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Grand Epoch: from the 90’ies

o degenerate Bose-gas (1995), Fermi-gas (2001)

e entangled photon pairs

e full control of single ions in Paul trap — QC (10 qubit) & Coulomb-crystals (10%)
o cavity quantum electrodynamics reaches the “holy grails” )
@ Quantum information science, hardware and software

e Quantum many-body physics in tailored reality (PRB, PRE)
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Cavity quantum electrodynamics

Radiation sources for atom-EM field interaction

@ thermal sources (sodium deflection, 1933)

manipulation of motion
cooling and trapping

© (uwave &) optical resonator (same photon many times)

@ (maser &) laser (many photons in 1 mode) —

Atomic physics (spectroscopy)

@ Light (EM radiation): @ Matter: Schrdinger-equation

Maxwell-equations @ UV, laser, X, syncrotron:

@ Matter (polarizable medium): index external driving field
of refraction

Light-matter interaction in resonator
Coupled equations of motion for the system’s degree of freedom
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From measuring to manipulating quantum systems

@ QED (boundary) effects on the atomic structure (1946-), inhibition and
enhancement of spont. emission

© demand for a field sensitive to microscopic objects
« high-finesse, small volume resonator

© microwave resonators: dipole + Q-field (quantum gates), metarn.

@ optical domain: dipole + lossy cavity field + CM motion (Problems :
quantum fluctuations, trapping time)

Material (atoms) degrees of freedom

@ Maxwell-Bloch-equations (semiclassical), Heisenberg—Langevin-equations
(quantum)

— internal degrees of freedom — e.g. laser

@ Maxwell-Lorentz—Bloch-equations, external degrees of freedom,
translational motion of atoms
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@ D. Kleppner (1981): “inhibition of spontaneous emission”
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alculated signal,

@ optical experiments 1987, M. S. Feld, reduced spont. em (-0.5%) + level
shift
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Single-mode radiation field

From mode density to single mode

1D toy model
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Obvious generalizations Cooperativity

@ many dimensions

@ many modes Ky
oA radiative cross section

@ many atoms A Gaussian mode c. s.
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LKB ENS experiments, Paris

(9] Rb, circular Rydberg states (n=51, I=50, m=50)
le) S Ig) 51.1 GHz

d=1256 a. u.

v=100—400 m/s , full path L=20 cm

efficient state-selective ionization

cavity

| A

Ni supraconducting mirrors
Fabry-Pérot resonator, TEMggg
I=2.76 cm, w=6 mm, V=770 mm?3
interaction time 7=1-10 ms

T=0.6 K

CQED parameters

g = 21 % 25/ms > y = 0.03/ms , k =~ 1- 0.008/ms,

Reversible, non-perturbative dynamics (small dissipation) )
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Pure Hamiltonian dynamics

Quantized Rabi oscillation
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Quantized Rabi oscillation
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Non-resonant interaction

Large detuning
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al and curves are sinusoidal
: representation of the field

70 kHz (triangles). Dashed and solid lines are theoretical, In- > i e
ets: pictorial representations of corresponding field compo- | @1 = 31 (points: experiment; line: theory).

nents separated by 2¢. .

4
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Approach 1. Minimal model

B R
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Approach 1. Minimal model

/\ 9f(x)

o)

o~ = (iAa —y)o +
2gf(X)oza + &
Adiabatic elimination of the
internal atomic dynamics

- _iBat+y

— 5 9f(%a
A2 4y

noise neglected
saturation is low: o, = —1/2
i
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Approach 1. Minimal model

Parameters

9 ()

04860

polarization

o~ = (iAa —y)o +
2gf(X)oza + &
Adiabatic elimination of the
internal atomic dynamics

- _iBat+y

— 5 9f(%a
A2 4y

noise neglected
saturation is low: o, = —1/2
i
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Approach 1. Minimal model

Parameters

Uy = 9, 9°Aa we n_, g
b= —-——x' = , To=——y" =
v AZ 442 v A 492
Effective von Neumann equation
6 = (iha —y)o + p? . Y ST +
H=_— -nlAca'a+nl,f(x)a'a—in(a-a
261 (R)0ra 1 £ oni ~ MAca'a+ Uy (%) n( )
Adiabatic elimination of the
internal atomic dynamics Lp=—« (a*ap +pa'a- Zapa%)
. iDpg+y . (2 At 2o At
o f(X)a — ol f°(X)a'ap + pf<(X)a
o Aiﬂ2g() o|f*(X)a'ap + pf*(X)
1
noise neglected —2f duN(u)af()“()e"'“Xpe’”"a*f()?)du)
saturation is low: o, = —1/2 =i

This minimal model is ‘exact’ for a linearly polarizable particle

13/41



Approach 1a. Brute force quantum solution

On a grid of 128 points | Monte Carlo wavefunction method works
Fock space up to|20) quite well
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Approach 1a. Brute force quantum solution

