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Motivation
● RHIC data indicates jet-suppression

in heavy-ion collisions (signal for QGP)

● One possible consequence is the formation
of  Mach cones
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The Relativistic Riemann problem

Initial conditions

What happens if you
remove the membran?

A shock wave travels to the right 
with a speed higher than the 
speed of sound and a rarefaction 
wave travels to the left with the 
speed of sound 



  

The Parton Cascade BAMPS
Boltzmann 
Approach for 
Multi-
Parton 
Scatterings

p∂ f x ,p=C x ,p

● Transport algorithm solving the Boltzmann 
equation using Monte Carlo techniques

● Stochastic interpretation of collision rates

● Boltzmann gas, isotropic cross sections
  (elastic processes only)
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See talk by Andrej El and
Zhe Xu
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22Implementing a constant       , we locally get the cross section      :

For isotropic elastic collisions:

Transport collision rate



  

Numerical Results
T L=400 MeV
T R=200 MeV

t=0 fm /c

Boltzmann solution of the relativistic
Riemann problem
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v shock

v shockc s

Boltzmann solution of the relativistic
Riemann problem
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Numerical Results
T L=400 MeV
T R=200 MeV
t=3.2 fm /c

Boltzmann solution of the relativistic
Riemann problem

With higher viscous effects: - The shock front has a finite (increasing) width
- The shock plateau shrinks
- The rarefaction wave gets wider and
   exceeds the speed of soundSee also Harri Niemi´s talk tomorrow



  

Ideal Limit
T L=400 MeV
T R=200 MeV
t=3.2 fm /c

/ s=0.001 =224 mBarn

- Numerical statistical fluctuations cause deviations from ideal limit
  in sensitive physical observables
- Constant cross section eliminates the fluctuations – we reach the IDEAL LIMIT

Heat flow

unphysical
physical

Gradient in fugacity



  

Ideal Limit
Shear pressure

/ s=0.001 =224 mBarn

T L=400 MeV
T R=200 MeV
t=3.2 fm /c

Very large

For further viscous solutions for the physical observables see 
the talk of Harri Niemi tomorrow

Good agreement

- Constant cross section eliminates the fluctuations – we reach the IDEAL LIMIT



  

Cell Dependence T L=400 MeV
T R=350 MeV
t=3.2 fm/c

If the mean free path        is equal or smaller than the cell size:      mfp

Covariant transport model

Convergence!



  

Global Knudsen Number

Knudsen number defined as:

K=
mfp

L
L=t⋅vshockcs

mfp=
10
3T

⋅s 
K=10

3
1

t⋅v shockcs⋅T
⋅s  T is the lower temperature 

of the medium

2 systems behave the same, if they have the same Knudsen number

We define the characteristic length L

and use from kinetic theory



  

Scaling Behaviour

t=3.2 fm/c
/ s=0.1

K=0.053 t=1.6 fm /c
/ s=0.05

T=320 MeV



  

Scaling Behaviour

v  z , t ,/ s=F  , K 

K f=
10
3

1
t f⋅vshockcs⋅T

⋅s =0.053

P4 /P0=0.41

The velocity profile is 
only a function of

=z / t

P 4 /P0

Kand       ,

P4 /P0=0.41

We call it a shock when a 
plateau exists !!!

and universal for a 
given ratio            .



  

t f =
10
3

1
K f⋅vshockcs⋅T

⋅s 
T=350 MeV

Global Knudsen Number

Lifetime QGP ~ 6 fm/c

Is the formation of shocks (Mach cones) possible in gluonic matter?

The formation of Mach cones is 
in principle possible if  � /s < 0.2



  

Mach Cones

- High-energetic jet moving in z-direction inducing a Mach cone
- The Mach angle agrees well with the expected angle in the ideal fluid case

/ s=1/4

In collaboration with F. Lauciello

T medium=0.4GeV

GeV / fm3

t = 2.5 fm\c
E-Jet = 200 GeV

=arccos c s /c=55o
Diffusion wake?

Shock front

Cone

Preliminary Results



  

Preliminary Data from
3-D Simulations of Mach Cones

velocity in z-direction velocity in transverse-direction

- The results agree qualitatively
  with hydrodynamic and transport
  calculations
  --- B. Betz, PRC 79:034902, 2009
  --- D. Molnar, arXiv:0908.0299v1

 - A diffusion wake is also visible,
   momentum flows in direction of
   the Jet



  

Conclusion and Outlook

  

• We solve the relativistic Riemann problem using BAMPS from 
ideal hydro to free streaming

• We see a good agreement between BAMPS and vSHASTA 
(Harri Niemis talk)

• The formation of Mach cones in gluonic matter at 
RHIC is in principle possible for 

● Mach Cone formation is observed in BAMPS

Outlook:
• Investigate the viscous effects on the formation and evolution 

of Mach cones as well as the 2/3 particle correlations within 
BAMPS

/ s0.2



  

Thank you for your attention



  

Ideal Limit
T L=400 MeV
T R=200 MeV
t=3.2 fm /c/ s=0.001



  

Numerical Results

Evolution from free streaming to a shock

/ s=0.1
T L=400 MeV
T R=200 MeV

/ s=0.1



  

Numerical Results
T L=400 MeV
T R=320 MeV
t=3.2 fm /c

Comparison between BAMPS and vSHASTA

Etele Molnar and Harri Niemi
arxiv:0807.0544

Etele Molnar and Harri Niemi
arxiv:0807.0544

vSHASTA
1 + 1 dimensional viscous hydro model
using the Israel-Stewart equations K local=mfp∂u

is SMALL in the region 
of the shock front

� /s < 0.2� /s < 0.2

� /s = 0.01



  

Numerical Results
T L=400 MeV
T R=320 MeV
t=3.2 fm /c

Comparison between BAMPS and vSHASTA

vSHASTA
1 + 1 dimensional viscous hydro model
using the Israel-Stewart equations K local=mfp∂u

is LARGE in the region 
of the shock front

� /s = 0.2
E. Molnar, H. Niemi and D. Rischke
Eur.Phys.J.C60:413-429,2009
arXiv:0907.2583



  

Numerical Results

Expansion into the vacuumExpansion into the medium
T R=350 MeV T R=0 MeVT R=100 MeV

T L=400 MeV
t=1 fm/ c



  

Numerical Results

BAMPS with pQCD crossections
T L=400 MeV
T R=320 MeV

t=3 fm / c

Shocks exist of course within pQCD simulationsShocks exist of course within pQCD simulations



  

The relativistic Riemann problem
The relativistic hydrodynamic equations

∂ N =0
∂T =0

●The local conservation of charge, energy and momentum

T = puu− p g

N =n u

g=diag 1,−1,−1,−1
u= ,v  with uu=1
=1 /1−v2

with

 

●The equations of relativistic hydrodynamics of an ideal fluid in one dimension

∂t N 0∂zv z N 0=0
∂t T

0z∂ zv z T
0z=−∂z  p

∂t T
00∂z v z T 00=−∂z v z p

N 0=n
T 00=2  p− p
T 0z=2  pv

p= p , nEquation of state



  

The relativistic Riemann problem

Some examples for the analytical solutions

p0 : p4=1:0.9
v shock=0.585

p0 : p4=1:0.05
v shock=0.7999



  

The relativistic Riemann problem

p0 : p4=1:0.002
v shock=0.941

p0 : p4=1:0
v shock=1.0

Expansion into the
vacuum
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