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How everything began?How everything began?



How everything will end?How everything will end?



The Big BangThe Big Bang TheoryTheory

19271927: Georges : Georges LemaLemaîîtretre (observation)(observation)
FriedmannFriedmann--RobertsonRobertson--Walker formulaWalker formula

19291929: Edwin Hubble (observation): Edwin Hubble (observation)
Light from other galaxies are redLight from other galaxies are red--shifted in shifted in 
direct proportion to their distance from the direct proportion to their distance from the 
EarthEarth

Consequence:Consequence: Expanding UniverseExpanding Universe



The Big Bang TheoryThe Big Bang Theory

To explain HubbleTo explain Hubble’’s observations observation

Big Bang Theory:Big Bang Theory:
Georges Georges LemaLemaîîtretre and George and George GamowGamow

Steady State Model:Steady State Model:
Fred HoyleFred Hoyle

The Universe is the same at any timeThe Universe is the same at any time



The Big Bang TheoryThe Big Bang Theory

Other alternatives:Other alternatives:
Richard Richard TolmanTolman’’ss oscillatory Universeoscillatory Universe

Fritz Fritz ZwickyZwicky tired light hypothesistired light hypothesis



The Big Bang TheoryThe Big Bang Theory

1964: the discovery of 1964: the discovery of cosmic microwave cosmic microwave 
background radiationbackground radiation

19641964--present: The present: The Big BangBig Bang Theory is the Theory is the 
best theory describing the best theory describing the originorigin and and 
evolutionevolution of the cosmosof the cosmos



The Big Bang TheoryThe Big Bang Theory

The Universe evolved fromThe Universe evolved from
a hot dense state a hot dense state 

about 13.7 billion years agoabout 13.7 billion years ago
In the late 1990In the late 1990’’s and early 21s and early 21stst centurycentury

–– COBECOBE
–– Hubble Space TelescopeHubble Space Telescope
–– WMAPWMAP



Time Line of CosmologyTime Line of Cosmology

http://en.wikipedia.org/wiki/Image:Universe_expansion.png


Time Line of CosmologyTime Line of Cosmology
The Very Early UniverseThe Very Early Universe

The Planck EpochThe Planck Epoch

The The SupersymmetrySupersymmetry is correct and is correct and 
The four fundamental forcesThe four fundamental forces

–– GravityGravity
–– ElectromagnetismElectromagnetism
–– Weak nuclear forceWeak nuclear force
–– Strong nuclear forceStrong nuclear force
have the same strengthhave the same strength

4310 −4310 −4310 −4310 −4310 −



Time Line of CosmologyTime Line of Cosmology

The Grand Unification EpochThe Grand Unification Epoch
The Universe expands and cools from the The Universe expands and cools from the 
Planck EpochPlanck Epoch
Gravity begins to separate from the Gravity begins to separate from the 
fundamental fundamental gauge interactionsgauge interactions
Strong nuclear and Electroweak forcesStrong nuclear and Electroweak forces

At the end of this epoch the At the end of this epoch the strong nuclear strong nuclear 
forceforce separates from the separates from the Electroweak Electroweak 
forceforce



Time Line of CosmologyTime Line of Cosmology

Cosmic Inflationary EpochCosmic Inflationary Epoch
The universe is flattened and enters a The universe is flattened and enters a 
homogeneous and isotropic rapidly homogeneous and isotropic rapidly 
expanding phaseexpanding phase

At the end of Inflation is the At the end of Inflation is the ReheatingReheating
The The inflatoninflaton particles decay into a particles decay into a hot, hot, 
thermal and relativistic plasma of particlesthermal and relativistic plasma of particles
The energy content of the universe is The energy content of the universe is 
entirely entirely radiationradiation



Time Line of CosmologyTime Line of Cosmology

Early UniverseEarly Universe

The electroweak EpochThe electroweak Epoch
–– SupersymmetrySupersymmetry Breaking (1TeV)Breaking (1TeV)
–– Electroweak SymmetryElectroweak Symmetry BreakingBreaking
–– All the fundamental particles acquire a All the fundamental particles acquire a 

mass via mass via Higgs MechanismHiggs Mechanism
–– Neutrinos decouple (Neutrinos decouple (cosmic neutrino cosmic neutrino 

backgroundbackground))



