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Notre	
  programme	
  dans	
  ce	
  cours	
  

Tirer	
  par8	
  de	
  l’interac8on	
  entre	
  un	
  atome	
  isolé	
  et	
  la	
  lumière	
  pour	
  générer	
  
un	
  hamiltonien	
  du	
  type	
  

Exploiter	
  la	
  no8on	
  de	
  poten8el	
  géométrique	
  qui	
  s’applique	
  sur	
  un	
  atome	
  	
  
lorsqu’il	
  suit	
  adiaba8quement	
  un	
  «	
  état	
  habillé	
  ».	
  

La	
  semaine	
  dernière	
  :	
  mise	
  en	
  évidence	
  du	
  poten8el	
  scalaire	
  

Aujourd’hui	
  :	
  on	
  va	
  se	
  concentrer	
  sur	
  le	
  poten8el	
  vecteur	
  	
  	
  	
  	
  	
  	
  	
  
et	
  la	
  simula8on	
  du	
  magné8sme	
  orbital	
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Extension	
  au	
  couplage	
  spin-­‐orbite	
  

On	
  va	
  considérer	
  la	
  possibilité	
  de	
  faire	
  la	
  subs8tu8on	
  

p̂ · Ŝp̂ ·A(r̂)

A(r):	
  fonc8on	
  sta8que	
   Ŝ :	
  opérateur	
  spin	
  agissant	
  dans	
  	
  
l’espace	
  de	
  Hilbert	
  interne	
  de	
  l’atome	
  

CeSe	
  subs8tu8on	
  va	
  passer	
  par	
  la	
  no8on	
  de	
  poten)el	
  de	
  jauge	
  non-­‐abélien,	
  	
  
où	
  le	
  vecteur	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  propor8onnel	
  à	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  est	
  remplacé	
  par	
  une	
  matrice	
  	
  
dans	
  cet	
  espace	
  interne.	
  	
  	
  

A(r) 1̂interne

No8on	
  qui	
  permet	
  d’aller	
  au	
  delà	
  de	
  la	
  simula8on	
  du	
  magné8sme	
  (ou	
  de	
  
l’électromagné8sme)	
  pour	
  aborder	
  d’autres	
  théories	
  de	
  jauges	
  plus	
  complexes.	
  



Plan	
  du	
  cours	
  

1.	
  Rappel	
  des	
  principales	
  no8ons	
  

2.	
  Le	
  cas	
  d’une	
  onde	
  laser	
  plane	
  	
  

3.	
  la	
  courbure	
  de	
  Berry	
  

4.	
  Champs	
  de	
  jauge	
  non	
  abéliens	
  

5.	
  Le	
  couplage	
  spin-­‐orbite	
  

Transi)ons	
  Raman,	
  poten)el	
  géométriques	
  induits	
  par	
  la	
  lumière	
  

Comparaison	
  de	
  l’approxima)on	
  adiaba)que	
  avec	
  un	
  traitement	
  exact	
  

Condi)ons	
  nécessaires	
  à	
  la	
  généra)on	
  d’un	
  champ	
  magné)que	
  ar)ficiel,	
  	
  
mise	
  en	
  évidence	
  expérimentale	
  

Au	
  delà	
  de	
  la	
  simula)on	
  de	
  l’électromagné)sme	
  

Un	
  cas	
  par)culier	
  de	
  champ	
  non	
  abélien	
  d’une	
  grande	
  importance	
  pra)que	
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  traitement	
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Au	
  delà	
  de	
  la	
  simula)on	
  de	
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Rappel	
  :	
  type	
  de	
  transi8on	
  atomique	
  per8nente	
  	
  

On	
  va	
  considérer	
  dans	
  ce	
  cours	
  des	
  transi8ons	
  Raman	
  :	
  alcalins,	
  Er,	
  Dy	
  

|ei

|g1i
|g2i

~�e

Laser	


!a
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!b

~�

Elimina8on	
  perturba8ve	
  de	
  l’état	
  
excité	
  	
  	
  	
  	
  	
  	
  	
  pour	
  ramener	
  la	
  dynamique	
  	
  
interne	
  de	
  l’atome	
  au	
  sous-­‐espace	
  

|ei

{|g1i, |g2i}

Le	
  couplage	
  atome-­‐lumière	
  est	
  alors	
  	
  
caractérisé	
  par	
  deux	
  fréquences	
  :	
  

• 	
  le	
  désaccord	
  Δ	
  de	
  la	
  transi8on	
  Raman	
  
• 	
  la	
  fréquence	
  de	
  Rabi	
  à	
  deux	
  photons	
  	
  	
  	
  	
  	
  	
  	
  

Hamiltonien	
  pour	
  la	
  dynamique	
  interne	
  :	
   Ĥinterne =
~
2

✓
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Les	
  états	
  habillés	
  

|g1i
|g2i

On	
  cherche	
  les	
  états	
  propres	
  de	
  l’hamiltonien	
  Ĥinterne

Ĥinterne =
~
2

✓
� ⇤
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2

✓
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◆

où	
  on	
  a	
  posé	
  :	
   ⌦ =
�
�2 + ||2

�1/2 tan ✓ = ||/�  = || ei�

couplage	
  	
  

avec	
  la	
  lumière	
  
|g2i
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p
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Les	
  poten8els	
  géométriques	
  

E±

posi8on	
  

Hypothèse	
  de	
  suivi	
  adiaba8que	
  	
  
d’un	
  niveau	
  habillé	
  

 (r, 0) = ��(r, 0) | �(r)i

| +(r)i

| �(r)i

état	
  ini8al	
  :	
  

ensuite	
  :	
    (r, t) ⇡ ��(r, t) | �(r)i

L’évolu8on	
  de	
  l’amplitude	
  de	
  probabilité	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  donnée	
  par	
  	
  
une	
  équa8on	
  de	
  Schrödinger	
  :	
  	
  

��(r, t)

i~@��
@t

=

"
(p̂�A�(r))

2

2M
+ E�(r) + V�(r)

#
��(r, t)

On	
  va	
  s’intéresser	
  ici	
  au	
  poten8el	
  vecteur	
   A�(r) = i~h �|r �i

qui	
  se	
  calcule	
  de	
  manière	
  explicite	
  pour	
  donner	
   A�(r) =
~
2

r� (1� cos ✓)



Plan	
  du	
  cours	
  

1.	
  Rappel	
  des	
  principales	
  no8ons	
  

2.	
  Le	
  cas	
  d’une	
  onde	
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  plane	
  	
  

