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Fluid nature of nuclear matter in heavy-ion collisions

created in
at RHIC be

- 2005: Quark Gluon Plasma (QGP)

eavy lon Collisions

naves like a fluid

- This tluid is almost perfect

L 0 - 2007: 2+1D viscous fluid dynamics

+ 2010: Fluctuations are important

207171: 3+1D viscous fluid dynamics
+ fluctuating initial conditions



How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra
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How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra
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How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra
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How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra
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How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra
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How do we know we created an almost perfect fluid?

Measure the anisotropy in the transverse particle spectra

60 [ 7

40 § ‘ :

30 |

Number of Particles
| 4

20 F .

Quantity anisotropy using Fourier expansion:
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How do we know we created an almost perfect fluid?
v, coefficients of charged hadrons are large - in particular v

value of v, is (anti-)correlated with the total number of
particles via the collision geometry

o 0.1' ‘ I ‘ - When | say vz is large, | mean
< 00g | almost as large as it can be
E o |t t STAR data. when generated by the

2 oo b | response of the system to

3 o o the initial geometry:

|deal tluid dynamics

O

0 025 05 075 1 ,
Number of particles n_jn reproduces data quite well



Fluid dynamic expansion of the medium

Beam directions

* small momentum

smaller
pressure gradient

\

large momentum

—

!

larger pressure gradient

Impact parameter b

Cheating of course: Animation is an ultra cold quantum gas
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Relativistic viscous fluid dynamics

Basic equations: energy and momentum conservation

g energyﬂensity preisure h
o,T"" =0 with ™ = (¢ + P) t{‘u” — Pgt” + I1H
| t |
L flow velocity viscous correctlon/
 constituent equations for II"" (shear viscosity nonly)
AMAY (u- )T = —l(H“V — SHY) — ﬂ(8- u) I
=P Tn 3
. 2
with SH* = n(V“u“ + VYU — §A“V(8- u))

A = gt — uHu” and VF = AMY9, 7 relaxation time

 equation of state P(¢)relates pressure to energy density
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Initial conditions

Models need to provide input for fluid dynamic simulations:
initial energy density, tlow velocities, shear stress tensor

Initial conditions fluctuate from event to event
Main source of fluctuations: nucleon positions

Ditferent models give different energy density distributions

MC-Glauber IP-Glasma

t=0.2 fm/c

C. Gale, S. Jeon, B. Schenke, Int.J.Mod.Phys. A28 (2013) 1340011 12



Computing the initial state at high energies

B.SCHENKE, P.TRIBEDY, R.VENUGOPALAN, PRL108, 252301 (2012), PRC86, 034908 (2012)

Gluon number increases with decreasing gluon momentum
Gluon saturation at pr S Qs(x, b)

Strong fields with occupation ~ 1/as
Classical description possible

IP-Sat model parametrizes Qq(x, b)

(simple way to include impact parameter dependence)
KOWALSKI, TEANEY, PHYS.REV. D68 (2003) 114005

Fit parameters to HERA diffractive data
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Computing the initial state

B.SCHENKE, P.TRIBEDY, R.VENUGOPALAN, PRL108, 252301 (2012), PRC86, 034908 (2012)

- Sample nucleons from Woods-Saxon distribution

- Sample color charge density o™ B(x7)

For nucleus A and B compute the path-ordered

exponential over its longitudinal extend
- PA/B(XT)
Va/g(x ex ( — )

- m is an infrared cutoff of orderAQCD

- Wilson lines after the collision are then obtained from
V» and Vj via the Yang-Mills equations
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Computing the initial state

B.SCHENKE, P.TRIBEDY, R.VENUGOPALAN, PRL108, 252301 (2012), PRC86, 034908 (2012)

- Yang-Mills equations determine:
- Initial gluon fields from color charges
KRASNITZ, VENUGOPALAN, NUCL.PHYS. B557 (1999) 237
- Energy density after the collision

- Early non-equilibrium time evolution

- Then match tields’ TF” to hydrodynamics
by extracting € and u”
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Effect of viscosity in a single event

t=0.40 fm




Late stage and freeze-out

System expands, becomes dilute, stops interacting
strongly

16
14 |

Convert fluid into particles 2
using the Cooper-Frye formula

dN -\ /
Ed3p 5 dE“P 'IC(X, P“ u ) 10 5 0 5 10

T [fm]
(00)

o nNn B~ O

Then either feed particles into hadronic cascade like
UrQMD or just assume free streaming and let the
unstable resonances decay
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IP-Glasma fluctuating initial state

Include more QCD dynamics and reduce

ree parameters

Consistently describes all flow harmonics -

0.25

for a given n/s

0.25
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ATLAS 30-40%, EP

n/s = 0.12 at /s= 0.2 TeV

1
P [GeV]

n/s = 0.2 at /s=2.76 TeV

C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. 110, 012302 (2013)

Experimental data:
A. Adare et al. (PHENIX Collaboration), Phys.Rev.Lett. 107, 252301 (2011)

