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New & exciting
developments

GW counterparts (2017)
Magnetar Giant Flares

BOAT - GRB 221009A

LIGO-Virgo-KAGRA (LVK) GW
observing run 4 (O4) start, LEAP &
MoonBEAM instruments
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Gamma-ray bursts

e History: from 1967, published in
1973 (https://www.nasa.gov/
feature/goddard/2023/nasa-
looks-back-at-50-years-of-
gamma-ray-burst-science)

 Naming convention GRB
YYMMDDA, e.g. GRB 190114C,
GRB170817A

 Spacecraft: Swift (BAT), Fermi
(GBM), Konus-WIND, Glowbug,
GRBalpha, GECAM, etc.

e Sign up to receive GCNSs
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GRB observations (1.

* Lightcurves

e Highly variable, unique

e Two classes:

e short (S 2s)
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e long (= 2s) 0 S 10

* (division closer to 4-5 s in GBM; 2 s historical) Tme in Seconds

Credit: PJT Leonard Credit: Bill Saxton,
NASA/GSFC NRAO/AUI/NSF
150 6
GRB 210503 GRB 210711 GRB 920216B 350 '
trig #143 trig #512 ] E trig #1406 3
300
A A
5 time (sec) 60 0 time (sec) 5 5 time (sec) 40 250
20 12 100
GRB 920221 GRB 921003A GRB 9210228
sk trig #1425 ] F trig #1974 80f trig #1997 - o
O 200
0
>
1
, > 50
5 time (sec) 20 5 time (sec) 20 2 time (sec) 50
30 400 12
GRB 9221123A GRB 9230131A GRB 931008C
25 wgwooer 3ot trig #2151 10f trig #2571 100
200f
50
100F
0 2
-20 time (sec) 80 2 time (sec) 8 -5 time (sec) 100
0 - =
* GRB 940210 : GRB 990316A e GRB 991216 10 10"t 10° 10! 102 103
trig #7475 trig #7308
7 100 1 TQO [ S ]
6
5 50+
0 ‘ 0 von Kienlin, ..., Veres et al. ApJ 2020
2 time (sec) 40 50 time (sec) 300 -2 time (sec) 50



140 A

GRB observations (2.) | = onret come
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Observations (3.)

 Two phases:

* Prompt (most of the energy),
gamma-rays

e Afterglow (~10% of energy),
radio (GHz) to TeV gamma-rays.

e Distance:

 z~0.01 to z~9

« Gamma-ray energy comparable to
MQCZ or ~ 2% 10°*erg

e Jetted outflow
e ~ 10° pointing towards us

» reduce regs. by Q/4z ~ 1/100

1507

100

50

GRB 291216 |
trig #7906 -

-2 time (590) 50 Swift/XRT data of GRB 180115A
h ' '
10! L
m.ﬁx
LY
— t
3 1
= 10 +
s ittty
2 |
=) |
> W
S 10 H
o l
©
[
E |+
3 l
O 102
_|_
10-3 X . . + -
102 10° 10* 10°
Time since BAT trigger (s)
0 T T ‘ TT ‘ T T ‘ T T T TTITT ‘
10" E2 E3 E4 E6 E8 E9 E10 —
o P §
- > Vias, .
, C »" ‘ /v, GH. ( 100) n
107 E
E “".,%” o B & ’?rT/IVLA 30 G E
" = R VOT, 6‘0/}7 H; 0 10 -
107 > Snpy 2%, E
= » n '90 /\'/,9 =
e 8 ) 2 3
= r 47‘, +o e, G’?o n
3 e S, 7‘0 ) 4/09 CA/?M
;’ 10 = —T 0429& 58 7o /de/Q —
3 E —— o™ 06 e
(T C —I— 7
107° % Y —=
- 0,7 |
E [ \é’Oeb F :
6 Gy,
10 ? 000/ —E
E N E
T () ]
107 ", N =
= A E
C 7000/ ¥ 3
1 0_8 = * " NN =
E \H‘ \\\H‘ \\\H‘ \\H‘ \\H‘ L L \\H‘ \H:
1073 10 107" 10° 10’ 10° 10°

Time from GBM trigger (d)

Perley et al 2014 Apd



e power laws (x%) are everywhere. Sometimes they are confusing,
especially when it comes to spectra

. photon spectrum: some notations N (E), d_E etc.

e units: photons cm™2 s~! keV~!
e gamma-ray indices are reported in this representation.

