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APPA: Hot Plasmas: high intensity ion bunches  
hitting petawatt Laser pulses off PHELIX 

Hot Dense Strongly Coupled Matter at high energy densities 

Physics of Fast 
Ignition (another 
way to clean 
energy production) 

Equation of state 
of planetary and 
stellar matter     



FAiR Physics of Highly Charged Ions 

test of bound state QED in the 
critical field limit 

correlated many-body effects on 
the atomic structure and dynamics 

determination of nuclear 
properties 

precision determination of 
fundamental constants 



The 1s-LS in H-like Uranium (Exp. at GSI) 

  Quantum Electrodynamics @ FAIR 
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Diving into the negative energy sea 



e+ 

dynamic 

e+ 

time 

Broadened 
Divers  

High precision measurements of continuum 
e+ shape distortions (vs Z1,Z2,b,…) 

needed to test detailed Zα >1 QED diving physics  



Boris’s famous and widely feared biweekly FAIR Management Meeting 



Strong fields, strong interactions:  drastic consequences ! 

(1-gluon exchange as important as 2-gluon exchange, …)  

               QED    α ~ 1/137  ,    αn  << α 
QCD      α  ~ 1       ,   αn  ~  α 

proton (uud), neutron (ddu) :  m ~ 20 MeV            

dynamical mass creation 

coupling strength: 

e- e- γ 
q q g g 

QCD: QED: 

but total mass Mp , Mn ~ 1 GeV  ! 



       Strong coupling @ strong interactions  

   QCD as theory of strong interactions well established 

radiative corrections generate running coupling constant α 
QCD 

Quarks?           (asymptotic freedom) 
Hadrons? 

Strong  
Coupling, 
Indeed ! 



Chiral Symmetry: left- and right-handed particles decouple 

true for all vector interactions                      L/R = ½ ( 1 - / + γ5)  ψ 

m ψ ψ = m (L+R)(L+R) = m (LR + R L) 
_  _ _ _ _ 

ψ γµAµψ = (L+R) γµAµ (L+R) = L γµAµ L + R γµAµ R 
 _  _ _  _  _ 

e-.q γ, g 

L/R 

mass terms violate symmetry 
e-.q 

L/R 

L/R 

R/L 

m 

m << Etypical  : chiral symmetry ok, mu,d  << Mp,    ms  <  Mp 



QCD vacuum has a complex structure! 

<0|q q|0>     ;       <0| Gµν Gµν
 |0>    =   0      

qL qR 
_ 

qR qL 
_ 

G  G 

qR qL 
_ 

qL qR  

_ 

Eqq   ~ Ekin +  Epot  <  0 !         Strong coupling: condensates form !                                 _ 

 mass generation!  

left-handed (k || s) right-handed (k || s) particles 
mass terms couple chirality 

G  G 

M ψ ψ = M (L+R)(L+R) = M (LR + R L) 
_ _ _ _ _ 

ψ γµAµψ = (L+R) γµAµ (L+R) = L γµAµ L + R γµAµ R 
 _  _ _  _  _ 



Degrees of Freedom: SU(3) - flavor- multiplets: 

                      n (ddu)             p  (uud) 
Baryons   Σ - (sdd)  Σ 0  Λ (sdu) Σ + (suu)  
                                 Ξ - (ssd)           Ξ 0 (ssu) 

                              κ 0  (sd)           κ + (su)  
Scalar Mesons    δ - (ud) δ 0  , σ, ζ   δ +(du)  

                                            κ - (us)             κ 0 (ds)   
_ 

_ 

plus  pseudoscalars, axial vectors  and  gluonic field  χ 

σ   ~ <u u + d d>   ζ ~ <s s>    δ0  ~ < u u - d d> 
_ _ _ _ _ 

_ _ 
_ _ 
_ _ 

                             K*0  (sd)           K*+ (su)  
Vector Mesons   ρ- (ud) ρ 0  , ω ,  φ   ρ +(du)  

                                           K*- (us)             K*0 (ds)   