Time Line of CosmologyTime Line of Cosmology

The The HadronHadron and Lepton Epochand Lepton Epoch
One One picosecondpicosecond to one second after the Big Bangto one second after the Big Bang

PrePre--matter Soup (matter Soup (QuarkQuark--Gluon PlasmaGluon Plasma) ) 
Electrons and positrons annihilate each Electrons and positrons annihilate each 
otherother
Q/antiQ/anti--Q pairs combine into HadronsQ pairs combine into Hadrons
Hadrons are mesons and baryonsHadrons are mesons and baryons
Lepton/antiLepton/anti--leptons pairs are annihilated leptons pairs are annihilated 
by photonsby photons
Formation of atomic nuclei (HFormation of atomic nuclei (H--ions)ions)



Time Line of CosmologyTime Line of Cosmology

NucleosynthesisNucleosynthesis
1 sec 1 sec –– 3 min3 min

Protons and neutrons combine into atomic Protons and neutrons combine into atomic 
nucleinuclei
Nuclear fusion occurs as HNuclear fusion occurs as H--ions collide to ions collide to 
form heavier elementsform heavier elements



Time Line of CosmologyTime Line of Cosmology

Decoupling and Matter Domination Decoupling and Matter Domination 
3 min to One million years after the Big Bang3 min to One million years after the Big Bang

Stable atoms form (HStable atoms form (H--atoms)atoms)
Photons are no longer able to interact Photons are no longer able to interact 
strongly with atom (T~1eV)strongly with atom (T~1eV)
–– Cosmic Microwave BackgroundCosmic Microwave Background

The Primordial Dark AgeThe Primordial Dark Age
The only radiation emitted is the 21 cm The only radiation emitted is the 21 cm 
spin line of neutral Hspin line of neutral H--atomatom



Time Line of CosmologyTime Line of Cosmology
The The StelliferousStelliferous Era; Structure FormationEra; Structure Formation

100 million years after the Big Bang100 million years after the Big Bang

Stars (Quasars, early active galaxies) Stars (Quasars, early active galaxies) 
GalaxiesGalaxies
Groups, Clusters and Groups, Clusters and SuperclustersSuperclusters
Solar SystemSolar System

8 billion years after the Big Bang8 billion years after the Big Bang

Today Today 
13.7 billion years after the Big Bang13.7 billion years after the Big Bang



Life Cycle of StarsLife Cycle of Stars
Red Red SupergiantSupergiant
Planetary NebulaPlanetary Nebula
White Dwarf White Dwarf --> Black Dwarf> Black Dwarf
–– Nuclear fusion progresses through heavier elements Nuclear fusion progresses through heavier elements 

SiSi fuses to Ironfuses to Iron--5656

–– But:But: Iron fusion absorbs energyIron fusion absorbs energy
–– No further energy overflow to counteract the gravity, No further energy overflow to counteract the gravity, 

and the interior of and the interior of the star collapses instantlythe star collapses instantly



Supernova ExplosionSupernova Explosion
Increase of mass causes the white Dwarf to be Increase of mass causes the white Dwarf to be 
blasted apart in a blasted apart in a type type IaIa supernovasupernova which may which may 
be many times more powerful than thebe many times more powerful than the type II type II 
supernovaesupernovae markingmarking the death of a massive starthe death of a massive star

Black HoleBlack Hole
Neutron Star Neutron Star 





The Birth of a Neutron StarThe Birth of a Neutron Star
The Basic IdeaThe Basic Idea

The central part of the star fuses its way to iron but it can't The central part of the star fuses its way to iron but it can't go farther go farther 
because at low pressures Iron 56 has the highest binding energy because at low pressures Iron 56 has the highest binding energy per per 
nucleon of any element, nucleon of any element, so fusion or fission of Iron 56 requires an energy so fusion or fission of Iron 56 requires an energy 
input input 

Thus, Thus, the iron core just accumulatesthe iron core just accumulates until it gets to about 1.4 solar masses until it gets to about 1.4 solar masses 
(the "Chandrasekhar mass"), at which point the electron degenera(the "Chandrasekhar mass"), at which point the electron degeneracy cy 
pressure that had been supporting it against gravity gives up anpressure that had been supporting it against gravity gives up and d 
collapses inwardcollapses inward

