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Abstract: Ultracold atomic Fermi gases near Feshbach resonances or in optical lattices realize paradigmatic, strongly interacting forms of fe
matter. Topological excitations and spin-charge correlations can be directly imaged in real time. In resonant fermionic superfluids, we obse
cascade of solitonic excitations following a pi phase imprint. A planar soliton decays, via the snake instability, into vortex rings and long-
solitonic vortices.

For fermions in optical lattices, realizing the Fermi-Hubbard model, we detect charge and antiferromagnetic spin correlations with sing
resolution. At low fillings, the Pauli and correlation hole is directly revealed. In the Mott insulating state, we observe strong doublon
correlations, which should play an important role for transport.
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The cooling methods

* Laser Cooling -2 ~ 1 mK

.—’4\/\/\/\.-}

* Evaporative Cooling =2 ~ 10 nK
e
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Laser Cooling

Laser beams

“Zeeman Slower”

L ]
|

|

Hot atomic beam
from oven, 400 °C

Laser cooled cloud
Less than 1 mK

Chu, Cohen-Tannoudji, Phillips, Pritchard, Ashkin, Lethokov, Hansch,
Schawlow, Wineland ...
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Magnetic traps for neutral atoms

In this ideal thermist:
Evaporative Cooling
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Strongly Interacting Fermi Systems

A good place to search for exotic physics

Length scales
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Nuclei Ultracold High-T, Neutron Star ~ White
Gases Superconductors dwarf

« A wealth of unusual quantum phases
 Many open qualitative questions
(e.g. Pseudo-gap phase in High-Tc materials)

* Highly challenging theoretically
(“Fermion Sign Problem”)
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Ultracold Atomic Fermi Gases
Ideal test-bed for Many-Body physics

Interactions

o
10

'./ Geometry

B
10

’/ Spin Composition etc...

Realize idealized models of many-body physics
Benchmarking the many-body problem

= Unitary Fermi Gas, Fermi-Hubbard Model...

Create entirely new systems

- Dipolar Fermi gases

- Topological Superfluids?
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Fermions in a Box

Do
\".‘, ‘v_‘ e )

60 30 0 30 60 |
Position (um) |

Z. Yan, P. Patel, B. Mukherjee, Z. Hadzibabic, T. Yefsah, J. Struck, MWZ, soon on arXiv
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Measuring the Fermi-Dirac distribution

1.0
Expansion into harmonic potential along z .
zuos
s s 5 ; ; mao. 9
2 “Infinite” free time of flight k. = —=z
e.g. Shvarchuck et al., PRL 89, 270404 (2002) h 000 D “""“1'_‘:“‘“""‘2
o) k:: k;g 2
Pauli blocking
1.0 — —
F;—; ¢.

Fermi surface
formation

k/ke k/ ke

k/ke
Alternative method: Drake et al., PRA 2012, selectively probe the central portion of an inhomogeneous gas.

Z. Yan, P. Patel, B. Mukherjee, Z. Hadzibabic, T. Yefsah, J. Struck, MWZ, soon on arXiv
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Measurmg the Fermi-Dirac distribution

1.0

‘ anniversary >oL
Pauli blocking

formation

Fermi surface

kike Kk

k/ ke

Alternative method: Drake et al., PRA 2012, selectively probe the central portion of an inhomogeneous gas.

Z. Yan, P. Patel, B. Mukherjee, Z. Hadzibabic, T. Yefsah, J. Struck, MWZ, soon on arXiv
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Strong interactions via Feshbach resonances

Herman

Energy Feshbach

A

Scattering Length
(~Interaction Strength)

‘ . Free atoms
— Cad —

Magnetic Field

Molecular state

&
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Little Fermi Collider (LFC)

A | Fermi gas collides with a T cloud
with resonant interactions

> - — <<l

Collision at 100 peV
23 orders of magnitude smaller than LHC \
Harmonic
Trap

A.T. Sommer, M.J.H. Ku, G. Roati, M\W. Zwierlein, Nature 472, 201 (2011)
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Little Fermi Collider (LFC)
Without Interactions

|

Resonant Interactions

s - | R

A.T. Sommer, M.J.H. Ku, G. Roati, M.W. Zwierlein, Nature 472, 201 (2011)
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The bouncing gas

