Gamma-ray sources

Note: The rest of these lectures will have a bias toward what I find interesting :)

Hulk just here
to learn
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https://svs.gsfc.nasa.gov/12969

[NASA/DOE/Fermi-LAT Collaboration]
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sources outside of our Galaxy :
: RS : . [NASA/JPL-Caltech]
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[ESO/WFL; MPIfR/ESO/APEX/AWeiss .
| etal; NASA/CXC/CfA/RKraftetal} = - - .,

(note: not an exhaustive list!!y—
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https://svs.gsfc.nasa.gov/12969
https://www.jpl.nasa.gov/images/pia16695-black-holes-monsters-in-space-artists-concept/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/

[NASA/DOE/Fermi-LAT Collaboration]

sources outside of our Galaxy

. [Vikas Chander]

Large Magellanic Cloud

(note: not an exhaustive list!!)
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https://svs.gsfc.nasa.gov/12969
https://www.vikaschander.com/

the Galaxy itself )

cosmic rays (charged pértiglés)
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+[NASA, ESA, AURA/Caltech]

interacting with the ‘interstellar medium -

Galactic plane

(note: not an exhaustive list!!)

Sylvia J. Zhu, DESY summer students 2025

diffuse Galactic emission

[NASA/DOE/Fermi-LAT Collaboration]


https://svs.gsfc.nasa.gov/12969
https://science.nasa.gov/asset/hubble/hubble-refines-distance-to-the-pleiades-star-cluster/

[NASA/DOE/Fermi-LAT Collaboration]

remnants of massive stars - o o \

ST s - ’ - supernova remnants,

Crab nebula .
Wik pulsar wind nebulae

[NASA, ESA, G. Dubner et al.; A. Loll'e't.ali; T. "I;emim et al.;
* F. Seward et al.; VLA/NRAO/AUI/NSF; Chandra/CXC;
.l Spitzer/JPL-Caltech; XMM-Newton/ESA; Hubble/STScI]
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(note: not an exhaustive list!!)
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https://svs.gsfc.nasa.gov/12969
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474

What happens at the end of a massive star’s life?

A star’s evolution depends mostly on its initial mass

Stellar evolution

low- and medium-mass stars
(including the Sun)

. I . I
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What happens at the end of a massive star’s life?

Massive stars fuses successively heavier elements until iron
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https://commons.wikimedia.org/wiki/File:Evolved_star_fusion_shells.svg

What happens at the end of a massive star’s life?

Massive stars fuses successively heavier elements until iron
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https://commons.wikimedia.org/wiki/File:Core_collapse_scenario.svg
https://commons.wikimedia.org/wiki/File:Evolved_star_fusion_shells.svg

What happens at the end of a massive star’s life?

Massive stars fuses successively heavier elements until iron

| s, [
What's left behind:
neutron degeneracy pressure Ineutron star m < 2-ish Mg
‘gravity
stellar core T /
black hole ® m>2-ishM,
l or quark star
or other exotic objects
v y'4 \‘
d e f
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https://commons.wikimedia.org/wiki/File:Core_collapse_scenario.svg
https://commons.wikimedia.org/wiki/File:Evolved_star_fusion_shells.svg

~ Crab supernova
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[ESA/Hubbte (M. Kornmesser & L. L. Christensen)]


https://www.youtube.com/watch?v=x2RUEp0b6Zo&ab_channel=ChandraX-rayObservatory

Crab nebula

Emission at different wavelengths suggests multiple physical processes / components

CRAB NEBULA

RADIO INFRARED VISIBLE LIGHT ULTRAVIOLET X-RAYS GAMMA RAYS
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https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html

Crab nebula

Emission at different wavelengths suggests multiple physical processes / components

CRAB NEBULA

pulsar wind nebula (pictured: Vela)

material from original
supernova explosion
encounters and
interacts with the
surrounding
environment

charged particles are
accelerated by the
rapidly rotating
magnetic fields around
a pulsar and stream out
as a wind

[NASA/CXC/SAQ] I [NASA/CXC/PSU/G.Pavlov et al.]


https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://chandra.harvard.edu/photo/2017/casa_life/
https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/compact_objects/vela_pulsar_jet.html

Crab nebula Pause: What is a pulsar?

