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OverviewOverview

•• GRBs phenomenology GRBs phenomenology 

•• Theoretical models Theoretical models of the of the ““innerinner engineengine”” : : 
Collapsar Collapsar Model Model vs vs Quark Quark deconfinement deconfinement 
model model 



GammaGamma--Ray Bursts (GRBs) Short (few seconds) bursts of Ray Bursts (GRBs) Short (few seconds) bursts of 
100keV100keV-- few MeVfew MeV were discovered  accidentally by were discovered  accidentally by 

Klebesadal  Strong and Olson in 1967 Klebesadal  Strong and Olson in 1967 
using the  Vela    satellites using the  Vela    satellites 

(defense satellites sent to monitor (defense satellites sent to monitor 
the outer space treaty). the outer space treaty). 

The discovery was reported for the The discovery was reported for the 
first time only in 1973.first time only in 1973.

THE DISCOVERYTHE DISCOVERY

•• There was an There was an ““invite predictioninvite prediction””. . 
S. Colgate was asked to predict S. Colgate was asked to predict 
GRBs as a scientific excuse for the GRBs as a scientific excuse for the 
launch of the Vela Satellites launch of the Vela Satellites 



Duration 0.01Duration 0.01--100s100s
~ 1  burst per day~ 1  burst per day

Isotropic distribution Isotropic distribution - rate of  ~2 rate of  ~2 
GpcGpc--33 yryr--1 1 

~100keV photons~100keV photons
Cosmological Origin (supposed)Cosmological Origin (supposed)
The brightness of a GRB, The brightness of a GRB, E~10E~105252ergs,ergs,
is comparable to the brightness of the is comparable to the brightness of the 
rest of the Universe combinedrest of the Universe combined..

BATSE EXPERIMENTBATSE EXPERIMENT



•Two classes:

1. Short: T90< 2 s, 
harder                        

2. Long: T90> 2 s, 
softer

DurationsDurations



Temporal structureTemporal structure

Three time scales:

Peaks intervals: δΤ δΤ ≤≤ .1.1 secsec

Total durations: T = few T = few tens tens of  sof  s

Quiescent times: QT = QT = tens tens of s      of s       
(see second part)

Single peak :FREDSingle peak :FRED



PrecursorsPrecursors
••In 20%  In 20%  there is evidencethere is evidence ofof
emission aboveemission above the the 
backgroundbackground coming fromcoming from the the 
samesame direction of the GRB.direction of the GRB.
This emission is characterised This emission is characterised 
byby aa softer spectrum with softer spectrum with 
respect torespect to thethe mainmain one andone and
containscontains aa small fractionsmall fraction (0.1 (0.1 −−
1%) of the total1%) of the total event countsevent counts..

••typical delaystypical delays ofof several tensseveral tens
ofof seconds extendingseconds extending (in few(in few
casescases) up ) up toto 200 200 secondsseconds. . 
Their spectraTheir spectra are are typicallytypically
nonnon--thermalthermal powerpower--lawlaw. . SuchSuch
longlong delaysdelays and the nonand the non--
thermal originthermal origin ofof their their 
spectraspectra are hardare hard to reconcile to reconcile 
with anywith any modelmodel forfor thethe
progenitorprogenitor..

((Lazzati Lazzati 2005)2005)



SpectrumSpectrum

non-thermal spectrum !

Very high energy tail, up to GeV !

Band Band functionfunction



Compactness problemCompactness problem
δΤ δΤ ≤≤ ..11 sec  sec  ⇒⇒ maximum maximum ssize ize of the of the sourcesource R R ≤≤ccδΤδΤ = 3 10= 3 109 9 cm.cm.

EE ≅≅ 10105151ergs.ergs.

Due Due to to the the large photon large photon density and density and energyenergy γγγγ→→ee++ee--

ττγγγγ =  =  nnγγσσΤΤ RR ≥≥ 10101515 VVery large optical depthery large optical depth !!

Expected thermal spectrum Expected thermal spectrum and no high and no high 
energy photonsenergy photons

? ?? ?

