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hydrodynamic model

◮ expansion of dense matter

◮ close to local equilibrium

◮ initial conditions

◮ equation of state

◮ flow + thermal emission +
decays + rescattering
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ideal hydrodynamics

◮ energy momentum tensor

T
µν
id = (ǫ+ p)gµν − Puµuν

◮ ideal hydro (5 functions in 3+1D),
energy density, pressure, flow velocity

ǫ(xµ) , P(xµ) , ~v(xµ)

◮ 4 hydrodynamic equations

∂µT
µν = 0

◮ equation of state (zero baryon density)

ǫ = ǫ(P)

massless gas ǫ = 3p
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hydro equations

◮ using ǫ+ P = Ts, dǫ = Tds, dP = sdT

◮ we calculate uν∂µT
µν

∂µ(su
µ) = 0

one equation = entropy conservation (ideal hydro)

◮ 3 other equations for flow velocity

suµ∂
µuν = (gµν − uµuν)∂µP

Piotr Bożek Collective flow



longitudinal expansion
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Bjorken flow
◮ the density depends on the proper time

τ =
√
t2 − z2 only,

flow velocity uµ = (t/τ, 0, 0, z/τ)

◮ one equation

dǫ(τ)

dτ
= − ǫ(τ) + P(τ)

τ

cooling from longitudinal expansion

◮ if 1
3 ǫ ≃ P

ǫ(τ) = ǫ0

(τ0

τ

)4/3

◮ in 3+1D faster cooling when transverse
expansion sets in

cooling in 2+1D and 3+1D

1.00.5 2.0 5.0 10.0

500

200

300

150

Τ @fm �cD

T
HΤ

,Η
=

0,
x=

0,
y=

0L
@M

eV
D
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longitudinal+transverse expansion
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3+1D expansion
collective transverse expansion

uµ∂µux = −1 + u2
x

sT
∂xP − uxuy

sT
∂yP + . . .

uµ∂µuy = −
1 + u2

y

sT
∂yP − uxuy

sT
∂xP + . . .

faster expansion in the direction of large pressure gradient

M. Chojnacki
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equation of state - input
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◮ lattice equation of state at high T

◮ hadron gas at low temperature (know resonances from PDG)

◮ matching at Tc Laine, Schroder 2006, Chojnacki, Florkowski 2007, Huovinen, Petreczky 2009

◮ crossover - not first order phase transition
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freezeout

◮ density drops - hydrodynamic
evolution stops

◮ usually surface of constant
temperature

◮ particles emitted from fluid elements
Cooper-Frye formula

E
d3N

dp3
=

∫

dΣµp
µf [pµu

µ(x)]

◮ fluid velocity + thermal momenta

◮ latter - resonance decays
and/or rescattering
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OBSERVATION 1 - transverse flow

◮ spectra flatter due to flow

◮ stronger flow at the LHC

◮ stronger effect for heavy
particles

◮ only soft spectra from hydro
p⊥ < 2GeV

◮ chemical ratios - normalization

◮ excess of soft pions?
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asymmetry in the transverse plane at finite impact parameter
Glauber model, KLN model, IP-Glasma

eccentricity - ǫ2 = −
∫
dxdy(x2

−y2)ρ(x,y)∫
dxdy(x2+y2)ρ(x,y)

Snellings 2011

larger gradient and stronger flow in-plane - v2 > 0 - elliptic flow

dN

dφ
∝ 1 + 2v2cos(2φ)

ǫ2 +HYDRO RESPONSE −→ v2

Event Plane (Reaction plane) must be reconstructed in each event
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two-particle correlations in relative azimuthal angle

C(∆φ) ∝

∫

dφ1dφ2δ(φ1 + ∆φ− φ2)
dN

dφ1dφ2

∝ 1 + 2v2
1 cos(∆φ) + 2v2

2 cos(2∆φ) + 2v2
3 cos(3∆φ) + . . .

