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Status of lecture

.  Motivation
types and characterization of Nuclear reactions
argument for transport descriptions
[I.  Heuristic derivation of a transport equation
test particle solution
lll. Elementary derivation of Vlasov eq.
Relativistic field theory and relativistic transport eq.
IV. Quantum transport theory
V. Characterization and comparison of codes
Molecular dynamics
VI. Fluctuations and transport theories
Instabilities and phase transitions
Boltzmann-Langevin eq. and approx. treatments

VI.  Overview over important results in heavy ion collision S




Instabilities, Fluctuation an d Fragmentation

Exploration of
the liquid-gas
phase transition

Temperature

also discussed in
terms of a ,convex
intruder” e.qg. in
the free energy
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Evidence of Phase Transitions In Calculations

BNV calculation in a box (periodic bounday conditions) with initial
conditions in side the instability region: p=py/3, T=5 MeV, B=0

- Formation of ,clusters s
(fragments)*, starting \‘H
. Al
from small (numerical” oA
fluctuations in the ) .
den5|ty' Time scale (a) t=0fm/c t=100 fm/c t=200 fm/c

shows the growth time of
the instable modes
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Signatures of phase transition in experiment

-> Many examples in Sherry's lecture
varsym - zmax - Au + Au 80 MeV/u
< 180
Bimodality of the 5 oEop ﬁ -
Fragment distribution as a o . N
signature of phase = 3
transition; “F 3
108 =
B. Tamain, F. Rivet, GANIL g ok d
60 |- -
40 |- -
20 | -
108,
% 80 - }
o0 - -
40 - n ;
20 J ; N
glfy o (HWEC 1 Y
IWM november 2005 ’ VQrSymP1 mormoHZSed Etl'gns
Varsym = (Zmax - Zmax-1) l (Zmax & Zmax-1)
varsym=1 <> A big residue + light particles
varsym=0 <> only small fragments




V0.4

Fluctuations in Phas e Space
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V1.5 Fluctuation-Dissip ation Theorem

elementary consideration:

Brownian motion with friction and random force R(t)
dv
m-—= —vw+ R
having the properties
(R(t)y =0,

(RR(t)) = Iro(t — 1),

Solution for average kinetik energy is
3mo?) = Ig/4f + e "<w(0)*) . O[m-4T

Then

(RIOR(E')> = 23T 8(t — t').

Fluctuation-Dissipation theorem ( Einstein relation)

-> Dissipation (collisions) and Fluctuations necessaril y connected!




Boltzmann-Langevin E quation

Application of considereations to the Boltzmann transpo rt equation.

Collision term split into average term Knd a fluctuation t erm K

Boltzmann-Langevin
equation

J==F = 1SS} =KI/1=RIf)+ KIS .

The average term is as before

E(r,pl)zgz w(l12; 34)[f1f2f3f4 — fif2fsf 4],

234
dﬂ' ) tme  ®@ ' ¢ = the
W(12;34)=vi2 | =5 o(p1+p2—ps —pa), ‘
dQ 12—34 -
The fluctuating term has the properties 2|
< 0K (r,p.t) = = il
< SK(r,p, YK (¥, p\) = =Cp, pr.)0(r — ¥t — 1), |
CPaspos s 1) =S S W(a2; 34)F (a2; 34) Lae

234

+ > [ (ab; 34)F (ab; 34) — 21 (a3; b4)F (a3; b4)] ,
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VI.7

Implementations of B L Equation

Ref..

Abe, Ayik, Reinhard, Suraud, Phys.Rep. 275, 49 (96)

P. Chomaz, M. Colonna, J. Randrup, Phys. Rep. 389, 263 (2004)
A. Ono, J. Randrup, Eur. Phys. J. A 30, 109 (2006) (WCI-Book)

Exact studies (on a lattice) only in 2D: Randrup, Burg  io, NPA 529 (1991)

Approximate studies:

1. BOB: replace fluctuation term by fluctuating force, ga ged to most unstable mode
Colonna, Guarnera

2. Stochastic MF dynamics: introduce locally statistica | fluctuations ito the phase space
distribution at certain times  o2=f(1-f): Colonna, DiToro,...Wolter

3. Numerical fluctuations: gauge numerical fluctuations to instability of most unstable
mode: Colonna, Di Toro,..

4. Molecular dynamics a priori has many body corrlations
QMD: Aichelin, Hartnack: study of formation time of c lusters
CoMD: Bonasera, Papa, improve treatment of Pauli prin  ciple
AMD: Ono, fluctuation due to splitting of wave packet.