RR

��σσΤΤ∼∼1010−−2525cmcm22



NeedNeed of of relativistic motionrelativistic motion
Γ

∆R ∆∆RR ≤≤ 2c 2c ΓΓ22δΤδΤ

blue blue shiftshift: : EEphph (obs) = (obs) = ΓΓ EEphph (emitted)(emitted)
NN(E)dE=E(E)dE=E--ααdE          dE          correction correction ΓΓ--22αα+2+2

ΓΓ≥≥ 100 100 (α ≅ 2)(α ≅ 2)TTo o havehave ττγγγγ <<11

GRBs are the most relativistic objects  known todayGRBs are the most relativistic objects  known today

ττγγγγ = = ΓΓ−−(2+2α)(2+2α) nnγγσσΤΤ ∆∆RR ≥≥ 10101515/ / ΓΓ (2+2α(2+2α))

δδT=T=∆∆R/v R/v -- ∆∆R/cR/c



The InternalThe Internal--External Fireball ModelExternal Fireball Model

Internal shocks can convert only a Internal shocks can convert only a 
fractionfraction of the kinetic energy to of the kinetic energy to 
radiationradiation

It should be followed by additional It should be followed by additional 
emissionemission..

Internal shocks between 
shell with different Γ



Emission mechanismEmission mechanism
Prompt emissionPrompt emission:   :   SynctrotronSynctrotron –– Inverse Inverse ComptonCompton …… ??

synctrotronsynctrotron High High energy photonsenergy photons

Some Some interesting correlationsinteresting correlations

isotropicisotropic--equivalentequivalent peakpeak luminositiesluminosities L L 
ofof these bursts positivelythese bursts positively correlatecorrelate withwith
aa rigorouslyrigorously--constructed measureconstructed measure of theof the
variabilityvariability ofof theirtheir light light curvescurves

((ReichartReichart etet al 2001)al 2001)

TheThe spectral evolution timescalespectral evolution timescale ofof
pulse structures is anticorrelated pulse structures is anticorrelated 
withwith peak peak luminosityluminosity

((Norris et Norris et al 2000)al 2000)

Still unexplained Still unexplained !!



SAX EXPERIMENTSAX EXPERIMENT
The Italian/Dutch The Italian/Dutch 
satellitesatellite BeppoSAXBeppoSAX
discovered  xdiscovered  x--ray afterglowray afterglow
on  28 February 1997on  28 February 1997
(Costa et. al. 97)(Costa et. al. 97). . 



Immediate discovery of  Immediate discovery of  OpticalOptical
afterglow afterglow (van Paradijs et. al 97).(van Paradijs et. al 97).



AfterglowAfterglow: : slowingslowing down ofdown of relativistic flowrelativistic flow and  and  
synchrotron emission fitsynchrotron emission fit the datathe data toto a a large extentlarge extent

Panaitescu et Panaitescu et al APJ 2001al APJ 2001



Beaming Beaming of GRB of GRB 
Γ

1/Γ

If If the GRB the GRB is collimated is collimated θθ

Relativistic beaming effectRelativistic beaming effect

Corrected Energy Corrected Energy =(1=(1--coscosθθ))EEisoiso~10~105151ergsergs

ΓΓ decreases with decreases with timetime

GRB990510GRB990510



Redshift from Redshift from the the afterglowafterglow
Optical counternpartOptical counternpart-- absorption linesabsorption lines

1+z= 1+z= λλobsobs/ / λλemitemit

z=0.83z=0.83

Confirm Confirm the the cosmological cosmological 
origin origin and the and the large amount large amount 
of of energyenergy, , galaxiesgalaxies star star 
forming regions              forming regions              
dd∝∝z  z  ≅≅ 10109 9 light light yearsyears

GRB970508GRB970508
Metzger et Metzger et al Nature 1997al Nature 1997



SNSN--GRB connectionGRB connection
SN 1998bw/GRB 980425

““spatialspatial ((withinwithin a fewa few arcminutesarcminutes) ) 
andand temporaltemporal ((withinwithin one day)one day)
consistency withconsistency with the the opticallyoptically andand
exceedinglyexceedingly radioradio bright bright supernova supernova 
1998bw1998bw””

