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MilestonesMilestones of RHIC of RHIC resultsresults
•• Jet suppression in A+A: Jet suppression in A+A: new phenomenonnew phenomenon

–– Phys.Phys. Rev.Rev. LettLett.. 88, 022301 (2002)88, 022301 (2002)
•• No jet suppression in No jet suppression in d+Ad+A: : new form of matternew form of matter

–– Phys. Rev. Phys. Rev. LettLett. 91, 072303 (2003). 91, 072303 (2003)
•• Summary of the results: Summary of the results: matter is a liquidmatter is a liquid

–– NuclNucl.. Phys.Phys. AA 757, 184757, 184--283 (2005)283 (2005)
•• Elliptic flow scaling: Elliptic flow scaling: quark degrees of freedomquark degrees of freedom

–– Phys. Rev. Phys. Rev. LettLett. 98, 162301 (2007). 98, 162301 (2007)
•• Heavy quark flow: Heavy quark flow: viscosity near lower limitviscosity near lower limit

–– Phys. Rev. Phys. Rev. LettLett. 98, 172301 (2007). 98, 172301 (2007)
•• Initial temperature, state of matter: no final answerInitial temperature, state of matter: no final answer yetyet
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Hydrodynamic Hydrodynamic scalingscaling predictionspredictions
•• Hydro predicts scaling (also viscous) Hydro predicts scaling (also viscous) 
•• What does a scaling mean? What does a scaling mean? 

–– For example Reynolds number For example Reynolds number ��vr/vr/��
–– Only a combination of parameters Only a combination of parameters mattersmatters

•• Collective, thermal behavior Collective, thermal behavior ��
Loss of informationLoss of information

•• Spectra slopes:Spectra slopes:

•• Elliptic flow:Elliptic flow:

•• HBT radii:HBT radii:
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QuarkQuark degreesdegrees of of freedomfreedom
•• EllipticElliptic flow (vflow (v22) is a ) is a centralcentral observableobservable

–– measuremeasure of momentum of momentum spacespace asymmetryasymmetry
–– signsign of of collectivecollective behaviorbehavior

•• MeasuredMeasured forfor severalseveral typestypes of of particlesparticles
•• ScalingScaling variablevariable suggestedsuggested byby hydrohydro: : KEKEtt
•• Both vBoth v22 and and KEKEtt scalescale byby thethe numbernumber of of quarksquarks

•• ExplanationExplanation byby quarkquark flowflow
•• IndirectIndirect signsign of of quarkquark degreesdegrees ofof freedomfreedom
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SuperfluiditySuperfluidity

•• KinematicKinematic viscosityviscosity ��/s /s lowerlower thanthan thatthat of of 
superfluidsuperfluid heliumhelium

•• ConjecturedConjectured limit: 1/4limit: 1/4�� ((viavia AdSAdS/CFT)/CFT)



May 27, 2010May 27, 2010 M. CsanM. Csanáád, Gribov 80d, Gribov 80 66

PerfectPerfect hydrohydro solutionssolutions
SolutionSolution Basic Basic propprop’’ss EoSEoS ObservablesObservables

HwaHwa--BjBjöörkenrken
R.C. R.C. HwaHwa, P, PRRDD10, 2260,197410, 2260,1974
J.D. J.D. BjorkenBjorken, , PRPRD27, 40(1983D27, 40(1983))

CylindrCylindr., 1D,., 1D,
nonnon--acceleratingaccelerating 		 = = 

nTnT dndn//dydy, , 		

BialasBialas et et alal..
A. A. BialasBialas, R. A. Janik, and R. B. , R. A. Janik, and R. B. 

PeschanskiPeschanski, , PhysPhys. . RevRev. C76, . C76, 
054901 (2007).054901 (2007).

1D, 1D, betweendbetweend
LandauLandau and and 

HwaHwa--BjBjöörkenrken
		 = = 

nTnT dndn//dydy

?????? EllEll, 3D, , 3D, accelaccel.. realisticrealistic ??????

