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Ultracold quantum gases

2D Fermi gases
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Ultracold quantum gases

2D Fermi gases
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Essential ingredients
« 2-component Fermi gas (labeled A and W)
* s-wave contact interaction

+ two-dimensional geometry
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Ultracold quantum gases

Experimental realization

Ultracold neutral gas Feshbach resonance Optical lattices

tunable
interactions
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Ultracold quantum gases

Experimental realization

Ultracold neutral gas Feshbach resonance Optical lattices

tunable
interactions

Highly tunable model implementation

Spatially and temporally resolved observables
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Scale invariance

Absence of intrinsic length scale

« Physics independent of absolute scale
+ Example in statistical physics: fluctuations on all lengths scales at a critical point
+ Cold gases: Unitary Fermi gas with diverging scattering length a — oc

« Universal behaviour
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Scale invariance

Absence of intrinsic length scale

« Physics independent of absolute scale
+ Example in statistical physics: fluctuations on all lengths scales at a critical point
+ Cold gases: Unitary Fermi gas with diverging scattering length a — oc

* Universal behaviour

Unitary Fermi gas (um) Neutron star (fm)
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Ultracold gases & gravitational waves

GW170817 neutron star merger

LIGO collaboration
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Ultracold gases & gravitational waves

Unitary Fermi gas GW170817 neutron star merger

105 particles

LIGO collaboration

« Excitation spectrum
+ Collective modes
* Hydrodynamics
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Ultracold gases & gravitational waves

Unitary Fermi gas GW170817 neutron star merger

105 particles
LIGO collaboration

« Excitation spectrum
- Collective modes A low energy challenge?

* Hydrodynamics

Credit: Aurel Bulgac
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Scale invariance

Single particle
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Scale invariance

Single particle

1)2 F ko / /\\\ "/\\\\ \
H = m_ {.!4_.’(:1}) = € 1€ ¢ \\){ \\ 5 u\/

* Rescale coordinates T — A\T
/r,\\ s // \ -
] . /

« Solution self-similar with k— —k-

A
1

« Hamiltonian scales as H+— —H

A‘;Z
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Scale invariance

Single particle

« Rescale coordinates T — AT
1
« Solution self-similar with k— —k-
A
o 1
« Hamiltonian scales as H+— —H
A'Z

e

Energies and eigenstates obtained by simple rescaling

Page 14/63



Scale invariance

Interacting system

2
_ p; 1 2:
i 2m | 2 Vi - z;)
2 17
Candidate: power law

T (j J’ r
Vie) = = Vie) = —=V(x
(@) = o (a) = V(@)
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Scale invariance

Interacting system

p; 1
H — i /(
2m | QZL (@i — z;)
0 17
Candidate: power law
T ) .(j 7 . l T
Hamiltonian transformation
- | 1 T
H — ﬁHkm + FHM' = EH
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Scale invariance

Interacting system

Hamiltonian transformation

H — 2

H-kiu + —

Only scale invariant for inverse square potential
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Scale invariance

Interacting system

P
_ p; 1 2:
& 2m | 2 ,%_L(J' z;)
? L7

Candidate: Contact interactions
V(CU) = .(](5(;11_’,)(5(?/)

V(x) = FV(.’B) since  )(Ax) = —d0(x)

> | =

Hamiltonian transformation

1 1 o1
H ﬁﬂkm + Fﬂim’ — FII
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Scale invariance

Interacting system

— 2m
1

2
D; 1
H = 5=t 3 E V(e —x;)
i#)

Candidate: Contact interactions

V(CU) = .(](5(;11_’,)(5(?/)

1 . ) 1
V(x) = FV(.’B) since J(Ax) = XO(;IJ)
Hamiltonian transformation
1 1 1
H 5 <5 Higu + 5 Hint . N

Contact interactions make system scale invariant in d=2 for all interactions
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Trapped 2D gases

Harmonic radial trapping potential

.
~ é 1‘; };)
> * A 4
H = r. ),” q; ’)( ) R J’; _ » é Y
1/A*
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Trapped 2D gases

Harmonic radial trapping potential

s
+ é 1’; };)
12 .
H = )m UZM 2) (. z) + Z m;,. 22 * : ‘} $
i Y -
1/)\? )2 \“ —— —