(Pian (Pian et et al al ApJApJ 2000)2000)

aa groupgroup ofof small faint sourcessmall faint sources



““AbsorptionAbsorption xx––ray emissionray emission of of 
GRB 990705.GRB 990705. This featureThis feature cancan be be 
modeled bymodeled by a mediuma medium locatedlocated at at 
aa redshiftredshift of 0.86 andof 0.86 and with an with an 
iron abundanceiron abundance of 75 of 75 timestimes thethe
solarsolar one. The highone. The high iron iron 
abundance found points toabundance found points to the the 
existenceexistence of aof a burst burst 
environment enriched byenvironment enriched by a a 
supernovasupernova alongalong the line of the line of 
sightsight”…”…
““The supernovaThe supernova explosion is explosion is 
estimated to have occurred estimated to have occurred 
aboutabout 10 10 years beforeyears before the the burst burst 
““

(Amati (Amati et et al,al, ScienceScience 2000)2000)

Spectroscopic Spectroscopic ““evidencesevidences””



GRB991216,GRB991216, Piro et Piro et al Nature 2001al Nature 2001

““We reportWe report on theon the discoverydiscovery ofof two two 
emission features observedemission features observed in the in the 
XX--ray spectrumray spectrum of theof the afterglowafterglow of of 
the gammathe gamma--ray burstray burst (GRB) of 16(GRB) of 16
DecDec. 1999 . 1999 byby the the ChandraChandra XX--Ray Ray 
ObservatoryObservatory…… ionsions ofof ironiron at a at a 
redshiftredshift z = 1.00z = 1.00±±0.02,0.02, providing an providing an 
unambiguous measurementunambiguous measurement of theof the
distancedistance of a GRB. Line of a GRB. Line widthwidth andand
intensity imply thatintensity imply that thethe progenitorprogenitor
of the GRBof the GRB waswas a a massivemassive star star 
systemsystem that ejectedthat ejected,, beforebefore the the 
GRBGRB eventevent,  0.01M,  0.01Msun sun of of ironiron at 0.1cat 0.1c””

……the the simplest explanationsimplest explanation of of our our 
results isresults is a massa mass ejection byejection by the  the  
progenitor withprogenitor with thethe same velocity same velocity 
implied byimplied by the the observedobserved line line widthwidth. . 
TheThe ejection should have then ejection should have then 
occurred  occurred  R/v = R/v = (i.e., a few(i.e., a few monthsmonths))
beforebefore the GRB.the GRB.



““The XThe X--ray  spectrum  reveals evidence  for ray  spectrum  reveals evidence  for 
emission  linesemission  lines ofof MagnesiumMagnesium,, SiliconSilicon,,
SulphurSulphur, Argon,, Argon, CalciumCalcium, and , and possiblypossibly
Nickel,Nickel, arisingarising inin enrichedenriched materialmaterial with an with an 
outflow velocityoutflow velocity ofof orderorder 0.1c. 0.1c. ……

TheThe observations  strongly  favourobservations  strongly  favour models models 
where  where  a  supernovaa  supernova explosion  from  explosion  from  a a 
massive  massive  stellarstellar progenitor  precedes  progenitor  precedes  thethe
burst  event  burst  event  andand is  responsible  for  is  responsible  for  the the 
outflowing matteroutflowing matter…….. delay between an  delay between an  
initial  initial  supernova  and  thesupernova  and  the onset  onset  of  the  of  the  
gammagamma ray  burst  is  requiredray  burst  is  required,  of  the,  of  the
order several monthsorder several months””. . 

((Reeves et Reeves et al., Nature 2001)al., Nature 2001)

Still d
ebated 

Still d
ebated !!



