Trans-series
&
hydrodynamics far from equilibrium

Michal P. Heller

Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Germany

National Centre for Nuclear Research, Poland

many works, but see

1610.02023 [hep-thikcture notes
1707.02282 [hep-phlview with Florkowski and Spalinski



Introduction



Motivation

experiment (2000 ++): pheno: MICroscopics:

hydrodynamic description
of ITH"

holography

QLD (N=4 sYM)

ultrarelativistic heavy-ion
collisions at RHIC & LHC

What is hydrodynamics and when does it worl
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Textbook dePnition of relativistic hydrodynamics

an EFT of the slow (?) evolution of conserved

hydrodynamics Is currents in collective media close to equilib(R)m

DOFs always local energy density and local R3ow vetocityu' =( 1 )

EOMs:conservation egns,(T#)=0 fdFf" ) expanded in gradients

| K
< >

(TH) = tuMu' + P(){g" + uku 31 "(#* 1 $(){g" + u'u' }(" U)

microscopic EoS shear viscosity bulk viscosity
NPUt 5y - %6 for CFTs) contribution (vanishes for CFTs)

This talk: behaviour of the gradient expansion at large orders in the numUder ¢

In practical applications one encapsulates part of this info in an EGM for

L = g S U D M 0l TR T+ Ol M T 4 0l TR, T

BalerRomatschke&on-Sarinets8ephanov/12.2451
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Hydrodynamics far from equilibrium

0906.4426, 1011.3562 Ig§hesler & Yaff@103.3452vith Janik & Witaszcz!

Viscous hydrodynamics works despite huge anisotropy in the system:

hydrodynamization= local thermalization
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Hydrodynamic & transient modes



Modes in BRSSS theory

Mode = solution of linearized equations of Pnite-T theory without any source

Technical issue: tensor perturbs— chanmeds éverywhere sound chaniel
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Modes In Einstein-Hilbert holographyGNMs
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Hydrodynamics & trans-series

1503.07514wvith Spalinski (see als809.05046y Basa& Dunne)
1302.069 Avith Janik & Witaszczyk



Boost-invariant [30W.,,.en 108

constx® slice:
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Gradient expansion: series+ 1103 345avith Janik & Witaszczyk
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Large order gradient expansion: BRSS& 14t spains
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Hydrodynamic gradient expansion is a divergent sedgd: ! (n+ 1)
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Hydrodynamics & transient modes: BRSSS

| - does not make sense withautesummation
n=1
Key observatlon< resurgenc

there must be sth else that cares about ini. cond.
1503.07514nith Spalinsk

i
Linearization ¢ ¢, w(1+ A4 + (; +;%* )Augth—mc,,:o around on gives:

n=1

integration const. (ini. cond.) further hydro dressil
. / (another div. series
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In equilibrium one has e

LT d
It is still true here but only at a given instaece: 1)
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N
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Ci WC!..

To wrap-up, we have just seen the hydro-dressed transient mode of BRSSS |
g/12  See alsdnep-th/060614%y Janik & Peschan



1503.07514nith Spalinsk

Traﬂsseries aﬂd resurgence see alsd509.0504®y Basa& Dunne

approx. analytic cont.
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Resurgencdrans-series yields an unambiguous answerlugeto int. const.
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Hydrodynamics & transient modes: holograph

1302.069 Avith Janik & |taszcz
see alsd511.0635&y Aniceto & Spalinski as well@88.0192Dby Spalinsl
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InPnitely many transient QNI\/I-3-> InPnitely many parameters in the transs
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Hydrodynamics far from
equilibrium

1503.07514nith Spalinski
see alsd 704.0869%9y Romatschke



Hydrodynamics far from equilibrium attractors

attractor
hydro 1
hydro 2

0.0 0.5 1.0 1.5 2.0 2.5 3.0
w=TT

One can also approx. resum transs
2
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Requires 3 Borel summations

1503.07514nith Spalinsk
BRSSS:
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 attractor solution

Recentl\romatschkén 1704.0869found such
attractors in kinetic theory & holograph
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Summary

many works, but see

1610.02023 [hep-thikcture notes
1707.02282 [hep-phlview with Florkowski and Spalinski



hydrodynamization

/ ~\

trans-series <« » hydrodynamics far from equilibrium

k=0 vs. singularities of Borel transform of hydro

Im(!) ﬁﬁ
Re(: )> o
| temperature history (3/2) |
Borel vs. Fourier (-i) nydro d*ressmg
\ wonnsngecnnneny
. Re( )
“ nonlinearities :1:';%'\1
!#vlm(! ) | ML’%%L

2

non-equilibrium physics QM with V=1 5x*(@!  §x)
Appealing analogy wit
guantum mechanics:

: : .1 : : :
gradient expansion in— perturbative series in

transient QNMs € ' 2= YW (..)) instanton € Y G9(..)
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LeSSOn frOm C08m0|096¥3.05344/vith Buchel & Noronha
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Modes In RTA Kinetic theony,, ,,s4p, romatschie

Sound channel at k, =01 1.0 & 4 531707.02282vith Florkowski & Spalinski
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I i i ) 1609.04803with Kurkela & Spalins
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