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What is the problem?

« CGC initial condition: Longitudinal color E & B fields tappi-mcLerran 06

*

b ~1/0,
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T, = (e,ee —e) ‘v Highly anisotropic




What is the problem?

 Hydrodynamic initial condition at ~1fm/c

|sotropic




lsotropization in Bjorken expansion

* Holographic approach « QCD effective kinetic theory
- One event Gradient expansion works
; - 2nd order expansion DL >
-2 0 - Istorder — = (0.4 T
14 ‘ ! - 3rd order pr ',"v" ’ —
* ‘: . . S TT . . . PL
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C B works very anisotropic! =
08f ", . & [ A =10 (n/s =~ 0.62)
06} =y epey : 04*[ A A=15m/s~030) = = -
0 How far from equilibrium is : / 20 (/e 022) e
' y ; 2 02 B A =25 (/s ~ 0.16) ]
0 hydrodynamics applicable: / A
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Heller-Janik-Witaszczyk 12 Kurkela-Mazeliauskas-Paquet-Schlichting-Teaney 19



NModern view of hydro applicability

* Hydrodynamics is a low energy ettective theory near equilibrium

Hydro modes (conserved densities, NG modes, gauge fields)

/\/
%

Lmicro

Based on gradient expansion & 1 and symmetry

macro



NModern view of hydro applicability

« Why gradient expansion?
Hydro modes (conserved densities, NG modes, gauge fields)

".‘J%: "non-hydro modes”
/\y (fast modes)

“Non-hydro modes” are quickly adjusted to the surrounding
macroscopic condition if its variation is small > 6T;;~nd;u; + -+



NModern view of hydro applicability

« What if the gradient is large?

Hydro modes (conserved densities, NG modes, gauge fields)

/\w f
«. .J%:» non-hydro modes”

(fast modes)

Once the "non-hydro modes” are adjusted to the large gradient,
they are not dynamical anymore > 6T;;~4T;;(0u)




NModern view of hydro applicability

« Hydro-like description can be extended further when
1. Non-hydro modes are ineffective Romatschke 18
2. Their non-perturbative response to large gradient is known

| will talk about

1. Hydrodynamic Attractor — non-equilibrium frontier
2. Hydrodynamic Fluctuations — small size frontier

What | will not talk about:

Initial color fields

Decoherence of initial color fields to particles
Plasma instabilities

Transverse expansions



1. Hydrodynamic Attractor



-xamples of hydrodynamic attractor

« Conformal causal hydrodynamics in Bjorken expansion o
1. Hydro mode = energy density Heller-Spalinskl 19

1.0 . ¢
_de _etp(e)—¢ : f=3+3z 3
dt T 0.9 |B - Each event
(! - Istviscous
0s - 2nd yiscous
2. Non-hydro mode = shear mode ¢ - Attractor

« Relaxation vs. expansion + nonlinear

I Non-hydro mode is adjusting

. . / . : .
Attractor characterizes the solutions 0.5 itself to Bjorken expansion
0.0 0.5 1.0 1.5 2.0 2.5 3.0

even beyond gradient expansion w=Tr

_TTL' d‘L’ ¢ 47] + 4T7t¢ + /11(152

0.6




-xamples of hydrodynamic attractor

 RTA kinetic theory and its approximations

Strickland-Noronha-Denicol 18
(RTA = relaxation time approximation) . .

| Navier-Stoi(‘?gs

1. Non-hydro modes 080 -2 \ aHydro
« Kinetic theory contains o of them | \*~\\\ \\ T SA’I“SMR
« Causal hydros have only one o i—___~10% error~_\  _._.\s
075 | Tl \\\\\ exact RTA

2. Causal hydros work ~10% errors®

Causal hydro = a far-from-eq. hydro! ol

Why does causal hydro work well
already from early times?




