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Outline

¢ Transport Theory at fixed /s for QGP :
= Motivations

= How to fix locally n/s (Green-Kubo correlator)

= Tests and comparisons

= Study of the <« cross section limit (A<<d):
- ldeal Hydro & viscous correction

s Some results for HIC:
» Hydro-like (equilibrium) study of v,

= [mpact of non-equilibrium: initial stage & high-p;

*»* Challenges and future directions:




Ideal Hydrodynamics: a perfect fluid?

T, ~ 120 MeV
<p>~0.5

) 1
T =T, +5m</9’T2> A T, =0.5-1fm/c just assumed!

9 T"(x)=0
d,J5(X)

No microscopic description (A ->0), no dissipation,...only conservation laws!

= Blue shift of dN/dp; hadron spectra
= Mass ordering of v,(pr)

T" (x) = [8 +p]u“uv - pg"”

For the first time very close
to ideal Hydrodynamics
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Ideal Hydrodynamics: a perfect fluid?

”aﬂTMV(x) = p T, ~ 120 MeV
= <p>~0.5
d,J5(x) =0

No microscopic description (A ->0), no dissipation,...only conservation laws!
= Blue shift of dN/dp; hadron spectra
= Large v, /¢

= Mass ordering of v,(pr)

For the first time very close
to ideal Hydrodynamics

©  PHENIX prelim. ~ 01 —————rrrrrrr
* STARDrelim. | O — KO ith nhase transition ’ 2

Not superposition of pp collisions, but a
nearly thermalized matter which behaves

like a perfect fluid!
Zero dissipation?

(1/2m) dN/dyp_dp_ (GeV™?)




Success of viscous hydrodynamics for v, 2 1/s=0.1

v,/¢ measures efficiency in converting
space eccentricity to Momentum space

Luzum and Romatschke, PRC78(2008) 034915
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Why we want to use a Boltzmann relativistic transport theory,
if viscous Hydrodynamics works so well?

Also if viscosity is so low, mean free path is small
... QGP is strongly coupled
Does we are outside of the region of validity of Boltzmann?

A relativistic fluid at small /s =0.1 is not very dilute!



Viscous Hydrodynamics

Relativistic Navier-Stokes

ideal

9 . _
™ =1 +n(V*u" + VVul — SO 0% u,)
)

but it violates causality,
119 order expansion needed -> Israel-Stewart
tensor based on entpépy increase 0, s >0

< N, G, Ty T, [IM(Tp),e
7 = nVru’” + 7, AfiA’;Dﬁ‘” . } more parameters appears +
of ~ f,, reduce the p; validity range

-Dissipative correction to u#, T
but also to f -> f  +o6f

neq

There is no one to one correspondence!

Te;”+5T”V<=feq+5f

Pure Glue
An Asantz

< pr~3 GeV > offf= 1-4
< TIw (t,) =0 -> discard initial non-eq (ex. minijets)

DT [‘.:-:E"‘-."']



It is even more complicated...
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Phys.Rev. D85 (2012)

It becomes quite complicated and the number of parameters

increases significantly: n, G, t,, T, 6f(p;), m(z,),...

Even more for uRHIC it is need Anisotropric Viscous Hydrodynamics:
Longitudinal and Transverse different dynamics



Relativistic Boltzmann-Viasov approach

{P™0, +[PyF* +m"9"m" |9 } f(x,p") = CLf]

Free streaming Field Interaction (EoS)

f(x,p) is the one-body distribution function
1 1 d&py l r o d P d> Do
2F, / (27)32Es v / (27)32F} (27)32E}

1 / d*py 1 / '-"fh"j’-""l r:_-f'?‘f_::'fg
2E1J (2m)32E, v/ (2m)32E] (2m)32E}

fLf5 My _1o]?(2m) 46 W (p} + Py — p1 — po)

i fol Moo |"“}[f:-7-j'-ﬁ i@ (p1 +p2 — p1 — ps)

- C[f,,*+of] # 0 deviation from ideal hydro (finite A or n/s)

- We map with C[f] the phase space evolution of a fluid at fixed /s !

One can expand over microscopic details (2<->2,2<->3...), but in a hydro
language this is irrelevant only the global dissipative effect of C[f] is important!

Expanding C[f] = viscous hydrodynamics: Denicol-Rischke PRD85(2012),...



Relativistic Boltzmann Equation

{p“au +m*8“m*ai}f(x,p) = C[{]

Free streaming  Field Interaction

2E

1 d3 d3 ' d3 ' ! ! !/ ! ! ! 2
Cor = [ [P S (@) () My (90— Pl
p

(27)2E ¥ (2n)*2E] (27)*2E]

2 4 ! !
~£(Q)E(p)|M, ... (PG~ P'Y) ](2n)454(p+q_p _q)

Rate of collisions

f, (p)fg (SYARTCMINIOIRY per unit time and
phase space

(2m)’AN_, g A'q
AMAxAp T (2n)

Solved discretizing the
space in (1, x, y),, cells

At—0 exact

A3x—0 — solution

- extended to finite m = EoS
Like Xu & Greiner, PRC(2005), but - fixing the 1/s(T) of the fluid
-not2<->3




T in Boltz. Transport starting from Local Equilibrium

EOS - Cu+Cu (RHIC 200 GeV) -b =0 fm

10 ¢ —— . —
[ Kineticm=05GeV  +
Hydro m = 0.5 GeV
Hydrom =0 GeV -
Kineticm=0GeV o |
> 4l P NOCD e [y
£ :\esg, B calculated in cells
w o | . .
I = N2 during evolution
-] :
< !
=
0.01 -
0.01 0.1

G. Galesi, new PhD student

Ti/n=P/n [GeV]

T of the transport explore locally exactly the EoS like in hydro




Part | — Kinetic Theory at fixed n/s

Instead of starting from cross-sections and fields,

we reverse the process starting from m/s

What is the relation ) <-> o, do/d®, M, T, p?

Moving )
Boundary Plate Velocity, u

e —3 Gradient

e

Stationary Boundary Plate



Shear Viscosity in Box Calculation
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S. Plumari et al., Phys. Rev. C86 (2012) Needed very careful tests of convergency
See also:

Wesp et al., Phys. Rev. C 84 (2011);

VS. Niests AXeepis # time steps !



