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COLD GAS: Radio waves reveal
regions of gas cool enough for
CO; molecules to-exist.
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COOL STARS: Infrared shows
smaller cool red stars that
make up most of the galaxy.
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SOLAR STARS: Optical light
comes from stars around the

| size of the Sun.

€

® 2 B
o’.’!

w== \/ISIBLE LIGHT ===

HOT STARS: Ultraviolet shows
the larger hot blue stars that
are less frequent in galaxies.
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HOT GAS: X-rays are emitted
from the hottest regions of

| gas where atoms are ionized.
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Credit: NASA/ University of Chicago




dGolden Ageof Xray Astronomy

A Chandra

A XMM-Newton

A INTEGRAL

A Neil GehrelsSwift Observatory

A AGILE

A Fermi Gammaay Space Telescope
A MAXI

A NUSTAR

A AstroSat

A InsightHXMT
A eROSITA

Launch
(1999)
(1999)
(2002)
(2004)
(2007)
(2008)
(2009)
(2012)
(2015)
(2017)
(2017)
(2019)

Excludes many smaller NatiQube / SmaltSatellite

missions that have been launched over the last decade.

All images from NASA/ESA




Tych@® Supernova Remnant (3872

(Some) HiglEnergy Sources

AStellar Solar, brown/white dwarfs, etc.)
AHigh/Intermediate/Low-Mass Xray Binaries
ASupernovae remnants

ANeutron Stars (i.e. Pulsars, Magnetars)
AFluorescence (Planets, Comeds)
AActive Galactic Nuclei (AGN)
AGammaray Bursts

ADiffuse Xray Background

ASuperfast Xray Transients (SFXTs)
AAnd many more...

Credit: Chandra/NASA

redit;: Chandra, HST / NASA
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Time lapse of the Pulsar Wind in the Crab Nebula



Solar Xays
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Stellar Road Trip
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Our Star

A The Sun is a-/pe, main sequence star

A No Xrays from photosphere, only corona

A Concentration of magnetic field fluxes prevent convection on
stellar surface> Sunspots

A Intense magnetic field wound up by SRidifferential rotation. R

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA)

m> 0.0%m> 0.1% > 1.0%

The Corona

The Convection Zone buoases sl amrleard 'f'

——
Energy continues lo move toward the surface \
through convection currents of heated and.

[
quite dim in these

% t\_Sun’s(:om
Energy is generated by thermonuciear reactions

Energy moves slowly outward—taking
‘more than 170,000 years to radiate
the ayer ofthe Sun known as the radiative

008

5
_The Chromosphere

treamers The relativaly thin layer of the Sun called the
o ‘Ghromosphere is sculpted by magnetic ield ines
The outward-flowing plasma of the corona.
is shaped by magnetic field fines into tapered
forms called coronal streamers, which extend
millions of milles into space. tenuous and hot corona, sometimes ejecting

material away from the Sun.

Credit: NASA/Jenmyottar
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Solar Flares

A 10°%25joules of energy*

A Sometimes accompanied by coronal mass
ejections (CMES)

A X-ray flares thought to occur due to magnetic
reconnection; where magnetic field lines collide

and realign.
A A,B,C, M and-¥lass flares, latter is most energetic.

*5x10%! joules = Human annual world energy consumption . .
. . All images Credit: NASA (SDO/RHESSI
*10%4joules = Energy required to heat all the water on Earthdfy 1 g ( )



MEREIS

Credit; Juno/NAS/



Fluorescence and Charge Exchange

A Fluorescence:
A X-ray radiation collides with a molecule or
neutral atom " 7 o % "
A Electron moves to a higher orbit or kicked R A I O A N
out (ionized). A0 0 U N I T N I S
A Outer electrongifallé into lower orbitals to . N - S
fill vacancy, emitting xay as it decays at a AT S ST T - @/L
characteristic energy.

A Charge Exchange: T

A Electron shells of a neutral atoms and a e
Fosmve or negative ion collide, resulting in e L ® P i W .
transfer of electron from the atom to the i gt g L4 ® ) LRSS
Ion. ‘I\ ° /\' \\I(;N‘/ \\\——’// N \\\ \\‘~ .///

A Solar wind (i.e. H hits atoms of neutral = e

elements (i.e. § in the atmosphere, which ~
IS reemitted at a characteristic wavelength. Crodit. CXCINASAISAG




Inner Solar System

Chandraimagesof
Venusand Mars

AVenus, Earth, Mars and the Moon give offa)s,
mostly in their coronae (H) and atmospheres.

A Mechanisms are predominately solar wind charge
exchange and-Kay fluorescence

A Comets also observed to give offa¥s due to a
coma forming from interactions with the solar wind.
Plasma in magnetic field heats electrons.
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Credit:Drake, J., SAQQ19 https://arxiv.org/pdf/1910.0566 20df

Outer Solar System

A Most outer planets also producersys.

A Jupiter produce aurorae, but Saturn does not!
A Some of Jupite® moons (i.e. Europa) also emitays.
A Possibly due to lower accelerating potential on Saturn. Ef
A Xrays from Satur@ disk and rings.