Why causal hydro works from early times

« Asymptotic behaviors ot RTA kinetic theory = Bewctvanisis
1. Free streaming asymptotics
UV (free)
2 ‘
T — ©O

Pr

IR (free)

-

2 0t 1

e(t) =2pr(r) x 771
e+ p;, = ¢€

e(t) =lp,(r) <~
v e+p, =2e

2. Hydrodynamic asymptotics IR (hyd)

. )

T — OO

Exponents of physical quantities e(7) ='3p(t) o T74/3
characterize the asympftotics ce+p, =4e/3



Why causal hydro works from early times

« Fixed point analysis Slatrot-Yan 18, 19
1. Logarithmic growth rates of energy density and anisotropy
(1) = dloge (1) = dlog(p, — pr)
Jolt) = dlogt’ g1t = dlogt

(g, &) at RTA kinetic theory Causal hydro (DNMR)
fixed points (2-moment truncation)
UV (free) (-2,-2) Close! (-2.21,-2.21)
R (free) (-1-1) 4@ (-0.93,-0.93)
IR (hyd) (-4/3, -2) (-4/3, -2)

Causal hydro captures global features of the
RTA kinetic theory solutions, even at early times




Why causal hydro works from early times

« Fixed point analysis

1. Logarithmic growth rates of energy density and anisotropy

_dloge _ dlog(p, — pr)
90(7) = dlogt’ 91(7) = dlogt
(g, &) at RTA kinetic theory Causal hydro (DNMR)
fixed points (2-moment truncation)
UV (free) (-2,-2) Close! (-2.21,-2.21)
R (free) (-1-1) 4 (-0.93,-0.93)
IR (hyd) (-4/3, -2) (-4/3, -2)

Causal hydro captures global features of the
RTA kinetic theory solutions, even at early times

1 —

Blaizot-Yan 18, 19

Exact —
Two-moment —-—

10



| essons so far

1. Out-of-equilibrium behavior is characterized by hydrodynamic
attractor even beyond the gradient expansion

2. Hydrodynamic attractor of (RTA) kinetic theory is approximated
well by causal hydro, which only has single non-hydro mode

3. This unexpected success of causal hydro is because it shares
the same fixed points with the (RTA) kinetic theory



Recent works on far-from-equilibrium hydro

e Attractors and far-from-equilibrium hydro
e Lublinsky-Shuryak 07!

e Heller-Janik-Witaszczyk 12, 13, Heller-Spalinski 15, Romatschke 17, 18, Behtash-
CruzCamacho-Martinez 18, Heller-Kurkela-Spalinski-Svensson 18, Strickland-
Noronha-Denicol 18, Strickland 18, Behtash-CruzCamacho-Kamata-Martinez 19,
Behtash-Kamata-Martinez-Shi 19, Denicol-Noronha 19 (Wed 8:40-, 15:00-),
Jaiswal-Chattopadhyay-Jaiswal-Pal-Heinz 19 (poster NT7), Du (poster NT4)

 New ideas and applications of attractors

 Fixed points: Blaizot-Yan 18, 19, Kurkela-Wiedemann-Wu 19

« Pre-scaling: Mazeliauskas-Berges 19 (Wed 14:40-)
 Adiabatic hydrodynamics: Brewer-Yan-Yin 19 (Wed 14:20-)

« Phenomenology: Giacalone-Mazeliauskas-Schlichting 19, Kurkela-Mazeliasukas 19



New ideas on tar-from-equilibrium hydro

» Pre-scaling in overpopulated anisotropic plasma [azliauskas Berges 19

1. QCD effective kinetic theory
C1o2[f] + €272 ]

2. Non-thermal fixed point
e The 1st stage of bottom up thermalization

3. Scaling behavior established earlier
for,pz1) = Ta(T)fs(TB (T)PT; Ty(T)Pz)

Pre-scaling away from non-thermal fixed
point suggests an attractor behavior

exponents

(Wed 14:40-)

1.5}

1k

0.5

(r) —

= R

pre-scaling

0.1 1

scalinTg exponents at
non-thermal fixed point




New ideas on tar-from-equilibrium hydro

« Adiabatic hydrodynamics

1. Trace the slowest configuration Brewer-Yan-Yin 19
~Quantum mechanics with energy gap g=2-3 Theqe Ved 14:20-) THydro
pre-hydro mode :
2. RTA kinetic theory B e L i e
* Free streaming vs. relaxation 1.2t
d 9) \\“_::~_~_
of = —|Hp + A HR]f Loy
f(t) = fO;A(t) slowest configuration 05l / +
10'/—2 T 1 10
Instantaneous ground state effectively T/7C

selects the attractor solution



Application of hydrodynamic attractor

 Energy attractor

1. Insensitive to models by scaling

with equilibrium relaxation time
T T

~ (4nn/sTe)  Tr(D)