5. Studies within BUU an percolation model: W. Bauer, S . Pratt

A wide field!!




What have we learned about the Phase diagram?
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Low energy (Fermi regime) : High energy (relativistic):

Fragmentation, liquid-gas phase Compression, particle production,

transition, temperature.

Deep inelastic modification of hadron properties
(i.e.hadron spectral functions)!




VIl.2 Flow Obse rvables

Transverse flow Rapidity distribution
(compre E)FI)’]) (stopping)

modern approach:

Flow : N(©;y, p,,b) = N,(1+[v, (Y, p,)

1+ 5,
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rapidity y= %In

v,: Sideward flow
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VII.3 Stopp ing in HIC

. . longitudinal transverse
Longitundinal and transverse s i 7=
rapidity distributions: [
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Vil.4 Elliptic Flow

Evolution with impact parameter and energy
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Flow : N (©;y,p,,b) = N,(1+

Vl(y’ pt)

Deduced limits for the
EOS (pressure vs.
density) for symmetric
nm (left).

The neutron EOS (i.e.
the symmetry energy) is
still uncertain, thus two
areas are given for two
different assumptions.
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Isospin Flow

The symmetry energy: RMF model with p and o mesons:
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VII.7 Particl e Production
AN

el

What can one learn from different species?

. high energy: first chance pn-
collisions

* pions : production at all stages of the
evolution via the A-resonace

» kaons (strange mesons with high mass):
subthreshold production, probe of high
density phase

e ratios of /1t and K %/K*: probe for
symmetry energy

Inelastic collisions: Production of particles and res onances:
Coupled transport equations

e.g. kaon production; — (X ) =leon (T e T Tannaf a5+

d
coupling of A and strange- dt
ness channels. d

dt

(X ) = leon (O vy f i -o0)

etc.




VII.8 Photons

High energy (hard) photon production in HIC:

0
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g. 7 — Gamma multiplicity spectrum for incomplete fusion reactions Q 108 — E 30 MeV =
in the **Ar + “Mo system at 37AMeV. The continuous line ’S- 3 ( Y > € ) E
indicates the exponential fit of the hard component (E, > 35 MeV). Extis i S i L et i) ]
[39Piattelli96] 5 10 50 100 500 1000
((E —Vc )/ A )lab
Fig. 8 — Emission probability for photons with E =30 MeV per in-
medium nucleon-nucleon collisions as a function of the incident
energy per nucleon. Ve 1s the Coulomb barrier [27Metag88]

Universal curve, when scaled relative to Coulomb barri er:

—> First chance pn collisions

- medium modification of pn  y cross section




VII.9 Pions

Pion multiplicity excitation function

16 =
Au+Au .
1 l 1 14 -
10°F Au+Au 5 E T Au+Au a 5
r . ) B SM o 1204 -
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1D4 T T T T T 1T -
— FOFI E
<O [AMD SM
energy spectra 1[}3

Transport calculations reproduce the main
features of pion production.

Au+Au 1.5A GeV
But pion productin can also be used as a , L bF {lﬂ' |,5 L]
probe for the symmetry energy.... 01 02 03 04 05

p; (GeV/c)




Pion Ratios and Symme try Energy

]T+ /77'_ -ratios as a probe for the iso-EQOS,

... and comparison with calculations

Fig. 256. Upper left panel: Excitation function of the 4m-integrated ratio of #—/rt yields in
central Au+Au collisions. The experimental data are joined by a least squares fit of the function
cn+e_1(E/A)~! excluding the lowest energy point. The IQMD SM prediction (triangles) is also
given. Upper right and lower left panels: the N/Z dependence at 1.54, respectively 0.44 GeV of
the m~ /mt ratio. The solid lines are least squares fits of linear or quadratic (N/Z) dependence.
Lower right panel: same as lower left panel.but for filtered data.
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VIl.11 Strangeness production

0,12

r b<4 fm
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QMD: Zheng, C.F. et al., PLB 434 (1998) 358

QMD: Hartnack, Aichelin, JPG 28 (2002) 1649
RBUU: Mishra, Bratkovskaya et al, PRC 70 (2004) 044904
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Kaon Ratios as Probe of Symmetr y energy

Pion_and kaon ratios in central Au+Au ...
3 T I T I T I Y I r I r I T G. Ferini, et al.,
5 g i 1 Phys.Rev.Lett.97:202301,2
! 4 006, nucl-th/0607005
2,6} -
L 2.4 -_ _-
S -
R22} -
2k _'
13l ] | Kaons:

- 1 | ~15% difference between
bor 1| DDF and NLp&
15 -

L4 —
%‘M“ 13k - Not sensitive to

- - the K-potential
1.2 - (iso-dep.?)
1,1 -

1 I 1 I '] I '] I ] I L I L
0,6 0.8 1 1,2 14 1,6 1.8 2
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eai
Pions: less sensitivity ~10%, but larger yields




VII.13 Neutron Star properties and the Symm  etry Energy
Astrophysical Connections, esp. for Iso-Vector EOS

Neutron Star Structure Neutron star models

qgarkrh)'t;rid traditional neutron star
star o —

A NEUTRON STAR: SURFACE and INTERIOR
® ’wls spreic

CORE:

Homogeneous
Matter

b i
!s F:eml neuron star with

pion condensate

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE | Fe
INNER CORE
absolutely stable wﬁ giem 3
strange qngg
matier
10 1" glem 3
. 011 gem )
- Polar cap
strange star
- nugleon star

"R~ 10km
M~ 1.4 Mg,

Neutron Superfluid +
Neutron Vortex  Proton Superconductor [l
Neutron Vortex "I Figure 3.2: Possible novel phases and structures of subatomic matter;: (i) o large population of
hyperons (AL 3), (i) condensates of negatively charged mesons with and withow! strange
quarks (kaons or pians), (it} a plasma of up, down, strange quarks and gluons (strange quark

matter). Compilation by F. Weber [1].

Constraints on the Equation-of-state

- from neutron stars:

maximum mass

gra\”tatlonal Mass VS. Constraints on the high-density nuclear equation of state from the phenomenology of
compact stars and heavy-ion collisions

baryonic mass
T. Klahn," 2 * D. Blaschke,>% T S. Typel,> E.N.E. van Dalen,? A. Faessler,?

; C. Fuchs,? T. Gaitanos,” H. Grigorian,""% A. Ho,” E.E. Kolomeitsev,® M.C. Miller,?
dlreCt URCA proceSS G. Ropke,! J. Triimper,'® D.N. Voskresensky,>!! F. Weber,” and H.H. Wolter®

mass-radius relation

- from heavy ion collisions: flow constraint

kaon producton Phys.Rev. C74 (2006) 035802




Equations of State tested:

% = Ey(n) + B*Es(n)
%aVJrl—IgeZ— fg;e?’Jr.

LB (T4 g+ )+

€= (N — Ngat)/N

B = (nn —np)/(nn + np)

Models for Symmetr

400

100

E,

y

Ene
5

' .—..— NLps ]

DBHF (Boun A)
DD
D¢
: KVR ;
L ——— KVOR L
DD-F 4

03 06 09

1 | | | | | | |
03 06 09

n [f111'3] n [f111_3]
Model Nsat, ay K K J L mp/m
[fm=3] [MeV] [MeV] [MeV] [MeV] [MeV]
NLp | 01459 —16.062 2033 5765 308 831  0.603
NLps | 01459 —16.062 203.3 5765 310 923  0.603
DBHF | 01779 —16.160 201.6 5079  33.7 694  0.684
DD | 01487 —16.021 2400 —1346 320 560  0.565
D’C | 01510 -15981 2325 —TI6.8 319  59.3 0541
KVR | 0.1600 —15800 250.0 5288 288 558  0.800
KVOR | 01600 —16.000 2750 4228 329 736  0.800
DD-F | 01469 —16.024 2231 7578 316 560  0.556




VII.15 NS Masses and Cooling

NS masses and cooling behaviour depends on iso-vector EO S

‘‘‘‘‘‘
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dP(r)  Gm(r P(r) 43 P(r) 20m(r)\ * B —equilibrium and charge neutrality : y = — = y(&,,)
dr - 2 L g(r) bt m(r) L r
* direct URCA process: p - n+e" +v,
/ /2 . .
—dm / dr'r threshold: y =11%, fast neutrino cooling
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Klahn, Blaschke, Typel, v.Dalen, Faessler, Fuchs, G  aitanos, Gregorian, Wolter, . Phys.Rev.C74:035802,2 006
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Consistency between Hl a nd NS Data

extrapolated
NLp, NLpd
DBHF

DD

D'c

KVR

KVOR
DD-F

— Maximum Mass by Flow Constraint

How strong is the flow constraint?

—_—
T
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=4 =
;§1 sF N \\ §\\ ]
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> o :

(applied “universal” 32 Eg (error bars!) )

LB not reliable «++ Maximum mass constraint demands stiff Eo

\




The End

Thank you very much for
the interest

-and | hope the lecture
was instructive