Shear Viscosity in Box Calculation

1 ( 3 Xy (3. i
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test test

S. Plumari et al., Phys. Rev. C86 (2012) Needed very careful tests of convergency
VS. Niests AXeepis # time steps !

See also:
Wesp et al., Phys. Rev. C 84 (2011);



Non Isotropic Cross Section - 6(9)

Relaxation Time Approximation RTA s the one usually employed to make theroethical
) estimates: Gavin NPA(1985); Kapusta, PRC82(10);
Ners [ S=—<p>T P> Redlich and Sasaki, PRC79(10), NPA832(10);
15 )01 Khvorostukhin PRC (2010) ...

for a generic cross section:
do

(a0 i)

mp regulates the angular dependence

h(a) = 4a(1+a)[(2a+1)1n(1+a"l)—2] ca=m’/s

weights cross section by g

Green-Kubo in a box - 6(0)

- = =« _isataapic limit e akonic limit
RTA - Jiith o, T 3 t order
o  Green Kubo, T=0.3 GeV o ereeh-Kubo, T= 0.3 GeV

o GreenKubo, T=0.4GeV| | .~ o Green-Kubo, T=0.4 GeV
o Green Kubo, T=0.5 GeV . ¢ Green Kubo, T=0.5 GeV

o) = o fant [t - | (%)

50 Yy

g(a) correct function that fix the
momentum transfer for shear motion

CE and RTA can differ by about a factor 2
Green-Kubo agrees with CE

S. Plumari et al., PRC86(2012)054902



Simulate a fixed shear viscosity

Usually input of a transport approach are cross-sections and fields, but here we reverse
it and start from m/s with aim of creating a more direct link to viscous hydrodynamics

Chapmann-Enskog Transport code

1 () 1
Mo, (n(r), T)—15 @), 77/S

Space-Time dependent cross

section evaluated locally
M. Ruggieri et al., PLB727 (2013), PRC89(2014)

g(a=mD/2T) correct function that fix the
relaxation time for the shear motion

0 < g(my/2T) < 2/3

forward Isotropic
peaked My -> 0



Comparison to Relativistic Lattice Boltzmann
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Riemann problem: shock waves (extreme dynamics

[

e

RLBM: M/T, =10 ]

catania: .\'I/'T0=2 -

cul;uliu:.\‘l/T0=5

catania: .\'I/T()=l() N

4nn/s=1

X (fm)

I
temperatu ref
! I ! L

T,=200 MeV
T,=400 MeV

Gabbana, Plumari,VG,

0

X (fm)

RLBM-Gabbana, Mendoza, Succi, Tripiccione, PRE95 (2017)
already tested against viscous hydro for (¢=3P) and BAMPS (M=0)

Tripiccione, in preparation




Study from BAMPS-Frankfurt at fixed n/s

El, Xu, Greiner, Phys.Rev. C81 (2010) 041901 N @eIsIVI7-{Is oA (eI MI 0 EY IR VAR Il >Te]i#40s F1ala
transport at fixed n/s with viscous hydro

- Better agreement with 3" order viscous
hydro for large n/s

3,
== [ Frsmr-v). 3)

E
In(f) will be expanded to the third order in ¢ =

Comup!'p” [see Eq.(1)]. We obtain

2

d)S

3,
st _/d—;fop“ (lnfo—lﬁ—@—ir—d)lnfoﬂ—%—F)

IS .
Ml Boltzmann transport at fixed n/s

— — All orders (approximation) for noN d||ute SyStemS

0 05 1 15

converge to hydrodynamics

o , , [integrated quantities]
done with isotropic cross section



Test in 3+1D: v, /e response for almost ideal case

EoS ¢.>)=1/3 (dN/dy tuned to RHIC, geometry of Au+Au)

Integrated v, vs time

1
RHIC: Au+Au@200GeV

Transport at n/s fixed g | e

Time rescaled by 2.5
Bhalerao et al., PLB627(2005)

In the bulk the transport has an hydro v, /¢, response!



n/s or details of the cross section?

Pb+Pb@2.76 TeV
20-30%

s=4 GeV?2
cross section
— mD=0.7 GeV
— my=1.4 GeV
— my=5.6 GeV

p—
N

—
(&

[u—

do a’
dQ [q (6’)+m,23]2

<
o0

~
D
N’
[72]
o
Q
=
~
©
©

<
o

— my=0.7 GeV , 4nn/s=1

N
~

— my=1.4 GeV , 4nn/s=1
— m,=5.6 GeV , 4nn/s=1

<
o

08 06 04 02 0 -02 04 -06 -08 -1
cos(0)

Keep same n/s means:

—g( )0 701 P

‘ for my=0.7 GeV ->factor 2 larger o,., is needed respect to isotropic case



From Transport to Hydro: extraction of viscous corrections

to f(x,p) and v _(p.).

f(x,p)=f"(x,p)+8f (x,p)

T =T +8T"" — f+ 5f

A common choice for of - the Grad ansatz 011

8 foc T, f p® pP(V, ug) o p?

(work in collaboration with J.Y. Ollitrault)

Vs (Py)

0

0 05

1
D. Molnar, HQ2010

I 1 1 L I
S B B B o

pr [GeV]

BUT it doesn't care about the microscopic dynamics

1
2

(o) =, fO+=bf+O
O —® o o

I

> valpr) =, Wipr) v, +0

PURPOSE: evaluate the ideal hydrodynamics limit f%, v (' and
the viscous corrections of and dv_ solving the Relativistic
\Boltzmann eq for large values of the cross section ¢

/In general in the limit c—, f(c) can be expanded in power of 1/c. \

e
o 2

/




From Transport to Hydro: extraction of viscous corrections

to f(x,p) and v _(p.)- (work in collaboration with J.Y. Ollitrault)

. n

Coodinate space (X,y) ~N flo) ~, f‘°’+%6f+o

o8
* We start with an initial azimuthally . ©) 1 il
symmetric profile (optical Glauber model). ValPr) 5, Vo (Pr)+—0v,+0 =z
S.Plumari,G.L. Guardo,V. Greco,J.Y.Ollitrault
» Then we deform the initial distribution (a<<1) |NPA941 (,2915.).8.71 N
. . . _n—1 21t/n 0_155—
Z=X+tiy—>z+0z=z—QZ symmetry |- F__ 5-5
This np=2 n=3 n=4 n=5 n=6(=. B S e:e-:i::é
=Greates» 0.05
konly ) 05%!##}%##%{{{l{}##l}}ill#
0.15F
Momentum space & 0.15—_:::: :::: A b A
: N o M~ e ot
+ Thermal distribution: 0.05F
dN/d3pocexp(—p/T) og: e ;p:::.}:(;i\g. :
. aae 0.15F A p::l.l(ic\"
> We assume initially |l ¢ O P09 Gev
+ Constant distribution: [ the same local T*(x)|s, “/F "= ---____ oo
= T mm——a T o= A
[ T=—8 -6 - -
dN/d’px8(p,—p) i e
C oo b by o by w0 by 1y
00 0.1 0.2 0.3 0.4 0.5
\ J j /o, (fm ™)




For o —» o« we find the ideal Hydro limit:

]
>

]

From Transport to Hydro: extraction of viscous corrections

to f(x,p) and v _(p,)-

(work in collaboration with J.Y. Ollitrault)

S.Plumari,G.L. Guardo,V. Greco,J.Y.Ollitrault
NPA 941 (2015) 87

For the same initial local T*V(x):

S
T

O=0 mD=0.7 GeV
O=0 mD=().3 GeV
CONST initial distr.