3.	
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  courbure	
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  Berry	
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5.	
  Le	
  couplage	
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Pourquoi	
  étudier	
  le	
  cas	
  de	
  l’onde	
  plane	
  

Problème	
  très	
  simple	
  sur	
  le	
  plan	
  mathéma8que	
  

Permet	
  de	
  dégager	
  les	
  échelles	
  intéressantes	
  d’impulsion	
  et	
  d’énergie	
  

Existence	
  d’une	
  solu8on	
  exacte	
  qui	
  permet	
  de	
  discuter	
  quan8ta8vement	
  	
  
la	
  validité	
  de	
  l’approxima8on	
  adiaba8que	
  

La	
  généralisa8on	
  au	
  cas	
  «	
  non	
  trivial	
  »	
  sera	
  aisée	
  	
  

On	
  va	
  trouver	
  que	
  le	
  poten8el	
  vecteur	
  	
  	
  	
  	
  	
  	
  	
  est	
  uniforme	
  dans	
  l’espace	
  :	
  	
  

Néanmoins	
  on	
  peut	
  obtenir	
  une	
  signature	
  claire	
  dans	
  une	
  expérience	
  de	
  temps	
  de	
  vol	
  

champ	
  magné8que	
  :	
  B = 0

A



Recherche	
  de	
  l’état	
  fondamental	
  interne+externe	
  

|g1i
|g2i

eika·r eikb·r
2k = ka � kb

Impulsion	
  transférée	
  dans	
  une	
  transi8on	
  Raman	
  :	
   2~k

L’angle	
  de	
  mélange	
  θ	
  	
  est	
  uniforme	
  dans	
  l’espace	
  

(r) = 0 e2ik·r tan ✓ = 0/� � = 2k · r

Le	
  poten8el	
  vecteur	
  est	
  donc	
  également	
  uniforme	
  dans	
  l’espace	
  :	
  A� = ~k (1� cos ✓)

Quel	
  état	
  fondamental	
  pour	
  l’hamiltonien	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ?	
  	
  Ĥ =
(p̂�A�)

2

2M
+ E� + V�

Comme	
  les	
  énergies	
  	
  	
  	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  sont	
  également	
  uniformes,	
  elles	
  n’interviennent	
  pas	
  	
  
dans	
  la	
  structure	
  de	
  l’état	
  propre.	
  On	
  a	
  donc	
  un	
  état	
  propre	
  en	
  onde	
  plane	
  atomique	
  :	
  

avec	
  	
   p = A� (r) = ��(r) | �(r)i ��(r) = eip·r/~ et	
  

V�E�



Expérience	
  de	
  temps	
  de	
  vol	
  à	
  	
  
par8r	
  de	
  cet	
  état	
  fondamental	
  	
  

|g1i
|g2i

On	
  peut	
  réécrire	
  l’état	
  fondamental	
  en	
  termes	
  	
  
des	
  «	
  états	
  atomiques	
  nus	
  »	
  	
  |g1i, |g2i

 (r) = ��(r) | �(r)i

= e

iA�·r/~ �
cos(✓/2)|g2i � e

�i 2k·r
sin(✓/2)|g1i

�

Expérience	
  de	
  temps	
  de	
  vol	
  :	
  on	
  coupe	
  brutalement	
  les	
  faisceaux	
  lumineux	
  	
  
et	
  on	
  laisse	
  se	
  propager	
  les	
  paquets	
  d’ondes	
  	
  	
  

• 	
  une	
  composante	
  de	
  vitesse	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  v =

A�
M

=

~k
M

(1� cos ✓)

Etat	
  interne	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  poids	
  	
  cos2(✓/2)|g2i

• 	
  une	
  composante	
  de	
  vitesse	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  v0
=

A� � 2~k
M

= �~k
M

(1 + cos ✓)

Etat	
  interne	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  poids	
  	
  sin2(✓/2)|g1i

A� = ~k (1� cos ✓)avec	
  	
  



Mise	
  en	
  évidence	
  expérimentale	
  

Groupe	
  du	
  NIST,	
  2009	
   �k
✏y

+k

✏z

|mz = �1i
|mz = 0i

|mz = +1i

Condensat	
  de	
  Bose-­‐Einstein	
  quasi-­‐pur	
  pour	
  approcher	
  le	
  fondamental	
  de	
  l’hamiltonien	
  

87Rb	
  

Temps	
  de	
  vol	
  en	
  présence	
  d’un	
  gradient	
  de	
  	
  
champ	
  magné8que	
  pour	
  analyser	
  simultanément	
  	
  
états	
  internes	
  et	
  externes	
  des	
  atomes	
  	
  

@
2m ð~kx þ 2krÞ2 $ ! !R=2 0

!R=2
@
2m

~k2x $ " !R=2

0 !R=2
@
2m ð~kx $ 2krÞ2 þ !

0
B@

1
CA:

Here ! ¼ ð"!L $!ZÞ is the detuning from Raman reso-
nance, !R is the resonant Raman Rabi frequency, and "
accounts for a small quadratic Zeeman shift [Fig. 1(b)]. For
each ~kx, diagonalizing H 1 gives three energy eigenvalues
Ejð~kxÞ (j ¼ 1, 2, 3). For dressed atoms in state j, Ejð~kxÞ is
the effective dispersion relation, which depends on experi-
mental parameters, !,!R, and " (left panels of Fig. 2). The
number of energy minima (from one to three) and their
positions ~kmin are thus experimentally tunable. Around
each ~kmin, the dispersion can be expanded as Eð~kxÞ &@2ð~kx $ ~kminÞ2=2m', where m' is an effective mass. In this
expansion, we identify ~kmin with the light-induced vector
gauge potential, in analogy to the Hamiltonian for a parti-

cle of charge q in the usual magnetic vector potential ~A:

ð ~p$ q ~AÞ2=2m. In our experiment, we load a trapped BEC
into the lowest energy, j ¼ 1, dressed state, and measure its
quasimomentum, equal to @~kmin for adiabatic loading.

Our experiment starts with a 3D 87Rb BEC in a com-
bined magnetic-quadrupole plus optical trap [12]. We
transfer the atoms to a crossed dipole trap, formed by
two 1550 nm beams, which are aligned along x̂-ŷ (hori-
zontal beam) and (10) from ẑ (vertical beam). A uniform
bias field along ŷ gives a linear Zeeman shift !Z=2# ’
3:25 MHz and a quadratic shift "=2# ¼ 1:55 kHz. The
BEC has N & 2:5* 105 atoms in jmF ¼ $1; kx ¼ 0i,
with trap frequencies of &30 Hz parallel to, and &95 Hz
perpendicular to the horizontal beam.

