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Standard model of heavy ion collisions mm

Spacetime evolution dominated by hydrodynamic phase

initial state pre-equilibrium hadronic scattering
dynamics & free-streaming
N » N
y 4 v
| | |
E s I I I
\ Teol < 1fm/c Thydro ~ 1fm/c Ttreeze—out ~ 10fm/c

P early stage requires non-equilibrium description, but
system quickly equilibrates
> strongly interacting QGP leaves imprints of
thermalization and collectivity in final state observables
m anisotropic flow explained via anisotropic pressure
gradients in hydrodynamic evolution

P transport description after hadronization

HiroshiMasui (2008)
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Small systems CRC-TRan

Very dilute, hydrodynamics not necessarily applicable

initial state

Teoll <€ 1fm/e Theeze —omt ~ 1 — 3fim/c

> still collective behaviour is observed!
P collectivity can also be explained in kinetic theory, a
microscopic description which does not rely on equilibration

m anisotropic flow explained via individual scatterings being
more likely in some directions

P limit of large interaction rate is hydrodynamics!

Case study in simplified kinetic theory description on full range from small to large

system size with comparison to hydrodynamics based on transverse flow
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Theoretical Description




Quantifying Anisotropies mm

» azimuthal momentum anisotropies are quantified in the " flow harmonics” defined as

dN  dN
dpdep 2mdp

1423 vapu) cos [n(y — )] (1)

n=1

» models of the fireball dynamics relate the v,, to spatial anisotropies in the initial state

» strong correlation with '} -weighted " eccentricities” ; leading order: v,, €,

Lo (e mwa]) L Obeues)
n = ) € fo- E(XJ_)

(21),

s § =2 »

(no ecc.) (n=2) (n=3) (n=4)

)
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Model and Setup m%

» microscopic description in terms of averaged on-shell phase-space distribution of
massless bosons:

(2r)® dN
f(TvvanvpLay):KW(Taxlvnyplvy) (3)

m boost invariance: dependence only on y — 7
m initialized with vanishing longitudinal pressure and no momentum anisotropies

» time evolution: Boltzmann equation in conformal relaxation time approximation

P0uf = Crralfl = 225 (fuy = ), =507 @)

i i ity A A 30 148
m time evolution of f depends only on opacity 4 = (5;) von? w dn R

Kurkela, Wiedemann, Wu EPJC 79 (2019) 965
m energy weighted d.o.f.: dependence on IS only in energy density

> first study: simple initial energy density given in analytical form, introducing only
one eccentricity at a time
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Analytical and numerical treatment m%

» typical values of 4
in. bi C A a0.88 (AL -t r_\'/4 dEf)/dn v vere ) /4
® min. bias pp: 7y~ U (016) (0A4fm) 5GeV (ﬁ)

1/4
. A /s -1 R 1/4 dE([))/dn Ve —1/4
m central PbPb: 4 & 9.2 (316) (m) e (T(f)f)

= treat problem both analytically (for small 4) and numerically

linearized analytical treatment numerical treatment
> "opacity expansion” in number of » nonlinear in both opacity and eccentricity
scatterings L .
& » Relativistic Lattice Boltzmann solver for

Oth order : p*8,f* =0, energy-weighted d.o.f.
1st order : p“a,uf(l) — C[f(o)} Ambrus, Blaga PRC 98 (2018) 035201

Heiselberg, Levy PRC 59 (1999) 2716 o0 S

Borghini, Gombeaud EPJC 71 (2011) 1612 '/_-.RLB x ~/O dp (p ) f

> expansion parameter Crra[f] ~ ¥

» linearize also in eccentricity
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Time Evolution of T77 CRC'-TRR

1/R=0.01

0.05

o

6 -4 -2 0 2 4 6
x/R
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Results and Comparisons




Linear Flow Response at small ¥ CRC-TR2n

linear behaviour in €,, ¥ = flow harmonics normalized as v, /(€x%)

