Part H : Gamma-ray bursts




Discovered in 1967 by the military Vela satellites.
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Initially classified, published only in 1973 (73 bursts in total).

Strong bursts of gamma rays (E > 30 keV), lasting for a few
seconds, coming from all directions.
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For over 25 years (until late 1990s) unclear whether
originating in Milky Way/local Universe events (e.g. comets
impacting neutron stars) or from cosmological distances.
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COMPTON BATSE (1991-  BeppoSAX (1996 - 2002) SWIFT (2004 - current) FERMI (2008 - current)
2000). 20 keV - 30 GeV 0.1 - 300 keV 15 - 150 keV + Xray/UV/optical. 8 keV —100 GeV.
Follow-up capability within 2 min. Probes the very high

energy range.
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Detected ~3000 GRBs, but not
very accurate sky positions.
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Big role for afterglows studies. Others: HETE-2,
Detects ~¥100 GRBs per year. AGILE. Konus-Wind 2
4

“ Allowed accurate enough jacalizg
- to search for, courjterparts




Bursts emit
at keV to > GeV
energies

Abdo+2009, Science
(burst observed with FERMI)

m

Counts/b

Counts/bin

Counts/bin

Counts/bin

Counts/bin

GBM NalﬁNaI., . E |
JI00 ] A V-t keN) QQ' ﬁ; ’\,3 g g m e
L | :_c § 500 ' l
1000 < “ ' ; 2000
. : % 5 10 15 &
500 ;,'_\ Time since trigger /s \§ - 1000
i |
C
0 : ot ()
GemBco, ' ! ! - Ig 400 I VL 1000
400 (260 keV-5 MeV) < B - s | ’
1 | | | § 200 ' | !
1 i 1 o : [
2004 1 1 | 0y - 2 - o v 500
| Time since trigger /s |
0 : 0
U [ [
LAT ; i | I c l
3004 (no selection) ip ! ’ ' % ’ - 600
1o [ | § 1
200 ' 'm! : o " F400
o © | % 3 10 15 1
1001 r € | | Time since trigger /s 1 L200
| | |
0 rsidinerin i 4ot 0
LAT ' ' . 10 I | :
G 100Mev) ! 5 . | | ' IS
4 § | ‘ P:U\J-LL :
ol (I (N1 ‘ L
. ' v O 5 10 15 | 10
1 I Time since trigger /s ' Ls
! | |
0 1 I b
it ' s : 5
3 LAT (O ! I e 15 [ | I 6
> 1 GeV) P | | % 1 ' | '
= v 1205 1 || o4
P 1 1 © 0 L I
iy P 1 ' i 0 5 10 15 7 k2
' & . I I I ' Time since trigger /s :
1 1 1 1 1 L L 1 1 1 B 0
0 20 40 60 80 100

Time since tirgger /s

v ]

unt

.

Counts/s Counts/s

Counts/s

Counts/s


https://www.science.org/doi/10.1126/science.1169101

Kouveliotou+1993 Properties
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long J
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https://articles.adsabs.harvard.edu/pdf/1993ApJ...413..281B
https://ui.adsabs.harvard.edu/abs/2015PhR...561....1K/abstract
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Long burst examples
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https://www.aanda.org/articles/aa/pdf/2014/01/aa22256-13.pdf
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https://ui.adsabs.harvard.edu/abs/1999PhR...314..575P/abstract

Spectral Energy Distribution (SED) : non-thermal

Care whether N(E), or E,(x E x N(E)), or vE,(x E* * N(E)) For most GRBs, only a time-integrated SED available.

plotted. - Brightest bursts = time-resolved.
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https://ui.adsabs.harvard.edu/abs/2015PhR...561....1K/abstract
https://watermark.silverchair.com/stv775.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAuswggLnBgkqhkiG9w0BBwagggLYMIIC1AIBADCCAs0GCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQM9yG2qILrXH2atUqaAgEQgIICnibg9iDeNpFc9UEjZCW2n-hb00hc_yyt5vmks7_OJzmLsB3x_zvHTfpBMaz_hMCuoHuhI-sopuTtgbtBWfzw_CRHuydLPQkIjswRbr9Ic8sn7fL0GU6wEVJc3BZtxVs63VnDzf5B_TCHAfDjSYZboj-eWuGoBduaXyR4Y4x79dq-C6unxlZKvye-YIN30obpCmlpwZ48tyQuFxgb1ZZmN1RMSwk6ad6R06NXtP4mbL6-BbfIdEpYRMSPvuovpE9Y5h0i8ajBEmrPnzsIoMTFyhBvX1AtIJ7mk2tH-XNAYdIi1JiwNXIaQDEI2vYlPGeTIIAnvoJT6_4PErkgSR6Z1qdp8Klnl3IXdleDPR_IQ91V7sZwUmSyAxudH4Z8-IQ1KYqdbTUNIpGRbkyNWlaoWoGpsgDA90ohbqgG01aYF05g9_VDDreGyQWaiv3RdtJpYCIzW2f-sStyXPRH-sclC8Jj3BGMJM-YlsIGEf0m0QnaDUlZElSa_JxlRhDPa2lxBhH18Rf_cc_cxZxh851ntWCq4G5yh0VVYk4cG1B0qUsctXT99FJIjE7eOaiV_M7bBnXV2RQUHVDuu2ucd1sDH1VSy8x0DJjHkrKH8njAeWo_swMpjQRTlcYGlFCtwdPEuCeZkLIfi0GIbWahTiWoRPGddIGSoq6M1i6UH2YhlWsHzFRy4Qinw-6B-p-NbwoDA8Q78c4Zu2TrHzWLejebbnCXDAoS9eQaxD2eJGXs0SRaTCyXkSF5tDw-mI2mqsEuaBrY5rfX-snWz2DPqro-1TMxRZyJZeU1p7SsCYWBXJOwamfhouVtHtoP_gsQij8oV8zd5lGz-wnAYwGLzrffsRYr-Bw-mYRNDq-pKpaH-U9S9FbyJT8vLqYH2-vokns

Afterglows l‘
20+ - =
A cosmological origin was established in 1997 when [ /
afterglows were detected for the first time. Spectral
lines in these revealed a large redshift z = 0.835

(distance 5.4 GPc) for GRB 970508.

-4 N GRB 970508
T a=-1.1410014
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c - GRB 971214
a=-1.380+0.013
24

The vast majority of burst have afterglows: >95% in X-
rays, >60% in optical,~10% in radio. Most of the
radiated afterglow energy lies in the X-ray band.

26

GRB 970228
a=-1.10+0.04
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-0.5 0.0 0.5 1.0 1.5 2.0
log,, time after burst (days) Piran 1999
Immediate consequence: Equivalent isotropic energy E;., = ip}gf;fgj is here
4md? [ F(t)dt = ~10°3 erg long bursts, ~10°! erg short. oower law).
What kind of objects can release this kind of energy on a time scale of seconds?
Only black holes and neutron stars.
om2 (M) R\ 03[ M R \ 37
E ~—=10 ( )( ) er T = ~ ( )
grav R MO 10 Rg g hydro 2\/_p \ M@ 10 RS
I Too short? More later..