On a grid of 128 points | Monte Carlo wavefunction method works
Fock space up to|20) quite well

@ one dimensional motion

@ single atom
@ low photon number
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Approach 1b. Semiclassical approximation

x(0,0,6,6°) = Tr[pexp (€8T — £ a + i/n(o% + p))|

1
Wik paa) = oo fx((r, L6 E) expl- (¢ — & a + ifh(ox + tp)))
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Approach 1b. Semiclassical approximation

x(0,0,6,6°) = Tr[pexp (€8T — £ a + i/n(o% + p))|

1
Wik paa) = oo fx((r, L6 E) expl- (¢ — & a + ifh(ox + tp)))

. i
p==3[Hpl+Lo—
i )

d
—w *) = PDE (e, — Z 2w P
g Wx.p.a.a?) (a, 3P ax 3p (x, p. @, ™)
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Approach 1b. Semiclassical approximation
N

x(0.n.68) = Tr[pexpea’ - £a +i/h(o% + 7p))| _ (a T )W
Wip.wa') = oty [x(mes) oo ~u t ifox + ) oot 12wt
pzfé[H,p]+£p*> (a )W(a)
%W(x,p,a,a*):PDE(a,%,x,p,%,% W(x,p,a,a*) o q( ;)w
similar rules for Xp, pX, ...
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Approach 1b. Semiclassical approximation
CIN—

x(0.n.68) = Tr[pexpea’ - £a +i/h(o% + 7p))| _ (a T )W
Wip.wa') = oty [x(mes) oo ~u t ifox + ) oot 12wt
pzfé[H,p]+£p*> (a )W(a)
%W(x,p,a,a*):PDE(a,%,X,p,%,% W(x,p,a,a*) pat é( ;)w
o similar rules for Xp, pX, ...

Approximations

@ ‘semiclassical’ motion :
Ap > hik (cold atoms)

@ semiclassical field:
2 o
lal > dada™

for coherent state =l

52
dada™
@ truncate at second order ~

match the closest classical
probabilistic process
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Approach 1b. Semiclassical approximation
(Rues

x(o068) = Tr[pexpfea’ - &'a + /(o + p)| q= (“ 2t ) e
(3
W(x,p,a,a*) = ”(217)2 f)( (1.6, ) exp - (¢ — & a + i/h(ox + 1))} a'p— ("* - 15 %) Wea)
b:7i[H,p]+£p~> pa— o/—l g W(a)
h 2 da*
d . B 8 8 . -
EW(X”’"”“ )= PDE((I’ e e Op) U o) pa’ — (a* + %%) W(a)
similar rules for Xp, pX, ...

Equivalent Langevin equations —
Approximations

. P @ ‘semiclassical’ motion :
X = — Ap > Tik (cold atoms)

M
. 1 o semiclassical field:
p= —-hlUp (|(Y|2 - E)VfZ(X) =+ fp a2 > &zyﬁ

52
for coherent state 77— ~ 1

@ truncate at second order ~

& =n-i(Uef(x) - Ac)a— (k+ Fof(x))a+& T e
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Approach 1b. Semiclassical approximation
(Rues

x(o068) = Tr[pexpfea’ - &'a + /(o + p)| q= (“ 2t ) e
(3
W(x,p,a,a*) = ”(217)2 f)( (1.6, ) exp - (¢ — & a + i/h(ox + 1))} a'p— ("* - 15 %) Wea)
b:7i[H,p]+£p~> pa— o/—l g W(a)
h 2 da*
d . B 8 8 . -
EW(X”’"”“ )= PDE((I’ e e Op) U o) pa’ — (a* + %%) W(a)
similar rules for Xp, pX, ...

Equivalent Langevin equations —
Approximations

. P @ ‘semiclassical’ motion :
X = — Ap > Tik (cold atoms)

M
. 1 o semiclassical field:
p= —-hlUp (|(Y|2 - E)VfZ(X) =+ fp a2 > &zyﬁ

52
for coherent state 77— ~ 1

@ truncate at second order ~

& =n-i(Uef(x) - Ac)a— (k+ Fof(x))a+& T e

= classical equations + quantum noise
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Approach 1b. Semiclassical approximation
(Rues

x(o068) = Tr[pexpfea’ - &'a + /(o + p)| q= (“ 2t ) e
(3
W(x,p,a,a*) = ”(217)2 f)( (1.6, ) exp - (¢ — & a + i/h(ox + 1))} a'p— ("* - 15 %) Wea)
b:7i[H,p]+£p~> pa— o/—l g W(a)
h 2 da*
d . B 8 8 . -
EW(X”’"”“ )= PDE((I’ e e Op) U o) pa’ — (a* + %%) W(a)
similar rules for Xp, pX, ...