« Band function, typicala = — 1.2, =—2.2, Ny = A(E/Epivot)“

o flux density: I,

e unitserg cm™2 s~! Hz™!, Jansky

e« Common in most of astro, afterglow measurements reported
using this notation: F, o t*0”

 all indices negative, sometimes the convention is Fy x th

e energy spectrum: LF,

e CIg cm 2 57!

e energy-per-decade: its peak tells you at what frequency is most of
the energy emitted

Convention

dN/dE

vF,

Slow cooling, p=2.4

, — | | — |
1/3 -(p-1)/2 -p/2
0.33 -0.7 -1.2

Vg, VUm Ve

+ —t | | —t |
4/3 -(p-3)/2 -(p-2)/2
1.33 0.3 -0.2

Vg Vm Ve




GRB basics: Relativistic speeds

Scaling notation easy to see how parameters change with
different choice of input: O, = Q/10"

Flux=10"" erg cm™2 s~! (typically: 10-1000 keV range,
brightest in 50-300 keV); Duration < Ty, > = 20 s

1+ Comptonized
Band
Power law
Blackbody

Total energy emitted:

2
D L,28

E,, = 47D} X Flux X duration/(1 + z) ~ 10°!
(I +2)/2

F_, (Tyy/20 s) erg

Eddington luminosity
Ly = 4nGMm,clop = 1.3 x 10°° (M/M,) erg s~ < Lggg
outflow.

v F, [arbitrary units]

Observe E>1 GeV photons: in a non-relativistic scenario
GeV photons quickly produce pairs and lose their energy. | | : : 1
We shouldn’t observe them. Unless: relativistic motion. 10° 10T 102 103  10% 105 10°

Lorentz factor suppresses pair prod. threshold:
EE5(1 —cosO) = 2E1E2/F2 < 4mec2 (comoving
frame): I" 2 100(E,/MeV)(E,/GeV)

Also possible using optical depth to pair production

Lithwick & Sari 2001 (ApJ)



Lorentz factor evolution

Explosion/energy injection: £, ~ 1072 erg imparted to: E T'(R) RO E E
M~ 10°M, < Ey/c? - -
Define: = E/Mc? ory = L/Mc? - - -
Optical depth is large, radiation dominant, y,; = 4/3, adiabatic expansion 102 | F(R) xR i i
o i = - -
= = = —3/2
Comoving temperature or random Lorentz factor per particle (y): — - - ['(R)x R /
T « V177aput V' « R? it follows: T" 7’ o R™! - - -
- ~ Rig -
During expansion energy is conserved: y'I' = const. I'is bulk or jet Lorentz - - -
factor I" « R; = - =
~ Rphot = |~ Rgg
Starting size: R, smallest: ~ISCO of BH: R, ~ 3R = 6—2 I = N 107 10° 10° 10°107 102103 10% 105510101710
¢ 0 Radius approx. [cm]
Interesting: 7, = T'I" = T, initial temperature at jet launch
Acceleration at the expense of internal energy * Possible dissipation radii:
Saturation radius K, = 7K, e dissipation: energy is released,

_ _ typically from kinetic/magnetic
Above saturation radius: I = constant
to gamma-rays

Interaction with external medium:

