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¢Sources & EM emissivity
¢Modelling the evolving system: 
�3D hydro
�3D viscous hydro
� Fluctuating initial states
¢Are photons sensitive to all of the 
above?

� If so, can we quantify this?
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INFO CARRIED BY THE RADIATION 
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Thermal ensemble average of the current-current correlator

McLerran, Toimela (85), Weldon (90), Gale, Kapusta (91)
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Sources of photons:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons
Thermal

 Jet in-medium bremsstrahlung
Thermal

 Jet-plasma photons 
Thermal
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Thermal Photons from hot QCD: HTL program (Klimov 
(1981), Weldon (1982), Braaten & Pisarski (1990); 

Frenkel & Taylor (1990))

Kapusta, Lichard, 
Seibert (1991)
Baier, Nakkagawa, 
Niegawa, Redlich (1992)

Going to two loops:  Aurenche, Kobes, Gelis, Petitgirard (1996)
            Aurenche, Gelis, Kobes, Zaraket (1998) 

Co-linear singularities:

4

2001: Results complete at O(α s )
Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement, 

photon and gluon emission
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

Parameters and form factors are constrained by 
hadronic phenomenology:
•Masses & strong decay widths
•Electromagnetic decay widths
•Other hadronic observables:

• e.g.   
5

a1 ! ⇡⇢ D/S (See also, Lichard and Vojik, arXiv:1006.2919)

EM emissivities computed: Turbide, Rapp, Gale, PRC (2004); 
Turbide, McGill PhD (2006)
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APPLYING THIS TO THE SOFT SECTOR @ RHIC

¢At low pT, spectrum 
dominated by thermal 
components (HG, 
QGP)

¢At high pT, spectrum 
dominated by pQCD

¢Window for jet-QPG 
contributions at mid-
pT

6
Turbide, Gale, Frodermann, Heinz, PRC (2008);
Higher pT: G. Qin et al., PRC (2009)
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BEYOND ONE-BODY DATA: FLOW AND CORRELATIONS 

• Soft photons will go with the flow
• Jet-plasma photons: a negative v2

• Details will matter: flow, T(t). . .

Turbide, Gale, Fries PRL (2006)
Low pT: Chatterjee et al., PRL (2006)
All pT: Turbide et al., PRC (2008) 
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FIG. 5: (Color online) Nuclear modification factor of direct photon in central Au+Au collisions at RHIC in 2D+1 hydro, with
a scale Q = pT /

√

2 in the prompt contribution. Left panel: effect of shadowing and isospin on the prompt contribution without
medium effects. Righ panel: the effect of QGP and the scale is studied. The effect of a scale Q = pT is shown by the double
dash-dotted line, while the effect of removing all photons produced from jet-medium interactions is shown by the dashed line.
The result obtained without isospin effects is shown by the dot-dashed line. Data points are from PHENIX [29].

curve shows the nuclear modification factor evaluated with all sources described in this paper, together with the
relativistic hydrodynamics evolution. Recall that the relativistic hydrodynamics modeling is constrained by a set of
soft hadronic data [11]. The larger visible effect on the nuclear modification factor appears when jet-plasma photons
are neglected (dashed line), causing a 30% reduction at pT = 8 GeV. The jets are however allowed to loose energy
before fragmentation (like all cases in this panel). Because of the large errors, the data does not currently permit
to choose between the cases where the jet-plasma photons are present or absent. However, it is important to realize
that Rγ

AA < 1 at higher values of pT , is a direct consequences of the fragmentation photons being affected by the
energy loss of the fragmenting jet, as well as isospin effect in the nucleus-pdf. Should this trend, apparent in Figure
5, be confirmed experimentally, a quantitative link would exist between the high momentum nuclear modification
factor of photons, and that of strongly interacting particles also born out of jet fragmentation. It is important for the
same approach to reproduce both observables. Also, the large values of Rγ

AA observed at pT < 6GeV/c (right panel
of Fig. 5) are directly attributable to thermally-induced channels, in our approach. Our calculated results appear
to overestimate the central values of the measured quantities (note however that the denominator of Rγ

AA is slightly
underestimated at low pT by pQCD: correcting this will make our result correspondingly smaller), but smaller error
bars would go a long in quantifying the medium-related processes.
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FIG. 6: (Color online) Azimuthal anisotropy of direct photons in 20-40% central collisions at RHIC, within a 2D+1 hydro
model. Dashed line : jet-plasma contributions; dot-dashed line: jet-fragmentation contribution; double dot-dashed line: thermal
radiation of QGP; solid line: sum of QGP, prompt and hadronic gas contributions. The data are from Ref. [31].

