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Quantum Phase Transition
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Quench across (Quantum) Phase Transition
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cooling

QCP
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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)

G(r) ~ exp(-/cr)

logn.

G(k) = n,

k2/2m

log/c

Fourier transform
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Time evolution — Scaling transformation

log G(k)

G(k,st) =

>

saG(s*k,t)

\
log k

scaling form: G(k,t) = (Qt)aG ( k(Qty)
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Bose condensation: equilibrium

T

c(= 0)
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Cooling Quench in a Bose Gas Semikoz & Tkachev, PRD 55 (1995)
also: Svistunov(1991-)

time evolution

n(£,t.) IC

-t 1i-« ii-^ 1(5-̂  ffl-t' 'fi-«"fj-k' "fj-ii' i(5-i i i
£ = k2/2m

Cooling quench

Scaling form: n(e,t) = ((#)« f (£[(#]*)
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Classical Turbulence

Leonardo da Vinci (1452-t-51"9)*

Kolmogorov (1941) E(k) ,-5/3 (for incompressible fluids)
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Turbulent Cascade

energy transport

Stationary
distribution

E

<D

Source Sink
00

ICTP Dynamics School • Trieste • 15 Jul 2014
Center for

Quantum Dynamics



Transport in momentum space

Radial transport equation: local conservation

dtn(k)= -

Stationary distribution n(k,t) = n(k) if Q(k)=Q
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Transport in momentum space

Radial transport equation (Boltzmann):

dtn(k)= -dkQ.(k) 1 J(k)

dq d'V |Tkpqr |2(5(k + p - q - r) (5(wk + UJP — w q — w r)

X

coupling mom. conservation energy conservation

+ l)(np + l)nqnr - nknp(nq + l)(nr + 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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Wave Turbulence - e.g. on water

(kinetic) WT Theory prediction:

[Zakharov & Filonenko (67)]
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/(Hz)
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Cooling Quench in a Bose Gas Semikoz & Tkachev, PRD 55 (1995)
also: Svistunov(1991-)

time evolution

Tj-v ifa i j-fc iS-4 ifi-v fjj-fc
= k2/2m

Scaling form: n(e,t) = ((#)« f (£[QtY)

^£-1.24

1.24 = «/)8

(= 7/6 in WWT)
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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)
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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)
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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)
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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)
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Scaling depends on quench

B
rf

o
O

a = 2.33 • a = 3.0 . a = 4.0 a = 6.0 a = 10.0
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Radial momentum k
[B. Nowak, J. Schole, and TG, arXiv: 1206.3181;
Scaling evolution: recent work by A. Pineiro & J. Berges, unpublished]
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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)
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with I. Chantesana, A. Pineiro & J. Berges

Transport in momentum space

Quantum Boltzmann breaks down for large £ in n

dt n(k) = - dfiik) ~ kd~1 J(k)

dq ddr |Tkpqr |
2^(k + p - q - r) (5(wk + ujp - wq - wr)

coupling mom. conservation energy conservation

x [(njc + np)nqnr - n\^np(nq + nr)]

in-scattering rate out-scattering rate
here: T. = g = const.

Kpqr —

Cured by
effective many-body T-Matrix: | J |2 = g2

,2

for k -> 0
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Extreme" Initial Conditions

(Bose gas in d = 3) X "* X = >< + )*O"<

logn.

/ log k
\ \
\/\
V \kinetic energy Q}llm = gn =

^+C(sk^nkf

4

1 A

^^___^ flQ ~ 1 / X] ~

r] = (na3)1/2 diluteness

Q~ 1/healing length

[Discussion with J. Berges]
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Extreme" Initial Conditions
...obtained after cooling quench of system with 77Tcrit ~ q"3 ~ 10

logn.
MM 1 / I I

• \ r? = (na3)U2

particles ^
removed by quench ^ ^

diluteness

logk

Q~ 1/healing length

[Discussion with J. Berges]
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Universal dynamics

Non-thermal Fixed Point

time evolution
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Non-Thermal Fixed Point in 3D
B. Nowak, J. Schole, TG,
arXiv: 1206.3181 v2
[cond-mat.quant-gas]