1/3 1/3
11
3E E ~ 10" cm
Rpg = = ~3x1010( =2 I;,%° cm
47mextmpc I' Rext.0

Photosphere: Rj,

Internal shocks: Rig ~ 10'* cm



Internal shocks

Lot of variations in the lightcurve

|dea: assume many ‘shells’, different Lorentz factors

Slower one catch up
I, -T'1'=AI'~T

Ejection time difference: Af = ¢, (variability time)

ar (
Radius: Rig = 2I"*cAt ~ 2Ict,,, = 10" T3 ., _; cm

shock acceleration of electrons in compressed magnetic fields: synchrotron rad

Peak energy at: Ep( X FyezB) =1 eezR]gllzeé/ 2L51£2 MeV strong dep. on variables



Photospheric models

Outflow M , proton number comoving (primed) density:
M L

n. = — ,
P 4zR’mJIc  4xR*mI'nc3
M=Linc*~56%x107 Ly, 5, Ms™!

because

optical depth 7 = n,6;AR" = n,orR/T’

photosphere: R = MGT = Lor ~ 6% 10'? L.,I'5° cm
- phot. 8wm,cl>  8am,cinl™ 022

Peak energy: temperature, from eL = 47ngaT4,

Ep ~ 10 65/4L51£4R5/62 MeV -weak dependence on parameters

Beloborodov & Mészaros
arxiv.org/abs/1701.04523



External shocks

Most natural counterpart of an explosion - interacting with external medium -
Many variants. Basic picture (Sari, Piran & Narayan 98 ApJ)

Shocked ISM: N(y,) = Ny(v,/7,.,,)"" ; random/thermal Lorentz factor y,,;
electron distribution, power law, p ~ 2.4

' q
radiates synchrotron, 1 electron: v, peak(;/e) — Fyg ¢~ Slope:1/3 then
’ Tm,c
exp. cutoff.
NP
superpose many electrons: F,, & 1B then «x 772, F, = e! v, max
’ 4nD?

cooling, energy of electron (y,) that cools/looses energy on dyn. timescale
(R/T'c):insert F, v~ 172 (fast cooling) or & =P~V (slow cooling)

Recipe for mag. field: fraction € of total energy density (47rnext62F2) in
magnetic fields (B%/87):

e B= (327rmpcznext)1/2F

Bottom line: determine v, v, F,

v, max> connect with power laws. Dynamics
introduces time evolution

fast cooling |

V—1/2 T<TO
173

—p/2

Flux (ud)
o/ <

1 : 12 : (-3 :
‘[t-4/5] 1 ‘[t-zﬁ] <[t‘1 77
I |

10 10 10 10 10 10

e Self-absorption freq. (radio)

e Circumstellar material can be:

constant density or p & R™2
(wind)

e Synchrotron self-Compton-shift to
Vgge N ygysyn . relevant for E~TeV
energy (Sari & Esin 01 ApJ)



Rival models
for prompt emission

 Photospheric models

« Gamma-rays from7 ~ 1

- PRO: explains L.,y clustering

Credit: NASA/GSFC

 CON: obs. spectrum too broad, must One model
have dissipation below photosphere for the afterglow

 Internal shocks
e External shocks

 Unsteady outflow, I =~ 100
collisions, 7 < 1 accelerated

particles, magnetic field, synchrotron  Shock accelerated electrons radiate
synchrotron emission

e Jet interacts with the external medium

 PRO: explains variability, nonthermal
spectrum

 CON: low efficiency, spectral index, * Works well

L.k clustering



Very high energy
radiation



Very high energy radlatlon

E>100 GeV=0.1 TeV

Cherenkov telescopes
MAGIC, VERITAS, H.E.S.S
HAWC, Cherenkov
Telescope Array (CTA,
future)

The atmosphere as a
detector

Active galactic nuclei (AGN)
and galactic objects

GRB observations recently



First detection

 GRB 190114C
* Monster GRB

« GBM observes the
afterglow too

* Synchrotron self-Compton
emission

GRB190114C (8-1000 keV)
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Challenges for GRB models

e 3rd VHE detection was a
nearby, weak GRBs:

surprising 0" f ' ' ' ' '
To +[4.3,7.9] hrs ]
* Time evolution consistent :
with synchrotron E
 Max. synchrotron energy =
requirement violated . S
. E < 50 F MGV 10’ 1(I)3 1(I)5 / 1(IJ7 — 1(;9 \‘ 10I11 ‘\101;’

Energy (eV)

e New ideas needed H.E.S.S. Collab., Science, 2021



GRB 221009A

BOAT

e switch to PPT.



