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Hydro SimulationsHydro Simulations

•• Tough problem for hydroTough problem for hydro
–– Length scales vary drastically in timeLength scales vary drastically in time
–– Multiple fluidsMultiple fluids
–– Strongly time dependent viscosityStrongly time dependent viscosity
–– Very large number of time stepsVery large number of time steps

•• Special relativity, causality, Special relativity, causality, ……

•• Huge magnetic fieldsHuge magnetic fields

•• 3D simulations needed3D simulations needed
–– Giant gridsGiant grids
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Simulations of Nuclear CollisionsSimulations of Nuclear Collisions
•• Hydro, mean field, cascadesHydro, mean field, cascades
•• Numerical solution of transport theoriesNumerical solution of transport theories

–– Need to work in 6d phase space => prohibitively largeNeed to work in 6d phase space => prohibitively large
grids (20grids (2033x40x4022x80~10x80~109 9 lattice sites)lattice sites)

–– Idea: Only follow initially occupied phase space cells inIdea: Only follow initially occupied phase space cells in
time and represent them by test particlestime and represent them by test particles

–– One-body mean-field potentials (One-body mean-field potentials (ρρ, , pp, , ττ) via local) via local
averaging proceduresaveraging procedures

–– Test particles scatter with realistic cross sections =>Test particles scatter with realistic cross sections =>
(exact) solution of (exact) solution of Boltzmann Boltzmann equation (+equation (+PauliPauli, Bose), Bose)

–– Very small cross sections via Very small cross sections via perturbative perturbative approachapproach
–– Coupled equations for many species no problemCoupled equations for many species no problem
–– Typically 100-1000 test particles/nucleonTypically 100-1000 test particles/nucleon

Bertsch et al., Phys. Rev. C, ‘84
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Equation to SolveEquation to Solve
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Test ParticlesTest Particles

•• Baryon phase space function, Baryon phase space function, ff, is, is Wigner Wigner
transform of density matrixtransform of density matrix

•• Approximate formally by sum of delta functions,Approximate formally by sum of delta functions,
test particlestest particles

•• Insert back into integral equation to obtainInsert back into integral equation to obtain
equations of motion for 6 coordinates of eachequations of motion for 6 coordinates of each
test particletest particle
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Test Particle Equations ofTest Particle Equations of
MotionMotion

Nuclear EoS Two-body scattering

Coulomb
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ExampleExample

•• Density inDensity in
reactionreaction
planeplane

•• IntegrationIntegration
overover
momentummomentum
spacespace

•• Cut forCut for
z=0+-0.5 fmz=0+-0.5 fm

Contact author for movieContact author for movie
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Momentum SpaceMomentum Space
•• Output quantities (not input!)Output quantities (not input!)

•• Momentum space information onMomentum space information on
–– Thermalization Thermalization & equilibration& equilibration
–– FlowFlow
–– ParticleParticle

productionproduction
•• Shown here:Shown here:

locallocal
temperaturetemperature

Contact author for movieContact author for movie
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Try this for Supernovae!Try this for Supernovae!

•• 2 M2 M in iron core = 2x10 in iron core = 2x105757 baryons baryons

•• 101077 test particles => 2x10 test particles => 2x105050 baryons/test particle  baryons/test particle 

•• Need time-varying grid for (non-gravity) potentials,Need time-varying grid for (non-gravity) potentials,
because whole system collapsesbecause whole system collapses

•• Need to think about internal excitation of test particlesNeed to think about internal excitation of test particles

•• Can address angular momentum question [today]Can address angular momentum question [today]
•• Can create Can create νν-test particles and give them finite mean-test particles and give them finite mean

free path => free path => Boltzmann Boltzmann solution for solution for νν-transport-transport
problem [soon]problem [soon]

•• Radiation transport via photon test particles (Bosons!)Radiation transport via photon test particles (Bosons!)

•• Should be able to treat magnetic fields self-Should be able to treat magnetic fields self-
consistently [next year]consistently [next year]
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NeutrinosNeutrinos
•• Neutrinos similar to Neutrinos similar to pions pions at RHICat RHIC

–– Not present in entrance channelNot present in entrance channel
–– Produced in very large numbers (RHIC: 10Produced in very large numbers (RHIC: 1033, here 10, here 105656))
–– Essential for reaction dynamicsEssential for reaction dynamics

•• Different: No formation time or off -shell effectsDifferent: No formation time or off -shell effects
•• Represent 10Represent 10NN neutrinos by one test particle neutrinos by one test particle

–– Populate initial neutrino phase space uniformlyPopulate initial neutrino phase space uniformly
–– Sample test particle Sample test particle momenta momenta from a thermal dist.from a thermal dist.

•• Neutrino test particles represent Neutrino test particles represent ““33rdrd fluid fluid””, do , do NOTNOT
escape freely (neutrino trapping), and need to beescape freely (neutrino trapping), and need to be
followed in time.followed in time.

