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Fermi Gas at Unitarity: Field Theory

Non-relativistic fermions at low momentum
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Fermi Gas at Unitarity: Questions

Validity of hydrodynamics and kinetic theory: From large to
small systems, from small to large (w, k).

Transport coefficients: 7, x, spin diffusion, first and second
sound diffusivity, ( (away from unitarity).

Spectral functions n(w) etc. Quasi-particles? Validity of
(resummed) many-body perturbation theory.

New topics: OTOCs, fluctuations, etc.



Outline

1. Transport coefficients: Theory
2. Transport: Viscosity from elliptic flow.

3. Transport: Linear response.

4. Qutlook: External fields, OTQOCs, etc.



1. Fluid dynamics

Simple fluid: Conservation laws for mass, energy, momentum
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First order viscous hydrodynamics
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Microscopic Theory

P = P(&) fixed by conformal symmetry. P(u,T") can be
computed from euclidean data

P=logZ(u,T) Z= / Dy Dyte
But: Transport coefficients determined by Kubo relations
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Requires real time data.



Kinetic theory

Microscopic picture: Quasi-particle distribution function f,(x,1)
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Kinetic theory: Knudsen expansion

Chapman-Enskog expansion f = fo +0f1 +d0fo+ ...

Gradient exp. 6 f, = O(V")
= Knudsen exp. §f, = O(Kn") -~

First order result Bruun, Smith (2005)
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Second order result Chao, Schaefer (2012), Schaefer (2014)
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Quantum Field Theory

The diagrammatic content of the Boltzmann equation is known: Kubo
formula with “Maki-Thompson” + “Azlamov-Larkin” + “Self-energy”
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Limits subtle (w — 0 and nA?* — 0 don't commute). Can be used to
extrapolate Boltzmann result to T' ~ T'p

200 T T T 100
T=10 ——

100 © classical 2.77 T2
— 90 viscosity n(w=0) e 10 L
c
s 20 ¢ = o
= 10 ¢ <
>
2 - | = ootr!
> 1 [ '.. - .

’.
i 0.001 ¢
02 # L L L L L L L L L L L
0.1 0.2 05 1 2 5 10 20 0.1 1 10 100 1000
T1Tel o [Eg /]

Enss, Zwerger (2011), see also Levin (2014)



Short time behavior: OPE
Operator product expansion (OPE)

O, _
nw) =30 A 0L ) = A0, (k)

n

Leading operator: Contact density (Tan)
Oc = Ciyyyty’ = 20T Ap =14

n(w) ~ (O¢)/+/w. Asymptotic behavior + analyticity gives sum rule
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Randeria, Taylor (2010), Enss, Zwerger (2011), Hoffman (2013)




2. Elliptic flow in the unitary Fermi gas

Hydrodynamic
expansion converts
coordinate space
anisotropy
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Fluid dynamics analysis
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AR = og /oy as function of total energy. Data: Joseph et al (2016). E /(N E ) ~ 0.6 is the superfluid transition.

Grey, Blue, Green: LO, NLO, NNLO fit.
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Consistency check: T' > T.
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Superfluid hydrodynamics

Spontaneous symmetry breaking: (U) = vge®.

Goldstone boson is a new hydro mode: v, = % Y
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Superfluid hydrodynamics

Dissipative stresses
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Low T: Phonons

Goldstone boson 1) = e2¢(yn)). Effective Lagrangian
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Ecom3/2<,u—c,b— L ) + ...

2m

Viscosity dominated by o + ¢ — ¢ + ¢
O
n = é T5
Thermal conductivity is subtle, because quasi-particles with E,, ~ csp do
not contribute. The dominant process is phonon splitting, made possible by
non-linear terms in the dispersion relation.
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Two-fluid hydro for an expanding cloud
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p = ps + pn (solid), p, (dashed), ps (dotted)
Gibbs-Duhem relation
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Two-fluid hydro for an expanding cloud

Average fluid velocity v, (x,t).  Superfluid w,(x,t) = v} (z,t) — vi(x,t)

Superfluid W = v — ¥° can be computed perturbatively.



Two-fluid hydro analysis of expanding cloud
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3. Linear Response: Sound attenuation
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Cylindrical box, response to small harmonic drive.

Patel et al., Science (2021)



Sound attenuation (MIT)

Spectral response pi(w). Sound diffusivity Dg(T)
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MIT: Thermography and second sound

Heat propagation above and below 7. 214 sound diffusivity
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Linear Response (NC State)
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4. Qutlook: External fields, OTOCs, etc.

Can realize response to Ag(x,t), as well as spatial /time variation of

scattering length

Hl — wTon(ﬂ?,t), H, — CO(:E7t)(¢T¢)2

We would like to realize non-trivial metric perturbations
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We would also like to realize out-of-time-order correlators

(a) .
- ) T 0.1 (b) PR 2 0.02
[ ey .
4oyt
T T ~ ‘e 1:“. B . :I ' * o a
(), H@  @. @, HEeo () EEECHETATEREI
n s ) Te = 175}
‘e V! .
. .o
0 >t 04 . -0.02
-1 0 1
X/o

Pegahan et al., PRL 2021.



