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Dynamics	  of	  collec1ve	  modes	  in	  evolving	  many-‐body	  systems	  
Amplitude	  evolu@on:	  

Correla@on	  func@on:	  

Markovian	  noise:	  

Evolu@on:	  

Variance	  of	  a	  single	  mode:	  

feedback	  seed	  
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Colonna,	  Chomaz,	  Randrup,	  	  
Nucl	  Phys	  A	  567	  (1994)	  637	  
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Phase	  crossing:	  	  

(µ,T)	  phase	  diagram	   (T,p)	  phase	  diagram	  

-‐	  qualita1vely	  similar	  to	  LG	   -‐	  qualita1vely	  different	  from	  LG!	  
[Igor	  Iosilevsky,	  2010]	  
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Construct	  a	  two-‐phase	  equa1on	  of	  state	  
	  	  	  	  	  	  by	  splining	  between	  the	  HG	  and	  the	  QGP:	  
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Horizontal	  scale	  is	  
rather	  uncertain!	  

HG	  &	  QGP	  phase	  crossing	  
	  	  	  	  	  	  in	  the	  (ρ,T)	  plane:	  
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3-‐fluid:	  	  	  	  Yu.B.	  Ivanov,	  V.N.	  Ruuskikh,	  V.D.	  Toneev	  

UrQMD:	  	  	  I.C.	  Arsene,	  L.V.	  Bravina	  

Arsene,	  Bravina,	  Cassing,	  Ivanov,	  Larionov,	  Randrup,	  Ruuskikh,	  Toneev,	  Zeeb,	  Zschiesche:	  PRC75	  (2007)	  034902	  

Collision	  energy	  	  <==>	  	  Phase	  region	  explored	  

Dynamical	  transport	  simula@ons	  (Au	  +	  Au	  at	  b=0)	  

Extract	  ρ(t)	  and	  ε(t)	  at	  the	  center	  

PHSD:	  	  	  	  W.	  Cassing	  

GiBUU:	  	  	  	  A.	  Larionov	  

QGSM:	  	  	  	  V.D.	  Toneev	  
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ξ ≡
4

3
η + ζ

pk → pk + Cρ0k
2ρk

Evolu1on	  of	  density	  fluctua1ons	  
with	  dissipa1ve	  fluid	  dynamics	  

Ak	  ~	  exp(-‐iωkt)	  

0 1 2 3
Wave number k (fm-1)

0.0

0.2

0.4

0.6

0.8

1.0

G
ro

w
th

 ra
te

 ! k
 (c

/fm
)

0,0
1,0
0,1
1,1

T = 70 MeV
" = 6.5 "s

#,$

<=	  

<=	  

<=	  

κ	


0 2 4 6 8 10
Compression !/!s

0

50

100

150

Te
m

pe
ra

tu
re

 T
 (M

eV
)

Coexistence
vT(!,T) = 0

vs(!,T) = 0



Transport	  coefficients	  
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1)	  Bulk	  viscosity	  ζ:	  Ignore	  	  

2)	  Shear	  viscosity	  η:	  	  

3)	  Heat	  conduc1vity	  κ:	  	  
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η0 ≥ 1

κ0 ≥ 1

*)	  	  
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Fastest	  growth	  rates:	  
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Dynamical	  phase	  trajectories	  (ρ(t),T(t):	  

0 2 4 6 8 10
Compression !/!s

0

50

100

150

Te
m

pe
ra

tu
re

 T
 (M

eV
)

UrQMD (5)

0 2 4 6 8 10
Compression !/!s

0

50

100

150

Te
m

pe
ra

tu
re

 T
 (M

eV
)

3-fluid (5)

3-‐fluid	   UrQMD	  

JR:	  NeD2011	  

Au	  +	  Au	  

PHSD	  
QGSM	  

3-‐fluid	  
UrQMD	  

GiBUU	  

5	  GeV/A	   5	  GeV/A	  



0 2 4 6 8 10
Compression !/!s

0

50

100

150

Te
m

pe
ra

tu
re

 T
 (M

eV
)

3-fluid (5)
UrQMD (5)

0 2 4 6 8 10 12
Elapsed time t (fm/c)

-0.5

0.0

0.5

G
ro

w
th

 ra
te

 ! k
 (c

/fm
)

3-fluid: 1,1
UrQMD: 1,1

k = 2 fm-1

"0, #0 = 1

0 1 2 3 4
Wave number k (fm-1)

1

10

100

Am
pl

ifi
ca

tio
n 

fa
ct

or
 G

k 1,1
0,0
5,5
10,10

3-fluid (5):

UrQMD (5): 1,1

JR:	  NeD2011	  

Gk = e
2Γk

Spinodal	  amplifica1on	  

Amplifica@on	  coefficient:	  

Amplifica@on	  factor:	  

Phase	  trajectories	  

Amplifica@on	  rate	   Amplifica@on	  factor	  
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Elementary	  considera@ons	  suggest	  the	  existence	  
of	  a	  deconfined	  QGP	  phase	  at	  high	  T	  and/or	  µ.	  

The	  energy	  range	  below	  this	  threshold	  is	  op@mal	  
for	  exploring	  the	  character	  of	  the	  phase	  transi@on	  

Spinodal	  decomposi@on	  (clumping)	  may	  
occur	  in	  this	  range	  of	  collision	  energies	  

Dynamical	  model	  simula@ons	  suggest	  that	  this	  
new	  phase	  is	  entered	  already	  at	  Ebeam	  ≈	  10	  GeV/A	  

BUT:	  	  Full	  dynamical	  simula1ons	  are	  needed!	  

Dynamics	  with	  instabili@es*	  

Equa@on	  of	  State	  with	  phase	  transi1on	  

Phase	  coexistence:	  interface	  &	  mixed	  phase*	  

Spinodal	  modes*	  

*	  Requires	  finite	  range	  

(SOME)	  MODEL	  	  
REQUIREMENTS:	  

Two	  phases:	  hadron	  gas	  &	  quark-‐gluon	  plasma	  
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Summary	  &	  outlook	  

HG	   QGP	  
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