Equivalent Langevin equations —
Approximations

. P @ ‘semiclassical’ motion :
X = — Ap > Tik (cold atoms)

M
. 1 o semiclassical field:
p= —-hlUp (|(Y|2 - E)VfZ(X) =+ fp a2 > &zyﬁ

52
for coherent state 77— ~ 1

@ truncate at second order ~

& =n-i(Uef(x) - Ac)a— (k+ Fof(x))a+& T e

force depends not only on the position
but also on the velocity 15/41




Correlated dynamics of the atom and the field mode

Simulation of noiseless motion

Ac = -4k _
Up = —3« } |Ac - Uol =«
n = 1.5«
vy = 0.1« (negligible)

single atom moving in 1D

/\ n . _position
Rl ) s | :
) momentum

A A A

1 |
=]
1

field intensity

0 100 200 300 400

time [units of k™]
v
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Correlated dynamics of the atom and the field mode

Ac = -4«
Up = -3k
n = 1.5«
vy = 0.1« (negligible)

} [Ac = Uol = «

Sisyphus interpretation

Cooling can be attributed to the time lag
with which the field adapts itself to the
momentary position of the atom.

single atom moving in 1D

T "/

Rl ) s |

field intensity

0 100 200 300 400

time [units of k™]
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Diffusion matrix

dg = ﬂdg—‘, + ﬂd,f; (amplitude noise), d¢, = —ﬂd.f, + ﬂdg—‘,- (phase noise)
|al lal |a| |a|
agy d 0 0
Ddt = <[ dg, ](da, 0., dép)) = [ 0 d d; ]dt
dép 0 d3 db
¢ = L(e+ToP(x)
1 o\ 0
d = 2, (|a|2 - %)((TNf(x))z + 1PK2uPF(x))
ds = Tolalnf(x)VF(x)

Domokos, Horak, Ritsch, J. Phys. B 2001
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Quantum vs. semiclassical solution

parameters

Ap = —207
Ac = Uy = -0.312y
g=25y

Vukics, Janszky, Domokos, J. Phys. B38, 1453 (2005)
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Quantum vs. semiclassical solution

photon humber

parameters
Dg =20y
Ac = Up = -0.312y -
g=25y 2 ,
=
g 15
£
S 1
x — T + f 1
05 [T i
o ¥+
o 0.1 02 03 04
K/

Vukics, Janszky, Domokos, J. Phys. B38, 1453 (2005)
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Quantum vs. semiclassical solution

photon humber

parameters
Ap = —20y : T
Ac = Up = -0.312y é j =i
g =25y - x
v =
g 15 pofX
_ S /
- : I T+t
temperature =S at
OO 0.1 02 03 04
K/
08 "/K:l —
07 T
0.6 *
= 05 y
< oa
E 03
02
0.1
o i i i I
0.1 02 03 o
Ky
general cavcool result:
kg T ~ hk
v

Vukics, Janszky, Domokos, J. Phys. B38, 1453 (2005)
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Quantum vs. semiclassical solution

photon humber

parameters
AA = _20'}’ 3s —f
2 T 8 3 it
Ac = Up = -0.312y g
g=25y - x
v g i
2 15[
S /
- : I T+t
temperature § ; - |
‘o O 02 03 04
KAy
08 "/K:l —
07 T

KT/(hy)
=
=
)

°

=4
5

Q@
=3
3
)

300

02 Y

0.1 250 b b

! o 0z 03 04 e ”..a, e

y y > y - : e
= k! ol
KAy a0 o G
general cavcool result: 7 ///
uF
kg T ~ ik S R
4 L9

Vukics, Janszky, Domokos, J. Phys. B38, 1453 (2005)
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Cavity cooling

Idea of cavity cooling

In the strongly coupled dynamics of a moving
dipole and the cavity field every available
dissipation channel is shared by the components.

Cooling by photon loss «
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@ temperature not limited by y
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@ cooling molecules
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Cavity cooling

Idea of cavity cooling

In the strongly coupled dynamics of a moving
dipole and the cavity field every available
dissipation channel is shared by the components.

Cooling by photon loss «

@ temperature not limited by y

@ cooling molecules

@ exempt from spontaneous rescattering
= cooling ensembles

19/41



Approach Il. ‘Analytic’ model

Langevin—equation
X =p/m
p=f+pp/m+=
where (E(H)E(tg)) = D5(t1 = tz)

Aim: determine the parameters from the internal
dynamics

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998
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Approach Il. ‘Analytic’ model

Force operator

Langevin—equation F=p= —i[p, H]
X=p/m
_ p/ _ = —ig af( )(cra a'o)
p=f+pp/m+=

where (E(H)E(tg)) = D5(t1 = tz)

Aim: determine the parameters from the internal
dynamics

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998
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Approach Il. ‘Analytic’ model

Force operator

semiclassical motion (slow)
Langevin—equation E—p— —i[p, H|

X =p/m af(x

. P/ _ = —ig ( )(cr a-a'o)

p="f+pp/m+=

where (Z(t)=(tz)) = Dé(t; — ) Mean force:

f=(F

Aim: determine the parameters from the internal )
dynamics

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998
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Approach Il. ‘Analytic’ model

