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Determination of the Equation of State of
Hadronic Matter in Heavy Ion Collisions
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The nuclear EoS-Uncertainties
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Binding energy/nucleon Symmetry energy
E/A = T% (from 00-component of Esym from second derivative of E with
energy-momentum tensor) respect to asymmetry (N-Z)/(N+Z)

(more compression)

= Different predictions for compression modulus « (200-400 MeV)
= Different predictions for asym. parameter o, (28-36 MeV)

Nuclear matter at supra-normal densities not fixed
(crucial differences between models)




Astrophysical Implications of Iso-Vector EOS

Neutron Star Structure

quark-hybrid
star

traditional neutron star

g aprercn neutron star with
picn condensata
Fe
absolutely stable 6 3
strange quark 10 gl
matter ol gem 3
14 3
i ﬁ . gcm
m
]
sirange star
nucleon star

R~ 10km
M~ 1.4 Mg

Figure 3.3: Possible novel phases and structures of subatomic matter: (i) a large population of
hyperons (A,XE), (if) condensates of negatively charged mesons with and without strange
quarks (kaons or pions), (tit} a plasma of up, down, strange quarks and gluons (strange quark
matter). Compilation by F. Weber [1].
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Implications for Nuclear Structore of the Iso-Vector EOS
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Explore EoS in HIC

Initial state Intermediate state final state (9de‘recfed)
(life-time = 1022 sec!) . R

S.A. Bass et al., Prog.Part.Nucl.Phys. 41 (1998) 225 e

Aim: determine properties of fireball from final state detected in exp.

=Theory: Put different models of nuclear structure into dynamics &
determine EoS dependence on many observables

=Experiment: Measure in such a way that your observables are accessible for
theory

=Comparison between exp. and theory (could) provide us the desired EoS

=Problem HIC strongly affected by (local) non-equilibrium!
- relation between dynamics & EoS not trivial
consider NE-effects on EoS before explore dynamics



Phase space evolution in a heavy ion Collision
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Models for the Equation-of-State

Two (relativistic) approaches:

1.4. Das Dirac—Brueckner Modell 19

1. Dirac-Brueckner HF (DB)

Density dependent € _-_¢ " i@g
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Abbildung 1.2: Diagrammatische Darstellung der DB-Methode. Dic oberste Reihe
stellt die Bethe-Salpeter-Gleichung (1.23), die mittlere die Dyson-Gleichung (1.25)
und die untere die Bestimmungsgleichung fiir die Selbstenergie (1.24) dar.

2. Quantenhadrodynamics

Die DB Methode besteht nun darin. das Gleichungssystem fiir die T-Matrix (1.23),
dl(, fb\tcn rel l 24 nc ie Dvson Glcichung

(11 2) —(; 'O]T (1, 2)¢ 1.25
Lo = T(iydie } U, 2)62,2) (125
fir den Bary%nplopagdtm selbstkonsistent zu 16sen. Eine diagrammatische Dar-
ste HLEIEIU er DB Methode ist in ’\bbll ung 1.2 \wlcdtlgggcbuﬂ: Line ausfithrliche
[ —Darsiell{rng)iihgr (¥ gyrschiegypén 1 DB oo friiEben. o
M Tgor o i Eifeor m wHal
ist nfght Yas Anliegen dieser Arbefl. \\w \0 en Q‘ra dessen d1e e AR Arbeit we-
sentlichenlligenschaften da]_L)H Methode diskutieren, und fm Details verweisen

o
Line  =vi g5 8ke 229, Uy W
Die Wahl der 2 Teilchen NN We ,chselwirkung < 12|V|1'2" > geschieht im Rahmen

ciner relativistischen Quantenfeldtheorie durch das 1 Boson Austauschmodell. In
der Impulsraumdarstellung lautet es [20]

Vigins (k) = VIZ2E (k) = = 32(0),5 (0),5 DI (k)

wobeil sich die Summe iber verschiedene Mesonen mit den entsprechenden un-
gestorten Mesonenpropagatoren DY crstreckt. Die Lorentz Struktur der OBE
Potentiale wird durch die Lorentzstruktiur der Mesonen, charakterisiert durch deren



Analysis of DB self energies

1.4. Das Dirac-Brueckner Modell 19

Decomposition of DB self energy G

X(p) = X°(p) —1°X°(p) + 7 - PZ".
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Comparisons of EOS's
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Effective masses
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Derivation of a transport equation for heavy ion collisions:

to t[ C
o . . — A
Schwinger Keldysh real time formalism: » -
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Q(Ll)‘( o 1,1 ¥ 1,1 )‘((P(l,l’) G“(l,l"))

Wigner transform to cm-coordinate and relative momentum

r
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Quasi-particle Approximation

Boltzmann equation like transport equation







Method of solution of Transport Equation: Testparticles

Relativistic Gaussians: . @42 A
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Some results for symmeftric nuclear matter

Elliptic flow
0,00
=
(=
=
2 0,05
'&
2
\ o © EOS/E895
A P v FOPI
0,10 i st = DBF/ACNM| -
| = DBF/CNM
*» DBF/LDA
1 1 1 1 1 1 L1 I 1 1 1 1 1 1 L1
10" 10° 10
E, .. [AGeV]



Effect of in-medium cross sections on stopping and flow: Au+Au

.-I.tl:'li.-..l;;- J—.-|i_w o
| | e gall] P

: : I
<+——density :




P (MeV/fm?)

