Thermal Density Distribution

Thermal density distribution
for fully saturated gas (just af) T
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Figure 8.3: The density profile of a fully saturated (2 = 1) thermal cloud of bozons in an izotropic harmonic

trap (solid line). For comparizon the gauszian profile of a classical gaz is also drawn (daszhed line); R =

2kT /muw? iz the thermal radius of the clazzical cloud.

(1) = égcg/z(exp(! " Vext(r)))

For high temperatures we recover the Gaussian for a harmonic trapping
potential.
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Field Operators

a )
@ (r) = Z @c(r)& | Creation operator (creates particle at positign
K

10(r)=1 " (r)a Annihilation operator (destroys particle at positin
K

\

[@(r), @" (r)] = 6(r—r')

(), (r']1= 0 Commutation relations

(W (r), @ (r')] =0
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Many-Body Hamiltonian
- Second Quantized Form Bosons -

p
1 = d3r 16" (r) —EVZ + Vexi(r) 10(r)
| 2m
+ > d3rd3r’ 16" (r)16" (r')V (r — r)16(r) 16(r)
\_
| n .
ny =" +\% g1 Occupation (Number/Fock) state for bosons,
[N I T Nk! IkI (ak ) | created from vacuum state.

V(I’ ! I’") General two-body interaction

4 bza! (r —r’") inthe ultracold regime.

m
o

Vir—r)y=g!' (r—r") =
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Equation of Motion for Field Operator

[

br )

. Jd . L oy
b2(r) = [ .H] = (! 024 V() + g u») b

Generally not solvable!

Approximation for condensate mode: (Bogoliubov approx.)

[ 16(r)! 1 (r)+" !d(r)J

AR

Classical field Field Fluctuations

We assume that fluctuations are small compared to classical field.
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Macroscopic Wavefunction and
Gross-Pitaevskil equation

Macroscopic wavefunctionor order parameter:

4 )

W(7) = Jn(7) "

This wavefunction can be obtained as a solution of aonlinear Schrsdinger equation

the Gross-Pitaevskii equation Chemical
/ potential
C N
h . . 4nh’a,.  _ . / ~
—— AW(F) + V (r)W(F) + W) W(F) = wW(F)
2m m
N // T '\\ y
Kinetic energy term External potential Mean field
term Term due to
Interactions !
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Thomas-Fermi solution of the
Gross-Pitaevskil equation

~
2

AW+ V() + g V) W) = p()

.

J

With large number of atoms with repulsive interactions (g>0), the macroscopic

wavefunction is spread out due to the interactions, so that its curvature
becomes very small.

- Amth’a

m

Remember g

Thomas-Fermi solution

-

.

~

‘lp(,‘;)‘z — é(u _ V(F)) is good when Ni |

a,

0
J

Monday, November 16, 2009




Thomas-Fermi solution of the
Gross-Pitaevskil equation

2

(F)+V (W) + g| V()| W(F) = w(7)

- J

With large number of atoms with repulsive interactions (g>0), the macroscopic
wavefunction is spread out due to the interactions, so that its curvature

becomes very small. 7

dnh’a -
= Neglect Kinetic energy term !

m

Remember g

Thomas-Fermi solution

4 )

‘lp(,‘;)‘z — é(u _ V(?)) is good when Ni |

a,

(0]

- J
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Thomas-Fermi solution compared to the
Harmonic Oscillator Ground State

Cw CN
40 -20 0 20 40 6 -4 -2 0 2 4 6
z (umj z (umy Ry
Axial profile Radial profile
i 2/5
Parameters1(P 8’/Rb atoms bw,, [ 15Na /
_ L=
w, =2nx20Hz 2 e

w, =2mx200Hz
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Experimental Measurement

1000 | g
8§ In trap column density of 80000 Na
2 600 atoms. Dashed line indicates single
> particle ground state density distribution.
400
:
2 200}
S
0

-60 —40 -20 O 20 40 60
z (pm)

FIG. 3. Density distribution of 80 000 sodium atoms in the trap
of Hau er al. (1998) as a function of the axial coordinate. The
experimental points correspond to the measured optical den-
sity, which is proportional to the column density of the atom
cloud along the path of the light beam. The data agree well
with the prediction of mean-field theory for interacting atoms
(solid line) discussed in Sec. III. Conversely, a noninteracting
gas in the same trap would have a much sharper Gaussian
distribution (dashed line). The same normalization is used for
the three density profiles. The central peak of the Gaussian is
found at about 5500 um™2. The figure points out the role of
atom-atom interaction in reducing the central density and en-
larging the size of the cloud.
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Full Numerical Solution of GPE

Attractive Interaction Repulsive Interaction

wave function

wave function

r (units of a,,)

