Gamma-Ray-Bursts in
Nuclear Astrophysics




Overview




THE DISCOVERY

Gamma-Ray Bursts (GRBs) Short (few seconds) bursts oi
100ke V- few MeV: were discovered accidentally: by
Klebesadal Strong and Olson m 1967
using the Vela satellites
(detense satellites sent 1o monitor
the outer: space; tieaty)).

Iihe discoveny: was  reporied for the
unsSErmec;only s 9555

MHICTCAWAS ans myilCpPredichion:
SECo] gaichwvas asked torpredict
GRS a5 seictilic SxCHSCHoithc
BrmelreitheVEIanSatelites



GRO Instruments 9704 BATSE Gamma-Ray Bursts

COMPTEL
. EGRET

TWO OF EIGHT

» Duration 0.01-100s :
» ~ 1 burst per day _ 2 30000F

» Isotropic distribution - rate of ~2
Gpc yr!
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» ~100keV photons by §
» Cosmological Origin (supposed) 8 1oonof
» The brightness of a GRB, E~10"?ergs, =
is comparable to the brightness of the aF

rest of the Universe combined. Time in Seconds
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lemporal structure
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Precursors

:Tn 207 there is evidence of
emission above the

background coming from the
same direction of the GRE:
This emission is characterised
by @ sofiter speciirum wikh
respecii o e main oneand
conansiarsmaliNracion(ON=
L) of 12 foral 29207 o,

sivaled| elzlays of s2v2ddl 123
Jf szconds z.cizneing (1n f2y

non=rnzemal vowze=lay, Sier)
long czlays and taz non-
Trzeimal origin of Tz
sozcied drz naed o pzeoncilz
Witey any mocdzl for e
orogzilifor,

Net eounts (arbitrary units)

| 1
—-200 -100 g 100 —200 -100 0 100 -200 -—100 o, 100
Time since trigger (s)

(Lazzari 2009)
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Compactness. problem

n 51'< .| sec = maximum size of the source. R <coTl = 3/ 10”7 cm.

/-

R
D)tz o irje leireja orlgtan cersity cinlel enare)y yi— o

= = 0P Crhgs.

T, = ncrR = 10" Very large optica
Uo~10-2¢cm? 1
Expected thermal spectrum and no high

e-!,jrgy(?hotons

aep




Need. of relativistic motion

OIEARIVE=IARYC




The Internal-External Fireball Model

GRB FIREBALL MODEL "

After glnw

LOCAL MEDIUM

Pre-Burst-
E ~1051-1054 srgs =

P S hoc
" Formation
S e
T~102 s~ -- A
R~-3x1012 cm T ~ 3:-:11:!3 -

Internal shocks can convert only a
fraction of the kinetic energy to

0.4F

20l radiation
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Emission mechanism

Prompt emission: Synctrotron— Invense Compion: ...

SYAICHOO1

Somelinitereshing|correlations

J;‘Jrr*or) -2 }.uv,dzr I ozas Juminositizs L
of Trz3z DursTs vositivaly copezlare Wit
a pigorgusly- cong rr*.w*ral mezasure of Tz
variaoility of tnzie lignt cupyves

(Rzicnaer 21 al 2001)
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= The Italian/Dutch

satellite BeppoSAX 'HZ/ *
discovered! xcrayaitergloyy ~— f{ S

ONNZSHCHIARYAOY Y
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GRB 470228 = GRE 470228
28 Feb 19397 3 Mar 1997

&

Fy(2-10 keV) *10712 erg em =2 s~

] 1 10t 10# 102 104 108 102
Time since GRE event (seconds)




"Immediate discovery of Optical

alterglow

GRB 970228
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F, (mdy)

Afiterglowz slowing down off relativistic flow and
synchroetiron emission fil fhe dafa to allarge extent
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Beaming of GRb