10°F

PO TS S T IS ST ST NS S S

mt..-rg_ N
. a do . 1
10°F “ 2 2\2
: dQ.,, (q+mjy)
= N
S I0°F N
Z N
;— 10°F
H F . .
o) O=0 isotropic

fO)(x,

E

Ol a 1
107 0.5 1 1.5 2
p, (GeV)

2.5

3

f© is an exponential decreasing function.
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f© doesn’'t depends on microscopical details (i.e. mD).

Universal behavior of v ©(p.)

v O(p.)/e_is approximatively the same for all n and p..



S.Plumari,G.L. Guardo,V. Greco,J.Y.Ollitrault NPA 941 (2015) 87

From Transport to Hydro: extraction of viscous corrections
to f(x,p) and v _(p.)- (work in collaboration with J.Y. Ollitrault)

1}

‘§< T
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E o0 i‘\()lr(,)pir, — — 6”“' :“X(—)»I74’:{PI ).98 - “,}/ E
1|00 ml)=().3(ic\" . y (7 -
T -07 GeV - = Sfff e<0.455%p, = N .
- |00 m,=0.7 GeV Py ol &7 .
isotropic, - = Off e 0.301%p, V4 b
CONST init. distr. 14 4
/

/) - ]
z\l/ -
%/7. :
Y ]
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/,/ _.’%
0’ o
=
Qe mOe =T ]
P _,9.,_--0- — :
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Py (GeV)

In &6f and dv it is encoded the information about the microscopical details

s of(p,)/[fOx p.* with a = 1. - 2. and a(m,).
For isotropic o similar to R.S. Bhalerao et al. PRC 89, 054903 (2014)




Viscous correction: Impact of minijets

RHIC@200GeV
) - 2.02

0,20’ lyll ] i — — fitp,>2 GeV: 0.126%p. "

: — = fit: 0.29%p "

oo with minijets

o———o w/0 minijets

my=0.7 GeV

— w/o minijets
= = with minijets

<> Of/f = p? (Grad’s like) can come from isotropic do/dQ +IC with minijet

<> Minijets not included in a pure hydro approach




Motivalion
or transport vs Hudrodunamics
F J J

\/

»» Starting from 1-body distribution function f(x,p) and not from T,r,\,:

Extension to mid- p;

(méméjeés): large &f(p;)

Inikial pre—-equmbrmm

Freeze—~oul consistent
pr =3T

b 4 |
Hvdrc;} & Trawnsport € with n/s (Hydro weakness)

n/s<<1l £; \ large 1/s and Llocal large
f:,xe n/s stress tensor (pA)

{"" IC in équiiibrium:] Micras&opia mechanism:
Hadronization (beyond SHM ?!)

Heavy Quarkes bejond
Fokieer—-FPlanclke approx.



Drawbacks of transport w.r.t.
Hydrodynamic

Fixed relation between
T <=» 1/s, buk...
Bulle vi,sr:cr«si,f:j ok
pr =3T completely iv\difae&\dehﬁ,
chiro & Tramspor&

n/s<<1 Computational time:
(Bayesan ahatjsis)



Now,
some examples of things where
ohe can go beyond Viscous Hydro:

- initial stage off-equilibrium
[...photon production]

- Initial State Fluctuations: v,=v,
Ill- From Chromo-magnetic fields to QGP

V- Extension to pA collisions



| - Transport at fixed n/s: initial off-equilibrium

What is the impact of non-equilibrium
Color Glass condensate initial state?

p-space 08 _CGC X- spaﬂ

07E =0.85)
a

=1.0)
CGC-KLN ¢,~ 30%
larger than Glauber




V, from KLN (CGC) in Hydro

What does KLN in hydro?

1) r-space from KLN (larger €.)

2) p-space thermal at t, #0.6-0.9 fm/c - No Q, scale, We'll call it fKLN-Th
Glauber

© STAR non-flow corrected (est.)
e STAR event-plane

... Larger €, ->higher n/s to get
the same v,(p-)

v, (percent)
2

Glauber 2 n/s = 0.08
CGC-KLN -2 n/s=0.16

O STAR non-flow corrected (est). )
e STAR event-plane Tlismehls

v, (percent)

N/s=0.16

See also:

Luzum and Romatschke A|Ver et al, PRC 82, 034913 (2010)
PRC78(2008) 034915 Heinz et al., PRC 83, 054910 (2011)



Implementing KLN p; distribution

Using kinetic theory
we can implement full KLN
(x & p space) - €,=0.34, Qs =1.4 GeV

=0.341, Qs=0 ->

Glauber in x & thermal in p
S WPy Ll £.-0.289, Qs=0 ->Th-Glauber

— = fKLN, t=1.0 fm/c

M. Ruggieri et al., Phys.Lett. B727 (2013) 177



Temperature evolution

Au-Au@200AGeV o—0 fKLN
Inl<0.5 0—0 Th-Glauber

0=P /e — 1D boost invariance
d0=1/3 - 1D ideal expansion
3 % 0=1 - 3D expansion

Tiherm = 0.8 fM/c

T*=E/N , in the local rest frame



Results with kinetic theory

AuAu@200 GeV RINIFEA
_T_I_T_]ﬁﬁ_ﬁ_ T ] T T l T I_T_hﬁ_
O STAR 20%-30% O STAR 20%- 30%
- th-Glauber, 4m1 s=1
A /

1.5 : : 1.5
p [GeV] p, [GeV]
M. Ruggieri et al., Phys.Lett. B727 (2013) 177 - 1303.3178 [nucl-th]

» When implementing full KLN we get close to the data with 4mm/s =
larger €, compensated by Q, saturation scale (non-equilibrium distribution)




What is going on?