Figure 4: Left: X-ray emission observed from the north and south aurorae of Jupiter by Chandra

(magenta) superimposed on visible light images from the Juno spacecraft. Based on
A U ranus (recentlyl) Dunn et al. (2017) from http://chandra.harvard.edu/photo/2017/jupiter/. Right:
A Chandra Observecﬂari ng) Xrays from Uranus. Polar projection of a Hubble STIS FUV image of Jupiter’s northern aurora (orange)

. . . overplotted with the positions of X-ray photons detected by Chandra during simultaneous

A Scatters X ay I|g ht from Sun (l ike Ju plt@tC) observations on 24 February 2003. Small and large green dots indicate photon energies

< 2 keV and > 2 keV, respectively (from Branduardi-Raymont et al. 2008).

A One other Xay mechanism thought to be due to
energetic particles colliding with its rings (i.e. Saturn).

A Unexpected, bright Xays from Pluto

A No magnetic field (no naturalpéy
generator/mechanism)

A Not from aurorae. Solar wind interaction with PI&o
atmosphere?

A Not enough gas leaking from Pl@atmosphere, Solar Wind
not strong enough to produce-tay flux observed.

A No Xrays observed from Neptune.

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)




Gammaray Bursts (GRBs)

A First discovered in967by Vela3 and4 to monitor nuclear
weapons testing.

ABATSK1991), BeppoSAX1996), Swift (2004), Fermi(2008)
A Brightest and most energetic EM transients in the Universe

Credit: LIGO/NASA/Fermi
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https://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/transients/grb_970228.html

Gammaray Bursts (GRBs)

ATwo types of GRB:

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’duration)
| A red-giant
v star collapses
— . < ONO its core
A

Short gamma-ray burst
(<2 seconds’ duration)
..- ——_“-;
A
Stars* in >\

~

3 compact

I binary system

A ShortGRBs <2 s, spectrally hard (energetic) binary syt
¢ NSNS merger(70817) e

Loecoming so

A LongGRBs >2 s, Diverse morphology and slightly A densethati

/ o expels its outer

less energetic (Fireball/shock model) ,_ \\ /" o —
. sxplosion colliding.
Credit: LIGO/NASA/Fermi < /Xt —
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Typical GRB Prompt Spetra

A Power Law Synchrotron spectrum:

A Relativistic electrons driven by jet physics. Polaer
decreases with energgenerally featureless continuum

A oComptonized spectrum:

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

A éBand function:

A Joint smoothly broken powdaw function, with high energy,
j OZ2YLRZYSYyuo

A Blackbody (BB) /thermal spectrum

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

A Other spectral models for higher energy bursts and
afterglow (ICetc)
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Synchrotron radiation

* Well-aligned magnetic field

* Dissipating magnetic field

* Random magpnetic field in plasma scale
* Inner structures

mn

Typical GRB Prompt Spectra.

A Leading candidate radiation mechanisms for
GRB prompt emission:

A Comptonization of quaghermal photons
from the photosphere

A Synchrotron radiation

Quasi-thermal emission \
* Photosphere of relativistic fireball
* Scattering process

Yonetoky D. Toward unveiling the relativistic

Nat Astron3, 200201 (2019

A Both successfully reproduce observed values
of:
A E, (peak energy in theF, spectrum),

A'i (the highenergy poweflaw spectral
index).

A Predictions deviate with observations for J.M.Burgesst al.Nat Astron (2019)
low-energy powedaw indexh .

magnetic fields are ripped apart

How synchrotron photons from GRBs travel across the
Universe into the Fermi detectors




Magnetized Stars
WELREES)

Credit: NASA GSFC / GEST
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Magnetars

A Magnetized neutron stardMagnetarg are
smoldering remnants of >10 Mstellar
explosions (coreollapse supernovae).

Aal I3y St NQ&AY
A Have a magnetic field of 315G
(fridge magnet = 100 G, 10 trillion times weaker)
A Spin once on their axis everylD s.
A Are the size of a large citgl € 1520 km)
A Weigh 13 Solar masses (typically 1.4 M

Credit: NICER / NASA

ﬁl-DMO%ENP/iESA/EI CARBON
AMHD dynamo is the dominant, though still N X
contentious, t_heQrP/ behind presence of N INNERCRUST
large magnetic field. - Lo e

SUPERCONDUCTING PROTONS

INNER CORE
UNKNOWN

ARecently confirmed to be a source of some
(all’?) Fast Radio Bursts (FRBS).

Credit: NAS@ Goddard Space Flight Center / Conceptual Image Lab
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https://heasarc.gsfc.nasa.gov/docs/nicer/science_nuggets/20200507.html

Magnetar Spectra

A A PowerLaw (PL) Spectrum

Al Cémptonized & LIS Od NHzY

A Compton Scattering of electrons at a -
different temperature produces a power
law spectrum with an energy cutoff.

A A Blackbody (BB) /thermal spectrum

A T of millions of K due to Bremsstrahlung
from optically thin gas or Bladbody
radiation from optically thick gas.

Exponential decrease with energy.

ABB+BB

A Two temperatures usually fit with one
hotter than the other.