Schwarzschild radius Rg = 2GM/c? = 3 km*(M/M,,,) 8


https://ui.adsabs.harvard.edu/abs/1999PhR...314..575P/abstract

Equivalent isotropic energy (prompt emission)

|

%0 505 51 o018 82 025 B3 835 4
log, ,L(erg)

Wanderman 2010
(long bursts)
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Redshift distribution

GRBs occur mostly at high z, not because something very different is happening there but just more volume of space.

Universe age Universe age
2 billion years 500 million years
25 TTT T T TTT T | T Solid red line:
1 l 1 |l ll I I | LI l] * 1 |l LI ‘ L
. b — Evolution of comoving
volume, dV/dz.
20
- Dotted red line:
- 15 | Gray: Pre SWIFT GRBs dV/dz convolved with
B Blue: SWIFT GRBs star- formation rate.
E -
g The GRB distribution follows the
10 star formation distribution quite well -
- some excess at high redshift.
5 -
0 1 1 1 lI 1

1072 107" 10° 10’
z Gehrels 2009
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https://ui.adsabs.harvard.edu/abs/2009ARA&A..47..567G/abstract

Afterglows

Afte rgIOW prope rties: Table 1 Typical parameters of the canonical Swift X-Ray Light Curve
* Duration minutes to years. Approximate
* Emission across the electromagnetic spectrum, Eluoriin o L Deonyiades Epotcncy
. . Steep decline 101107 >3 50%
from radio to X-rays (most energy in X-rays). Shallow slope 107-10° 0.5 60%
* Relatively smoothly declining luminosity Classical afterglow 103-10°% 1.3 80%
evolution (typically ~t1), but flares can be seen. Jet break late phase 10°-10° 23 20%"
X-ray flares 102-10* 50%
Long Short
= UL LA, LR L LR ELA D, LR R L, IRLPAL AL, P ""': b ; LA LLLL | | AL FRREL B AL AR R R L, AL AR LY, ERSLR L
ik aj E b SWIFT revealed a large
: N e E - PN Greosoras ; diversity in afterglow
: k ] properties.
& < GRB050502b ; . -
€ ! ) X 2
g / Flares seen in ] . :
> 107F _ about 30% of afterglows. \&N .
E % ﬂ[ * o - + X I YT 3
x t Sy - :'?*?'# -
2 &k IRty GRB051210 tyt 'ﬁ
10°83F 3 A. It 1013 ;._ ‘0’3‘ _;
: td %
: Achange |r-1 s!ope (stge!o td: ghz?{li!ow) { 3 o e E
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Figure 6
Representative examples of X-ray afterglows of (#) long and (b) short Swift events with steep-to-shallow transitions (GRB050315,
050724), large X-ray flares (GRB050502B, 050724), and rapidly declining (GRB051210) and gradually declining (GRB051221a, Gehrels 2009 11

050826; flux scale divided by 100 for clarity) afterglows.



https://ui.adsabs.harvard.edu/abs/2009ARA&A..47..567G/abstract

Temporal evolution of prompt and afterglow emission (X-rays)

Prompt
Temporal power law
/index alpha_x.

~ -3

“Tail” of Mid afterglow.
prompt & Tttte . No further energy
injection.

t,3:10%-10° s
Early
afterglow

/ (jet break time)
(with a flare).

tyy:10%-10°'S ;103-10% s ., ~ 2
bt ® Forward v

shock
continous

energy
injection.

Late afterglow

Zhang 2006
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https://iopscience.iop.org/article/10.1086/500723/pdf

Broken power laws.

Simple synchrotron emission model

(relativistic electrons gyrating in
magnetic fields) from a power law

distribution of electrons, N(y)dy =
Yy Pdy, fits well.

Lorentz factor of electrons
Three break frequencies (which evolve

with time):

e v.:Characteristic cooling frequency.

* vV, :Peak frequency (for F,).
* v,: Self-absorption frequency
(somewhere in radio band).

Afterglow SEDs

T T T ¥ T

1om ¢ | Iv Galama 1998
‘ GRB970508 at 12d
S b N ] . o
> v A Observed p typically fit in 2-3 range.
£ ‘ (note p > 2 needed to give a finite
e}
%X ol | | energy).
an
9
S
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- Va Ym Vc 5
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b ' | .
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4 0 |
10 T B =10 .
ol : : Theoretical oL —_— -
102 £ : : : Electron power law index p
: : : \;_’:’/2 ] Figure 2. Histogram of electron power law index, p, for 38 short GRBs as
1 | | inferred from the X-ray temporal and spectral indices. The weighted mean and
100 | o] e i ] lo uncertainties for the population (blue arrow) is (p) = 2.43')38. These
: : : values correspond to those listed in Table 3.
I | | Fong 2015
pEa= =S e :
Va Vm Ve
11 1 1 1 L 1
10° 102 10" 10 10" 10"
Self- No energy v (h2) Rapid energy loss. : 13
absorption.  loss. Some energy P 8y Sari 1998

loss.


https://iopscience.iop.org/article/10.1086/311269/pdf
https://ui.adsabs.harvard.edu/abs/1998Natur.395..670G/abstract
https://iopscience.iop.org/article/10.1088/0004-637X/815/2/102/pdf

Theory somewhat

different depending on

whether

e Slow cooling (v. > v,,)
or fast cooling (v, <

V).

* ISM (p = constant) or

CSM (p ~ r?)

circumburst medium

(CBM).

* Continous energy
injection active or

inactive.

— 8 possible

combinations (6 listed in

the table here).

Zhang 2006

TABLE 2
L,xt ™ ®yF
TeMPORAL INDEX o AND SPECTRAL INDEX 3 IN VARIOUS AFTERGLOW MODELS v v
No INJEcTION INJECTION (LengineOC t_q)

GRB MOoDELS el a(f) a a(f)
Parenthesis:
value for ISM, Slow Cooling
p=23
1 38 59 — 8 _ 2+9)8
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https://iopscience.iop.org/article/10.1086/500723/pdf

Afterglows

In radio the flux may initially increase

with time (a negative).

At higher energies (>= optical), the flux decreases already within hours.
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https://iopscience.iop.org/article/10.1086/324061/pdf

More luminous prompt emission = more luminous afterglow

Afterglow
power

X—Ray [ergs s™! Hz '] (s.f. 5 keV, 11 hrs)

10729

1 028

1027

1 028

1025

1 024

10823

1022

1021

Short GRBs have typically ~100 times
weaker emission in both components
compared to long GRBs.

This has led to a situation where
short GRBs are much less well
studied than long GRBs.

| e SGRB
* o SGRB, z from
uncertain host

e Possibly short
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https://ui.adsabs.harvard.edu/abs/2009ApJ...701..824N/abstract

Fundamental constraints on the prompt emission source
Assume the emission would come from a non-relativistic flow. Then the observed variability on At = ms time-scales means the
source would have size R < ¢ - At ~ 300 km.

Luminosity L <n ATtR?chv, where n is the number density of photons.
photons photons

For a non-relativistic flow the rest-frame photon energy must also be in gamma-ray regime. Take hv~1 MeV, and typical
observed L ~10°° erg s,

10°%ergs~1
— 4mR%c-1 MeV

29 -3

But then Tpair-production = Opair—-production * Nphotons AR = 1012(O-pair—production"'10_Zscm2) and the gamma rays would
be trapped and convert to electron-positron pairs. A thermal equilibrium with such pairs would be set up and the spectrum
would become thermal, whereas observed spectra are highly non-thermal. Also, the formed pairs would provide Thomson
scattering opacity also for lower energy photons. “Compactness problem”.