NTFP
o

/D ~ vortex ring radius,

/c ~ phase coherence length

0 0.4 0.6 0.8

Dilution process: cf. also Kelvin-wave cascade Kozik & Svistunov (03-11)
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Hydrodynamic — Strong Wave Turbulence

0-OJ 0.1 03 1

Radial momentum k

n(k) ~ k<

strong scaling exponents

x - x = ><+>O"<

Defects
Phase-ordering kinetics

Pattern formation
Quantum Turbulence

B. Nowak, D. Sexty, TG, PRB 84(R) (11);
B. Nowak, J. Schole, D. Sexty, TG, PRA85 (12);

scaling correlations QFT
Non-thermal Fixed Point

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 PRA81 (10) 033611
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Coarsening dynamics
(2-component Bose gas)

M. Karl, B. Nowak, TG, Sci. Rep. 3, 2394 (2013); Phys. Rev. A 88, 063615 (2013)

miscible immiscible

912 < 9

n(k)

Simulations by Markus Karl

time
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Gauge Turbulence
1/(1) Anderson -Higgs (Ginsburg-Landau) model:

' X .

V(<P) = £

Gauge
invariant
Higgs phase |

TG, L. McLerran, J.M. Pawlowski, D. Sexty, 1307.5301 [hep-ph]
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ULTRAcool Universality
>MM7>MM7 J

Result of colliding two Gold nuclei (Relativistic Heavy Ian Collider, BNL):

Early-universe:
Inflation & Reheating

1 K -

10- 5 K-

1 0 - 1 = K -

Heavy-Ion collisions (~1015K)

Supernova (~1010 K)

Solar core (15.710.000 K)

Solar surface (5.780 K)
Room (293,15 K)
Pluto (44 K)
Cosmic Microwave Background
(2,73 K)

BEC (1 nK)
Coldest Atomic Gas
(0.45 nK)

Heavy-ion collisions

Ultracold atomic gases
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Heidelberg Quantum Dynamics [Johnson, Karl, Mussel, Nicklas, Strobel, TG,
Bouchoule, Oberthaler, to be published]

t=39ms
v=0.51±0.04
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Dynamical scaling: G(syk,svzt;s£) = s~2y~nG(k,t;£)

Non-linear Heisenberg/sigma model: Z -symmetry breaking
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Solitons in 1 spatial dimension
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Scaling
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87Rb-Experiment:
Schmiedmeyer group (Vienna)

ia is

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

kHfjim)

[R. Bucker, S. Erne, W. Rohringer, et al.]
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Kolmogorov-41 Scaling:
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[T. Muller, M. Karl, and TG, to be published]
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Many other phenomena

soo

350

IM

x-x=x+>O<
Non-Thermal Fixed Points

Vortex Dynamics in 2&3D
t = 10000 i = 5000

Pattern formation in Spinor gases 0 100 200 300 400 500 100 200 300 400 500
Grid position x Grid position x

1D Soliton Gas

Charge confinement in Higgs models
Qs 1 = 7000

D (.11

-0.01

"Kibble-Zurek", Exciton-Polaritons, Cosmology, QGP, ..
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Supplementary slides



Hydrodynamic vs. kinetic Condensation
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[B. Nowak, J. Schole, and TG, arXiv:1206.3181]
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Anomalous Exponents
Kardar-Parisi-Zhang equation dt9(x, t) = iA726>(x, t) + | [V0(x, t)]2 + JJ(X, i)

driven-dissip. phase dynamics of coherent Bose gas
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[S. Mathey, TG, and J. Pawlowski, arXiv: 1405.7652]
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Heidelberg Quantum Dynamics

Density

(Rubidium)

linear
coupling:

• - F=2 i t )

-Nl
-V1

Q < Q
crit immiscible

tttwmtttwwmwt

Q > Q
crit miscible

Related: Schmiedmayer, TU Wien; Spielman, NIST Gaithersburg
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Heidelberg Quantum Dynamics miscible immiscible
tune

ra. = gi2/g

912 < 9 912 > 9

miscible
n/nglt

(Rubidium)

linear
coupling:

F=2

= 911922/912
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