Hjorth et Hjorth et al Nature 2003al Nature 2003

Typical afterglow Typical afterglow 
powerpower--lowlow spectrumspectrum

SN SN spectrumspectrum

““Here we report evidence thatHere we report evidence that aa very very 
energeticenergetic supernova (asupernova (a hypernovahypernova))
was temporallywas temporally andand spatially spatially 
coincident withcoincident with a GRB ata GRB at redshiftredshift z z = = 
0.1685. The timing of the supernova0.1685. The timing of the supernova
indicates that it exploded withinindicates that it exploded within a fewa few
daysdays of the GRBof the GRB””

HETE IIHETE II



Simultaneous measurements Simultaneous measurements 
in in γγ X UVX UV

Afterglows Afterglows of SGRBof SGRB

SWIFT EXPERIMENTSWIFT EXPERIMENT

No No association association 
with with SN SN 
probably probably NSNS--
NS, NSNS, NS--BHBH



12.8 12.8 GyrGyr

GRBs as GRBs as standard standard candles to study Cosmologycandles to study Cosmology

correlation betweencorrelation between the peak of the the peak of the ––ray ray 
spectrum Epeakspectrum Epeak and the and the collimation collimation 
corrected energy emittedcorrected energy emitted in in ––raysrays. The . The 
latter is related tolatter is related to thethe isotropically isotropically 
equivalent energyequivalent energy E,E,iso byiso by thethe valuevalue of the of the 
jet aperture angle. The jet aperture angle. The correlation itselfcorrelation itself
cancan be used forbe used for aa reliablereliable estimate of estimate of 
E,E,isoiso, , making GRBs distance indicatorsmaking GRBs distance indicators

Ghirlanda Ghirlanda et et al APJ 2004al APJ 2004

supernovaesupernovae

GRBGRB



ConclusionsConclusions
••AfterglowAfterglow::good understandinggood understanding ((externalexternal
shocksshocks), ), collimationcollimation. . Orphan afterglowOrphan afterglow??

••Prompt emissionPrompt emission: : good good ““descriptiondescription”” of of 
temporal structuretemporal structure ((internalinternal shocksshocks), ), still still 
not completely  understoodnot completely  understood the the 
mechanismmechanism. High . High energy photonsenergy photons, , 
neutrinosneutrinos??

••High High redshift redshift and SNand SN--GRB connectionGRB connection

••What about What about the the inner engineinner engine? ? See next See next 
lecture   lecture   



INNER ENGINE OF INNER ENGINE OF 
GRBsGRBs

•• Huge energyHuge energy:: E~10E~105252ergs (10ergs (1051 51 bbeamingeaming))
•• Provide adequate energy at high Lorentz Provide adequate energy at high Lorentz 

factorfactor
•• TTime ime scalesscales: total : total duration duration few few tens tens of of 

secondsecond, , variability variability <0.1s, <0.1s, quiescent timesquiescent times
•• SN(core SN(core collapsecollapse))--GRB connection GRB connection 

REQUIREMENTS:REQUIREMENTS:



The The Collapsar Collapsar modelmodel

Collapsars (WoosleyCollapsars (Woosley 19931993))

•• Collapse of a massive (WR) Collapse of a massive (WR) 
rotating star that does not rotating star that does not 
form a successful SN to a BH form a successful SN to a BH 
((MMBH BH ~~ 33MMsolsol ) surrounded by ) surrounded by 
a thick accretion disk. The a thick accretion disk. The 
hydrogen envelope is lost by hydrogen envelope is lost by 
stellar winds, interaction stellar winds, interaction 
with a companion, etc.with a companion, etc.

•• The viscous accretion onto The viscous accretion onto 
the BH  strong heating  the BH  strong heating  
thermal thermal νννν ̃̃ annihilating annihilating 
preferentially around the preferentially around the 
axis .axis .



OutflowsOutflows areare collimated by collimated by 
passingpassing through the stellarthrough the stellar
mantlemantle. . 



+ + Detailed numerical Detailed numerical 
analysisanalysis of jetof jet
formationformation..

Fits naturallyFits naturally in ain a
general scheme general scheme 
describing collapsedescribing collapse
ofof massive starsmassive stars..