CsCsöörgrg��, Nagy, Csan, Nagy, Csanáádd
Phys.Lett.BPhys.Lett.B 663:306663:306--311, 2008 311, 2008 
Phys.Rev.C77:024908,2008 Phys.Rev.C77:024908,2008 

EllipsoidalEllipsoidal, 1D , 1D 
acceleratingaccelerating

	��	���� BB = = 

�
�((p + Bp + B)) dndn//dydy, , 		

LandauLandau
IzvIzv. Acad. . Acad. NaukNauk SSSR 81 (1953) 51SSSR 81 (1953) 51

CylindrCylindr., 1D, ., 1D, 
acceleratingaccelerating 		 = = 

nTnT NoneNone

CsCsöörgrg��, Csernai, , Csernai, HamaHama, , 
KodamaKodama

HeavyHeavy Ion Ion PhysPhys. A 21, 73 (2004)). A 21, 73 (2004))

EllipsoidalEllipsoidal, 3D, , 3D, 
nonnon--acceleratingaccelerating 		 = = 

nTnT ThisThis workwork doesdoes

thethe calculationcalculation
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Where we areWhere we are
•• Revival of interest, new solutionsRevival of interest, new solutions

–– SinyukovSinyukov, , KarpenkoKarpenko, nucl, nucl--th/0505041th/0505041
–– Pratt, nuclPratt, nucl--th/0612010th/0612010
–– BialasBialas et al.: Phys.Rev.C76:054901,2007et al.: Phys.Rev.C76:054901,2007
–– Borsch, Zhdanov: SIGMA 3:116,2007Borsch, Zhdanov: SIGMA 3:116,2007
–– Nagy et al.: J.Phys.G35:104128,2008 and  Nagy et al.: J.Phys.G35:104128,2008 and  

arXiv/0909.4285arXiv/0909.4285
–– Liao et al.: arXiv/09092284 and Liao et al.: arXiv/09092284 and 

Phys.Rev.C80:034904,2009Phys.Rev.C80:034904,2009
–– MizoguchiMizoguchi et al.: Eur.Phys.J.A40:99et al.: Eur.Phys.J.A40:99--108,2009108,2009
–– BeufBeuf et al.:Phys.Rev.C78:064909,2008 (et al.:Phys.Rev.C78:064909,2008 (dS/dydS/dy as well!)as well!)

•• Need for solutions that are:Need for solutions that are:
–– accelerating + relativistic+ 3 dimensionalaccelerating + relativistic+ 3 dimensional
–– explicit + simple + compatible with the dataexplicit + simple + compatible with the data
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A 3D A 3D relativisticrelativistic solutionsolution
•• The The hydrohydro fieldsfields areare thesethese::

–– ��(s) (s) arbitraryarbitrary, , butbut realisticrealistic toto
choosechoose GaussianGaussian
b<0 is b<0 is realisticrealistic

•• EllipsoidalEllipsoidal symmetrysymmetry

–– ((thermodynamicthermodynamic quantitiesquantities constconst. . onon thethe s=s=constconst. . ellipsoidellipsoid))

•• DirectionalDirectional HubbleHubble--flow (no flow (no accelerationacceleration))
–– v=v=HrHr oror H=v/r, H=v/r, thethe HubbleHubble--constantsconstants::
––

(T. Cs(T. Csöörgrg��, L. P. Csernai, Y. , L. P. Csernai, Y. HamaHama éés T. s T. KodamaKodama,  ,  HeavyHeavy Ion Ion PhysPhys. A 21, 73 (2004)). A 21, 73 (2004))
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TemperatureTemperature profileprofile
TransverseTransverse temperaturetemperature profileprofile asas a a functionfunction of of timetime

withwith an an exampleexample parameterparameter setset::
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SingleSingle pionpion spectumspectum withwith HBT HBT radiiradii
•• 00--30% 30% centralitycentrality, Au+, Au+AuAu, PHENIX, PHENIX

•• TT00 199 199 ±± 3 3 MeVMeV centralcentral freezefreeze--outout temptemp..
•• 		 0.80 0.80 ±± 0.020.02 momentum momentum spacespace eccecc..
•• uutt

22/b/b --0.840.84±± 0.1 (b<0)0.1 (b<0) transvtransv. flow/. flow/temptemp. . gradgrad
•• ��00 7.7 7.7 ±± 0.10.1 freezefreeze--outout properproper timetime
•• ��22 171 (24 171 (24 withwith theorytheory errorerror))

EurEur. . PhysPhys. J. A 44,. J. A 44,
473473––478 (2010)478 (2010)