©
-
(6)]

o
—

-8 fKLN, 47n/s=1
fKLN, 47tn/s=2
=@ Th-fKLN, 47n/s=1
Th-fKLN, 4nn/s=2

>
)
Q)
To)
T
I
}_
Q
pram—
©
8V
>

11, [fm/c]

** We clearly see that when non-equilibrium distribution is implemented

in the initial stage (<1fm/c) v, grows slowly with respect to thermal one

R/

* Deformation of p; distribution -> affects v,(p;)!!

+» Effect decrease with centrality and with beam energy!




Il — Initial State Fluctuations

What is the impact of Initial State Fluctuations?

Local large gradients against Hydro
(indeed they are cut-off at t)

t=0.2 fm/c




Include Initial State Fluctuations

MonteCarlo Glauber

G-Y. Qin, H. Petersen, S.A. Bass and B. Muller, PRC82(2010)
H.Holopainen, H. Niemi and K.J. Eskola, PRC83(2011)

<rfsen [n(p-, )]>

= —arctan

n <rf cos[n(¢p-®, )]>

Impact of Fluctuations as in hydro:
- Decrease of v, 15 504
- appeareance of a large v; = v, in ultra-central

- Enanhcement of v, about a factor 3



In ultra central collision, of course viscous hydro works better:

large source, smaller surface gradients,less corona and/ or hadronic contaminations

B B CMS poster QM2012 (Wei Li) A significant failure of Hydro!

— MCGIb. n/s=0.08
—— MCKLN n/s=020 Where it should work the best!

0-0.2%@LHC

0.3 <pr <3 GeV

Neither MC-GIb nor MC-KLN gives the correct initial power spectrum! | R.|.P.

Is it due to some non-equilibrium physics or freeze-out dynamics?



Include Initial State Fluctuations : v (p;) in ULTRA-central

(20-30)% MC-Glauber 1 (0-:02)% MC-Glauber

4ntn/s=1 + f.o.
= N/s(T) e T+ f.o.

¢ For Ultra-central collisions there is quite larger sensitivity to n/s(T)

¢ Strong saturation of v,(p;) with p;, while v, = p;* seen experimentally

% V,=V,in ultra-central collisions... woud solve a main puzzle!!!

S. Plumari et al., PRC92(2015)



Ultra-Central collisions

RHIC: AutAu@200 GeV LHC: Pb+Pb@?2.76 TeV
(0-0.2)% (0-0.2)%

4m/s=1 +fo.| \
m=()

S. Plumari, EPJC (2019)

<> Isit due to a different freeze-out?
<> What would be the impact of hadronization & decay?
Need to implement a Cooper-Frye + SHM like in Hydro



0.2

0.15

0.05

0

V,(p-) indipendent on Vsy,

— Au+Au@62.4 GeV
- = AUu+Au@200 GeV
m— Pb+Pb@2.76 TeV

STAR@62.4 GeV .
STAR@200 GeV ]
ALICE@2.76 TeV

2
n/s=(T/T)? ~ 0.40

lIIIIlIIlIIlIIlIIIIIIIlIIIlIIIIIIl

n/s=(T/T,) ~ 0.40

1 1 1 1 l 1 1 1 1 l 1 1 1 ﬂ

lIlIIlIIlIIIIlIIlIIlIIIIIIIIIIllII

0O 05 1 15 2 25 3
p; [GeV]

0O 05 1 15 2 25 3
p; (GeV)

A 1QCD: Meyer et al.
O IQCD: Nakamura et al.

Meson Gas
IE

Plumari, Greco,Csernai, arXiv:1304.6566

» 1n/s x T?too strong T dependence— a discrepancy about 20%.

» Invariant v,(p;) suggests a “U shape” of n/s with mild increase in QGP

SLIDE from 2013



I1l- From Chromo-magnetic fields to QGP

A first tentative: Color electric flux tubes

Initial stage starting from chromoeletric fields
then matched to parton transport at fixed n/s(T)

Longitudinal view Transverse plane view

&

—% E” Bu
E, H B,

A possible approach color fields decay via vacuum instability

toward pair creation (Schwinger mechanism, 1951)



Schwinger effect in Chromodynamics
Abelian Flux Tube Model

Longitudinal view Transverse plane view

Focus on a single flux tube:

> Abelian
(.) neglect color-magnetic fields; Flux
(.) assume abelian dynamics for color-electric fields; ~— Tube
Model

(.) initial field is longitudinal;
(.) assume Schwinger effect takes place:
Color-eletric color field decays into quark-antiquark as well as gluon pairs _|




In order to permit particle creation from the vacuum we need to add a source term to the

rhs of the Boltzmann equation:
Chromoelectric field B, (_14\7,'(.

",-) l(s)/_l + ( ( . F/,U/ )l(')lf' ‘-(. — T _#

Florkowski and Ryblewski, PRD 88 (2013)

Done for massless quanta Invariant source term

Invariant source term: change of f due to particle creation in the volume at (x,p).

dN i (/‘\"‘,

()= P‘,l.’ I’.)-': ) )i
ar @ @prdp, | eWTIOWI0

C

— 4nn/s =1 ’ , ; ) oo

——4m/s=3 (= P \ Jc | _ mps /e e

—-4mys=10 E@ Ric(pr) = 10 n (I 4+ ¢~ "PT/ic )‘
/‘\') |

N/A, [fm?]

Cie = (9|1QicE| —0;)0(g|Q - E| —0;) See also:
“3 91QjcEl i) 0(91QjcEl 7 Gelis and Tanji, PRD 87 (2013)

M. Ruggieri et al., PRC92(2016)

= — =

€,. effective force on pairs
Q. color flavor charges




Pressure isotropization

)

1 .’:}:,f, = (liel“;’ ’:: /")‘1'. [‘)/‘. )/_ )
— 411)/5 =1 . ., . e
— = 4m/s =3 - x diag (\5‘. E-.E°,.-E7)
-m 4n/s=10 | |
4nn/s = oo

- dp P,
:Z—;_.,f”'ti.'((g. — / |‘_)'T)" I f[tl [)|

Ty Ry o Bl 2%
I _ ]—})(ll'f icles T I field

«

Pressure ratio | =1
> 4 Loy + T.U.U
)

t [fm/c]
M. Ruggieri et al., PRC92(2016)

t=0 pure field with negative field P,

t=0.2 fm/c = P_ >0 (particles pop-up) independently of /s

t=0.5-1 fm/c nearly isotropization for 47n/s<3




Color flux tubes coupled to transport at fixed n/s(T)

——— S Classical Yang-Mills dynamics
P /8 a nd P /8 L T [fmic]
L T

n N PT/e

. /\/\/\,
-0.5}1

- 4mn/s=3 1 - x

A Able!ljdlnl l+ OnIY Chlrolrnlol_gllel(l:tric fileldl Epelbaum and Gelis, PRL 88 (2013)