--

SN SN –– GRB timeGRB time delaydelay:: less less 
thenthen 100 s.100 s.

jj1616 = j/(10= j/(101616 cmcm22 ss−−11), j), j1616 <3, <3, 
materialmaterial falls intofalls into the blackthe black hole hole 
almost uninhibitedalmost uninhibited. No. No outflowsoutflows
areare expectedexpected.. ForFor jj1616 > 20, the > 20, the 
infalling matter is halted by infalling matter is halted by 
centrifugalcentrifugal forceforce outsideoutside 1000 1000 
kmkm wherewhere neutrino neutrino losseslosses are are 
negligiblenegligible. . ForFor 3  < j3  < j1616 < 20,< 20,
howeverhowever, a , a reasonable value for reasonable value for 
such starssuch stars, a compact disk, a compact disk
formsforms at aat a radius whereradius where thethe
gravitational binding energygravitational binding energy cancan
be efficiently radiated as be efficiently radiated as 
neutrinosneutrinos..



The QuarkThe Quark--Deconfinement Nova modelDeconfinement Nova model



I.M. Lifshitz and Y. Kagan, Sov. Phys. JETP 35 (1972) 206
K. Iida and K. Sato, Phys. Rev. C58 (1998) 2538
I.M. Lifshitz and Y. Kagan, Sov. Phys. JETP 35 (1972) 206I.M. Lifshitz and Y. Kagan, Sov. Phys. JETP 35 (1972) 206
K. Iida and K. Sato, Phys. Rev. C58 (1998) 2538K. Iida and K. Sato, Phys. Rev. C58 (1998) 2538

Droplet potential energy:Droplet potential energy:Droplet potential energy:
( ) 2323

** 4
3
4)( RaRaRRnRU sVHQQ +=+−= πσµµπ

nQ* baryonic number density 
in the Q*-phase at a 
fixed pressure P.

µQ*,µH chemical potentials
at a fixed pressure P.

σ surface tension 
(=10,30 MeV/fm2)

nnQ*Q* baryonic number density baryonic number density 
in the Q*in the Q*--phase at a phase at a 
fixed pressure P.fixed pressure P.

µµQ*Q*,,µµHH chemical potentialschemical potentials
at a fixed pressure P.at a fixed pressure P.

σσ surface tension surface tension 
(=10,30 MeV/fm(=10,30 MeV/fm22))

Quantum nucleation theoryQuantum nucleation theory

Delayed formation Delayed formation of quark of quark matter matter 
in Compact in Compact StarsStars

Quark Quark matter cannot appear before matter cannot appear before the the 
PNS PNS has deleptonized has deleptonized ((PonsPons etet al 2001)al 2001)



QuarkQuark droplet nucleationdroplet nucleation timetime
““massmass filteringfiltering””

Critical mass for
σ = 0 
B1/4 = 170 MeV

Mass accretion

Critical mass for
σ = 30 MeV/fm2

B1/4 = 170 MeV

Age of the
Universe!



Two families Two families of of CSsCSs

Conversion from Conversion from HS HS 
to HyS to HyS (QS) (QS) with with the the 
same same MMBB



The reaction that generates gamma-ray is:

The efficency of this reaction in a strong gravitational field is:

[J. D. Salmonson and J. R. Wilson, ApJ 545 (1999) 859]

The The reactionreaction thatthat generatesgenerates gammagamma--rayray isis::

The The efficencyefficency of of thisthis reactionreaction in a strong in a strong gravitationalgravitational field is:field is:

[J. D. Salmonson and J. R. Wilson, [J. D. Salmonson and J. R. Wilson, ApJApJ 545 (1999) 859]545 (1999) 859]

How toHow to generate generate GRBsGRBs

γνν 2→+→+ −+ ee

%10≈η

The energy released (in the strong deflagration) is carried out by 
neutrinos and antineutrinos.
The The energyenergy releasedreleased (in the (in the strongstrong deflagrationdeflagration)) isis carriedcarried out out by by 
neutrinosneutrinos and antineutrinos.and antineutrinos.

ergEE conv
5251 1010 −≈=ηγ



Hadronic StarsHadronic Stars HybridHybrid or Quarkor Quark StarsStars
Z.Z.BerezhianiBerezhiani, I.Bombaci, A.D., F., I.Bombaci, A.D., F.FronteraFrontera, A., A.LavagnoLavagno, ApJ586(2003)1250, ApJ586(2003)1250

Drago, Drago, Lavagno Lavagno Pagliara 2004, Bombaci Parenti Pagliara 2004, Bombaci Parenti Vidana Vidana 20042004……

MetastabilityMetastability duedue to delayedto delayed production of Quark production of Quark MatterMatter ..