rms v2 can be measured from two-particle correlations
√

〈v2
2 〉 = 〈 1

Npair

∑

ij cos(φi − φj)〉 (cummulant method)

(v1 - directed flow, v3 - triangular flow) odd harmonics from fluctuations - see below
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OBSERVATION 2 - Elliptic flow
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Hanbury Brown-Twiss (HBT) correlations

correlation between identical
particles

C (P , q) =
N(p1, p2)

N(p1)N(p2)

C (q) = 1+

λexp[−q2
SR

2
s − q2

l R
2
l − q2

oR
2
o ]

HBT requires hard equation of state

Broniowski, Chojnacki, Florkowski, Kisiel 2008, Pratt, 2009
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OBSERVATION 3 - hard equation of state
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Piotr Bożek Collective flow



fluctuating initial conditions
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→ larger eccentricity

→ fluctuating eccentricity

→ triangular deformation ǫ3

→ dipolar (directed) flow v1

→ < p⊥ > fluctuations

→ RP orientation, torqued fireball
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Event by event hydro
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OBSERVATION 4 - triangular flow
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(viscous) event by event hydrodynamics
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OBSERVATION 5 -flow fluctuations
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good description of flow fluctuations with IP-glasma + hydro
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event by event twist of the reaction plane

Fluctuating RP twist
can be measured
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PB, Broniowski, Moreira, Phys. Rev. C83, 034911 (2011)

cos(2k∆FB ) {4} ≡ 〈e ik[(φF ,1+φF ,2)−(φB,1+φB,2)]〉
〈e ik[(φF ,1−φF ,2)−(φB,1−φB,2)]〉

=

〈cos(2k∆FB)〉events + nonflow
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Event planes correlations
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sQGP or wQGP ?

How to see the difference?

Haque, Andersen, Mustafa, Strickland, Su, 2013

LHC ?

RHIC

Csernai, Kapusta, McLerran, 2006
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small viscosity fluid

◮ strongly coupled theory η
s
= 1

4π ≃ 0.08

◮ short mean-free path, large cross section

η =
1

3
npLmfp

◮ for η/s = 0.08

Lmfp =
3s

4πnp
≃ 0.15 − 0.3fm

◮ mean-free path comparable to wavelength

Lmfp ≃ 0.9λ

◮ mean-free path comparable to inter-particle distance

Lmfp ≃ 0.5n−1/3

all of the above means no quasi-particles, no kinetic description
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energy-momentum tensor

Tµν =









ǫ 0 0 0
0 p + Π 0 0
0 0 p + Π 0
0 0 0 p + Π









+ πµν

◮ shear viscosity

∆µα∆νβuγ∂γπαβ =
2ησµν − πµν

τπ
− 1

2
πµν ηT

τπ
∂α

(

τπu
α

ηT

)

◮ bulk viscosity

uγ∂γΠ =
−ζ∂γu

γ − Π

τΠ
− 1

2
Π
ζT

τΠ
∂α

(

τΠu
α

ζT

)

viscosity corrections from velocity gradients
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OBSERVATION 6 - small viscosity
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Model uncertainties
Small viscosity : η/s = 0.08 − 0.2 - sQGP
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IP-glasma η/s ≃ 0.2
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pA collision

p-Pb at 5.02TeV
small dense fireball formed !
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Fireball in p-Pb
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PB, arXiv:1112.0912

◮ collective flow effects ≃ peripheral
Pb-Pb

◮ can be observed

◮ p-A (d-A) is not p-p superposition
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d-Pb
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OBSERVATION 7 - flow in pA collisions
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PB, Broniowski, arXiv:1304.3044

◮ elliptic and triangular flow

◮ mass hierarchy of v2
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d-Au at 200GeV
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large eccentricity - large elliptic flow
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Summary

Relativistic viscous hydrodynamics describes
the evolution of the fireball

1. significant transverse flow generated

2. elliptic flow reflecting initial asymmetry

3. hard equation of state

4. triangular flow - fluctuating initial conditions

5. flow fluctuations

6. small viscosity fluid - sQGP

7. flow in p(d)A?
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3+1D visc. hydro
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dependence on initial model, vn small for IP-Glasma i.c.

