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2D Fermi gas

dilute gas of * and ¥ fermions with contact interaction:
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Levinsen & Parish Annu. Rev. CMP 2015



Scale invariance

- self-similar on different length scales: no intrinsic length/energy scale

- statistical mechanics: near phase transition, fluctuations on all length scales
=> no intrinsic scale

- strongly interacting Fermi gas similar in cold atom lab (um) and neutron star (fm)
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Scale invariance

* ideal gas
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* rescale space by factor A:

« solution self-similar with

« Hamiltonian scales as
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Scale invariance

* particles with interaction
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- consider power-law interaction
g
Vix) = . V(i)
x|
* scaling law
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H kain + )\_aHint —

scale invariant only for inverse square potential a=2 (not often realized)



Scale invariance

* particles with interaction
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 contact interaction

V(z) = go(z)o(y) - -

V(dx) = %V(a}) since 6(Ax) = —d(x)

- scaling law
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H — VHkin + FHint = EH

scale invariant in d=2 dimensions for any dimensionless coupling g

no intrinsic scale: kinetic and interaction equally important on any scale



Dynamical scaling

- time dependent harmonic oscillator (oscillator length £, = \/h/mw)
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- stationary initial state ¥(x,t = 0), impose potential w(t):
dynamical scaling solution
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* density profile

n(x,t) = (@, 1)|* = %n(ﬁt = 0) S\ (e
=a =

self-similar at all times
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Dynamical scaling

- global scale factor A(t) governed by Ermakov equation

A#) + W2 ()N (t) = w(0) A(0) =1, A(0) =0
BESIOR DA
- quantum time evolution determined by motion of “classical particle” A:
() = —V'(\) A(t) = /1 + asin(wt)
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periodic breathing motion at wp, = 2w



Dynamical scaling

- interacting many-body system with scale invariance: X =(x1,...,XN)
1 X mA 2\ o
V(Xo1) = SFars w(?’f - O) eXp(’h_AX )6

« exact many-body wavefunction known at all later times 2.0/
1.5}

1.0-
* no equilibration/thermalization: 05

dissipationless hydrodynamics (=0 (entropy const.)

- hidden symmetry SO(2,1) generates many-body spectrum
[Pitaevskii & Rosch 1997; Werner & Castin 2006]

* realized exactly in Unitary Fermi gas (@ — o0 no scale) [Werner; expt. challenging]
approx. in 1D/2D Bose gas [Pitaevskii; Olshanii; expt. Bouchoule 2014]
2D Fermi gas: control scale invariance, study deviations



Quantum anomaly

- quantum mechanical scattering (attractive interaction by potential well)
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« always bound state in 2D of size asp, binding energy scale eg =
y ma?
breaks classical scale invariance: quantum anomaly 2D



Scattering amplitude

« two-body scattering amplitude

f(k) 2T large kaap > 1: see a bound state, attractive
Z% _ m(kaQD) small kazp < 1: can’t see it, repulsive

- how does scattering amplitude depend on scale (zoom out)?

df(k) _ f(k)

dink 2m

(= 0 scale invariant)

attractive: strong binding repulsive: asymptotically free

<« @ & f(k
- K

coupling always energy dependent (log. running coupling) Holstein 1993
many-body scale k=kr: interaction parameter In(krazp)



Phase diagram
A o038

Bose side:
large Eb, asp <K /¢

Fermi/BCS side:

Kosterlitz-

two-body pairing Thouless small Eb, azp > 4
topological many-body pairing
transition:
vortex

excitations




hermodynamics & scale invariance

Bose

Fermi

Bertaina & Giorgini 2011 ]

Shi+ 2015 (AFQMC)
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hermodynamics & scale invariance

. Bose Fermi |

Bertaina & Giorgini 2011

~ Shi+ 2015 (AFQMC)

2 0 2 4 6
In(kray p)
scale invariance in 2D:
P=FK
interacting 2D Fermi gas:

C
P=FEF+ —

scale invariance broken

Contact density: probability to
find 4 and ¥ in same place

C = m>g5 (Prep e (1))
dFE C

dlnasp  27m




Local many-body correlations

subtract two-body binding energy:
Cmany—body ~ 8nTn¢

0.05l | l | Shi+ 2016.5 (AFQI\/IC)_

P=E+E’/2
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strong local correlation in crossover:
quantify scale invariance breaking



Scaling dynamics
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self-similar density profile n(x,t) = ﬁn(X’ t = O)

P. A. Murthy, N. Defenu, L. Bayha, M. Holten, P. M. Preiss, T. Enss, S. Jochim, in preparation



Scaling dynamics

« BEC-BCS crossover

< BEC Crossover BCS —>
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+ density profiles satisfy scale invariant prediction!

P. A. Murthy, N. Defenu, L. Bayha, M. Holten, P. M. Preiss, T. Enss, S. Jochim, in preparation



Scaling dynamics

- breathing mode frequency wy, = 2w?
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« significant shift of breathing frequency where scale invariance broken

M. Holten, L. Bayha, A. C. Klein, P. A. Murthy, P. M. Preiss, and S. Jochim, arXiv:1803.08879



Scaling dynamics

A < BEC B Crossover c BCS —>
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SI: n(k,t) = A°n(A\k,t = 0) at turning points A=0

momentum distribution strongly violates scaling prediction in crossover

P. A. Murthy, N. Defenu, L. Bayha, M. Holten, P. M. Preiss, T. Enss, S. Jochim, in preparation



Phase correlations
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* density scale invariant but superfluid density s anomalously enhanced:
scale dependence (scaling violation) of critical exponent

P. A. Murthy, N. Defenu, L. Bayha, M. Holten, P. M. Preiss, T. Enss, S. Jochim, in preparation



Conclusion

« 2D classical gas scale invariant, exact scaling dynamics

- 2D Fermi gas: quantum anomaly breaks scale invariance

= density driven crossover from Bose to Fermi

= Small breathing frequency corrections. { =~ asp
= Small density profile corrections. ST k) ~12]
a;\’;o o l/r“‘”
107k O *“
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=‘Large’ critical properties correction. R S
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Additional material



Scale invariance and scattering
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attractive repulsive
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unitarity bound:
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at unitarity: 1. Re(f) changes, zero crossing; determines mean-field energy and y

2. 0 does not change; transport minimum 1y~ L h/m
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