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Motivation

* understand properties
of strongly interacting 4 $4 *
Fermi gas * * }
¢ 3 é

- thermodynamics: equation of state (EoS), density n(y,T,a), pressure P(u,T,a)
- transport & dynamical properties...

- dilute gas of nonrelativistic 4 and ¥ fermions with contact interaction
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2D Fermi gas
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e vacuum (u=0) classically scale invariant with z=2, dim[go]=0

e exact beta function:
attractive: strong binding repulsive: asympt. free

dg g
9 ————<—>
i~ 2 0 J

* log. running coupling, energy scale dependence breaks scale invariance
Holstein 1993; Pitaevskii & Rosch 1997

exact 2D scattering amplitude: always bound state!
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e typical scale k=kr: expansion parameter g=-1/In(krazp) Adhikari 1986




~hase diagram of 2

D Fermi gas
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Bose side:
large binding Eb normal
repulsive Bose gas (exp. corr.)
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superfluid BKT
(algebraic corr.)

but see Jakubczyk & Metzner, 1606.04547
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Thermodynamics

- dilute gas (krro«1): universal properties depend only on T/Tr and krazp

- Contact density: probability to find up and down in same place [S. Tan 2008]

C =m>gy (Vriby e (r)) v L

dlnasp  2wm

adiabatic theorem for internal energy E via Hellmann-Feynman



Thermodynamics

- dilute gas (krro<1): universal properties depend only on T/Tr and krazp

- Contact density: probability to find up and down in same place [S. Tan 2008]

C =m>gy (Vriby e (r)) v L

dlnasp  2wm

adiabatic theorem for internal energy E via Hellmann-Feynman
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Universal relations

- dilute gas: Contact determines UV limit of correlation functions

Stewart+ PRL 2010
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- internal energy K

F = Z/ A’k K ng(k)—ln(AaQD)L
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Kinetic interaction energy
contact in fRG for 3D Fermi gas: Boettcher, Diehl, Pawlowski & Wetterich 2013



Pressure

scale invariant: interacting 2D Fermi gas:
C
dmm

breaks scale invariance!



Pressure

scale invariant: interacting 2D Fermi gas:
C
P=FK P=F+
dmm

breaks scale invariance!
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Ground-state energy

subtract two-body binding energy:

Shi+ 2015 (AFQMQ)




Ground-state energy

subtract two-body binding energy:

Shi+ 2015 (AFQMQ)

Fermi liquid theory:
Engelbrecht & Randeria 1992 Era




Many-body T-matrix

Nozieres & Schmitt-Rink 1985;
2D: Engelbrecht & Randeria 1990



Many-body T-matrix

Nozieres & Schmitt-Rink 1985;
2D: Engelbrecht & Randeria 1990

step 1: compute many-body T-matrix

A1 /m
In(eg/FE) 41w

two-body T-matrix:  Ty(FE) =

many-body: finite density medium scattering Schmidt, Enss, Pietil& & Demler 2012

d’k np(ex — pp) + np(Exrq — 1))
(2m)? w +190 + pp + py — €k — Ek4q
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we find compact solution
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Many-body T-matrix
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step 1: compute many-body T-matrix

O 05 10 15 20 25 30
A1 /m

In(ep/E) 1 in a/kr

two-body T-matrix:  TH(E) =

many-body: finite density medium scattering Schmidt, Enss, Pietil& & Demler 2012

d*k nr(ex — 1) + nr (g — )
(2m)? w+1i0 + pgp + pty — €k — Ek4q

T4 @) =Ty w0+ 10+ pr + g — 2a/2) + [

we find compact solution
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Fermion spectral function

step 2: fermion self-energy
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step 3: spectral function
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+(p,w) w410+ —ep — X1 (p,w)

contains full information about
energy spectrum, quasiparticle weights, decay rates...



Luttinger-Ward approach

* repeated particle-particle scattering dominant in dilute gas:

v . . Haussmann 1993, 1994:
= ] + - - 4 ,
% P m self-consistent T-matrix Haussmann et al. 2007

) Q self-consistent fermion propagator

(400 momenta / 400 Matsubara frequencies)
Bauer, Parish, Enss PRL 2014

« spectral function A(k,w) density of states p(w)
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Density equation of state: theory

- maximum & density driven crossover
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Density equation of state: theory

- maximum & density driven crossover
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—quation of state: cold atom experiment
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High temperature: virial expansion

* virial expansion

nJA% — lﬂ(l -+ GB'LL) -+ 2Ab2625’u -+ SA[)SQSB“ 4+ ...

 Ben = exp|—e®/(2m)|ds
Aby = /_OO w4+ (s — In(27Pep))?

Barth & Hofmann PRA 2014

- Bose limit (Aby =~ e7€B);

~ 2 g —2 os \ —2
Npos ~ 2e Puth B)\T _ eﬁub Abos

« good variable between Fermi and Bose limits:
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Scaling of density maximum

* maximum where ;t >~ 0 :

(B11) s = 523 - 1n 2

at density

(/7100 ) max ~ 2€°°8/2

Boettcher, ..., Jochim, Enss PRL 2016
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Summary & Outlook

« 2D Fermi gas:
scale invariance broken
exact universal relations for dilute gas
large density renormalization
density driven crossover

Bauer, Parish & Enss 2014
Boettcher, ..., Jochim, Enss 2016

- outlook:
pseudogap (from fRG...)
(transverse) spin diffusion DO~hbar/m
extension to low-temperature phase
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