[T the GRB is collimated ©

The jet spreads
sideways quickly

The jet remains \
within Inltial cone

Relativasticibeaming; elicct k =

Radiation is
beamed into a JEt

Radiation is beamed
narrow cone break

into a large cone

cecresnses Wit TIre
299 Jt) L )

. 10

é | FN ;

| Corrected Energy =(1-cosB)E. ~10°'ergs
i o \: [} 5= :

11 T Gt pl =
L L 1 L I I I L L b Il.l'r F
0.1 10.0




Redshift from thie dfterglow

F(10-9 erg el 5! Hal)

F (1029 erg ome2 -1 Harl)

Fa IX e X Tig 0T Mg Il T

Confirm the cosmological
origin and the large amount
of energy, galaxies star
forming regions

decz = 10° light years

P (S} w = o
1 . . . \

March 2004

1.5<z<2.0

GRB redshift distribution




SN-GRB connection
SN 1998bw/GRB 980425

“spatial (within/a few argffinutes)’ *
and temporal (withi-rzé{;.day) o=
consistency withi the optically and |

ggggg inglyiradio bright supernova
19961« e

EiametaiApys2Zi00)

% 1SAXJ19350-5248

2 grouo of small fint sources



Spectroscopic evidences:

“Absorption x=ray emission of
GRB 990705. This feature can be
modeled by a medium located at
a redshift of 0.86 and with an
iron abundance of 75 times the
solar one. The high iron
abundance found points to the
EXISIENCENGHANIUIIST

onment enricnead c
sugarrova Ao tns ling of
ST Ly

“The supernova explosion is :
estimated to have occurred ST R

10 100

gbout 10 years before the burst B P

s keW¥

Photons//cm®

.01

(Arnztl et 2, Scierice 2000)



“We report on tihe discovery off two
emission freatures observed in the
X-ray specirum of the afierglow of
the gamma-ray burst (GRB) of 16
Dec. 1999 by tlierChandra X=Ray

Observatory.. ionsioeiiren atia
redshlifnZz =10020102) providingan
UnamBIgUCUSIMEasUReMERTRGIHE
cligiane of o GHE; iz ik cilel
Ierr2a3hey dinoly faar fa2 ofog2iiiior
of Tnz GRE Was d inassive siar
Sygren Tnar 2jzerzd, ozforz Tz

P)

GRE zvzinr, OO0, of iron ar 0. 1c"

Photons/cm® s keV

Linz simolzst 2 olanarion of oup o : —
rzsulis is a mass 2jzcrion oy Tz | | B(keV)

orogznitor witn Tne sdmez vzlocity

imolizcd oy tnz onszeved linz widin, - | .

The zjzction should have tnzi GREBYYIZLE, Piry eb al 1 ature 2001
occurrzd R/v = (i.e., a few months)

before the GRB.



“The X-ray spectrum reveals evidence fox
emission lines of Magnesium, Silicon,
Sulphur, Argon, Calcium, and possibly
Nickelarsingin ensiched materal wathran
outilow: velocity ofioxdexr 01c. ...

o.15 o.2

massive stellar progenitor precedes the
burst event and is responsible for the
outflowing matter.... delay between an
initial supernova and the onset of the oL
gamma ray burst is required, of the
order several months”.

Counts s~ ' kev !

o.05 0.1




Typical aliterglow
power-low spectrum ~16.0

-
:
i E’ —17.0
“Here we report evidence that a very
energetic supernova (a hypernova) _,.[

was temporally and spatially
coincident with a GRB at redshift z =
0.1685. The timing of the supernova
indicates that it exploded within a few
days of the GRB”
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|| | SN1998bw after 33 days f I
l | | | | | | | |
4,000 6,000 8,000

