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Preface
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Bose-FEinstein condensation
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Cold-gases livestream on TV

Experimenters can now...

a] Josephson oscillations
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1D traps and lattices

Lasers allow to create lower
dimensional traps and lattices

No restrictions to magnetic low-field
seeking hyperfine states!

8
:

:

"
]
-
-

‘_ﬂ".;

.

4.

ey,
A -

~ [I. Bloch

KITP Workshop Santa Barbara - 29 February 2008 Thomas Gasenzer ©



Optical lattices

Superfluid - Mott-insulator
quantum phase transition

[M. Greiner et al., Nature 415 (02)]

Optical lattices allow

@ simulation of solid state
systems,

@ study of quantum phase
transitions,

@ fast changes in
long-range correlations
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Nonequilibrium dynamics 1n lattices

[with P. Struck]

Dipole oscillations in lattices:
Damping rates?
[Expt. @ NIST: Fertig et al. PRL94 (05)]
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Long-time dynamics of ultracold gases

A quantum Newton's cradle. "
[T. Kinoshita et al. Nature 440 (06)]
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Quantum Nonequilibrium Dynamics of Ultracold Atomic Gases:

Theory?

Available methods:

* Mean-field theories [Gross-Pitaevskii, Hartree-Fock(-Bogoliubov)]

* Kinetic approaches [Quantum Boltzmann, ...]

* (Semi-)classical simulations [Truncated Wigner Approximation, ...]
 Exactly solvable models

[Lieb & Liniger, Girardeau, McGuire, Gaudin, Minguzzi, Buljan, ...]

* tDMRG, MPS/PEPS

[Vidal, Kollath, Schollwock, White, Feiguin, Manmana, Muramatsu, Wolf,
Cirac, ...]

* Quantum Monte Carlo, stochastic Quantisation
[Mak, Egger, Berges & Stamatescu, ...]

* Functional QFT
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Non-equilibrium evolution in

Quantum Field Theory




How to describe a condensate?

For bosons: [&;,,®] ] = 6(x — x')

e Matter wave mean field [z = (¢, x) = (¢, x)]

o = (Bg), |¢.|? = n.(x) = condensate density,

e Density of non-condensed atoms (& = ¢ + ®, ¢ = (d))

(%L%m) = npe(x) = n(x) — ne(x),
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How to describe a condensate?

For bosons: [&;,,®] ] = 6(x — x')

e Matter wave mean field [z = (¢, x) = (¢, x)]

o = (Bg), |¢.|? = n.(x) = condensate density,

e Density of non-condensed atoms (& = ¢ + ®, ¢ = (d))

(%L%m) = npe(x) = n(x) — ne(x),

e Total one-body density matrix

Gii(x,y) = ((I)JF 4) = spatial Fourier transform: momentum distribution n(p, t)

= 15t-order phase coherence

e Anomalous one-body density matrix

Giz(x,y) = ((f)mtf)y) = e.g., number of Bose-condensed bound pairs (molecules)
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‘ Dynamical Field Theory

We will be interested, in particular, in the explicit time dependence
of the lowest-order correlation functions:

b (x) = (®,[(x)) (mean field)
G.lxy) = <T¢a<x)d5b(y>>c (density matrix,

2-point function,
propagator)

where x = (xat) connected, i.e., =(T®,P,) — ¢b,P,
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‘ Initial value problems...

...require the Schwinger-Keldysh closed time path (CTP):

E|0ft) =(t, |[U(t)oU(t)|t,)
— Tr[p(to) Uf(t>o U<t> | path ordering along CTP C

e.g. /

Galxy) = Trplty) T.U'(t)®,(x)2,(y)U(t) ] - disc.

CTP C: i + branch
' = 2
J

{

0,

— branch
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‘ Initial value problems...

...require the Schwinger-Keldysh closed time path:

(t10]e) = (5 [U (O U(1) | 1)
= [ Do, Do, p10y, @, | Dp'Dep' O ¢ LeF- 31007

CTP C: i + branch
e N
J

— branch
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Functional RG approach




‘ Renormalisation-group approach

to far-from-equilibrium dynamics
[TG & J.M. Pawlowski, cond-mat/0710.4627]

e Regularise generating functional

Z—ex{i/ O Ron(wy)— }Z
T — P w,y;cé-]a(ﬂf) rab\Ts Y 5Jb(y)

Japa }:

Z[.J5 po] =fD¢poeXp{iS[¢]+i/

x,C

i

t' iR _(t,t") >
fluctuations suppressed

R (t,t) = 0

full path integral

T - t
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‘ Renormalisation-group approach

to far-from-equilibrium dynamics
[TG & J.M. Pawlowski, cond-mat/0710.4627]

e Regularise generating functional

Z—ex{i/ O Ron(wy)— }Z
TP et @) ST
Z[J; po] =f’Dcppo exp {i8[99] +i/ Japa }:
x,C
t' iRT(t,t') > o
fluctuations suppressed ® Functional RG equation [C. Wetterich (92)]
! oI, = Zf ! o R
Rr(t,t) = 0 T T 2 - ]_—‘5_2)_|_RT . Tl ab
full path integral
I'-[¢p, R:] = W_[J, po] _/Ja¢a_ 1/(/517,R7-,ab¢b
T g t c 2 /e
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‘Real-time Functional RG equation

graphically [TG & J.M. Pawlowski, cond-mat/0710.4627]