First collision

1.3 mm

density

ll““““..'." Difference
||Hmm|““|

Total
density

1.3 mm

Time (1ms per frame)




Later times

1.01

Distance [mm]

-1.04

0 50 100 150 200
Time [ms]

AT. Sommer, M.J.H. Ku, G. Roati, M\W. Zwierlein, Nature 472, 201 (2011)
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Much later times

1.04

450 ms

0.51

Distance [mm]

0 200 400 600 800 1000

Time [ms]

AT. Sommer, M.J.H. Ku, G. Roati, M\W. Zwierlein, Nature 472, 201 (2011)
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Quantum limit of spin diffusion

Mean free path ~ Interparticle spacing d
Diffusion constant:

D ~ mean free path x average velocity

h
B> o
D h Planck’s constant (0.1 mm)?
m Particle mass 1s

- Quantum Limit of Diffusion
he?

In a hot relativistic fluid (e.g. Quark-Gluon Plasma): [) ~ ——
g
mc” > 1T r
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Spin Diffusion vs Temperature

Spin current = -D - Spin density gradient

Universal high-T behavior:

100 = 3/3
] Quantum Limit of 6 3(3)£ l
< ] Spin Diffusion m\ 15
£
I 1 XY 09!7!? L
4 56789 4 5 67809
1 10

AT. Sommer, M.J.H. Ku, G. Roati, M\W. Zwierlein, Nature 472, 201 (2011)
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Other types of interaction

Confine atoms in optical lattices

Quench kinetic energy
Promote the role of interactions

interaction
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Creating strongly interacting Fermi Gases

d

Feshbach Resonances - e.g. BEC-BCS Crossover

Quantum Gases - Quantum Fluids

Optical Lattices = e.g. Fermi-Hubbard model

Quantum Gases -2 Quantum Solids

irsa: 16080036
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From BEC to BCS

P “9 V 4 o ©|| © o
& d 7 \ o ©
® \ © ©
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BEC of Molecules Crossover Superfluid BCS state
<€
> | I 0 -1 < -1

Weakly Interacting Bosons
—> Strongly Interacting Bosons
-> Strongly Interacting Fermions

(kFa)4=

- Weakly Interacting Fermions

Interparticle Distance

Scattering Length
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Demonstration of superfluidity in a Fermi gas

Ultracold gas

/

“
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Demonstration of superfluidity in a Fermi gas

Ultracold gas

/

#q”
0.
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| Vortex lattices in the BEC-BCS crossover

Magnetic field [G]
833

II ‘

1.6 0 e
¢ BEC' Interaction parameter 1/k.a Q\‘BCS —>

M.W. Zwierlein, J.R. Abo-Shaeer, A. Schirotzek, C.H. Schunck, W. Ketterle,
Nature 435, 1047-1051 (2005)

730 935
1 1
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Measuring the Equation of State

When climbing a mountain, the air gets thinner...
Equation of state - density as a function of height
The inverse works as well!

Density as a function of height = equation of state

Atoms in our trapping potential Z air in gravitational potential

Hill = Trap ed@

Homogeneous EoS: wa”ey -~ Trap Centey

3D Fermions: ENS, Tokyo, MIT, LENS 2D Fermions: Heidelberg, Swinburne, Bonn
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Equation of State of a Strongly Interacting Fermi Gas

+51Density equation of state .
Unitar
4.0 3_ ol M _— 3
- nA’ = f T ot Gas
3.51 \Bl o (EXpt)
F 30 oo
r—’j25~ : 3.'.‘,-"?'
= . \_5_.;4"".'-*. ___ Meanfield
9 Non-
10} (P —— eeemeeme. |NtEracting
e Gt
wkgT

Mark Ku, Ariel Sommer, Lawrence Cheuk, MWZ, Science 335, 563-567 (2012)
K. Van Houcke, F. Werner, E. Kozik, N. Prokofev, B. Svistunoy,
M. Ku, A. Sommer, L. Cheuk, A. Schirotzek, MWZ, Nature Physics 8, 366 (2012)
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Heat capacity
For a resonant gas: ('I, d(/L'/N/\'B) d(P/H/:},) 3 // ( P K, }

2 E = T = i
P= Nk, — dT | d(/T,) 27

3

—
2k

Noninteracting Fermi Gas

Specific Heat C/N kg
O —
o o

0.0
0.0 0.5 1.0 1.