Observed wavelength (A)
Fljorth et al 1 lature 2003

T | T
GRB030329/5N2003dh 7

— April 10,04 |
— April 17.01 |
= April 22,00
— May 1.02




The afterglow of GRB 050709 and the ,
nature of the short-hard ~-ray bursts

D. B.Fox'?, D. A. Frail’, P. A. Price”, S. R. Kulkarni', E. Berger’, T. Piran", A. M. Soderberg', S. B. Cenko', | VJ
P.B. Cameron', A. Gal-Yam', M. M. Kasliwal', D.-S. Moon', F. A. Harrison', E. Nakar', B. P. Schmidt’, /

B. Penprase”®, R. A. Chevalier’, P. Kumar'®, K. Roth"', D. Watson'?, B. L. Lee", S. Shectman®, M. M. Phillips’, i
M. Roth’, P. J. McCarthy®, M. Rauch®, L. Cowie”, B. A. Peterson’, J. Rich’, N. Kawai'*, K. Acki®, G. Kosugi'p(’ 0
T. Totani'®, H.-S. Park'’, A. MacFadyen'® & K. C. Hurley'®

e )
The final chapter in the long-standing mystery of the - -ray bursts (GRBs) centres on the origin of the short-hard tjaﬁ»
bursts, which are suspected on theoretical grounds to result from the coalescence of neutron-star or black-hole binary
systems. Numerous searches for the afterglows of short-hard bursts have been made, galvanized by the revolution in our
understanding of long-duration GRBs that followed the discovery in 1997 of their broadband (X-ray, optical and radio)
afterglow emission. Here we present the discovery of the X-ray afterglow of a short-hard burst, GRB 050709, whose
accurate position allows us to associate it unambiguously with a star-forming galaxy at redshift z = 0.160, and whose
optical lightcurve definitively excludes a supernova association. Together with results from three other recent short-hard
bursts, this suggests that short<hard bursts release much less energy than the long=duration GRBs. Models requiring
young stellar populations, such as magnetars and collapsars, are ruled out, while coalescing degenerate binaries remain
the most promising progenitor candidates. 100 3000 10000 30000 60000 100000



cosmic explosion after the Big Bang™

correlation between e peak of the ~ray:
specirum Epeakiand tine collimatiion

correcied energyremiiiedini=rays: e
laier isirelaied orensoiropically.
equival erisenereyAENSorbY S HENGIIEIOHE

2 dozeilez diglz, Tz cofeleiion Fiszlf

can) 9z Uszel foe o gzlidolz 2572 of

£ 150, maring GRE3 digiancz indicaiors

GRB 050904 at redshift 6.3: observations of the oldest

lve
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GRBs as standard candles to study Cosmology



neu'rr‘inos?‘
‘High redshift and SMN-GRE connzction

“What about The innzr enginz? Szz next
lzcture



INNER ENGINE OF
GRBs

S rlitge gpegray;

5 Provide adegiiaie eneray ai high Lopepiz
facior

5 Time seales: ioial duration few iens of
second, variapility <0, s, quigsceni iimes

o SN(core collapse)-GRE conneciion




the Collagyer o)

Black hole with accretion torus

Collapsars (Woosley 1993)

Collapse of a massive (WR)
rotating star that does not
form a successful SN to a BH

) surrounded DY
1c
IJ/fJJ‘JJ—‘IJ —‘IJV—‘JJI)—‘ 13 lost Dy
stallzir winds, Intaractiorn
WItn = compziniorn, =ic,

liberation of up to 29% of
rest mass energy

-
o
*

-
o“
-

* Tna Vviscolus zccration oty
tne Brl strong nea rJJU
tnarmzl vy anninilating
prafarantizally around tha
23 .