~

w

2. Relates initial energy density to
late-time energy & entropy densities

(er4/3) ~(et 4/

4/S)hydro

41N 1/3 1/3 2/3
—5) Votr - (€Din;

ini
(sT) hydro ~ (

Dominant entropy production is
estimated by the attractor

Giacalone-Mazeliauskas-Schlichting 19

e =e(s)

o 1.0
5,
=0.9-
\3)
2 0.81
&
~ 0.7
&
» 0.6
ﬂb /
£ 0.5 7/~ = Cx = 0.87 QCD kinetics
= /,/’ — — Cyo = 0.92 Boltzmann RTA
§ , // S = Cso = 0.98 YM kinetics
% 04 :/ cv+ Coo = 1.06 AdS/CFT
gﬁ S B free streaming
& Co viscous hydro
0.1 1 10

w = 1T /(4mn/s) Scaled time

Tesr  e(t)/*



Application of hydrodynamic attractor

« How much has (pre-)QGP worked?
1. Using entropy-multiplicity relation

—-1/2

(eD)ini ~ 30 - (*37)

-1/2

"Veff

dNch 3
Ardn

2. Longitudinal work estimated
 Observed energy per rapidity

« Multiplicity = initial energy density

Viscosity can be constrained

by using independent data

Giacalone-Mazeliauskas-Schlichting 19

O Au+Au 200 GeV

initial-state energy

g ---n/s=008 O
| 77/8=0.16

_ R 0 Pb+Pb 2.76 TeV
| Longitudinal work > O

.\
20

20 40
centrality [%)

20 40 60
centrality [%)




Application of hydrodynamic attractor

* More formulae
1. Hydrodynamization time  @uyaro =

T
hydro  _ 1 Schlichting-Teaney 19
TR (Thydro)

T -1/2 3/2 1/2
hydro __ (chh/dy) . ( n/s ) . (M) < 1: System thermalizes for d/\,,/dy > 63

R 63 2/4m 40
. s . . ~ T m .
2. Chemical equilibration time = &chem = TR(CTh; ;=12 Kurkela-Mazeliauskas 19
cnem
T dNcp/dy\ ™/ s \3/? v\ 1/2
chiem ~ ( che ) '(z%n) (20" <1: Chemically equilibrated for diy/dly > 110

~ ~

*Strangeness saturates at d/V.,/dy ~100 (ALICE)

Minimum size for formation of
equilibrated system under expansion



Ratio of yields to (x"+ 77)

1073

(] pp,@lL 7 TeV

O p-PbySyy=5.02TeV
[[] Pb-Pblvs =276 TeV
—_— PYTH:A8

------ DIPSY

|
----------- EPOS { HC
|

10°
(chh/drl>|,]| <05

L 11
103

dynamic attractor

T
hydro =1 Schlichting-Teaney 19

TR (Thydro)

ahydro —

2

-(@)1/2<1-St thermalizes for dN./dy > 63
20 : System thermalizes for dN./dy >

~1

h Gchem = TRz;tir:m) =12 Kurkela-Mazeliauskas 19
2 1/2
Veff : -
. ( 460 ) <1: Chemically equilibrated for d/\,.,/dy > 110

~

*Strangeness saturates at d/V.,/dy ~100 (ALICE)

Minimum size for formation of
equilibrated system under expansion




2. Hydrodynamic Fluctuations



-ate of non-hydro modes

« After enough time has passed Landau-Lifshitz

Kapusta-Mueller-Stephanov 12

T =TH +ThL, + St

Vvis noise

EWR
\ ,:./
/\:‘1}05 "non-hydro modes”

N (fast modes)

“Non-hydro modes” are almost equilibrated
= linear response + noise (fluctuation-dissipation theorem)