EurEur. . PhysPhys. J. A 44,. J. A 44,
473473––478 (2010)478 (2010)
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EllipticElliptic flowflow
•• 00--92% 92% centralitycentrality, Au+, Au+AuAu, PHENIX (R.P. , PHENIX (R.P. methodmethod techniquetechnique))

•• TT00 204 204 ±± 7 7 MeVMeV f.of.o. . temperaturetemperature
•• 		 0.34 0.34 ±± 0.010.01 eccentricityeccentricity
•• uutt

22/b/b --0.34 0.34 ±± 0.07 (b<0)0.07 (b<0) transvtransv. flow/. flow/temptemp. . gradgrad
•• ��22 256 (66 256 (66 withwith theorytheory errorerror))

EurEur. . PhysPhys. J. A 44, . J. A 44, 
473473––478 (2010)478 (2010)



May 27, 2010May 27, 2010 M. CsanM. Csanáád, Gribov 80d, Gribov 80 1212

InsensitivityInsensitivity onon thethe EoSEoS
•• HadronicHadronic data data correspondscorresponds toto thethe initialinitial statestate
•• NNotot directly sensitive todirectly sensitive to

–– Equation of stateEquation of state
–– Initial conditionInitial condition

•• Look for other dataLook for other data……
•• PhotonPhoton--emission emission ratherrather continuouscontinuous
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SummarySummary of of thethe fit fit resultsresults
•• FreezeFreeze--outout centralcentral temperaturetemperature ~ 200 ~ 200 MeVMeV
•• HadronicHadronic fitsfits dondon’’tt dependdepend onon::

–– EoSEoS ((

 oror soundsound velocityvelocity))
–– initialinitial temperaturetemperature

•• OtherOther datadata neededneeded toto determinedetermine IC and IC and EoSEoS
•• AfterAfter thermalizationthermalization::

–– thermalthermal//directdirect emissionemission willwill play a play a significantsignificant rolerole
–– directdirect photonsphotons ‘‘feelfeel’’ thethe evolutionevolution of of thethe fireballfireball

•• CanCan wewe measuremeasure directdirect photonsphotons??
•• YesYes wewe cancan!!
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How to measure direct photons?How to measure direct photons?
•• PHENIX measurement done: PRL 104, 132301 (2010)PHENIX measurement done: PRL 104, 132301 (2010)
•• Problem: huge background from h Problem: huge background from h �� ����
•• Idea: thermal + virtual photon production Idea: thermal + virtual photon production parralelparralel

–– XX �� ee++ee��, , X X �� �� and X and X �� �������� ee++ee��

fromfrom thethe samesame processprocess

•• DielectronDielectron and and realreal photon production related as:photon production related as:

•• SS process dependent, process dependent, dndn����//dndn�� , for , for ��00 and and �� e.ge.g..::

•• ForFor pptt »» mmeeee »» mmee: L, S : L, S �� 11
� �322 2 2( ) ( ) 1 , ( ) 0 for ee ee ee h ee ee hS m F m m M S m m M� � � �� �322 2 2( ) ( ) 1 , ( ) 0 for ee ee ee h ee ee hS m F m m M S m m M� � � �
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Phys. Rev. Lett. 104, 132301 (2010)

DielectronDielectron spectrumspectrum measurementmeasurement
•• MeasuredMeasured electronelectron pairspairs withwith pptt of 1of 1--5 5 GeVGeV
•• EasyEasy viavia electronelectron ID ID capabilitiescapabilities
•• CompareCompare toto dielectronsdielectrons fromfrom hadronichadronic cocktailcocktail

•• ExcessExcess seenseen aboveabove pionpion massmass duedue toto virtualvirtual ��
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Direct photons versus decay photonsDirect photons versus decay photons
•• ExcessExcess:: virtualvirtual direct photonsdirect photons ((decayingdecaying intointo ee++ee�� pairspairs))
•• InclusiveInclusive ee++ee��: : hadronichadronic + + dirdir. . virtualvirtual photonphoton componentscomponents