To Raman couple states differing in mF by +1, the $ ¼
804:3 nm Raman beams are linearly polarized along ŷ and
ẑ, corresponding to # and % relative to the quantization
axis ŷ. The beams have 1=e2 radii of 180ð20Þ &m [13],
larger than the 20 &m BEC. These beams give a scalar
light shift up to 60Er, where Er ¼ h* 3:55 kHz, and

contribute an additional harmonic potential with frequency
up to 50 Hz along ŷ and ẑ. The differential light shift
between adjacent mF states arising from the combination
of misalignment and imperfect polarization is estimated to
be smaller than 0:2Er. We determine !R by observing
population oscillations driven by the Raman beams and
fitting to the expected behavior [Fig. 1(c)].
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FIG. 1 (color online). (a) The 87Rb BEC in a dipole trap created by two 1550 nm crossed beams in a bias field B0ŷ (gravity is along
$ẑ). The two Raman laser beams are counterpropagating along x̂, with frequencies !L and (!L þ"!L), linearly polarized along ẑ
and ŷ, respectively. (b) Level diagram of Raman coupling within the F ¼ 1 ground state. The linear and quadratic Zeeman shifts are
!Z and ", and ! is the Raman detuning. (c) As a function of Raman pulse time, we show the fraction of atoms in jmF ¼ $1; kx ¼ 0i
(solid circles), j0;$2kri (open squares), and jþ1;$4kri (crosses), the states comprising the #ð~kx ¼ $2krÞ family. The atoms start in
j$1; kx ¼ 0i, and are nearly resonant for the j$1; 0i ! j0;$2kri transition at @! ¼ $4:22Er. We determine @!R ¼ 6:63ð4ÞEr by a
global fit (solid lines) to the populations in #ð$2krÞ.
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FIG. 2 (color online). Left panels: Energy-momentum disper-
sion curves Eð~kxÞ for @" ¼ 0:44Er and detuning @! ¼ 0 in (a)
and @! ¼ $2Er in (b). The thin solid curves denote the states
j$1; ~kx þ 2kri, j0; ~kxi, jþ1; ~kx $ 2kri absent Raman coupling;
the thick solid, dotted and dash-dotted curves indicate dressed
states at Raman coupling @!R ¼ 4:85Er. The arrows indicate
~kx ¼ ~kmin in the j ¼ 1 dressed state. Right panels: Time-of-flight
images of the Raman-dressed state at @!R ¼ 4:85ð35ÞEr, for@! ¼ 0 in (a) and @! ¼ $2Er in (b). The Raman beams are
along x̂, and the three spin and momentum components,
j$1; ~kmin þ 2kri, j0; ~kmini, and jþ1; ~kmin $ 2kri, are separated
along ŷ (after a small shear in the image realigning the Stern-
Gerlach gradient direction along ŷ).
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Here ! ¼ ð"!L $!ZÞ is the detuning from Raman reso-
nance, !R is the resonant Raman Rabi frequency, and "
accounts for a small quadratic Zeeman shift [Fig. 1(b)]. For
each ~kx, diagonalizing H 1 gives three energy eigenvalues
Ejð~kxÞ (j ¼ 1, 2, 3). For dressed atoms in state j, Ejð~kxÞ is
the effective dispersion relation, which depends on experi-
mental parameters, !,!R, and " (left panels of Fig. 2). The
number of energy minima (from one to three) and their
positions ~kmin are thus experimentally tunable. Around
each ~kmin, the dispersion can be expanded as Eð~kxÞ &@2ð~kx $ ~kminÞ2=2m', where m' is an effective mass. In this
expansion, we identify ~kmin with the light-induced vector
gauge potential, in analogy to the Hamiltonian for a parti-

cle of charge q in the usual magnetic vector potential ~A:

ð ~p$ q ~AÞ2=2m. In our experiment, we load a trapped BEC
into the lowest energy, j ¼ 1, dressed state, and measure its
quasimomentum, equal to @~kmin for adiabatic loading.

Our experiment starts with a 3D 87Rb BEC in a com-
bined magnetic-quadrupole plus optical trap [12]. We
transfer the atoms to a crossed dipole trap, formed by
two 1550 nm beams, which are aligned along x̂-ŷ (hori-
zontal beam) and (10) from ẑ (vertical beam). A uniform
bias field along ŷ gives a linear Zeeman shift !Z=2# ’
3:25 MHz and a quadratic shift "=2# ¼ 1:55 kHz. The
BEC has N & 2:5* 105 atoms in jmF ¼ $1; kx ¼ 0i,
with trap frequencies of &30 Hz parallel to, and &95 Hz
perpendicular to the horizontal beam.

To Raman couple states differing in mF by +1, the $ ¼
804:3 nm Raman beams are linearly polarized along ŷ and
ẑ, corresponding to # and % relative to the quantization
axis ŷ. The beams have 1=e2 radii of 180ð20Þ &m [13],
larger than the 20 &m BEC. These beams give a scalar
light shift up to 60Er, where Er ¼ h* 3:55 kHz, and

