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άGolden Ageέ of X-ray Astronomy

ÅChandra (1999)

ÅXMM-Newton (1999)

ÅINTEGRAL (2002)

ÅNeil GehrelsSwift Observatory (2004)

ÅAGILE (2007)

ÅFermi Gamma-ray Space Telescope (2008)

ÅMAXI (2009)

ÅNuSTAR (2012)

ÅAstroSat (2015)

ÅNICER (2017) 

ÅInsight-HXMT (2017)

ÅeROSITA (2019)

Excludes many smaller Nano- /Cube- / Small-Satellite 
missions that have been launched over the last decade.

Launch

All images from NASA/ESA



(Some) High-Energy Sources

ÅStellar (Solar, brown/white dwarfs, etc.)

ÅHigh-/Intermediate-/Low-Mass X-ray Binaries

ÅSupernovae remnants

ÅNeutron Stars (i.e. Pulsars, Magnetars)

ÅFluorescence (Planets, Comets, etc)

ÅActive Galactic Nuclei (AGN)

ÅGamma-ray Bursts

ÅDiffuse X-ray Background

ÅSuper-fast X-ray Transients (SFXTs)

ÅAnd many more... 

TychoΩs Supernova Remnant (SN 1572)
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Time lapse of the Pulsar Wind in the Crab Nebula
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Solar X-rays

Credit: NASA/NuSTAR



Stellar Road Trip

Stars evolve from their άnurseriesέ to 
the άStellar Highwayέ that is the Main 
Sequence (MS).

Stars with similar masses to our Sun 
άexitέ the highway to become red 
giants, produce a planetary nebula 
and ultimately a white dwarf. 

More massive stars, generally produce 
explosive Supernovae resulting in a 
Black Hole or Neutron Star. 

Empirical Mass-luminosity 
relationship of MS stars  (Ғ L M3.5-4)

Image credits: NASA/SAO/CXC



ÅThe Sun is a G-type, main sequence star

ÅNo X-rays from photosphere, only corona

ÅConcentration of magnetic field fluxes prevent convection on 
stellar surface -> Sunspots

ÅIntense magnetic field wound up  by SunΩs differential rotation.

Our Star

Umbra: 3000 K
Penumbra

Photosphere: 6000 K

Credit: NASA Hinode

Credit: NASA

Credit: NASA/Jenny Mottar

Credit: NASA



Å1020-25 joules of energy*

ÅSometimes accompanied by coronal mass 
ejections (CMEs)

ÅX-ray flares thought to occur due to magnetic 
reconnection; where magnetic field lines collide 
and realign.

ÅA,B,C, M and X-class flares, latter is most energetic. 

Solar Flares

All images Credit: NASA (SDO/RHESSI)
*5x1021 joules = Human annual world energy consumption 
*1024 joules = Energy required to heat all the water on Earth by 1ϲC 



Planets

Credit: Juno/NASA



Fluorescence and Charge Exchange

ÅFluorescence:
ÅX-ray radiation collides with a molecule or 

neutral atom
ÅElectron moves to a higher orbit or kicked 

out (ionized). 
ÅOuter electrons άfallέ into lower orbitals to 

fill vacancy, emitting X-ray as it decays at a 
characteristic energy.

ÅCharge Exchange: 
ÅElectron shells of a neutral atoms and a 

positive or negative ion collide, resulting in 
transfer of electron from the atom to the 
ion.
ÅSolar wind (i.e. H+) hits atoms of neutral 

elements (i.e. O2) in the atmosphere, which 
is re-emitted at a characteristic wavelength. Credit: CXC/NASA/SAO



Inner Solar System

ÅVenus, Earth, Mars and the Moon give off X-rays, 
mostly in their coronae (H) and atmospheres. 

ÅMechanisms are predominately solar wind charge 
exchange and X-ray fluorescence

ÅComets also observed to give off X-rays due to a 
coma forming from interactions with the solar wind. 
Plasma in magnetic field heats electrons.

Chandraimagesof
VenusandMars

XMM data of ChargeExchangeand
FluorescencearoundMars

X-raysfrom EarthΩs Aurora

Credit: NASA/PIXIE/POLAR
Credit: NASA

Credit: NASA

Credit: CXC/NASA

MolecularOrbital diagramof CO2

Santos-Lleoet al. Nature462,997 (2009)



ÅMost outer planets also produce X-rays.