1
a‘TF‘T — f (2) 87R7,ab
c|I's" + R+ |,

b | =
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Exact flow equations

for moments 1" [TG & J.M. Pawlowski, cond-mat/0710.4627]
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Exact flow equations

for moments F<n) [TG & J.M. Pawlowski, cond-mat/0710.4627]
. i Rt’ab = _@_
o, = < oLy = <
T 2 ’ 2 G‘C,ab — _o_
3
a Lok = M-

@ 1 i LGl =
AT = L +P(ab) } += , ’
a b a b
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Exact flow equations

for moments F<n) [TG & J.M. Pawlowski, cond-mat/0710.4627]

F(l) _ tab — (:)

‘Cah — _o_

abc — )_
“4) _

oL = ﬁ+P(ab) I +® ot = :«

AT [6=0] = m+P(abcd) }+_<@}

a-*'T"*-d

AT,
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‘ Integrated tlows

of moments I'[¢p = 0]

AT@® — 1
0 =

,ab —

[TG & J.M. Pawlowski, cond-mat/0710.4627]

i =1 ...

Rt,ab — _@_

iR (tt) >

R (tt) =0
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‘ Integrated tlows
of moments I'[¢p = 0]

2 I
a’cl_:c,(al)a — 5

similarly:

4 4)
E(al)ocd F( abced + = {

d R (t,t") = 0

[TG & J.M. Pawlowski, cond-mat/0710.4627]

Rt,ab — _@_
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_ A
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‘ Dynamic equations

[TG & J.M. Pawlowski, cond-mat/0710.4627]

R‘c,ab — _@_
byl =ly... Cap FC(;%C — ﬂ

2 2 1
thb,)ab = Eo(, ib + =

iR (tt) >

R (tt) =0
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‘ Dynamic equations

[TG & J.M. Pawlowski, cond-mat/0710.4627]

Rt,ab — (:)
ol =1y .. Tos L = :(

]T;Efzzb — jlﬂfz) + ES

.. Tae IRT(t,t’) 9 00

R (tt) =0

“4) (4)
E abed — 0 abced + = {
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‘ Integrated tlow

of 4-point function I'?[¢p = 0] (76 & J.:m. Pawlowski, cond-mat/0710.4627]
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‘ Integrated tlow

in s-channel approximation [TG & J.M. Pawlowski, cond-mat/0710.4627]

I Tg
= 1,...min(1,t’)
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‘ Renormalisation-group approach

to far-from-equilibrium dynamics
[TG & J.M. Pawlowski, cond-mat/0710.4627]

The dynamic equations derived from the Functional RG equation...

@ ... can be solved iteratively in time,
@ ... provide a resummed 4-vertex beyond 2Pl NLO 1/,

@ ... allow non-perturbative truncations neglecting higher n-vertices,

@ ... provide handle to study the quality of the truncation.
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FEquilibration of a
1D Bose gas




‘ Fquilibration of a 1D Bose gas

Momentum distribution for different times:

I & o—e 7 = (), initial distribution E

- quasistationary evolution| -

0 1:_ =—a equilibrated distribution | |

< a |

<~ 0.0l | =

= - ) ]

B B R

T 0.001 3 l‘t‘g =

- 2

- f .

0.0001 ¢ E

- 0 .

- r,=vx00ls
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p VL]

[TG, J. Berges, M. Seco & M.G.Schmidt, PRA 72 (05); J. Berges & TG, PRA 76 (07)]
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‘ Temperature appears

‘Temperature’ parameter O(p) at t,,

40
A
30, A 7 flat =
at = temperature
— |~ { =vx0.05s /
N A - A A v
E20F AT Al Ta
10
0 [J. Berges & TG, PRA 76 (07)]
0
1
n(t;p) =

1 (P2
eFpem (zm M) _ q
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Far-trom-equilibrium evolution

Time evolution of mode occupation no®:

n(t,p)/n,L

ol ol il ]
0.0001 0.001 0.01 0.1

t[s]
initial state: ¢ 23Na atoms in 1D, n; = 10" m—1
e interaction parameter v = Am/(#*ny) = 7.5 - 10~4
e Gaussian momentum distribution

[J. Berges & TG, PRA 76 (07)]
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Onset of near-equilibrium evolution

Time evolution of temporal correlations

§(t,p) = F(t,0;p)/p(t,0; p):

S(t.p)/S(0.p)
T

L T T, T,
[ [ T

ol S N
o
|

1
' Near equilibrium

- p, = 2mi/L
/‘f
0.98- /|
1
1 1 I I | I| 1 1 1 I . | I| 1 1 1 1 I!I 1 I| 1 1
0.0001 0.001 : 0.01
I [S] :
. e e ) . . 1
( Fluctuation-Dissipation rel.: th‘f]fl) = —1 (n(w, T) + E) pffl‘;l_)_ )
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