0.25 — T 0.03 P P
(€2 = 0.05) (a) (€3 = 0.05) (b) (€4 =0.05) (¢)
0.08 | L 558033
02 b i o
0.02 |
0.06 | b
=05t 13 =
& &2 S
= £ oo
o o004 | 1
Moo | PRSI ] j=2 e | T
1 1
05 0.5 —e— o
005 | 0.25 1 oef 0.25 —v—
0.04 0.04 —o—
0.01 0.01 —o—
analytical analytical analytical ——
0 L el = 0 P i bt —001
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
7/R 7/R 7/R

» initial buildup: 0.5 < 7/R < 1.5,
v2/€2 > vz /€3 > vafe,
v4 has strong negative late time trend

» small 4: agreement with linearized result

> larger opacities: vy/4 decreases, vs/4, va/¥ increase
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Linear Flow Resonse at large ¥ CRC-TR2n

nonlinear in 4 = flow harmonics normalized as v, /€,

» all v,s increase with %
» similar magnitudes; curves have no strong distinctive features

» transverse flow develops on timescales 7, ~ R

m true also for large opacities and nonlinear responses
m for interaction of particles coming from different parts of the initial geometry, they
must cross a distance ~ R

> transverse expansion: O, f x Vif~1/R =7, ~R
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Cooling due to Longitudinal Expansion CRC-TR2n

» cooling of the system can be measured in terms of the decrease of dE /dn

Py~
1
0.5 —a—
0.25 —v—
—0.05 | 0.04 —o—
3 0.01 —o—
analytical
H(k
s s
5 ol 1 5F
S~—
~
~ &=
|
< 015 1
v A A
—0.2 | S v v 4
(b)
. . . . . . . . . "
0 0.5 1 15 2 2.5 3 3.5 10-° 104 1073 102 107t
7/R /R

» small 4: curves follow analytical result; for slightly larger 4, work done per ¥ is
smaller

> large 4: curves exhibit o< 7 1/3 scaling period at intermediate times, similar to
Bjorken flow in 0+1D

m can be understood using the universal Bjorken flow attractor
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Bjorken flow attractor CRC-TR2n

» longitudinal boost-invariant Bjorken flow exhibits universal behaviour across different
initial conditions/evolution models

P time evolution curves converge to an attractor curve when expressed via the scaling
variable w = = expressed via universal scaling functions £(0), fg, (W),

4rn/s
Giacalone, Mazeliauskas, Schlichting, PRL 123 (2019) 262301 Ambrus, Bazzanini, Gabbana, Simeoni, Succi, Tripicione, WiP
od HH . . ~ 4/3 1/3dE, __
> @ > 1 (equilibrium): £(@) o< 77/"e = const.,  fp, (W) oc 7 /7 5L = const.

> i < 1: model dependent power law (), fz, (W) ~ " (kin. theory: v = 3)

1

0.75

(Parton gas) |
(0 = 0.2 fm)
(To = 0.5 GeV)
0.5

RLBM ——
Hydro
RTA attractor
Hydro attractor

0 L L
1 10 10-% 1072 107! 10° 10 102 10°
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Local Bjorken flow scaling CRC-TR2n

16

P> at 7 < R, the early time cooling is dominated
by longitudinal dynamics

ap”
dn

/

» each part of the system does not interact with
its " transverse neighbourhood” yet and can be
described by local Bjorken flow scaling in the
scaling variable w(7,x )

4B,
dn

T(t,x) )T

4mn/s
T1/3 dEl
d?x, dn
Bijorken scalin,
ul : NG = (4mn/5)*/2a" /% (er)S/° Coo f, (@) (5)
105 10‘-4 10‘-J 10‘-2 10‘” 10‘0
7/R

> can use scaling to establish correnspondence w <> x, and integrate above eq. (—
grey dotted lines: accurate up to 7/R ~ 0.2)

. 4/9 1/3
= for large 43/47: %giﬁz =2 (‘é—:) <§) Coo

> large 4: time scale separation between equilibration 7eq ~ 4~4°R and transverse
expansion at 7| ~ R
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Opacity Dependence CRC-TR2m