-ate of non-hydro modes

« Hydrodynamic fluctuations are excited Landau-Lifshitz

Kapusta-Mueller-Stephanov 12

TH =T  + Tyie + Sio

V1S noise

N

/_/\/l/\a
~N »/
hydro fluctuations K OJ‘O non-hydro modes”

(particle-like) . (fast modes)

Kinetic regime Ak = relaxation and expansion balance
Hydro-kinetic theory = dynamics of particle-like modes at A

Akamatsu-Mazeliauskas-Teaney 17, 18
See also Martinez-Schafer 18, 19



New development in hydro-kinetic theory

* Hydro fluctuations in general background s Stephanoy Yee 19
1. Careful consideration of equal-time and rest frames
« Confluent correlator / derivatives ‘lu local flow configurations
$a
' ®p * 1 )
2. Pdhonons as particles X Do @oid
apa = —E(vaa)ba + Cla) — (aaub)pb — VaE ‘ ‘ phonon
Coriolis inertial "Hubble” potential shear bulk
3. No particle interpretation for diffusive modes -
- Jop dn
w = Dl — iyyk =
Fluctuating hydro = hydro + phonon gas + - rotation acceleration

A new simulation method?



Simulating Tluctuating hydrodynamics

Sakai-Murase-Hirano
(Tue 9:40-)

. _ ]
« Rapidity decorrelation PbPb 0-5% 3.0 <N, <4.0

1.02 I | I l
1. Initial longitudinal fluctuations e L S
« Decay of hadronic strings using PYTHIA 0.98 - I i T I l l .
42096 ljlr I -

. oy
2. Thermal fluctuations s 0T i I I-
- Hydrodynamics + noise (smeared by 1) £ %[ 't';';'rar:]gﬂfltuci'ggzns i |
i 0.9 - n
« No free parameter (except for 1) 055 L CMS data b—e—d § _
viscous hydro ==—e=—f

0.86 - fluctuating hydro A = 2.0 fm =i h

0.84 ' ' ' '
v 0\ & 0 0.5 ! 15 5 25
np .
—np Np

: reference

Correlatlon’? Thermal fluctuations essential to
study initial longitudinal fluctuations



Modified fluctuation-dissipation relation

_ ] Murase 19 (Poster CD24)
° FlUCtuat|OnS 1N Causal hydro See also Hirano-Kurita-Murase 19

1. Noise in constitutive relation
(1+1xD)r =nmys + &
(EG)E()) = Tk(x — ') |2+ 13D In T — 70

“non-instantaneous” noise

(a(7))

uonnguisiqg

2. Distribution of produced entropy

e Fluctuation Theorem applied to Bjorken expansion

R = — 29 sy _

(AO‘(T))Z(T — Tp) Entropy production rate

o(1) = S(Tz : i(fTO)




Modified fluctuation-dissipation relation

Murase 19 (Poster CD24)

° FlUCtuat|OnS in Causal hydro See also Hirano-Kurita-Murase 19
3. Test of Fluctuation Theorem R(tr) -1
1.2 T — | 1.2 | — |
Conventional FDR Modified FDR
& 1 RS 1 e
= NS S ——— =
|08 t o 08 -
- O L — e ———— - o
=~ Y FT violated! < 06F FT (almost) satisfied! -
\b/ 04 - X 04 F _
W 7 (default) T 2@ (defaul)
< 027 7z (conformal) -~ il = 02 ) (conformal) -
TR(C) (constant) TR(C) (constant) -~
0 ' ' ' ' 0 1 | | |
0 10 20 30 40 50 0 10 20 30 40 50
Time 7 — 1 [fm/c] Time 7 — 1 [fm/c]

Modified FDR necessary for correct distribution of entropy production



summary



Overall picture | have as of 19/11/7

Chaotic branch?
Plasma instability?
Bottom-up?

Which fixed point property
are we observing?

