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The	
  model	

n  (2+1)-­‐dimensional	
  ideal	
  hydrodynamic	
  model	
  +	
  rate	
  equa>ons	
  

	
  	
  

	
  

Energy-­‐momentum	
  conserva>on	
  

Input	
  for	
  numerical	
  analyses	


Quark	
  and	
  gluon	
  number	
  changing	
  processes	
  

:	
  reac>on	
  rates	
  	
  

p

zp

(1 − z)p

p

zp

(1 − z)p

p

zp

(1 − z)p

p
zp

(1 − z)p

p
zp

(1 − z)p

(1 − z)p

zp
p

(a)	
  gluon	
  spliung	
  

(b)	
  quark	
  pair	
  produc>on	
  	
  

(c)	
  gluon	
  emission	
  from	
  a	
  quark	
  	
  

:	
  parton	
  densi>es	
  (in	
  equilibrium)	
  

Late	
  quark	
  chemical	
  equilibra>on	
  implies	
  
as	
  the	
  chemical	
  equilibra>on	
  >mes	
  are	
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Input	
  for	
  numerical	
  analyses	

n  Hydrodynamic	
  parameters	
  (Ini>al	
  condi>ons	
  +	
  fluid	
  proper>es)	
  

	
  

	
  
	
  

n  Photon	
  emission	
  rate	
  	
  
	
  	
  

	
  

Gluon	
  energy	
  distribu>on:	
  	
  

Ini>al	
  >me:	
  0.4	
  fm/c	
  

Results	


Equa>on	
  of	
  state:	
   Hadron	
  resonance	
  gas	
  (mass	
  below	
  2	
  GeV)	
  +	
  Parton	
  gas	
  (Nf	
  =	
  2)	
  

Chemical	
  reac>on	
  rates:	
  

Kolb,	
  Sollfrank	
  and	
  Heinz,	
  PRC	
  62,	
  054909	
  (2000)	


Quark	
  energy	
  distribu>on:	
  0	
  GeV/fm3	
  	
  

where	
   and	
  

where	
  	
  	
  	
  	
  	
  	
  ranges	
  are	
  
and	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
   (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  

Traxler	
  and	
  Thoma,	
  PRC	
  53,	
  1348	
Turbide,	
  Rapp	
  and	
  Gale,	
  PRC	
  69,	
  014903	
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Results	

n  Ellip>c	
  flow	
  of	
  thermal	
  photons	
  –	
  cb	
  dependence	
  

	
  	
  

	
  

 (GeV)
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

a 2v

0
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0.1

0.15

0.2

0.25  (eq)2
av

=1.5)a,c=0.2, c
b

 (c2
av

=1.5)a,c=0.5, c
b

 (c2
av

=1.5)a,c=2.0, c
b

 (c2
av

Thermal	
  photon	
  v2	
  

 (fm/c)o
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)
-3

 (f
m
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0

2

4

6

8
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12 eq
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=1.5)a,c=0.2, c
b

 (cqn
=1.5)a,c=0.5, c

b
 (cqn

=1.5)a,c=2.0, c
b

 (cqn

Quark	
  number	
  density	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  mo>vated	
  in	
  an	
  early	
  equilibra>on	
  model	
  
(AM	
  and	
  B.	
  Müller,	
  arXiv:	
  1403.7310)	
  	
   	
  for	
  

Late	
  quark	
  chemical	
  equilibra>on	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  leads	
  to	
  enhancement	
  
of	
  thermal	
  photon	
  v2	
  	
  

Results	
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Results	

n  Ellip>c	
  flow	
  of	
  thermal	
  photons	
  –	
  ca,c	
  dependence	
  

	
  	
  

	
  