Harmonic trap breaks scale invariance
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Trapped 2D gases

Harmonic radial trapping potential

2 42
. p" £ o) TR 2
H=) oo+ 2920 (T 1’;)+Z 5 i
i i#£ t
: 2 y
1 /A2 \°

Harmonic trap breaks scale invariance

Pitaevskii-Rosch symmetry

Scale invariance replaced by SO(2,1) scaling symmetry

L. P. Pitaevskii et al. Phys. Rev. A, 55, R 835 (1997)

F. Werner and Y. Castin, Physical Review A 74, 053604 (2006)
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Trapped 2D gases

Harmonic radial trapping potential

2 42
. p" £ o) TR 2
H=) oo+ 2920 (T 1’;)+Z 5 i
i i#£ t
: 2 y
1 /A2 \°

Harmonic trap breaks scale invariance

Pitaevskii-Rosch symmetry

Scale invariance replaced by SO(2,1) scaling symmetry

« Tower of eigenstates generated by symmetry

Valid for all interaction strengths
* Fixes dynamics

L. P. Pitaevskii et al. Phys. Rev. A, 55, R 835 (1997)

F. Werner and Y. Castin, Physical Review A 74, 053604 (2006)

Energy
10

6

r

2hw

|Wo)
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Dynamical scaling symmetry

Energy

10

Single-particle harmonic oscillator

2hw

Excitation of Gaussian wavepacket

F. Werner and Y. Castin, Physical Review A 74, 053604 (2006)
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Dynamical scaling symmetry

Single-particle harmonic oscillator

Excitation of Gaussian wavepacket

Breathing motion

Energy

10

5 1
J L\ n(z,t) = |Y(x,t)]* = 1"
7/ ™
— »-/ 2 | /\7__7
« Self-similar _
t
»  Determined by dynamics of a single scale factor A= Alt)

F. Werner and Y. Castin, Physical Review A 74, 053604 (2006)

-

2hw

Zt=0
X

)
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Dynamical scaling symmetry

Energy
Applies to a many-body system N v ‘: 2w
N-body system X = (x1,...,XxN) — (t) |
. 4
, 1 X M o\ o
g/’(X,f) e w’(/’(;,f — (]) (_‘Xp(’z,ﬁx )(.’ 2
0 W)
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Dynamical scaling symmetry

Energy
Applies to a many-body system N v ‘: 2w
N-body system X = (x1,...,XxN) — (t)
. 4
Q/T(X,f) = W’(/’(T,f — (]) (_‘Xp(’z,ﬁx )(f 2
0 W)

For given initial state, exact many-body wavefunction known at all times

« Periodic dynamics completely specified by A(t) \

+ No damping/thermalization

« Period of breathing modes exactly known wp = 2wp

= /
N
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Quantum scattering

Regularized &-potential

Bare &-potential produces diverging bound state energies

Pirsa: 18060044 Page 28/63



Pirsa: 18060044

Quantum scattering

Regularized &-potential

Bare &-potential produces diverging bound state energies

3D

V()

.

a0

e
T

Q=90

1

\\l (*\

a>0
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Quantum scattering

Regularized &-potential

Bare &-potential produces diverging bound state energies

V(-r-\ V(f) 1\\1(*\
S'D TT \ ?j.r >V
a0 Q=00 a>0
WO VO AVO |
Q"D “ Ay ) Ly ] 7"2
! m (,L.‘3 D
Aowger @3>0 swallar azy>0

Bound state of size a, always exists in two dimensions
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Quantum scattering

Regularized &-potential

Bare &-potential produces diverging bound state energies

V(-r-\ V(f) 1\\1(*\
S'D TT \ ?j.r >V
a0 Q=00 a>0
WO VO AVO |
Q"D “ Ay ) Ly ] 7"2
! m (,L.‘3 D
Aowger @3>0 swallar azy>0

Bound state of size a, always exists in two dimensions

Scale invariance broken by 2D scattering length
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Quantum scattering in 2D

Quantum anomaly
1. Exact symmetry of the classical Hamiltonian
2. Divergence appearing in the quantized theory