Results from Flow Analysis

(P. Danielewicz, R.Lacey)

symmetric matter ’

neutron matter

" ¥ X =, L

o SR R]
Lo e, 0’:&&
Wc o

{

100 100

.:- o~ :f::?u: ‘.E;::;: oielest ”’. .Eé?:io: -:' E- -
: S ?,:,?M“ 555 ]l & ; -
: o : g E: -
i = -..-l"".- > [ 1
- I -I.--. 9 m

.-"-.- 2

10 _ ~ 10 ——avi4uvll

p =s=s=fFormi gas 3| |O- E
- — — -1 1
P o EEQUT’ ! — GWM:neutrons 1
i K—g]fo ik : ===== Eormi Gas
£ S [T ]Exp.+Asy_soft
b w— K=300 MeV 1 P o

[JExp.+Asy_stiff
experiment

Illllllllllllllllllll | saaal s s oo b o s oo 1o s o b e s o b o s oo b ool e ol s s

1
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5
Plp, plp,




Ti= N_z_i Q!7 Mﬂmr

Isovector EOS LoD = EQro) + Eit(ﬂ »

i )
ONd heavy ion ’Yh\u ﬂnui\/ = Eéf) + -r_r

. o _ eubron wattey r"A-
collisions : B woalles T

— tSo- SR (Briskua
: -— SO~ Sag-&(" Viag -
o)

: “ - (So -Su'uso{l- (‘ilm"")
i ﬁ"" 7 Ugt‘hkl e

Pvolon —~weutvown f&vl ;sogp\m Fvad-mnn}nu
W leotope Yyiedds

2 higl dlews. i -eo5 2 fow dems. iso-—ecS
"-_—_‘_V_____—-." m
Pm - o Tsospus ~ fmd-o.nﬁo\
mm&m —~ s,




L 1902 ).

QHD: Nucleon. CPW)
L = xmu_p_ t fMESon -
Zpa = P37 E) (o4 A

T CE T

Sat Ga kerachious Mou;mmﬁ
(also dausih Cepediue i(R))

xﬂesw- - ‘R:::zsu.

soscalss  Tsoveckes ”
Scalos | @ S b sowionmmuendis
Veckors w S 'E\‘:st
Comuliotion !

o= (gl Bt slile

WC‘;’-/\n S (&o‘??&\ﬁ'



Relativistic language
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|' iso-vector EOS in RMFI
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A pO parametrization of
the isovector dpendence
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[ Symmetry Energy ]
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RMF Symmetry Energy: & — contrib.
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Effective Mass Splitting: Dirac Masses

Minimal Effective Field Approach: (0, ®,0, p)

2200

my(q) =m+Z (o) % f3ps;

800

= 700 [— = > +n,—p
= — -
- GDD;— —; p3zpp—pn,<O:>n—rich
SO0 ET B RMF—(p+3)
400 f— o e " RMF-p
oD |8 3K 5 1.0 1.5 =.0 =-o =30
P/ P

Splitting sign  (m) (n)—m,(p))

RMFT, DHF( V. Greco et al., PRC63, PRC64 (2001))
Agree DBHF (F. Hofmann et al., PRC64 (2001) )
SLy (E. Chabanat et al., NPA 627 (1997))  hon rel.

BHF (W.Zuo, PRC60 (1999) 24605)

Disagree *Old" Skyrme non rel.

PRC65(2002)045201



Dynamical Isospin flow effects
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<V P>

Elliptic flow
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Effect of momentum
dependence on

Isospin transport
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K ,K -Production (as Test of the Isovector EOS)

Produced at high density in e
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Au+Au@1.4 AGeV-b=0fm
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Neutron star cooling and iso-vector EOS

Tolman-Oppenheimer-Volkov equation to determine mass of neutron star
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Symmetry energy and protron fraction

] ]|
xr
h
et | I 1
iy
ol l":-".'.l
= i
é Bl
P.Il. L
Tinl L
:l:l s "
o
ne - e
L] St .
n |
' '
L "
E .?.- _-:-"
..
TR
I-: o]
;
- S,

Neutron star cooling (cont'd)
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Neutron star cooling (cont'd)

Contraints from heavy ion collisions (flow)
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Conclusions

+ EOS can be determined from heavy ion collisions,

in particular also the isovevtor part

- at low density: fragmentation reactions at low energy

- at high density: flow and particle production at relativistic energy
- Density dependence is not well determined from theory,

but is important for nuclear structure and astrophysics
- Investigated in the framework of effective theories

- DB

- QHD (rho- and delta-mesons, evidence for delta-field)
- Sensitivity from various variables:

- proton-neutron differential flow

- isospin transparency and isospin tracing

- production of pion and kaons

» data with more asymmetric (exotic) colliding systems helpful
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EOQS INSYMMETRIC AND ASYMMETRIC NUCLEAR MATTER
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