Y. Pandit [for the STAR collaboration], Quark Matter 2012; Phys. Rev. C 88, 14904 (2013)

G. Aad et al. (ATLAS Collaboration), Phys.Rev. C86, 014907 (2012).

18



“vent-by-event tluctuations of tlow coefticients

C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. Lett. 110, 012302 (2013)

Experimental Data: ATLAS Collaboration, JHEP 1311, 183 (2013)
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Flow fluctuations reflect
initial state fluctuations

Support collectivity

Interpretation
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Temperature dependent transport parameters

Extract information on (n/s)(T) from experimental data

roximate ran f . :
?npaF:(i(r)nal iarlvti(z?ialate?nep(;ratures N eed to Va ry COl | 1SION

probed by RHIC

energy over wide range

/I\/Iaximum entropy method and \
functional renormalization group

1.2
* 1 loop
il * 2loop
0.8F : * Meyer (2007/2009) (SU3) -
E ~~"KSS bound E J |
Compare to =0 | riptl
- PEEResesEs
non-perturbative QCD ) . T
approaches (Lattice, FRG) o it ——— — 5
T/TC

\J. Pawlowski at Quark Matter 2014 /
. . . (Christiansen, Haas, Pawlowski, Strodthoff)
Detailed simulations needed



-ftect of bulk viscosity

Include bulk viscosity

G.S.Denicol, H.Niemi, E.Molnar and D.H.Rischke,Phys. Rev. D85, 114047 (2012)
G.S.Denicol,S.Jeon and C.Gale, PRC, arXiv:1403.0962[nucl-th].

In addition to 9, T = 0 solve the following equations

Tnﬁ + I = —{9 — 61]1]1_[9 & /ln,rﬂ'#VO"uv .
.7 + 7% = 2not + 21',,71&” W — 8.0 + cpﬂtéﬁ' Ve — T,,,,zrg‘ oV + L qIlo*
1

2
Bulk viscosity is parametrized as ¢ = bn(§ — Cg)

/ 0.025 — ‘ ‘ I ‘ ! \
[ CMS 0-1% —=— 1
[ n/s=0.15, b=15 e
= e
0.02 |- - -
| = . .
Effect in ultra-central collisions
Vn 5 § J.-B. Rose, J.-F. Paquet, G. S. Denicol, M. Luzum
0.01 —— ] B. Schenke, S. Jeon, C. Gale, arXiv:1408.0024
R ; Data: S.Chatrchyanetal [CMS Collaboration], JHEP1402, 088 (2014)
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Hydrodynamic fluctuations

C. Young, J.l. Kapusta, C. Gale, S. Jeon, B. Schenke, arXiv:1407.1077

Tis = T§ + 6T + 5w

In linear response one

can derive coupled
equations for the evolution
of the fluctuating parts

of TH¥

They are separate from the
evolution of the average
guantities
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Pre-equilibrium dynamics - thermalization?

More sophisticated first principles T ~
computations of non-equilibrium

early time dynamics

- Addressing the still open
issue of rapid isotropization
and thermalization

n'-_ Q
- Field has advanced significantly |5
but issue is still under debate A
E :g 2D thermal § E
:g like T/ p, 5- _g
T. Epelbaum, F. Gelis, Phys.Rev.Lett. 111 (2013) 232301 B e——— —
J. Berges, K. Boguslavski, S. Schlichting, R. Venugopalan K o 2 St j

Phys.Rev. D89 (2014) 074011
M. Attems, A. Rebhan, M. Strickland, Phys.Rev. D87 (2013) 025010 03



Pre-equilibrium dynamics - thermalization?

Strong coupling limit: ﬁ3—” colored lines: )
:‘; n,‘ hydro fits

AdS/CFT calculation shows (‘)2 “':%}\':;,.:..

"hydrodynamization” 06| \

but no pressure isotropization o T T

at ear|y times 1=0.25 fm/C 08602 04 06 08 10 12 14

W T

The pressure anisotropy is completely explained by
dissipative hydrodynamics for 120.25 tm/c

Before that non-equilibrium effects are important

M. P. Heller, R. Janik, P. Witaszczyk, Phys.Rev.Lett. 108 (2012) 201602
24



Deformed Nuclei

Select ultra-central
events based on

neutrons in the ZDC

Study correlation
Detween

MC-Glauber gets
(anti-)correlation

because of Neoll in

dN
dn

= Npp (XNcoll + (1 — X)

N part
2

and multiplicity

)

B. SCHENKE, P. TRIBEDY, R. VENUGOPALAN
PHYS. REV. C89, 064908 (2014)

I I
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IP-Glasma finds weaker anti-correlation
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* B. SCHENKE, P. TRIBEDY, R. VENUGOPALAN

DefOrmed NUC‘el PHYS. REV. C89, 064908 (2014)

e Uranium: prolate

e Gold: oblate
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Au+Au, side-side