. . ! e 0.8 . ! . .
numerical - O- Koy O~
1 Scaling 1 )
¢ analytical 0.7 1 *33 1
’ Kig O
0.6 linear order in %
__08F ~1-027 4 — Kurkela et al. —+— P
8 g 05 P
T
S o6t i T 0.4
o r
e=
[—fj” s 03
—~ ~
04 g
[515 M= 02
<
0.1
02+ ~14x454/9 4
0e
(en = 0.05)
—0.1 . . . .
0 . . . . .
0.01 0.1 1 10 100 1000 10000 0.01 01 1 N 10 100
i ¥ v
Cooling:

» numerical curve smoothly connects the small-# linearized and large-y Bjorken scaling
results

Anisotropic flow:
» linear order results tangential to numerical curve at small opacities

P agreement with previous results in identical setup
Kurkela, Taghavi, Wiedemann, Wu PLB 811 (2020) 135901

> saturation at higher ¥

= expectation: hydrodynamic behaviour at large opacities
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Large Opacity Limit: Hydrodynamics? cnm

> in large opacity regime: should be able to expand in 1/4 similar to Chapman-Enskog
method to obtain hydrodynamics from kinetic theory

» but: hydrodynamics describes pre-equilibrium stage differently than kinetic theory:
free- streaming until 7eq/R ~ 7_4/3, naively taking 4 — oo at fixed 7o will cut this

out
pre-equilibrium hydrodynamics

S —4/3

Teq

Naive § - o -_

4-4/3

> investigate this by comparing to relativistic viscous hydrodynamics:
VHLLE Karpenko, Huovinen, Bleicher Comput. Phys. Commun. 185, 3016 (2014)

» 4 ill-defined for 79 — 0 = initialize at finite 7o

» to circumvent particlization disambiguities: compare only observables given in terms
of TH¥

T —TYY 4 2¢T%Y dE dE.
vy ~€p = fxl , later : —= ~ —“T/ T +TYY  (6)
IXL Tew + T d'f] d'l] XL

Transport Meeting || 05. 2 14 /22
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Non-commutativity of the Limits 79 — 0 and ¥ — oo

0.65
—~ 06
8
T
E os5
&
~
\U&
0.5

0.45

visc. hydro:
To=10"% - & -

kin. theory: |

70 =102 —e—

107 - = - 1074 —e—
(e = 0.05) 1076 - & - 1070 —e—
10 160 1060 10600
/3/

» agreement only for large 79: no pre-equilibrium

m need non-equilibrium description of early time dynamics even at large ¥
» curves plateau at physical large-opacity asymptote in the limit 7o — 0
» ideal hydro is the unphysical limit of ¥ — 0o (7eq — 0) at fixed 7o

100000

cnm

unphysical limit

physical limit

= Why is pre-equilibrium important for observables that develop at 7 ~ R?

Clemens Werthmann
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Early time longitudinal cooling cnm

» 7 < R: local Bjorken flow cooling
m different early time scaling in different model description

Te in kin. theory

- .- -
Te in visc. hydro
- .9 9
7=3-10"%m 7 =8-10"*m 7 =3-10"3fm
(times for 47m/s = 0.05)

» dynamics depend on local energy density = inhomogeneous cooling
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Eccentricity decrease in inhomogeneous cooling CRC-TR2n

» reminder: local Bjorken flow cooling at early times follows scaling laws

. . . . ~ T
m universal attractor curve scaling in the variable w(7,x,) = %/*S)T
4/3 _ 4/9 1/9 8/9 _
T3e(r,x 1) = (4mn/s)* %0l (re(x 1))y Coo E((r,x1)) (7)
m allows to compute semi-analytical prediction of e, (7) in the absence of transverse
expansion
1 ‘ 1 - —
= <
0.98 | A
ost L.
0.96 |
06 | o 094
<
© 092 | Ideal hydro
04 | & kin. Ehco:y
0.9 ¥=50
- 400 ——
visc. hydro
0.2 . 0.88 4 =50 =
5(115) _— 400 -
fey (152 0.86 |Bjorken scaling
0 L L L L v L - L L
10-% 1072 10! 10 10" 102 103 107 107" 107

w
» inhomogeneous cooling changes energy density profile, decreasing eccentricities
before transverse flow develops
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Improved Hydro Setups




