz-Thouless

* Experimentally realistic with electric dipoles

¢MB and E. Taylor, PRL 101, 245301 (2008)



Interesting new phase diagrams

3 dipoles in a 2D trap
— L ocmic

dipole angle ®

Funny Wigner states
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