–– HadronicHadronic electronelectron pairspairs ((ffcc)), , calculatedcalculated fromfrom cocktailcocktail: : ��, , ��, , ��, , ��’’, , ��
–– ElectronElectron pairspairs fromfrom directdirect virtualvirtual photonsphotons ((ffdirdir)) calculatedcalculated fromfrom ffcc

viavia previousprevious formulaformula
•• Determine ratio Determine ratio rr by fit for separate pby fit for separate ptt binsbins
•• Use Use rr to scale inclusive photon spectra to scale inclusive photon spectra 
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Direct photon spectra measuredDirect photon spectra measured

•• InclusiveInclusive photonsphotons: : 
fromfrom thethe mmeeee<0.03 <0.03 
GeVGeV//cc22 inclusiveinclusive ee++ee��

yieldyield ((SS=1 here)=1 here)
•• DirectDirect photonphoton spectspect.: .: 

NNdirdir((pptt) ) = = rr××NNinclincl((pptt) ) 
•• ThermalThermal belowbelow roughlyroughly

3 3 GeVGeV
•• WhatWhat temperaturetemperature doesdoes

thisthis correspondcorrespond toto??
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Initial temperatureInitial temperature
•• Direct photon spectra can be fitted with a Direct photon spectra can be fitted with a 

single average temperaturesingle average temperature
•• 233 233 ±± 14 14 ±± 19 19 MeVMeV for minimum biasfor minimum bias
•• Initial Initial temperaturtemperature e definitelydefinitely higherhigher
•• More sophisticated methodMore sophisticated method: : usingusing hydrohydro
•• PhotonPhoton yieldyield wouldwould thenthen be:be:

•• IntegrationIntegration over over thethe wholewhole timetime evolutionevolution
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TransitionTransition temperaturetemperature
•• BudapestBudapest--WuppertalWuppertal groupgroup ((arXivarXiv:0908.3341) ::0908.3341) :

–– ChiralChiral susceptibilitysusceptibility: 151(3)(3) : 151(3)(3) MeVMeV
–– StrangeStrange quarkquark numbernumber susceptibilitysusceptibility: 175(2)(4) : 175(2)(4) MeVMeV
–– PolyakovPolyakov loopsloops: : 176(3)(4)176(3)(4) MeVMeV

•• MILC MILC groupgroup, PRD71, 034504 (2005):, PRD71, 034504 (2005):
–– chiralchiral susceptibilitysusceptibility: : 169(12)(4)169(12)(4) MeVMeV

•• RBCRBC--BielefeldBielefeld, PRD74 , 054507 (2006):, PRD74 , 054507 (2006):
–– chiralchiral susceptibilitysusceptibility and and PolyakovPolyakov loopsloops: 192(7)(4) : 192(7)(4) MeVMeV

•• SomeSome disagreementdisagreement, , butbut wellwell belowbelow 200 200 MeVMeV
•• ExperimentalExperimental datadata: T: Tii atat leastleast 22--33!! aboveabove TTcc
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SummarySummary

•• HydroHydro workingworking atat RHICRHIC

•• IndirectIndirect signssigns of of quarkquark DoFDoF seenseen

•• TTcc calculatedcalculated viavia latticelattice QCDQCD

•• HadronicHadronic datadata atat RHIC + RHIC + hydrohydro: : TTfinalfinal "" TTcc

•• PhotonPhoton datadata atat RHIC + RHIC + hydrohydro: : TTinitialinitial »» TTcc



ThankThank youyou forfor youryour
attentionattention
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WhyWhy wewe useuse hydrodynamicshydrodynamics??
•• HadronHadron & parton & parton cascadecascade modelsmodels

–– NoneqilibriumNoneqilibrium modelsmodels

–– DonDon’’tt describedescribe most of most of particleparticle creationcreation atat lowlow pptt

•• Flow + Flow + hadronichadronic cascadecascade and and resonanceresonance correctionscorrections
–– SmallSmall correctioncorrection atat RHIC RHIC energiesenergies ((arXivarXiv:0903.1863):0903.1863)

•• Most of Most of particleparticle creationcreation accordingaccording toto hydrohydro
–– PionPion and and kaonkaon HBT HBT radiiradii mmtt scalingscaling ((ActaActa Phys.Polon.Supp.1:521Phys.Polon.Supp.1:521--524,2008) 524,2008) 