A.Bzdak, B.Schenke, P.Tribedy, R.Venugopalan - arXiv: 1304.3403
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3+1D hydro
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excellent description of spectra

K. Werner, M. Bleicher, B. Guiot, Iu. Karpenko, T. Pierog - arXiv:1307.4379
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pressure anisotropy
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- early pressure anisotropy irrelevant!
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Directed flow- tilted source
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∂τux = −∂xp⊥
p + ǫ

∂τY = −
∂ηp‖

τ(p + ǫ)

tilted source → transverse pressure + longitudinal pressure
Glauber model
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Asymmetric distributions
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Piotr Bożek Collective flow



FSI scenarios

fields+thermalization

color fields

local thermalization → hadronization
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Give similar flow
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Can we reduce uncertainties?
go back to very peripheral A-A
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VISHNU PHENIX v2{EP}

Song, Bass, Heinz, Hirano, Shen-arXiv:1101.4638

also jet modification, dijet asymmetry, PID flow, HBT
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Flow without jet quenchinq?
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K. Tywoniuk (UB)

No final-state effects

• Excellent situation to extract initial-state effects
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also see H. Paukkunen’s and J. Qiu’s talks yesterday
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energy-momentum tensor

Tµν =









ǫ 0 0 0
0 p + Π 0 0
0 0 p + Π 0
0 0 0 p + Π









+ πµν

◮ shear viscosity

∆µα∆νβuγ∂γπαβ =
2ησµν − πµν

τπ
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2
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(

τπu
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◮ bulk viscosity

uγ∂γΠ =
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γ − Π
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◮ viscosity corrections from velocity gradients

◮ initial stress tensor - pressure anisotropy

◮ equation of state
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fireball asymmetry - flow asymmetry
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- Ev-by-Ev hydro response to geometry valid
- response strength depends on details
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Hydrodynamic flow in p-p?

◮ Humanic-nucl-th/0612098 (pythia, cascade)

◮ Romatschke, Luzum-arXiv:0901.4588 (overlap)

◮ Prasad, Roy, Chattopadhyay, Chaudhuri -arXiv:
0910.4844 (overlap)

◮ Bozek-arXiv: 0911.2393 (flux-tubes)

◮ Yan, Dong, Zhou, Li, Ma, Sa- arXiv: 0912.3342
(transport)

◮ Werner, Karpenko, Pierog, Bleicher, Mikhailov-
arXiv: 1010.0400 (EPOS)

◮ Deng, Xu, Greiner-arXiv: 1112.0470 (hot-spots,
transport model)

◮ Shuryak, Zahed-arXiv:1301.4470 (symmetric)

◮ Bzdak, Schenke, Tribedy, Venugopalan-arXiv:
1304.3403 (IP-Glasma)
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Bzdak et al. arXiv: 1304.3403

-Is hydrodynamics valid?
-What is the initial eccentricity?
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p-Pb reference system - No FSI expected
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2 LAPTH, UniversitèdeSavoie et CNRS, Annecy-le-Vieux Cedex, France
3 NIKHEF, Amsterdam, TheNetherlands
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Abstract
Proton-nucleus (p+A) colli sionshave long been recognized asa crucial
component of the physics programme with nuclear beams at high en-
ergies, in particular for their reference role to interpret and understand
nucleus-nucleus data as well as for their potential to elucidate the par-
tonic structure of matter at low parton fractional momenta (small -x).
Here, we summarize the main motivations that make aproton-nucleus
run a decisive ingredient for a successful heavy-ion programme at the
LargeHadronColli der (LHC) andwepresent uniquescientific opportu-
nitiesarisingfrom these colli sions. We also review thestatusof ongoing
discussionsabout operation plans for thep+A mode at theLHC.
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High multiplicity events in pp
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Ridge in pp
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Fireball shape in pp
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sQGP formed in A-A collisions
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