How to "fix" Hydro? Ckm

» idea: counteract difference in pre-equilibrium by different hydro initialization

» initialize hydro on its attractor to match Bjorken flow cooling at late times

Te in kin. theory

- - - »

Te in visc. hydro, rescaled eg

- . -, . -

T=3-10"%m T =8-10"*m T=3-10""fm
(times for 47n/s = 0.05)

> more realistic initial condition: average profile (Pb+Pb 30-40%)
m fixed profile: vary 4 via n/s: 4 =~ 11 - (47n/s) !
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Initializing on the attractor CRC-TR2n

» accuracy depends on timescale separation of pre-equilibrium and transv. expansion

1300 1300
dmn)s =3 4mn/s = 10
1200 1200
1100
1100
— 1000 —
] 1
90 O 1000
S £
= 800 = 000
<) 5]
=700 =
800
600 \
kin. theory \ 700 kin. theory \
500 1 visc. hydro T vise. hydro
Bjorken scaling - - - \ Bjorken scaling - - -
400 600
0.001 0.01 0.1 1 0.001 0.01 0.1 1
/R /R
0.42 042
dmn/s = 0.01 dmn)s = 3
: Kin. theory ——
0.415 visce, hydro —— 1
Bjorken scaling - - -
041 ideal hydro —— | .
kin. theory —— AN
& 0.405 4 & 0405 visc. hydro —— “w
Bjorken scaling - - - "
ideal hydro —— “
0.4 1 0.4 E
0.395 R 0.395
0.39 T T - - 0.39 L L . . L
107° 107° 107" 107% 1072 107" 100 107 107 107* 107° 1072 107" 107
/R /R
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Hybrid schemes CRC-TR2n

> idea: evolve system in kinetic theory until (Re™*). drops to specific value, then
match T"" to hydro code

_ \/BTHY T .. e .
> Re ! = Y——" measures local shear / deviation from equilibrium

€
P system immediately starts following similar evolution to a pure hydro run
m switching too early causes errors in pre-equilibrium
m results from late switching times more accurate than rescaled hydro

» works just as well with KgMPgST, but with limited range of applicability

1300 T T T 1300 T T T
kin. theory + visc. hydro KoMPoST + visc. hydro
1250 4 1250 4
1200 4 1200 4
1150 4 1150 4
:z,.: 1100 B % 1100 B
9 1050 1 S 1050 1
= =5
< 1000 4 <>. 1000 4
S ] S o ]
< %0 kin. theory <
900 visc. hydro —— 900 kin. theory R
850 switch at s visc. hydro
0 (Re ™)), =08 %0 switch at
800 | (Re™!). =06 — 800 | (Re™H). =038
Re ') =04 — Re™ ') = 0.6 —
750 L L 75 L L
0.001 0.01 0.1 1 0.001 0.01 0.1 1
/R 7/R
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Comparison of the new Hydro

1400

schemes with kin.

CRC-TR2n

0.25 e e visc. hydro —e—
q 12 | Ay in. theory —e—
02 1200 b }& Hybrid kin. theory —e—
— B \Hybrid KoMPoST
T 1000 1 = ideal hydro
0.15 o Q - E\ free-streaming --------
3 S sw 18
o1 il “T
% % 600 1 &
0.05 ideal hydro < visc. hydro
visc. hydro —e— g 400 - kin. theory —e—
kin. theory —o— = Hybrid kin. theory —e—
0¢ Hybrid kin. theory —e— 200 [ Hybrid KoeMPoST
Hybrid KoMPgST “lin. order in 4 ——
o0 lin. order in 4y —— Scaling o 4~ 49 ——
“looo 100 10 1 0.1 0.01 1000 100 10 1 0.1 0.01 2'a}mm u‘m 1‘0 i 11.‘1 0.01
4m/s 4mn/s 4mn/s
> still good agreement with linear order/free streaming results at small opacities
m computed (mostly) numerically, since initial condition no longer analytical
> perfect agreement at large 4
> rescaled hydro accurate if 47n/s < 3 (for Pb+Pb 30-40%)
> Hybrid KgMPgST scheme (here: switching at (Re™")c = 0.6) works well for Zt=,
slightly underestimates €, and (u. ).
» Hybrid kin. theory scheme improves ¢,, but also underestimates (u )¢

