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Universality, topology & turbulence
in Bose systems
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arXiv:1302.1448 [cond-mat.quant-gas]
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| Quantum Phase Transition

T A

e.g.: BEC
Ferromagnet

Normal BE gas
Paramagnet
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‘ Quench across (Quantum) Phase Transition

T A

cooling

QCP
/
/
.
g, s
magnetizing
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| Universal dynamics

Non-thermal Fixed Point?

time evolution
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‘ Correlation functions

e.g.: Bose gas above condensation temperature

G(r) = (W (w(0)) G(k) = n,

k§2/2m ~ —u

y

log n,

Fourier transform

RN,
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Time evolution = Scaling transformation

G(k,st) = s* G(s7k, t)

log G(k)

log k

scaling form: G(k,t) = (Qt)* G ( k(Qt)")
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Bose condensation: equilibrium

T A d
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| Cooling Quench in a Bose Gas iz aces pross 199)

time evolution

Cooling quench

Scaling form: n(g,t) = (Qt)~ f.(¢[Qt]")

| 28 iy I ;
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Classical Turbulence

Kolmogorov (1941) E(k) ~ k™3 (for incompressible fluids)

Seeking equilibrium —

cold milkin hot coffee. T @
N Center for

ICTP Dynamics School - Trieste - 15 Jul 2014 i Quantum Dynamics




Turbulent Cascade

Stationary
distribution

energy transport b~ p_ﬁ
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Transport 1n momentum space

Radial transport equation: local conservation

Ot n(k) = — ok Q(k)

Stationary distribution n(k,t) = n(k) if Q(k)=Q
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| Transport 1IN momentum space

Radial transport equation (Boltzmann):

den(k) = — dQ(k) ~ k&1 J(k)

= k-1d0 /d‘ [dd |Tkpqr| d(k+p—q-r)d(wk + wp — wq — wr)

coupling  mom. conservation  energy conservation

X [(nk +1)(np + 1)ngn, — nknp(ng +1)(ne + 1)]

in-scattering rate out-scattering rate

Stationary distribution n(k,t) = n(k) if Q(k)=Q

This requires a particular scaling of n(k) ~ k¢
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g. on water

c

Wave Turbulence —

1
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[H. Xia et al.,

(kinetic) WT Theory prediction
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E
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| Cooling Quench in a Bose Gas iz aches pross 1995)

~£—1.24

1.24 = ot/

(=7/6 in WWT)

Scaling form: n(g,t) = (Qt)* 1 ([Qt]")
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B. Nowak, D. Sexty, TG, PRB 84(R) (11);
B. Nowak, J. Schole, D. Sexty, TG, PRA 85 (12)

2D Bose gas: Quench dynamics

) [ ' ' "] “Initial” distribution

= 108 L 00 T erlm n(k) .

E:; 8 . t'. ]

' Q. TR

= 0T g 1

= i l
2 | .o 1

- 10 *

= - L il

45 1 i i 1.:-&“-———;-

£,

g 0.03 0.1 0.3 1

)

O Radial momentum £k
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B. Nowak, D. Sexty, TG, PRB 84(R) (11);
B. Nowak, J. Schole, D. Sexty, TG, PRA 85 (12)

2D Bose gas: Quench dynamics

= L ' ' ] “Final” distribution

= 100 | Cen, TR

D = b, " . 1 T
L e . —_— By —

= e A o ™

= ~ e \_i\.. th ) e _1 w

S 102 | e € may - , ,
_5 i .;_ F (Rayleigh-Jeans regime
é 1 | A o of BE distribution)
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B. Nowak, D. Sexty, TG, PRB 84(R) (11);
B. Nowak, J. Schole, D. Sexty, TG, PRA 85 (12)

‘ 2D Bose gas: Quench dynamics

102 k= bidirectional

L redistribution T e
1} Ty i
1 I R S —

0.03 0.1 0.3 1

Occupation number n(k)

Radial momentum £k
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| 2D Bose gas: Quench dynamics

B. Nowak, D. Sexty, TG, PRB 84(R) (11);

B. Nowak, J. Schole, D. Sexty, TG, PRA 85 (12)

n(k) -

n(k) -

3 . :...t.
e

5

Occupation number n(k)
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‘Scaling depends on quench

=35 - a=30 . a=4.0 - a=60 - «a=10.0

10— : : 108 .
' n(k) ~ k™ ' '
106 108 - -
104 :

102

10

108
108 | .