 (GeV)
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 (c2
av

Thermal	
  photon	
  v2	
  

Thermal	
  photon	
  v2	
  is	
  slightly	
  enhanced	
  for	
  faster	
  gluon-­‐involved	
  
equilibra>on	
  processes	
  

because	
  quark	
  produc>on	
  in	
  early	
  stages	
  is	
  suppressed	
  due	
  to	
  
quicker	
  dampening	
  of	
  gluon	
  overpopula>on	
  due	
  to	
  recombina>on	
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Results	

n  Transverse	
  momentum	
  spectra	
  of	
  thermal	
  photons	
  

	
  	
  

	
  

pT	
  spectra	
  is	
  reduced	
  by	
  late	
  quark	
  
chemical	
  equilibra>on	
  	
  

 (GeV)
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

)
-2

dy
 (G
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T

dp T
/pa

)d
N

/
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1
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=1.5a,c=0.2, cbc
=1.5a,c=0.5, cbc
=1.5a,c=2.0, cbc

Thermal	
  photon	
  par>cle	
  spectra	
  

Effect	
  is	
  limited	
  for	
  the	
  chosen	
  input;	
  
however	
  more	
  sophis>cated	
  photon	
  
emission	
  rate	
  and	
  equa>on	
  of	
  state	
  
would	
  be	
  important	
  
(Cf.	
  Gelis	
  et	
  al.,	
  JPG	
  30,	
  S1031)	


Summary	
  and	
  outlook	
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Summary	
  and	
  outlook	

n  Thermal	
  photon	
  v2	
  from	
  chemically	
  non-­‐equilibrated	
  QGP	
  is	
  

inves>gated	
  	
  

n  Future	
  prospects	
  include:	
  

	
  

	
  

Evolu>on	
  of	
  bulk	
  medium	
  from	
  CGC	
  to	
  QGP	
  is	
  a	
  key	
  
Late	
  gluon	
  equilibra>on	
  slightly	
  reduces	
  v2	
  	
  	
  	


Introduc>on	
  of	
  dynamical	
  equa>on	
  of	
  state,	
  more	
  realis>c	
  
ini>al	
  condi>ons,	
  shear	
  and	
  bulk	
  viscosi>es	
  etc.	
  

Late	
  quark	
  produc>on	
  leads	
  to	
  visible	
  enhancement	
  of	
  v2,	
  
contribu>ng	
  posi>vely	
  to	
  resolu>on	
  of	
  “photon	
  v2	
  puzzle”	


Net	
  yield	
  of	
  thermal	
  photons	
  is	
  reduced	


Es>ma>on	
  of	
  the	
  contribu>on	
  from	
  prompt	
  photons	

Other	
  effects	
  in	
  non-­‐equilibrated	
  QGP,	
  e.g.,	
  heavy	
  quarks	
  	


Prompt	
  photon	
  vn	
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Prompt	
  photon	
  vn	

n  Op>cal	
  effects	
  in	
  QGP	
  medium	
  

	
  	
  

	
  

A	
  hot	
  QCD	
  medium	
  works	
  as	
  a	
  4D	
  lens	
  

Transparent	
  medium	
  has	
  a	
  non-­‐unity	
  
refrac>ve	
  index	
  

AM,	
  arXiv:1408.1410	
  [nucl-­‐th]	


Geometrical	
  anisotropy	
  (ε2,	
  ε3,	
  …)	
  is	
  directly	
  mapped	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
onto	
  thermal	
  and	
  prompt	
  photon	
  flow	
  harmonics	
  (v2,	
  v3,	
  …)	
  	
  

	
  -­‐	
  Cri>cal	
  opalescence	
  near	
  Tc?	
  

Posi>ve	
  flow	
  harmonics;	
  not	
  large	
  enough	
  
w/	
  the	
  model	
  index	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
based	
  on	
  HTL	
  	
  

Numerical	
  analyses	
  –	
  prompt	
  photon	
  vn	
  

	
  -­‐	
  Semi-­‐transparency	
  at	
  ultra-­‐low	
  momentum	
  	
  
(determining	
  plasma	
  frequency	
  of	
  QGP)?	
  

