X-ray Chandra gallery

Multi-wavelength coverage of Galactic
sources
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Radio tracers of gas in our Galaxy
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The galactic center in radio

Wide-Field VLA Radio Image
of the Galactic Center
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MeerKAT galactic center
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Tracing the electron density and magnetic fields
Intriguing filaments structures




12CO emission can trace the 3D gas in the galaxy




High energy radiation

GeV gamma-ray TeV gamma-ray

\

e or proton via
IC or n° decay

XMM-Newton Fermi-LAT

HESS. MAGIC. VERITAS, CTA



Probing the accelerated particles properties

1 CR radiation

Fermi Cherenkov
B field

E2dN/dE

Synchrotron
Inverse Compton
PcrR+PisMm — 2Y

\4

Energy
>

radio keV GeV TeV
e Test the CR acceleration paradigm through SNR'’s particle radiation:

- Nature of the y-ray emission, Emax, Energetic SNR —— CRs

- Time evolution of acceleration, escape, and propagation of CRs
- Effects of the surrounding environment



CRAFT: time evolution SEDs

e Current models: One zone, no time evolution
 The quality of the MWL data is now better than our models

« CRAFT: analytical CR acceleration code with prescription from
larger PIC simulations
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Simple one zone model vs time evolved models
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Be careful about absorption effects in X-rays
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e No easy/correct way of generating Flux points in X-rays
— Best way is to do forward folding in gammapy for the X-rays
— In particular absorption effect can be strong in soft X-rays !
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Nebula around PSR J0855-4644

GMRT 1.35 GHz XMM 1.2-6 keV Chandra 0.8-8 keV

g

Maitra, Acero, et al., 18 Acero et al., 13 “—" Maitra, Acero, et al., 17 =

bow shock ? torus or dual jet morphology

 High Edot/d2 pulsar (1036 ergs/s, 2nd most energetic within 1 kpc)
o Jets/double torus morphology seen with Chandra

* Inclination angle from X-ray modeling explains y-ray loud, radio quiet
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eROSITA all sky survey

Navigating the eROSITA X-ray sky 5&3

Coma Csluster Sco X-1 Virgo Cluster
Cygnus Cyg X-1 ’_ S Shapley Supercluster
Superbsubble : } : ‘» e ’ Centaurus Cluster

Cas A ;
e Crab Pulsar

: | Orién Nebula
G156.2+05.7 :
SNR Vela SNR

Perseus Cluster i :
Fornax Cluster

Cyq X2 A |
Cygnus Loop Large Magellanic Cloud

SRG/eROSITA 0.3-2.3 keV - RGB Map




eROSITA all sky survey
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Supernova Remnant: what do we see ?

Forward shock
at V~5000 km/s

reverse shock

4 unshocked shocked ISM
d ejecta at ~107 K
<\

Accelerated

particles
(c) A. Bordenave
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What do we learn ?

Accelerated particles

e Acceleration mechanism
e Composition (e- and/or p)
e Flux of particles

e Maximal energy reached

e Escape (diffusion)

Radio, X, Gamma-rays

Shocked ISM

* Probe of the ISM:
e density, metalicity
e clues for SN progenitor
e acceleration initial conditions
* Collisionless shock physics:
e e /p T° equilibration

Messengers:

Optical, UV, X-rays

eSupernova yield:

e SN type

e mass of progenitor

e metalicity of progenitor
*Morphology and kinematics:

e 3D egjecta distribution

e SN explosion mechanism

IR, optical, X-rays

T—

15



SN 1006 example of MWL

Radio 1.4 GHz X-rays Fermi - GeV HESS - TeV

N.E. Region

: E| S.W. Region

15h04m 15h02m

RA (hours

Thermal + Synch

Density + synch e-
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The observational counterpart

Fermi-LAT all sky view
E>1GeV
15 years
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The observational counterpart

Fermi-LAT all sky view
E>1GeV
15 years
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GeV galactic diffuse interstellar emission

COS-B

| |

0 225

counts/picel

This is probably the oldest galactic gamma-ray source as first
association dates back to OS0O-3 in the late 60s then SAS-2
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Galactocentric model of the diffuse emission

Galprop model
CR protonsTI—g/a;/(_Hl+CO+DN CR e- + radiation field

HI gas rings g \. CO gas rlngs

10-16.5 Kpc
T RO




Galactocentric model of the diffuse emission

Galprop model
CR protons + gas (HI+CO+DNM) & CR e- + radiation field

HI gas rings / \ CO gas rings

DNM : dark neutral medium (H2 material not well traced by CO)
— Can be indirectly traced by dust (Planck&IR) but also gammas

Large scale diffuse source added in the model with templates
— Loop |

— Fermi bubbles

— Any source larger than 2° is included in the model
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E? x Flux [MeV cm~2 s71)

Using clouds as local barometers of CRs
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& Aceroetal. (2016)

Using a collection of Giant molecular
clouds across the Galaxy one can probe
the density of CRs at different locations

Mostly homogeneous sea of CRs except
between 4-8 kpc radius
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Not all molecular clouds are alike

e Reticulum

¢ Eridu

2.5 3.0 3.5 4.0 4.5
log(Ey) [MeV]

300 290 280 270 260
Longitude [deg]|

e Comparison of Eridu+Reticulum (a few 100 pc away cloud) highlight
different CR densities in the solar neighboorhood

« Can even measure coefficient diffusion at parsec scale (very extended on
the sky ) 23



