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used to induce a negative quadratic Zeeman shift (Bookjans,
Vinit, and Raman, 2011).

Spinor Bose-Einstein condensates display other instabil-
ities as well. Returning to the single-mode energy functional
for the F ¼ 1 system [Eq. (68)], the energy extremum
defined by ! ¼ 0 [dubbed the ‘‘phase-matched state’’ in
Matuszewski, Alexander, and Kivshar (2008)] and "0 ¼
½1# q=ð2cð1Þ1 nÞ&=2, which exists for jqj< j2cð1Þ1 nj, is an en-
ergy maximum under antiferromagnetic interactions [denoted
by the black line in Fig. 5(c)]. Awave-mixing analysis shows
that this stationary state is also subject to modulational
instability (Matuszewski, Alexander, and Kivshar, 2008)
that can produce intricate spin domain structures
(Matuszewski, 2010). Modulational instability was observed
experimentally in a similar system (the transversely magne-
tized F ¼ 2 87Rb spinor condensate) generating spin domain
structures with a periodicity controlled by the quadratic
Zeeman shift (Kronjäger et al., 2010) (Fig. 18).

C. Quantum quench dynamics and the Kibble-Zurek
mechanism

Considering the jmz ¼ 0i energy extremum for the ferro-
magnetic F ¼ 1 single-mode spin energy, we observed a
transition from dynamical stability to instability coincident
with the state’s transition from an energy minimum to a

maximum, i.e., with a second-order zero-temperature phase
transition. The evolution of systems prepared initially
at the extremal state thereby exemplifies the dynamical re-
sponse of a system quenched rapidly across a phase transi-
tion, evolving from a state of unbroken symmetry [here SO(2)
axisymmetry] toward a manifold of broken-symmetry ground
states.

In classical systems rapidly quenched across a finite-
temperature phase transition, symmetry breaking occurs
inhomogeneously, with different portions of the system
adopting different symmetry-broken phases. Such a process
was considered by Kibble (1976), in the context of symmetry
breaking in the early Universe, and by Zurek (1985), in the
context of low-energy laboratory experiments on material
systems. Their treatment, known as the ‘‘Kibble-Zurek
mechanism,’’ translates the phenomenology of critical scaling
of equilibrated systems near phase transitions into predictions
regarding the typical size of the symmetry-broken phases.
Their theory also discusses the types of topological defects
produced in such a quench, their initial density (related to the
aforementioned typical size), and their subsequent evolution.
Laboratory experiments have explored aspects of the Kibble-
Zurek mechanism, e.g., using liquid crystals (Chuang et al.,
1991; Bowick et al., 1994), pressure-quenched 4He (Hendry
et al., 1994), neutron-bombarded 3He (Bauerle et al., 1996;
Ruutu et al., 1996), and Josephson junctions (Carmi,
Polturak, and Koren, 2000; Monaco, Mygind, and Rivers,
2002).

Given theoretical progress in understanding quantum
phase transitions, and experimental progress in preparing
isolable low-temperature quantum systems, the Kibble-
Zurek idea was naturally extended to the quench of a system
across a quantum phase transition (Dziarmaga, 2005;
Polkovnikov, 2005; Zurek, Dorner, and Zoller, 2005). For
an ideal experiment, the quench dynamics are now quantum
mechanical in that quantum fluctuations (rather than thermal
or technical ones) are amplified into coherent superpositions
of macroscopically distinct, broken-symmetry states.
Ultracold atomic gases are unique materials with which to
study such ideal quantum quenches.

The evolution of a quenched spinor Bose-Einstein conden-
sate was studied experimentally by Sadler et al. (2006). A
large F ¼ 1 87Rb spinor condensate, spatially extended in
two dimensions, was prepared in the jmz ¼ 0i initial state at a
high quadratic Zeeman shift. Following a rapid reduction of
the quadratic Zeeman shift, which initiated the spin-mixing
instability, the gas evolved for a variable time before it was
probed by dispersive magnetization-sensitive imaging. The
gas showed little magnetization for tens of milliseconds, after
which an inhomogeneous magnetization landscape sponta-
neously emerged (Fig. 19).