Force operator

semiclassical motion (slow)
Langevin—equation F=p= —i[p, H]

: p/ _ = —ig ()(o‘a a'o)

p="f+pp/m+=

where (Z(t)=(tz)) = Dé(t; — ) Mean force:

f=(F

Aim: determine the parameters from the internal Diffusion: "
dynamICS J <F(t1)F(t2)> - f2 D6rec(t1 - )

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998
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Approach Il. ‘Analytic’ model

Force operator

semiclassical motion (slow)

Langevin—equation F=p= —i[p, H]

X=p/m f(x

: p/ _ = -ig ()( ‘a-a'o)

p=f+pp/m+=

where (Z(t)=(tz)) = Dé(t; — ) Mean force:

f=(F

Aim: determine the parameters from the internal Diffusion: "
dynamICS <F(t1)F(t2)> - f2 D6rec(t1 - )

Internal dynamics (fast)

X is a parameter

a=(iAc—-xn)a+g(x)o+n+¢&
= (iAa —y)o +29(x)oa+ ¢
= —g(x) (O’Ta + a*o-) —2y(c?+1/2) + &

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998
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Approach Il. ‘Analytic’ model

semiclassical motion (slow)

Langevin—equation
X=p/m
p=f+pp/m+=
where (=(t)=(t)) = Dé(t — t)

Aim: determine the parameters from the internal
dynamics

Internal dynamics (fast)

X is a parameter
a=(iAc—-xn)a+g(x)o+n+¢&
= (il — 7)o +2g(X)0a + ¢
= —g(x) (O’Ta + a*o-) —2y(c?+1/2) + &

Horak, Hechenblaikner, Gheri, Ritsch, prl 1997; pra 1998

Force operator

?=b=—ﬁnm
.3"()

=-ig——~(c'a-a'o)
Mean force:
f=<(F)

Diffusion:
(F(h)F(L)) -~ =

linearisation

1
Jza = —Ea

D6rec(t1 - )

@ for(o,)~ -1, 0r

@ for subspace
{19,0).1g, 1). e, 0)}
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expansion

X — x(t) = x+ vt
a0 0
at ot ox
au(x,v) = a®(x) + val(x) + O(v?)
(X, v) = 0O (x) + vo D (x) + O(v?)
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expansion

Quantum Bloch—equations to

X — x(t) =~ x+ vt linear order in velocity
d_ o, 0
dat ot ox ia(o) = (iAg —Kn)a(‘) + g(x)a-(‘)
a,(x,v) = a®(x) + va®) (x) + 0(v?) %X
ow(x,v) = 7O (x) + va)(x) + O(v3) 357 = (iB8a =)ot - g(x)a™

linear friction coefficient (analytical)

B= -igZ2(s®'a® - a"'¢®) non-adiabatic field

~ig 20 (>(0"a® — a® (™) non-adiabatic atom
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Local friction coefficient

Ac =0,A4 =10y, g =4y,k=v/6

2

temperature
frigtion -------

cos?(kx), e

units of hy]

local temperature [in

need for averaging
What is the distribution?
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Far off resonance trap (FORT)

optical lattice potential
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Far off resonance trap (FORT)
optical lattice potential Limit of large detuning

@ spontaneous photon scattering
rate 2yPg oc Q2/A%

@ optical potential depth U oc Q2/A,

@ Friction and diffusion are slow —
almost conservative potential
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Far off resonance trap (FORT)

optical lattice potential Limit of large detuning

hy (Aa 24
Kk TO = | — + =
B ! Doppl > ( y :A
kB TFORT = hAA/Z > U

@ spontaneous photon scattering
rate 2yPg oc Q2/A%

@ optical potential depth U oc Q2/A,

@ Friction and diffusion are slow —
almost conservative potential
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Far off-resonance trap in a cavity

free space
kg Trort = 1A /2

switching on cavity

Nhot
Q2 — ¢at p
g(a'a)« v
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Far off-resonance trap in a cavity

temperature in a cavity

free space 3
Dp=-40K ——
kg TrorT = A /2 o t Dp=-1000K s

switching on cavity

kg T/(hK)
&

Nhot
Q2 — ¢at p
g(a'a)« v
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Far off-resonance trap in a cavity

free space B —
ke Trort = hAA /2 8 \\ Epfi =
= \
—r , £° @
switching on cavity %

Nphot —
Q2 = gXa’ _phot L
g(a'a) « v

localisation
E M’\

3E/4 7f
ER2 I I

<(kxim)>

/4

0

' 24/41




Far off-resonance trap in a cavity

free space o
Dp=-40K ——
ke Trort = hAA /2 8 \\ : ok ==
— )
é’ ° /a)

switching on cavity kX

2

92292@13)0{% LU e
° 1 10 100
g/k
localisation capture time
E 10 <>
B! P A o :
/ X
3E/4
o / ! e
e = g \
%‘/ i 0.1
E/4 2 5
0 1 10 100 0'0]3.5 3 25 2 A5 -1 05 0
o ' AC/K 24/41