Testing the initial state model in U+U collisions

B. Schenke, P. Tribedy, R. Venugopalan, Phys. Rev. C89, 064908 (2014)

Experimental Data: STAR Collaboration, H. Wang, Nucl. Phys. A (in press, 10.1016/j.nuclphysa.2014.08.086)

oo = Au+Au :=:z=::: Glauber

0.03 |

0026f

> e
0022H++ L
0.018 _ STAR Preliminary
C PR T T R T T N TN TN TR TN A TN TN TN T A TN TN T TN T T T B
0.9 1.0 1.1
Mult/<Mult>

Ultra-central collisions of deformed nuclei distinguis
different models of particle production - IP-Glasma

N between
oreferred
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Small systems: New questions, new opportunities

- High multiplicity p+p and p+Pb collisions at LHC
show similar features as Pb+Pb collisions (ridge, v,)

- d+Au at RHIC also seems
to show similar features

- Interpretation not yet clear:

- Initial correlations? Theory on this is developing: new insights

- Initial geometry + collective effects? Even fluid dynamics?

- Versatility of RHIC helps to address these questions
for example by running *He+Au collisions (different geometry)

CMS: JHEP 1009 (2010) 091, Phys.Lett. B718 (2013) 795-814, JHEP 1107 (2011) 076 , Eur.Phys.J. C72 (2012) 28



Small systems: New questions, new opportunities

Can fluid dynamics work in such small systems?
Viscous corrections become very large

Initial state strongly depends on model

Some models work, some don’t. Not yet settled...

Bozek Bromovvskl Phys Rev 688 (2013) 014903 0.16 Schenke, Venugopalan arX|v 1405 3605 (2014)
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Are we sensitive to the shape of the proton?

S. SCHLICHTING, B. SCHENKE, ARXIV:1407.8458

- Three “"Constituent quarks” at large x

- JIMWLK evolution with infrared regulator to get

gluon distribution at smaller x

decreasing x

AY=0 | | AY=3 | | ay=6 | | AY=9

%

1.5

®

2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2
x-Coordinate [fm]

3

y-Coordinate [fm]
N = O = N

0.5

Wilson line trace: Re(tr[1-V(x,y)])/N,
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s viscous fluid dynamics even valid?

H. Niemi, G.S. Denicol, e-Print: arXiv:1404.7327

Use the Knudsen number as a measure
Kng = lnicro /LY ..o = To/0 (this is one specific choice)

where Ty is the shear relaxation time and 6 = 9, u"

Small Knudsen number means fluid dynamics is valid

eBC 1/s =0.08 s
14

16

il Pb+Pb

10
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s viscous fluid dynamics even valid?

H. Niemi, G.S. Denicol, e-Print: arXiv:1404.7327

Use the Knudsen number as a measure
Kn@ — lmicro/LQ — 7_1'[/9

Temperature dependent n/s

IMacCro

(this is one specific choice)

where Ty is the shear relaxation time and 6 = 9, u"

Small Knudsen number means fluid dynamics is valid
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Conclusions

Relativistic fluid dynamics has been very successful in describing
the bulk properties of high energy heavy ion collisions

Fluctuating initial conditions seem well under control at high
energies - they allow the prediction of all flow harmonics

Many recent advances: bulk viscosity, temperature dependence
of transport parameters, pre-equilibrium dynamics, small
systems

We are now able to extract important quantitative information
on the properties of hot and dense QCD matter
from experimental data
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small systems

A. BZDAK, B. SCHENKE, P. TRIBEDY, R. VENUGOPALAN, PRC87, 064906 (201 3)
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Fourier Harmonics in p+Pb

CMS COLLABORATION, PHYS.LETT. B724 (2013) 213-240
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Fourier Harmonics in p+Pb

CMS COLLABORATION, PHYS.LETT. B724 (2013) 213-240
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Fourier Harmonics in p+Pb

CMS COLLABORATION, PHYS.LETT. B724 (2013) 213-240
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System Size

A. BZDAK, B. SCHENKE, P. TRIBEDY, R. VENUGOPALAN, PRC87, 064906 (2013)

10

Pb+Pb 2.76 TeV Hydro
Pb+Pb 2.76 TeV

p+Pb 5.02 TeV

p+p 7 TeV

1en
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Achieving quantitative understanding

Example: Shear viscosity to entropy density ratio n/s
Broad theoretical efforts and experimental advances

lead to increasingly precise determination of n/s

n/s near I

Al

1

= Kkinetic theory 77
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E -- AdS/CFT limit S
E . = Viscous hydro
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o o
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Viscous hydro:
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Model - Data comparison

Models are reaching a level of sophistication that makes
systematic model to data comparisons useful, essential

Simultaneous study of many observables
Simultaneous variation of all parameters

Model emulators

Extract quantitative information on fundamental
properties of nuclear matter under extreme conditions
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Model - Data comparison

Detailed model to experimental data comparisons
via model emulators will allow to constrain for example

the QCD equation of state
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Constraining parameters in a parametrization of the EoS .