ÅJupiter produce aurorae, but Saturn does not!
ÅSome of JupiterΩs moons (i.e. Europa) also emit X-rays.
ÅPossibly due to lower accelerating potential on Saturn. 

ÅX-rays from SaturnΩs disk and rings.

ÅUranus (recently!)
ÅChandra observed (flaring) X-rays from Uranus.

ÅScatters X-ray light from Sun (like Jupiter, etc)
ÅOne other X-ray mechanism thought to be due to 

energetic particles colliding with its rings (i.e. Saturn).

ÅUnexpected, bright X-rays from Pluto
ÅNo magnetic field (no natural X-ray 

generator/mechanism)

ÅNot from aurorae. Solar wind interaction with PlutoΩs 
atmosphere?
Å Not enough gas leaking from PlutoΩs atmosphere, Solar Wind 

not strong enough to produce X-ray flux observed.

ÅNo X-rays observed from Neptune.

Outer Solar System
Credit:Drake, J., SAO, 2019, https://arxiv.org/pdf/1910.05662.pdf

Credit: X-ray: NASA/CXO/UCL/W. Dunn et al; 
Optical: W.M. Keck Observatory Credit: NASA/CXC/SAO/New Horizons

https://arxiv.org/pdf/1910.05662.pdf


Gamma Ray 
Bursts (GRBs)

Credit: NASA



Gamma-ray Bursts (GRBs)

ÅFirst discovered in 1967 by Vela 3 and 4 to monitor nuclear 
weapons testing.

ÅBATSE(1991), BeppoSAX(1996), Swift (2004), Fermi(2008)

ÅBrightest and most energetic EM transients in the Universe.

Credit: J.T. Bonnell(NASA/GSFC)

Credit: BeppoSAXSDC and ASI (from NASA HEASARC), 
https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/transients/grb_970228.html

Credit: LIGO/NASA/Fermi

https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/transients/grb_970228.html


Gamma-ray Bursts (GRBs)

ÅTwo types of GRB:
ÅShortGRBs - <2 s, spectrally hard (energetic) 

ςNS-NS merger (170817A)

ÅLongGRBs - >2 s, Diverse morphology and slightly 
less energetic (Fireball/shock model)

Credit: LIGO/NASA/Fermi

Credit: NASAand A. Feild(STScI)
Credit: NASA/BATSE/CGRO



ÅPower Law Synchrotron spectrum:

ÅRelativistic electrons driven by jet physics. Power-law 
decreases with energy. Generally featureless continuum.

ÅάComptonizedέ spectrum:

ÅCompton Scattering of electrons at a different temperatures 
produces a power law spectrum with an energy cutoff. 

ÅάBandέ function: 

ÅJoint smoothly broken power-law function, with high energy, 
ʲ ŎƻƳǇƻƴŜƴǘΦ

ÅBlackbody (BB) /thermal spectrum

ÅThermal emission has T of millions of K and is due to 
Bremsstrahlung from optically thin gas or Black-body 
radiation from optically thick gas. Thermal spectra have 
exponential decrease with energy.

ÅOther spectral models for higher energy bursts and 
afterglow (IC, etc)

Axelssonet al. 
GRB 110721A

Briggs et al. 1999

BB

Synchrotron

Typical GRB Prompt SpectraΧ 

Prompt Emission 
Spectrum:

Ὂᶿ’ Ὤ’ Ὁ

Ὂᶿ’ Ὤ’ Ὁ

Long GRB:
Ὁ ͯ160 keV 

‌ͯ πȢω

Short GRB:
Ὁ ͯ490 keV 

‌ͯ πȢυ
‍ͯ ςȢσ

Nava+, 2011
Gruber+, 2014



Typical GRB Prompt Spectra..

ÅLeading candidate radiation mechanisms for 
GRB prompt emission:

ÅComptonization of quasi-thermal photons 
from the photosphere

ÅSynchrotron radiation 

ÅBoth successfully reproduce observed values 
of:

ÅEp (peak energy in the˄F˄ spectrum),

Åʲ (the high-energy power-law spectral 
index). 

ÅPredictions deviate with observations for 
low-energy power-law indexh .
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J.M.Burgesset al.Nat Astron (2019)



Magnetized Stars 
(Magnetars)

Credit: NASA GSFC / GESTAR



ÅMagnetized neutron stars (Magnetars) are 
smoldering remnants of >10 Mustellar 
explosions (core-collapse supernovae).