A A P A T
N T i
RQ X ( kT)—B 5] : B O:j i\\/;ﬁ%‘k/\/c"mpt GTBM
- s | g 0 OO;/‘ ; / 1
_ﬁ#——’mf = f 0 owog'l"l/f \\\‘\
i_ 3 0.001 L// ks ) |

SGR J1558418 normal bursts, XRT+GBM 20 keV (Lin et al. 2012)




AGRBs
A Cosmological
A Very Energeticl(0°2 erg)
A Short(NSNS; 2 s) andLong(Collapsing Star;2s) types
A Thermal (Photosphere) and Synchrotron /PL (Jets) spectra

A Typically fit well with deaturelessPL spectrum
(variations/combinations)

AMagnetars:
A Predominately Galactic, extragalactic too.

A Three classes based on their energy release:
A Episodic Common ms-s, 103641 erg)
A Intermediate Flares.( ) smin, 10°+-43 erg)
A Giant FlaresRare mins,10#>4 erg)

A Typically fit well using a thermal spectrum (blackbody).

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



Case Study: GRE041A

A Triggered the IntePlanetary NetworkIPN) on the - :
15" April 2020 triangulated to al7 sg. arcmin. , o

. Sculptor galaxy

region centered on NGE53 (Sculptor Galaxy),

11Mly away
(D.Svinkin K. Hurley et al. Nature2021)

A Chance coincidence with N@E3 1in 230,000
(E. Burns et al., Ap22021])

2.00

A High Energy Emission (GeV) detection in the LAT | e
(N.Omodeiet al., Nature Astronomy2021) ol 1.7 GeV
3 12 faae\i/
A AAS Press briefing of these results: el -
https://www.youtube.com/watch?v=LjroNED-E4 o e

Time since GBM trigger [seconds]

Credit: Nicol@bmodej Stanford University.
Obtained with permission.


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

Fermi Gammaay Space Telescope
(Ferm)

Large Area Telescope (LAT,

Gammaray Burst Monitor (GBM)

\

Neil GehrelsSwift ObservatorvSwift)j

Ultraviolet/Optical Telescope

X-Ray Telescope (XR‘T)/ (UVOT)

Burst Alert Telescope
| ‘/(BAT)

GRB20041%A detected offline usingthe Gammaray Urgent
Archiverfor NovelOpportunities(GUANOQ), a BATpipelineto
searchfor transientscoincidentwith Gravitationalwaves

All images courtesy of NAQ
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Credit: NASA GSFC/ USRAGESTAR ~ ~ . O LT -



Total energy emitted10%*¢ erg
A All nuclear tests10% erg
A 10quadrillion timesmore energy than Chicxulub impadiX° erg)

Total luminosity emitted:10¢" erg st (Ligo ma= 10* €rg st)

Flare onset I¥7 microseconds (20x quicker than camera flash)

Comptonizedspectrum throughout nonthermal. | Credit: NASA/Don Da
No modulated tail after the initial,140msbright burst
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http://doi.org/10.1038/s41586-020-03077-8

Highest energy photon3 MeV in GBM
A1 YXRY oY Y 2N5/S (K y ofd3 K10 3 eV).

A 50x more energy than a typical medicatay).

Variable,submilliseconachanges in photon energy

counts (0.2-40 MeV)
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time (ms)

Energy (MeV)

Time (ms)

Further Details: O.J. Roberts et al., Nathitg://doi.org/ 10.1038s41586020-0307 78



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

TEnergy Flux Decay; =453 ms.
A Peak Energy Decay;,=10051 ms.
A Non-variable over burst duration.
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http://doi.org/10.1038/s41586-020-03077-8

Interpretations

A Energy released by crustal fractures ejects hot
plasma, like a photon torpedX

A MeV-band emissionRelativistic outflow that is

initially, hlghly opague. Credit: NASA GSFC / GESTAR
A Lgo>>Legq (107748 >>10%8 erg s, relativistic wind ( >>1) Rl = i | |
A Wind transparency to QED pairoduction by3 MeV i
photons implies 6 QR

)
o
A

- (d)

A E % Explained by relativistic Doppler boosting

A 0: Wind that is highly opaque to electron
scattering; Compton cloudnconsistent with
synchrotron GRB emission scenarios

vF, (ergcm~2s7!)

=
o
&

A Submsspectral evolution:Relativistic lighthouse 10° 548 7 T 10"
E (keV)

beaming effect or relativisttboosted wind Roberts2021
acceleration and subsequent coasting/cooling

A77x & NI &Sdnkly SNcely for a GRB.

The flux, and spectral shape of GRB 20041%A are
unusual/unlikely for a short GRE when comparedto
catalogsfrom previousspacemissions

y




Credit: NAS&SFC/USRA GESTAR

A 200419 isthe clearestexampleyet of a giantflare from an extragalactianagnetar

A Unsaturated instrument spectra allow new discoveriesto be made, opening a new front on
studyingthe emissionmechanisnmof thesecataclysmievents

A ThesetrepeatingGRB$S may contribute a sizeablefraction of eventsto be presentin GRBcatalogs