(.) Classic Yang-Mills calculation, 3+1D
(.) Quantum fluctuations rather than Schwinger effect

0.1 1
t [fm/C]

M. Ruggieri, L. Oliva, S.Plumari, VG, PRC92(2015) gl Z E9(z)? + 1 Z

(14)

T,a,t T,a,i,]

where the magnetic part of the field strength tensor is

The challenge will be coupling
non-Abelian Yang-Mills fields Fij(z) = 0ij(x) ~ ;A1 (@) = ) _ [ A=) Aj(@); (15)
to transport at fixed n/s dA}(z)

7 = Filz), (16)
dE{(z) B a be +b
M. Ruggieri, L. Oliva, VG, PRD97(2018) &~ 200 gj]f A (@) F5i (). (17)



V- Extension to pA collisions

e 2 260 PbPb s,

N

pPb —§ §— | PbPb

=276 TeV,220 < NI ™ <260

=
'{i
)
x

CMS, JHEPO9 (2010) 091 CMS, PLB 724 (2013) 213

Going at larger Knudsen number... Going out of hydro?!



Is pA the baseline for AA?

CMS
T LI | T l[ LI | LI IIIIII I ll]

_I pp Vs = I13 TeV .I Vv3Ue(2, IAT]|>2}‘ pPb \s,,, =5 TeV | + PbPb ys,, =276 TeV

m V,{4} i ®
+ Vv,{6}
O V,{8} 1
O VALYZ} 1 gy H = ......“

o®
e T in - -
o abnepe s T oNTGaRgane 4
e » .'+
03< p. < 3.0GeVicT 03< p_< 30GeVic | 03< p < 3.0 GeVic |
! N - | 1 | mt < 2|'4 | “l | i < 2|'4 1 -
50 100 150 100 200 300 0 100 200 300

wfjline N?'t'ﬂine N?f]ine

Decreasing the transverse system size R

increases the smallest wavenumber k o« 1/R

time t ~ R of in-medium propagation decreases

Gr(t, k) = cnya exp [—D k? t] + Cnon—hyd €Xp [—t',-"{TRl

" W
reduced for smaller R enhanced for smaller R

Reducing system size is one tool to enhance and characterize
non-hydrodynamic modes. Slide from U. Wiedemann, SQM19




Preliminary Results for pA with parton transport

Thermal distribution Including mini-jets
0-0.3% p+Pb @5.02 TeV Elliptic v 0-0.3% p+Pb @ 5.04 Tev

Inl<2.4, 0.3<p™'<3 GeV/c Trlangular V3 |nl<2.4,0. 3<p;ef<3 clvic

m CMS v, peripheral sub. 0.25| ® CMS v, peripheral sub.

2 @ CMSy; ] 0.20 ® CMSv,

| —— V,, N/s=1/4TC e Vv, With minijet

N
| — v, Ns=1/4T | 35045 vs with minijet
- = vy, N/s=2/4T

-- 'V3, T]Is=2/47t

What about R,,(p;)? Not shown in Hydro...
Results with different initial state fluctuation w.r.t. AA
And comparing partons with charged hadrons

Work to be done and further physics to be included...



Challenges and future directions:

" Pre-equilibrium from Yang-Mills field dynamics
[ Color dynamics (Wong’s Equation)]

= Extension to pA collisions = AA and pA unified description

*" Hadronization: statistical model vs coalescence (+ fragm.)
= Understanding relevance of freeze-out (depends on previous point)

" Contribute to develop 3+1D anisotropic viscous hydrodynamics



-
The anisotropic hydrodynamic attractor for Bjorken flow

1.0r 10F

——— aHydro attractor

—-—-NS 0.80
0.8 Numerical solution

0.5F
0.75

PPy

0.0
0.70r

0.05 0.10 050 1 5 10 ~ 001 0.10 1 10 100 1000

w w
Strickland & Noronha, PRD97 (2018) 036020
1 (PL/PT)—{-3> T .
O = — . W= — inverse Knudsen number
s 2 ((PL/PT)+2 Trel

m aHydro reproduces unterlying RTA Boltzmann transport almost perfectly, even for
very large shear stress.

U. Heinz, SQM19
hydrodynamization, to zeroth order. First-order corrections (stronger viscous

heating and faster radial expansion) somewhat increase the effective Knudsen
number in small collision systems, to the detriment of hydrodynamization.

Indeed would be more appropriate to start from P /P-=-1 ...



Different efficiency, different viscous correction ...

0-1% centrality

== n=2, p+tPb @ 5.02 TeV
== n=2, Pb+Pb @ 2.76 TeV
== n=3, p+Pb @ 5.02 TeV
=O= n=3, Pb+Pb @ 2.76 TeV

=1)
=

{2} (4nn/s
=)
o

=2)Iv
=)
o

= n=2, p+tPb @ 5.02 TeV
= n=2,Pb+Pb @ 2.76 TeV
= n=3, p+tPb @ 5.02 TeV
= n=3, Pb+Pb @ 2.76 TeV

o
'S

/2]
S~

c

=
<
—
~—
oN
—~

v

Centrality (%) p, (GeVic)




Cascade vs Viscous Hydro at small Knudsen in 1+1D

Comparison for the relaxation of pressure anisotropy P /P;
Huovinen and Molnar, PRC79(2009)

Knudsen number? Large K smalln/s
L 7

/s = const

1deal hydro

[R—

A A

Ky=6.6T7

- ._-_t-_';—;—

TS

K increase with (t/t,)?/3

—_— ICJ } "{_'1 O 0 .
ranaport In the limit of small /s (<0.16)
Navier-Stokes )
transport converge to viscous hydro
6 7 8910

at least for the evolution P /P;

Denicol et al. have studied derivation of viscous hydro from Boltzmann kinetic theory:
PRD85 (2012) 114047



Some test and check

of Boltzmann transport at ultrarelativistic limit

for thermalization time O(1fm/c)



HQ diffusion in the expanding QGP

¢,b quarks Two main approaches:

1) Langevin approach (T<<m, soft scattering)

[TAMU, Duke, Nantes, Torino, Catania, ...]

2) Boltzman kinetic transport (...Kadanoff-Baym-PHSD)
[Catania, Nantes, Frankfurt, LBL, CCNU,...]

