Isolated quantum systems

In extreme conditions:
From heavy-ion collisions to ultracold quantum gases

Jurgen Berges
Institute for Theoretical Physics
Heidelberg University

Deutsche
DFG Forschungsgemeinschaft SFB I225

Il N,
A (TR ,
SO UNIVERSITAT &Gl ¢© I

5 F,n 111

I AN
ar o _‘ HEIDELBERG \\ ® BHO“KH‘-’!"E“
‘ e I*,E'Wa ZUKUNFT

i 1| GO i

NATIONAL LABORATORY

SEIT 1386

MAX-PLANCK-INSTITUT
FUR KERNPHYSIK

BNL CoLLoQuiuM, NOVEMBER 29, 2016



ISOLATED QUANTUM SYSTEMS IN EXTREME CONDITIONS SO
Collaborative Research Center ISOQUANT

Heidelberg University:

Kirchhoff-Institute for Physics/

Berges, Enss, Floerchinger, Physics Institute
Pawlowski, Rothkopf, Braun-Munzinger, Gasenzer,
Salmhofer, Wetterich Jendrzejewski, Jochim, Masciocchi,

Oberthaler, Reygers, Stachel,

Blaum, Crespo, Evers,  Schenke, Venugopalan Weidemdller, Whitlock
Keitel, Palffy-Bul3 "

Schmiedmayer

Nuclear Theory Group, v :
Max-Planck-Institute for Brookhaven National Lab TU Wien/Vienna Center for
Nuclear Physics, Heidelberg Quantum Science and Technology

BERGES, BNL CoLLOQuUIUM, NOVEMBER 29, 2016 2



ISOLATED QUANTUM SYSTEMS IN EXTREME CONDITIONS

Isolated Quantum Systems
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Extreme Conditions

ISOQUANT

Heavy-ion collisions (QCD) Highly charged ions (QED)
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ISOQUANT Research Areas

Heavy-ion
collisions

Precision spectroscopy
with highly charged ions

Ultracold quantum gases
in optical/atom-chip traps

Area C: Phase structure, large
fluctuations and quantum critical phenomena
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The Quest for Universal Regimes

ISOQUANT

Example A: Thermalisation process in isolated quantum many-body systems

= Extreme field/fluctuation initial conditions far from equilibrium

e ' o Universalit
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rescaled momentum: t'p.
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The Quest for Universal R
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Example B: Cold-gas model system for strong-field QED

t
= Schwinger e*e" pair production in extreme electric fields
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The Quest for Universal Regimes

ISOQUANT

Example C: Phase structure of strongly interacting fermions

= Fermi gas in two-dimensional BEC-BCS crossover regime

Universal behaviour in whole
low-temperature superfluid phase
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distance r (um)
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ISOQUANT
Universality: From short- to long-distance scales

Renormalization group: ‘microscope’ with varying resolution
of length scale

~ 1/k

Example: ‘coarse graining’ for spin system

k~1/a k ~ 1/(2a)
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Universality: From short- to long-distance scales

Renormalization group flow: scale-dependence described in terms of
‘running‘ coupling parameters

-
=

"irrelevant parameter’

'relevant parameter’

Irrelevant parameters: loss of details about microscopic description

Fixed point: physics looks the same for different resolutions (scaling)

BERGES, BNL CoLLOQUIUM, DECEMBER 29, 2016 10



ISOLATED QUANTUM SYSTEMS IN EXTREME CONDITIONS SO
Role of extreme conditions
Dimensionless combination of

(running) coupling field? expectation value (vacuum/
strength thermal equilibrium/nonequilibrium)

A (P2

characteristic energy/momentum?

— Extreme conditions enhance the loss of details about
microscopic properties (coupling strengths, initial conditions, ...)
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Extreme conditions from large fields/occupancies

¢ In a quantum theory the field amplitude corresponds to the expectation
value of a (here relativistic, real) Heisenberg field operator &(¢, x):

o(t) = (D(1,x)) = Tr {0, D(1.%)}

e Occupancies derive from correlation functions, e.g. spatially homogeneous:

“quantum-half’ volume: (27)5(0) — V
occupation (1. +1/2 ﬁ/
number ftt.p) +1/ + (2m)%8(p) o= (t)
distribution wit,p) N
~ dispersion condensate?
1

- / B e P (D¢, x)D(,0) + B(t, 0)D(L X))

e Extreme conditions: (A < 1)

1. ¢~ Q/VA orfand | 2. f(Q) ~ 1/A
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Insensitivity to initial condition detalls
Example: Relativistic A¢* (‘Inflaton/Higgs‘) theory (A < 1) in d=3, ® = ¢o + 00

1. Large initial field:

o~y e

>‘ =. . .
% (6¢%) ~ Q? 214 1. classical-statistical simulation
2 o - A (weak-coupling limit)
3 f=0 2 :
@ R a 1.6 kN
P :|< " K“% -
— approach to ]
% 12 MY nonthermal fixed point
©
2 avy
S - large initial field s .
@ 4 r ._—'! initial over- { Ng =39 =memem
2. High occupancy: \ occupation | ny=7.5 ——