•• Neutrinos created in center and are Neutrinos created in center and are ““lightlight”” fluid on fluid on
which which ““heavyheavy”” baryon fluid rests baryon fluid rests
–– Inversion problemInversion problem
–– RayleighRayleigh-Taylor instability-Taylor instability
–– turbulenceturbulence
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Neutrino Test particlesNeutrino Test particles

•• Move on straight lines (no mean field)Move on straight lines (no mean field)

•• Scattering with hadronsScattering with hadrons
–– NOT negligible!NOT negligible!
–– Convolution over all Convolution over all σσAAνν∝∝AA22 (weak neutral current) (weak neutral current)
–– Resulting test particle cross section angular Resulting test particle cross section angular distribdistrib.:.:
σσcmcm((θθff) = δ() = δ(θθff  --θθii))

–– Center of mass picture:Center of mass picture:
Pν,i pN,i

Pν,f pN,f
=> Internal excitation
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Coupled EquationsCoupled Equations

Similar to Wang, Li, Bauer, Randrup, Ann. Phys. ‘91



W. Bauer, INT 2004 13

NeutrinoNeutrino
Gain andGain and

LossLoss

α

α’
ν

  f = 1 - f+
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Numerical RealizationNumerical Realization

•• Test particle equations of motionTest particle equations of motion

•• Nuclear EoS evaluated on spherical gridNuclear EoS evaluated on spherical grid

•• Newtonian monopole approximation for gravityNewtonian monopole approximation for gravity
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Test Particle ScatteringTest Particle Scattering

•• Nuclear case: test particles scatter withNuclear case: test particles scatter with
(reduced, due to(reduced, due to Pauli  Pauli Principle) nucleon-Principle) nucleon-
nucleon cross sectionsnucleon cross sections
–– Elastic and Elastic and inelasticinelastic ElasticInelastic

cm frame

•• Similar rules applySimilar rules apply
forfor astro  astro testtest
particlesparticles
–– Scale invarianceScale invariance
–– Shock formationShock formation
–– Internal heatingInternal heating
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DSMCDSMC
•• Stochastic Direct Simulation Monte CarloStochastic Direct Simulation Monte Carlo

–– Do not use closest approach methodDo not use closest approach method
–– Randomly pick Randomly pick kk collision partners from given cell collision partners from given cell
–– Redistribute Redistribute momenta momenta withinwithin

cell with fixed cell with fixed iirr, i, iθθ, i, iφφ
•• Technical details:Technical details:

–– QuickSort QuickSort on scatteringon scattering
index of each particleindex of each particle
makes CPU time consumptionmakes CPU time consumption
~ ~ k Nk N log logNN

–– Final state phase spaceFinal state phase space
approximated by local approximated by local TT
Fermi-Fermi-Dirac Dirac (no additional(no additional
power of power of NN))

–– Hydro limit: just generate Hydro limit: just generate ““enoughenough”” collisions, no need collisions, no need
to evaluate matrix elementsto evaluate matrix elements

All particles in given cellAll particles in given cell
have same scattering indexhave same scattering index
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Excluded VolumeExcluded Volume
•• Collision term simulation via stochasticCollision term simulation via stochastic

scattering (Direct Simulation Monte Carlo)scattering (Direct Simulation Monte Carlo)
–– Additional advection contribution (EoS modification)Additional advection contribution (EoS modification)

–– Modification to collision probabilityModification to collision probability

Alexander, Garcia, Alder, PRL ‘95
Kortemeyer, Daffin, Bauer, PRB ‘96
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Effect of Baryon-BaryonEffect of Baryon-Baryon
Collisions on DynamicsCollisions on Dynamics

Parameters
N = 106

Grid: 90r*40φ*40θ
Ri = 2 km

M = 2 M  

Mean field only Hydro limit

Contact author for moviesContact author for movies
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First Rotating ResultsFirst Rotating Results

•• Mean field levelMean field level
–– Only nuclear and electron gas EoS, gravityOnly nuclear and electron gas EoS, gravity
–– No collisions yetNo collisions yet

•• Exploratory: role of collective rotationExploratory: role of collective rotation
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Effects of Angular MomentumEffects of Angular Momentum

Contact author for moviesContact author for movies
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ρ0(a)(a) Initial conditionsInitial conditions
(b)(b) After 2 msAfter 2 ms
(c)(c) After 3 msAfter 3 ms
(d)(d) Core bounceCore bounce
(e)(e) 1 ms after core bounce1 ms after core bounce

120 km
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Vortex FormationVortex Formation
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ResultsResults

•• ““mean fieldmean field””
levellevel

•• 1 fluid: hadrons1 fluid: hadrons
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Max. Density vs. AngularMax. Density vs. Angular
MomentumMomentum

•• Mean field only!!!Mean field only!!!
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