For the sudden quench studied in this experiment, the
spatial spin correlations of the inhomogeneously magnetized
condensate are determined by, and are, therefore, reflective
of, the spin-mixing amplification spectrum (Lamacraft,
2007). Considering the simplest case of a homogeneous
initial state, at early times after the onset of the spin-mixing
instability, the evolution of the initial spin fluctuations
at each wave vector can be considered independently accord-
ing to Eq. (72), where the temporal evolution is defined

FIG. 18 (color). Spontaneous pattern formation from modula-
tional instability of a transversely magnetized F ¼ 2 87Rb spinor
condensate. The condensate is prepared in a quasi-one-dimensional
optical trap. (a) The initial state and (b)–(f) saturated spin patterns
arising for increasing magnetic field are determined from Stern-
Gerlach and time-of-flight images that reveal the in-trap axial
density distributions of the five Zeeman-state populations. (b) and
(c) Represent the interaction regime (small q), while (e) and
(f) represent the Zeeman regime (large q). The characteristic length
scale of the spin modulation varies strongly with q. From Kronjäger
et al., 2010.
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spatially uniform polar state with the nematic director n
aligned with the z axis and then rotating the condensate
spin in a coherent, spatially dependent manner to generate a
texture with n ¼ þz at the center and n ¼ #z at the outer
edge of the gas. To effect such a rotation, following earlier
realizations of a similar technique with ferromagnetic tex-
tures (Nakahara et al., 2000; Leanhardt et al., 2002), Choi,
Kwon, and Shin (2012) produced a spherical-quadrupole
magnetic field of the form B ¼ B0½xxþ yy # 2zz%, where
the Cartesian coordinates are defined with respect to the
location of zero field. The location of the zero field was
gradually translated perpendicular to and across an optically
trapped 23Na condensate (Fig. 10). Everywhere within the
condensate, the magnetic field reverses its orientation about
an axis that varies with the azimuthal angle ! in the plane of
the condensate. Far from the trajectory of the field zero, the
field is always strong and the atomic spin follows the rotating
field adiabatically, rotating the director n by " radians. At the
location of the field zero, the magnetic field changes its
direction diabatically; the atoms cannot follow this field
reversal, and thus their nematic director remains unchanged.
At intermediate distances from the field zero, the spin texture
smoothly interpolates between these settings, generating a
continuous skyrmion texture.

The texture was characterized by time-of-flight measure-
ments of the Zeeman-state distributions, preceded by rf
pulses which allowed for a characterization of the phase
winding in each of the spin components. The skyrmion was

stable for about 100 ms. The mechanism for its decay has yet
to be identified.

Applying a similar procedure to an F ¼ 1 condensate
prepared initially in a uniform ferromagnetic state produces
a Mermin-Ho spin texture (Nakahara et al., 2000; Leanhardt
et al., 2002; Jae-yoon et al., 2012). This texture differs from a
skyrmion because the edge of the condensate, while magne-
tized in a common direction, carries a 4" phase winding. This
difference between the polar and ferromagnetic states is
reflective of the fact that the SO(3) group does not support
two-dimensional skyrmions.

A texture similar to the Mermin-Ho ferromagnetic texture
was produced in an untrapped F ¼ 2 87Rb spinor gas using
optical Raman transitions (Leslie, Hansen et al., 2009).
Starting with a gas that is spin polarized in the jmz ¼ 2i
state, circular polarized light was used to drive !mF ¼ 2
transitions, populating the jmz ¼ 0i and jmz ¼ #2i states.
One of the beams used for this transition was in the first-order
Laguerre-Gaussian mode, so that the Raman transition also
imprinted a þ2" phase winding onto the product Zeeman
state. The spin configuration produced with such Raman
transitions resembled the Mermin-Ho textures of ferromag-
netic F ¼ 1 spinor condensates, which are composed of
mz ¼ ðþ1; 0;#1Þ states with circulations of (0,1,2) quanta.