Far off-resonance trap in a cavity

2
i = K4 sin
2yPe 2my

2 (k) 2g%(Ac — Up cos? (kx))(x + o cos? (kx))
((Ac - Uy cos? (kx))? + (k + T'g cos? (kx))z)2

N
[S)
T

N
o
T

ﬁ/<?+a> [ Wrec/2y]
8 o

|
IS
o

-07 -06 -05 -04 -03 -02 -01 0

Ac v molecool: spontaneous scattering events

(rate of 2yP,) are likely to lead out from the
space = large cooperativity is needed

Vukics, Domokos, pra 2005; K. Murr et al. pra, 2007
P. Domokos, A. Vukics, and H. Ritsch, Phys. Rev. Lett. 92, 103601, 2004.

Karim Murr, Phys. Rev. Lett., 2006
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Far off-resonance trap in a cavity

2
B _ K i (kx)
2yPe  2my

2g%(Ac — Up cos? (kx))(x + o cos? (kx))
((Ac - Uy cos? (kx))? + (k + T'g cos? (kx))z)2

N
[S)

N
o

!
[N
o

B/<0*0> [ Wrec/2V]
o

|
IS
o

-07 -06 -05 -04 -03 -02 -01 0

Ac v molecool: spontaneous scattering events

(rate of 2yP,) are likely to lead out from the

RELGRREE space = large cooperativity is needed

Ac~—k—-To+ Uy~ —«+ Up

Vukics, Domokos, pra 2005; K. Murr et al. pra, 2007
P. Domokos, A. Vukics, and H. Ritsch, Phys. Rev. Lett. 92, 103601, 2004.

Karim Murr, Phys. Rev. Lett., 2006
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Far off-resonance trap in a cavity

2
B _ K i (kx)
2yPe  2my

2g%(Ac — Up cos? (kx))(x + o cos? (kx))
((Ac - Uy cos? (kx))? + (k + T'g cos? (kx))z)2

N
[S)
T

N
o
T

Friction is independent of detuning Az

!
[N
o

T

B/<0*0> [ Wrec/2V]
o

B _K(g)z
2yPe ~ 2my \«

|
IS
o

T

-07 -06 -05 -04 -03 -02 -01 0

Ac v molecool: spontaneous scattering events

(rate of 2yP,) are likely to lead out from the

RELGRREE space = large cooperativity is needed

Ac~—k—-To+ Uy~ —«+ Up

Vukics, Domokos, pra 2005; K. Murr et al. pra, 2007
P. Domokos, A. Vukics, and H. Ritsch, Phys. Rev. Lett. 92, 103601, 2004.

Karim Murr, Phys. Rev. Lett., 2006
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Capturing single atoms for long times

optical transport

Standing-wave
dipole rap
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Capturing single atoms for long times

Cariy Zf/ H = ..+ (Ap+ Vcoskz)o'o
van Enk et al. pra 2001
3-|-|—|—<}:|— K. Murr et al, pra 2006
Standing-wave
dipole trap

2 T
W/ Detector

S. Nussmann, et al (Garching, A. Kuhn, G. Rempe), prl,
nature phys, 2006
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Capturing single atoms for long times

o Z/ H = ..+ (DLa+ Vcoskz)o'o
Standing-wave trapping time

dipole rap

At=(96=10) s

%’K
g
=B
g
]
Photons per 50 s

oz
=
g
z
2
2
T
| T -
g wmmtmmg
g r=17s
g 06
Z 04 - Without cooling
o 1 2z 3 4 5 & 1 B 9
S. Nussmann, et al (Garching, A. Kuhn, G. Rempe), prl, tig)

nature phys, 2006
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Capturing single atoms for long times

optical

Z/ H=..+(Ap+ Vcoskz)o o

Sianding-wave trapping time
dipoke trap
Hz s
2
g At=(96=10) ;s
o H
£
cavity cooling
[b
600 o s s
2 =
00 =
L - 2
SR 2
g -1 §
E 300 |-
H g
= [s=
00 3 | c Y -
vy £ e = With permanent cooling
100 | =178
Without pump light )
u- AT e e A A 7 P °§“ E; Vi&“"ﬁ!k Wimuut?m;o\'ng
(4425} ) 2 —a r=27s
y 0 . . . T
o 1 2z 3 4 5 & 1 B 9
S. Nussmann, et al (Garching, A. Kuhn, G. Rempe), prl, tig) )
nature phys, 2006
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Many-body physics with cold and ultracold atoms
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Many-body physics with cold and ultracold atoms