ÅaŀƎƴŜǘŀǊΩǎΥ
ÅHave a magnetic field of 1013-15 G 

(fridge magnet = 100 G, 10 trillion times weaker)
ÅSpin once on their axis every 1-10 s. 
ÅAre the size of a large city (d = 15-20 km) 
ÅWeigh 1-3 Solar masses (typically 1.4 M)u

ÅMHD dynamo is the dominant, though still 
contentious, theory behind presence of 
large magnetic field.

ÅRecently confirmed to be a source of some 
(all?) Fast Radio Bursts (FRBs).

Credit: NICER / NASA

Magnetars

Credit: NASAΩs Goddard Space Flight Center / Conceptual Image Lab



ÅTransient behaviors:
ÅEpisodic bursts:
ÅMost frequent

Å10-2 - 1s

Å1036-41 erg

ÅIntermediate flares:
ÅUncommon

Å1-50 s

Å1041-43 erg

ÅGiant Flares:
ÅRare

Å>100 s

Å1044-47 erg

Hurley, K., Boggs, S., Smith, D.et al.Nature434,1098ς1103 (2005)

1806-20
1806-20

NICER
SGR 1935GBM

CXOU 1647

NB: 1 erg= 10-7 Joules or one common 
house fly performing one "push upέ. OR
about 1034 erg to boil all the EarthΩs oceanΩs

NICER Nugget 2020,
https://heasarc.gsfc.nasa.gov/docs/nicer/science_nuggets/20200507.html

https://heasarc.gsfc.nasa.gov/docs/nicer/science_nuggets/20200507.html


Magnetar Spectra

SGR J1550-5418 normal bursts, XRT+GBM, 0.5-200 keV (Lin et al. 2012) 

Compt. BB+BB
ÅA Power-Law (PL) Spectrum

Å! έComptonizedέ ǎǇŜŎǘǊǳƳ
ÅCompton Scattering of electrons at a 

different temperature produces a power 
law spectrum with an energy cutoff. 

ÅA Blackbody (BB) /thermal spectrum
ÅT of millions of K due to Bremsstrahlung 

from optically thin gas or Black-body 
radiation from optically thick gas. 
Exponential decrease with energy.

ÅBB+BB
ÅTwo temperatures usually fit with one 

hotter than the other. 



ÅGRBs:
ÅCosmological

ÅVery Energetic (1052 erg)

ÅShort(NS-NS; <2 s) and Long(Collapsing Star; >2 s) types

ÅThermal (Photosphere) and Synchrotron /PL (Jets) spectra

ÅTypically fit well with a featurelessPL spectrum 
(variations/combinations)

ÅMagnetars:
ÅPredominately Galactic, extragalactic too.

ÅThree classes based on their energy release:
ÅEpisodic (Common, ms-s, 1036-41 erg)

Å Intermediate Flares (Uncommon, s-min, 1041-43 erg) 

ÅGiant Flares (Rare, mins, 1043-46 erg) 

ÅTypically fit well using a thermal spectrum (blackbody).

All Image Credit: NASA GSFC and Chris Smith (GESTAR/USRA)



Case Study: GRB 200415A

ÅTriggered the Inter-Planetary Network (IPN) on the 
15th April 2020, triangulated to a 17 sq. arcmin. 
region centered on NGC 253 (Sculptor Galaxy), 
11Mly away                                                                                        
(D. Svinkin, K. Hurley et al. Nature, 2021) 

ÅChance coincidence with NGC 253: 1 in 230,000                 
(E. Burns et al., ApJL,2021) 

ÅHigh Energy Emission (GeV) detection in the LAT                                                     
(N. Omodeiet al., Nature Astronomy, 2021)

ÅAAS Press briefing of these results:  
https://www.youtube.com/watch?v=LjroNW7D-E4

Credit: Nicola Omodei, Stanford University.
Obtained with permission.

https://www.youtube.com/watch?v=LjroNW7D-E4


Neil GehrelsSwift Observatory (Swift)

All images courtesy of NASA

Fermi Gamma-ray Space Telescope 
(Fermi)

Large Area Telescope (LAT)

Gamma-ray Burst Monitor (GBM)

Burst Alert Telescope 
(BAT)

Ultraviolet/Optical Telescope
(UVOT)X-Ray Telescope (XRT)

GRB200415A detectedoffline usingthe Gamma-ray Urgent
Archiverfor NovelOpportunities(GUANO), a BATpipelineto
searchfor transientscoincidentwith Gravitationalwaves.



