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1.1 Periodic Table of Elements
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1.2 Magnetic versus Electric Dipolar Systems

e Magnetic systems: C%, = pom?, with m ~ 1t0 10 pup

— Realized samples
Boson: °?Cr Griesmaier et al., PRL 94, 160401 (2005)
Boson: ®"Rb Vengalattore et al., PRL 100, 170403 (2008)
Fermion: °3Cr Chicireanu et al., PRA 73, 053406 (2006)
Both: Dy Lu et al., PRL 104, 063001 (2010); PRL 107, 190401 (2011)
Boson: '9°Er Aikawa et al., PRL 108, 210401 (2012)
Fermion: '57Er Aikawa et al., Science 345, 1484 (2014)

— Bose-nova explosion (Cr), Fermi surface deformation (Er)

e Electric systems: C§; = d?/eg, with d ~ 1 Debye
— Realized samples (STIRAP: STimulated Raman Adiabatic Passage)
Fermion: °K®"Rb Ospelkaus et al., Science 32, 231 (2008)
Boson: “'K®'Rb Aikawa et al., NJP 11, 055035 (2009)
— Quantum degeneracy (*°K®”"Rb) De Marco et al., Science 363, 853 (2019)

e Ratio: C%,/C5 ~a?~107* , a = e?/(4mephe) ~ 1/137



1.3 Trapping and Interaction Potentials

e Harmonic trap:

M
Utrap(X) = 5 [wi (:1:2 + y2) + wgzﬂ
¢ Interaction potential:
Cyq 5 Arh?as
Vint(x_x/>:g(s(x_X/)+47r|x—x’\3 (1—-3cos’8), g= Vi

!
1 |

Repulsion Attraction



Superfluidity in Strong Dipolar Quantum Gases

Axel Pelster

. R OPTIMASNT /\/\/\f\» ;
m  TECHNISCHE UNIVERSITAT N \
I m KAISERSLAUTERN N I | SFB/TR 185

oFG ~WF

From few to many-body physics
with dipolar quantum gases

Hannover, Innsbruck, Kaiserslautern, Munich, Stuttgart

1. Introduction
2. Dipolar Fermi Gases
3. Dipolar Bose Gases

4. Outlook



2.1 Fermi Surface Deformation (T=0)

Possible Fermi Surfaces:
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Consequences for TOF and collective excitations:

Lima and Pelster, PRA 81, 021606(R) (2010); PRA 81, 063629 (2010)
Velji¢, Balaz, and Pelster, PRA 95, 053635 (2017)

Wachtler, Lima, and Pelster, PRA 96, 043608 (2017)



2.2 Comparison with Innsbruck Experiment

e Theoretical analysis of Erbium TOF data:
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e Schematic Fermi surface deformation:

Magnetic dipolar

atoms

Electric

(a)
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molecules )

Velji¢, Lima, Chomaz, Baier, Mark, Ferlaino, Pelster, and Balaz, NJP 20, 093016 (2018)
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2.3 Fermionic Dipolar Molecules
e Parameters of JILA experiment: De Marco et al., Science 363, 853 (2019)
0KERb, N = 3 10*, w, = 27 63 Hz,w, = 27 36 Hz,w, = 27 200 Hz

¢ Rotation of spatial and momentum ellipsoid:
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e Huge Fermi surface deformation:
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Velji¢, Pelster, and Balaz, PRR 1, 012009 (2019)



2.4 Cooper Pairing

e One component: p-wave superfluidity

— Anisotropic order parameter
— Hartree-Fock-Bogoliubov theory

Zhao, Jiang, Liu, Liu, Zou, and Pu, PRA 81, 063642 (2010)

e Two components: s-wave superfluidity B

— Isotropic order parameter
— BCS theory

Shi, Zhang, Sun, and Yi, PRA 82, 033623 (2010)

e Anisotropic superfluidity:

— Extend uniform to trapped case
— Impact of Fermi surface deformation
— Tunability via trap geometry and dipolar orientation



