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Main research interests

o Non-thermal radiative transfer
o Particle acceleration processes (magnetic reconnection)
o Astroparticle physics (high-energy neutrinos, cosmic rays)
o Modeling of high-energy astrophysical sources
m Steady sources: Relativistic jets, cores of active galaxies

m [ransient sources: GRBs
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Lecture plan

e Part 1: Introduction to Gamma-Ray Bursts
(GRBs)

e Part 2: Introduction to GRB afterglows

e Part 3: Theory of GRB afterglows

e Part4: Demonstration of AfterglowPy



Part 1

Introduction to GRBs



What are Gamma-Ray Bursts?
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https://ui.adsabs.harvard.edu/abs/1973ApJ...182L..85K/abstract

Cosmic Fireballs

*
G. Cavallo™ and M. J. Rees mstitute of Astronomy, Madingley Road,
Cambridge

Received 1977 September 30

Summary. If a large amount of energy is suddenly converted into a con-
centrated burst of (MeV) 7 rays, the prolific creation of electron—positron
pairs will inhibit the escape of photons until they have been degraded below
the pair-production threshold. This sets general constraints on the possible
luminosities of rapidly varying vy-ray sources and suggests why the observed
v-ray bursts have an approximately standardized and ‘soft’ spectrum.
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The y-ray fireball: ee"p plasma and photons
Key physical processes: r N\
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FireballMass: M, ~ n . m R3 (n =n = n)
p P e i
- 38 b ) 2y 2
Fireball Energy: Ef = 10°° erg =nM,c
100 pc 10~ % erg cm? \
It can be smaller or larger than 1
. o Ef c Ef
Fireball Luminosity: L ~ ~ —
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Optical depth to Thomson scatterings: 7. =n_o6.R = o R=— =
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P P vy v ren Vel.mec2 eiz m, e, €, 1)
o.. L E.o E
T ,38 : :
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m c 3R m, c2R2 R72 radiation energy density !
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Region A

e Radiation escapes on atimescale R/c

e Photon spectrum reflects the photon
production processes

Photon Compactness

e No spectral modifications due to
scatterings

-3 0 3
LOG €

Characteristic photon energy 13



Photon Compactness

LOG o7

Characteristic photon energy

Region B

y+ y < e + et —lepton-photon gas
with the same temperature

Timescale tW << timescale for photon escape
and photon creation

New photons from bremsstrahlung on t e

> tYY — more particles share the same total
energy — individual photon energy drops !
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Photon Compactness
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Characteristic photon energy

Region B

Photonsescape:t ..~t  ——R, ~R(7;)

Escaping photon luminosity:
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Photon Compactness
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The “Great Debate” of 1995

... which lasted about two decades (1973 - 1997%)

Schedule '!

1:00 pm
Introductory Lectures

Opening: Robert Nemiroff (2 minutes)
Lecture: The 1920 Shapley - Curtis Discussion: Background, Issues, and Outcome; Virginia Trimble (40 minutes)
Lecture: Gamma-Ray Bursts: A Brief Introduction; Gerald Fishman (40 minutes)

Intermission

2:30 pm
Debate

Moderator: Sir Martin Rees

Opening Argument: Bohdan Paczynski (Cosmological viewpoint, 20 minutes)
Opening Argument: Donald Lamb (Galactic viewpoint, 20 minutes)

Rebuttal: Bohdan Paczy ski (15 minutes)
Rebuttal: Donald Lamb (15 minutes)

Martin Rees Question to Donald Lamb (5 minutes)
Martin Rees Question to Bohdan Paczynski (5 minutes)

Closing Statement: Donald Lamb (10 minutes)
Closing Statement: Bohdan Paczynski (10 minutes)
Questions and Comments from the Open Floor (time remaining)

4:10 pm
Closing: Martin Rees
Announcements: Robert Nemiroff

Paczynski, Rees, and Lamb




The “Great Debate” of 1995

Lamb’s school
(University of Chicago)

e Galactic sources

e Moderate required energetics:
=~ 10% - 10%%erg

e Starquakes/magnetospheric flares from
pulsars/magnetars

e Anisotropic distribution (e.g. disk)

Paczynski, Rees, and Lamb

Paczynski’s school
(Princeton University)

e Extragalactic sources

e Extremerequired energetics:
=~ 10°1 - 10°*erg >> Solar EM
power released in 10 Gyrs !!

e Collapse of AGN cores ??

e |sotropicdistribution

18



If GRBs were found at cosmological distances — opacity to yy pair production
would be huge ! (see also Ruderman 1975, AAS) — Emergent photon spectra would be
“soft” thermal — Inconsistent with observed non-thermal spectra