contribute an additional harmonic potential with frequency
up to 50 Hz along ŷ and ẑ. The differential light shift
between adjacent mF states arising from the combination
of misalignment and imperfect polarization is estimated to
be smaller than 0:2Er. We determine !R by observing
population oscillations driven by the Raman beams and
fitting to the expected behavior [Fig. 1(c)].
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FIG. 1 (color online). (a) The 87Rb BEC in a dipole trap created by two 1550 nm crossed beams in a bias field B0ŷ (gravity is along
$ẑ). The two Raman laser beams are counterpropagating along x̂, with frequencies !L and (!L þ"!L), linearly polarized along ẑ
and ŷ, respectively. (b) Level diagram of Raman coupling within the F ¼ 1 ground state. The linear and quadratic Zeeman shifts are
!Z and ", and ! is the Raman detuning. (c) As a function of Raman pulse time, we show the fraction of atoms in jmF ¼ $1; kx ¼ 0i
(solid circles), j0;$2kri (open squares), and jþ1;$4kri (crosses), the states comprising the #ð~kx ¼ $2krÞ family. The atoms start in
j$1; kx ¼ 0i, and are nearly resonant for the j$1; 0i ! j0;$2kri transition at @! ¼ $4:22Er. We determine @!R ¼ 6:63ð4ÞEr by a
global fit (solid lines) to the populations in #ð$2krÞ.
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FIG. 2 (color online). Left panels: Energy-momentum disper-
sion curves Eð~kxÞ for @" ¼ 0:44Er and detuning @! ¼ 0 in (a)
and @! ¼ $2Er in (b). The thin solid curves denote the states
j$1; ~kx þ 2kri, j0; ~kxi, jþ1; ~kx $ 2kri absent Raman coupling;
the thick solid, dotted and dash-dotted curves indicate dressed
states at Raman coupling @!R ¼ 4:85Er. The arrows indicate
~kx ¼ ~kmin in the j ¼ 1 dressed state. Right panels: Time-of-flight
images of the Raman-dressed state at @!R ¼ 4:85ð35ÞEr, for@! ¼ 0 in (a) and @! ¼ $2Er in (b). The Raman beams are
along x̂, and the three spin and momentum components,
j$1; ~kmin þ 2kri, j0; ~kmini, and jþ1; ~kmin $ 2kri, are separated
along ŷ (after a small shear in the image realigning the Stern-
Gerlach gradient direction along ŷ).
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Figure 2 | Experimental setup for synthetic electric fields. a, Physical
implementation indicating the two Raman laser beams incident on the BEC
(red arrows) and the physical bias magnetic field B0 (black arrow). The
blue arrow indicates the direction of the synthetic electric field E

⇤. b, The
three mF levels of the F = 1 ground-state manifold are shown as coupled by
the Raman beams. c, Dressed-state eigenenergies as a function of
canonical momentum for the realized coupling strength of ¯h�R = 10.5EL at
a representative detuning ¯h� = �1EL (coloured curves). The grey curves
show the energies of the uncoupled states, and the red curve depicts the
lowest-energy dressed state in which we load the BEC. The black arrow
indicates the dressed BEC’s canonical momentum pcan = q

⇤
A

⇤, where A

⇤ is
the vector potential. d, Vector potentials as measured from the
canonical momentum.

electric field E⇤ = �@A⇤/@t , and the dressed BEC responds as
d(m⇤v)/dt = �r�(r)+q⇤E⇤, where v is the velocity of the dressed
atoms andm⇤v=pcan�q⇤A⇤. Here,1(m⇤v)=�q⇤(Af

⇤ �Ai
⇤) is the

momentum imparted by q⇤E⇤.
We study the physical consequences of sudden temporal changes

of the effective vector potential for the dressed BEC. These changes
are always adiabatic such that the BEC remains in the same
dressed state. We measure the resulting change of the BEC’s
momentum, which is in complete quantitative agreement with our
calculations and constitutes the first observation of synthetic electric
fields for neutral atoms.

Our system (see Fig. 2a) consists of an F =1 87RbBECwith about
1.4⇥105 atoms initially at rest15,16; a small physical magnetic field
B0 Zeeman-shifts each of the spin states mF = 0,±1 by E0,±1. Here,
B0 ⇡ 3.3⇥10�4 T and E�1 ⇡ �E+1 ⇡ gµBB0 � |E0|. The linear and
quadratic Zeeman shifts are h̄!Z = (E�1 �E+1)/2⇡ h⇥2.32 MHz
and �h̄✏ = E0 � (E�1 + E+1)/2 ⇡ �h ⇥ 784 Hz. A pair of laser
beams with wavelength ⌦= 801 nm, intersecting at 90� at the BEC,
couples the mF states with strength �R. These Raman lasers differ
in frequency by 1!L ⇡ !Z and we define the Raman detuning
as � = 1!L � !Z. Here h̄�R ⇡ 10EL and |h̄�| < 60EL, where
EL = h̄2kL2/2m = h⇥ 3.57 kHz and kL =

p
2⇡/⌦ are natural units

of energy and momentum.
When the atoms are rapidly moving or the Raman lasers are

far from resonance (kLv or � � �R), the lasers hardly affect the
atoms. However, for slowly moving and nearly resonant atoms the
three uncoupled states transform into three new dressed states.
The spin and linear-momentum state |kx ,mF = 0i is coupled to
states |kx � 2kL,mF = +1i and |kx + 2kL,mF = �1i, where h̄kx is
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Figure 3 | Change in momentum from the synthetic electric-field kick.
Three distinct sets of data were obtained by applying a synthetic electric
field by changing the vector potential from q

⇤
Ai

⇤ (between +2¯hkL and
�2¯hkL) to q

⇤
Af

⇤. Circles indicate data where the external trap was removed
right before the change in A

⇤, where q

⇤
Af

⇤ = ±2¯hkL (� for red, + for blue
symbols). The black crosses, more visible in the inset, show the amplitude
of canonical momentum oscillations when the trapping potential was left
on after the field kick. The standard deviations are also visible in the inset.
The grey line is a linear fit to the data (circles) yielding slope
�0.996±0.008, where the expected slope is �1.

the momentum of |mF = 0i along x̂ , and 2h̄kLx̂ is the momentum
difference between the two Raman beams. For each kx , the three
dressed states are the energy eigenstates in the presence of Raman
coupling h̄�R (see ref. 2), with energies Ej(kx) shown in Fig. 2c
(grey for uncoupled states, coloured for dressed states); we focus on
atoms in the lowest-energy dressed state. Here the atoms’ energy
(interaction and kinetic) is small compared with the ⇡ 10EL energy
difference between the curves; therefore, the atoms remain within
the lowest-energy dressed-state manifold5, without revealing their
spin and momentum components.

In the low-energy limit, E < EL, dressed atoms have a new
effective Hamiltonian formotion along x̂ ,Hx = (h̄kx �q⇤Ax

⇤)2/2m⇤

(motion along ŷ and ẑ is unaffected); here we choose the gauge
where the momentum of the mF = 0 component h̄kx ⌘ pcan is
the canonical momentum of the dressed state. The red curve
in Fig. 2c shows the eigenvalues of Hx for q⇤Ax

⇤ > 0, indicating
that at equilibrium pcan = pmin = q⇤Ax

⇤ (see ref. 2). Although this
dressed BEC is at rest (v = @Hx/@ h̄kx = 0, zero group velocity), it is
composed of three bare spin states eachwith a differentmomentum,
among which the momentum of |mF = 0i is h̄kx = pcan. None of
its three bare spin components has zero momentum, whereas the
BEC’smomentum—theweighted average of the three—is zero.