Conclusion: The source must be relativistic. For a relativistic source:
1. Vops = [ *Vemiss, 5O if I' >> 1 the rest-frame photons are X-rays rather than gamma rays. X-rays cannot pair produce (a total
photon energy > 1.022 MeV is needed).
2. The source size is much larger than 300 km (next slide).

Lithwick & Sari 2001 : Lorentz factors I' = — 2
1-(%)

evolution of radio scintillations (which stop when the emitting source has grown large enough) supports this conclusion.

> 200 needed - Largest relativistic motions known (AGN: I" ~few). Time



https://ui.adsabs.harvard.edu/abs/2001ApJ...555..540L/abstract

Time intervals for source and observer in a relativistic flow

A particle, moving with speed v~c, emits first at ry then at r,.

tlobs — tlemiss + (D-I’l)/C
t2°b5 — tzemiss + (D-I’z)/C

dtObS = dtemiss — (rz—rl)/c = dtemiss — y dtemiss/c = dtemiss*(l _ V/C)

rz=1/(1-p?) = 1/(1+B)(1-B) ~ 1/(2*(1- B))

So

dt emiss

dtobs =
2I'2

Size of emitting region is then not R < c*dtoPs but R < 2*['2 *c*dtobs, For ['=200, R < 2*¥102cm ~ 0.1 AU. 18



Beaming

From a relativistic outflow, relativistic beaming will focus the
emission in a narrow cone along the flow direction.

Thus, what we see comes only from gas moving quite aligned
with the line of sight. If the source would expand with
spherical symmetry = Would only see a segment. Half the
radiation is received within angle O4¢

In a simplified picture, beaming gives uniform radiation within
a cone of solid angle df2 = 41 sin2(0qy/2) ~ m™Hgy2, and none
outside. It means we would be able to see a chunk df2 of the
outflow.

Aberration formula:

cos@'+ S 0’ 6 for f=0.99
cosf = p
1+ BcosH 120 14
T 90 8.1(= 090)
comoving frame 45 3.4
angle 10 0.7
observer frame

angle

QMGQ?»%

Stationary Faster

faster

Emission from the shell
except the blue segment
is beamed away from
observer.

Expanding
sheII = U
0

19




Beaming

Ojet = 10°,099 = 5°

_ Jet edge emission beamed

—

-~ _ _ away from observer

j’_ég—;) Marginally observable.

The blue-marked part of the jet )>
is observable.

20



Beaming

/ - - Marginally observable
Oiet = 10°,090 = 15° L2 \_ Bgp (but no emission from here)

Jet edge emission now observable.

.

When 04, reaches i (it grows in time as f is reduced when the jet decelerates) the observer becomes aware that the emitting
layer has an edge (is jet shaped). Get a jet break when 054(f) = 0. In practise determine the f evolution from data of the
whole afterglow.

21



Jet angle from afterglow breaks

Since O4,~1/I", if I' can be determined at the break point, the
jet angle can be determined from equating Ojet = 1/T yreak-

L™

Typical results: 8, ~ 10 degrees. - . i
Consequence: We see the (prompt) emission from only about ' e )8 break
1in 100 GRBs ( T*(10/180*m)"2 / (4) =1/ 130). L

p "

’-‘ ’

The intrinsic GRB/SN(Ibc) rate ratio is the observed one e
(~1/105) times the beaming correction (~100) = ~1 in 1000. N
A second effect of lateral spreading of the jet, which occurs -

around a similar epoch as the jet break, can lead to a yet
steeper decline.

Jet breaks are (typically) achromatic: an important
observational property to interpret them
as due to a relativistic beaming effect.



Cumulative Probability

Jet angles determined from afterglow breaks

0.9
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o8
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: f _ i f s X LGRB meas -9 )
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Fong 2015

“all” includes lower limits,
“meas” only GRBs with observed

breaks. (248 long, 4 short).

Arrows: Median values.
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https://iopscience.iop.org/article/10.1088/0004-637X/815/2/102/pdf

Cygnus A : an AGN outflow
(accretion onto a SMBH)
See also 3C 175, 3C 273.

v >0.99c

Star formation
™. - outflows.

2

Jets in cosmos : quite

Deceleration
in intergalactic
medium.

commaon

Microquasar GRS 1915
(accretion onto a stellar (10 Msun) BH)

1

Microquasar SS 433

v ~0.25¢, precessing jet

-




The afterglows can constrain the density of the circumburst medium (CBM)
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Short GRBs: circumburst densities are low, <~ 1 cm3.

In general,a constant density CBM is favoured over a
wind density one (p o r72) (~0.1 pc scales probed).

—> Consistent with ISM rather than CSM interaction.

o 47 a8 49 50 51 52
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Fong 2015 (short GRBs exclusively)

&, (fraction of internal energy in rel. electrons)
and €g (fraction of internal energy in magnetic
fields) are two free parameters that

influence the inferred CBM density (and jet

energy).

1/2-5/6 —2/3 1/3
n / EK{s0526 /1 6B/ 1 Va <V < Unm
3+p 1+p
_ 1/2 p—1 %
Fyiocqny “Exiosr€e_1€8-1 Vm < Vi < I,
2+p 1 _2
4 - .
L Kso.52 €6~ 1€ —1 vi > 1
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https://ui.adsabs.harvard.edu/abs/2015ApJ...815..102F/abstract

The afterglows can constrain the density of the circumburst medium (CBM)

10*

4 T | 9
< 8
|
N
a‘ 7
3 2
= ° =
£ =
S 5
o
Ql
9 4
1 ;
0 1
R (pc)

Fic. 1.—Wind bubble structure at the end of the Wolf-Rayet stage for the
case of an ISM pressure and density typical of the hot, low-density phase of a
starburst galaxy, with P/k = 2x107 K cm~3 and a density of 0.2 cm~3. The
solid line gives the number density, the dashed line the temperature, and the
dotted line the pressure. The wind termination shock is at 0.4 pc, and the red
supergiant shell at 1.7 pc. The region outside the red supergiant shell is the

Long GRBs: Complex picture :
| . .
sometimes constant density favoured,
< sometimes wind profile.
. -
. - | * Constant density cases
e | * ISM (low mass loss from
- N progenitor)?
e Shocked winds? Wijers 2001,
. .
Chevalier 2004
Panaitescu 2001
T *10“ T ";‘1'61“"""“"’ T 16 o
n,(cm) TABLE 1
FREE-WIND MODELS FOR AFTERGLOWS
A* ~ 1 for normal GRB > A, Reference
W,R star ‘;V'nd 970508.......... 0.3, 0.39 CL00, PK02
(M~10"Mg/ 991208.......... 0.4, 0.65 Li & Chevalier 2001, PK02
103 991216.......... ~1 PKO1
yr, Yy ~10"km/s). 000301C....... 0.45 Li & Chevalier 2001
000418.......... 0.69 PK02
011121.......... 0.02 Price et al. 2002¢
020405.......... <0.07 This paper
021004.......... 0.6 Li & Chevalier 2003

021211.......... 0.0005, ~0.015 Kumar & Panaitescu 2003; this paper

remains of the bubble from the main-sequence phase. [See the electronic

edition of the Journal for a color version of this figure.]