At the very high pressures involved in this collapseAt the very high pressures involved in this collapse, it is energetically , it is energetically 
favorable to combine favorable to combine protons and electrons to form neutrons plus protons and electrons to form neutrons plus 
neutrinosneutrinos

The The neutrinos escape after scattering a bit and helping the supernovneutrinos escape after scattering a bit and helping the supernova a 
happenhappen, and , and the neutrons settle down to becomethe neutrons settle down to become a a neutron starneutron star, with , with 
neutron degeneracy managing to oppose gravityneutron degeneracy managing to oppose gravity

Since the Since the supernova ratesupernova rate is around 1 per 30 years, and because most is around 1 per 30 years, and because most 
supernovae probably make supernovae probably make neutron starsneutron stars instead of instead of black holesblack holes, in the , in the 10 10 
billion year lifetime of the galaxybillion year lifetime of the galaxy there have probably been there have probably been 100 million 100 million 
neutron starsneutron stars formed formed 



The Crab NebulaThe Crab Nebula



Death of a Massive Star = Birth of a Neutron StarDeath of a Massive Star = Birth of a Neutron Star

Neutron StarNeutron Star
–– High densityHigh density ~ 10 ~ 10 grgr/cc/cc

Mass: 1.4 Mass of the SunMass: 1.4 Mass of the Sun
Radius: 10 kmRadius: 10 km

–– Low TemperatureLow Temperature <10 <10 keVkeV
Cold nuclear matterCold nuclear matter

–– High Spin rateHigh Spin rate up to 38000 rpmup to 38000 rpm
–– Strong Magnetic fieldStrong Magnetic field:  :  



High DensityHigh Density

oror
Cram all of humanity into a volume the size of sugar cube !Cram all of humanity into a volume the size of sugar cube !



Low TemperatureLow Temperature
27 C ~ 300 K ~ 26 27 C ~ 300 K ~ 26 meVmeV

Temperature of the core of the SunTemperature of the core of the Sun

At neutron starAt neutron star’’s birth: 100 s birth: 100 MeVMeV energy per energy per 
nucleon ~ nucleon ~ 
Cooling by neutrino production through UCRA Cooling by neutrino production through UCRA 
processprocess

At T < 10 At T < 10 MeVMeV: Neutrino emission : Neutrino emission 
Further cooling: Further cooling: 



Strong Magnetic FieldStrong Magnetic Field
~ ~ 

EarthEarth’’s magnet Fields magnet Field: : 
The binding energy of HThe binding energy of H--atom inatom in a             a             

magnet field is 160 magnet field is 160 eVeV instead of instead of 
13.6 13.6 eVeV in no fieldin no field
The protons at the center of neutron stars The protons at the center of neutron stars 
are believed to become are believed to become superconductorsuperconductor at at 
100 million K100 million K
High temperature superconductor at 100 KHigh temperature superconductor at 100 K



Theoretical BackgroundTheoretical Background

CosmologyCosmology
Particle PhysicsParticle Physics
Condensed Matter PhysicsCondensed Matter Physics



Quantum Quantum ChromodynamicsChromodynamics (QCD)(QCD)
Strong nuclear force is described by Strong nuclear force is described by QCDQCD

In QCD In QCD quarks and antiquarks and anti--quarksquarks: Constituent of : Constituent of 
hadronshadrons (Baryons and Mesons)(Baryons and Mesons)
GluonsGluons mediate the strong nuclear forcemediate the strong nuclear force

Hadrons are built via the mechanism of Hadrons are built via the mechanism of 
Spontaneous Spontaneous ChiralChiral Symmetry BreakingSymmetry Breaking

Asymptotic freedomAsymptotic freedom

ConfinementConfinement
InterquarkInterquark potential energy ~ distance between thempotential energy ~ distance between them

No free quarks unless atNo free quarks unless at
ConfinementConfinement--DeconfinementDeconfinement phase transitionphase transition



QCD Matter under Extreme ConditionsQCD Matter under Extreme Conditions

Phases of Matter in the early universePhases of Matter in the early universe
–– QuarkQuark--Gluon Plasma (QGP) phaseGluon Plasma (QGP) phase

Phases of matter during coolingPhases of matter during cooling
–– Critical TemperaturesCritical Temperatures