Topological excitations are also expected to appear upon
rotating spinor condensates. Ferromagnetic spin-1 conden-
sates are expected to accommodate rotation by forming
Mermin-Ho textures, which are shown to be stabilized by
such rotation (Mizushima, Machida, and Kita, 2002b;
Mueller, 2004). Under certain circumstances, such spinor
condensates may also adopt nonaxisymmetric vortices, ones
in which all Zeeman components are circulating, but in which
the vortex cores of the components do not overlap. Such spin
configurations are no longer fully ferromagnetic (Mizushima,
Machida, and Kita, 2002a). Antiferromagnetic spin-1 con-
densates are expected to store angular momentum in the form
of half-quantum vortices (Isoshima and Machida, 2002;
Mueller, 2004). The landscape of spin condensates under
rapid rotation is expected to be very complex (Kita,
Mizushima, and Machida, 2002; Mizushima, Kobayashi,
and Machida, 2004).

E. Hydrodynamic description

The Gross-Pitaevskii equation deals with the order
parameter, from which physical quantities such as magneti-
zation, nematicity, mass current, and spin current can be
calculated. Alternately one may develop descriptions that
are equivalent to the Gross-Pitaevskii equation and deal
directly with the quantities of experimental interest. Such
hydrodynamic theory has been instrumental in describing
scalar condensates, and it is of interest to ask if it is possible
to describe spinor condensates in terms of observable
quantities only.

To produce manageable equations of motion, one may
confine the description to low-energy variations within the
order-parameter manifold. Lamacraft (2008) derived such a
set of low-energy hydrodynamic equations for the case of a
spin-1 ferromagnetic condensate. When the particle density is
constant and the system is locally fully magnetized, the

0.1 ms

10ms

50 ms

100 ms

300 ms
m  = 0zm  = -1z m  = 1z

(b)

x

z

(a)

FIG. 10 (color online). Creation of a skyrmion in a two-
dimensional antiferromagnetic F ¼ 1 spinor condensate. (a) A
spherical-quadrupole magnetic field, with field orientations shown
by arrows, is translated from being centered above to below the
Bose-Einstein condensate (shaded horizontal region at the center).
The nematic director n follows the rotating field at large distances
from where the magnetic-field zero crosses the condensate and
remains fixed near the crossing, generating the skyrmion texture.
(b) Stern-Gerlach absorption imaging shows the jmz ¼ 0i compo-
nent is divided between an inner region (where n ¼ þz) and an
outer ring (where n ¼ #z). Between these regions, the nematic
director lies in the transverse plane; the state is thus a superposition
of the jmz ¼ (1i sublevels as seen in the data. The skyrmion
decays after 100 ms. At long times, the entire gas returns to the
jmz ¼ 0i state. From Choi, Kwon, and Shin, 2012.
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How	  to	  get	  non-‐trivial	  thermodynamics	  within	  SMA	  

Constraint:	  conserva.on	  of	  magne.sa.on	  

~B parallel to z

~S =
X

i

~siConsider	  the	  total	  spin	   [H,Sz] = 0Then	  :	  

• 	  For	  an	  assembly	  of	  (effec6ve)	  spins	  ½,	  once	  the	  ini6al	  numbers	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• 	  For	  an	  assembly	  of	  spins	  1,	  an	  interes6ng	  dynamics	  can	  s6ll	  take	  place	  thanks	  to	  	  

|sz = 0i+ |sz = 0i  ! |sz = +1i+ |sz = �1i

|sz = +
1

2
i

|sz = �1

2
i

H = ↵
X

i<j

~si · ~sj + Zeeman e↵ect

are	  known,	  nothing	  can	  happen	  

Example:	  Ground	  state	  in	  the	  absence	  of	  external	  magne.c	  field	  

For	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  the	  ground	  state	  is	  the	  singlet	  state	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(total	  spin	  zero),	  which	  corresponds	  to	  a	  strongly	  	  
entangled	  state	  of	  the	  N	  spins	  1	  

↵ > 0 |S = 0i

H =

↵

2

~S2
+ constant

Law,	  Pu,	  Bigelow	  (1998)	  
Cas6n	  &	  Herzog	  (2000)	  	  

Ho	  &	  Yip	  (2000)	  

Our	  setup:	  a	  BEC	  of	  23Na	  atoms	  in	  their	  F = 1	  hyperfine	  state	  	  



Outline	  of	  the	  talk	  
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Sodium	  BEC	  in	  F=1	  hyperfine	  state:	  Prepara6on	  of	  the	  sample	  