Transport Meeting || O
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» kinetic theory description covers full range in opacity from small to large systems

» naive comparison to hydrodynamics: disagreement even at large opacities!

m difference during pre-equilibrium
m eccentricity decreases before onset of transverse expansion
m can be described by universal scaling behaviour of Bjorken flow

> different setup of hydrodynamic simulations can bring agreement at large opacities

m initializing hydrodynamics on its early-time attractor
m hybrid models with kinetic theory for pre-equilibrium
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PDE Setup cnm

coordinates:
=/ t2 — 22 n = artanh(z/t) y = artanh(p./E)

Boltzmann equation:

[pr cosh(y —n) 9- + p'L0; + pTT sinh(y —n) Oyl f = C[f]
—_——

—————

-
P pn

initial condition:

FO (o %0, pry—n) = C0W=m) g (QAXL))

Veft TopL pL

position dependent momentum scale Qs(x ) chosen such that

(0) 2 n 2
dEJ_ 1 $J_ T $J_
e(10,x1) = dn mexp <_R2> {1 +6n (E) exp <_2R2 cos[n(¢z — ¥n)]

Clemens Werthmann Kinetic description of transverse flow Transport Meeting || 05



Solutions in opacity expansion m%

zeroth order p“auf(o) =0:
FOrxi,pr,y—n) =9 (To, X1 — GLt(7, 70,y — 1), p., arsinh (lsinh(y - 77)))
o

first order p*d, f) = C[fV]:

T (0)
f(l)(7'>XJ_apJ_7y_7l) :/ dT <C[.Z}: ]> (T XJ_ yPL,Y — 77)

0

collision kernel: find local rest frame and temperature using Landau matching to

compute Crra[f¥] = pg‘Z;ST (feq — f) where feq = [exp(puu®/T) —1] 7"

v dSP v ¢(0) v VEﬁ:ﬂ-Q 4
" :VeHT/Wpupf ' =w I == T

free-streamed Je-cosine:

|x1 — vi7|" cos(ngx, —v, r) —7) cos[ndx, +j(¢x. — dv.)]

Il
Sl
I 3
[=]
/N
<3
N—

8

[

J.
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Computing observables m%

extract momentum distribution and compute its moments
» jacobian from milne coordinates

dN
m(ﬂ = Veﬁ'/dle dn 7p7 f(1,X1,m,PL,Y)

> extract relevant moments; flow harmonics v, (pr) in terms of weighted pr-averages:

; dN \%
V. — d2 meznd,)p (m) — m,n
m,n / PT P dQPTdy n Vm,O

(1)(7)_/];, zn¢ppm/ /dn/ dr’ r’(gjrﬁg p‘;: (feq = £)

> in total: 6d integral over 7/,x,,n, p.. 4 computed analytically, 2 numerically

m—+3
0 4
VO - a5y @ p (led) _ 4 -m [ =1 dEi) N
= — 'm0 Pman () Vo ¥ = +40nvest R Vege R Qmn(T) (8)
——r —— dn

decay of f(© buildup of feq

2 7 - 2 2 4 2 4
Pono(7) = F )/T cl%’/mdiL &, T~y exp PM(A;&JF&@] Io< m+ b) *1“6< m+ b)
3 Jq o Jo 3 3 3

<2\ —(m+3)/4 r (L,jz) o, , 44 )
)= | — N = 7/ = = = =/ pm —m—
Qm(T)i(go) %1/2 T'(m + 3) ¢((m + 3) ( ;3) /1__0d‘r /0 dz | &, T ¥

m+2 m+2 2
X oFy 2 ,T;l;ﬁ
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Numerical Setup: Momentum Moments mm