Boltzmann (BM)

d3q d3p’ d3q/ l ,
I fl 4 f/ i MG Y ' ,%
2E, (2n)32qu (27)°2E,, (2)*2E, £(4)1o(P)Myq oo (P9" — P9)

= —fg(q)fQ(p)\MgQ_>gQ(pq%p’q’)2](2n)464(p+q—p’—q’)
m Small g2 <<M, M<< gT
P 'Brownian motion

v= [ d’kM(k,p)|'p

2
Fluct.-Dissip. Th. &=ya(pr)+Da fq

D =ETy ot ap ap°
<p>~ T <Ap2> M|2 scatt. matrix from
p p h
Drag Diffusion some theory

_1 3 2 2
D_Efd k|M(k, p) p




Boltzmann vs Langevin for Heavy Quarks

dN I = =
: _5(p-10GeV) Brick problem mp=gT=0.83 GeV
4P i —T T T T [ ] do 1
400 Boltzmann _ 2
— t=2 fm/c Charm e (q2(6)+m2D)
r = t=4 fm/c
300~ t=6 fm/c |
g o~k
2 v N \
< 200 |

100

) 4 6 3 10 1
p [GeV] ¢K. Das et al., PRCI0 (14) 044901

< Kinematics of collisions (Boltzmann) can throw particles at very low p soon.

< The motion of single HQ does not appear to be of Brownian type,
on the other hand M/T=3 -> M/<p,,>=1 & p>>mg

< Evolution of <p> is nearly identical in BM & LV especially at p < 3-4 GeV

X. Dong & VG, Prog.Part.Nucl.Phys.(2019)



400

300}

In case of Langevin the distributions are
Gaussian as expected by construction

Evolution: Boltzmann vs Langevin (Charm)

Momentum evolution starting from a 8 (Charm) in a Box

Lanaevin Boltzmann
T=400 MeV
T T ] 400r l ' ' | T ]
— =0 ] —_— =0 ’
—_— =2 fm (LV) — =2 fm (BM) -
— =4m@LV) ] 300} — =4fm (BM) ]
— =6m(@LV) ] [ —— =6 fm (BM)

100

. 100}

PR SN SN U N T NN T T T NN A BN

|

T 2 3 4 5 S —
p (GeV) p (GeV)

In case of Boltzmann the charm quarks follow
the Brownian motion: At Low Momentum.



What is the underlying D ?

' |
O 1QcD [Kaczmarek M 27T Dy
- QM2017 O IQCD [Banerjee et Tth — o-T2 (27T Ds) = 1.8 (T/T,)? fm/c
AdS/CFT T c
100 » === 1 D-meson[Ozvenchuk etal.] -
- + D-meson [TAMU] - T T2
] QPM (Catania) - BM ] Dy=—=—
A\ QPM (Catania) - LV - My D,
9\0’ \ — ==
kS . - T 5
S ~ C0, %  Not a model fit to IQCD data!
~ AV \ 0P
., l but the result from the
10f N ‘ $ LangeV! ] predictions of R,,(p;) & v,(py)
* T h’:'-f :
\. l 0 (T?}O\xzma ]
¢ = 6 fm/c Mame=T 1= 1.5 fm/c 4
T e e M
0.4 0.8 1.2 1.6 2 24

Scardina et al., PRC96(2017) T/T,

» Other more differential observables are
more sensitive to the difference between BM and LV
This will come after the ALICE upgrade




HQ does not evolve hydrodynamicaly

So microscopic “details are relevant ...

charm evoluzione

T=0.4 GeV p=5 GeV T=0.2 GeV p=5 GeV

F T Tt T T T T T T ] 40 T
30— - 2 fmlc offshell
B - B = == onshell |7
—_— LV
25 — 20 ||
E 20 - i
E 15 20— —
e - A
10 &
10 — X
5 — -
O O/ | | | | |
s o 1 2 3
p[GeV] p [Ge
At
fes(t + At,p) = fep(t,p) + 7 Clfe,Bs fo.q]
C.B

1
(2m)?

i e da o | n £ !/ ; r 2%
X / dcosa / dtvrelE / doen|f(P') fi(d) — f(p)fi(Q)]: ABW (m,;) = 2 T
- S toman t Jo

1 m (m2 — M?)2 4+ (m;y})?

)

Ci(feB,s fo.q = /dm.z-A(m.,:) /dmfA(m.f) AOO dqq® off-shell = PHSD




Hydrodynamics for strongly anisotropic expansion:

Account for large viscous flows by including their effect already at leading

order in the Chapman-Enskog expansion:
Expand the solution f(x, p) of the Boltzmann equation as

o=t <) (<D

\,/Pu v (x)py — f(x)
fo(x, p) = fo = :
(x, p) ( Fix ) )

where P (X)py = m® + (1+&2 (X))p:?l_,LRF + (1+€L(X))P3,LRF

e T(x), ji(x) are the effective temperature and chemical potential in the LRF,

Landau matched to energy and particle density, e and n.
e £, | parametrize the momentum anisotropy in the LRF,
Landau matched to the transverse and longitudinal pressures, P, and P;.

(McNelis, Bazow, UH, arXiv:1803.01810)
e P, and P, encode the bulk viscous pressure, 1 = (2P +P;)/3 — Peq,

and the largest shear stress component, P, —P; .

7 /24

Ulrich Heinz (OSU, CERN & EMMI) Thermalization and hydrodynamics Venice, 5/16/18




Simulation in a box

Test of equilabration in time scale of 1 fm/c
for ultra-relativistic particles

Highly non-equilibrated distributions

dN

——— =9 — 0
Ndede (Pr — Po) (pz)

Going to equilibrium
E/N ->T=E/3N

dN_—— 1 g

NE2dE 273

Particle off-equilibrium in a thermal bath at T=400 MeV

|
[§S]

dN/NE’dE [GeV ]
5 8

o
TTTT T T TTTTI0

N

IIIII|IIIIIIIIIl]I]IIIIIII|IIIII:

— t=0fm |-
— t=021fm||
t=04 fm|:
— t=0.6 fm|
t=121fm|3

T=04 GeV
Gtot:IO mb

| I — I 111 1N I I I N I | —

2 3 +
E [GeV]




Some checks about the rate of collisions

20

30

t (fm/c)

test

N _=250000, 9272 cells

V=125.fm’, Ax=Ay=Az=0.238 fm
27 test particle per cell

- p=1 fm”
— p=10fm"
— p=30fm"

Gtot:S mb

— Gtot:IO mb

o= 15 mb

(1/2)p <6, v _I>(fm-l)

p=50 fm™

ot re

R=

(]
(e}

[a—
o

rr1rr 17|17 r7 71717 17171717 17 T T T TTT

T TTTTT

TTIT
f |
:
i

E

T

T ;

1 IIIIIIII

IIIIIIIIIlIIIIlIIIllI

1 1 1111m

10 20 30 40
t (fm/c)

_| T | T 1T I | I T |.[/l [T
“Collision e
Rate

/0

7
e

e

lIllIllIllIll[llll

b A=0.05fm

|||||r‘\[

20 30 40
p (f1n'3)

Stable in all the range of cross section and density of interest:

A geometrical interpretation would have more trouble !