Chevalier 2004



https://ui.adsabs.harvard.edu/abs/2001grba.conf..306W/abstract
https://ui.adsabs.harvard.edu/abs/2004ApJ...606..369C/abstract
https://iopscience.iop.org/article/10.1086/324061/pdf
https://ui.adsabs.harvard.edu/abs/2004ApJ...606..369C/abstract

With jet angle determined, one can determine the energy radiated

92 LI ALL LI AL LU T T T TN | B R AL L B
Total radiated energy E;,r = Ej5, * % = E;, * J:t > 8 i 1 1 1
typically around 105! erg for prompt emission in 1 5 i Eso(7) ]
long GRBS. 9 6 - e
~0.01 for 6,,,=10 degrees = 0.17 rad E 4 £ )
=
Z i 7 1
Both the scale of this energy, and the quite small spread, 2 |- 2 %/ -
are important constraints. § o 2 / % 5
g HHHHH—HH i —-HE H
The afterglow energy is comparable : typically a few times ¢ E |
10°0 erg. (e.g. Panaitescu 2001). - 6 \ :? ’ -
. ()
12 - v T v — 'E P~ 1
E*{,iso i = 4 - -
10} X - -4
Ey iso (Eg=0-1) <. o | i
8r - -4
; 0 42
5° 104 10% 105! 10% 1058 1054

Energy (erg)

2 . o
“ | i| Frail 2001
0 Fong 2015

-3 25 -2 -15 -1 -05 0 0.5 1 1.5 27
log(Energy/ 102 erg)



https://ui.adsabs.harvard.edu/abs/2001ApJ...562L..55F/abstract
https://iopscience.iop.org/article/10.1086/324061/pdf
https://iopscience.iop.org/article/10.1088/0004-637X/815/2/102/pdf

Black hole
engine

The standard model for Gamma Ray Bursts

Colliding shells emit gamma rays
(internal shock wave model)

Slower
shell

low-energy (< 0.1 GeV) io
high-energy (to 100 GeV)
gamma rays

Prompt
emission

Jet collides with
ambient medium
(external shock wave)
Very high-energy
gamma rays
(> 100 GeV)

M“‘ High-energy
gamma rays

NN

X-rays
Visible light

S
Radio

Afterglow




The standard model for Gamma Ray Bursts

UV/opt/IR/rgdio
gamma-ray \ —
—= gamma-ray
O - . X-ray
UV/optical
IR
y - |
~ radio
|
central photosphere internal external shocks
engine (shocks) (reverse) (forward)

1E17cm for ISM
1E6cm 1E9cm 1E12-1E14cm 1E15cm for wind
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Creating the prompt emission
Standard model: Internal shocks develop in the outflow as it is launched with time-varying I factors.

For two outflow segements with Lorentz factors I’y and I',, launched a time dt apart, internal shocks will
develop at radius R~ I'1*I";*c dt (Rees & Meszaros 1994) ~ 103 cm (I'1*I", /10%) (dt/0.1 s).

In the internal shocks, synhrotron emission and inverse Compton scattering produce high-energy radiation.

Can show that dt,,, = dtoueee* 1/ I'> ™ dteource =2 the engine variability roughly reflected in the observed

variability (I'y~I", ) — a strength of the internal shock model because simulations of accretion flow give ms time-
scales as observed.

Model calculations show between 1-10% of the shell kinetic energies can be radiated, so E, << Ey;, Thisis in
some tension with observational results that indicate E, ™ Ey;,.

Other candidate processes for the prompt emission exist, e.g. (See Kumar 2015 Section 7.)

* n-p collisions that give pions that decay to gamma rays

* Proton synchrotron emission

* Photo-pion

* Bethe-Heitler processes.

For magnetic jets (Poynting-flux dominates), dissipation and emission processes give further possibilities
(e.g. “hotspot magnetic reconnection”).



https://ui.adsabs.harvard.edu/abs/1994ApJ...430L..93R/abstract
https://ui.adsabs.harvard.edu/abs/2015PhR...561....1K/abstract
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Creating the
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A model in which N shells are

ejected with random Lorentz factors b 0 e P s
. d

and then collide. , ¢

-
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®
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L : shell separation
| : shell width
7 : a density parameter

o
o

luminosity
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Maln reSUItS: 00 o2 o:§:Nefsc)t;ﬁ\e o8 1 ° o2 ot?s.:rvefsotﬂe oe 1
1. Number of observed peaks ~ N. e f
. . o e 1 1
2. Peak duration (~variability) ~
T* 1/N 0.8 0.8
3. Radiation efficiency ~10% (but go° o0
o4 §o0a

varies 1-40% depending on

deta”S). 0.2 0.2 ‘l
o At b b il Kobayashi 1997
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
observer's time observer's time
Fig. 20. Luminosity vs. observer time, for different synthetic models: (a) Ymin = 100, pmax = 1000, N = 100, 7 = — 1 and

L/l =5; (b) Ymin = 100, yax = 1000, N =100, n =1 and L/l = 5; (C) Ymin = 100, Ymax = 1000, N =20, = — 1 and
L/l = 5;(d) Ymin = 100, ymax = 1000, N =20, = — 1 and L/l = 1; (€) Ymin = 100, ymax = 1000, N = 100, random energy
with E,,x = 1000 and L/l = 5; (f) Ymin = 100, ymax = 1000, N = 100, random density with pp,, = 1000 and L/l = 5. From
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https://ui.adsabs.harvard.edu/abs/1997ApJ...490...92K/abstract

Creating the
prompt emission

Somewhat surprisingly

* The observed duration of the

whole display ~ duration of central source
activity.

* The time sequence of observed pulses,
with few exceptions, follows that of
shell ejections.

ejection time
o o o o
(6} D ~ oo

i X )
04 %%f >>:

0.3F X)sz .
0.2} 2 |
0.1} fx _ .

e Kobayashi 1997
0 X | | 1 1 1
0 0.2 04 0.6 0.8 1 1.2

observer’s time

F1G. 3.—Time of ejection of a shell by the inner engine, ; vs. observed
time of the photon produced in that shell, ¢, ;, for N = 100, y,;, = 10,
Ymax = 1000, n = —1, and L/l = 5. The initial positions 0 and 100 corre-
spond to the inner and outer edge of the wind.
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https://ui.adsabs.harvard.edu/abs/1997ApJ...490...92K/abstract

GRB supernovae

SN 1998bw was discovered in association with
GRB980425: the first time a GRB was shown to be 13 ®
associated with a SN. - . Baa,

Detecting SNe associated with GRBs is often not | oJF .o o o, T,
possible because the afterglow is much brighter than a | . . e "
SN (compare energy release of 0.5 M., of °®Ni, ~104° ’

erg, to the kinetic energy of GRB jets, >~ 1051 erg). ; N o %oy o

Magnitude

Also, most GRBs are at redshift z >~1 and then i’ . *

1. The dominant SN emission (=optical) redshifts into o .
the harder-to-observe near-infrared range. aR-0.5 ’

2. It’s hard to get spectra at those distances = have

to rely on light curve bumps to infer the SN. oU+05 O\ B L
V425 of SN 19911

10 20 30 40 50

But SN 1998bw had a very weak afterglow, so
detection was quite easily made.

