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(Thermo-­‐)  Dynamics  at  phase  transi6ons


•  Long-­‐range	
  interac0ons	
  vs	
  kine0c	
  energy	
  	
  
Entropy	
  produc,on	
  at	
  a	
  structural	
  phase	
  transi+on	
  (2nd	
  order)	
  

	
  	
  	
  	
  

•  Long-­‐range	
  interac0ons	
  vs	
  short-­‐range	
  interac0ons	
  	
  
Quench	
  across	
  a	
  phase	
  transi,on	
  in	
  the	
  extended	
  Bose-­‐Hubbard	
  
model	
  (1st	
  order)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Compe+ng	
  energy	
  scales	
  can	
  give	
  rise	
  to	
  phase	
  transi+ons:	
  



Cavity-­‐mediated  long-­‐range  interac6ons


Other	
  groups:	
  Hemmerich	
  group	
  (Hamburg)	
  /	
  Lev	
  group	
  (Stanford)	
  
	
  

V (r, r0) = V cos(kx) cos(kz) cos(kx

0
) cos(kz

0
)

Long-­‐range	
  interac+on:	
  

(~k, ~k)

à  Interac+on	
  favors	
  checkerboard	
  density	
  modula+on.	
  

driven-­‐dissipa+ve	
  
system	
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High-­‐finesse  cavity


150	
  μm	
  

Op+cal	
  Fabry-­‐Perot	
  cavity	
  
•  L	
  =	
  178	
  μm	
  
•  F	
  =	
  340.000	
  
•  	
  	
  

Bose-­‐Einstein	
  condensate	
  
•  105	
  atoms	
  (87Rb)	
  
•  T	
  <	
  100	
  nK	
  



Structural  Phase  Transi6on  
kine6c    vs    poten6al  energy


Light field measures order parameter (density modulation): 
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Fluctua6ons  and  entropy  produc6on  at  a  
structural  phase  transi6on
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Dynamic  structure  factor




Dynamic  structure  factor


Measures	
  dynamic	
  structure	
  factor	
  at	
  
difference	
  wave	
  vector	
  of	
  pump	
  mode	
  
and	
  cavity	
  mode.	
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Vacuum-­‐induced	
  
photon	
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Δω	
  

Phase  Sensi6ve  Detec6on




Sidebands: 
 
fluctuations 
 
creation and annihilation 
of quasiparticles 

Carrier: 
 
coherent field 
 
Elastic scattering at 
density modulation 

Power  spectral  density  of  cavity  field
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Quasi-­‐par6cles:  excita6on  energy  and  life6me
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Sta6c  structure  factor
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Scaling  of  the  fluctua6ons


Exponents	
  of	
  density	
  fluctua,ons:	
  
0.7(0.1)	
  in	
  normal	
  phase	
  
1.1(0.1)	
  in	
  organized	
  phase	
  

•  Theory	
  predic,on	
  for	
  closed	
  systems:	
  0.5	
  
•  Theory	
  predic,on	
  for	
  open	
  systems:	
  1.0	
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Entropy  produc6on  rate
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Sideband  asymmetry


number	
  of	
  quasi-­‐par+cles	
  



Entropy  produc6on  rate  at  phase  transi6on
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Quenching  the  
Extended  Bose-­‐Hubbard  model




A possible Hamiltonian 
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The ground state of dipolar bosons placed in an optical lattice is analyzed. We show that the modifica-
tion of experimentally accessible parameters can lead to the realization and control of different quantum
phases, including superfluid, supersolid, Mott insulator, checkerboard, and collapse phases.
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The Bose-Einstein condensation (BEC) of dilute atomic
gases [1] has opened a new interdisciplinary area of mod-
ern atomic, molecular, and optical (AMO) physics on one
side and condensed matter physics on the other: the study
of ultracold weakly interacting trapped quantum gases [2].
Thus far most of the experiments in this area have been
very accurately described by the semiclassical mean-field
method and its extensions, based on the Gross-Pitaevskii
(GP) and Bogoliubov– de Gennes equations [3]. How-
ever, experimental techniques have recently progressed
to a stage at which mean-field methods cease to provide
an appropriate physical description. In this sense, ex-
periments on Feshbach resonances at JILA [4] allow the
modification of the s-wave scattering length to such large
values that the mean-field picture is no more applicable.
Similarly, the achievement of BEC in metastable helium
[5] opens the possibility to study higher-order correlation
functions, whose analysis requires theoretical approaches
beyond mean field. The recent observation of the Mott
insulator-superfluid phase transition in ultracold atomic
samples in optical lattices [6], predicted in [7], belongs
to the same category, but at the same time initiates a new
research area of AMO physics: the physics of strongly
correlated quantum gases. The experiments of [6] are
relatively easy to accurately control and manipulate and
thus provide a novel and particularly promising test ground
for theories of quantum phase transitions [8], which have
traditionally dealt with condensed-matter systems rather
than with atomic gases.