1 GBM Detector

Hurley, K., Boggs, S., Smith, D.et al.Nature434,1098ς1103 (2005)

Short Gamma-ray Burst (sGRB)

Goldstein, A., et al., ApJL848(2), L14  2017. 

NASA GSFC Visualization Explorer (Brian Moore).

Magnetar Giant Flare

Duration = 140 ms

NASA Goddard and Chris Smith (USRA)

(s)

SGR 1806-20

GRB 170817A



Credit: NASA GSFC / USRA GESTAR



200 ҡǎ
12 ҡǎ

Further Details: O.J. Roberts et al., Nature: http://doi.org/10.1038/s41586-020-03077-8

Total energy emitted: 1046 erg
Å All nuclear tests: 1025 erg

Å 10 quadrillion times more energy than Chicxulub impact (1030 erg)

Total luminosity emitted: 1047 erg s-1 (Liso,max= 1048 erg s-1)

Flare onset is 77 microseconds  (>10x quicker than camera flash)

Comptonizedspectrum throughout, non-thermal.

No modulated tail after the initial, 140 msbright burst

Credit: NASA/Don Davis

http://doi.org/10.1038/s41586-020-03077-8


Highest energy photon: 3 MeV in GBM
Å! Ƴƛƭƭƛƻƴ ǝƳŜǎ ƳƻǊŜ ŜƴŜǊƎȅ ǘƘŀƴ ōƭǳŜ ƭƛƎƘǘ ό  3 eV).

Å50x more energy than a typical medical X-ray.

Variable, submillisecondchanges in photon energy
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Further Details: O.J. Roberts et al., Nature: http://doi.org/ 10.1038/s41586-020-03077-8
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ÅEnergy Flux Decay; ֹ45 =וҕ3 ms.

ÅPeak Energy Decay; Ep= 100ҕ1 ms.

ÅNon-variable over burst duration.

Åֹו Ep
2

10ī6

10ī5

10ī4

10ī3

 

(e
rg

s
 s
ī

1
c
m

2
)

102

103

E
p
 

(k
e

V
)

0 20 40 60 80 100 120 140

Tim e (m s)

ī2

0

2

4

Ŭ
Temporal binning = 8 ms

102 103 104

Ep (keV)

10ī6

10ī5

10ī4

10ī3

 (
e

rg
s
 s
ī

1
c
m

2
)

   θE2.04 Ñ0.37
p

Further Details: O.J. Roberts et al., Nature: http://doi.org/ 10.1038/s41586-020-03077-8
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ÅEnergy released by crustal fractures ejects hot 
plasma, like a photon torpedoΧ

ÅMeV-band emission: Relativistic outflow that is 
initially, highly opaque.
ÅLiso >> Ledd (1047-48 >> 1038 erg s-1), relativistic wind ( >> 1)

Å Wind transparency to QED pair-production by 3 MeV 
photons implies  6

Åֹו Ep
2: Explained by relativistic Doppler boosting

Å 0: Wind that is highly opaque to electron 
scattering; Compton cloud. Inconsistent with 
synchrotron GRB emission scenarios

ÅSub-msspectral evolution: Relativistic lighthouse 
beaming effect or relativistic-boosted wind 
acceleration and subsequent coasting/cooling

Å77 ҡǎ ǊƛǎŜǘƛƳŜΥ Extremely unlikely for a GRB.

Interpretations

The flux, and spectral shape of GRB 200415A are
unusual/unlikely for a short GRB, when comparedto
catalogsfrom previousspacemissions

Credit: NASA GSFC / GESTAR

Roberts+2021



Å200415A is the clearestexampleyet of a giant flare from anextragalacticmagnetar

ÅUnsaturated instrument spectra allow new discoveriesto be made, opening a new front on
studyingthe emissionmechanismof thesecataclysmicevents.

ÅTheseάrepeatingGRBsέmaycontributea sizeablefraction of eventsto bepresentin GRBcatalogs.

Credit: NASA-GSFC/USRA GESTAR