‘l RADIATION
BEAM

The core of a pulsar is a neutron
star, usually with a strong
magnetic field

Emission at different wawvi

Pulsars are often described as
lighthouses: beams of radiation
that sweep across the sky
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https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://chandra.harvard.edu/photo/2017/casa_life/
https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/compact_objects/vela_pulsar_jet.html
https://public.nrao.edu/radio-astronomy/pulsars/
https://imagine.gsfc.nasa.gov/science/toolbox/timing2.html

Crab nebula Pause: What is a pulsar?

RADIATION
BEAM

“of The core of a pulsar is a neutron

Emission at different wavi \ | P star, usually with a strong
| magnetic field

Pulsars are often described as
lighthouses: beams of radiation
that sweep across the sky

RADIATION
; BEAM
&

pulsar wind nebula (pictured: Vela)

RAYS

material from original
supernova explosion
encounters and
interacts with the
surrounding
environment

charged particles are
accelerated by the
rapidly rotating
magnetic fields around
a pulsar and stream out
as a wind

[NASA/CXC/SAQ] I [NASA/CXC/PSU/G.Pavlov et al.]


https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://chandra.harvard.edu/photo/2017/casa_life/
https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/compact_objects/vela_pulsar_jet.html
https://public.nrao.edu/radio-astronomy/pulsars/

A common goal in Galactic VHE astronomy

Reminder: a nice summary: presentation by
Cosmic rays up to ~PeV energies should be Galactic 3]
Their sources are hard to pinpoint directly i
Instead we ask questions like: 0] <«—— 1 particle/(m? s?)
-> What sources produce ~100 TeV gamma rays? -3 (}gﬁmﬁg%
-> Are these gamma rays from hadronic processes? = ]
g
i -16 w _
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P 4 dominates
o —18
A S 7]
“pion bump” —217
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https://pcos.gsfc.nasa.gov/TDAMM/presentations/Fleischhack_Non-Terminal%20Sources-Other_August22_22.pdf
https://www.science.org/doi/pdf/10.1126/science.1134046

A common goal in Galactic VHE astronomy

Looking for Pevatron
0o0oKiINng rtor Pevatrons [K. Fang et al., PRL 129 (2022)]

Are these gamma rays from hadronic processes? examples for a supernova remnant (G 106.3 +2.7):

leptonic scenarios

hadronic scenario R CALLI
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https://ui.adsabs.harvard.edu/abs/2022PhRvL.129g1101F/abstract

Is the Crab a Pevatron?
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Yes but it is a leptonic one

=> The Crab is not a producer of
PeV cosmic rays

=> Does this generalize to other
composite systems?

=> What about the individual
components?

etc.


https://ui.adsabs.harvard.edu/abs/2021Sci...373..425L/abstract

Crab nebula

Emission at different wavelengths suggests multiple physical processes / components

_ Crab pulsar and nebula spectral energy distribution (SED) 12.5F | | T L0
="

|
. Meyer (2010) model ¢ pulsar ¢ nebula «—> < >
1o 10.0F Bridge Off
— #o o -
¢ 10°8 ...l % 7.5
~ o 2
(I =
£ 10- j\r G S50ft
O
?
o
g ] + 2.5
L 10- ,-
A
= |
Bs / I f, 09 04 06
ill ¢ 107 3 # Pulse phase ¢
o ¢ —
Lo o ‘b 1. Subtlety: need to separate out the
# pulsed (pulsar) and unpulsed
101! 10-® 105 102 10! 10* 107 (nebula) components

Energy (MeV)

DESY


https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://hubblesite.org/contents/media/images/2017/21/4028-Image.html
https://docs.gammapy.org/0.6/tutorials/crab_mwl_sed/index.html
https://ui.adsabs.harvard.edu/abs/2024A&A...686A.308A/abstract

[NASA/DOE/Fermi-LAT Collaboration]

examples of other supernova remnants and puléér wind nebulae

Crab

[NASA, ESA, G. Dubner et al;; A Loll ét al.; T. Temim ét al.;
F. Seward et al.; VLA/NRAO/AUI/NSF; Chandra/CXC;
Spitzer/JPL-Caltech; XMM-Newton/ESA; Hubble/STScI]