The influence of dipole-dipole forces on the properties
of BEC has also drawn considerable attention recently.
It has been shown that these forces significantly modify
the ground state and collective excitations of trapped con-
densates [9–11]. Dipole-dipole interactions are also re-
sponsible for spontaneous polarization and spin waves in
spinor condensates in optical lattices [12] and may lead
to self-bound structures in the field of a traveling wave
[13]. In addition, since dipole-dipole interactions can be
quite strong relative to the short-range (contact) interac-
tions, dipolar particles are considered to be promising
candidates for the implementation of fast and robust quan-
tum-computing schemes [14,15]. Sources of cold dipolar
bosons include atoms [16] or molecules [17] with perma-
nent magnetic or electric dipole moments. Other possible

candidates could be atoms with electric dipoles, induced
either by large dc electric fields [9] or by optically admix-
ing the permanent dipole moment of a low-lying Rydberg
state to the atomic ground state in the presence of a mod-
erate dc electric field [11,14].

This Letter is devoted to the analysis of the ground state
of an ultracold gas of polarized dipolar bosons in an optical
lattice. The ground state of a gas of short-range repulsively
interacting bosons in a periodic potential can be either in
a superfluid phase or in a Mott-insulating phase, charac-
terized by integer boson densities and the existence of a
gap for particle-hole excitations [18]. The superfluid-Mott
insulator transition in cold bosonic atoms in optical lat-
tices has been recently theoretically analyzed [7] and ex-
perimentally demonstrated [6]. For the case of finite-range
interactions new quantum phases have been predicted [19],
including supersolid phases which combine both diagonal
and off-diagonal long-range ordering. To the best of our
knowledge, dipole-dipole interactions have not yet been
discussed in this context. We show in the following that
these interactions, which are long range and anisotropic,
lead to new interesting properties. The long-range charac-
ter of the dipole-dipole potential provides a rich variety of
quantum phases. Moreover, we show that the interactions
in a gas of dipolar bosons are easily tunable, allowing for
the experimental engineering of quantum phase transitions
between various kinds of ground states. Such a highly con-
trollable system may be crucial in answering some unre-
solved questions in the theory of quantum phase transitions
(e.g., the existence of a yet-unobserved supersolid [20], or
a Bose metal at zero temperature [21]).

A dilute gas of bosons in a periodic potential (e.g., in
an optical lattice) can be described with the help of the
Bose-Hubbard (BH) model [7]. For particles interacting
via long-range forces, the BH Hamiltonian becomes

H ! J
X

!i,j"
by

i bj 1
1
2

U0

X

i
ni#ni 2 1$

1
1
2

Us1

X

!i,j"
ninj 1

1
2

Us2

X

!!i,j""
ninj 1 · · · ,

(1)
where bi is the annihilation operator of a particle at the lat-
tice site i, which is considered as being in a state described
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LaMce  model  with  on-­‐site  and  global-­‐range  
interac6ons
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42’000 87Rb atoms

Stack of 60 2D Layers

Max. 2.8 atoms / lattice site


<latexit sha1_base64="kpNSDn7Z+o9JC7/S7dxOfrJvTms="></latexit>



Phase diagram


Renate Landig, Lorenz Hruby, Nishant Dogra, Manuele Landini, Rafael Mottl, Tobias Donner, Tilman Esslinger, 
Nature 532, 476 (2016), arXiv:1511.00007 

Related work: J. Klinder, H. Keßler, M. Reza Bakhtiari, M. Thorwart, and A. Hemmerich, Phys. Rev. Lett. 115, 
230403 (2015), arXiv:1511.00850 



Global-­‐range  interac6on  quenches


Two distinct  
final states	
  



Toy  model  –  Metastability


Energy per particle:	
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Global-­‐range  interac6on  sweeps
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Dynamics  of  phase  transi6on
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Imbalance  dynamics  aSer  the  quench


Step	
  dura+on	
  
ΔT  ≈	
  4.3	
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Microscopic  picture  –  avalanche  dynamics
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Microscopic  picture  –  Landau-­‐Zener  transi6ons


•  Time	
  scale	
  (adiaba+city)	
  of	
  parameter	
  
change	
  is	
  determined	
  by	
  the	
  system’s	
  
own	
  dynamics.	
  



Crossed  cavi6es:  from  supersolids  to  
coupled  order  parameters
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