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The QCD Phase Diagram
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In heavy ion collisions heated and compressed nuclear
matter is produced under controlled conditions



Hybrid Approaches (history)

« Hadronic freezeout following a first order hadronization phase transition in
ultrarelativistic heavy ion collisions.
S.A. Bass, A. Dumitru, M. Bleicher, L. Bravina, E. Zabrodin, H. Stoecker, W.
Greiner, Phys.Rev.C60:021902,1999

e Dynamics of hot bulk QCD matter: From the quark gluon plasma to hadronic
freezeout.
S.A. Bass, A. Dumitru, Phys.Rev.C61:064909,2000

e Flow at the SPS and RHIC as a quark gluon plasma signature.
D. Teaney, J. Lauret, Edward V. Shuryak, Phys.Rev.Lett.86:4783-4786,2001

« A Hydrodynamic description of heavy ion collisions at the SPS and RHIC.
D. Teaney, J. Lauret, E.V. Shuryak, e-Print: nucl-th/0110037

e Hadronic dissipative effects on elliptic flow in ultrarelativistic heavy-ion collisions.
T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, Phys.Lett.B636:299-304,2006

e 3-D hydro + cascade model at RHIC.
C. Nonaka, S.A. Bass, Nucl.Phys.A774:873-876,2006

e Results On Transverse Mass Spectra Obtained With Nexspherio
F. Grassi, T. Kodama, Y. Hama, J.Phys.G31:51041-51044,2005
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Present Approaches

(3+1)dim. hydrodynamics
with nonequilibrium initial conditions (Nexus) and isothermal
freeze-out or continuous emission scenario:

« Results On Transverse Mass Spectra Obtained With Nexspherio
F. Grassi, T. Kodama, Y. Hama, J.Phys.G31:51041-51044,2005

with Glauber or CGC initial conditions and hadronic afterburner:

e Hadronic dissipative effects on elliptic flow in ultrarelativistic heavy-ion

collisions.
T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, Phys.Lett.B636:299-

304,2006

e 3-D hydro + cascade model at RHIC.
C. Nonaka, S.A. Bass, Nucl.Phys.A774:873-876,2006

e See also recent work of K. Werner
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Hyvbrid Approach

« Essential to draw conclusions from final state particle
distributions about initially created medium

e The idea here: Fix the initial state and freeze-out
- learn something about the EoS and the effect of
viscous dynamics

1) Non-equilibrium 2) Hydrodynamic 3) Freeze-out via
initial conditions evolution  or hadronic cascade
Transport
' UrQMD
via UrQMD calculation (UrQMD)

(Petersen et al., PRC 78:044901, 2008, arXiv: 0806.1695)
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The UrQMD transport approach

UrQMD = Ultra-relativistic Quantum Molecular Dynamics
e |nitialisation:

Nucleons are set according to a
Woods-Saxon distribution with
randomly chosen momenta p; < p¢

« Propagation and Interaction:
Rel. Boltzmann equation (pﬂaﬂ)f =1,

Collision criterium p
dmin < dO =

e Final state: g

tot

all particles with their final positions
and momenta

Very successful in describing different observables in a broad energy range
But: modeling of the phase transition and hadronization not yet possible
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Initial State

e Contracted nuclei have passed
through each other

2R
YU

£(GeV/fn?)

tstafrt —

— Energy is deposited

— Baryon currents have
separated

e Energy-, momentum- and baryon
number densities are mapped ——
onto the hydro grid

« Event-by-event fluctuations are
taken into account

 Spectators are propagated R i E, ;=40AGeV

separately in the cascade b=0 fm
(J.Steinheimer et al., PRC 77,034901,2008)
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Equations of State

Ideal relativistic one fluid dynamics:
0, T" =0 and 9 (nut) =0
— HG: Hadron gas including the same degrees of freedom as in UrQMD
(all hadrons with masses up to 2.2 GeV)

— CH: Chiral EoS from SU(3) hadronic Lagrangian with first order
transition and critical endpoint

— BM: Bag Model EoS with a strong first order phase transition
between QGP and hadronic phase

1000 4 Elab= 20A GeV I N Elab= 158A GeV D RiSChke et al.,
5 1 NPA 595, 346, 1995,
——HG-EoS |
N TIoMEes D. Zschiesche et al.,

PLB 547, 7, 2002

<P> (MeV/fm®)
3

_ Ta Papazoglou et al.,
el PRC 59, 411, 1999

O 2 4 6 8 10 12 14 16 180 2 4 6 8 10 12 14 16 18
t_ (fm/c)
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Freeze-out

1) Transition from hydro to 02 [~ Chemical FO by [~
transport when o16| | Cleymans etal Tiaey
e < 730 MeV/fm3 (=5 * gy) in all E’lé-_

cells of one transverse slice
(Gradual freeze-out, GF) 3 o
—> 1s0-eigentime criterion ~ oos |
2) Transition when g < 5* gginall ~ °™|
cells !