Er.s2 : 16 O16°
Photon compactness: 0% ~ 4.4.1016— Opacitytoyy: z~~ 1.8-10 W
R €
7 i, 1

E
Relativistic fireballs! < o 2t L s> 100
(e.g. Goodman 1986, ApJ; e = vy At 2 Y

Paczynski 1986, ApJ)
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e Relativistic lepton-photon plasma (kT >>m_c"2) .

e Spherical symmetry
e Stationary flows

Equation of State equation
1st Law of Thermodynamics

1 P P
e = — > le=3— (1)
]/—1 '00 po — P i
—+u-V —~|=0=(P =K 3 (4
(al‘ )(poif) (,00) (4)
Mass continuity equation
a —
a—(ypo) + V. (ypoﬁ) =0 :{rzypo c = const (2)] Enthalpy density (normalized)
t
e P Eg.() |, P
Momentum equation £=1+ (Z + ,006'2) . >>p0c27 ¢=4 pc?
0 = dP d dP
—+ u-V ) =-——> 2 — = —-— (3
rpo( YR )(éyu) o o (<r) o (3)

e.g. Paczynski 1986, ApJ 20



https://ui.adsabs.harvard.edu/abs/1986ApJ...308L..43P/abstract
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Fluence, 50-300 keV (ergs cm™)

2704 bursts
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GRB spectra
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Photon Energy (MeV)

E o E(2+a)
Aha) o (- et ) Exk
FBand (E) = a—p
("‘—ﬁ)Epeak E B
[100 keV(2+a) ] exp (B —a) (100 keV) 2 Ec
Epeak
E.=(a—p) il (a — B) Eo Band et al. 1993. ApJ

Non-thermal photon spectra — optically thin
plasmas — relativistic motions
23



https://ui.adsabs.harvard.edu/abs/1999ApJ...524...82B/abstract
https://ui.adsabs.harvard.edu/abs/1993ApJ...413..281B/abstract

e Synchrotron radiation from
relativistic electrons

e EmissionfromR > Rph

e Jetcoastingwith [ = const.

I'(R)

e T’  const

xR

Burgess et al. 2020, Nature Astronom
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https://ui.adsabs.harvard.edu/abs/2020NatAs...4..174B/abstract

Stathopoulos et al. 2024, A&A
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https://ui.adsabs.harvard.edu/abs/2024A%26A...683A.225S/abstract
https://github.com/mariapetro/LeHaMoC/

GRB durations

e  GRB 950830 . L
\ s S ° Blmoc;lal distributionin
s_’*' GRB 950830 Pulse B durations

|
\ e Short GRBs (< 2 sec) have
harder photon spectra

10" -

e Long GRBs (> 2 sec) have

10° 3 softer photon spectra

e Bimodality — different
progenitors

Hardness (H32)
(100-300 keV counts / 50-100 keV counts)

10! -

See also Kouveliotou et al. 1993, ApJL

107! 10° 10! 10? 10°
Duration (s) (T90) https://gammaray.nsstc.nasa.gov/batse/grb/catalog/4b/index.html 2g



https://gammaray.nsstc.nasa.gov/batse/grb/catalog/4b/index.html
https://ui.adsabs.harvard.edu/abs/1993ApJ...413L.101K/abstract

GRB progenitors

Stellar collapsars NS-NS or NS-BH mergers

a

McFadyen & Woosley 1999. ApJ; Woosley & Bloom 2006,

ARASA Eichler et al. 1989, Nature ; Narayan et al. 1992, ApJL

Credit: NASA's Goddard Space Flight Center 27


http://www.youtube.com/watch?v=aPlgkw4__6g
http://www.youtube.com/watch?v=ZCvKXkJjIKg
https://ui.adsabs.harvard.edu/abs/1989Natur.340..126E
https://ui.adsabs.harvard.edu/abs/1992ApJ...395L..83N
https://ui.adsabs.harvard.edu/abs/1999ApJ...524..262M
https://ui.adsabs.harvard.edu/abs/2006ARA&A..44..507W
https://ui.adsabs.harvard.edu/abs/2006ARA&A..44..507W

v

Collapsars ® @ .-

primary to secondary

Key discovery: SN 1998bw with GRB 980425 .
(Bloom etal. 1999, Nature) Primary is now a
GRBs associated with SNe Type Ib/c (hoH, no He v