5
)|



(a) Model JB: 0.7 s (b} Model JB: 3.5 5
log p log p

-0.2 [ajR=] 2.7 4 5 8.3 =558 -2.8 0.1 31 8.0

y(10"em)

y(10"em)

-0.02 -0.01 0.00 0.01 0.02 o2 -01 OOp 01 D2
% (107 em) x (107 em)

Fig. Z.— Density structure in the local rest frame for Model JB at (a) ¢ = 0.7s (left) and
(b) 3.5s (réight). In {a). only the central region of the star is shown. Note the much higher
degree of ecllimation than in Model JA

Ouiflows arz collimmarized oy

: : oassing rnrodgn Tnz sizllar
! - marrilz.
2 I \
% 0.8 ! — _ Conservative Optimistic
= i ! i M a L, L.; efficiency L, L.z efficiency
o - ! 108 M_ st 10° erg =t 108 erg s~ % 10 erg st 10 ergs™t %
E 0.6 B : 7] 0.05 050 1.2 0.00023 0.019 1.6 0.0012 0.075
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= Detanedinumerical rotation axls
analysisioi e !
|
|
|

Formanion

Esthantralivania R | 4
gznzedl serZisz \\'L
clzsepining collagsz |
N IESSIVERSHTIS)

J,/ = J/(IO'O cie 3 ') Jié 43,
matzreial falls into tnz olack nolz
almost uninnioitzd, o ourflows
arz expzcizd, For i, - 20, Tne
infalling matrzr is nalved by
czniritugal force outside 1000
km wnezrz nzuirino losszs are

nzgligible. For 3« j, « 20, SI - GRE time dzlay: |zss
nowzver, da rezasonanle v JLI/ for then 100 2
< 4 =

sucn stars, a com pac Tc l S
forms at a radius whzrz The
_jr’(l\/l Tational binding enzrgy can
bz arrmznrJ\/ mrlu I as
neutrinos.
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STELLA DI QUARK




Delayed formation oif quark maiier
INNCOMPACH SHArs

Droplet potential energy:
UR) = i7an,,< (,uQ* —11; )R* +470R* =a R’ +a R>

N baryonic number density ) p,
in the Q*-phase at a '
fixed pressure P.

e, Hyy chemical potentials
at a fixed pressure P.

o surface tension
(=10,30 MeV/fm?)




(QuankedroplCimuc] CAoMImeE
S ASSHTICTHI

Log,, (E/sec)
50

40 |
30 ¢+

150 155 160 165 j170 Critical mass for
<d o = 30 MeV/fm?2

B14 =170 MeV

Mass accretion
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The energy released (in the strong deflagration) is carried out by
neutrinos and antineutrinos.

The reaction that generates gamma-ray is:

V+V e +e o2y

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

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

) E =nE,, ~10" -10%erg




Haadronic Stars: = Hyhra or @uarksStars

Zserezilianl BoinaC AR S EroRlEray AL ayaanon APy s o6 2005)H 200
Drzicjo, Laivzicirio Peie)lizicer 2004 Bornozici Pereril Vickiger 2004
WMletzstzoility cijg o dalziyac oracltciion of Clizirs Yziisr .

1) conversion to Quarss Meitter (it is NOT 2 detonzaiion (see Persriil )

2) coolirig) (rieuiririo ermissiorn)

3) neutrino — antinegLirino anifilziorn

4)(0ossiolz) vearning dues to strong magnetic figld ard star rotatior

T Fits naturally into a scherme descrioing QM production,

=nergy and duraiion of tne GRS are O,

= No calculation of bearn forrmation, yet,

/

SN — GRB time dselay: minutes - ysars

depending on mass accretion rate

,‘



Temporal structiure off GRBs

Counts 1600
1000 ’
R 1400 |
BATSE catalogue trigger 7560
800 | Eﬂlzoo #5486
" % 1000 55-320 keV
600 | 3
2 800}
’ )
400 | 2 600y
5
S 400}
200 |
200 [ .
l - ; i
[ ] M . TS | VIR EE . A —
: : ‘ : ‘ ; t[s] 140 160 180 220
200 210 220 230 240 250 260 £[s]

ANALYSIS e iihe distribliion ot peaksiinieryvals




Normal Probability Plot
; ; ; L

B - +
R .