» Definition of the moments

m d2pldp"7 Ty m
a :/WP Y™ (0p, p) f

(] Ylm(09,¢>p): spherical harmonics
m ¢p: azimuthal momentum angle

m 0, defined by cosf), = %; dispersion relation p™ =, /p? +p2 /2

pHuy

TR

-0 f) = fo-p” —p'Oif + (feq = )

> taking moments: p' = p, cos¢,, p? = pising,, pL = p”sinb,, p, = T cosb,
together with Y™ (0,, ¢) result in linear combination of Yl’,“l(Gp, &p)

= 80" = 3 (0™ + ™ 0y + i o + e™ (uh)CIR + Bt (u, T)

,m’

e . ®
» E™ are the moments of the equilibrium term p‘;g feq
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More Details on the Numerical Runs with Momentum Moments m%

8O = > (0™ + ™ 0y + A 0o + el™ (uh) O + Bt (u, T)

U,m!

Computation:

» C|f] local = change of C]™ due to blue and purple terms can be computed for each
x 1 -site individually

» red term needs nonlocal discretization of derivative = treated separately in Fourier
space

> time evolution via Runge-Kutta-algorithm with time step 0.01 min(7, R)

> typical parameters
m x| lattice size 256x256
m Lattice spacing chosen such that the total lattice has size 16R
B lmax = 32
m initial time 7o = 1076R
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(FD)RLB approach CRC-TRan

> First, we introduce the reduced distribution FR1,p via

mvee R2ro (aBO\ T roo 3
F =< ° / dp” (p7)", 9
RLB 2m)3 dn , 9P (®") 9
such that the Boltzmann eq. becomes
&} — 1402 1 8[vs (1 — v2)FrLB] . _
—+vi-V+ 2 ) Frip — —————=2"—— = —§(v*uu)T(FrLB — Faip)s (10)
a7 T Ovy
with
5 1/4
T x TomRZe — TOTI'RZLIJ £f
=g XL= 1/4L ,  e= 0(0) L T= | T. (1)
7o/ " R3/4 7o/ " R3/4 dE" /dn dE"’ /dn
»  Time stepping 8- FRLB = L[FrLB] performed using RK-3 with 2 intermediate stages.
P Advection performed in an upwind-biased manner using finite differences,
oF Foplr Fooln
o s T L (12)
oz Sz
s,

where the fluxes ]st: 1 are computed using the WENO-5 scheme.
2
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(FD)RLB: Momentum space discretization CRC-TR2m

> bp = bpi = o + Q?;r (7 — %) [Mysovskikh trigonometric quadrature]
P
» vy — v, = roots of Py (vz,;) [Gauss-Legendre quadrature]

» v, derivative can be obtained by projection onto the Legendre polynomials:

= dvz(1 — v2)FruB] 1
Frip = Y F P Py(vn) = | ———= :/ vl Kp(vz, v))F(vl), (13)
=0 Ovy —1
where
X m(m+1) m+ 2 ,
Kp(vz,vl) = P, P,
p(vz,vy) mz=:1 5 'm (vz) PY—— m+2(v)
m m+ 1 , m — 1 ,
(T )\ p """ p,_ . (14
(szl 2m+3> m ) = g T2 () )
P After discretization, we may write
Av= (1 — v2)FrLB] L p _rim
{Tz = 20 K s (15)
z ji  d'=

where the Q. X Q. matrix Pj 41 can be computed before runtime.
s
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CRC-TR2n

Small 4: Free-streaming coordinates

» At small 4, it is convenient to employ the following free-streaming coordinates to parametrise the momentum space:

2
TV T
pis =p" A, off =2 A= 14— —1]02,
T0A T
fs 2
T _. T _Tovz _ 7o 2
P’ =pgAss, Vz = Ag > Agg = |1 — < - 7'72) Veifs® (16)
»  Energy-weighted observables can be computed starting from the reduced distribution
2 0\ 1t
e RO [ AET o 3
Frs = — / dpg, (s, 17
fs (2m)3 an o ts (Pgs) ™ fs (17)
which satisfies
OF¢s 1 _ - _ eq
— + — Vs VT = — Y0 up)T(Fgs — Fe 1) (18)
oT Agg
P The only change to RLB is that v is now discretized in logarithmic scale:
o — L ann e hA 1
Vi = n tanh xj, Xj = o — arctanhA, (19)
where 0 < A < 1.
> The uis integration is performed using the rectangle method:
1 fs fs = fs fs fs 2arctanh A
[ athet) 5 3w, el = e (20)
1 = > AQ . cosh2 X

ansport Meeting || O
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Initial conditions: Romatschke-Strickland distribution

P The system is initialized using the Romatschke-Strickland distribution for BE statistics,

1
frs = {exp [X (p-u)? +£o(p-ﬁ)2] -1
where A = A(x ) satisfies

t vV 1
At(x1) = 2T (ro,x1) <w n

P The anisotropy parameter £ can be used to set Pr;o/Pr;o via

PL;o 2

1 arctan \/§g _1
( +€0)7\/5

-1
VEo 1+§0> ’

Prio 14+€0 14 (g — 1) 221 vE0
(€0 = D— 7=
Pr;0/Pr;0 = 0 is achieved when §9 — oo.
For 4 > 2 (RLB), we used £g = 20 (PL /P =);
For 4 < 2 (FS), we used £g = 100 (P, /Pr =).
For both RLB and FS, we have

vvyyvyy

RS RS
FrLB = Ffs =

€/2m arctan /&g n
C (14 &ow2)?
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Early Time Bjorken Scaling cnm

. . . . . - T
Bjorken flow universal attractor curve in scaling variable w(r,x) = %'

()43 = (4mn/s)M 2t (er)s/® Coo E(W)

= (4mn/s)*2a?(e)y/® Coo f1, ()

using € = aT*, recast first eq. into self consistency eq. for
use this togehter with initial cond. for er to relate differentials of dw and dx
integrate second equation to find scaling of dE, /dn

mn/s)ta T 4 . . N
use % =1 (%) to identify ¥

dEL Jdn 9 [4x\* [R\? [PTx1=0) @34 W &' () ~
s () (0] s |1 Ip. (),

SN 8/9 2/3
it =0 = (2) 7 (5) ows@
Limits of this scaling law:

>4 (D) M <1 d <1 = E@)~ fr, (@) ~ CLlaY? = %:1

vV vVvYyy

us

> A () > 1 = o> 1 = W) R fe, 2T

4/9 1/3
dE | /dn _ 97 [ 4= R
> =% (%) (7)) ox
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Eccentricity Dependence in vVHLLE mm

fo, (T -T2 2T?) [ [ ks b7 (1= 02) i f

€p = =
11 22
fJ_(T +T ) fof(Qﬂ.)S pT(l—vg)f
0.7
S
0.6 i
5
_ pr—e———o—sy
m 0.5 14 -
2 & —o 8
ot 38 ——O 6
>0'4Z,ri‘;7777~_\f;4’
<
203¢ppo— 66— O— 9O 2
O
bo o ©° 1
0.2 i
0.5
e o690
01 L L L L
0 0.03 0.06 9 0.09 0.12 0.15
€

» similar to kinetic results: almost constant, negative trend at large opacities
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Eccentricity Evolution in pre-equilibrium Period CRC-TR2n

1
0.98 + ]
0.96 - ]
—
€ 094 | |
—
&
> 0.92 | Bjorken scaling 4 = 50
& 100 ——
e 200 ——
Y09 - 400 ——
kinetic theory 4 =50 ------
0.88 - 100 ------
200 ------
400 ------
086 iqlcal hydro —_— ‘ ‘ L

0.00001 000010 000100  0.01000  0.10000 100000
7/R
» due to inhomogeneous cooling, eccentricity decays in pre-equilibrium phase

» normalization with €2 at onset of transverse expansion brings kin. th. results into
agreement with ideal hydro
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