1)1) conversion toconversion to QuarkQuark MatterMatter ((it isit is NOT a NOT a detonationdetonation ((seesee Parenti ))Parenti ))

2)2) coolingcooling (neutrino(neutrino emissionemission) ) 

3) neutrino 3) neutrino –– antineutrinoantineutrino annihilation annihilation 

4)(4)(possiblepossible)) beamingbeaming duedue toto strongstrong magnetic fieldmagnetic field and star rotationand star rotation

++ Fits naturally intoFits naturally into aa scheme describingscheme describing QM production.QM production.

EnergyEnergy andand durationduration of the GRB are OK.of the GRB are OK.

-- NoNo calculationcalculation ofof beam formationbeam formation,, yetyet..

SN SN –– GRB timeGRB time delaydelay:: minutesminutes years years 

depending depending on masson mass accretionaccretion raterate



Temporal structure Temporal structure of of GRBsGRBs

…… back back to to the datathe data

ANALYSIS of the ANALYSIS of the distribution distribution of of peaks intervalspeaks intervals



Lognormal 
distribution

“… the the quiescentquiescent
timestimes are are mademade byby a a differentdifferent

mechanism mechanism 
thenthen the the restrest of the of the intervalsintervals””

NakarNakar and and PiranPiran 20022002

Lognormal distributionLognormal distribution

Central limit theoremCentral limit theorem



Drago & Pagliara 2005Drago & Pagliara 2005

Excluding QTs

Deviation from lognorm & power law tail (slope = -1.2)

Probability to find 
more  than 2 QT in 
the same burst

Analysis Analysis on 36 on 36 bursts having bursts having long QT (long QT (redred dotsdots): the ): the subsample is not subsample is not 
anomalousanomalous



Analysis Analysis of of PreQE PreQE and and PostQEPostQE

Same Same ““variabilityvariability””: the : the same emission mechanismsame emission mechanism, , internal internal 
shocks shocks 



Same dispersions but Same dispersions but 
different average durationdifferent average duration

PreQEPreQE: : ∼∼10s10s

PostQEPostQE::~20s~20s

QTsQTs:~ 50s :~ 50s 

Three characterisitc Three characterisitc 
time time scalesscales

No No evidence evidence of a of a continuous continuous 
time time dilationdilation



InterpretationInterpretation::

1)1)Wind modulation Wind modulation model: model: 
during QTs during QTs no no collisions collisions 
between between the the emitted emitted 
shellsshells

2)2) Dormant inner engine Dormant inner engine 
during during the longthe long QTs QTs 

Huge energy Huge energy 
requirementsrequirements

No No explanation for explanation for the the 
different different time time scalesscales

It is likely for It is likely for short short 
QTQT

Reduced energy Reduced energy 
emissionemission

Possible explanation Possible explanation of of 
the the different different time time 
scales scales in the Quark in the Quark 
deconfinementdeconfinement model model 

It is likely for It is likely for long QTlong QT



…… back back to to the the theorytheory
In the first In the first version version of the Quark of the Quark 

deconfinement deconfinement model model only only the MIT bag the MIT bag 
EOS EOS was consideredwas considered

……butbut
in the in the last last 8 8 yearsyears, the , the study study of the QCD of the QCD phase diagram phase diagram 

revealed revealed the the possible existence possible existence of Color of Color Superconductivity Superconductivity 
at at ““smallsmall”” temperature and temperature and large large densitydensity



High density: Color High density: Color flavor lockingflavor locking

Gap Gap equation solutionsequation solutions

~

From perturbative QCD at high density: attractive interaction  aFrom perturbative QCD at high density: attractive interaction  among mong 
u,d,s Cooper pairs having binding energies  u,d,s Cooper pairs having binding energies  ∼∼ 100 100 MeV MeV 

At At low densititylow densitity,NJL,NJL--typetype Quark modelQuark model

BCS BCS theory theory of of SuperconductivitySuperconductivity

CFL CFL pairing pairing 
patternpattern

Vanishing Vanishing mass mass for for s !s !