t {(days after burst)



https://ui.adsabs.harvard.edu/abs/1998Natur.395..670G/abstract

SN 1998bw

z = 0.0085 (40 MPc). Nebular spectra: large mass of oxygen (>~ 5 M,,,) inferred
—> a very massive star.
Type Ic-BL. (BL = Broad Lined). G L

25 % § 7]
.y . 22 8 & 3 o8
No traditional afterglow seen (and this helped to detect the Yo 81 § == SN 1998bw
SN, Hiorth 2012). irey N B
géér:ié%fﬁg ﬂ w
. . 20 [ - = 83 @ i
Most luminous radio SN ever recorded. g 117 Ta SR
o T IR L vl ST R z _E.E;.; Zz
| IITi i

o
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https://ui.adsabs.harvard.edu/abs/2012grb..book..169H/abstract
https://ui.adsabs.harvard.edu/abs/2001ApJ...559.1047M/abstract

The second GRB SN : SN 2003dh/GRB030329

Hjorth 2003
Between 1998_2003 it remained a possibility that ITI1TII1]IIIITIIIT]1ITI11TII]III1III1III1ITT1TII]III]IIITTII1T
GRB980425/SN1998bw was an oddball, not actually a ”normal” — SN 2003dh
GRB similar to the standard cosmological ones. | | ' Th, SN 1998bw
Then GRB 030329 / SN2003dh came along : its GRB did have a —_—
normal E;;,, and the SN looked similar to SN 1998bw in every way, - id
removing that doubt. E
> 8.3d |
o 8.3d
The SN luminosity was ~5% of afterflow flux = the light curve and F
SED of the SN dependend to some extent on certain assumptions s G 1
. < %
in the afterglow subtraction process. g 122d ]
§ —
+ 15:9d.
= 151d |
20.1d A
20.3d _]
27.8d 1
27:1d. ]
lllllllllllllllllll]lll]lllllllllllllllllllllll]llllllllllllll

3000 4000 5000 6000 7000 8000 9000

Rest wavelength (A)
- 35


https://ui.adsabs.harvard.edu/abs/2003Natur.423..847H/abstract

GRB supernovae, general properties

Always Type Ic-BL.

However, not all Ic-BL Sne seem to host GRBs
(inferred from non-beamed afterglow
constraints, next slide).

Somewhat controversially, some (formally long)
GRBs don’t seem to produce SNe (limits of
~0.01*SN1998bw established). However, some
of these GRBs share some properties with short
bursts so the picture is still somewhat unclear
whether all long GRBs make SNe or not. Fynbo
2006, Della Valle 2006.

At high redshift cannot get spectra, so have to
identify SNe just from small bumps in
photometric light curves = more uncertainty.

Absolute magnitude (mag)

T 1 T I T I 1 l 1 1 || ] 1 | | I 1 1 ] .
® GRB 980425/SN 1998bw GRB SNe:
o O GRB 030329/SN 2003dh 1998bw
& D < GRB 031203/SN 2003w
: N o/ GRBO060218/SN 2006aj 2003Iw
T :{% ] GRB 100316D/SN 2010bh_ 20063j
T 2008hw
e e 2009nz
o o
¢ ] > & D 2010bh
.
= = ~~ 1 2011kl
-16} = - S 2012bz
& 2013cq
- 2013dx
u 2013ez
& = Limits on SNe
=14 / in 4 long™ GRBs.
V
v ¥
. GRB 0505098 -
|, GRB 050709
GRB 060505 -
GRB 060614
_12 L 1 L l 1 1 1 [ 1 1 1 l 1 1 1 l 1 L 1

0 20 40 60 80 100

Time since GRB (days)
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https://ui.adsabs.harvard.edu/abs/2006Natur.444.1047F/abstract
https://ui.adsabs.harvard.edu/abs/2006Natur.444.1050D/abstract

Do all Ic-BL SNe harbour GRBs?

We would only see the (beamed) GRB prompt emission in ~1% of them.

But the late, less weakly beamed afterglow should be more generally detectable.

Soderberg 2006: No such (radio) emission in most Ic-BL SNe = Most Ic-BL SNe don’t harbor a GRB (max 3%).

Soderberg

2006
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https://ui.adsabs.harvard.edu/abs/2006ApJ...638..930S/abstract
https://ui.adsabs.harvard.edu/abs/2003ApJ...599..408B/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...638..930S/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...638..930S/abstract

Central engine: what launches the jet?

Two main model classes: Consensus on two points:

1. It’s a signal from a stellar death (a massive star either
1. Accreting BH. Woosley 1993: “Collapsar” collapses or merges with a compact object).
2. Spinning down millisecond NS. Metzger 2011 2. Lots of angular momentum is needed.

E,ot = 2%10°2 erg P, 2

\ Note the origin of the rotation energy of the NS
is gravitational binding energy, not rotation
energy of the progenitor.
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https://ui.adsabs.harvard.edu/abs/1993ApJ...405..273W/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.413.2031M/abstract

The collapsar mod

In 1993, before it was known whether GRBs even came from
cosmological distances, Stan Woosley presented a semi-quantitative
model for how collapsing stellar cores (“collapsars”) may produce them.

The fundamental idea is that for massive enough cores, the infall cannot
be halted by the neutrino emission from the proto-neutron star (as
happens in SN explosions). Accretion onto the proto-NS therefore
continues beyond the Tolman-Oppenheimer-Volkov limit and a BH forr{i.
If there is no or little rotation, the whole star falls into the BH withno —
strong electromagnetic display. ~

However, if there is sufficient angular momentum (j >~ 3*1016 cm? s'1),
the outer infalling layers will form an accretion disk. The initial disk forms
on hydrodynamic timescale 446 s/sqrt(p) ~ 1s, but growth continues by
slower free-fall from larger radii.

An energy budget of x*Mc? is available for material that falls in the
gravitational potential to the last stable orbit, where x=0.06 for a non-
rotating BH and 0.29 for a maximally rotating one. This translates to up to
10°% erg for Mgy=3 M, and M=1 M,,,. However only a fraction of this
can realistically be radiated as electromagnetic emission.

Inside disk:
~1011_1012 3
Lack of centrifugal support in ? “1'01013|2 gem=.
polar directions have cleared AII> tter disintegrat
these (matter straight into matter disintegrates
BH). to neutrons and protons.
Stellar mantle
falls in and feed:
Last stable orbit (3t 3Rq) Viscosity acts in disk: matter ~accretion disk
Vigt ~C/2 flows inwards but angular /

momentum outwards.

Disk feeds BH
\

T

Flows of ~0.1 M,,,/s established, similar into and out
of disk. Infall factor ~10 slower than free-fall estimate

as pressure decelerates. 7 Angular
l / frequency
Diffusion timescale 7 =r2/v, v ~0.01*c.2/12

2 ~3000s1->7~3s N\ X sound speed
™~ i c,~10° cm/s

For Keplarian motion at ~30 km

Mgot = M / T --> few tenths of M, per second.

Viscosity physics: Pringle 1981



https://ui.adsabs.harvard.edu/abs/1981ARA&A..19..137P/abstract

log(T) [K]

The collapsar model

Neutrino emission processes:

In addition to pair
annihilations, now also
e-/e+ captures on nucleons
an important process.

..6..... ; L . L
log(Rp/ ) [g/cm?)