Lognormal distribution
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= Excluding QTs
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Analysis of PreQE and PostQE
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Same dispersions but
different average duration

PreQLE: ~10s
PostQE:~20s
QIs:~ 505

Lo evicernce of 2 oot
tiene clilation

Cumulatiwve probability
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IHuge energy
requirements

INo explanaiiion for the
different: time scales

L1 is likely for short
@)

Reduced energy.
enmissioen

Possiolz 2.0laiearion of
Tz cdiffzezir Tz
sealzs itz Qe
czeconfinzmzry moczl

Ty i likzly for long T




In the first version of the Quark
deconfinement model only the MIT bag
EOS was considered

=but

in el lasii 8 years, The study oiff The @CD) phase diagram
revealed e possiblerexisience o Color SUperconauciivity.
aissmallSSemperatiureiandiargesdensivy

‘ quark—hybrid
T H star
quark-gluon deconfined,
plasma ¥ -symmetric

hyperon
ot

hadron gas

confined,
x-SB

color
superconductor
- strange star

U, fewtimes nuclear L
matter density




High density: Color flavor locking

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

/ Brp(x) (V- pyo)v(z) + H,

At low densitity, NJL-type Quark: model ' ,
(Alford Rajagopall Wilczek 1998) k). , / d*x F (@), T4 () O(a)y" T ()

A

CEIE paiting




Modified MIT For small value of miit is still
bag model for

convenient to have equal
Fermi momenta for all quarks
(Rajagopal Wilczek 2001)

lerr(pt) =

\_/
Binding energy density of quarksinear Fermi

surface ~ AVNI~uz A2

Hadron-Quark first order phase transition and Mixed Phase

0.4

0.35 a3
BY%=170 MeV

ot m5=150 MeV

BY/%= 185 MeV 0
mg= 200 MeV 02

0.15
’ﬁCFL: 80 MeV

0.1

0.05

0 s [fm*]

Fig. 2. Pressure versus barvonic density. HM indicates a purely hadronic EOS, MP
[fm'3 ] a mixed-phase of hadrons and quarks and QM pure ¢quark matter. The effect of a

0.25 0.5 0.75 1 1.25 1.5 1.75'° non-vanishing superconducting gap is displayed.




Intermediate density

Chiral symmetry breaking at
low density

M. increases too much and

M?
v

is not respected

Nor more, CEL pairing:!

300 350 400 450 500
b [MeV]




More refined calculations

]
L=3 G- ) +Gs Y |(BAar) + (Divsdat)’]
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Double GRBs generated by double phase fransitions
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TABLE 1I: Energy released AFE in the conversion to hybrid
or quark star, for various sets of model parameters, assuming

the hadronic star mean life-time T = 1 vr (see text]. M
is the gravitational mass of the hadronic star at which the
transition takes place, for fixed values of the surface tension
7 and of the mean life-time 7. Notations as in Tab. 1
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.= a Very recent M-R
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Figure 1: The constraint on M and R from Ozel's analysis of EXO 0748-676 [1] (We
show one and two sigma error bars), and the calculated results for results for various
quark matter and nuclear matter equations of state. Pure nuclear matter (DBHF) [3](7);
hybrid star with 25C quark matter core and HHJ nuclear mantle [3], hybrid star with
25C quark matter core and APR nuclear mantle [3], hybrid star with mived phase of
APR nuclear matter and CFL quark matter [2], and a pure quark matter star using a
bag model EoS that includes a parameterization of (a2) QCD corrections [5]. It is
clear that gquark matter is not excluded.




Origin of power law:
SOLAR FLARES

For a single Poisson process
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Conclusions
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Oscillation frequency of the virtnal
drop inside the potential well

I(E,) - %.n A

vo=(dI/dE)" for E=F,

Action of the zero point

R
I{:.E) = EJI:I dR -\/ZM {:R}[E - U (R)] oscillations

Penetrability of the potential barrier
(WKB appox.)
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