[H.E.S.S. Collaboration, A&A 612 (2018)]

-

: ~[S. Funk;/ARNPS 65 (2815)]
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https://svs.gsfc.nasa.gov/12969
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://photojournal.jpl.nasa.gov/catalog/PIA21474
https://ui.adsabs.harvard.edu/abs/2018A&A...612A...6H/abstract
https://ui.adsabs.harvard.edu/abs/2015ARNPS..65..245F/abstract

Pulsars

RADIATION
BEAM

-

Pulsars are often described as lighthouses
-> charged particles funnelled along magnetic field lines to the poles,
produce relativistically beamed radiation

» -
RADIATION
BEAM
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https://public.nrao.edu/radio-astronomy/pulsars/

Pulsars

RADIATION
BEAM

Pulsars are often described as lighthouses
-> charged particles funnelled along magnetic field lines to the poles,
produce relativistically beamed radiation
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But it's been known for a while that the
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https://public.nrao.edu/radio-astronomy/pulsars/
https://heasarc.gsfc.nasa.gov/docs/cgro/images/epo/gallery/pulsars/index.html

Pulsars

So where are the photons being produced?

Y

=y

[A. Philippov & M. Kramer, Annu Rev Astron & Astrophys 60 (2022)]
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https://public.nrao.edu/radio-astronomy/pulsars/

Pulsars

So where are the photons being produced?

Light cylinder = where the magnetic field lines would be rotating at the speed of light

Y

RLC =c/Q)

=y

0/

Vi

[A. Philippov & M. Kramer, Annu Rev Astron & Astrophys 60 (2022)]
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https://public.nrao.edu/radio-astronomy/pulsars/

Pulsars

So where are the photons being produced?

Light cylinder = where the magnetic field lines would be rotating at the speed of light

> ~
N 2 ARc=d0

There are multiple regions in the
magnetosphere that could be the
sources the (gamma-ray) emission

N
\ Glose/d
field-lines

Open -
field lines — T

\
magnetosphere
Outer g P

magnetosphere

[A. Philippov & M. Kramer, Annu Rev Astron & Astrophys 60 (2022)]
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https://public.nrao.edu/radio-astronomy/pulsars/

Pulsars
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https://public.nrao.edu/radio-astronomy/pulsars/
https://ui.adsabs.harvard.edu/abs/2015ApJ...801..131D/abstract

Scientists discover
the highest energy gamma-rays
from a pulsar

[Science Communication Lab for DESY]


https://www.youtube.com/watch?v=bPZkSDBtQms&t=110s&ab_channel=DeutschesElektronen-Synchrotron

Pulsars

TeV emission

H.E.S.S. detected pulsations >5 TeV This allows for more detailed investigations of
from the Vela pulsar how and where pulsars accelerate charged particles
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https://ui.adsabs.harvard.edu/abs/2023NatAs...7.1341H/abstract

Searching for pulsars

if you don’t have a multiwavelength counterpart

If you have a model for how the pulsar is rotating
(ephemeris), you can “fold” the data to look for a signal

(note: this method is common across all
wavelengths and isn’t just for gamma rays)

DESY.

| | | 1 | I | ] | ]
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https://www.jsr.org/hs/index.php/path/article/view/1467

Searching for pulsars

. . Fermi-LAT data, PSR J2037-5617 (in a binary)
if you don’t have a multiwavelength counterpart -

Al ies cATTier o PERTIC ol o

58500 :?% & -.f's:-g‘ '{.;" 1 :’: "2 ‘f:‘

If you have a model for how the pulsar is rotating e o by ?"“‘f“‘"
58000 K . ;

(ephemeris), you can “fold” the data to look for a signal

If you have the right ephemeris, the signal will 57500

increase in significance
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Spin Phase (Rotations) Spin Phase (Rotations)
[C. J. Clark et al.,, MNRAS 502 (2021)]
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.502..915C/abstract