3. Violation of the original symmetry in the renormalized theory

2D scattering length gives quantum scale anomaly

W. Zwerger: Varenna leclure notes Strongly Interacting Fermi Gases (2014)
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Quantum scattering in 2D

Quantum anomaly
1. Exact symmetry of the classical Hamiltonian
2. Divergence appearing in the quantized theory

3. Violation of the original symmetry in the renormalized theory

2D scattering length gives quantum scale anomaly

2-body scattering

2-body scattering amplitude (cross sections, phase shifts)

27

f(k) =

i% — In(kazp)
Logarithmic “running coupling” with interaction parameter In(kga,p)

W. Zwerger: Varenna lecture notes Strongly Interacting Fermi Gases (2014)
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Phase Diagram

2D BEC-BCS Crossover

' — ,—2In(kpazp)
Interaction parameter In(kraop) egp = Ere (Frazn
0.8 I I T T T
0.6 41 Bose Fermi -
Liquid Liquid

<4BEC In(k._a..) BCS»

F.A. Murthy et al., Sclence 359, 6374 (2018)
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Phase Diagram

2D BEC-BCS Crossover

Interaction parameter In(kpasp) tB = EF(‘-"_EIH(A:MQD)
0.8 1 1 | I I
0.6 1 Bose Fermi -
Liquid Liquid
Lo
f

ep ~400E, -3 -2 -1 0 1 2 3 e~ 0.002Ek
<4BEC In(k.a,.) BCS»
F.A. Murthy et al., Sclence 359, 6374 (2018)
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Phase Diagram

2D BEC-BCS Crossover
) _ ,—2 lll(}i.‘-[n(},g[ }
Interaction parameter In(kpasp) ¢g = bre :
0.8

F.A. Murthy et al., Science 359, 6374 (2018)
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Quantum anomaly

Breathing mode frequency

« SO(2,1) — Symmetry directly leads
to breathing mode solution with:

wp = 2wWgR ['p =0

L. P. Pitaevskii et al. Phys. Rev. A, 55, R 835 (1997)

M. Olshanii et al. Phys. Rev. Lelt. 105, 095302 (2010)
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Quantum anomaly

Breathing mode frequency

« SO(2,1) — Symmetry directly leads
to breathing mode solution with:

wp = 2wWgR ['p =0

+ Coupling to bound state shifts
breathing mode frequency

wp = 2wr + 0wa

* Quantum anomaly: classical
symmetry broken after quantization

L. P. Pitaevskii et al. Phys. Rev. A, 55, R 835 (1997)

M. Olshanii el al. Phys. Rev. Lett. 105, 095302 (2010)
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Quantum anomaly

Breathing mode frequency

2.20 '
« SO(2,1) — Symmetry directly le

to breathing mode solution with

wpRp = 2(,{},',? T,; =0 210

c«JB/wF

+ Coupling to bound state shifts
breathing mode frequency

) , 2.00
wp = 2wpr + 0wa

* Quantum anomaly: classical -10 5 0 5 10
symmetry broken after quantization 4BEC In(k a_) BCSH

L. P. Pitaevskii et al. Phys. Rev. A, 55, R 835 (1997) J. Holmann, Phys. Rev. Lell. 108, 185303 (2012).
M. Olshanii et al. Phys. Rev. Lelt. 105, 095302 (2010)
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Lithium MOT All-optical forced evaporation
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Experimental setup

In-situ Density Distribution

\ ¢

1D Lattice Beams
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Experimental setup

In-situ Density Distribution \/

Imaging Beam

- Atom Cloud

1D Lattice Beams Camera
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Monopole mode
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Frequency Measurements

Breathing mode

1 1 1 I - 1

3 NN :
g_ 6 IA WEER j ll ' A |
e i | LA
© 60 : f -
=
g 7
< 57
O
=
O
O 54 -

é F m )=1.95

. N 1 R 1 " X N N
200 220 240 260 280 300
Holdtime, t (ms)
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Dipole Mode
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Anomalous Shift