Especially in the ultra-relativistic limit!

N
o




Some check at Finite Masses

R p=15 fm’, T
i o,,=10 mb T
8 I T
= e __R:; N\ O V) =M™ 2 2 \
T 1 8 M,M,K,(pM,)
§ 6 3 (s)=[s— (0,400, ][ s~ (M, -, ]

— T=0.2 GeV
4 — T=0.3 GeV
T=0.5 GeV ]
2 I | | | I | | I I | | I I | | I I | | | I | 1
0 0.5 1 1.5 2 2.5 3
M (GeV)
8 T 171 | T T 1 | T T 1 | 1T T | 1T T | 1T 11
- T=0.3 GeV ]
T A
i L L T
E 65 — M=0.3 GeV —
z — M=0.6 GeV .
61— M=1.6 GeV —
55— —
5 _I 11 | | | I | | | I | | | I | | | I | | 11 | I_
0 5 10 15 20 25 30

t (fm/c)

Collision Rate precise at = 0.1%



Test of collision rate locally in the expanding fireball

Au+Au@200AGeV, b=7.5 fm
MI<0.15, A, "'=0.5 fm’, An ceII=O' 1
T T T T | T T T T

o, =15 mb

80— 77 ;
160 — xy)=00) E
140F — =2, 2.5) fm E
:§ 1203_ — 12p <0, V> —f
8z 100%—
;28 sob - Total rate would converge also with N,,.,,= 10-20
% b - pr-spectra N, = 50
Ty - V,(p;) require N,..,> 100-200
20 - Correlators (Green-Kubo) N,...> 500-1000

-

t (fm/c)

At (t) = 0.5 Azpin(t) = 0.5¢ [tanh(n,, + An./2) — tanh(n,,, — An./2)]



Energy Density and p;- spectra evolution

No divergency at t=20

e

100}

e [GeV/im’]

kin

1 ol

LI |

0.1

t [fm/c]
M. Ruggieri et al., PRC92(2015)

4nn/s=1

T

—=—t=0.2fmlc
—-+=t=10fm/c
Gt t = 5 0 fmlc
—— thermal, T(t = 1 fin/c)

thermal spectrum

X Jr TPT B
g, T ]




Does and when Boltzmann transport
at fixed shear viscosity
gives hydrodynamics?



Test of vaHydro in 0+1 D —Heinz, Strickland

Use Boltzmann at fixed /s in 1+1D to improve viscous hydro — U. Heinz (HP2015)

Increasing Anisotrop >

&=0,4mn/S = 3, To= 0.6 GeV &= 10,4m/S = 3, Ty= 0.6 GeV &o=100,47m/S = 3, Tp= 0.6 GeV

<06

F \/])?L—}-(l—i-f)pg—i-m‘z. Iz
° A "A

o
n

78]
~
= 04
> 05 10 20 50 100200 05 10 20 50 100200 05 10 20 50 100200
= =0, 477/S = 10, To= 0.6 GeV = 10, 477/S = 10, To= 0.6 GeV =100, 477/S = 10, To= 0.6 GeV :
£0=0.4m/S=10.70=06GeV =10 4m/S~10.To= 06 fo= 100, 4mm/S = 10, To= 0 long. anisotropy param.

v 100 ,
@) 050 050 P
O 070 '
2 020
> 050 030

> 0.10
Q0 ~ 020
S 030 015 0.05
n
o 0 = | oo Y7 002
e 05 10 20 50 100200 05 10 20 50 100200 05 10 20 50 100200
8 £y="0,47m/S = 100, Ty= 0.6 GeV £o=10,47m/S = 100, Ty= 0.6 GeV &= 100, 47/S = 100, Ty= 0.6 GeV
—= 100 7 0150 0.150 A2

0.100 _ e " ” g

. 050 0.100 0% e Exact” Solution
: 0.070 000} _.--"" 2 .
v £020 0.050 0.030f -~ 7 Mmeans

":0_10 0.030 88%(5) ) ’/ Exact Solution

00 0.020 0010} - -~~~ v Boltzmann Eq.
05 S AL L ydro
L N I E PO 3"_order hydro
= 0010 ' .-
05 10 20 50 100200 05 10 20 50 100200 05 10 20 50 100200

T [fm/c] T [fm/c] T [fm/c]

Bazow, Strickland, Heinz: arXiv:1311.6720

in 1+1D: Denicol et al., PRL(2014)



A variety of hydrodynamic approximations:

Different hydrodynamic approaches can be characterized by the different assumptions
they make about the dissipative corrections and/or the different approximations they use
to derive their dynamics from the underlying Boltzmann equation:

m ldeal hydro: local momentum isotropy (£, ;, = 0), " = V# = 0.

m Navier-Stokes (NS) theory: local momentum isotropy (£1,, = 0), ignores
microscopic relaxation time by postulating instantaneous constituent relations for

=, v«

m Israel-Stewart (IS) theory: local momentum isotropy (£, = 0), evolves
MN#”, V¥ dynamically, keeping only terms linear in Kn = Apfp /Amacro

m Denicol-Niemi-Molnar-Rischke (DNMR) theory: improved IS theory that keeps
nonlinear terms up to order Kn?, Kn - Re~* when evolving M*", V*.

m Third-order Chapman-Enskog expansion (Jaiswal 2013): local momentum
isotropy (£, = 0), keeping terms up to third order when evolving M1*" V#.

m Anisotropic hydrodynamics (aHydro): allows for leading-order local momentum
anisotropy (£..1 # 0), evolved according to equations obtained from low-order
moments of BE, but ignores residual dissipative flows: """ = V¥ = 0.

m Viscous anisotropic hydrodynamics (vaHydro): improved aHydro that
additionally evolves residual dissipative flows M*”, V* with IS or DNMR theory.