@ Motivation
e Feschbach resonance: tuning from weak coupling to strongly
correlated matter
e specific: atoms interacting through the EM radiation field
e Contrast to collisions, ion crystal, dipolar gas: global,
long-range coupling
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© Motivation
e Feschbach resonance: tuning from weak coupling to strongly
correlated matter
e specific: atoms interacting through the EM radiation field
e Contrast to collisions, ion crystal, dipolar gas: global,
long-range coupling
© Collective effects in a cavity: self-organization of atoms

e atom-atom coupling
e mean-field model

= phase transition :>
o effects beyond mean field
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Many-body physics with cold and ultracold atoms

© Motivation
e Feschbach resonance: tuning from weak coupling to strongly
correlated matter
e specific: atoms interacting through the EM radiation field
e Contrast to collisions, ion crystal, dipolar gas: global,
long-range coupling
© Collective effects in a cavity: self-organization of atoms

e atom-atom coupling
e mean-field model

= phase transition
o effects beyond mean field

© Collective effects in free space: opto-mechanical coupling in

an optical lattice

e Bragg-mirror regime
e collective excitations

= density waves
e dynamical instability

27/41



Many-body physics of atoms in optical resonators

BEC in a cavity

a
X
I : y BEC
z transport

-
-
-
-
dipole tre}\ -

-

-

—
prabe light

detector

b
EC between the
Y I mirrors after resonant
. % time of flight
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Many-body physics of atoms in optical resonators

BEC in a cavity
I :Y

dipole tre}*

BEC
transport

J

Q
QU]

—

prabe light
dete&tor
b ;
BEC between the
Y irrors after resonant
robing and 8 ms
o 7 me of flight

Atom-atom interaction

n E® /
\ A\ 7\ A
\ \ AN

\ / @ N\ @v

@ radiative (on top of the collisions)

@ long-range

@ global coupling (Kuramoto model)
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Many-body physics of atoms in optical resonators

BEC in a cavity Atom-atom interaction

a
X

I :y BEC

z transport
-
-—
=
=
. -
-

dipole trap @ radiative (on top of the collisions)

@ long-range

—

@ global coupling (Kuramoto model)
prabe light o

detector

g|oEClbetweeniinie @ Esslinger (ETH, Zirich),
irrors after resonant

robing and 8 ms Stamper-Kurn (Berkeley)
s time of flight

y @ Hemmerich (Hamburg),
Zimmermann (Tbingen)
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Scattering into the cavity

phase differencemt

/)

pumping
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Scattering into the cavity

phase differencemt

&

pumping

atom-atom coupling by interference

[x1 = Xx2| = (2n + 1) 2/2 — destructive interference
— |cg|2 =0

|x1 — x2| = 2nA/2 — constructive interference
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Scattering into the cavity

phase differencemt

atom-atom coupling by interference

&

[x1 = Xx2| = (2n + 1) 2/2 — destructive interference
— |cg|2 =0

pumping

|x1 — x2| = 2nA/2 — constructive interference

- lof? « 417 (superradiance)

Spatial self-organization of atom clouds

homogeneous cloud crystalline order

~— tanding=wave pump (pump power) ——Standing=wave pump
‘ AN temperature / grit
‘,,.,. =" wrap potenta rom density focuntions
P. Domokos, H. Ritsch, PRL 89, 253003 (2002), Black, Chan, Vuletic, PRL 91, 203001 (2003) J
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Quantized atom field in a single-mode resonator

One-dimensional toy model for coupled matter and light fields

AtaA . At A A h o d? @ ~
H=-ncda+in(a -a)+ [ ¥100] - 5o 5 + Naoh (09()

+ Up a%a cos?(kx) + int cos kx(a" — &) | W (x)dx,
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One-dimensional toy model for coupled matter and light fields

2

AtaA . At A A h d @ ~
H=-ncda+in(a -a)+ [ ¥100] - 5o 5 + Naoh (09()

+ Up a%a cos?(kx) + int cos kx(a" — &) | W (x)dx,

scattering processes (four-wave mixing)

@ -absorption and induced emission of
cavity photons

e absorption of a pump photon and
emission into the cavity

dissipation and noise
d

95 -é [a.H -ka+& (EDE () =ws(t-t).

dt
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Mean-field approach

Separation of mean field and quantum fluctuations

a(t) = a(t) +6a(t)  W(x.t) = VNg(x,t) + 6¥(x.1)

Szirmai, Nagy, Domokos, PRL 102, 080401 (2009), M is non-normal — excess noise
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2 (x,1) = { _ b & + la(t)[? U cos?(kx)
at” Y T 2m ax2 0
+

2Rela(t)n cos(kx) + Ngcle(x, OIF e (x, )

Linearized quantum fluctuations

[6a,6at, W (x), 50T (x)]
M(ao, ¢o(X), 1)
[£.£7,0,0]

oy

— _iMA +

T

s

SIS
Doy 2T

Szirmai, Nagy, Domokos, PRL 102, 080401 (2009), M is non-normal — excess noise
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Self-organization of a BEC in a cavity

order parameter

© = (¢l cos kxlp)