lines) — stripped stars | Roths obe overicy from

secondary to primary leads
to con Ve phase

GBR-selected SNe have broad lines — associated
with fast (~0.1 c) outflows

v

lary emerges
as a Helium star

All GRB-selected SNe are Type Ib/c-BL iy

and mass transfer from
secondary to primary

v
emerges as

v



https://ui.adsabs.harvard.edu/abs/1999Natur.401..453B/abstract

Key discovery: GW 170817 with GRB 170817A

(Abbott et al. 2017, ApJ, Troja et al 2017 ,Nature )
Mergers

Gamma rays, 50 to 300 keV GRB 170817A == r:::—:‘
3 - 150 } S=x U e
Fermi : PX | IR ) 5y
2 1 f i e |
g = "
i i e
i NS merger X-ray Radio afterglow
LIGO-VIrgo Gravitational-wave strain OW170817 \ / SOAERR \\ \
‘ | — S ———— e —
5 ‘ 0 +1.7s /+5.23hrs \+10.87 hrs +9 days +16 days
/
\
LHV sky localization UV/Optical/NIR Kilonova
Time from merger (seconds) a N
GW170817
I NTEG RAL Gamma rays, 100 keV and higher GR8 1?08171\ © ¢ ’_T !
§ 120,000 \s g o . ‘
: . |
oy ﬂfwﬁmﬁﬁﬂwﬁ%w | | |
110,000 = .
] nmzoni
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Part 2

Introduction to GRBs afterglows

30



The discovery of the GRB afterglow (1997) GRB 970228

BeppoSax (X-rays) HST (optical)

Host galaxy

First determination of the GRB host galaxy at z=0.695 ! — Direct evidence for extragalactic origin

First observation of a GRB counterpart in X-ray and optical wavelengths after the y-ray emission ! 31



Flux ( 102 ergs ecm™2 571 )

10% g rrrm Ty
A creovoiis 1 ® Long-lasting (hours to months)
o E=:§\f GRB970228 electromagnetic emission at lower
- *}f@ O energies (X-rays, optical, radio) following
3 N GRB970 = .
. I the brief y-ray flash
e . $ GRB9B0329 |
- N\ CRB980613 1 @ Flux decays as a power law
N
Noal
\,3,‘1
L " e Key observables: peak time, peak flux,
5 K] ; power-law index

102k BeppoSax X-ray ((c T

10-3 Costaet al. 1999, A&A Supplement Series

1 10t 102 108 10* 108 108 107
Time (seconds from GRBM trigger) 32



https://ui.adsabs.harvard.edu/abs/1999A%26AS..138..425C/abstract

A more complex picture emerges!

103 T T T Ty T T LB R | T v vrrrrorg LA B L B B R | LA L L B R LR | T T T
O XRT-PC ] 16} + lTT ’
Flares oxgr-wr |10 - §34 dg, :
101 0O Optical R 5 L . t 1 1++ %,.};‘
Q ; Achromatic ] L Saaperimiy o
} b k = L} H (upper limit)
o reaks oo E .y
— b el % 20 | < J(upper limit)
e '} \ g 2 _fen
o 10 \‘C—, € 21} * i(Da)
0 ~ ~ f 5 g’ L] Rc
- [h'd .., = Rc (upper limit)
g - - ~ ., 120 = 22 | * R, (Dai)
o CR
8 3 y =i CR (upper limit)
107 - r(Dai)
24 |- o white v b (upper limit)
v limit
195 25 i : ;/-N v :\,(vl:,':p(ir;)gr:i_mi_t)
GRB 060526 : Ba) it pioniai)
-5 ] PRPEPEE | PRSP | PR | PP | PP |
Ul ““'5 E— 1E-3 0.01 0.1 1 10
102 10° 10* 10 10 Days after the burst

Time (sec, observed frame) Th™ t al. 2010. A&A
oneetal. .

Dai et al. 2007, ApJ 33



https://ui.adsabs.harvard.edu/abs/2007ApJ...658..509D/abstract
https://ui.adsabs.harvard.edu/abs/2010A%26A...523A..70T/abstract

The “canonical” X-ray afterglow

v
~08"
t,:10%-10° s t,:10%-10% s

Zhanget al. 2006, ApJ
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Salvattera et al. 2009, Nature



https://ui.adsabs.harvard.edu/abs/2006ApJ...642..354Z/abstract
https://www.nature.com/articles/nature08445

Part 3

Theory of GRBs afterglows



The GRB afterglow paradigm

Key ingredients:

e Relativistic blast wave dynamics e
2 Mrcvs

e Relativistic beaming of radiation L e ,, ,_

e Non-thermal radiative processes
o . o . . Black hole
e Particle acceleration at relativistic e
ShOCkS Prompt

emission

Afterglow

36



ISM at rest

Energy conservation:
MIc? + dmc? = (M+dM) (I+dlN)c? (

dm = 4rxr? p(r) dr

Momentum conservation:

MIBc = (M+dM) (T+dl) (B+df)c (2)

dr r2—1
(D, (2) —>[—=— 1

dm M

Blandford & McKee 1976, Phys. Fluids;

r Chiang & Dermer 1999, ApJ
M(r) =M_+ 4z dr' r'2C(r') p(r') 2dM=I(r)dm
0

37
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1
Blast wave (shocked M(r) = (M02+ 2r MM _ (r) +M2sw(r)) 2 (1D
fluid) inertial mass:

. MSW( r) + FOMO
Blast wave (shocked fluid) r¢r) = (2)

Lorentz factor: M(r) -

Swept-upmass: M_(r) =47r/ drr?p(r) (3)

"o

ISM at rest

38




Msw( r) +I' M,

1
M(r) =(M02+ 2r0M0Msw(r)+M2sw(r)) 2 (1D I( r)=T (2)

Disclaimer: constant density medium




3 - Eoss |-
Decelerationradius: oM (r, ) ~ M =r, = 3 X 10105 e : 3
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Radiative processes

Prompt emission

Prompt-emission
photon

Afterglow

W\ﬁ)

r~——
Electron SSC Synchrotron
photon photon

g - o S B e e e

\
|
|
|
|
|
|
|
|
|
]

b

A eV - keV

Synchrotron

/il

GeV- TeV
SSC




e Shocks dissipate bulk kinetic energy — internal
energy, non-thermal particle energy

e Fermiacceleration — particles gain energy via
multiple scatterings across a velocity gradient
(there is also shock-drift, ...)

e Scatterings mediated by magnetic fields —
generated by instabilities

e Shocks can accelerate particles into power-law
distributions.

e Inefficient accelerationin
o  Superluminal shocks
o High-oplasmas

Drury 1983, ApJ; Bell 1987, MNRAS; Blandford & Eichler 1987, Phys. Rep.;
Mobius & Kallenbach, 2005 Begelman & Kirk 1990; Bell 2004, MNRAS, Blasi 2013, A&ARv +++

42
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o=10

Yo =15
Low-0 shocks:
* returning
particles
* filamentation
instabilities

« weakly magnetized
(relevant to GRB blast waves)

og=1{.1 x, [e/s,) - .
i Sironi et al. 2013 - Strong|y magne‘“zed
510 i
: S %o % _
igh-oshocks: I - < o 15
* Nno returning ol No “returning” _" 18 E reflecting i St ol g e
particles : particles ] | / W
* no turbulence ! . P incorming fow
’ & E/ pl:“:”’/ = _:'E"ik propagation
400 600 800 1000 1200 1400 1600 "

Sironi & Spitkovsky 43
2011



Relativistic shock acceleration Difusion coeffient and maximal

energy depend on typical scale A of

— S — — et turbulent magnetic field :
10°F (a) - =0
— o=107* il P o B
— o=3a0 |1 e~ a|L2] =a ()
10* — 0=10" A eB
. . Y — 0=3x107°
3D g=10"" — 0=107° 1/2
1 N ) ct
"g 103 Neu YmaxMic~ ~ eBA (I)
™~ E .31-000 ! o P B
3 F- ! s p=2.4
&~ 10° N Some problems:
F é 1. Slow increase of ymax
10! F 100 2.  Prominent Maxwellian
E 160 10'00 10600 component in particle
{0° L Time [o}) ] : distribution
A P SRR | A PRI | R A W A
10° 10! 102 1 3. Turbulent magnetic field
> decays far from shock
Sironi & Spitkovsky 2013, ApJ, 771, 54 44



twp =4000 1w, =26100
Y = 10
]0]: ¥ LEE PR SR v LI R R LY | " TIPSR LRSS~
2 : x=xsn(1) =[=1200, —800] c/ewy 3
: ] Large (A ~100 plasma skin depths) magnetic structures
100k 4 form on both sides of the shock.
b = 3
=] B .
% o f The post-shock bulk plasma becomes magnetized
L - : — magnetic field decay is slowed down.
1071 § =
' The fraction of energy in the Maxwellian component
: drops from the “canonical” ~90% to ~60%
. — reducing tension with GRB afterglow observations.

GroSelj, Sironi, Spitkovsky, 2024, ApJL, 963, 44
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Power entering the shocked plasma:

dE
e pc - (I'=1)Ipc? - 4nr?