We transfer the BEC initially in |mF = �1i into the lowest-
energy dressed state with A⇤ = A⇤x̂ (see ref. 2 for a complete
technical discussion of loading). At equilibrium, we measure
q⇤A⇤ = pcan, equal to the momentum of |mF = 0i, by first
removing the coupling fields and trapping potentials and then
allowing the atoms to freely expand for a t = 20.1 ms time of
flight (TOF). Because the three components of the dressed state
{|kx ,mF = 0i,|kx ⌥2kL,mF = ±1i} differ in momentum by ±h̄2kL,
they quickly separate. Further, a Stern–Gerlach field gradient
along ŷ separates the spin components. Figure 2d shows how the
measured and predicted A⇤ depend on the detuning �. With this
calibration, we use � to control A⇤(t ).

We realize a synthetic electric field E⇤ by changing the effective
vector potential from an initial value Ai

⇤ to a final value Af
⇤. We

prepare our BEC at rest with A = Ai
⇤x̂ , and make two types of

measurement of E⇤. In the first, we remove the trapping potential
and then change A⇤ by sweeping the detuning � in 0.8ms, after
which the Raman coupling is turned off in 0.2ms. Thus, E⇤ can
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vortices did not form a lattice and the positions of the vortices were
irreproducible between different experimental realizations, consist-
ent with our GPE simulations. We measured Nv as a function of
detuning gradient d0 at two couplings, BVR5 5.85EL and 8.20EL
(Fig. 2). For each VR, vortices appeared above a minimum gradient
when the corresponding field B!h i~d’ LA!

x

!
Ld

" #
exceeded the crit-

ical field B!
c . (For our coupling, B* is only approximately uniform

over the system and ÆB*æ is the field averaged over the area of the
BEC.) The inset shows Nv for both values of VR plotted versus
WB!=W0~Aq! B!h i=h, the vortex number for a system of area
A~pRxRy with the asymptotic vortex density, where Rx (or Ry) is
the Thomas–Fermi radius along x̂x or ŷyð Þ. The system size, and thus
B!
c , are approximately independent ofVR, so we expected this plot to

be nearly independent of Raman coupling. Indeed, the data for
BVR5 5.85EL and 8.20EL only deviated for Nv, 5, probably owing
to the intricate dynamics of vortex nucleation27.

Figure 3 illustrates a progression of images showing that vortices
nucleate at the system’s edge, fully enter to an equilibrium density
and then decay along with the atom number. The timescale for vortex
nucleation depends weakly onB*, and ismore rapid for largerB*with
more vortices. It is about 0.3 s for vortex number Nv$ 8, and
increases to about 0.5 s forNv5 3. ForNv5 1 (B* near B!

c ), the single
vortex always remains near the edge of the BEC. In the dressed state,
spontaneous emission from the Raman beams removes atoms from
the trap, causing the population to decay with a 1.4(2)-s lifetime, and
the equilibrium vortex number decreases along with the area of the
BEC.

To verify that the dressed BEC has reached equilibrium, we pre-
pared nominally identical systems in two different ways. First, we
varied the initial atom number and measured Nv as a function of
atom number N at a fixed hold time of th5 0.57 s. Second, starting
with a large atom number, we measured both Nv and N, as they
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Figure 2 | Appearance of vortices at different detuning gradients. Datawas
taken for N5 1.43 105 atoms at hold time th5 0.57 s. a–f, Images of the
|mF5 0æ component of the dressed state after a 25.1-ms TOF with detuning
gradient d0/2p from 0 to 0.43 kHzmm21 at Raman coupling BVR5 8.20EL.
g, Vortex numberNv versus d

0 at BVR5 5.85EL (blue circles) and 8.20EL (red
circles). Each data point is averaged over at least 20 experimental

realizations, and the uncertainties represent one standard deviation s. The
inset displaysNv versus the synthetic magnetic fluxWB!=W0~Aq! B!h i=h in
the BEC. The dashed lines indicate d0, below which vortices become
energetically unfavourable according to our GPE computation, and the
shaded regions show the 1s uncertainty from experimental parameters.
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Figure 3 | Vortex formation. a–f, Images of the |mF5 0æ component of the
dressed state after a 30.1-ms TOF for hold times th between 20.019 s and
2.2 s. The detuning gradient d0/2p is ramped to 0.31 kHzmm21 at the
coupling BVR5 5.85EL. g, Top panel shows time sequence of d0. (a.u.,

arbitrary units.) Bottom panel shows vortex numberNv (solid symbols) and
atom number N (open symbols) versus th with a population lifetime of
1.4(2) s. The number in parentheses is the uncorrelated combination of
statistical and systematic 1s uncertainties.
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Ajout	
  d’un	
  gradient	
  de	
  champ	
  magné8que	
  dans	
  la	
  direc8on	
  y	
  

Observa8on	
  de	
  vortex	
  qui	
  signent	
  la	
  présence	
  
d’un	
  magné8sme	
  orbital	
  pour	
  un	
  gaz	
  superfluide	
  
(comme	
  pour	
  les	
  rota8ons)	
  

On	
  n’observe	
  pas	
  ici	
  de	
  réseau	
  ordonné	
  de	
  vortex	
  :	
  aSribué	
  	
  
au	
  chauffage	
  du	
  gaz	
  dû	
  à	
  l’émission	
  spontanée	
  de	
  photons	
  	
  



Plan	
  du	
  cours	
  

1.	
  Rappel	
  des	
  principales	
  no8ons	
  

2.	
  Le	
  cas	
  d’une	
  onde	
  laser	
  plane	
  	
  

3.	
  la	
  courbure	
  de	
  Berry	
  

4.	
  Champs	
  de	
  jauge	
  non	
  abéliens	
  

5.	
  Le	
  couplage	
  spin-­‐orbite	
  

Au	
  delà	
  de	
  la	
  simula)on	
  de	
  l’électromagné)sme	
  



Champs	
  de	
  jauge	
  non	
  abéliens	
  

Ĥ =

⇣
p̂� Â(r̂)

⌘2

2M
+ . . .