Searching for pulsars

Fermi-LAT blind search of PSR J1906+0722
Quo

180 240 300 360 120 180 540 600 660
C ' ' o —
T T T

If you have a model for how the pulsar is rotating Yy
(ephemeris), you can “fold” the data to look for a signal

If you have the right ephemeris, the signal will _
increase in significance

|
Sometimes the pulsar glitches, and the frequency "
(and frequency derivative) changes suddenly 1
The reasons for glitches are unknown, might be due
to changes in the neutron star’s internal structure o l
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https://ui.adsabs.harvard.edu/abs/2015ApJ...809L...2C/abstract

[NASA/DOE/Fermi-LAT Collaboration]

sources outside of our Galaxy = [
s [NASA/JPL-Caltech]
e Sh # ":’.‘f'z g \ ""l. & v
. 8 Y : it or
_ .
% .
[ESO/WFT; MPIfR/ESO/APEX/AWeiss .- -
et al; NASA/CXG/CFA/R Kraft et alif = - - |
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https://svs.gsfc.nasa.gov/12969
https://www.jpl.nasa.gov/images/pia16695-black-holes-monsters-in-space-artists-concept/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/

sources outside of our Galaxy 2
active galaxies
\ . * | ;

&t al; NASA/CXG/CFA/R Kraft ef alif * . -

[ESO/WFT; MPIfR/ESO/APEX/AWeiss .-~ .

..

[NASA/DOE/Fermi-LAT Collaboration]

e ¢

Sylvia J. Zhu, DESY summer students 2025

[1. Feain,, T. Cornwell & R. Ekers (CSIRO/ATNF);
R..Morganti (ASTRON); N. Junkes (MPIfR); S.
Amy, CSIRO]


https://svs.gsfc.nasa.gov/12969
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
https://apod.nasa.gov/apod/ap110413.html
https://apod.nasa.gov/apod/ap110413.html
https://apod.nasa.gov/apod/ap110413.html
https://apod.nasa.gov/apod/ap110413.html
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/
https://www.eso.org/public/images/eso0903a/

Active galaxies in a nutshell

Blazar Radio-Loud Broad Line
Quasar Radio Galaxy
Jet Narrow Line

Narrow line
region

Broad line
region

Black
hole

Accretion
disc

Dusty
torus

\ Seyfert 1

Not to scale!

Radio-Quiet Quasar

DESY

Most galaxies have a supermassive black hole
in the center

If the black hole is accreting matter, it can
emit across the electromagnetic spectrum

How we name it depends on the viewing angle
and the properties of the system

e.g., Centaurus A is
a radio galaxy



https://commons.wikimedia.org/wiki/File:Emmaalexander_unified_agn.png

now I'm going to focus on gamma-ray bursts

[DESY, Science Communication Lab]

DESY


https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2080

ok but what exactly is a “gamma-ray burst”?

Literally, a burst of gamma rays that easily outshines the rest of the gamma-ray sky for their brief existence

Fermi-LAT, >1 GeV . Fermi-LAT, >1 GeV

2 days before GRB GRB + 2 days after

DESY



Gamma-ray bursts

What causes them, and how do we know?
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Gamma-ray bursts

What causes them, and how do we know?
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Gamma-ray bursts

What causes them, and how do we know?
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calculate the total
observed energy
(“fluence”)

typically: 107 to 10-4 erg

prompt emission (erg = cm2 g s2)
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Gamma-ray bursts

|w
e

prompt emission
seconds - minutes

DESY

calculate the total
observed energy
(“fluence”)

typically: 107 to 10-4 erg
(erg =cm2 g s2)

>

Time_

F, (10717 erg cm™2/s/A)

I

10 o )‘obs -
z=——1 1
)\source ]
SH ol S B -
K smsim SVocry s ; ]
. sim+ v Sill*  Fell Sill ]
~ SII CII + CII* CIvV AIll ATIIT ]
0 =
4000 4500 75000 5500 6000
wavelength (A)
e.g., Ol line: 4050 A here } ;-2 ~16 Gpc
1356 A rest frame

Very useful:
BUT be careful about default cosmology values


https://iopscience.iop.org/article/10.1088/0004-637X/720/1/862
https://www.astro.ucla.edu/~wright/CosmoCalc.html