Frequency ratios

2.05 y T v T Y T Y T ¥ T ' T
L 220 )
©|1> - |2> Mixture
=l L 11> - |3> Mixture ||
203} 200 G -
3 -10 0 10 ++
« 202 it ? .
\BD [ : I¢’ “
201 F ! ¢ i
200 o i e s e T T T -
1.99 F ¢ ]
_ T/T =0.14+0.04] |
]‘98 A 1 M 1 M 1 M | M 1 M 1 M
-8 -6 -4 -2 0 2 4 6
«4BEC Intk.a,,) BCSH
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Frequency Measurements

Breathing & Dipole mode

1 | 1 ]
E 63
=
S 60
S
O
=< 57
©
=
O
U 54 -
F .ZD -“1 95
" R L R L R R ] R .
200 220 240 260 280 300

Holdtime, t (ms)
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Explicit Symmetry Breaking

Dimensional Crossover

2.05 — . . . . ; .
o <. o . )
200 === e e
195 F -
3T 2D . 3D»
) RO
3°1.85F ¥ o
b-—————————-——————--———————————:-0——- ?
1'80_- Intk.a,,) = 1.0 P
T/T.=0.15 + 0.05
1.75 k| '/ '¢ -
L ettt L)
']‘70 ™ 1 2 Il 2 1 1 Il 1 " [l

0.0 0.2 04 06 0.8 1.0 1.2 1.4 1.6 1.8
Particle Number N/N,,
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Breathing mode frequency

Summary
2.05 T T T T T T . . .
220 (o775 T Wietare + Conclusive observation of anomalous frequency shift
2041 = - 3> Mixture | ] . e
. ,,/T\ 2l e « Effect siginifcantly smaller than expected
203 b ) i — 4
( 2
e ‘ B ’ ”J)I’(% ] 4
- 7 & g
3 2m}p [ 4’ | 4
200f § A "-:% ] Open questions
: ] « Finite temperature
¢ peraltre
1.98 S + Presence of third dimension
8 6 q 2 0 2 4 G
<BEC In(k,a,,) BCSK

Finite T
C. Chafin andT. Schafer Phys. Rev. A 88, 043636 (2013)
B. C. Mulkerin, et al., Phys. Rev. A 97, 053612 (2018)

quasi 2D
K. Merloti el al., Physical Review A 88, 061603 (2013)
U. Toniolo et al., arXiv:1803.07714 (2018)

Pirsa: 18060044 Page 50/63



Breathing mode frequency

Summary
205 T T T T T T . ' i
220 (77> 72> Wimtare] + Conclusive observation of anomalous frequency shift
204p > - |3 Mixture | ] e
. ”/ﬂt\ e - Effect siginifcantly smaller than expected
203 ) e — 4
10 0 10 %é‘
4 202t ‘ b 4
> 7 ¥ \
3 20 p ‘ K .4’ | 4
200f $ A "-:% ] Open questions
: v ] - Finite temperature
¢ peraltre
] S S + Presence of third dimension
] 6 4 2 0 2 4 G
«BEC Ink,a,,) BCSH
0.10 T T 1
2 @  This work Finite T
!f sl T C. Chafin andT. Schéafer Phys. Rev. A 88, 043636 (2013)
Mulkorin of af, [44] B. C. Mulkerin, et al., Phys. Rev. A 97, 053612 (2018)
3005+ % + + 4
o
3 quasi 2D
- K. Merloli et al., Physical Review A 88, 061603 (2013)
000b-cccccmea oo ?%A . U. Toniolo et al., arXiv:1803.07714 (2018)
" AL . AL . L .
2 0 2 4 6

In(k %, )

Vale group, Swinburne University
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Evolution of the many-body wavefunction

Scale invariant scenario

inner turning point flow outer turning point
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Evolution of the many-body wavefunction

Scale invariant scenario

inner turning point flow outer turning point

in-situ: plx,t =0) A p(x /Mt =0) A Zp(x/At=0)

k-space: n(k,t =0) ~ N n(\k,t =0)
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In-situ and momentum space