((Alford Rajagopal WilczekAlford Rajagopal Wilczek 1998)1998)



Modified MIT Modified MIT 
bag model for bag model for 

quarksquarks

HadronHadron--Quark first order phase transition and Mixed PhaseQuark first order phase transition and Mixed Phase

For small value For small value of of mmssit is still it is still 
convenient to have equal convenient to have equal 
Fermi Fermi momenta for all quarks momenta for all quarks 
((RajagopalRajagopal WilczekWilczek 2001)2001)

Binding energy Binding energy density of density of quarks near quarks near Fermi Fermi 
surfacesurface ∼∼ ∆∆VN VN ∼µ∼µ2 2 ∆∆22



Intermediate densityIntermediate density
Chiral symmetry breaking Chiral symmetry breaking at at 
low low densitydensity

MMss increases too much increases too much andand

is not respectedis not respected

No more CFL No more CFL pairing pairing ! ! 

KKFuFu KKFsFs



More More refined calculationsrefined calculations

Two first order phase transitions:

Hadronic matter        Unpaired Quark Matter(2SC) CFL   

CFL CFL cannotcannot appearappear untiluntil
the star the star hashas deleptonizeddeleptonized

Ruster et Ruster et alal hephep--phph/0509073/0509073



Double GRBs generated by double phase transitionsDouble GRBs generated by double phase transitions

Two stepsTwo steps ((samesame barionicbarionic mass):mass):

1)1) transition from hadronic matter to transition from hadronic matter to 
unpairedunpaired or 2SC quarkor 2SC quark mattermatter.  .  ““MassMass
filteringfiltering””

2)  The mass of the star 2)  The mass of the star isis nownow fixedfixed.  .  
After After strangenessstrangeness production, production, 
transitiontransition fromfrom 2SC 2SC toto CFL quark CFL quark 
mattermatter. . DecayDecay time scale time scale ττ few few tenstens of  of  
second  second  

Nucleation Nucleation time of CFL time of CFL phasephase



Energy releasedEnergy released

Energy Energy of the of the second transition larger thansecond transition larger than the first the first 
transitiontransition due due to to the the large large CFL gap (100CFL gap (100 MeVMeV))

Bombaci, Bombaci, LugonesLugones,, VidanaVidana 20062006Drago, Drago, LavagnoLavagno, Pagliara 2004, Pagliara 2004



…… a a very recent very recent MM--R R 
analysisanalysis

Color Color superconductivity superconductivity (and (and otherother effectseffects ) ) 
must be included must be included in the quark in the quark EOSs EOSs !!!!



Other possible signaturesOther possible signatures

For For a single a single Poisson processPoisson process

Variable ratesVariable rates

SOLAR FLARESSOLAR FLARES

Power Power law distribution for Solar flares law distribution for Solar flares 
waiting times waiting times ((WheatlandWheatland APJ 2000APJ 2000))

The The initial massesinitial masses of the of the 
compact compact stars stars are are 

distributed near Mdistributed near Mcritcrit, , 
different central desity different central desity 
and and nucleation times nucleation times ττ of of 

the CFL the CFL phase phase f(f(ττ(M))(M))

Could explain Could explain 
the power the power law law 

tail tail of long of long 
QTs QTs ??

Origin Origin of power of power lawlaw::



Are  Are  LGRBs  LGRBs  
signalssignals of the of the 

successive successive 
reassesmentsreassesments of  of  
Compact Compact starsstars??

Low Low density: density: Hyperons Hyperons -- Kaon condensatesKaon condensates……



ConclusionsConclusions

•• A A ““standard modelstandard model”” the the Collapsar Collapsar 
modelmodel

•• One of the alternative model: the One of the alternative model: the 
quark quark deconfinement deconfinement modelmodel

•• Possibility to connect GRBsPossibility to connect GRBs and and 
the the properties properties of of strongly strongly 
interacting matterinteracting matter! ! 





Appendici



Probability of tunneling