~ Q tlog(A™H) time
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Insensitivity to coupling strength
E.g. relativistic N-component A¢* quantum theory (1/N to NLO 2PI):
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" Universal scaling behavior
- for wide range of couplings!
" Insensitive also to (finite) value of N!
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— nonthermal fixed point
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Nonthermal fixed point

Schematic behavior near nonthermal fixed point: dual cascade

Bose Condensation
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Nonthermal fixed point
Particle versus energy transport:

K<@QKA

number conservation: energy conservation:
?:LQ:?:LK + NA QﬁQ:KﬁK—FA’ﬁA

e = 2 g g =T a2
RTA—K 97 7¢ MTATK T A

= Anp ~ Q?’LQ
Particles are transported towards lower scales, energy towards higher scales
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Ultracold Bose Gases in Extreme Conditions

... atoms @ nanokelvins - e Interacting bosons with

trapped only a few mm away from s-wave scattering length a

“diluteness’ parameter:

¢ = Vna?

glass cell @ room temperature

(vacuum of 10" Torr,
i.e. 10" bar,
or 107" Pa,

= atmospheric
pressure on the moon)

with interatomic distance

~ n_l/?’
typical scattering length:  , ~ 5 mm
typical bulk density: n o~ 10" cm™3
= (~1073
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Dilute Bose gas in extreme conditions

e The dilute Bose gas in extreme conditions has the typical occupancy:
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e Check: Bosons with quartic (Gross-Pitaevskii ) interaction g = 4ma/m;

— the mean-field shift in energy is of the same order as the relevant
Kinetic energy Q2/2m Irrespective of the coupling g, since
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o [ @ 5up)~ 0 @@ ~ 0%~ gL~ D
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Universality far from equilibrium

universaldlscaling \fxponents

f(t,p) =1t fs(t"P) .

Self-similarity:

nonthermal fixed point distribution

ISOQUANT
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Heavy-ion collisions in the high-energy limit

Color Glass Condensate: Lappi, McLerran, Dusling, Gelis, Venugopalan, ...

Large initial gauge fields: (A) ~ Qs/g , gkl

with initial (vacuum) fluctuations: (64%) ~ Q? ,  a.=g%4n

v

and longitudinal expansion: ==V — 22, x* = (t £ 2)/V/2, n=atanh(z/t)

1<Qs‘c<log2(as_l) Q, L logz(agl)

Gluon distribution: f(t,pp,v)

Berges, Schenke, Schlichting, Venugopalan, NPA931 (2014) 348
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Nonthermal fixed point

Attractor in the "anisotropy-occupancy plane’:

Momentum space anisotropy: A /A

BMSS: Baier, Muller,
Schiff, Son

BD: Bodecker

KM: Kurkela, Moore

BGLMV: Blaizot et al.
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Universality far from equilibrium

ISOQUANT
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Universal scaling exponents: a=-2/3, =0, v=1/3
and nonthermal fixed point distribution function fg:

o0, 7) = (Q7) f5 ((Q7) b1, (Q7) D, )

Surprisingly large universality class, including even long. exp. superfluid scalars!
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Thermalization of the Quark Gluon Plasma

Thermalization ab initio:

strong color non-thermal quantum

colliding nuclei : ) _
d fields fixed point regime equilibrium
+ J~ S o w
e - - o‘k ‘e
L
" Soe 748
® L o
: ~0.1 fm/c | QsTInst ~ log?(aZ?) ~0.4Ifm/c QsTEq ~ a3/
time , | I e
QsT ~ 1 QsTQu.ant i 0;3/2 ~1 fm/c
classical-statistical T
lattice gauge theory eff. kinetic theory

Windows into early times: e.g. photon production

— Medium transparent to photons (A ¢, = 500 fm)

mfp

— Nonequilibrium stage of photon production can
be significant, in particular, for smaller systems
Berges, Reygers, Tanji, Venugopalan, in preparation
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ISOQUANT Research Topics

ISOQUANT

Short-time dynamics,
instabilities, quenches

Virtual/real pair creation
with strong fields

Far-from-equilibrium
scaling phenomena,
nonthermal fixed points

Tests of strong-field
QED/QCD

Phase transitions,
condensation

Non-trivial field configurations,
anomalies, topology

What determines the
phase structure of quantum
systems in extreme conditions?

Hydrodynamics, . Bound-state formation,
transport properties thermal equilibrium hadronisation
Phases of strongly Many-body properties
interacting fermions from few-body systems
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Conclusions

¢ |solated quantum systems in extreme conditions — relevant for wide range of
topical applications from particle/nuclear to atomic/condensed matter physics

e Extreme conditions enhance the loss of details about microscopic properties
from which universality originates

e Discovery of new far-from-equilibrium universality classes provide exciting new
links between different physical systems ranging from hot plasmas to cold gases

e Nonthermal fixed point in space-time evolution of non-Abelian plasma
at high energies:

— large predictive power of calculations from first principles, in particular,
because of insensitivity to less well known initial condition details

— impact on observables sensitive to nonequilibrium stage, such as photon
production

— universal aspects of nonthermal fixed points may be tested in table-top
experiments with cold atoms
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