On	
  s’intéresse	
  toujours	
  aux	
  hamiltoniens	
  du	
  type	
  

mais	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  désormais	
  un	
  opérateur	
  vis-­‐à-­‐vis	
  des	
  variables	
  internes	
  de	
  l’atome	
  	
  	
  Â(r̂)

En	
  par8culier	
  deux	
  composantes	
  de	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  en	
  un	
  point	
  peuvent	
  ne	
  pas	
  commuter	
  :	
  Â(r̂)

[Â
x

(r), Â
y

(r)] 6= 0

Cela	
  change	
  radicalement	
  le	
  comportement	
  du	
  système	
  lors	
  d’un	
  circuit	
  fermé	
  
parcouru	
  adiaba8quement	
  :	
  il	
  n’y	
  a	
  pas	
  simplement	
  une	
  phase	
  accumulée,	
  mais	
  
un	
  changement	
  d’état	
  interne	
  possible.	
  



Force	
  de	
  Lorentz	
  dans	
  le	
  cas	
  non-­‐abélien	
  

Opérateur	
  vitesse	
  défini	
  en	
  point	
  de	
  vue	
  de	
  Heisenberg	
  :	
  

v̂ =
dr̂

dt
=

i

~ [Ĥ, r̂] =
p̂� Â(r̂)

M
Ĥ =

⇣
p̂� Â(r̂)

⌘2

2M

opérateur	
  à	
  la	
  fois	
  pour	
  les	
  variables	
  externes	
  et	
  internes	
  

Opérateur	
  force	
   F̂ = M
dv̂

dt
=

i

~ [Ĥ,M v̂] =
1

2

⇣
v̂ ⇥ B̂ � B̂ ⇥ v̂

⌘

version	
  symétrisée	
  de	
  la	
  force	
  de	
  Lorentz	
  

Cas	
  bi-­‐dimensionnel	
  avec	
  	
  Az = 0 A
x,y

:	
  fonc8ons	
  de	
  x,y	



B̂ = B̂zuzalors	
  :	
   B̂
z

=
@Â

x

@y

� @Â
y

@x

� i

~ [Ax

,A
y

]

Même	
  si	
  	
  	
  	
  	
  	
  	
  	
  	
  et	
  	
  	
  	
  	
  	
  	
  	
  	
  sont	
  uniformes	
  dans	
  l’espace,	
  	
  	
  	
  	
  	
  	
  	
  peut	
  être	
  non	
  nul	
  !	
  	
  B̂zÂ
x

Ây



Approxima8on	
  adiaba8que	
  et	
  	
  
poten8els	
  géométriques	
  non	
  abéliens	
  

Wilczek	
  &	
  Zee,	
  1984,	
  	
  
dans	
  une	
  version	
  	
  
op8que	
  quan8que	
  

couplage	
  	
  

laser	
  
Eq

niveaux	
  
nus	
   niveaux	
  

habillés	
  

Un	
  atome	
  ini8alement	
  préparé	
  dans	
  le	
  sous-­‐espace	
  	
  	
  	
  	
  	
  	
  	
  va	
  y	
  rester	
  au	
  cours	
  
du	
  temps	
  si	
  les	
  vitesses	
  en	
  jeu	
  sont	
  suffisamment	
  faibles	
  

Eq

 (r, t) =
X

n2Eq

�n(r, t) | n(r)i

Les	
  q	
  équa8ons	
  de	
  Schrödinger	
  couplées	
  pour	
  les	
  amplitudes	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  font	
  	
  

intervenir	
  la	
  «	
  matrice	
  poten8el	
  vecteur	
  »	
  	
  	
  

�n(r, t)

Â(n,m)
= i~h n(r)|r m(r)i

concept	
  important	
  en	
  physique	
  moléculaire	
  



Plan	
  du	
  cours	
  

1.	
  Rappel	
  des	
  principales	
  no8ons	
  

2.	
  Le	
  cas	
  d’une	
  onde	
  laser	
  plane	
  	
  

3.	
  la	
  courbure	
  de	
  Berry	
  

4.	
  Champs	
  de	
  jauge	
  non	
  abéliens	
  

5.	
  Le	
  couplage	
  spin-­‐orbite	
  
Un	
  cas	
  par)culier	
  de	
  champ	
  non	
  abélien	
  d’une	
  grande	
  importance	
  pra)que	
  



Configura8on	
  tripode	
  

k1

k2

k3

Jg = 1

Je = 0

k1 k2 k3

|g1i |g2i |g3i

|ei

Une	
  seule	
  combinaison	
  linéaire	
  de	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  est	
  couplée	
  en	
  chaque	
  point	
  	
  
à	
  l’état	
  excité	
  (état	
  «	
  brillant	
  »)	
  :	
  

{|g1i, |g2i, |g3i}

|B(r)i = 1p
3

�
e�ik1·r|g1i+ e�ik2·r|g2i+ e�ik3·r|g3i

�

Le	
  sous-­‐espace	
  orthogonal	
  (	
  	
  	
  	
  	
  	
  	
  de	
  dimension	
  2)	
  est	
  «	
  noir	
  »	
  E2

Quel	
  est	
  le	
  poten8el	
  de	
  jauge	
  (non-­‐abélien	
  ?)	
  si	
  on	
  suit	
  adiaba8quement	
  	
  	
  	
  	
  	
  	
  ?	
  	
  E2

|B(r)i

|ei

E2(r)



Poten8el	
  vecteur	
  pour	
  la	
  configura8on	
  tripode	
  

|B(r)i

|ei
| 1(r)i

| 2(r)i
E2(r)E2(r)

Poten8el	
  vecteur	
  pour	
  une	
  évolu8on	
  adiaba8que	
  dans	
  	
  E2(r)

Â =
~k
2

(�̂
x

u
x

+ �̂
y

u
y

) �̂
x

=

✓
0 1
1 0

◆
, �̂

y

=

✓
0 �i
i 0

◆

Hamiltonien	
  correspondant	
  :	
   Ĥ =

⇣
p̂� Â(r̂)

⌘2

2M

=
p̂2

2M
� ~k

2M
(p̂

x

�̂
x

+ p̂
y

�̂
y

) + . . .
couplage	
  
spin-­‐orbite	
  

Non	
  abélien	
  et	
  uniforme,	
  avec	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  effet	
  Hall	
  de	
  spin	
  B̂ =
~k2
2

�̂zuz



Origine	
  physique	
  du	
  couplage	
  spin-­‐orbite	
  «	
  usuel	
  »	
  

Phénomène	
  essenAellement	
  relaAviste	
  :	
  

Une	
  par8cule	
  chargée	
  (électron)	
  bouge	
  à	
  vitesse	
     	
  	
  dans	
  une	
  région	
  où	
  règne	
  
un	
  champ	
  électrique	
  	
  	
  	