Spontaneous Spontaneous ChiralChiral Symmetry BreakingSymmetry Breaking
Confinement Confinement –– DeconfinementDeconfinement phase transitionphase transition

Phases of matter in Neutron StarsPhases of matter in Neutron Stars
–– Mechanism of color superconductivityMechanism of color superconductivity



QCD Phase DiagramQCD Phase Diagram



QCD Matter under Extreme ConditionsQCD Matter under Extreme Conditions



Theoretical PredictionsTheoretical Predictions
Methods:Methods:

Lattice Gauge Theory (nonLattice Gauge Theory (non--perturbativeperturbative))
–– Critical Temperature ~ Critical Temperature ~ 170 170 MeVMeV

ConfinementConfinement--DeconfinementDeconfinement Phase transitionPhase transition
Spontaneous Spontaneous ChiralChiral Symmetry BreakingSymmetry Breaking

–– No possibility to explore the high density No possibility to explore the high density 
region, due to region, due to ‘’‘’sign problemsign problem’’’’

Perturbation TheoryPerturbation Theory
–– Color superconductingColor superconducting phases at phases at high densitieshigh densities
–– No possibility to explore the phases at No possibility to explore the phases at 

moderate densitiesmoderate densities



Color SuperconductivityColor Superconductivity

19771977: B. : B. BarroisBarrois and S. and S. FrautschiFrautschi
19841984: D. : D. BailinBailin and A. Love and A. Love 

19981998::
–– M. Alford, K. M. Alford, K. RajagopalRajagopal and and F. F. WilczekWilczek (Nobel (Nobel 

Laureate 2004)Laureate 2004)
–– R. Rapp, T. Schaefer, R. Rapp, T. Schaefer, E. E. ShuryakShuryak and M. and M. 

VelkovskyVelkovsky
They did calculation in the limit of infinite densityThey did calculation in the limit of infinite density



QED SuperconductivityQED Superconductivity
The Basic IdeaThe Basic Idea

A metal can be viewed as a A metal can be viewed as a Fermi liquid of electronsFermi liquid of electrons

Below a critical temperature, an attractive Below a critical temperature, an attractive phonon phonon 
mediated interactionmediated interaction between the electrons causes them to between the electrons causes them to 
pair uppair up

Two electrons form a condensate of Two electrons form a condensate of Cooper pairsCooper pairs
–– Consequence:Consequence: Infinite conductivityInfinite conductivity

QED Higgs MechanismQED Higgs Mechanism makes the photon massivemakes the photon massive
–– Consequence:Consequence: QED QED MeissnerMeissner EffectEffect i.e. Exclusion of i.e. Exclusion of 

magnetic fieldsmagnetic fields



QCD SuperconductivityQCD Superconductivity
Quarks Quarks are fermions and carry both are fermions and carry both electricelectric and and colorcolor
chargecharge

Quarks have different colors (Quarks have different colors (red, green and bluered, green and blue) and ) and 
different flavors (different flavors (up, down and strangeup, down and strange))

Different patternDifferent pattern of QCD Cooper pairing is possibleof QCD Cooper pairing is possible

Instead of SSB of QED, here SSB of QCDInstead of SSB of QED, here SSB of QCD

Gluons become Gluons become massivemassive and mediate the strong interaction and mediate the strong interaction 
between the between the diquarkdiquark pairpair

At infinite densitiesAt infinite densities the CFL (the CFL (colorcolor--flavor lockedflavor locked) phase is ) phase is 
favoredfavored



QCD SuperconductivityQCD Superconductivity
Observable SignaturesObservable Signatures

Cooling of the Compact StarCooling of the Compact Star
–– The compact star starts out freshly created by The compact star starts out freshly created by 

a supernova 10000 times hotter than the core a supernova 10000 times hotter than the core 
of our Sunof our Sun

–– The star cools not via the radiation from its The star cools not via the radiation from its 
surface, but mainly by emitting neutrinos from surface, but mainly by emitting neutrinos from 
its interiorits interior

–– Color superconducting quark matter cools very Color superconducting quark matter cools very 
slowly in a way that is consistent with slowly in a way that is consistent with 
observed cooling curvesobserved cooling curves



QCD SuperconductivityQCD Superconductivity
Observable SignaturesObservable Signatures

