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WHY HYDRODYNAMICS?

THEORETICAL MOTIVATION FOR HYDRODYNAMICS

e Fundamental theory of strong interactions: Quantum
Chromodynamics (QCD)

asianun Ajeg

T
< =

Temperature T [MeV]

MATTHEW LUzZUM (McGILL/LBNL) HYDRO OVERVIEW



WHY HYDRODYNAMICS?

THEORETICAL MOTIVATION FOR HYDRODYNAMICS

e Fundamental theory of strong interactions: Quantum
Chromodynamics (QCD)

e If sufficient separation of scales, system behaves as a fluid

Temperature T [MeV]

‘
= Byl
L]
4

] L D)
° “ = Neutron stars
¢

Nuclei

el nd

7
Net Baryon Density
MATTHEW LUzZUM (McGILL/LBNL)

HYDRO OVERVIEW HOT QUARKS 2012 2/16



WHY HYDRODYNAMICS?

THEORETICAL MOTIVATION FOR HYDRODYNAMICS

e Fundamental theory of strong interactions: Quantum
Chromodynamics (QCD)
e If sufficient separation of scales, system behaves as a fluid

e Hydrodynamic description is the correct description of QCD if
system large enough / interactions strong enough
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WHY HYDRODYNAMICS?

(RELATIVISTIC) HYDRODYNAMICS

e Hydrodynamic equations = conservation equations:
0,T" =0
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0,T" =0
@ Define Local Rest Frame = zero momentum frame:
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Trest -
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WHY HYDRODYNAMICS?

(RELATIVISTIC) HYDRODYNAMICS

e Hydrodynamic equations = conservation equations

0,T" =0
o Define Local Rest Frame = zero momentum frame:
Tr(e)lst =0
e |deal hydro = isotropy in LRF: e 00 O
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WHY HYDRODYNAMICS?

(RELATIVISTIC) HYDRODYNAMICS

e Hydrodynamic equations = conservation equations:
0, T" =0
e Define Local Rest Frame = zero momentum frame:
Trgét =0

e Ideal hydro = isotropy in LRF:
T =T = (e+ p) utu” — p g
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WHY HYDRODYNAMICS?

(RELATIVISTIC) HYDRODYNAMICS

e Hydrodynamic equations = conservation equations:
0, T" =0
e Define Local Rest Frame = zero momentum frame:
Trgét =0

e |deal hydro = isotropy in LRF:
T = T8 = (e +p) u'u” —p g

e Viscosity/dissipation: gradient expansion
T = T 4+ VU + C APV Qu® + ...
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WHY HYDRODYNAMICS?

HEAVY-ION COLLISION

What we see in a collision:

Pb+Fb @ sqri{s) = 2.76 ATeV

2010-11-08 11:30:48

Filn: 1482

Run : 137124

Event : 0x0000000M003BBERSY

MATTHEW LUuzuM (MCGILL/LBNL) HYDRO OVERVIEW HOT QUARKS 2012 4/16



WHY HYDRODYNAMICS?

PROTON-PROTON COLLISION

Compare to proton-proton:

» ;?ATLAS
A EXPERIMENT

2009-12-06, 10:03 CET
Run 141749, Event 405315

Collision Event

http://atlas.web.cem.ch/Atlas/public/EVTDISPLAY/events.html
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WHY HYDRODYNAMICS?

TWO-PARTICLE CORRELATIONS

Experimental motivation for hydrodynamics: J

R(AnA¢)

(PHOBOS, Phys.Rev. C81 (2010) 024904 )
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WHY HYDRODYNAMICS?

TWO-PARTICLE CORRELATIONS

Experimental motivation for hydrodynamics: )
Au+Au
=
4 z 0
(=3 < RS \:‘8‘ B
<] o v 3. a{{“‘}a&\,‘-“
> 3 3 SO
% S
200 NN

(PHOBOS, Phys.Rev. C81 (2010) 024904 )

Unique long-range correlations indicate strong collective behavior J
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability
distribution:
dN

9o x1+4+2vcos2¢+2v4cosdo + ...
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability

distribution:
aN
9o x1+4+2vcos2¢+2v4cosdo + ...

Elliptic flow: v» = (cos 2¢)
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FLOW AND FLOW FLUCTUA

Particles are emitted according to an underlying probability
distribution:

N
Z_¢> x 142w Cc0s2¢ 4+ 2v4C084¢ + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v, J
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability

distribution:
aN
d—¢ x 142w Cc0s2¢ 4+ 2v4C084¢p + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v,

(flow)

Pairs 1 (e/2(%17%2)) (e291)(e712%2) = 2
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability

distribution:
dN
d_¢ x 142w Ccos2¢ 4+ 2v4Cc084¢p + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v,

Pairs : <<e’2(¢1 _¢2)>> (flov) <(ei2¢‘><e_i2¢2>> = <V22>
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability

distribution:
dN
d_¢ x 142w Ccos2¢ 4+ 2v4Cc084¢p + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v, J

Pairs : <<e"2<¢>1 —¢2)>> (fiow) <<ef2¢1><e—"2¢2>> - <v22> = 1,{2)2
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FLOW AND FLOW FLUCTUATIONS

Particles are emitted according to an underlying probability

distribution:
dN
d_¢ x 142w Ccos2¢ 4+ 2v4Cc084¢p + ...