We turn now to calculations and measurements of photon azimuthal anisotropy. This was discussed for low pT

photons in Ref. [28], and for high pT photons in Ref. [5]; both regions are treated here. Using Eq. (25), vγ
2 (for real
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3D RELATIVISTIC HYDRODYNAMICS:

¢MUSIC: 3D relativistic hydro
� Ideal: Schenke, Jeon, and Gale, 

PRC (2010)
� FIC and Viscous: Schenke, Jeon, 

Gale, PRL (2011)
8

MUSIC:
(3+1)D HYDRODYNAMIC SIMULATION OF . . . PHYSICAL REVIEW C 82, 014903 (2010)

particle spectra. However, it turns out that for computing
anisotropic flow and especially higher harmonics than v2 it
is essential to determine the freeze-out surface much more
precisely. To do so, within MUSIC we employ the following
method:

We define a cube in four dimensions that may reach over
several lattice cells in every direction and over several τ
steps, and determine if and on which of the cube’s 32 edges
the freeze-out surface crosses. In this work we let the cube
extend over one lattice cell in each spatial dimension and
over ten steps in the time direction. If the freeze-out surface
crosses this cube, we use the intersection points to perform
a 3D-triangulation of the three dimensional surface element
embedded in four dimensional space. This leads to a group of
tetrahedra, each contributing a part to the hypersurface vector.
This part is of the form

d"n
µ = εµαβγ AαBβCγ /6, (59)

where A, B, and C are the three vectors that span the
tetrahedron n. The factor 1/6 normalizes the length of
the vector to the volume of the tetrahedron. We demand
that the resulting vector points into the direction of lower
energy density, i.e., outwards. The vector-sum of the found
tetrahedra determines the full surface-vector in the given
hypercube.

Depending on where the freeze-out surface crosses the
edges, the structure may be fairly simple (e.g., eight crosses,
all on edges in x direction) or rather involved (crossings on
edges in many different directions). The current algorithm is
close to perfect and fails to construct hyper-surface elements
only in very rare cases. Typically these are cases when the
surface crosses the cube in many different directions, e.g., in
the ηs , x, and τ direction. However, even for these cases a
full reconstruction can usually be achieved and the algorithm
was found to succeed in determining the volume element
in ∼99% of the cases for the studied systems. The ∼1%
of surface elements that could not be fully reconstructed
usually miss only one tetrahedron. Because one typocally
needs between eight and 20 tetrahedra to reconstruct a cell,
the error introduced by missing one tetrahedron in the 1%
of the cells lies between 5 and 15%. Considering the high
complexity of the triangulation procedure in four dimensions,
this is a very satisfactory result.

VII. RESULTS

To obtain results for particle spectra, we first compute the
thermal spectra of all particles and resonances up to ∼2 GeV
using Eq. (48) and then perform resonance decays using
routines from AZHYDRO [21,85,92,93] that we generalized
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FIG. 1. (Color online) pT spectra for π−, K−, and p̄ at
central collisions using different equations of state [thin lines:
AuAu-1 (EOS-Q), thick lines: AuAu-3 (EOS-L)] compared to
0–5% central PHENIX data [95]. The used impact parameter was
b = 2.4 fm.

to three dimensions. Unless indicated otherwise, all shown
results include the resonance feed-down. Typically, the used
time step size is )τ ≈ 0.01 fm/c, and the spatial grid spacings
are )x = )y = 0.08 fm, and )ηs = 0.3. This is significantly
finer than in previous 3+1D simulations: [94] for example uses
)τ = 0.3 fm/c, )x = )y = 0.3 fm, and )ηs = 0.3. The
possibility to use such fine lattices is an improvement because
it is mandatory when computing higher harmonics like v4 as
demonstrated below. Another advantage of using large lattices
is that in the KT scheme the numerical viscosity decreases
with increasingly fine lattices (see the Appendix). The spatial
extend of the lattice used in the following calculations is 20 fm
in the x and y direction, and 20 units of rapidity in the ηs

direction.