(Isochronuous freeze-out, IF)

e Particle distributions are generated according to the
Cooper-Frye formula dN
P y E% = /gf(il?,p)p'u’d(fp

with boosted Fermi or Bose distributions f(x,p) including p; and p.
e Rescatterings and final decays calculated via hadronic
cascade (UrQMD)
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Final State Interactions (after Hydro
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Baryon density distribution

Time evolution of the baryon density is smooth

0fm Net baryon number density distribution 0 I — T T
— UraMD
gl — UrQMD+Hydro(HG)
centre of the grid
7k x=y=z=0fm
12
10 6+ ) .
a single event
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2 ar
o 3l
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0 |
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1 (frn)
1) in the reaction plane 2) in a central cell
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- 1 Central Pb+Pb collisions at
= 500: symggﬁs':LlJJrCWD+Hydro(HG} : 4OA Gev:

Qoo-jl/ i Number of particles

wfe Zpo | decreases in the beginning
| - i due to resonance creation

eQualitative behaviour
very similar in both

Q = energy/10

&=l calculations
c soo b { = netsironge

o e ® — fotal strangeness

o A00 | e

s | = UrQMD equilibrates to a
rather large degree

1 1 1 1 1 1 L 1
o 2 4 & 8 10 12 14 15 18
T {fm
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Dependence on t... .
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Degendence on Freeze-out
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Time scales
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MUlt]El]C]t]eS VS. Energx full lines: hybrid model (IF)
squares: hybrid model (GF) '

dotted lines: UrQMD-2.3

symbols: experimental data
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e Both models are purely
hadronic without phase
transition, but
different underlying
dynamics

- Results for particle
multiplicities from AGS to
SPS are surprisingly similar

—> Strangeness is enhanced in N f
the hybrid approach due to

local equilibration

(Petersen et al., PRC 78:044901, 2008)

I".Em[:‘}n‘if"'_, v Wz 1 ' I".Eul:::ﬂ".j 1
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Central (b<3.4 fm) Pb+Pb/Au+Au collisions Data from E895, NA49
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RaE]d]tM SEeCtl‘a full lines: hybrid model
dotted lines: UrQMD-2.3
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symbols: experimental data

---------------
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— Rapidity spectra for pions and kaons have a very similar

shape in both calculations
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Strangeness Centrality Dependence
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Limitations in small systems

e Small systems lack
sufficient
thermalisation

e Lambda’s etc are
still driven by
initial state

(Petersen et al., arXiv: 0903.0396)
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<m.> Excitation Function
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HBT radii (freeze-out effects)
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Freeze-out effects are small, if hadronic rescattering is included
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HBT radii (EoS effects)
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Ry/Rc Ratio
e Hydro phase leads to

**T k=250 Mevic smaller ratios
_ e Hydro to transport
. transition does not
> matter, if final
1.0- s rescattering is taken
| Temems Towhrecs) | into account
05| O TATCHES | -o-wePSIGRS) | o EQS dependence is

0 20 40 60 80 100 120 140 160

E_ (AGeV) visible, but not as
strong as previuosly
predicted (factor of 5)

Data from NA49

(Q. Li et al., PLB 674, 111, 2009)
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Initial State for Non-Central Collisions
Pb+Pb at E,,=40 AGeV with b= 7fm at t,,=2.83 fm
GeV/fm3
Energy density profile ceviim:  Weighted velocity profile
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—~Event-by-event fluctuations are taken into account
(H.P. et.al., arXiv:0901.3821, PRC in print)




vZ2 -Transverse Momentum Degendence
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Hydro phase leads to higher flow values, but weak EoS dependence
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Elliptic Flow

0.07 ———

« Smaller mean free
path in the hot and  00¢;
dense phase leads to oos}
higher elliptic flow |

o At lower energies: -~
hybrid approach

reproduces the pure ey iy gt
UrQMD result T ==

« Gradual freeze-out %95, 270; SiF, s10°. s10s
leads to a better Eip (AGEV)

deSCriptiOI’l Of the data (Petersen et.al., arXiv:0901.3821, PRC in print)

Data from E895, E877, NA49, Ceres, Phenix, Phobos, Star
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v,/ Scaling

025 ———————————~—— o More realistic initial
conditions and freeze-
20 III‘ ~1 out
o5t 11 - Qualitative behaviour
K N It nicely reproduced
 Uncertainty due to
0.05 | I eccentricity calculation
- cThEREE] Uniqueness of the hydro

OIéI1I0I1I5 20 25 30 o o4 o .
(1/9) dNen/dly limit is questioned

(Petersen et.al., arXiv:0901.3821, PRC in print)
Data and hydro limits from NA49 compilation, PRC 68, 034903, 2003
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Conclusions

e Hybrid approach combines the advantages of a transport
and a hydrodynamic prescription

« Integrated approach with the same initial conditions and
freeze-out for different EoS

o Well suited for the FAIR-HADES, FAIR-CBM energy range

e Particle multiplicities and spectra are reasonably
reproduced, strangeness enhanced

e Transverse momentum spectra indicate importance of
non-equilibrium effects

e Phase transition is visible in HBT radii, but long fireball
lifetime so far not supported by the existing data

e Flow results depend crucially on initial conditions and
freeze-out



	An Integrated Hydro+Boltzmann Approach to Heavy Ion Reactions at FAIR
	Thanks to
	Outline
	The QCD Phase Diagram
	Hybrid Approaches (history)
	Present Approaches
	Hybrid Approach
	The UrQMD transport approach
	Initial State
	Equations of State
	Freeze-out
	Final State Interactions (after Hydro)
	Baryon density distribution
	Time Evolution
	Dependence on tstart
	Dependence on Freeze-out
	Time scales
	Multiplicities vs. Energy
	Rapidity Spectra
	Strangeness Centrality Dependence
	Limitations in small systems
	mT Spectra
	<mT> Excitation Function
	HBT radii (freeze-out effects)
	HBT radii (EoS effects)
	RO/RS Ratio
	Initial State for Non-Central Collisions
	v2 -Transverse Momentum Dependence
	Elliptic Flow
	v2/e Scaling
	Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