Gamma-ray bursts

fluence S:  10-4erg/cm2
distance r: 16 Gpc

«S»\\A.X energy emitted by the source (assuming isotropic):
/\ calculate the total
¢ gy’
observed energy E., = Arr?S ~ 10 erg
(“fluence”)

by comparison, the rest energy of the Sun:
typically: 107 to 10-4 erg

prompt emission (erg = cm?2 g s2) E@ _ 100—1 erg
seconds - minutes -
> So: GRBs are stellar-sized phenomena (not, e.g., galaxy-sized)
. release as much energy in minutes as the Sun will in its
Tl me__ entire lifetime

DESY



Gamma-ray bursts

L eren size of emitting region:
variability timescale At 9red

as short as ~ms - 5
Llux d = cAt ~10°m
/\ compare to the radius of Earth:

Ra =06 X 10°m

prompt emission

: SO, emission is occurring in regions smaller than the Earth
seconds - minutes

Time_

DESY



Gamma-ray bursts

{ux

DESY

A

prompt emission
seconds - minutes

Time_

Combining these facts:

GRBs are stellar-sized phenomena

release Mec2 within minutes
emission occurring in regions smaller than the Earth

=> stellar-mass compact objects must be involved

black neutron
holes stars



Gamma-ray bursts

What causes them, and how do we know?
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prompt emission
seconds - minutes

afterglow
hours - months
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M. Ajello et al., ApJ 878 (2019)
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Observed R magnitude

Rodio Spectrol Luminosity (erg/s/Hz)

107 1 Il 1
0.1 1.0 10.0 1000 1000.0

P. Chandra & D. A. Frail, ApJ 746 (2012)


https://ui.adsabs.harvard.edu/abs/2014ApJ...781...37P/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...52A/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...746..156C/abstract

Gamma-ray bursts

Putting all the clues together:

GRBs are stellar-sized phenomena (not, e.g., galaxy-sized)

%\%X release M(Dc2 within minutes
/\ emission occurring in regions smaller than the Earth
emission starts out highly variable but then evolves slowly and fades
afterglow stellar-mass compact objects are involved

hours - months

prompt emission

seconds - minutes ‘

> black neutron
holes stars

Time_

DESY



Gamma-ray bursts

two neutron stars merge
(probably)

or

a massive star collapses

DESY


https://svs.gsfc.nasa.gov/12949
https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Gamma-ray bursts

What causes them, and how do we know? |

[NASA’s Goddard Space Flight Center]



https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

What causes them, and how do we know?

[NASA’s Goddard Space Flight Center]

internal shocks

external shock

DESY


https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Gamma-ray bursts

How the photons are emitted

[DESY, Science Communication Lab]

DESY. Sylvia J. Zhu, DESY summer students 2025


https://www.youtube.com/watch?v=oHEpiv33fZQ

Gamma-ray bursts

Multiwavelength observations have shown that the

Y afterglow is well described by electron synchrotron

! $
P sl

Assuming a single magnetic field strength well describes the region (“one-zone”),
there is a theoretical maximum synchrotron photon energy, from balancing energy gains and losses

E,_.. ~ 6(100) MeV

DESY



Gamma-ray bursts

Multiwavelength observations have shown that the
4 § afterglow is well described by electron synchrotron

/O> ‘O““ A synchrotron self-Compton component is also
expected to exist, would be at >GeV energies

DESY



Gamma-ray bursts

Multiwavelength observations have shown that the
afterglow is well described by electron synchrotron

A synchrotron self-Compton component is also
expected to exist, would be at >GeV energies

At TeV energies, we expect a very steep spectrum as the
interaction cross section greatly decreases

90° 81030 —275eV
: — 60 keV photon

——511 keV

—— 146 MeV | €NErgy

— 10 MeV

interaction cross section for
(inverse) Compton scattering:

1807

DESY


https://commons.wikimedia.org/wiki/File:Klein-Nishina_distribution-en.svg

Gamma-ray bursts

Do we see the inverse Compton component?
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DESY. Sylvia J. Zhu, DESY summer students 2025


https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Gamma-ray bursts

Do we see the inverse Compton component?