Gravitational waves

Looking For Gravitational Waves

* Ripples in space-time

e | aser Interferometers with
a few km long arms

* Sensitive to changes 1
part in approx. 1022

 GW direct detection: 2015
merger of two black holes

e |In 2017 merger of two
neutron stars GW170817

 Switch to GW pres.



GRB 200415A - a highly
magnetized neutron star
masquarading as a short GRB
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Roberts, Veres et al., Nature, 2021
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Background

 Magnetar giant flares (MGFs)

* Hard spike + soft, modulated tail

* 3 gold plated giant flares ('79, 98, '04)
e 2in MW, 1in LMC

* Long suspected: some MGFs observed as
short GRBs

o If far away, 21 Mpc only short spike
detected

* Few sGRB-like candidates

* |ocations consistent with nearby galaxies

21
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GRB 200415A

Triggered Fermi-GBM at 08:48:05 UTC

First impression: very short, very bright

Analyzed in context of short GRBs:

e Peak flux: 74 photons cm=2 s-1 [98th percentile]
« Photon index, a: 0.4 [89th percentile]

o Peak energy, Epeak &1 MeV [79th percentile]
dN/dE o E” exp(—E(a + 2)/E. )

Hints at non-GRB origin
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GRB 200415A

Too =140.8 ms (Swift)
Swift-BAT-GUANO - no saturation
No pulsations - but 1044 erg @3.5
Mpc (Sculptor) is below GBM

sensitivity

No radio detections
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Short peak structure

Zoom In

4 Intervals

saturation

mIissing data —
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Detailed properties

e 4 intervals:

fastest, t..

(1)

(2) brightest, Ly
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Spectral evolution and search for
guasi-periodic oscillations

* All spectra: power law with
exponential cutoff

dN/dE «x E* exp(—E(a + 2)/E, 1)

* Epeak(t) and Flux(t) - exponential
decay, typical time: 100 and 45 ms

2
[ F OC Epeak

* QPO: nothing significant found.

e 180 Hz -> p-value ~ 1-3 %
( ~ 2.50)
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Highest energy photon - Lorentz factor constraint

e Highest energy photon in BGO
e ~3 MeV - secure association

e E<1 MeV for other MGFs during

initial peak

e Hints of ~9 MeV

o Conservatively the Lorentz factor:

S 3 MeV
~ 0511 MeV

e Relativistic outflow
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Interpretation

Relativistic outflow I' 2 6, but likely
I' = 0(100) (model dependent)

Narrow but non-thermal spectrum
. a ~ (0 disfavors synchrotron

o Comptonization shapes the obs. spectrum

Flux / Luminosity decay timescale L g ~1A5ms
may be rotating beam: 45 ms = P/(2xl’) e.g.

P=8s, I =30

. 2 - -
Flux: F' Epeak - from simple transformation

e Fx L xT? and £ x I

30 animation credit: NASA/GSFC/Smith



Conclusions
for GRB 200415A

« Bright, short y-ray signal GRB
200415A is in fact a Magnetar Giant
Flare

» Detailed properties of Magnetar
Giant Flares can be analyzed for the
first time

* Record breaking properties:

e shortest timescale

e highest photon energy

e relativistic motion

details here:
Roberts, PV et al., Nature, 589, 207 (2021)

(link to paper)
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image credits: NASA/GSFC/Wiessinger & D. Wiesner


https://ui.adsabs.harvard.edu/abs/2021Natur.589..207R/abstract