Elliptic flow: v» = (cos 2¢)

Ideal hydro (zero viscosity) = maximum v, J

Pairs : <<e"2<¢>1 —¢2)>> (fiow) <<ef2¢1><e—"2¢2>> - <v22> = 1,{2)2

deairs (flow) 2
< dno > x 1+<v2 >0032(A¢>)+...
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FLOW AND FLOW FLUCTUATIONS

TWO-PARTICLE CORRELATIONS

Experimental motivation for hydrodynamics: )
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(PHOBOS, Phys.Rev. C81 (2010) 024904 )

Unique long-range correlations indicate strong collective behavior J

MATTHEW Luzum (M



FLOW AND FLOW FLUCTUATIONS

TWO-PARTICLE CORRELATIONS

Experimental motivation for hydrodynamics: )
dN/dAG (N i)
08 T T T T
0.75
07 1
i
0.65 e
06 1 n‘ 1 1
0 /2 T 3n/2
Ad
(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )

Unique long-range correlations indicate strong collective behavior J
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FLOW AND FLOW FLUCTUATIONS

ELLIPTIC FLOW AND VISCOSITY

“Glauber” initial conditions “CGC” initial conditions
T T T T T ' ) T T
01f 1 o wsiw
0.08f- 4 o008
n/s=10° n/s=0.08 Ll
. 0.06F 4 008}
> >
n/s=0.16
0.041 /=008 1 004
0.02 In/s=0.16 0.02-
0 1 n n n n 0 1 1 1
0 ) 100 200 300 400 0 - 100 200 300 400
e © o - [ %)

(ML & Romatschke, Phys.Rev. C78 (2008) 034915)

e Large elliptic flow — strongly coupled, small viscosity fluid J
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FLOW AND FLOW FLUCTUATIONS

ELLIPTIC FLOW AND VISCOSITY

“Glauber” initial conditions

“CGC” initial conditions

T T T T T ' ) T T
o1k »  PHOBOS| 01F  n/s=10" =  PHOBOS
0.08f- 4 o008
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«0-06[ 4 008}
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(ML & Romatschke, Phys.Rev. C78 (2008) 034915)

e Large elliptic flow — strongly coupled, small viscosity fluid
e Theoretical uncertainties impede precision physics

J
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FLOW AND FLOW FLUCTUA

TWO-PARTICLE CORRELATIONS

0.8
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(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
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FLOW AND FLOW FLUCTUATIONS

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . J

Au+Au

dN/dA (/Nisg)
0.8

0.75
0.7

0.65

0.6

(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
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FLOW AND FLOW FLUCTUATIONS

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . . )

Au+Au

dN/dA¢ (/Ny,)

0.8
0.75 S

:»«\333333’;"
0.7 B b

1
s
0.65 o
5
0.6
Ad 5
(STAR, arXiv:1010.0690) (PHOBOS, Phys.Rev. C81 (2010) 024904 )
...can be entirely explained by collective flow: J
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

N
Z—¢ x 1+ 2vc0s2¢ + 2v4C084¢ + . ..

Pairs : <<e"2(‘751 _¢2)>> (flow) <<e’2¢‘)(e_i2¢2>> = <v22> = 1 {2)?

aN, airs ow
< dgqb > 1y <V22>0052(A¢) + <V42> cos 4(A¢) + ...
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

aN

a5 = 1 +22vncosn ¢ — hn)
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
do

Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

<dC/1V£a(i;s> (flow) 14+ < >COS 2(A¢p) + <V4 >COS 4(A¢) +

o 1 +22vncosn ¢ —Pn)
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

Z—IZ x 1+ g2vncosn(¢ —1n)
Pairs : <<ei”(¢1‘¢2))> (flov) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow >
< dg(b > T & d 2 <v,,2> cos n(Ag)
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

o 1 +22vncosn ¢ —Un)
Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow
(98201 S

e Event-by-event fluctuations are not negligible!
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

o 1 +22vncosn ¢ —Un)
Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow
(98201 S

e Event-by-event fluctuations are not negligible!
e Flow can explain all long-range correlations
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

x 1+ Z 2V, cos N(¢ — tn)
Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow
(98201 S

e Event-by-event fluctuations are not negligible!
e Flow can explain all long-range correlations
e — many new observables possible
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FLOW AND FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

x 1+ Z 2V, cos N(¢ — tn)
Pairs : <<ei”(¢1‘¢2))> (ﬂgw) <<ein¢1><e—in¢2>> = <Vn2> = vp{2)?