_ _ 
_ _ 

_ _ 

hyperons 



Mean-Field Lagrangean of Chiral SU(3)xSU(3) Model




200

400

600

800

1000

1200

1400

1600

1800

Hadron Masses [MeV]

ps scalar

scalar vector

baryons

spin 3/2

exp.
model

f 93 MeV

fK 124 MeV , ’ = 16
o

fit parameters to hadron masses 

η’ 

η  

mesons 

Model can reproduce 
hadron spectra via 
dynamical mass 
generation! 

p,n 

Λ 
Σ 
Ξ 

π 

K  

ρ ω  

κ  
ζ δ  

σ  

φ  
K*  

Σ*  
Ξ*  

Ω  

Δ  



Interaction measure  e – 3p  

Temperature dependence 
of chiral condensate  and  
Polaykov loop at µ = 0 

lattice data taken from Bazavov et al. PRD 80, 014504 (2009) 

speed of sound shows a pronounced  
dip around Tc ! 



fields change in a dense and hot medium 

MN    ~    gσ σ0      (+  gζ ζ0 +  gδ δ0 )     e.o.m:  δσ  ~  - gσ /mσ
2 ρs      

~  - 300 MeV strong scalar attraction! 

             VV  ~  gω ω   ~ - gω /m ω 2 ρV ~ 240 MeV  

Vs  - VV  ~  - 540 MeV     VLS  ~ d/dR (VS - VV)     large LS splitting  

       In the medium  the vacuum condensate is reduced   (σ < σ0)      

       Inside of an atomic nucleus          MN*/MN ~ 0.6 

plus  vector repulsion 
from surrounding nucleons: 



Hadron Masses in Dense Matter




Particle Densities in Neutron Star I




Speculative Possibilities for the EOS




Nuclear Matter in the Chiral Model 








Compression of nuclear matter�
by shock-formation, ELab ~ 1-2 GeV/nucl




Searching for nuclear shocks 

1)  Shock waves and Mach cones in AA:  





Gutbrod‘s 
Plastic 
Ball 



1984: First Paper on Discovery of 
Collective Flow at the Bevalac: 

PRL 52, 1590 (84) 

Plastic Ball and Streamer Chamber 

   Ideal Hydro Flow Stöcker Maruhn Greiner PRL1980 725




Vlasov-Uehling-Uhlenbeck one-component  n.r.Transport Theory


Multi- 
Component,  
Relativistic TT: 
UrQMD 



Baryon RICH - Resonance matter at FAIR




Creation of dense nuclear matter:�
Excitation of resonance matter




Particle Densities in Neutron Star I




Equation of State of a microscopic 
model




Calculation of Particle Ratios




Ratios from Chiral Model for �
SPS Pb+Pb




Comparison of Ideal Gas Calculation with 
Chiral Model




CBM: Compressed Nuclear and Quark- Gluon Matter�
Quarkyonic Matter @ FAIR�

Goal: Create and investigate in the laboratory  extreme states of 
(strange?) strongly coupled  baryon matter ...


Joachim Stroth - Nuclear and Quark Matter 37 

Fundamental questions addressed: 

→ What are the properties of  
 dense deconfined matter? 

→ Where are the phase  
 boundaries located?  

→ Is there a critical point? 

→ Where are the limits of  
 hadronic existence? 



The CBM physics case:  
  The deconfinement phase transition, the QCD critical endpoint 
  The equation-of-state at neutron star densities 
  The in-medium properties of hadrons, hadron mass generation 

The phase diagram of strongly interacting matter  

Modules 0,1: 
SIS100 



" Au+Au collision at 10.7 A GeV in UrQMD

φ, Ξ, Ω


ρ → e+e-, µ+µ- 

p, Λ 
π, K, Λ, ... 

resonance decays 

The evolution of the fireball 


CBM/HADES : focus on rare probes with high luminosity and 
 next generation detectors 



Heavy-ion collisions in Transport Theory


UrQMD  (Frankfurt) HSD (Giessen)  

Au+Au collisions up to 11 A GeV (SIS100):  exploring  properties of dense 
hadronic (resonance) matter in the vicinity of the phase transition  



Isentropes, UrQMD and hydro evolution 

J. Steinheimer et al. PRC77, 034901 (2008) 

lines of constant entropy per baryon, i.e. perfect fluid expansion  
E/A = 5, 10, 40, 100, 160 GeV     E/A = 160 GeV goes through  endpoint 



16.02.201
1 

Horst Stöcker GSI+Institut für Theoretische Physik 
Goethe-Universität Frankfurt am Main 

SIS-300 
42 

 Happy FAIRy Island at FAIR SIS 100/300?