104

Occupation number n(k)

102

10

Radial momentum kA
[B. Nowak, J. Schole, and TG, arXiv:1206.3181; 2
Scaling evolution: recent work by A. Pineiro & J. Berges, unpublished] ] @c :
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B. Nowak, D. Sexty, TG, PRB 84(R) (11);
B. Nowak, J. Schole, D. Sexty, TG, PRA 85 (12)

2D Bose gas: Quench dynamics

Lattice site y

100
Lattice site z
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with I. Chantesana, A. Pineiro & J. Berges

‘ Transport 1IN momentum space

Quantum Boltzmann breaks down for large {in n ~ k™¢

orn(k) = —0,Q(k) ~ k' J(k)

= k140 f qddr |Tkpqr|25(k +p—q-—r)d(wk + Wp — Wq — Wy )

coupling  mom. conservation energy conservation

X |(nk +np)ngne — nknp(ng + nr)]

in-scattering rate out-scattering rate
here: T, . = g = const.
Cured by 2
effective many-body T-Matrix: |T|*=g¢* - |T?[n]|* ~ L
d
1+C(gk n,)
fork— 0
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“Extreme” Initial Conditions

2
. MB 2 9
(Bose gas ind = 3) ) & & >+ 0 >< |Tk [nkH -
1+C(gk’n,)
n,~1/n~103
Q
log n, ~ S
n = (na’)'’?| diluteness
% / log k wx
kinetic energy Q*/2m=gn=p Q ~ 1/healing length
[Discussion with J. Berges] ﬁ{? L @
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| “Extreme” Initial Conditions

...obtained after cooling quench of system with T/T_ ~ n'? ~ 10

B, 1/n~10°

log n, =

N
ﬁ N\ n = (na*)'?| diluteness

N\
N\
N\

particles
removed by quench\

log k x\

Q ~ 1/healing length

[Discussion with J. Berges] | @
: Center for
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| Universal dynamics

Non-thermal Fixed Point!

/

time evolution
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B. Nowak, J. Schole, TG,

‘Non—Thermal Fixed Point 1n 3D wostwssiena

U3 nlk) . .
! | & | initial spectrum
ot b b o’
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Joa) A
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T 200
0 @1

[, ~ vortex ring radius,
~ phase coherence length
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| Hydrodynamic = Strong Wave Turbulence

o Y v n(k) ~ k¢
1 —3
R 1/ strong scaling exponents
100} ” :E 10
300 L é 4 ZP =d+2
200 | e % é . ZE = d + 2 + Z
1o L A 2 K E
1] %Q . w! i T § 0=
10i) ; o A e L i | - e
DN e Y = > 8 )<
300 L ¢ . A L
N jf%f-(m“ 0.0 0.1 0.3 L he 3
500 '(']"r 100 Radial momentum &
Defects <€—— scaling correlations = QFT
Phase-ordering kinetics Non-thermal Fixed Point
Pattern formation
Quantum Turbulence Strong Wave Turbulence

J. Berges, A. Rothkopf, J. Schmidt, PRL 101 (08) 041603,
J. Berges, G. Hoffmeister, NPB 813 (09) 383,
C. Scheppach, J. Berges, TG PRA 81 (10) 033611
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Coarsening dynamics miscible immiscible

tllIlE ‘ ‘

= gi2 /g
M. Karl, B. Nowak, TG, Sci. Rep. 3, 2394 (2013); Phys. Rev. A 88, 063615 (2013) il 2 o : Sty

(2-component Bose gas)
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Simulations by Markus Karl
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1000 | ™, " Q,t=5

® ) Qs =500 : ]
Gauge Turbulence oo b 8y GrIE =
e K’
U(1) Anderson-Higgs (Ginsburg-Landau) model: % n
d
1 ) . g
S[Auagb] —x == ZF;WF“ +: (Duqb) Dﬂgb‘|‘ V((b) o
0.01

3 3
2 2
1 1
0 0
-1 -1
=) -2
-3 e -3
Q. t=7000 0. t=45000
.0 0.02
Electric 0.01 0.01
charge : 0.01
distribution
0 0 0
-0.01
. -0.0! -0.01
-0.0< R
TG, L. McLerran, J.M. Pawlowski, D. Sexty, 1307.5301 [hep-ph] IR TR @
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ULTRACQ 01 Univers ality

4 Heavy-lon collisions (~10'°K)

Supernova (~10'° K)

Solar core (15.710.000 K)

10 K

Heavy-ion collisions

Solar surface (5.780 K)
Room (293,15 K)
Pluto (44 K)

Cosmic Microwave Background
(2,73 K) P

1K

Early-universe:
Inflation & Reheating

10° K

BEC (1 nK)
10" K Coldest Atomic Gas
(0.45 nkK)
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Thanks & credits
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Markus Karl | Thorge Miiller
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not in the picture:
Simon Sailer

Valentin Kasper
Asier Pineiro Orioli

(Collaboration with Jurgen Berges & Jan Pawlowski)

Collaboration with experimenters:

Wolfgang Missel, Eike Nicklas, Helmut Strobel, Markus Oberthaler
Robert Bucker, Tim Langen, Wolfgang Rohringer, Jorg Schmiedmayer
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[Johnson, Karl, Missel, Nicklas, Strobel, TG,