  	
  .	
  Dans	
  le	
  référen8el	
  de	
  la	
  par8cule,	
  il	
  apparaît	
  un	
  	
  

champ	
  magné8que	
  mo8onnel	
  	
  

E
B / v ⇥ E

Le	
  couplage	
  spin-­‐orbite	
  résulte	
  de	
  l’interac8on	
  entre	
  ce	
  champ	
  magné8que	
  

mo8onnel	
  et	
  le	
  moment	
  magné8que	
  intrinsèque	
  de	
  la	
  par8cule,	
  propor8onnel	
  

à	
  son	
  spin	
  	
  µ = � S

Couplage	
  entre	
  	
    	
  et	
  	
  S

Physique	
  atomique	
  :	
  (r ⇥ p) · S = L · S

Matériaux	
  :	
  	
  	
  	
  	
  	
  	
  uniforme,	
  couplage	
  en	
  	
  	
  E piSj Rashba,	
  Dresselhaus	
  

v

v



La	
  physique	
  du	
  couplage	
  spin-­‐orbite	
  

ApplicaAons	
  :	
  

Domaine	
  de	
  la	
  spintronique,	
  contrôle	
  de	
  l’interac8on	
  entre	
  spins	
  et	
  impulsion	
  
par	
  l’intermédiaire	
  d’un	
  champ	
  électrique	
  extérieur	
  

Physique	
  fondamentale	
  :	
  

• 	
  Isolants	
  topologiques,	
  analogues	
  à	
  l’effet	
  Hall	
  (au	
  moins	
  à	
  deux	
  dimensions),	
  mais	
  	
  
	
  	
  qui	
  ne	
  passent	
  pas	
  par	
  une	
  brisure	
  de	
  l’invariance	
  par	
  renversement	
  du	
  temps	
  et	
  	
  
	
  	
  qui	
  sont	
  poten8ellement	
  plus	
  robustes	
  vis	
  à	
  vis	
  des	
  excita8ons	
  thermiques	
  

• 	
  Au	
  niveau	
  de	
  la	
  physique	
  à	
  une	
  par8cule,	
  dégénérescence	
  de	
  l’état	
  fondamental	
  

Un	
  état	
  d’énergie	
  nulle	
  pour	
  toute	
  	
  
impulsion	
  de	
  module	
  	
  Ĥ =

⇣
p̂� ⌘Ŝ

⌘2

2M
|p| = ⌘S

• 	
  Pour	
  un	
  gaz	
  de	
  fermions	
  en	
  contact	
  avec	
  un	
  supra-­‐conducteur,	
  il	
  donne	
  naissance	
  	
  
	
  	
  à	
  des	
  par8cules	
  de	
  Majorana	
  (applica8ons	
  possibles	
  en	
  calcul	
  quan8que	
  topologique)	
  



Version	
  uni-­‐dimensionnelle	
  du	
  couplage	
  spin-­‐orbite	
  

Higbie	
  &	
  Stamper-­‐Kurn	
  (2002)	
  

Réalisée	
  avec	
  un	
  gaz	
  de	
  Bose	
  (NIST,	
  2011),	
  puis	
  un	
  gaz	
  de	
  Fermi	
  (MIT,	
  Tsinghua	
  2012)	
  	
  	
  

Même	
  situa8on	
  physique	
  que	
  celle	
  déjà	
  considérée	
  dans	
  ce	
  cours	
  

|g1i
|g2i

eika·r eikb·r
Ĥ(p) =

✓
(p� ~k)2/2M + ~�/2 ~0/2

~0/2 (p+ ~k)2/2M � ~�/2

◆

2k = ka � kb

F(p) = {|g1,p� ~ki, |g2,p+ ~ki}Famille	
  :	
  

=
1

2M

⇣
p� Â

⌘2
+

~�
2

�̂
z

+
~0

2
�̂
x

Â = ~k�̂zavec	
  	
  

Origine	
  physique	
  :	
  effet	
  de	
  recul	
  //	
  effet	
  Doppler	
  



Que	
  penser	
  de	
  ce	
  couplage	
  spin-­‐orbite	
  1D	
  ?	
  

On	
  perd	
  donc	
  un	
  certain	
  nombre	
  de	
  propriétés	
  du	
  cas	
  2D	
  	
  

Mais	
  on	
  peut	
  conserver	
  la	
  non-­‐unicité	
  de	
  l’état	
  fondamental,	
  au	
  moins	
  aux	
  faibles	
  
couplages	
  atome-­‐lumière.	
  

Ce	
  n’est	
  pas	
  un	
  champ	
  de	
  jauge	
  non-­‐abélien	
  :	
  	
  Â = ~k�̂z [Â
x

(r), Â
y

(r)] = 0
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+4	
  

-­‐2	
  

0	
  
p/~k

E/Er

~0/Er = 0, 1, 4, 6

On	
  choisit	
  un	
  désaccord	
  nul	
  Δ=0	
  

Ĥ(p) =

✓
(p� ~k)2/2M ~0/2

~0/2 (p+ ~k)2/2M

◆

~0 < 4ErDouble	
  minimum	
  tant	
  que	
  	
  

Opposé	
  de	
  la	
  situaAon	
  où	
  l’approximaAon	
  adiabaAque	
  est	
  valable	
  



Résultats	
  expérimentaux	
  sur	
  	
  
le	
  couplage	
  spin-­‐orbite	
  1D	
  

NIST	
  2012	
  

effectively describes spinless bosons with a tunable dispersion rela-
tion16 with which we engineered synthetic electric17 and magnetic
fields18 for neutral atoms.

In the absence of Raman coupling, atoms with spins j"æ and j#æ
spatially mixed perfectly in a BEC. By increasing V we observed an
abrupt quantum phase transition to a new state where the two dressed
spins spatially separated, resulting from a modified effective inter-
action between the dressed spins.

We studied SO coupling in oblate 87Rb BECs with about 1.8 3 105

atoms in a l 5 1,064-nm crossed dipole trap with frequencies (fx, fy,
fz) < (50, 50, 140) Hz. The bias magnetic field B0ŷ generated a vZ/
2p< 4.81 MHz Zeeman shift between j"æ and j#æ. The Raman beams
propagated along ŷ+x̂ and had a constant frequency difference DvL/
2p< 4.81 MHz. The small detuning from the Raman resonance
d 5 B(DvL 2 vZ) was set by B0, and the state jmF 5 11æ was
decoupled owing to the quadratic Zeeman effect (see Methods).