Superfluidity in Strong Dipolar Quantum Gases

Axel Pelster

. R OPTIMASNT /\/\/\f\» ;
m  TECHNISCHE UNIVERSITAT N \
I m KAISERSLAUTERN N I | SFB/TR 185

oFG ~WF

From few to many-body physics
with dipolar quantum gases

Hannover, Innsbruck, Kaiserslautern, Munich, Stuttgart

1. Introduction
2. Dipolar Fermi Gases
3. Dipolar Bose Gases

4. Outlook

10



3.1 BEC Mean-Field Results (T=0)

e Aspect ratio:

O’Dell et al.,
PRL 92, 205401 (2004)
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3.2 BEC Beyond Mean-Field Results (T=0)
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Lima and Pelster, PRA 84, 041604(R) (2011); PRA 86, 063609 (2012)
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3.3 Quantum Droplets - A New State of Matter

e Spontaneous transition from BEC to quantum droplets:

a
z
!
X
Scattering length, a < t
844 8y,

Kadau et al., Nature 530, 194 (2016)

e Three-body interaction?
Xi and Saito, PRA 93, 011604(R) (2016)
Bisset and Blakie, PRA 92, 061603(R) (2015); Blakie, PRA 93, 033644 (2016)

e Quantum fluctuations!
Wachtler and Santos, PRA 93, 061603(R) (2016)



3.4 Theory for Quantum Droplets
o Extended Gross-Pitaevskii Equation:

2
(%béx, 2 = —h—A + Unap(x) + /d?’az/ Vine (x — x') [ (x, t)|2 + Var(x, t) | ¥(x,1t)
t 2m

Wachtler and Santos, PRA 93, 061603(R) (2016)
e Quantum fluctuations with Local Density Approximation (LDA):

32 3
Var(x,t) = 39\/% Qs (eaa)|¥(x, t)|°

Lima and Pelster, PRA 84, 041604(R) (2011); PRA 86, 063609 (2012)

e Supersolidity: coherence between quantum droplets
Pisa group: Tanzi et al., PRL 122, 130405 (2019)
Stuttgart group: Béticher et al.,, PRX 9, 011051 (2019)
Innsbruck group: Chomaz et al.,, PRX 9, 021012 (2019)

o Supersolidity: excitation spectra
Pisa group: Tanzi et al., Nature, 9. September 2019
Stuttgart group: Guo et al., Nature, 9. September 2019
Innsbruck group: Natale et al., PRL 123, 050402 (2019)

th
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4.1 Bose-Einstein Condensation of Light
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Klaers, Schmitt, Vewinger, and Weitz, Nature 468, 545 (2010)
Radoniji¢, Kopylov, Balaz, and Pelster, NJP 20, 055014 (2018)
Stein, Vewinger, and Pelster, arxiv:1906.06214
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4.2 Hybrid Atom-Optomechanical System
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Mann, Pelster, and Thorwart, arxXiv:1810.12846
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4.3 Mapping Between Quantum Gas Experiments

e Time transformation: = \%(1)

Jackiw, Ann. Phys. 129, 183 (1980)
Cai, Inomata, and Wang, PLA 91, 331 (1982)

e Transformation formulas:

(o) A spacetime mapping between

7 iMn )2 A 4 two different experiments
¢(r, t) — e 2k AT )\D/2¢(>\r7 T(t)) r:rail;zlt)astzrvables

% Mr? 1 d\?* phase
(I‘, ) ( r, 7'( )) + 9 ()\2 dt)  spatil

O(r, v, t) = NOPRUN e, MO, 7(2))

Experiment B

> time
0 ts ta

Wamba, Pelster, and Anglin, PRA 94, 043628 (2016)
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4.4 Master of Science in Advanced Quantum Physics
e

I m [ECHNISCHE UNIVERSITAT
m KAISERSLAUTERN

e Module topics:

— Quantum technologies

— Many-body quantum systems
— Laboratory courses

— Research and master thesis

e Application deadlines:
Winter Term Summer Term
if visa required April 30 October 31
if no visa required July 15 Januar 15
e Further information:

www.physik.uni-kl.de/quantum-master