Heidelb erg Quantum Dynamics Bouchoule, Oberthaler, to be published]

A B CRERCIN T AL e e o N TR L SN R 2 A e

N — 4 T
’g 6[t=39ms 3 t=12ms -
3 [(v=0.51+0.04 . v=0.51 +0.06
’ 2
g 5
m S
£ ",
(O
1 =
£ > 1 7
° I
10 1 0.1 1.0
& Q— Q. -
€= o
Dynamical scaling:  G(s'k,s 7?t;sg) = s 2 "G(Kk,t;€)
Non-linear Heisenberg/sigma model: Z -symmetry breaking

ICTP Dynamics School - Trieste - 15 Jul 2014 il Quantum Dynamics



'Solitons 1n 1

Position [ag]

9 9.5 10 45
Time t [103/(2ma?))

a Quasi stationary profile

a Scaling

M. Schmidt, S. Erne, B. Nowak,
D. Sexty, and TG, NJP 14 (12) 075005
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spatial dimension

45.5

46

normalized n, {um) (shifted)

100 T T T T
100 B = = = % weann,, 1 &
= ow o w mEmAgEe .
— 1
= 1
"o ol : ]
g )2
60 = | i
= 1
= 1
S 9 !
0 = g1f — 4 1 o 1
=3 b= 2.7 x 10% (max. cloud length) '
S — t=2.75x 104 1
S . 1
20 O 001 F k4 t=28x10% (min. cloud length) ' 1
1 1
] 1
ke, ke
0 0.001 — -
0.01 0.1 1

Momentum k& [g.u.]

tRzl-e

1184002
2504002
8.10+002

K (1fum)

8’Rb-Experiment:

Schmiedmeyer group (Vienna)
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Kolmogorov-41 Scaling?

: 1000
10° -
6 N 800
10" L
N e,
g Yn
- 4 >
= g
z, 10 3 600
- =
5 ‘@
g 8-‘ B
(=}
g 10T T 400
\“‘
. I (@
10" 1 t= 1.8 o 106 ‘)00 :
10'2 ] 1 ] 1
0.01 01 h 1 g B8 N
k 0 200 400 600 800 1000
grid position x
[T. Miiller, M. Karl, and TG, to be published] 1 \ @
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© NASA/JPL-Caltech/Space Science Institute: Cassini, 27 Nov 2012




© NASA/JPL-Caltech/Space Science Institute: Cassini, 27 Nov 2012
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Many other phenomena
= 8= > 8 )<

Non-Thermal Fixed Points

Vortex Dynamics in 2&3D

.
(=
(=]

Grid position y

650

0 100 200 300 400 500 100 200 300 400 300

Pattern formation in Spinor gases i oo Grid position 2

A00

1D Soliton Gas

0.01
o
G — VW
1"\_&?‘“ . . . e 5 -0.01
Charge confinement in Higgs models —— " Q. 1500
W %‘E"‘%EA M
[ = |
JE————vR—— ““;,_m
1 = : 1 i
M A~ “Kibble-Zurek”, Exciton-Polaritons, Cosmology, QGP, ...
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Supplementary slides




Hydrodynamic vs. kinetic Condensation

n(k) - ni(k) - nk) - ng(k) - E2 - k=5 o

108 —, : : : 10% — : . :

1061 106 .

104 104+

102 102

10 10

108 — T . T 108

Occupation number

106} 108 &y, .

_ AN compressible
10%} 104 e excitations
102 i 102 __ ® e it ___. " :

10

10 7= 6554

0.03 0.1 0.3 1 3

n;' @Center for
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Radial momentum k&
[B. Nowak, J. Schole, and TG, arXiv:1206.3181]




Anomalous Exponents

8:0(x,t) = vV20(x,t) + 3 [VO(x,1)]* + n(x, 1)

Kardar-Parisi-Zhang equation

< driven-dissip. phase dynamics of coherent Bose gas

108 +

10t | -

102 |

Occupation number n(k)

Occupation number n(k)

0.02 0.1 0.3 ke 1 3

Radial momentum k&

d=2

[S. Mathey, TG, and J. Pawlowski, arXiv:1405.7652]

108

=
(=}
-

102 |

compressible

excitations

incompressible
flow

0.1 0.3

Radial momentum &
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Heidelberg Quantum Dynamics (Rubidium)

linear L 4 S |f>

coupling: - w
= F=1

T e ¥)

Density

Q<Q immiscible Q>Q miscible

MNHM M NNHN o o p e e e e e e

Related: Schmiedmayer, TU Wien; Spielman, NIST Gaithersburg g @
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Heidelberg Quantum Dynamics sl immiscible

(Rubidium) ~
o o A — = —
miscible Q/ngq4 linear _* =\t
coupling: XI
= F=1

T e ¥)

>

A = 911922/9%2
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