Electron distribution:
dN . m,
dt—dy—Ker s Y oin SV SV s Y ~m—F(r)

e

min

Power injected into relativistic electrons:

, [ e dN dE
L,=m,c dy(y-=1) = ¢

. dtdy e dr
Magnetic field strength:
BZ
Pl egu, = e 40(r) p(I=1) c?

log (dE/dt) (erg/s)

€

46.5 1

46.0 1

455 1

45.0 1

445 4

-
o

435 1

43.0 1

o €, are key free parameters!

42.5 4

l' T L] ] L} -_10
150 155 10 15 170 175 180 185
log R (cm)

log B (G)
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Synchrotron spectrum

Analytical results

Synchrotron light curve

6
T T T T 1 0 T T T T T
b . b ]
- v/ —(p-1)2 slow cooling low frequency |
| v >t 1
10° - T F ' g ° 4 10t oo
| | {172 3(1-p)/4 ]
> I | I N\t
v i i | y {6 113 | |
— | | — s | | 4
231 0%t E | | | . :1 0 | | ]
x : : : v P2 = | | (2-3p)/4
= | | | = 3 | | | \
Lo, 0 32 | 12 | w107¢ I [ I
10" + i i I 7 : : I
| | | | | |
| | |
b 10°) - '
i | |
1072 i : : : it it
Iva Ivm Ivc 1 | | |
o [ L I i I . 10 '_2 L 5 | [ I 5
108 1010 1012 1014 1016 1018 10 ;0 10

Sari, Piran, Narayan 1998, ApJL


https://ui.adsabs.harvard.edu/abs/1998ApJ...497L..17S/abstract

log v.F(v) (erg/sec/cm”2)
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¥ . Y

— +c— = ;syn) £ Q(inS) i '[}y)’)') + .L(yssa) (10)

Synchrotron self-Compton (SSC)

o T T T T T T T T T Thermal + Non-thermal electron distribution
Numerical results R
o dec . (Giannios & Spitkovsky 2009, Warren et al. 2022)
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GRB070420 1 day
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e GRBjets are very well collimated outflows !
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https://www.nature.com/articles/s41586-019-1750-x

Open questions & Outlook

Part 1: Prompt emission

What causes the observed variability?

Are GRB jets magnetic or kinetic dominated flows?

What is the baryonic loading (protons/neutrons) of the jet?
How are particles accelerated?

What produces low-energy spectral breaks in GRB spectra?

AN I

Part 2: Afterglow emission

1. What produces flares and plateaus in X-ray afterglows ?
2. What are the expected €, €, parameters for relativistic
shocks?

Do the shock microphysical parameters evolve with time?
4. How does the pair loading affect the afterglow emission?

Outlook: TeV prompt emission, y-ray
polarization, neutrinos + GWs ??

=
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Part 4: AfterglowPy
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https://github.com/geoffryan/afterglowpy
https://afterglowpy.readthedocs.io/en/stable/quickstart.html

AfterglowPy: Installation

https://afterglowpy.readthedocs.io/en/stable/quickstart.html

https://github.com/geoffryan/afterglowpy

Installation/Building

afterglowpy is available via pip :

Tl

$ pip install afterglowpy

afterglowpy is compatible with Numpy v1 and v2, Python 3.8+, and runs on MacOS, Linux, and Windows.

If you are working on a local copy of this repo and would like to install from source, you can the run the following from the top level
directory of the project.

$ pip install -e . 1=

Ryan et al. 2020, ApJ
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https://ui.adsabs.harvard.edu/abs/2020ApJ...896..166R/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...896..166R/abstract
https://afterglowpy.readthedocs.io/en/stable/quickstart.html
https://github.com/geoffryan/afterglowpy

AfterglowPy: Numerical GRB Afterglow Models

https://afterglowpy.readthedocs.io/en/stable/quickstart.html

https://github.com/geoffryan/afterglowpy

Features

afterglowpy computes synchrotron emission from the forward shock of a relativistic blast wave. It includes:

» Fully trans-relativistic shock evolution through a constant density medium.

« On-the-fly integration over the equal-observer-time slices of the shock surface.
« Approximate prescription for jet spreading.

» Arbitrary viewing angles.

« Angularly structured jets, ie. E(B)

» Spherical velocity-stratified outflows, ie. E(u)

« Counter-jet emission.

* Deep Newtonian emission.

+ Image moments suitable for astrometry: centroid position and image size.

Ryan et al. 2020, ApJ
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https://ui.adsabs.harvard.edu/abs/2020ApJ...896..166R/abstract
https://afterglowpy.readthedocs.io/en/stable/quickstart.html
https://github.com/geoffryan/afterglowpy

Afterglow light curves from structured jets
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Example 2: Top-Hat vs. Power-Law
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2356 bursts
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