dn, airs ow
(98201 S

e Event-by-event fluctuations are not negligible!
e Flow can explain all long-range correlations
e — many new observables possible

e Provide strong independent constraints on theory as the field
enters an era of more quantitative, precision analysis
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HYDRO CALCULATIONS

COLLISION EVOLUTION

dilute gas

(viscous) fluid

pre-equilibrium

z

A full calculation includes:
hydro evolution, initial conditions, freeze-out J
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HYDRO CALCULATIONS

COLLISION EVOLUTION

dilute gas

(viscous) fluid

thermalization
pre-equilibrium

z

A full calculation includes:
hydro evolution, initial conditions, freeze-out
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HYDRO CALCULATIONS

COLLISION EVOLUTION

dilute gas
freeze-out

(viscous) fluid

thermalization
pre-equilibrium

z

A full calculation includes:
hydro evolution, initial conditions, freeze-out J
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HYDRO CALCULATIONS

INITIAL CONDITIONS

Various models are used to generate initial conditions:

e MC-Glauber

e Color Glass Condensate-inspired pictures
e MC-KLN
e MCrcBK
e IP-Glasma

e Hadronic/partonic cascades

e UrQMD

e NeXus

e EPOS

e BAMPS

e HIJING/AMPT

Free parameters usually include:

e “Thermalization time” 7y

e Initial temperature T;
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HYDRO CALCULATIONS
HYDRO

e Equation of state p(¢) can be reliably obtained from Lattice QCD
calculations (though not p(e, pg))

e Transport coefficients 1(T), ((T) usually taken as free parameters

e Many calculations assume approximate boost invariance near mid
rapidity and solve equations in 2+1 D
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HYDRO CALCULATIONS

FREEZE-OUT

e Must switch from fluid description to particle description

e When a fluid cell reaches a predefined criterion, particles emitted
according to kinetic theory

f(p") = fo(p - u) + of(p")

e Standard Cooper-Frye prescription takes this as the final
distribution:

a®N d
Z T = _ 7 M okt
Ed3p = (ZW)S/pﬁdZ f(x*, p"),
(followed by the decay of unstable resonances)

e Or one can allow the particles to interact further with an
“afterburner” (UrQMD, JAM, etc.)

e Can also implement separate “chemical freeze out”
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SUMMARY

SUMMARY

e Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .
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e Many new flow observables have been recently measured, with
more still to come
e This information allows for precise extraction of QGP properties as

well as strong constraints on theory (e.g., the geometry and
fluctuations of the early stages of the collision).
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EXTRA SLIDES

EXTRA SLIDES
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EXTRA SLIDES
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EXTRA SLIDES

RECENT RESULTS: ELLIPTIC FLOW AT LHC

Hydro calculations correctly predicted flow at LHC: )
~ 012

> C ]
01f R
0.08 } ]
0.06 — ,‘ o V{2 -]
004F ¥ = V{4 -
- t_}i -
fes e Prediction (CGC) i
0.02 4 —
I Prediction (Glauber) ]

50 Qi 0 8o
centrality percentile

o
o'.ll
N
or
wl
o
NG
o

(ML, Phys.Rev. C83 (2011) 044911)
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EXTRA SLIDES

RECENT RESULTS: V,

Combining observables constrains theory J
o~ T T T T T T T T T T T T T
s 0-3E (a)v,, p, = 0.75-1.0 GeV/c £ (b)v,, p, =1.75-2.0 GeV/c

025¢ @ pHENIX i ok E

0.2F-4-KLN + 4mys = 2 ¥ : E
0158 " Glauber + 4mn/s =1 (1) ,, ‘,k" E

0.1F ”tai".!‘ + E
0.05F oeg T E

> o4k () v, p, =0.75-1.0 GeV/c ¥

0.08F©-UrQMD + 4nr/s = 0 F
SEB Glauber + 4mn/s =1 (2)

=1.75-2.0 GeV/c 4
O

oab s E L PO
008" Qmimrig:.g. F oy Ak
002F v A --a 4.
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£ .
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part o part

(PHENIX , Phys.Rev.Lett. 107 (2011) 252301)
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EXTRA SLIDES
CMS PP RIDGE

(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

R(An,A9)
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EXTRA SLIDES

RECENT RESULTS

Hydrodynamic calculation can reproduce two-particle correlation:
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EXTRA SLIDES

RECENT RESULTS

Hydrodynamic calculation can reproduce two-particle correlation:
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(Gardim, Grassi, ML, Ollitrault, arXiv:1203.2882)
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