FIG. 8. Condensate wave function, at 7=0, obtained by solv-
ing numerically the stationary GP Eq. (39) in a spherical trap
and with attractive interaction among the atoms (a<0). The r (units of a,,)
three solid lines correspond to Nl|a|/ap,=0.1,0.3,0.5. The

dashed line is the prediction for the ideal gas. Here the radius FIG. 9. Same as in Fig. 8, but for repulsive interaction (a

r 1s in units of the oscillator length a,, and we plot >0) and Na/ay,=1,10,100.
(a,3,(,/N)"2¢(r), so that the curves are normalized to 1 [see also R

Eq. (40)].

from: Dalfovo et al. Rev. Mod. Phys. (1999)
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Attractive Interactions - Collapse of the Condensate

Ground State Energy via Variational Ansatz assuming a Gaussing ofayjgith

5 T T T
_— — —_— w _— i
Nbw,, 4 w? 21 ap, w3 *
A A .|
4
Quantum Pressure Interaction Energya
2 -
Quantum pressure can stabilize condensate 1}
with attractive interactions in a trap!
0
0

FIG. 12. Energy per particle, in units of A wy,,, for atoms in a
spherical trap interacting with attractive forces, as a function of
the effective width w in the Gaussian model of Eqgs. (48) and
(49). Curves are plotted for several values of the parameter
Nla|/ay,. The local minimum disappears at N=N_.

from: Dalfovo et al. Rev. Mod. Phys. (199¢
LMU |::
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Attractive Interactions - Collapse Dynamics

Condensate Forms

‘‘‘‘‘‘
,,,,,,

------
-----

0 | 1 I | 1 1 | 1 1 | I 1 1 1 1
00 03 06 09 12 15

Delay time (s)
Condensate

from: Gerton et al., Natur&08, 692 (2000)
Collapsed
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Der Beginn der modernen Quantenoptik

1956 Hanbury-Brown & Twiss
50/50 Strahlteiler

Hanbury Brown
1916-2002
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Der Beginn der modernen Quantenoptik

1956 Hanbury-Brown & Twiss
50/50 Strahlteiler

V)

; X
/y
Hanbury Brown

1916-2002
g2(1)

T

‘ Photoneneiner thermischen Lichtquelle sindorreliert ! I
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Glauber formuliert g.m. KohSrenztheorie

Glauber formuliert allgemeine q.m. Theorie der Kohdrenz
(1963)!

(I(0)I(y)) « (@' (x)a" (y)a(x)a(y))

[ Wichtig: Detektionsvorgang Sndert den Quantenzustand des Lichtfeldes ]

Fiir thermische Lichtfelder findet er dort:

(1(0)I()) « (a"(p)a' (Da(x)a(y))
= (a'(ya)a’ (a(y))+(a'(»ax))(a (xa(y))
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Von der QM zurYck zu klassischen Physik

Wie kannklassisches dynamisches Verhalteémder
Quantenmechanikbeschrieben werden?
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KohSrente ZustSnde des Harmonischen Oszillators

Fur harmonischen Oszillator erstmals eingefiihrt durch
Schrodinger (1926).

4 )
Therlagerung ausstatischen

Wellenfunktionen kann dynamisches
Verhalten der klassischen Physik
reproduzieren!

2 3
1> + o e—iS/Zhvt

2)+...

Aber: Oszillierendes Wellenpaket hat
immer noch endliche Ausdehnung
(nicht punktfSrmig!)
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Analoges Problem in der Optik

Klassische elektromagnetische Wellen sollen qguantenmechanisch
beschrieben werden!

A

Ly

S
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KohSrente (Glauber) ZustSnde des Lichtfeldes

A A

Ly

P > Klassische e.m. Welle (Maxwell)

KohSrenter Zustand (Glauber)
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KohSrente (Glauber) ZustSnde des Lichtfeldes

A A
Ly

A

P > Klassische e.m. Welle (Maxwell)
4 )

0 n
‘a>_e—a2/2z 0} ‘n>
n=0 V1N !
. W,

KohSrenter Zustand (Glauber)
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KohSrente (Glauber) ZustSnde des Lichtfeldes

A A
L
A
P > Klassische e.m. Welle (Maxwell)
A
A
L >

KohSrenter Zustand (Glauber)
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KohSrente (Glauber) ZustSnde des Lichtfeldes

A A
L
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Wann werden Quantenfluktuation unwichtig?

A

P AYAYA
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Wann werden Quantenfluktuation unwichtig?

43l

G. Breitenbach et al., Natur@g87, 1997
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Gequetschte LichtfeldzustSnde

P
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Gequetschte LichtfeldzustSnde

A

A

¢ :
A

A

¢ :

G. Breitenbach et al., Natur@g87, 1997
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