Tuning interactions

< BEC

A In(k.a, )~ -6

3 I o outer « BEC side (weakly interacting dimers)

R ¢ inner i . .
—outerscaled { * Compare density profile at inner and outer TP
2 [Pog toinner .
= + Perfect scaling
1t
Dt
0

k-space

P. A. Murthy, N. Defenu et al., arX
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k-space

Pirsa: 18060044

Tuning interactions

In-situ and momentum space

< BEC Crossover BCS —»
A In(k,a,,) ~ -6 B In(k.a,) ~ 1.5 c In(k.a,)~2
3 ) 9ut<.\|
¢ inner
' == outer scaled 1
2 [P0, to inner
11
Ot

P. A. Murthy, N. Defenu et al.,
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In-situ and momentum space

Tuning interactions

< BEC Crossover BCS —»
A In(k,a,,) ~ -6 B In(k.a,) ~ 1.5 c In(k.a,)~2
3 o outer
¢ inner
' == outer scaled 1
- 2 %o, toinner

k-space

0 0.2 0.4

P. A. Murthy, N. Defenu et al.,
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In-situ and momentum space

Tuning interactions

< BEC Crossover BCS —»
A In(k,a,) ~ -6 B Intka,,) ~ 1.5 c In(k,a,,) ~ 2
3 8 o outer
¢ inner
\ == outer scaled 1
S P -Q"o | toinner
14
DL
0
) E Radius (um) F
] 8

. ; N Slv
Qo \t\}
a
4 d !
> F\N : M %"-o
X w
2 w =
A " " A 0 " " " A 0 " M M A
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4

Momentum, k (um™')

P. A. Murthy, N. Defenu et al., arXi
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Scale invariance and coherence

First-order coherence function

(o (1 Stk 127,
» Momentum distribution encodes coherence properties 1 (7 ) = / n(k) d“k
« Power-law decay (BKT type superfluid in 2D) '

« Check scale invariance in exponent

A

10° e + .

>y BEC Inka,)~-6
WB\QL o scale outer

— 101 %, ¢ inner

= °%0

o $

$ ol gy~

c 102p Y1\l ~

@ .

R

o]

(W)

@

°

?

|4

=
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Scale invariance and coherence

First-order coherence function

(o) — : N\ tker ]
» Momentum distribution encodes coherence properties 1 (7 ) = / n(k)e 7k
+ Power-law decay (BKT type superfluid in 2D) '

+ Check scale invariance in exponent

A
10° F0
Sy BEC Inka,)-
T e, .
‘. ° ?calm)utpr

— 107! R, ¢ inner
) *om
o "ﬂ
@ ],
& qg1\r) ~17
§ 10 71 ( ) E‘%,,!
7] N
<100
S N crossover In (k.a,)
P ~a ~ .
S e e 1m0
— 0 -9
£ o Toq, e
g T n H"b %‘)"c n
- ‘)Oa %‘,I

T P E— q% X o, N

107 NSF m

radius (um)
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Scale invariance and coherence

First-order coherence function

(oa) . N tker 127,
«  Momentum distribution encodes coherence properties g1(r) = / n(k) d“k

Pirsa: 18060044

Power-law decay (BKT type superfluid in 2D)

Check scale invariance in exponent

A B
100 F=
c‘b\”o BEC In l I) ) ] ] T T T
| T . . 2 Slt'aleﬁ()utpr ;
= 10 0¢Qw nner 13 +
o "\9 =
g —- " s 1.0 +
e 0 gr\r) ~7 e
§ 10 71( ) 9%., ;
& . 0
£ ‘IOO F . T~ a
S A crossover In(k,a,,) ~ X 09F
— - - —
o T e~ o
o “a T, 2
‘I"m 107} e “o &
T ’l’ n., nb"% 0.8F
N = — . . ]
107} Nnsp 6 4 5
10° In(k.a,,
radius (um)
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Scale invariance violation

BEC-BCS crossover

0.8 I I I 1 T

4BEC In(k.a_) BCS»

F2D

Strongly correlated region
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Scale invariance violation

BEC-BCS crossover

0.8

0.6 4

Bose
Liquid

Fermi o
Liquid

In(k.a_.) BCS»

F2D

Strongly correlated region

S| dynamics in BEC and BCS limits
Frequency shift of breathing mode
Violation of scale invariance in k-space

Modification of pairs in normal state
(RF spectroscopy)
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