Room	  temperature	  vapour	  cell	  of	  Sodium	  
(using	  UV	  light-‐induced	  desorp6on)	  

Magneto-‐op6cal	  trap	  in	  the	  vapour	  cell	  	  

Evapora6on	  and	  Bose-‐Einstein	  condensa6on	  in	  the	  	  
F = 1	  ground	  state	  in	  a	  crossed	  dipole	  trap	  +	  dimple	  

quasi-‐pure	  BEC	  with	  6000	  atoms	  

!/2⇡ ⇡ 1 kHz

Between	  ideal	  gas	  BEC	  and	  Thomas-‐Fermi	  regime:	  Eint ⇡ ~!



Magne6sa6on:	  Detec6on	  and	  control	  

In	  the	  absence	  of	  any	  specific	  procedure,	  the	  magne6sa6on	  of	  the	  sample	  is	  

Diagnos6c	  of	  the	  sample	  by	  Stern-‐Gerlach	  analysis	  	  

Mz =
N+1 �N�1

N+1 +N0 +N�1
⇡ 0.5 (op6cal	  pumping,	  evapora6on,	  ...)	  

We	  can	  decrease	  or	  increase	  this	  value	  at	  will:	  

Depolariza6on	  with	  a	  radio-‐	  
frequency	  magne6c	  field	  

Lowers	  Mz	  to	  any	  adjustable	  	  
value	  between	  0.5	  and	  0	  

Spin	  dis6lla6on	  through	  evapora6on	  	  
in	  the	  presence	  of	  a	  magne6c	  gradient	  

Raises	  Mz	  up	  to	  0.98	  

Check	  of	  the	  single-‐mode	  approxima6on:	  
Same	  spa6al	  profile	  for	  sz = -1, 0, +1	  	  



Effec6ve	  an6-‐ferromagne6c	  interac6ons	  

Real	  magne:c	  interac:ons	  (dipole-‐dipole)	  are	  negligible	  at	  our	  temperature	  scale	  	  
Only	  van	  der	  Waals	  contact	  interac:ons	  play	  a	  significant	  role	  

For	  a	  collision	  between	  two	  spin	  1	  atoms,	  the	  total	  spin	  can	  be:	  

Since	  the	  orbital	  state	  is	  symmetric	  (all	  atoms	  in	  the	  same	  spa6al	  mode),	  only	  	  
the	  S = 0 	  and	  S = 2 channels	  are	  relevant	  	  	  	  	  	  	  	  	  	  	  	  two	  scaQering	  lengths	  a0	  and	  a2	  	  	  	  

V1,2 = �(~r1 � ~r2) [ḡ + gs~s1 · ~s2]
ḡ / a0 + 2a2

3

gs /
a2 � a0

3
Na: gs > 0 (antiferro)

Rb: gs < 0 (ferro)

	  	  	      S = 0 (symmetric	  spin	  state)	  	  
	  	  	  	  	  	  	  S = 1 (an6-‐symmetric	  spin	  state)	  	  
	  	  	  	  	  	  	  S = 2 (symmetric	  spin	  state)	  

Ho	  (1998)	  
Ohmi	  &	  Machida	  (1998)	  

Leads	  at	  the	  many-‐body	  level	  to	  	   Vspin = ↵
X

i<j

~si · ~sj ↵ =
gs
Ve↵

Mean	  energy	  per	  atom:	  	  N↵ ⇡ 100 Hz = 5nK
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Zeeman	  effect	  :	  linear	  vs.	  quadra6c	  contribu6ons	  

Linear	  Zeeman	  effect:	  

B

E sz = �1

sz = +1

sz = 0

V (1)
Zeeman = �µB Sz = �µB(N+1 �N�1)

But	  Sz	  	  is	  a	  conserved	  quan6ty:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  does	  not	  
contribute	  to	  the	  dynamics	  of	  the	  system	  	  

V (1)
Zeeman

Quadra.c	  Zeeman	  effect:	  

