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Ultracold two-component Fermi gas mixture with effective s-
wave scattering

* First realised in 3D in 2004 onwards

* Investigate lower dimensionality
effects

* High Tc superconductors
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Mermin-Wagner-Hohenberg Theorem: homogenous systems in 1D and 2D cannot have
spontaneous broken continuous symmetries at finite temperature
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Ising model for continuous symmetries: XY Model
H=—JY 1S 8;=—J>;cos(f; — ;) ~ 4 [ d*r?|V0|?

\ Superfluids:
1 2
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What has been avoided?
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Long-range order

Disordered

YU

XY Hamiltonian exhibits quasi-long range order:
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High temperature, system
should become disordered
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. Vortex-anti-vortex pair

Single vortex
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Simple thermodynamic argument

AF = AU — TAS\
AS =kgIn(Q) = kg 111(54’—2)

AU ='mJ In(%) — AF = (nJ — 2kpT) In(%)

Superfluid (T < T,) Normal state (T > T)
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Bound vortex-antivortex pairs Proliferation of free vortices

o | T<TIg:AF >0
2kB | T > Tn: AF <0

Berezinskii, V.L., Sov Phys JETP 32, 493 (1971)
Berezinskii, V.L., Sov Phys JETP 34, 610 (1972)
Kosterlitz, J.M. and Thousless J.D., Journal of Physics C: Solid State Physics 6, 1181 (1973)
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2D Scattering Theory
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Model

Generic two-body interaction Hamiltonian, here we consider a two-spin Fermi gas

Ho = [ @05, 0 (6)| 557 1| o 0+ a0 ) U (e (0 )

with contact interactions:
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Mean-field approach

(Vi) Wir + (1) wvy — (W]4y) (¥]eby)  Hartree Channel - Direct energy
Wlolw iy~ = (@lw)) ol — (W) vl + (W) (W) Fock Channel - Exchange energy

(¢$¢I) Yy 4 (Ppdg) iﬂwl — (2@1@) (11+) Bogoliubov Channel - Pairing energy

We focus on the Bogoliubov channel and write in momentum space:

thQ ~ ~ *® A ~ ~ A A 2

/30go|iubov transformation

H = Zk E(k)[@f{@k + Bl@k] — V% + Zk(e(k) — E(k)) Bogoliubov dispersion relation:
E(k) = /2 (k) + A?
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Scaled by the Fermi energy:
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Bose systems:
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Ketterle, W. and Zwierlein, M.W. La Rivista del Nuovo Cimento 31, 247 (2008)




Finite Temperature
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Mean-field:
Tpes V27 [e
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where we approximate with mean-field density

PBE =5 hkfpr(e—hk-v)~ vy, hzlcz(—af(if)

Two types of excitations:
* Fermionic quasi-particles — related to breaking of cooper pairs
* Bosonic — excitations of cooper pairs

o = 3 S €lb) (=) = § Ty Be(h) oy

cosh?

Neglects vortex contributions, requires
RG methods

Botelho, S.S., and Sa de Melo, C.A.R. Phys Rev Lett 96, 040404 (2006)



Trapping

Harmonic trapping potential:

V(r) = > D i wiz""?

In an inhomogeneous system, relevant system parameters gain
spatial dependence

n — n(r) p— p(r) A — A(r)

Holten, M., Bayha, L., Subramanian, K. et
al. Nature 606, 287-291 (2022).

Apply semi-classical approach:
p(r) = p— V(r)

\Fixed by normalisation condition:

N = [d*rn(r)



Mean-Field Result:

2N r?
n(r) = ™2 (1 rZ )
Identical to ideal
case
Zero-temp QMC Result:
€ T 2
p(r) = p— V(r) = % + =2 f,[In\/2mn(v)as]
where in the BCS limit: ;‘;
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Alexey A Orel et al . New J. Phys. 13, 113032 (2011).
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