DESY.
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no smoking gun so far

(although there is disagreement)
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[MAGIC, Nature 575 (2019)]


https://ui.adsabs.harvard.edu/abs/2019Natur.575..459M/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Gamma-ray bursts

Do we see the inverse Compton component?
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https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Physics with gamma-ray bursts

Testing Lorentz invariance

Lorentz invariance (special relativity):
The laws of physics are the same for all observers in inertial reference frames

One test is whether the speed of light is the same for photons of different energies

at the Planck scale (E > 1017 GeV),
quantum gravity effects could make
spacetime “foamy”

-> photons at different energies
could be affected differently

DESY.



Physics with gamma-ray bursts

Lorentz invariance (special relativity):
The laws of physics are the same for all observers in inertial reference frames

One test is whether the speed of light is the same for photons of different energies

e.g.

DESY


https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Physics with gamma-ray bursts

Lorentz invariance (special relativity):
The laws of physics are the same for all observers in inertial reference frames

One test is whether the speed of light is the same for photons of different energies

€.g.. photon energy
y— c[l . + 1 ( E )”] o0 = +1: higher-energy photons are faster than c
2 Sg’éynEpl o = -1: higher-energy photons are slower than c
+1 1.22 x 1819 GeV (Planck energy)

energy scale

DESY


https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Physics with gamma-ray bursts

Lorentz invariance (special relativity):
The laws of physics are the same for all observers in inertial reference frames

One test is whether the speed of light is the same for photons of different energies

€.g.. photon energy
y— c[l . + 1 ( E )”] o0 = +1: higher-energy photons are faster than c
2 88’()3”Ep1 o = -1: higher-energy photons are slower than c
+1 1.22 x 1819 GeV (Planck energy)

energy scale

-> different photon arrival times
(assuming emitted at the same time)

d h ffect on th Il lightcurve: /EE N g w oyl
-> WOUu ave an efrect on the overaltl ugntcurve: 5 iE iE o 1E _—

DESY


https://ui.adsabs.harvard.edu/abs/2024ApJ...977..242K/abstract

Physics with gamma-ray bursts

Lorentz invariance (special relativity):

The laws of physics are the same for all observers in inertial reference frames

One test is whether the speed of light is the same for photons of different energies

e.g.. photon energy
1 E n
o )]
gQG,nEPI
+1 1.22 x 1019 GeV (Planck energy)

energy scale

-> different photon arrival times
(assuming emitted at the same time)
-> would have an effect on the overall lightcurve

DESY
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Gamma-ray bursts

What causes them, and how do we know?

two neutron stars merge
(probably)

DESY.


https://svs.gsfc.nasa.gov/12949
https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Neutron star mergers

Animation created by SXS, the Simulating eXtreme Spacetimes (SXS) project (http://www.black-holes.org)

Video and explanation:

DESY


https://www.ligo.caltech.edu/video/ligo20160211v10

Neutron star mergers
What do the signals look like?
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modified from [B. P. Abbott et al., ApJL 848 (2017)]
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https://iopscience.iop.org/article/10.3847/2041-8213/aa920c
https://ui.adsabs.harvard.edu/abs/2016PhRvL.116f1102A/abstract

Neutron star mergers
What do the signals look like?

~2s
N
= 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV) gamma-ray,
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Gravitational-wave time-frequency map

’

* gravitational-wave

Frequency (Hz)

2-second delay is probably all due to the time
necessary to merge -> launch jet -> produce
photons ... but what if it's not? -— - ;

Time from merger (s)

DESY.


https://iopscience.iop.org/article/10.3847/2041-8213/aa920c

Physics of gamma-ray bursts

DESY

gamma-ray signal came 1.75 seconds
after gravitational-wave signal

If the photons and gravitational waves were
released at the same time, then gravity travels
faster than light

If it actually took longer than 2 seconds for the
source to produce the photons (e.g., 10 seconds),
then gravity travels slower than light

N

—

take the distance to source to be 26 Mpc
(conservative estimate) = 8e23 m

JeW T UEM 47 10716
VEM o
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[NASA/DOE/Fermi-LAT Collaboration]
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https://svs.gsfc.nasa.gov/12969