IR ‘\/\,—/\/\
(freezeout) R’\/——\/_—F

Hydrodynamic fluctuations
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2019 Yagi Award

https://ithems.riken.ip/en/about/yagi-award

“Kohsuke Yagi Quark Matter Award” (Yagi Award) is
based on the donation to iTHEMS from bereaved family
of late Professor Kohsuke Yagi who was a renowned
Japanese nuclear physicist. Responding to the family
request, the award aims to support early career

scientists with Japanese nationality, to promote and "2

expand country's nuclear physics research field. It will be "R o

awarded to junior Japanese physicists under age of 40

who give plenary talk at the “Quark Matter: International Prof. Kohsuke Yagi (1934-2014)
Conference on Ultra-relativistic Nucleus-Nucleus Quark Matter 1997, Chair

Collisions” held in every 1.5 years.


https://ithems.riken.jp/en/about/yagi-award

e
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Why causal hydro works from early times

Blaizot-Yan 18, 19

* Fixed point analysis S } \
1. Logarithmic growth rates of e LTl M S .
energy density and anisotropy i
__dloge
go(1) = dlogt
(1) = dlog(p. — pr)
g1it) = dlogt

Flow and fixed points in the space of g,




Why causal hydro works from early times

- Fixed point analysis Slaizot-Yan 18, 19
1. Logarithmic growth rates of energy density and anisotropy
(1) = dloge (1) = dlog(p, — pr)
Jolt) = dlogt’ g1t = dlogt
2. Free-streaming asymptotics of causal hydro
d e [ —4/3 —2/3 e . B
TE(PL B PT) =|_8/15 —38/21 (PL _ PT) eigenvalues - exponents = g and g
(g, &1) at RTA kinetic theory Causal hydro (DNMR)
fixed points (2-moment truncation)
Enough to just solve UV (free) (-2,-2) (-2.21, -2.21)
2 x 2 matrix problem IR (free) (-1,-1) (-0.93, -0.93)
IR (hyd) (-4/3, -2) (-4/3, -2)




- TTective viscosity

« To improve causal hydro

1. Use attractor solution for the truncated order

1

0.8

0

—Lo=—=(agLpo+cCco L
ot 0 ( 0Lo+Co £1) Use attractor solution
0 C1TR LZ Ll
arLl___( a1L1+b1Lg)- [1+ - £1]TR

2. Effective relaxation time and viscosity
eff — Ui — U]
TR = n/STR 2 (E)eff _ ZT]/S(E)

Far-from-equilibrium effective viscosity in
Bjorken expansion < equilibrium viscosity

v 0.6

=
N

0.4

0.2

0

Blaizot-Yan 18, 19

leading order
_next-to-leading order ----

0.1

1 10
/TR




Hydro-kinetic theory

Akamatsu-Mazeliauskas-Teaney 17, 18

« Hydro fluctuations in Bjorken expansion See also Martinez-Schafer 18, 19
1. Kinetic regime: relaxation vs. expansion Sound Modes
ynkf =% w 1.2 | cos(9)=0.8 k=1, 712
k* — —1 1 N 1
V¥t > /\/ 5
particle-like mode g 0.8
o | g 06
2. Hydro-kinetic equation Y od
= . B =
Ny (£) = (|6v (D)%) 0o | § hydro-kinetics
dno 2 1 : SC. ADDIOX - - - - -
ENk = —ynk (Nk — Neq) — %Nk . ; - VisC. approx - --

0 05 1 15 2 25 3
k/K«



Hydro-kinetic theory

Akamatsu-Mazeliauskas-Teaney 17, 18
See also Martinez-Schafer 18, 19

Sound Modes

« Hydro fluctuations in Bjorken expansion

3. Pressure from kinetic regime

1 eg + # 1.2 [ cos(6)=0.8 - 1/2
Toz~[po(A) + TA°] + - [nO(A) + TA= . Po ] +AT, +— k=1l
0 1
L Y J L Y ] E
physical pressure and viscosity '_% 0.8 f ‘ A
= Renormalization of]
g 0.6 ressure and viscgsit
AT, ~Tk3~ Decays due to shrinking A P y
(4nynf)3/2 phase space volume of k-« Zi 0.4 §
long time tail 0.2 hydro-kinetics ]
visc. approx ------
O f | | |
. . TR . 0.5 1 159 2 25 3
Long-time tail from out-of-equilibrium fluctuations "

and renormalization from (almost) equilibrated fluctuations



