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I) The Tan contact thermodynamics <+ short-distance physics
entropy as a function of inverse scattering length

X
dS(U,V,N,1/a) = #dU + £.dV — £dN — =3*d (1/a)

gives dF(T,V,N,1/a) = —SdT—pdV—I—,udN—l—Xl/ad(l/a,)

l.e. Xq/,d(1/a) is the work done in an infinitesimal change d(1/a)
define a positive, extensive contact by X;,, = —h?C/(4wm) < 0

in a trap C = [RC defines an intensive contact density C(R).

Tan adiabatic theorem

dp(p,T,1/a) = nd,u—l—sdT—I—%Cd(l/a)



Tan relations (Tan '05 Braaten/Platter '08) C determines

closed channel fraction N, =1*- [ C(R) /(4m) Werner, ..
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energy density e = Z/k [ng(k) — :—4] +
(o2
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virial theorem U:2/ Vot (R) n(R) — / C(R)
R 8m™ma JR

structure factor Sy (¢) = C/8q Hu, Liu, Dr. '08

clock-shift and asymptotics of the RF-spectrum



RF-spectroscopy in Fermi gases
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Decreasing imbalance

RF in imbalanced gases

Schunk et al '07

average clock shift

hardly changes from

balanced superfluid to

polarized normal phase



RF-spectrum Punk/Zw. 4+ Baym et al '07

I(w) ~ (WL W (1), U] (0)T3(0)])w— fi IMGIi(k, &, — w)

/

_ - _ (Hi5) (13 _ 1) — 1%C (1 1
clock shift  hw = x> (512 1) —  4mny <a12 a13>

measures the contact density C=s- kFTk%‘¢
at unitarity &(oc =0)= -0.46vgp/a13 (s~0.1)

strongly imbalanced gas w(o <1) =-0.43vgp/ai3



Fermions with zero range interactions

12 S U T I
HR) = -3 VUL VW, (R) + g(A) VU0 UL (R)

contact density C(R) = ‘2(/\)<\TJ$\TJ W W (R)) = 32 (N) (O:(R))

measures probability of Fermions with opposite spin

A AN T C(R)
to be close R — —) (R —) =
<nT( o) BY S ) = Te e T
the contact also appears in G(1)(z — 0) via OPE '10

kd

~ . €T N , N ot
VLR + Wo(R - )= fio(R) + iz Po(R) — o g>(A) W[W[ W Wy (R)

— tail in the momentum distribution ny(k) — C/k4



II) Fermions at Unitarity or High -T. below 1uK

BCS '57 Fermions 1| with density n = k3/372 and

attractive two-particle interaction V4 (z) =g - é(x)

pairs both form and condense at T. ~ exp —m < Tr

what happens at infinite coupling g=oc0 7



scattering length in °Li ¢N(0) — 2kpa/m — oo at By = 832.15G
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Fermions remain stable for arbitr. strong zero range attraction



attractive fermions evolve into repulsive bosons

ajq = 0.6a >0 Petrov/Shlyapnikov/Salomon '03

critical temperature

Nozieres/SR '85
Drechsler/Zw. '92
Randeria,.. '93

Haussmann '94
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Scale Invariance at a =oc0 and for kpre -0 @x — sax dives
H — H/s? since 6o(k) = /2 —rek/2 + ... becomes indep. of k
— pressure p=2¢/3 Ho '04 bulk viscosity ( =0 Son '07
ground state  p(oo) = & -p%o) Bertsch-parameter &g
determines cloud size in a trap Rpp = R<T°},-g§/4

universal numbers &5~ 0.36, T~ 0.16Tfr, Ag~0.46¢p

transport: shear viscosity n(7:) ~0.5hn Shuryak '04
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Luttinger-Ward approach two-body int. V4 (z) = g(A) é(x)
Q[G] = —kpTIn Z = ﬁ_1<—%Tr{— NG +[Gy'G - 11} — d[A)

[-1

Ladder-approximation PG| = Z 3
=1
1

6Q[G]1/6G =0 determines both G(k,7) and F(k, )

Haussmann/Rantner/Cerrito/Zw. '07
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why does Luttinger-Ward work well ?

e it is conserving — all th. dyn. relations are obeyed

e it obeys scale invariance at a = oco — p = 2¢/3

e it obeys the Tan relations

contact density C

C/k*
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e.g.

fﬁ Bold DiagMC [Van Houcke et al., preliminary] ——e—

virial 2 [Yu,Bruun Baym + Boltzman] -
virial 3 [Hu,Liu, Drummond + Mueller,Ho] g

virial 3.5 [Hu,Liu, Drummond + Liu,Hu,Drummond
Determlnental DlagMC at T, [Goulko and Wingate] +-e--
First.order [Enss, Haussmann Zwerger etal.] - |
ENS experiment, low T ——
T=0 leed node MC [Gandolfi,Schmidt,Carlson]
Flrst order ourcode

-1 0 1 2 3 4

Bu
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pressure as a function of T/Tr and 1/kpa

(€5 = 0.36)

14



equation of state from density profiles n(Veyxt) — n(p)
pressure P(u) = [*n(y') entropy S/Nkg = (P/Py — u/ep) Tr/T

universal scaling function P(u,T)/Po(u, T) = f(Bup) — 53_3/2 ~ 4.45

Ku, .. Zwierlein
B 3.5
Science 335
3.0
_ Ry . 563 (2012
s 5 p (2012)
EZ.O- y %) TC/TF ~ 0.16 at
1.5-/;"' (u/kgT), ~ 2.5
1.04
YA A— £s = 0.370(5)
(-) 2 4 b) 0.0 0.2 T/E)I_'A:f 0.6
WwkgT

benchmark for bold diagrammatic MC van Houcke et al '12
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specific heat

exhibits a jump AC/C|r,
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~ 1.2

(1.43 in BCS)
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II) Momentum resolved RF Stewart,Gaebler,Jin '08
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measures hole spectral function A_(k, e — hw)
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A(k,e)

, (Maxent)
—thwn +¢— 1

A(k, &) from G(k,T) via G(k,wn) = /da
momentum integrated rf locally resolved MIT '08

I(w) ="h [, A_(k,e, —hw) (no final state interactions)

) ) C B\ 1/2
high frequency asymptotics  I(w)——— ( ) L3/
4m< \m

e Momentum
* RF lineshape
o PES

consistent with

ne(k) — C/k4

'10
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BCS quasiparticles Agcg(k,¢) zui d(e — E,E;“L)) + v,% d(e — E,g_))

at B =y 4 \/(ep — )2 + A2 have infinite lifetime

numerical spectral functions A(k,e) at T =0

4
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(kpa)~1 = -1 unitarity (kpa)~1 = +1

sharp quasiparticles only near excitation minimum kg < kg
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spectral functions at unitarity for T/Tr = 0.01,..0.14,0.16,..0.3
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Nno pronounced pseudogap above 7. in spite of backbending



comparison with experiment

T =0.045 T

=<

rf-spectra

at unitarity

locally resolved

at trap center

MIT '08
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RF-spectroscopy in 2D Langmack/Barth/Braaten/Zw. '12

V(x) =go0(x) seems scale invariant Pitaevskii, Rosch '97

am requires g>(N\) 2m
: g2 - -
In(l/qQa%) + i In(Aa>s)

scatt. amplitude f(q)=

In2(E!,/Ey) C
Amw? [I nQ(w/E&) + 7'('2]

broken scale invariance in RF [(w) —

exp. at MIT '12 smooth onset of bound-free
spectrum  ~ C/In?(w — Ey)

dimer energy at 3D Feshbach-

resonance FE; = 0.244 hw;,
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