A. Particle spectra

In Fig. 1 we present the transverse momentum spectra for
identified particles in Au+Au collisions at

√
s = 200 GeV

compared to data from PHENIX [95]. The used parameters
are indicated in Table I. They were obtained by fitting the data
at most central collisions.

We reproduce both pion and kaon spectra well. The model
assumption of chemical equilibrium to very low temperatures
leads to an underestimation of the antiproton spectrum. The
overall shape is however well reproduced, even more so with
the EOS-L that leads to flatter spectra [86].

One way to improve the normalization of the proton and
anti-proton spectra (as well as those of multistrange baryons)
is to employ the partial chemical equilibrium model (PCE)
[32,85,96], which introduces a chemical potential below a
hadron species dependent chemical freeze-out temperature.
Note that the initial time was set to τ0 = 0.4 fm/c when using

TABLE I. Parameter sets.

set EoS τ0 [fm] ε0 [GeV/fm3] ρ0 [1/fm3] εFO [GeV/fm3] TFO [MeV] α ηflat ση

AuAu-1 EOS-Q 0.55 41 0.15 0.09 ≈130 0.25 5.9 0.4
AuAu-2 EOS-Q 0.55 35 0.15 0.09 ≈130 0.05 6.0 0.3
AuAu-3 EOS-L 0.4 55 0.15 0.12 ≈137 0.05 5.9 0.4
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FIG. 2. (Color online) Centrality dependence of pseudorapidity
distribution compared to PHOBOS data [97]. From top to bottom,
the used average impact parameters are b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm.

the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by

10-4

10-2

100

102

104

 0  0.5  1  1.5  2  2.5  3

(1
/2

π)
 d

N
/d

y 
p T

 d
p T

pT [GeV]

 PHENIX π- 0-5%
 PHENIX π- /5 10-15%
 PHENIX π- /25 15-20%
 PHENIX π- /150 20-30 %
 π-  b=2.4 fm
 π- /5 b=4.5 fm
 π- /25 b=6.3 fm
 π- /150 b=7.5 fm

FIG. 3. (Color online) Centrality dependence of π− transverse
momentum spectra compared to PHENIX data [95]. The curves (both
data and hydro) for 10–15%, 15–20%, and 20–30% centrality are
scaled by a factor of 5, 25, and 150, respectively. Thick lines are for
parameter set AuAu-3 (EOS-L), thin lines for AuAu-1 (EOS-Q).
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FIG. 4. (Color online) 〈pT 〉 for positive kaons and pions as a
function of rapidity compared to most central BRAHMS data [98].
The used impact parameter is b = 2.4 fm. Different lines correspond
to different parameter sets: From top to bottom: AuAu-3 (EOS-L),
AuAu-1, AuAu-2 (EOS-Q).

BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 5. (Color online) pT dependence of the elliptic flow coeffi-
cient v2 for π− and p̄ using parameter set AuAu-1 (EOS-Q, thin lines)
and AuAu-3 (EOS-L, thick lines) compared to STAR data from [99].
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FIG. 2. (Color online) Centrality dependence of pseudorapidity
distribution compared to PHOBOS data [97]. From top to bottom,
the used average impact parameters are b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm.

the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by
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BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 5. (Color online) pT dependence of the elliptic flow coeffi-
cient v2 for π− and p̄ using parameter set AuAu-1 (EOS-Q, thin lines)
and AuAu-3 (EOS-L, thick lines) compared to STAR data from [99].
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One considers all the reaction and radiative decay channels of external 
state combinations of:

{π ,K ,ρ,K *,a1} With hadronic form factors

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON 
DISTRIBUTION

10

f0 (u
µ pµ ) =

1
(2π )3

1
exp[(uµ pµ − µ) /T ] ±1

f → f0 + δ f , δ f = f0 (1± f0 )p
α pβWαβ

1
2(ε + P)T 2

Ansatz: Dusling, 
Moore, Teaney 
PRC (2010)

+ QGP Photons

In-medium hadrons:

q0
d 3R
d 3q

=
d 3p1

2(2π )3E1
d 3p2

2(2π )3E2
d 3p3

2(2π )3E3
(2π )4 M 2 δ 4 (...)∫

f (E1) f (E2 ) 1± f (E3)[ ]
2(2π )3

One considers all the reaction and radiative decay channels of external 
state combinations of:

{π ,K ,ρ,K *,a1} With hadronic form factors

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON 
DISTRIBUTION

11

10-6

10-5

10-4

10-3

10-2

10-1

100

 0.5  1  1.5  2  2.5  3  3.5  4

E 
dN

/d
3 p 

(G
eV

-2
)

pT (GeV)

ideal hydro
viscous hydro without corrections

viscous hydro + viscous correction

10-6

10-5

10-4

10-3

10-2

10-1

100

 1  1.5  2  2.5  3  3.5  4

E 
dN

/d
3 p 

(G
eV

-2
)

pT (GeV)

viscous hydro without corrections
viscous correctionf0

δ f
QGP Photons

HG Photons
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

 0.5  1  1.5  2  2.5  3  3.5  4

E 
d3 N

/d
3 p 

(G
eV

-2
)

pT (GeV)

ideal hydro
viscous hydro without corrections

viscous hydro with corrections

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

THE EFFECTS OF THE EOS AND OF SHEAR VISCOSITY 
ON (QGP) PHOTON V2

12

-0.001

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.5  1  1.5  2  2.5  3  3.5  4

v 2

pT (GeV)

ideal hydro
viscous hydro without corrections

viscous hydro + viscous correction
 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.007

 0.008

 0.009

 0.01

 0.011

 0.5  1  1.5  2  2.5  3  3.5  4

v 2

pT (GeV)

eos L, ideal hydro
eos Q, ideal hydro

eos L, visc. hydro + corrections

-0.02

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0  0.5  1  1.5  2  2.5  3  3.5  4

v 2

pT (GeV)

ideal hydro
viscous hydro, no corrections

viscous hydro + viscous corrections

HG Photons

QGP Photons

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

PHOTONS FROM THE QGP + THOSE FROM THE 
HADRONIC GAS: NET V2

13

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0.035

 0.04

 0.5  1  1.5  2  2.5  3  3.5  4

v 2

pT (GeV)

v2 HG*0.2
v2 QGP

total

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 0.5  1  1.5  2  2.5  3  3.5  4
v 2

pT (GeV)

v2 HG*0.2
v2 QGP

totalIdeal η / s = 1 / 4π

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

PHOTONS FROM THE QGP + THOSE FROM THE 
HADRONIC GAS: NET V2

¢Viscous corrections reduce v2 (as for hadrons). At ~2 
GeV ~40% reduction.

13

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 0.018

 0.5  1  1.5  2  2.5  3  3.5  4

v 2

pT (GeV)

total ideal
total visc

Wednesday, 31 August, 11



-3

-2.5

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10

W
µ
i /d

o-o0 (fm/c)

Wxx

Wyy

Wzz

Wxy

Wxz

Wyz
-3

-2.5

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10

W
µ
i /d

o-o0 (fm/c)

Wxx

Wyy

Wzz

Wxy

Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

NON-EQUILIBRIUM EFFECTS

14

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-4 -2  0  2  4  6  8

fra
ct

io
n 

of
 c

el
ls

δf/f0

T > 250 MeV
140 MeV < T < 200 MeV

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

-4 -2  0  2  4  6  8

fra
ct

io
n 

of
 c

el
ls

δf/f0

T > 250 MeV
140 MeV < T < 200 MeV

pγ = 2 GeV pγ = 3 GeV

Photons probe the dynamics of the entire time-evolution

Wednesday, 31 August, 11



-3

-2.5

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10

W
µ
i /d

o-o0 (fm/c)

Wxx

Wyy

Wzz

Wxy

Wxz

Wyz
-3

-2.5

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10

W
µ
i /d

o-o0 (fm/c)

Wxx

Wyy

Wzz

Wxy

Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

NON-EQUILIBRIUM EFFECTS

14

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-4 -2  0  2  4  6  8

fra
ct

io
n 

of
 c

el
ls

δf/f0

T > 250 MeV
140 MeV < T < 200 MeV

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

-4 -2  0  2  4  6  8

fra
ct

io
n 

of
 c

el
ls

δf/f0

T > 250 MeV
140 MeV < T < 200 MeV

pγ = 2 GeV pγ = 3 GeV

Photons probe the dynamics of the entire time-evolution
Ca
uti

on

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT IN 
HEAVY ION ANALYSES

15

o=0.4 fm/c

-10 -5  0  5  10
x [fm]