B

E sz = �1

sz = +1

sz = 0

V (2)
Zeeman = �qB2N0 + constant

For	  the	  F=1	  ground	  state	  of	  sodium:	   q = 277 Hz/G
2

q > 0 :	  favours	  the	  accumula6on	  of	  atoms	  in	  	  sz = 0

compe::on	  with	  an:-‐ferromagne:c	  interac:ons	  

|sz = 0i+ |sz = 0i  ! |sz = +1i+ |sz = �1i



Ground	  state	  of	  the	  spin	  assembly	  in	  a	  magne6c	  field:	  
a	  mean-‐field	  approach	  

Minimisa6on	  of	  	  the	  energy	  associated	  with	  the	  Hamiltonian	  H =
↵

2
S2 � �N0

Trial	  wave	  func6ons:	  all	  atoms	  occupy	  the	  same	  spin	  state	  	  	  | i =

0

@
p
n+1 ei�+1

p
n0 ei�0

p
n�1 ei��1

1

A

magne6za6on	  Mz	


Below	  this	  value,	  only	  	  
sz =	  +1	  and	  sz =	  +1	  are	  present.	  
An6-‐ferromagne6c	  interac6ons	  dominate	  

the	  three	  components	  
	  sz =	  +1, sz =	  0, sz =	  -1	  	  co-‐exist	  

Second-‐order	  phase	  transi+on	  
Popula6on	  n0	  of	  the	  sz=0	  state	  	  

Zhang,	  Yi,	  You	  (2003)	  

n0 6= 0

n0 = 0

For	  
�

N↵
> 1�

p
1�M2

z



Experimental	  determina6on	  of	  the	  phase	  diagram	  

Choose	  a	  given	  magne6sa6on	  (here	  Mz=0.5)	  and	  measure	  the	  frac6on	  n0	  of	  atoms	  in	  sz=0	
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no	  adjustable	  parameters	  

Previous	  measurements:	  
NIST	  (2009)	  for	  Mz	  >	  0.5	  
Georgia	  Tech	  (2011)	  β >	  0	  and	  <	  0,	  not	  SMA	  

Jacob	  et	  al.,	  2012	  
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The	  remarkable	  case	  of	  zero	  magne6sa6on	  

B

n0

1/3	  

1	  

Descrip6on	  of	  the	  ground	  state	  of	  the	  system	  in	  the	  isotropic	  case	  	  Mz = 0, B = 0

Transi6on	  from	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  when	  B	  increases	  n0 = 1/3 n0 = 1
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Popula6on	  n0	  of	  the	  sz=0	  state	  	  



The	  ground	  state	  in	  zero	  field	  and	  zero	  magne6sa6on	  
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H =

↵

2

~S2
+ constant

Exact	  result	  (N	  even):	  singlet	  state	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  |S = 0i

Best	  approxima6on	  (up	  to	  1/N)	  within	  the	  mean-‐field	  ansatz:	  

Sta6s6cal	  mixture	  of	  states	  where	  all	  atoms	  have	  a	  zero	  	  
spin	  component	  (polar	  state)	  along	  an	  arbitrary	  direc6on	  	  ~u

⇢mean field =
1

4⇡

Z
|N : s~u = 0ihN : s~u = 0| d2u

Each	  state	  of	  the	  mixture	  breaks	  the	  rota+onal	  symmetry	  

Unique,	  breaks	  no	  symmetry	  	  	  

Large	  (super-‐Poissonian)	  fluctua6ons	  of	  N0	  in	  a	  Stern	  &	  Gerlach	  measurement	  along	  z	  	  

Both	  approaches	  lead	  to	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  N0 =
N

3

These	  results	  for	  N0	  and	  ΔN0	  s6ll	  hold	  at	  non-‐zero	  temperature,	  provided	  	  kBT ⌧ N2↵

De	  Sarlo	  et	  al.,	  2013	  

�N0 =
2

3
p
5
N ⇡ 0.30 N



Experimental	  inves6ga6on	  of	  the	  zero	  magne6c	  field	  case	  

Series	  of	  shots	  prepared	  in	  the	  same	  experimental	  condi6ons	  Mz = 0, B = 0

sz = �1

sz = +1

sz = 0

We	  observe	  indeed	  large	  (super-‐Poissonian)	  fluctua6ons	  of	  N0 !	