•• AfterAfter ~10 ~10 fmfm/c /c noneqilibriumnoneqilibrium expandingexpanding hadronhadron gasgas
–– AnomalAnomal diffusiondiffusion, no , no correctioncorrection forfor spectraspectra oror flow flow (Braz.J.Phys.37:1002(Braz.J.Phys.37:1002--1013,2007 )1013,2007 )

•• American Institute of American Institute of PhysicsPhysics: : successsuccess ofof hydrohydro is is thethe physicsphysics
story 2005story 2005
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Little Little vocabularyvocabulary of of hydrodynamicshydrodynamics

•• ExactExact//parametricparametric solutionsolution
–– Solution of hydro equations Solution of hydro equations analyticallyanalytically, , 

withoutwithout approximationapproximation
–– UsuallyUsually has free has free parametersparameters

•• Hydro inspired parameterizationHydro inspired parameterization
–– Distribution determined at freezeDistribution determined at freeze--out only, their out only, their 

time dependence is not consideredtime dependence is not considered
•• Numerical solutionNumerical solution

–– SolutionSolution of of hydrohydro equationsequations numericallynumerically
–– Start Start fromfrom arbitraryarbitrary initialinitial statestate
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NonrelativisticNonrelativistic solutionssolutions
SolutionSolution SymmetrySymmetry DensityDensity prof.prof. EoSEoS ObservablesObservables

Csizmadia et Csizmadia et alal..
PhysPhys. Lett. B443:21. Lett. B443:21--
25, 199825, 1998

SphereSphere GaussianGaussian CalculatedCalculated

CsCsöörgrg��
CentralCentral
Eur.J.Phys.2: 556Eur.J.Phys.2: 556--
565,2004565,2004

SphereSphere ArbitraryArbitrary NotNot
calculatedcalculated

AkkelinAkkelin et et alal..
Phys.RevPhys.Rev. C67,2003. C67,2003

EllipsoidEllipsoid Gaussian Gaussian 
(T=T(t))(T=T(t))

CalculatedCalculated

CsCsöörgrg��
ActaActa Phys.PolonPhys.Polon. . 
B37:483B37:483--494,2006494,2006

EllipsoidEllipsoid ArbitraryArbitrary
(T=T(r,t))(T=T(r,t))

NotNot
calculatedcalculated

CsCsöörgrg��, Zim, Zimáányinyi
HeavyHeavy Ion Ion 
Phys.17:281Phys.17:281--
293,2003 293,2003 

EllipsoidEllipsoid GaussianGaussian CalculatedCalculated

3
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EquationsEquations of of relativisticrelativistic hydrohydro
•• AssumingAssuming local local thermalthermal equilibriumequilibrium

•• ForFor a a perfectperfect fluid:fluid:

•• EquationsEquations inin fourfour--vectorvector formform and and nonrelativisticnonrelativistic notationnotation
–– Euler Euler equationequation::

–– EnergyEnergy conservationconservation::

–– ChargeCharge conservationconservation::

( ) 0nu


# �( ) 0nu


# �

0w u u� �
� �	# � # �0w u u� �
� �	# � # �

comovingcomoving properproper--
timetime derivativederivative

2
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1 1
1 2

d d v
w dt v dt

	
� �$ �

�
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w dt v dt
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�
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2
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 � 
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HowHow analyticanalytic hydrohydro worksworks
•• TakeTake hydrohydro equationsequations and and EoSEoS
•• FindFind a a solutionsolution

–– WillWill containcontain parametersparameters ((likelike Friedmann, Friedmann, 
SchwarzschildSchwarzschild etc.)etc.)

–– WillWill useuse a a possiblepossible setset of of initialinitial conditionsconditions
•• UseUse a a freezefreeze--outout conditioncondition

–– EgEg fixed fixed properproper timetime oror fixedfixed temperaturetemperature
–– GenerallyGenerally a a hyperhyper--surfacesurface

•• CalculateCalculate thethe hadronhadron sourcesource functionfunction
•• CalculateCalculate observablesobservables

–– E.gE.g. . spectraspectra, flow, , flow, correlationscorrelations
–– StraightforwardStraightforward calculationcalculation

•• HydrodynamicsHydrodynamics:: Initial conditions Initial conditions &&
dynamical equations dynamical equations && freezefreeze--out conditionsout conditions

1N ( , , )
HBT( , , )

t

t

p
p

' �
' �

1N ( , , )
HBT( , , )

t

t

p
p
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HowHow analyticanalytic hydrohydro worksworks