Haft 1994
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https://ui.adsabs.harvard.edu/abs/1994ApJ...425..222H/abstract

The collapsar model
Two possible pathways for transferring energy to the jet:

1) Neutrino pair production. 20 collision angle

Neutrino annihilation cross section o ~1O'44<3M'{V>2cos(¢)2 cm2.  2) Black hole rotation energy extracted by the

T= ¢*n,*R~ 0.01 for R = 30 km = order 1% efficiency for .
converting neutrinos to pairs. E = 4*10°? B;s*> Myo? erg/s

e e

L )
«—— 9 =specific energy of last stable orbit
Energy dissipation M xq~ 1053 erg/s, Charged particles supplied
. . . c . . . rom accretion disk maintai t
radiates as neutrinos (inner disk is optically thick to these, f fon dIst maintaimn currents

_ _ B _ in magnetosphere.
compare to SN explosion process). Pair annihilation and pair
capture on free nucleons dominate neutrino creation.

Magnetic field lines thread and
semi-corotate with the BH = induction.

Neutrinos moving towards central region can meet
and annihilate (~1% of power - ~1E51 erg/s)

Note ok to make gammas here — this is not the emitting region. 41



Simulations of collapsar disks

First works by MacFadyen & Woosley 1999 (2D Eulerian
hydrodynamics).

Quite a lot of parametrizations/assumptions:

Angular momentum of progenitor arbitrarily distributed
* Woosley 1993: Assume Feepyr = 0.01 Fgpny = disk forms at
~100 km. Free parameter
Viscosity v
e q-viscosity : v =a *c,*H
Boundary conditions ™\ sound speed
* Absorbing inner boundary at 50 km (in reality last stable
orbit evolves with time).
Photon and neutrino radiation fields
* Neutrino cooling in optically thin limit.
Nuclear energy
* Burningignored, but energy release by
photodisintegrations to n and p included (but note this
can yield only ~1% of mc? compared to (6-40)% released
by accretion.)

Characteristic length scale

Y (km)

6.00

300 §
I: Infall along polar axes uninhibited,
o] €vacuated channels form.

N

100 fy
, Innefﬁgyndary
o)
e (816)
—200
—300 &=
—300. . =200 =100 0 YOO = 200 . .-2000
X (km)
| i =
oqderisity (9. ¢t )

8:089

7226 8.5142 8.93

4B

6.42 6.84
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Simulations of collapsar disks

Accretion rate shown to vary on timescales of tens of milliseconds
— Could explain GRB prompt emission variability observed on similar timescales.

However, it is not certain that the observed GRB variability is linked to such
engine variability, it may also be due to relativistic turbulence in emission region, instabilities
in the jet-stellar matter interactions, or current-driven kink instabilities (magnetic jets).

L l L) L) l Ll L) L) L} l . L) Ll L) ' L) ) v
0.1 -
’; =
Py .
] :
= 0.05 -
o A A A A A A
0 5 10 15 20
t (s)

MacFadyen & Woosley 1999
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Simulations of collapsar disks PP

10°1 - 10°2 erg
shown to be deposited by Nalala
neutrino annihilations
in the polar regions. 4000

-40 -20 0 20 40

F1G. 20.—Energy deposition by neutrino annihilation for the
“conservative” (see text) M = 0.1 My s™%, a=0.5, M, =3 M, case.
Contours of the logarithm of the energy deposition rate in ergs cm * s~ !
are shown with an equal spacing of 0.25 dex between contour lines. The
energy deposition rate is peaked along the pole. The dashed diagonal lines
approximately represent the disk scale height below which annihilation
energy was neglected (the ratio of scale height to radius is not constant in
the PWF model as it appears here). The dashed semicircle represents twice
the event horizon radius within which all neutrino emission and absorp-
tion is neglected. The solid semicircle represents the event horizon.

Y (km)

Not a very realistic jet simulation
(neutrino transport and
annihilations done analytically,
and not a relativistic code for the
jet propagation) — but first
indication that

Jet pushes material
to the side and may o508
produce a supernova.

[ |5 R P o |y D L

—600 —4000 -2000 O 2000 4000 6000 1. Jet formation does occur by
MacFadyen & Woosley 1999 X (km) the neutrino annihilation
mechanism.

log energy density (er
g g -Y( g/g) 2. The jet accelerates and starts

| . : S to punch a hole through the
18.00 18.56 19.13 19.69 20.25 20.82 21.38 21.94 star a4
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ki l L] Ll Ll L} ' L) L) L) T I L) 1 A A 5
10 I a=0.5 & high annihilation efficiency y
= i Accumulative neutrino
s I 1 «— annihilation power can reach
g ! ] over 10°2 erg.
N PF =
o i a=0.5 & low annihilation efficiency
. Sl ~———— | a=0 & high annihilation efficiency
0 ; R e v mmaaone=- 4/: — | a=0 & low annihilation efficiency
300 - -
Bt !
oo b _' Accumulative neutrino energy
=) f J+— radiated from disk can reach
N K ) *1 ()53
B - 4 over 3*10°° erg.
£100 |- b g
= & p
0 =

MacFadyen & Woosley 1999

F1G. 22.—Time-integrated neutrino annihilation energy. The top panel
shows the running integral of the energy deposited for two choices of initial
Kerr parameter (a,,;, = 0: dashed lines; a, ;, = 0.5: solid lines) and for two
assumptions regarding the efficiency of neutrino annihilation (§ 4.1.7). The
higher lines for each case use the “ optimistic” neutrino rates. The bottom
panel gives the total neutrino energy radiated from the disk for the same
assumptions.

Mechanism more efficient
for higher BH rotation.
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Simulations of collapsar disks

SN-like ejection also possible by 4400
a second mechanism: a disk
wind.

MacFadyen 1999 simulation:

* E,ing ~10°1erg. 4000

* IVlwind ~1 I\/Isun.

e OQutflow angles 30-45 Km
degrees.

 Initially nucleons in wind but
assemble to >®Ni (althoughY, 2000 |
is not computed so only if it
stays close to 0.5) White arrows:

flow direction

Disk wind nucleosynthesis: e.g. » k.
Pruet 2004, Surman & 2000 400 6000
MacLoughlin 2005.

Wind velocity will be of order
escape velocity from disk, ~0.1c.
Could explain the “BL” in Ic-BL.
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The Blandford-Znajek mechanism

I 1 I 1 I I T 1 1 T I ] 1 I L} I I L I 1 [
1 [ — -+ Maximal spin, here E,;
I e ~10% erg.
Spin parameter 0.8 - _- ——————————————— = If even a small fraction
o i | i .
a =0/ Orax . The black hole is spun - of t::sbBH rotatlo: energy
i up by the accretion. . could be ex.tracte It .
0.6 - ~ would dominate neutrino
i T annihilations.
— I I —
: . But, note also that higher
4 - spin parameter means
- - that the disk moves in,
= 3.5 - E get a more compact
: 3 - E geometry, higher Tand L,
= ' The black hole grows in mass by |1 ano! st_ronger neutrino
25 I ~0.1 Mgy, per second. - emission.
2 :- l L 1 1 1 l 1 1 1 1 1 1 1 1 1 l 1 1 1 1 I 1
MacFadyen & Woosley 1999 0 ° 10 15 <0 47
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The Blandford-Znajek mechanism

Lorentz factor

Nagataki 2009, 2011: Evidence for the BZ mechanism becoming
operational, even though insufficient Lorentz factors (~10) reached.