We prepared BECs with an equal population of j"æ and j#æ at V,
d 5 0, then we adiabatically increased V to a final value up to 7EL in
70 ms, and finally we allowed the system to equilibrate for a holding
time th 5 70 ms. We abruptly (toff , 1ms) turned off the Raman lasers
and the dipole trap—thus projecting the dressed states onto their
constituent bare spin and momentum states—and absorption-imaged
them after a 30.1-ms time of flight (TOF). For V . 4EL (Fig. 1d), the
BEC was located at the single minimum q0 of E2(q) with a single
momentum component in each spin state corresponding to the pair
{j", q0 1 kLæ, j#, q0 2 kLæ}. However, for V , 4EL we observed two
momentum components in each spin state, corresponding to the
two minima of E2(q) at q" and q#. The agreement between the data
(symbols), and the expected minima locations (curves), demonstrates

the existence of the SO coupling associated with the Raman dressing.
We kept d < 0 when turning on V by maintaining equal populations in
bare spins j"æ, j#æ (see Fig. 1d).

We experimentally studied the low-temperature phases of these
interacting SO-coupled bosons as a function of V and d. The zero-
temperature mean-field phase diagram (Fig. 2a, b) includes phases
composed of a single dressed spin state, a spatial mixture of both
dressed spin states, and coexisting but spatially phase-separated
dressed spins.

This phase diagram can largely be understood as the result of non-
interacting bosons condensing into the lowest-energy single particle
state, and can be divided into three regimes (Fig. 2a). In the region of
positive detuning marked j#9æ, there are double minima at q 5 q", q# in
E2(q) with E2(q#) , E2(q") and the bosons condense at q#. In the
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Figure 1 | Scheme for creating SO coupling. a, Level diagram. Two
l 5 804.1 nm lasers (thick lines) coupled states | F 5 1, mF 5 0æ 5 |"æ and
| F 5 1, mF 5 21æ 5 |#æ, differing in energy by a BvZ Zeeman shift. The lasers,
with frequency difference DvL/2p 5 (vZ 1 d/B)/2p, were detuned d from the
Raman resonance. | mF 5 0æ and | mF 5 11æ had a B(vZ 2 vq) energy
difference; because Bvq 5 3.8EL is large, | mF 5 11æ can be neglected.
b, Computed dispersion. Eigenenergies at d 5 0 for V 5 0 (grey) to 5EL. When
V , 4EL the two minima correspond to the dressed spin states |"9æ and |#9æ.
c, Measured minima. Quasimomentum q",# of |"9, #9æ versus V at d 5 0,
corresponding to the minima of E2(q). Each point is averaged over about ten
experiments; the uncertainties are their standard deviation. d, Spin–momentum
decomposition. Data for sudden laser turn-off: d < 0, V 5 2EL (top image pair),
and V 5 6EL (bottom image pair). For V 5 2EL, |"9æ consists of :, x<0
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Figure 2 | Phases of a SO-coupled BEC. a, b, Mean field phase diagrams for
infinite homogeneous SO-coupled 87Rb BECs (1.5-kHz chemical potential).
The background colours indicate atom fraction in |"æ and |#æ. Between the
dashed lines there are two dressed spin states, |"9æ and |#9æ. a, Single-particle
phase diagram in the V2d plane. b, Phase diagram (enlargement of the grey
rectangle in a), as modified by interactions. The dots represent a metastable
region where the fraction of atoms f"9,#9 remains largely unchanged for th 5 3 s.
c, Miscible-to-immiscible transition. Phase line for mixtures of dressed spins
and images after TOF (with populations N"< N#), mapped from |"9æ and |#9æ
showing the transition from phase-mixed to phase-separated within the
‘metastable window’ of detuning.
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Les	
  applica8ons	
  de	
  ce	
  couplage	
  spin-­‐orbite	
  1D	
  

La	
  par8e	
  «	
  physique	
  atomique	
  »	
  est	
  simple	
  et	
  bien	
  connue	
  :	
  	
  
le	
  couplage	
  entre	
  degrés	
  de	
  liberté	
  internes	
  (spin)	
  et	
  degrés	
  de	
  liberté	
  	
  
externes	
  (orbite)	
  est	
  simplement	
  dû	
  à	
  l’effet	
  Doppler	
  

La	
  par8e	
  «	
  effets	
  collec8fs	
  »	
  est	
  intéressante	
  et	
  poten8ellement	
  très	
  riche	
  

• 	
  Phases	
  structurées	
  pour	
  un	
  gaz	
  de	
  Bose	
  (série	
  de	
  cours	
  donnée	
  par	
  	
  
	
  	
  	
  S.	
  Stringari	
  en	
  2013	
  au	
  Collège	
  de	
  France)	
  

• 	
  Possibilité	
  de	
  créer	
  un	
  superfluide	
  topologique	
  et	
  de	
  générer	
  des	
  	
  
	
  	
  	
  par8cules	
  de	
  Majorana	
  dans	
  une	
  chaîne	
  unidimensionnelle	
  de	
  fermions	
  	
  



Conclusions	
  

L’u8lisa8on	
  de	
  poten8els	
  géométriques	
  créés	
  par	
  la	
  lumière	
  sur	
  des	
  atomes	
  
libres	
  ouvre	
  de	
  nouvelles	
  perspec8ves	
  par	
  rapport	
  aux	
  rota8ons	
  :	
  	
  

• 	
  Possibilité	
  de	
  générer	
  des	
  champs	
  magné8ques	
  non	
  uniformes	
  

• 	
  Possibilité	
  de	
  générer	
  des	
  champs	
  de	
  jauge	
  non	
  abéliens,	
  en	
  par8culier	
  
	
  	
  	
  un	
  couplage	
  spin-­‐orbite	
  bi-­‐	
  ou	
  tri-­‐dimensionnel	
  

• 	
  Même	
  le	
  couplage	
  spin-­‐orbite	
  uni-­‐dimensionnel	
  est	
  intéressant	
  pour	
  	
  
	
  	
  l’étude	
  de	
  phénomènes	
  collec8fs	
  	
  

Mais	
  l’u8lisa8on	
  de	
  ces	
  poten8els	
  au	
  delà	
  des	
  «	
  expériences	
  de	
  principe	
  »	
  	
  
va	
  nécessiter	
  une	
  bonne	
  maîtrise	
  du	
  chauffage	
  lié	
  à	
  l’émission	
  spontanée	
  