Distribution of n0 

Distribution calculated for N=300, 
rescaling the temperature accordingly 

Spin temperature and condensed 
fraction are extracted from the data
 
No adjustable parameter used

Conclusion : spin fluctuations seem 
fairly close to thermal equilibrium
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N0/N

Number	  of	  
occurrences	  

Measured	  standard	  devia6on:	  

�N0 ⇡ 0.27N

to	  be	  compared	  with	  the	  	  
predic6on	   �N0 ⇡ 0.30N

theory	  

Fragmented	  BEC:	  three	  macroscopically	  	  
populated	  single-‐par6cle	  states	  
Mueller,	  Ueda,	  Baym,	  Ho	  (2006)	  



In	  the	  presence	  of	  quadra6c	  Zeeman	  effect:	  spin	  thermometry	  
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Popula6on	  n0	  of	  the	  sz=0	  state	  	  

Transi6on	  from	  the	  non	  polarized	  state	  

N0 =
N

3
�N0 ⇡ 0.30N

to	  the	  polarized	  state	  	  

N0 = N �N0 = 0 Spin thermometry

10−4 10−2 100 102
0

0.05
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 n

0

q [Hz]

Finite temperatures also implies finite condensed fraction

We use the variance of n0 to extract 
the relevant parameters because it is 
only sensitive to the SMA part :

The contribution of the thermal 
component is Poissonian and much 
smaller.

We fit Ts («spin temperature» associated to collective spin fluctuations) and the condensed 
fraction fc. 

We use a Hartree-Fock model of the thermal cloud to extract the temperature Tk of the 
thermal cloud from the measured condensed fraction fc («kinetic temperature»).

10�4 10�2 1021
0

0.1

0.2

0.3 experiment	  

DoQed	  line:	  “thermal”	  mean-‐field	  theory	  	  
+	  non-‐zero	  uncondensed	  frac6on	  

H =
↵

2
S2 � �N0

� [Hz]

�N0/N

Expected	  width	  at	  Half	  Maximum	  

� ⇡ 7 kBTspin/N
theory	  

β 	  goes	  to	  zero	  at	  the	  thermodynamic	  limit	  

) Tspin ⇡ 40 nK



Outlook:	  symmetry	  breaking	  and	  the	  measurement	  problem	  in	  QM	  

|S = 0i ⇢mean field =
1

4⇡

Z
|N : s~u = 0ihN : s~u = 0| d2u

Consider	  again	  the	  zero-‐field	  &	  zero-‐magne6sa6on	  case.	  Two	  possible	  descrip6ons:	  

A	  given	  shot	  of	  the	  Stern	  &	  Gerlach	  experiment	  provides	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  N+1, N0, N�1

In	  the	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  point	  	  of	  view,	  the	  measurement	  “builds	  up”	  the	  triplet	  
through	  a	  proper	  use	  of	  the	  usual	  QM	  postulates	  

{N+1, N0, N�1}|S = 0i

In	  the	  mean-‐field	  (broken	  symmetry)	  approach,	  the	  system	  is	  before	  any	  measurement	  
in	  one	  randomly	  chosen	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  the	  measurement	  “reveals”	  the	  value	  of	  
through	  	  	  

|N : s~u = 0i ~u
u2
z = N0/N

Very	  similar	  to	  the	  problem	  of	  the	  rela+ve	  phase	  of	  two	  independent	  condensates	  

N.B.:	  Both	  points	  of	  view	  are	  equivalent	  (up	  to	  1/N	  correc+ons)!	  

Ashhab	  &	  LeggeQ	  



Connec6on	  with	  other	  symmetry	  breaking	  mechanisms	  	  

Physical	  system	   Order	  parameter	   Symmetry	   Breaking	  field	  

Crystal	  

BEC	  or	  	  
laser	  

Spin	  1	  BEC	  
an6ferromagnet	  

Posi6on	  

Macroscopic	  
wave	  func6on	  or	  
electromagne6c	  	  

field	  

Popula6on	  N0	

	  	  	  of	  	  |sz = 0i

Transla6on	  

Phase	  
U(1)	


Rota6on	  
(spin	  space)	  

Pinning	  poten6al	  

Par6cle	  or	  	  
photon	  seed	  

Zeeman	  effect	  
(quadra6c)	  