Ulrich Heinz (OSU, CERN & EMMI) Thermalization and hydrodynamics Venice, 5/16/18 8 /24




Transport at fixed n/s vs Viscous Hydro a test in 3+1D

"IChanging M of partons one gets
oxsrdifferent EoS —c(T)

Au+Au@200AGeV

v,/ odecrease with c,

4 5
t (fm/c)

= Time scales, trends and value
guite similar to hydro evolution

= An exact comparison under the same
conditions has not been done

O,,:=15 mb



Initial Conditions

<> r-space: standard Glauber model
< p-space: Boltzmann-Juttner T, . =1.7-3.5 T_ [p;<2 GeV ]+ minijet [p;>2-3GeV]

We fix maximum initial T at RHIC 200 AGeV Discarded in viscous
T =340 MeV 1. .
Tmax"_ 1 o Typical hydro BB L
0Tp =+ ~>T=v.oTm/cC condition ﬁfggﬁpﬁam
= 9—@ CODE: f.o.+n/s=1/(41)
Then we scale it according to initial € _ LHC
g Pb+Pb@2.76 TeV

1 dN.p
TAT dn >

T, 290 MeV 340 MeV 580 MeV
T, 0.7fm/c 0.6 fm/c 0.3 fm/c




Multiplicity & Spectra

LI S L L L LI L A B LI B

O—0 LHC: ALICE

O—O RHIC: PHOBOS
A—A RHIC: PHENIX

@ —@ CODE: fo.+1/s(T) < T
@— CODE: f.o.+n/s=1/(4m)

LHC
Pb+Pb@2.76 TeV

RHIC
Au+Au@200 GeV

o

100 200 300

part

400

 [p<2 GeV ]

No fine tuning

® STAR
(h*+h)/2

‘ — fo.+1/s=1/(47)

(10-20)%

(20-30)%

-3
|IIII‘I1IIIIIII I |

|IIII|I1

1 2 3
py (GeV)

1

2
py (GeV)




Cross section and freeze-out

Freeze-out is a smooth process: scattering rate < expansion rate

A" 1QCD: Meyer ot a. v' m/s increases in the cross-over

O IQCD: Nakamura et al.
v xPT Meson Gas

& HICE region, realizing a smooth f.o. self-
consistently dependent on h/s:

v" Different from hydro that is a sudden
cut of expansion at some T, .

v' By definition freeze-out # Hydro

Cross section — inner fireball
15F-11/5=0.08



Longitudinal and transverse pressure
CYM initialization

1.2} 0—0O 4mnm/s=1
. & 4in/s=4
A———A 43171’]/8:1 0

70% level of isotropization

=pQCD  Au-Au@2004 Gev

<For /s > 0.3 one misses fast isotropization in P /P (t = 2-3 fm/c)
<>For n/s = pQCD no isotropization
<>Semi-quantitative agreement with Florkowski et al., PRD88 (2013) 034028

our is 3+1D not in relax.time but full integral but no gauge field



n/s or details of the cross section?

s=4 Ge\/? Pb+Pb@2.76 TeV
: . : 20-30%

Cross section
— mD=0.7 GeV
—_— mD=5.6 GeV

do/dcos(0)

o
o))

— m,=0.7 GeV , 4nn/s=1 ]
— my=1.4 GeV , 4nn/s=1 ]
— m, =56 GeV , 4nr)/s=1 _

N
~
T

<
o

cos(0) p; (GeV)
Keep same 1)/s mezaz:
< n/s is really the physical parameter determining
s 15 ! i v, at least up to 1.5-2 GeV
< microscopic details become relevant at higher p-
< First time 1/s<-> v, hypothesis is verified!

1 | | | | | 1
1 08 06 04 O

Oror (mlD) _ g(m,p)

O7ror (m2D) g(myp)

a*" p,p,
_ u feq

‘ Differences arises just where 5
oI f= 4
in viscous hydro 6f becomes relevant e+P T




Non equilibrium at larger p+:
impact of minijets on v,(p+)

IIIIIIIIIIII|III\‘IIII|I\\\|IIII

LHC: Pb+Pb@2.76TeV
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l I l I l l

.ll\lllll

| II]II]II | III]III| | IIIIIII| ]

== RHIC:200GeV, No mjet
== RHIC:200GeV, with mjet
== [ HC:2.76TeV, No mjet
— - LHC:2.76TeV, with mjet

T T T T | T T T T | T T T T | T T T T | T

I IIIIIIII I lllllﬂl I IIIIIHI I IIIIIII| T Illlllll

0||||||||||||||||||\‘||||||[\\||||| llllllllllllllllllllllllllllllllll

0 0.5 1 1.5 2 25 3 35 0 1 2 3 + 5 6
p; (GeV) p(GeV)

Mini-jets starts to affect v,(p) for p>1.5 GeV

Effect non-negligible. Again a flatter spectrum leads to smaller v2




Include Initial State Fluctuations : v (p;) & n/s(T)

5 . 2 2 7 . v T A 1QCD: Meyer et al. e -
IZ\'I’_(I}SOSA;}(HAH @200 Get J30\0 - O IQCD: Nakamura et al. = === Ws(T)< T + 0.

v XPT Meson Gas I 47[7].’:.\=| + f.o.
¢ HIC-IE = = 4mn/s=I

Hadron Gas

%

v’ v, 5 at RHIC affected by freeze-out dynamics
v V, 3 at LHC determined essentially by the QGP n/s



Another sector where Boltzmann

transport is playing a role in the QGP physics:

Heavy Flavor



(]

Raa & vV, Boltzmann vs Langevin

One Praliminery resull: AurAu@200ACeV, bed fm

—— D+B (BM)
— == D+B (LV)

r \— - "7

T I I | I I T I I

e PHENIX Minimum Bias —
— D+B (BM)
- = D+B (LV)

|
3
Py [GeV]

v" Fixed same R, (p;) = V,(p;) about 25% higher
- dependence on the specfic scattering matrix (isotropic case -> larger effect)

v" This may be the reason of the large v, in BAMPS

v" Angular DD correlation? Work under progress




Schwinger Mechanism in Electrodynamics

Vacuum with and E-field Quantum Effective Action of a pure electric field,
unstable under pair creation  has an imaginary part responsible for field
instability

Vacuum Decay Probability
Per unit space-time to create electron-proton

9
NnwIm )

field E

Quantum tunneling interpretation - Casher et al. , PRD20 (1979)
Plate separation d describe - Schwinger effect as a dipole formation , B ‘Eg‘
gE

Once the pair pop-up charged particles propagate in real time
and produce an electric current J = 0E —dieletric breakdown



Boost invariant 1+1D expansion

Flux tube with longitudinal expansion

—_— )

_ Jd dN;, o
{/)//(.),I + (/(2/}'1“/”//)//(‘),1,) ) //r — P07 T3 4/") + C /J
T | ot d>xd”p ‘

We assume field dynamics is boost invariant. This means E=E(7), hence independent on 7:
Time derivative

depend on distribution functions

Link Maxwell equation to kinetic equation