High BZ power still needs a significant accretion rate, and so the
neutrino process would also operate to some extent — GRBs may
have contribution by both processes.

BZ gives a “cold, Poynting-flux jet” (dominated by large-scale
magnetic fields) compared to “hot fireball jet” for the neutrino
case. The Poynting flux cannot be efficiently reradiated unless re-
randomized. Impact on external medium could help do this.

29% of the mass-energy of maximally rotating BH is associated with
rotation. The BZ power is of order

Nagataki 2011

. 2
E = 4% 1052B% (—221) erg s,
15 10 Msun
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Magnetic jet acceleration and prompt emission
In the rest frame (=comoving frame CMF) of a gas parcel (primed quantities):

Magnetic field energy density e; = B’2/87m. (Note B’2 = B2/['2 but we are at base so I' still ~ 1.)
Electric field energy density e;=0 (vanishes in CMF, E = - v/c cross B, v=0 in CMF)
Particle energy density e, = p'c?+ p’ = 1E26 ps + 2e25 Tp*

Magnetization parameter o = ez/e, >> 1 (energy density dominated by magnetic fields) if B’ = 1013 G.

From conservation laws, one can show that the jet accelerates by conversion of magnetic field energy to kinetic energy
(just an adiabatic expansion in which any internal energy converts to bulk flow). Simulations demonstrate that it is
possible to reach I' = 100 (e.g. Komissarov papers), but there are certain assumptions on boundary conditions in such
work (e.g. funnel).

Once an ultrarelativistic jet is produced, gamma-rays may be produced by either
* Internal shocks (same as fireball jet).
* Hotspot magnetic reconnection events.

Numeric simulations of high o, high I', magnetic dissipation/reconnection jets are yet not feasible (and far from being so)-
-> magnetic jets remain as a sketch/possibility concept.



The magnetar model

Bucciantini 2007, Metzger 2011

Two phases

1) Magnetar wind

2) Magnetically accelerated neutrino-powered wind with wound-up B
fields.

Assumes an initial SN explosion (whereas in the collapsar model the GRB
and SN mechanisms are separated).

Unclear whether >®Ni can be produced.

Unclear whether focused jet can be produced, but some recent simulation
results support (Aloy 2021, Obergaulinger 2020).

Has a maximum energy budget few*10°2 erg, whereas the collapsar model
can exceed this significantly.

Late-time activity here due to magnetar glitches (in collapsar model due to
fall-back).

Strengths: Relates to an object known to exist (the magnetar) and energy
and time scales viable.

s | ks /baryon] %
-
| S

Obergaulinger 2020:
A collimated jet produced
by a magnetar.
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Simulations of jet propagation  zhang 2004, Woosley & Zhang 2007

Jets can be of type
1) “Fireball”

Jet takes 10-20s to break

out through star.
Simulations show it
must be sustained
over that period

— constraint that
central engine must be
active for 10-20s.

2) Poynting flux (large-
scale magnetic fields)

Only the first type can be
quasi-realistically simulated.

Figure 8

Break out of a relativistic y -ray burst jet with energy 3 x 10°° erg s—! 8 s after it is launched
from the center of a 15 M WR star. The radius of the star is 8.9 x 10'° cm and the core jet,
at infinity, will have a Lorentz factor I' ~ 200. Note the cocoon of mildly relativistic material
that surrounds the jet and expands to larger angles. Once it has expanded and converted its
internal energy this cocoon material will have Lorentz factor I' ~ 15-30. An off-axis observer
may see a softer display dominated by this cocoon ejecta. If the star were larger or the jet
stayed on a shorter time, the relativistic core would not emerge, though there would still be a

very energetic, highly asymmetric explosion. (Zhang, Woosley & Heger 2004.) -


https://ui.adsabs.harvard.edu/abs/2004ApJ...608..365Z/abstract
https://ui.adsabs.harvard.edu/abs/2007RSPTA.365.1129W/abstract

Simulations of jet propagation

_4.,|rr,l...'...],,,I,,,l...l...‘ 150r[...,...l,.'1.rrl...'...|,.
1 ﬂ ) Variable Lorentz
® 5 100 factors .a-chlevec.j
E ] § . (a requisite for internal
=) N shock models for
2 ol ) o GRB prompt emission).
> [ 9 50-

-12— \__: | jm
‘14 adaosadagadaaada s s b e ol aaal o 0 — Tl i i Las s Jdaa ol l o
0.6 081012 14 16 1.8 2.0 0.6 0.8 1.0 1.2 14 16 1.8 2.0
z (1072 cm) z (10712 cm)
Zhang 2004

Figure 109: Density and Lorentz factor in the jet in Fig. 108 at 70 s.
Note the highly variable density and especially Lorentz factor (Zhang, and

Woosley 2002).

52


https://ui.adsabs.harvard.edu/abs/2004ApJ...608..365Z/abstract

43

42

log, (L [erg s™])

40

SN 1998bw revisited: light curves and spectral modelling

No 1D °®Ni-powered model fits the whole light curve well.

A Fitting the peak

] LA B B ' LA

requires a large E/M.

(@)
Spherical Model F|

Fitting the tail
requires a low E/M.
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SN 1998bw revisited: light curves and spectral modelling

2D *®°Ni-powered models do better, however need quite extreme parameters.
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Model A: Explosion simulated

by injecting energy

asymmetrically : factor 16 times
more power along polar directions.
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SN 1998bw revisited: light curves and spectral modelling

4 prreprerreer [FErTITITY hadddbbil [TeerTITT [rvverTTT [T
I Also nebular spectra fit better
(a)f,=1.15 ] with asymmetric models.

BP8 (+const)

More asymmetry

BP2 (+const)

A

F (10 ergs ' cm?A™) + const
N

4000 5000 6000 7000 8000 9000

Wavelength (A) Maeda 2006
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Woosley & Heger 2006,
Yoon, Langer &Norman 2006.

Stellar progenitors of long GRBs

Main challenge : how to retain enough angular momentum in the core during a massive star’s evolution?
High initial rotation the starting point.
But stars, and in particular their cores, tend to lose their angular momentum by

1. Wind mass loss (whole star)
2. Magnetic braking (core)

Important clue: GRBs seem to be more easily produced at low metallicity. Low metallicity reduces wind mass loss,
and also keeps the star more compact which reduces both wind mass loss and magnetic braking.

But still need to get rid of the H envelope, and probably most of the He envelope (jets don’t easily penetrate these while
also retaining a structure necessary to make GRBs, Zhang 2004). Ideas:

1. H envelope removed by a companion instead of by winds (compare to the inferred binary stripping of most SE-SNe)?
2. Massive star at quite low metallicity?
3. Angular momentum comes instead from a merger event?


https://ui.adsabs.harvard.edu/abs/2004ApJ...608..365Z/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...637..914W/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...460..199Y/abstract

log( specific equoterial angulor momentum / cmz/s)

Magnetic fields remove angular momentum from stellar cores
No B fields With B fields

T T T T T T T T T T T

T T T T T T T T T T T T T T T T

pre=SN pre—SN
= 0 depletion O depletion
— C depletion 16 ~=—= C depletion
— C ignition —— C ignition
He depletion He depletion .
He ignition He ignition Main angular momentum losses
i gepiation '8 H depletion when stars expands to RSG phase.
H ignition H ignition

|IIIlllllIIIIllllIII[IlIllIIIl'IIlI IlIIIlII'III

25 Mg stor
magnetic fields
Spruit (2002)

| 1 2 L L | 1

log( specific equotorial anguler momentum / cmz/s)

25 M® star

no magnetic fields
l A A A A l A A A A l
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0 ' ‘ ’ ' 5 ] ’ . 10 15 20 ’ ' 0 5 . 10 ] ' 15 20
enclosed mass (solar masses) enclosed mass (solor masses)
Magnetic torques usually included with prescription of Spruit 2002. Heger, Woosley & Spruit 2005

Successfully explains birth periods of “normal pulsars” from “normal stars” (Heger 2005).