T/Te

Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein
Science 335, 563-567 (2012)
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Heat capacity

Foraresonanigas! (,_d(E/NK,)| _d(PInE,) 31, [ P ,(o]
2F = = = A
B - T Sl b —
1—”, Nk, d7 vy QT/T) 2 T\ F .
~ 1.5]
7
>
O
& 1.0
e
§ 05 Direct observation of the
e superfluid transition
at T./T=0.167(13)
0.0
0.0 0.5 1.0 1.5

T/Tg

Scaled to the density of electrons in a solid, superfluidity
would occur far above room temperature
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How about excitations?

Vast body of work: Collective excitations, first sound, second

sound, pair breaking excitations (PA, RF, PES), polarons
(Innsbruck, Duke/NCSU, Rice, JILA, ENS, Swinburne, Heidelberg, MIT,...)

Regarding the superfluid wavefunction:
We know we have matter waves...

But we do not know the wave equation
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Solitary Waves as Microscopic Probe

Order Parameter ‘P(X)[ T
l J ;

¥

a healing length

0

A localized, highly non-linear excitation
An excellent probe for the medium in which it propagates
Ex: Fiber optics, BEC, Dirac Fields, Holographic Theories
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Dark Solitons in a Fermionic Superfluid
Limit of small gap: Andreev equation

%, u, u,
(—ihv,, —a, A(;’)O‘\.][ j =Lk [ ]
az ) | v” v”

Dirac equation with spatially varying mass
Solitons with fermion number %, Jackiw, Rebbi 1976
= continuum version of Su-Schrieffer-Heeger model 1979/80

A = A, tanh [ij
g

Recent solution for finite velocity soliton: V. Galitski, D.K. Efimkin, PRA 91, 023616 (2015)
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Dark Solitons in a Fermionic Superfluid
Limit of small gap: Andreev equation

0 u, (u,
(—ihv,, —F, + A(:)O’\_]( j =Lk ( J
az ) | VH v!?

Dirac equation with spatially varying mass
Solitons with fermion number V%, Jackiw, Rebbi 1976
= continuum version of Su-Schrieffer-Heeger model 1979/80

AP = A2 tanb (_j Andreev
Bound
State

X/ &
-5 B

Recent solution for finite velocity soliton: V. Galitski, D.K. Efimkin, PRA 91, 023616 (2015)
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‘Generalization in 3D: Solitary Waves

n @ mo

Soliton e o ()

0

Solitonic
Vortex

0
Vortex

o Q
After
Brand, Reinhardt

PRA 65, 043612 (2002)

All examples of
Chladni Solitons
Mateo, Brand, PRL 113, 255302 (2014) -

@
ol."
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Making Solitons by phase imprinting

i superfluid

/

After the pulse:

_aur

A
- h

Needs to be fast enough: < n ~100us
U

Solitons in BEC§ by pI}ase i_mErinting_: iannover, Hamburg, NIST,...
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Cascade of Solitary Waves
in a Unitary Fermi Gas

Planar soliton -
vortex ring =2

vortex / anti-vortex pair =

solitonic vortex

Mark J.H. Ku, Biswaroop Mukherjee, Tarik Yefsah, Martin W. Zwierlein
PRL 116, 045304 (2016)

Pirsa: 16080036 Page 38/83



Instability Cascade of Solitary Waves in Unitary Fermi Gas

Early time dynamics after imprint (central slice)

2 shock wave fronts +
1 slow solitary wave

o
N

Optical Density

0.0 L/

Z axis
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Instability Cascade of Solitary Waves in Unitary Fermi Gas

Early time dynamics after imprint (central slice)

t (ms)
2 shock wave fronts + Tomography:

1 slow solitary wave

y=+13 y=-13 y=-26
yin um

y=-39 y=-52

y=+52 y=+39 y=+26
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InStabiIity Cascade of Solitary Waves in Unitary Fermi Gas

Early time dynamics after imprint (central slice)

t (ms)
2 shock wave fronts + Tomography:
1 slow solita Planar Soliton

y=+39 y=+26 y=+13 y=-13 y=-26

yin um

y=-39 y=-52
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