0.8

0.6

0.4

order parameter ©

0.2

0 65 130 195
V/N 7 [in units of wg]

Nagy, Szirmai, Domokos, Eur. Phys. J. D 48, 127 (2008)
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Self-organization of a BEC in a cavity
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VN7 [in units of wg] 02k U 02> U5 Wit

y cavity axis /A

62 +K2
VN = Z|5C| Vwr + 2Nge
hik2
6c =Ac—-NUp/2 wg= T

temperature < kinetic energy + collision

Nagy, Szirmai, Domokos, Eur. Phys. J. D 48, 127 (2008)
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Spectrum of fluctuations

frequencies
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Quantum phase transition of the Dicke model

o Reduce the size of the Hilbert space, to the subspace sufficient to describe the
self-organization

Nagy, Konya, Szirmai, Domokos, PRL 104, 130401 (2010)
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Quantum phase transition of the Dicke model

o Reduce the size of the Hilbert space, to the subspace sufficient to describe the
self-organization

e Study quantum statistical properties

2 .
U(x)=—co+ 7 C1 coskx [c,-,c.'] =1 i=01
\f i

Number of particles: cgco + cic1 =N fixed

Spin representation

8= L(cla+cjer) 8 = Z(clco-cler) 8z =%(ciei-cia)

Two-mode H: analogy with the Dicke Hamiltonian

Hih=-sca'a+wr8; +iy(a’ - a)8/ VN + ua'a(} + 5./N)
wr = hk?/m
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Quantum statistical properties of the ground state

Holstein-Primakoff representation

S_ = N-bfbb, Sy =b" YN-bTb,S; =bTb-N/2,  bboson for N — o

. . i bib bib
H/h = -6ca‘a+ wrb'b + uatab’b/N + éy(aT —a)(bT \/1 — \/1 N b]
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Quantum statistical properties of the ground state

Holstein-Primakoff representation
s

= VN-btbb, S; =b" VN-b'b,S; =bTb-N/2,  bboson for N — oo

. . i 1 t
H/h = —-6ca’a+ wrb'b + ua'ab’b/N + éy(aT—a)(bT \/1 = % + \/1 = b—Nbb]

quadratic Hamiltonian

H/h = Eo — (6 — up2)a’a + Mt ptp 4 Mty (b+2 + b2) +i% (2" - a)(b" + b)

meanfield
[ ,V y
Bi=F|1 -\ s ot
5¢ Yerit
3-282
My = wWR *y(foﬂﬂ 723/2
(1 ’Bo)
M yaop, !
ly = WR — yaopo 71/2
(1-£3)
1-282
Me = 2u00fo +y ——r
(1-5)

Nagy, Konya, Szirmai, Domokos, PRL 104, 130401 (2010) 35/41
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Quantum statistical properties of the ground state

Holstein-Primakoff representation

S_ = YN-bibb, Sy =b" YN-bib, S, =bTb-N/2,  bbosonfor N— co

. . i T B
H/h = —-6ca’a+ wrb'b + ua'ab’b/N + éy(aT—a)(bT \/1 = % + \/1 = b—Nbb]

quadratic Hamiltonian
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meanfield
2_,2 -
-3 P PRI f . second-order correlations
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Experimental mapping of phase diagram

Pump lattice depth (E;)

Time (ms) Time (ms)

Pump-cavity detuning (MHz)

0 200 400 600 800 1000 1200
Pump power (uW)

Baumann, Guerlin, Brennecke, Esslinger, Nature 464, 1301 (2010)
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Photon measurement induced back action

The ground state is fragile due to the irreversible loss of photons (=measurement) =
quantum noise analysis

Szirmai, Nagy, Domokos, PRL 102, 080401 (2009)
Nagy, Konya, Szirmai, Domokos, PRL 104, 130401 (2010)
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Photon measurement induced back action

The ground state is fragile due to the irreversible loss of photons (=measurement) =
quantum noise analysis

Normal mode decomposition

@ left and right eigenvectors of M — (1K), /) = 6
@ normal modes py = (), R)

Q@ Jpk = —iwkpy + Ok

@ projected noise @ = (TU‘),E)

1.) quasi-mode excitation {%@:—Wr +pip7)
2.) measureably excitation SN(t) = <aTa o bTb>

ON(t) (k) (0™ (k) () (k) (D)
or 221(;/1 12 (r2 oty r3)

O (6" — lwk + wjl)

Szirmai, Nagy, Domokos, PRL 102, 080401 (2009)
Nagy, Konya, Szirmai, Domokos, PRL 104, 130401 (2010)
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Photon measure t induced back action

The ground state is fragile due to the irreversible loss of photons (=measurement) =

quantum noise analysis
Depletion rate
Normal mode decomposition coarse graining: [d¢| ™" < ot < wi!
0.02 ; : ; ;

@ left and right eigenvectors of M — (1K), /) = 6 ; :;
@ normal modes py = (), R) g 0.015 | i ]
Q@ Jpk = —iwkpy + Ok £ ’," l‘,\
@ projected noise @ = (TUO,E) T oL r AN |
1.) quasi-mode excitation i(pT +plpo) E
) a sty o+ +pip- ?‘QE 0.005 -
2.) measureably excitation SN(t) = <aTa o bTb>
“ L L L L L
& 16 0 05 1 15 2 25 3
T <2 S (00 40 i
k.I . 0
» From coarse-grained effective quantum
(ot ~lwi + i) master eq.