Note that angular momentum can be transferred between different parts of the star
also by other processes: Eddington-Sweet circulation, shear instability, Goldreich instability, etc.
But the Spruit dynamo typically strongest effect. Implemented with a diffusion equation. 58
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Number of objects

Rotation of stars

3BT AAARARRAN AAARAARAS ARARAAARA : ST A A S 1 Average rotation speed of O & B stars
30f LMC 30 _ SMC - is moderate, ~100-200 km/s (~20% of
: : {1 breakup).
25 1 < 25¢ < ]
e f % f \ } About 1 in 300 stars rotate faster than
20¢ \ 12 20p \ 1 2/3 of breakup speed.
[ ] o :
15F N 1 5 15fF ] .
: \ : x&_: : \ Lower-metallicity star rotate faster.
10F y 3 10F N
: \ 5 = f \\ f Rotation of Wolf-Rayet stars not well
> ™\ 5F \{, determined observationally.
Oboodbndnndnn e B0 ob o b
0 100 200 300 400 0 100 200 300 400

v sin i (km/s) v sin i (km/s)

Hunter 2008 : Measured rotation of O & B stars in LMC and SMC.
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Rotation of stars

Centrifugal effects cause rotating stars to be hottest and most luminous
along the poles (von Zeipel 1924).

Rotation has an influence mainly in early burning stages (H, and
sometimes He): the later stages transpire too quickly for rotational
mixing effects to have an impact.

Initially, a rotating star is less luminous and colder (centrifugal support
reduces burn rate). But, rotationally induced instabilities work to push the
star’s luminosity up. Strong chemical gradients established.

Over time the star therefore becomes more luminous. It then also
develops a higher mass-loss rate and more easily evolves bluewards. It
lives longer than a non-rotating one : more efficient mixing means an
effectively larger fuel supply. This also leads to larger He cores, and larger
CO cores. For example, a Myays = 15 M, star makes a 3 M., He core with
no rotation, but 4.5 M., with fast rotation.

Compositional mixing occur by at least five different instabilities: the
dominant one is typically Eddington-Sweet circulation which arises from
thermal differences between poles and equator.

Log(L/Le)

Heger & Langer 2000, Heger et al. 2000
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Rotation of stars

Altair (2 M., 2 R, 16 ly distant) imaged by infrared interferometry : first resolved
image if any main sequence star.

A

Hottest at the pole

North (milliarcseconds)

Convoiving Equatorial
Beam (0.64 mas) rotation 290 km/s

2 1 0 -1 -2
East (milliarcseconds) East (milliarcseconds)

Monnier 2007
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Chemically Homogenous Evolution (CHE)

At over ~50% of the critical rotation speed, the outer layers get efficiently mixed into the core = the whole star (or most of it)
is processed by H burning and no large H envelope remains to make a supergiant. Instead O - WNha evolution, and the strong
angular momentum losses associated with the supergiant stage (both by winds and magnetic braking) would be avoided.

This happens more easily at lower metallicity, and at higher mass.

T 2AMS ‘ ' ' " T 6. Conclusion and discussion =~ Maeder 1987
L
60} log — =
. Lo a0y 85 M,
(.025,11) ey .
Transition to WR star while
still burning H. ox=015
58} |
748.10%y 5.31.10% P
(021,.21) 60 M, 4.99.10% 4. Rotationally induced turbulent diffusion leads to A WIDE
4.10%y e 515100y BIFURCATION IN STELLAR EVOLUTION. Apart from the
8- (”2"3:’06 . \ 85_1;2:“2'53) i usual (more or less extended) redwards tracks in the HR diagram,
(02,60) o 6 e blueward tracks may also occur, corresponding closely to
o 2.10%y S homogeneous evolution.
NS L021,.71) § —2.10% =
SAI- 1.10%y X¥ 4 08, ““ALL TRACKS .
\?"_0-' (042.:4.23) 40M, WITH o< > 0.20 9. The branching ratio of the bifurcation towards homo-
(44,90) geneous evolution with respect to (more or less) inhomogeneous
i Fast rotating model Slow rotating models | evolution is estimated to be about 159 for Per OB1. The
A observational estimate of the critical velocity above which mixing
) \ ! ! | 1 | occurs is about 350+ 50kms ™',
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log Teff
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Angular momentum evolution in a star of M= 16 M, V.ot = 400 km/s,
Z = 1% of solar, WR mass loss rate suppressed by factor 3.

Almost no losses

over H and He burning
phases. Fast rotation

— CHE and star never
becomes a RSG, instead
a WN star.

2) Central He depletion
1) ZAMS / S

3) Central C depletion

i(m) / C“ﬂ?

4) Collapse stage

Core region loses
factor ~5 angular
momentum in last
few months between

collapse stage.

central C depletion and

Model

| A A " A 1

| Only 2 Mg, lost
e to stellar winds over
star’s whole life.

Star dies with only

0.3 M, of He left, and
all at the surface,

so probably would
give a Type Ic SN.
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Woosley & Heger 2006
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Angular momentum evolution in a star of M= 16 M, V.ot = 400 km/s,
Z = 1% of solar, WR mass loss rate suppressed by factor 3.

log( j(m) / cm?/s)
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18 T J.S0.Schwarzschila  Ang. momentum needed at last stable orbit of non-rotating BH

ilsokerr  Ang. momentum needed at last stable orbit of maximally rotating BH

" iso¥)  Ang. momentum needed at last stable orbit of a BH with mass and rotation of inner material
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Do GRBs require low metallicity?

Many GRBs have low metallicity host environments, but that is

mostly because they are at high redshift.

More recently many GRBs also at high metallicity have been
discovered, and its not fully clear whether they form more

easily in low-metallicity stars or not.
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Short bursts

Radiated energies 1-2 orders of magnitude smaller than long.

Properties consistent with merger of two NSs or a BH-NS:

e Simulations of both NS-NS and BH-NS mergers show
that <~ 0.1 M, of material forms a disk.

* The time-scale of such a ~0.1 M, non-resupplied disk (in contrast to
stellar collapse there is no resupply infall here) is <~ 1s agreeing with
observed short GRB durations. (Note dynamic timescale of merger itself
is too short, <~ ms, need an accretion disk).

* No SNe seen.

* Location often in old elliptical galaxies --> not from massive stars.

One may argue that in this case a BH is almost certainly forms (not a
magnetar), so if BH accretion works for the short GRBs, why not for the long
ones?
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No SNe ever detected in short GRBs, and their
weaker afterglows allow for strong limits
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Hjorth 2005

Afterglow of a short GRB : even a normal Ic SN like SN 1994l can be ruled out.

Quentin’s lecture: Sometimes though kilonovae seen following short GRBs.
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