-10

-5

 0

 5

 10

y 
[fm

]

 0

 100

 200

 300

 400

 500

 600

¡ [
fm

-4
]

o=6.0 fm/c, ideal

-10 -5  0  5  10
x [fm]

-10

-5

 0

 5

 10

y 
[fm

]

 0

 2

 4

 6

 8

 10

 12

¡ [
fm

-4
]

o=6.0 fm/c, d/s=0.16

-10 -5  0  5  10
x [fm]

-10

-5

 0

 5

 10

y 
[fm

]

 0

 2

 4

 6

 8

 10

 12

¡ [
fm

-4
]

Schenke, Jeon, Gale, PRL (2011)

Lumpy 
MUSIC

Flow results from e-b-e 3+1D viscous hydro

 0

 10

 20

 30

 40

 0  0.5  1  1.5  2  2.5  3

pT [GeV]

30-40% central
 0

 5

 10

 15

 20

 25
10-20% central

h
+

/-
 v

2
 [
%

]

 ideal, avg 
 ideal, e-b-e

 η/s=0.08, e-b-e

 η/s=0.16, e-b-e

 0

 2

 4

 6

 8

 10

 12
0-5% central STAR

 PHENIX

MC-Glauber

 0
 5

 10
 15
 20

 0  0.5  1  1.5  2  2.5  3
pT [GeV]

30-40% central PHENIX preliminary
 0
 5

 10
 15
 20

10-20% central

h+/
-  v

3 
[%

]

 0
 5

 10
 15
 20
 25

0-5% centralideal, e-b-e
η/s=0.08, e-b-e
η/s=0.16, e-b-e

v3 prediction

B. Schenke, S. Jeon, and C. Gale, Phys.Rev.Lett.106, 042301 (2011)

Another prediction using an average initial distribution with triangularity and 2+1D viscous hydro.
B. Alver, C. Gombeaud, M. Luzum, J.Y. Ollitrault, Phys.Rev.C82:034913 (2010)

Björn Schenke (BNL) QM2011 21 / 33

Wednesday, 31 August, 11



Charles Gale

Scientific Program

Symposium on ‘Non-equilibrium Dynamics’

31 August - 3 September 2011,

Heraklion, Crete, Greece

31 August, Wednesday

Chair: Charles Gale
9:00-9:10 Opening
9:10-9:40 Owe Phillipsen (Uni. Frankfurt)

’Towards quarkonium in medium from first prinicples’
9:50-10:20 Jorgen Randrup (LBL Berkeley)

’Dynamics of the instabilities associated with the expected 1st-order phase
transition’

10:30-10:50 coffee break

10:50-11:20 Wolfgang Cassing (Uni. Giessen)
’The hadronization problem in transport approaches’

11:30-12:00 Che-Ming Ko (Texas A&M)
’Quarkonia production in HIC’

afternoon break

16:30-17:00 coffee
Chair: Che-Ming Ko

17:00-17:30 Charles Gale (Uni. McGill, Montreal)
’Real photons from hot and dense ideal and viscous media’

17:40-18:10 Arnau Rios Huguet (Uni. Surrey)
’Time-dependent Green’s function methods applied to nuclear reactions:
correlated 1D evolution’

18:20-18:50 Marcus Bluhm (SUBATECH Nantes)
’Transport coefficients of strongly interacting matter’

19:00 dinner

1

THE EFFECT ON THE THERMAL PHOTON SPECTRUM
¢FIC produces higher 

initial T (hot spots), 
and higher initial 
gradients

¢FIC conditions are 
demanded by 
hadronic data (vodd)

¢These lead to a 
harder spectrum, as 
for hadrons

¢In this centrality 
class, v2 goes up
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QUANTIFYING THE EFFECT ON THE THERMAL PHOTON 
SPECTRUM
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V2 DATA?

¢New data is higher than calculation, even with e-b-e 
initial state fluctuations, and ideal hydro
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PHOTONS FROM THE QGP + THOSE FROM THE HADRONIC GAS:
NET SPECTRA

¢It is important to compare situations that yield the same (hadronic) 
final state: no contradictions between photon and hadron analyses

¢Viscous effects on the net photon yield are small (a few %) 22
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