 (GeV)
T

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

,p
ro

m
pt

a nv
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0
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0.004
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0.008
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0.014
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, promptav
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, promptav
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, promptav
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, promptav

The	
  end	
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The	
  end	

n  Vielen	
  Dank	
  für	
  Ihre	
  Aufmerksamkeit!	
  
n  Website:	
  hlp://tkynt2.phys.s.u-­‐tokyo.ac.jp/~monnai/	
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Introduc>on	
  
n  Observables	
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Introduc>on	
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x	


photons	
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  leptons	
  
(e.g.	
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mini-­‐jets	
  
(of	
  hadrons)	


hadrons	
  
(from	
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(from	
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  medium:	
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  coupling	
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Freeze-­‐out	
  Equilibra>on	
  

Photon	
  vn	
  puzzle	

n  Possible	
  (not	
  all)	
  reasons:	
  an	
  overview	
  

	
  	
  

	
  

Prompt	
  photons	
  

QGP	
  thermal	
  
photons	
  

Hadronic	
  thermal	
  
photons	
  

Bulk	
  

Photons	
  

Collision	
  

Hadron	
  gas	
  

“Correct”	
  

“Wrong”	
  

Hydrodynamics	
  Pre-­‐equilibrium	
  

Approach	
  of	
  this	
  work	


(Decay	
  
photons)	
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Freeze-­‐out	
  Equilibra>on	
  

Photon	
  vn	
  puzzle	

n  Possible	
  (not	
  all)	
  reasons:	
  an	
  overview	
  

	
  	
  

	
  

Prompt	
  photons	
  

QGP	
  thermal	
  
photons	
  

Hadronic	
  thermal	
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Introduc>on	

n  Direct	
  photons	
  are	
  informa>ve	
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Proper>es	
  of	
  bulk	
  medium	

n  The	
  system	
  transits	
  from	
  CGC	
  to	
  QGP	
  

	
  	
  

	
  

NA49	
  Collabora>on	
  (2003)	


Azimuthal	
  momentum	
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v2	
  is	
  large	
  compared	
  with	
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one	
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  locally	
  equilibrated	
  	
  
at	
  some	
  point	
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  fluid	
  

n  QGP/hadornic	
  fluid	
   (τ	
  ~	
  1-­‐10	
  fm/c)	


Gluons	
  emiled	
  from	
  gluons	
  emit	
  gluons	
  in	
  a	
  fast-­‐
travelling	
  nucleon	
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Momentum	
  anisotropy	

n  Time	
  evolu>on	
  of	
  medium	
  “ellip>c	
  flow”	
  

	
  	
  

	
  

Ellip>c	
  flow	
  is	
  quickly	
  developed	
  

Song	
  &	
  Heinz,	
  PRC	
  78,	
  024902	


Effects	
  of	
  ini>al	
  absence	
  of	
  quarks	
  
would	
  be	
  large	
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On	
  equa>on	
  of	
  state	

n  Doesn’t	
  decreased	
  degree	
  of	
  freedom	
  in	
  the	
  EoS	
  leads	
  to	
  higher	
  

ini>al	
  T	
  for	
  the	
  same	
  entropy	
  density?	
  

	
  	
  

	
  

A.	
  Yes.	
  	
  
However,	
  separa>on	
  of	
  the	
  quark	
  and	
  the	
  gluon	
  contribu>ons	
  
for	
  an	
  arbitrary	
  EoS	
  is	
  not	
  trivial	
  	
  
(e.g.	
  crossover	
  at	
  Nf	
  =	
  2+1,	
  1st	
  order	
  transi>on	
  at	
  Nf	
  =	
  0).	
  

Also	
  gluon	
  overpopula>on	
  may	
  increase	
  the	
  effec>ve	
  DoF.	
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Thermal	
  vs.	
  chemical	
  equilibra>on	

n  Collinear	
  parton	
  spliung	
  picture	
  

	
  	
  

	
  

・ Comparison	
  of	
  fg	
  (pure	
  gauge),	
  fg	
  (Nf	
  =	
  3)	
  and	
  fq	
  (Nf	
  =	
  3)	
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