Scheme works also backwordsSchemeScheme worksworks alsoalso backwordsbackwords
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Hydro equations + EoSHydroHydro equationsequations + + EoSEoS

Phase-space distribution
Boltzmann-equation
PhasePhase--spacespace distributiondistribution
BoltzmannBoltzmann--equationequation
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The The sourcesource functionfunction
•• SourceSource functionfunction: : probabilityprobability of a of a particleparticle createdcreated

atat xx withwith pp
•• MaxwellMaxwell--Boltzmann Boltzmann distributiondistribution + extra + extra termsterms

–– NN normalizationnormalization
–– H(H(��))dd�� freezefreeze--outout distributiondistribution

ifif suddensudden:   :   
–– CooperCooper--FryFry prefactorprefactor ((fluxflux termterm))

–– ValidityValidity: : ��00>R>RHBTHBT, , mmtt>T>T00
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SingleSingle particleparticle spectrumspectrum
•• SourceSource functionfunction: : spatialspatial originorigin and momentumand momentum
•• Momentum Momentum distributiondistribution

integrateintegrate onon spatialspatial
coordinatescoordinates::

•• SecondSecond orderorder Gaussian Gaussian approximationapproximation aroundaround
emissionemission maximummaximum

•• AfterAfter integrationintegration::

•• DirectionalDirectional slopeslope parameterparameter::
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TransverseTransverse momentum momentum spectrumspectrum

•• Go Go toto midmid--rapidityrapidity (y=0)(y=0)
•• IntegrateIntegrate onon transversetransverse angleangle ��

–– The The effectiveeffective temperaturetemperature is is fromfrom thethe slopesslopes::
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The The ellipticelliptic flowflow
•• The The ellipticelliptic flow flow cancan be be calculatedcalculated asas::

•• ResultResult ((similarsimilar toto otherother modelsmodels):):

•• IInn(w):(w): modifiedmodified BesselBessel functionsfunctions

•• WhereWhere ww is: is: 
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TwoTwo--particleparticle correlationcorrelation radiiradii
•• DefinitionDefinition::

•• FromFrom thethe sourcesource functionfunction::
•• ChangingChanging coordinatescoordinates

•• ResultResult::
•• The The usualusual scalingscaling ((samesame forfor kaonskaons!):!):

•• BertschBertsch--PrattPratt coordinatescoordinates::

•• FreezeFreeze--outout: : ����= = constconst. . �� ������= 0 = 0 �� RRoutout = = RRsideside
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FamousFamous solutionssolutions
•• LandauLandau’’ss solutionsolution (1D, (1D, developeddeveloped forfor p+p):p+p):

–– AcceleratingAccelerating, implicit, , implicit, complicatedcomplicated, 1D, 1D
–– L.D. Landau, L.D. Landau, IzvIzv. Acad. . Acad. NaukNauk SSSR 81 (1953) 51SSSR 81 (1953) 51
–– I.M. I.M. KhalatnikovKhalatnikov, , ZhurZhur. . Eksp.Teor.FizEksp.Teor.Fiz. 27 (1954) 529. 27 (1954) 529
–– L.D.LandauL.D.Landau andand S.Z.BelenkijS.Z.Belenkij, , UspUsp. . FizFiz. . NaukNauk 56 (1955) 30956 (1955) 309

•• HwaHwa--BjorkenBjorken solutionsolution::
–– NonNon--acceleratingaccelerating, explicit, , explicit, simplesimple, 1D, , 1D, boostboost--invariantinvariant
–– R.C. R.C. HwaHwa, Phys. Rev. D, Phys. Rev. D10, 2260 (1974)10, 2260 (1974)
–– J.D. J.D. BjorkenBjorken, Phys. Rev. D27, 40(1983), Phys. Rev. D27, 40(1983)

•• OthersOthers
–– ChiuChiu, , SudarshanSudarshan and and WangWang
–– BaymBaym, , FrimanFriman, , BlaizotBlaizot, , SoyeurSoyeur and and CzyzCzyz
–– SrivastavaSrivastava, , AlamAlam, , ChakrabartyChakrabarty, , RahaRaha and and SinhaSinha
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VirtualVirtual toto realreal photonphoton ratioratio