"  Many constituent 
Quarks       populate 


"  high rho/ low T 
regions!


"  How many arrive in 
detectors?


"  Which momenta, 
angles?


"  That‘s where to look 
for !
















Comparison of hydrodynamic modelsAu+Au, b=3fm




"  Au+Au, 8GeV, b=3fm




ISHIP 2006 

 (sSYM: Klebanov et al (98)) 

The Perfect Fluidity of QGP Core is the Signature of Deconfinement

T. Hirano and MG (05) 

! BUT ! 

(ηSYM: Son, et al (05)) 

Tc 

s/T3 Deconfinement 

Confinement 

Viscosity is monotonic 
Increasing with T 



ISHIP 2006 Gyulassy 52 

Iguassu Falls Analog of Ocean of Quarks  
Produced in Au+Au-> sQGP -> 104 hadrons 



The FAIR council meetings  

Hans 



   HADES 
    @FAIR 
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Extension to include Strangeness




Triple point? 

Strange Matter, MEMOs 



The Formation of Strange Matter and �
Strange Nuclei




The Hypernuclear landscape with HypHI at GSI and FAiR


Known hypernuclei 
104 /week 
103 /week 
With hypernuclear separator 
Magnetic moments 

Phase 3 (201X-) at FAIR:  
Hypernuclear separator 

Phase 1 (2009-2012)GSI: 
Proton rich hypernuclei 

Phase 2 (2012-) at R3B/FAIR: 
Neutron rich hypernuclei 

Phase 0 (2009) at GSI:  
Light hypernuclei 



Decay patterns of strange dibaryons




New dimension in the nuclear chart - Strangeness: Hyperon 
Clusters at FAiR




MEMO production at high baryon densities  
                           M.Bleicher ; Stefan Schramm & Jan Steinheimer   
                                             FIAS & Goethe University Frankfurt   

- Production of multi-strange metastable objects (MEMOs) explored in Pb+Pb  
  reactions at 30 AGeV within coupled transport-hydrodynamics model 
- Predictions for yields & particle-dependent rapidity and momentum distributions 
- Excitation functions show clear maximum in the energy range of NICA and FAIR 
  which are therefore the ideal place to study the production of these MEMOs  



Stability of Strange Clusters






•  Strategische Kooperationsverträge   
  with Univ.  :  DA, F, GI, HD, J, MZ, MR… 

GSI: 40 Years of Cooperation w. Internat. Partners                                                 
Started 1965 by Bock, Greiner 

•  LOEWE Exzellenz- Zentrum 
“Helmholtz Int. Center for FAIR” 
Univ. DA, F, GI, FIAS, GSI     
•  Helmholtz Allianz EMMI 
  (ExtreMe Matter Institute); 
  mit Univ. Da, F, HD, MS, GSI,    
  FZJ, MPI HD + int. Partnern   

•  Helmholtz Graduate School 
Hadron and Ion Research for FAIR 
“HIRe for FAIR” mit Univ. in DA, F,  
  GI, HD, MZ, J und FIAS 

•  Helmholtz-Hochschul Nachwuchs-   
    gruppen  & Virtuelle Institute 

•  Helmholtz Institute  HIMzHI Jena 

Fair Russia Research Center 



Non-relativistic charmonium wave 
functions




The contribution to the XN-cross 
section




Modelling charmonium interactions 
with comovers in AB collisions in 

the UrQMD-model




Absorption by secondaries




The ratio J/ψ over open charm vs. 
the number of nucleon participants 

at RHIC energies