Dynamics of the rotating compact starDynamics of the rotating compact star
–– Most forms of color superconducting quark Most forms of color superconducting quark 

matter are matter are superfluidssuperfluids (fluids with no viscosity) (fluids with no viscosity) 
where unstable flows (rwhere unstable flows (r--modes) is built modes) is built 

–– rr--modes would rapidly carry off the angular modes would rapidly carry off the angular 
momentum, causing its spin to slow down momentum, causing its spin to slow down 
quicklyquickly

–– If the core of compact stars is built of color If the core of compact stars is built of color 
superconductive quark matter, then rsuperconductive quark matter, then r--modes modes 
must be built and this permits a rapid spin must be built and this permits a rapid spin 
downdown



QCD SuperconductivityQCD Superconductivity
Open QuestionsOpen Questions

The exact The exact Critical DensityCritical Density

QCD superconductivity at QCD superconductivity at moderate moderate 
densitiesdensities

New phasesNew phases of QCD Quark Matterof QCD Quark Matter



Little BangLittle Bang

Experimental efforts with the aimExperimental efforts with the aim
–– Search for Search for QGPQGP around the range of around the range of tricriticaltricritical

pointpoint
–– Check the predicted Check the predicted QCD Phase DiagramQCD Phase Diagram as far as far 

as possibleas possible
–– Determine the Determine the critical temperaturecritical temperature of various of various 

phase transitions experimentallyphase transitions experimentally
–– Find Find new phasesnew phases of matter under extreme of matter under extreme 

conditions (conditions (see new successes at RHICsee new successes at RHIC))



Little BangLittle Bang
Since 2000 experiments at Brookhaven Since 2000 experiments at Brookhaven 
National Laboratory (BNL)National Laboratory (BNL)
RHIC (Relativistic Heavy Ion RHIC (Relativistic Heavy Ion ColliderCollider))

After 2008 at CERNAfter 2008 at CERN
LHC (Linear LHC (Linear HadronHadron ColliderCollider))



Au Au –– AuAu CollisionCollision



Relativistic AuRelativistic Au--Au CollisionAu Collision
AuAu--ions collide with ions collide with 99.7% speed of light99.7% speed of light

The energy that dump in the The energy that dump in the microscopic fireballmicroscopic fireball

The pressure generated at the time of impact is     The pressure generated at the time of impact is     
atmospheric pressureatmospheric pressure

Expected:Expected: a gas of hot and dense quark matter a gas of hot and dense quark matter 
can be builtcan be built

QGPQGP
–– Q(Q)Q(Q) are build via are build via pair productionpair production from vacuumfrom vacuum
–– Thermal gluonsThermal gluons due to pair annihilationdue to pair annihilation



New State of QCD MatterNew State of QCD Matter

A new Puzzle ?A new Puzzle ?
Theoretical prediction: Theoretical prediction: 
–– At RHIC the hot and dense quark matter should At RHIC the hot and dense quark matter should 

behave as behave as an ideal, weakly interacting gasan ideal, weakly interacting gas

InsteadInstead: It exhibits  : It exhibits  
–– A collective (elliptic)A collective (elliptic) flowflow of almost aof almost a perfect liquidperfect liquid

at thermal equilibriumat thermal equilibrium
–– A pressure gradient in QGPA pressure gradient in QGP ((hadronhadron jetsjets have have 

anisotropic spatial distributionanisotropic spatial distribution))

Indication of Indication of strongly correlatedstrongly correlated QGP or QGP or sQGPsQGP



Possible SolutionPossible Solution
Lattice QCD calculations: Lattice QCD calculations: 
–– Unable to explain the Unable to explain the jet quenchingjet quenching and and low viscositylow viscosity

phenomenonphenomenon

String Theory (String Theory (AdSAdS/CFT correspondence)/CFT correspondence)
–– ShuryakShuryak et al.et al. (2005(2005--2006)2006)

Most recent suggestion:Most recent suggestion:
–– Consider RHIC QGP as Consider RHIC QGP as LandauLandau chromodynamicchromodynamic material material 

in presence of in presence of strong color magnetic fieldstrong color magnetic field
–– For strong enough For strong enough chromomagneticchromomagnetic fieldfield

only the only the LLL LLL is occupiedis occupied
–– ConsequenceConsequence:: The viscosity vanishesThe viscosity vanishes
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