Szirmai, Nagy, Domokos, PRL 102, 080401 (2009) ’
Nagy, Konya, Szirmai, Domokos, PRL 104, 130401 (2010) ON(t) Me kwn

=k =
ot 6% +12  locl
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Open system dynamics away from equilibrium

BEC in a driven cavity

g cos(kx)
(eare)

Nagy, Domokos, Vukics, Ritsch EPJD 55, 659 (2009)
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g cos(kx)
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_ _ i g T
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Open system dynamics away from equilibrium

BEC in a driven cavity Microscopic model

g cos(kx)
(eare)

H=-Aca'a+in(a’ -a)

+f\|ﬂ [— —— — +Upa'acos® kx)]\U(x)dx,

2hm dx2

1 | & 5
_ _ i g T
b= [H.p] K(a ap+pa'a-2apa )

Reduced Hilbert-space

W(x) = co + V2o cos 2kx

1, .
X=—(c,+c) P= (c) - c)
V2 ? V2?2
Analogy to opto-mechanics
H = -Aca'a + in(a’ - a) + 20g (X% + P?) + ua'ax.

Nagy, Domokos, Vukics, Ritsch EPJD 55, 659 (2009)
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Open system dynamics away from equilibrium

BEC in a driven cavity

g cos(kx)
(eare)

H=-Aca'a+in(a’ -a)

+f\|ﬂ [ TR +an acos’ (kx)]\U(x)dx
X!

1
P = E[qul—

Microscopic model

K (a't ap+pa‘a- 2apa't)

Reduced Hilbert-space

W(x) = co + V2o cos 2kx

1. )
Xzﬁ(cé—s-cz) P:%(cﬁ—cz)

Optical bistability

Analogy to opto-mechanics

H = -Aca'a + in(a’ - a) + 20g (X% + P?) + ua'ax.

(A~ UN/2)/x

Nagy, Domokos, Vukics, Ritsch EPJD 55, 659 (2009)
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Environment filtered through the cavity field

39/41



Environment filtered through the cavity field

Reduced master equation

diffusion friction
p = 2 Herop] = [0, [A00). 1] - S[a(X). (Pop]

t , ~ A
alt) = 5 + foe(m_m_”f(f’)dt’» 5=0(X) = A —uX. @O () =2(t-1).
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Environment filtered through the cavity field

Reduced master equation
diffusion friction

p = = [Hor.p] = [A(X). [60X). 1] = S19(X). (P )]

t , - ;
a(t) = o+ [y 52000 = Bo-uX, (el (¥) = 2ealt-1).

Coefficients

X-A
Her = 4wp = (X2 + Y%+ — arctan(ufc]

d(X) = \if arctan(@)

K
4wRukn?
(63(X) +#2)2

Lindblad?

9(X) =-
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Environment filtered through the cavity field

Reduced master equation

] diffusion friction
p = = [Her.p] = [d(X), [d(X )p]]——[g( ):AP.p}]

t , ~ 0
| 0=t e()at’ | 6=6(X)=Ag —uX, ()&M) =2xs(t—1'),

Coefficients Tunneling oscillations

= 0
X - A
Het = 4wp — (X2 +Y3)H)+ L arctan(ufc] 1 /vﬂ
, \//\/\N\N\
o(X 8
d(X) = 2 arctan (Q) Yo,
VK K
4wRukn? “
X) = ———wRUMT .
9 (62(X) 4 «2)2 ®0 o5 1 15 2 25
t[in units of tg]
Lindblad? y
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Method |. Non-adiabatic effects

(X, 1) = ao(X) + %{Y, a1 (X))
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Method |. Non-adiabatic effects

(X, 1) = ao(X) + %{Y, a1 (X))

d 0 . L 0a(X, 1)
Za(n = a+ilHo(GD], [YV.e(0] =122

d 0 1 80{(X, t) d X
il = = — AND — - - - X
; a(X, 1) : a+4wR {Y, X } ND ; a(X,t) =[i(Ac—uX)—«]a(X, t)+n+é&

Hierarchy in powers of Y
n
X)= ——.
@0(X) = 55T x
4wp 8a0(X) , 4wHUT]
X) = = .
“) =5 Tax sy
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Many-body effects in the motion of atoms in a cavity

global coupling

non-equilibrium phase transitions

experimental realization of Dicke-type phase transition
driven-damped system, controlled dissipation channel
Open question: stationary state of the system
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