Cygnus loop : evolved nearby SNR

M Fermi gammas

Counts/pixe

-~
-

uUv template e 0

21"QoT 20"54™ agm 4zm
R A,

Gamma-ray morphology is best
reconstructed via a sum of UV + X-ray
templates

X-ray shape traces the freshly accelerated
particles and UV the reacceleration of
preexisting CRs
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GeV/TeV populations

e Middle-aged interacting GeV bright SNRs
e Young TeV bright shell SNRs
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1-100 GeV Photon Index I

Age - GeV index

3.5
+ interacting SNRs —— Older SNRs appear to have softer indices
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GRB observatory
Eclair: 4-120 keV

2019 2021

eROSITA

All sky survéy . 4
15” PSF

Futur X-ray telescopes

5 eV spectral resolution
3’ field of view (6x6 pixels)
60” PSF

Athena

XIFU: 2.5 eV spectral resolution
5’ field of view

WEFI: 120 eV spectral resolution
40’ field of view

<10” PSF

2037 2035+
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Eesa
Vo -

@ The Hot and Energetic Universe *% IFU
sthen What it is ? ATRENA s

Galaxy clusters embedded in hot gas Black holes Stars

Event Horizon Telescope
ALMA image of the jet
#*
Relativistic jet
4

EHT image of the
black hole shadow

. Supermassive blackihole

Sted and brighte'

Credits: X-ray: NASA /CXC/MIT/M.McDonald et al.; Radio: NRAO/VLA; Optical: NASA /STScI Credits: Event Horizon Telescope /ESO Credits: NASA, ESA, J. Hester and A. Loll (Arizona State University)

@irap IAS Seminar December 2025 — Didier Barret, IRAP Toulouse France — X-IFU Principal Investigator
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Eesa
Vo -

@ What are the « big » questions? % IFU
B Uniquely addressed by an X-ray observatory e

How has the Universe formed and What is the role of black holes in What are the fundamental laws of physics in
evolved since the big bang ? shaping the Universe ? extreme conditions?

TIME = ZERO: BIG BANG

- .

INFLATION
DARK AGES
1 BILLION YEARS

WA ' el R RS
Qt}‘ﬁ‘ & a .

——
.

FORMATION

OF EARTH
QUARK SOUP, EMISSION ACCELERATING
OF COSMIC RADIATION EXPANSION
13.7 BILLION YEARS -
Credits: Hubble Space Telescope Science Institute Credits: Chandra Credits: Chandra
@irap IAS Seminar December 2025 — Didier Barret, IRAP Toulouse France — X-IFU Principal Investigator

29



How do we answer those questions? * IFU
L

Using X-rays as the most sensitive probe

athena

X-rays are emitted by hot gas present  X-rays are emitted from the flow of X-rays are emitted from matter placed under
in clusters of galaxies matter falling onto a black hole the most extreme conditions unreachable in
our laboratory

(2) Direct coronal emission
(upscattered accretion disk emission)

,’ (3) Coronal emission reflected
’ off accretion disk

4

’
(1) Thermal emission
from accretion disk

Black Hole

Accretion Disk

Credits: NASA /CXC Credits: JPL/NASA Credits: NASA /Dana Berry

@irap IAS Seminar December 2025 — Didier Barret, IRAR Toulouse France — X-IFU Principal Investigator
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Athena X-IFU: the micro-calorimeter revolution

nH= 1.0x102 cm2 kT=2.0keV tau=10'! cm—3 s Abund=SOLAR

= XMM-MOS1 * 15
—— Athena-XIFU
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10° T T T T T
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107 ) 15 20 30 40 50 60 70
Science case for SNRs: Energy (keV)

— 3D kinematics of Si, S, Fe and rare elements (Cr, Mn) constrain explosion mechanisms
of CC and la SN

— SN yield and progenitor info (mass, metalicity). SN circumstellar material.

— Measure accelerated particles impact on ions temperature via thermal broadening 31



The hard X-ray window

e NuSTAR : 3 -80 keV Age=348 yrs R=3.4 pc Vsh=5533 km/s B=444 uG
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 Constraining the cutoff energy and shape

 Constrain the e- producing the > 10 TeV inverse Compton
emission



PHEMTO: Polarimetry + high energy

e A unique dual lens system
— Mirror + Laue lenses

e Covering 3 - 600 keV
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COSI: filling the MeV gap (0.2-5 MeV)

e COSIlaunch in 2027. Full sky (like Fermi) observations
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NewASTROGAM
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NewASTROGAM
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Filling the MeV gap
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NewASTROGAM

e Understand the nature of the emission: e Evaluate the rate between

— is it Pion bump or broken bremsstrahlung? hadronic emission and
leptonic emission
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LISA: GW in space !

LISA - LASER INTERFEROMETER SPACE ANTENNA

Gravitational waves are ripples in spacetime that alter the distances between
objects. LISA will detect them by measuring subtle changes in the distances
between free-floating cubes nestled within its three spacecraft.

(3} identical spacecraft exchange . Gravitational waves
change the distance between the free-floating cubes in the different
spacecraft. This tiny change will be measured by the laser beams.

O e O @

O 4.5 @ o © ©

X

* (hanges in distonces trovelled by the Joser beams are not to scole and extremely exaggerated

Pawerful events such as colliding black
holes shake.the fabric of spacetime and
cause gravitational waves o

Free-floating

golden cubes
L=y



Nicolas Douillet - ARTEMIS




LISA targets

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based " Space-based observatory ' Pulsar timing array Cosmic microwave
& experiments experiment : _ : background polarisation

o

Timescales milliseconds seconds hours years billions of years
. . . . . . ooooooooooooooooooooo . ooooooo )
Frequency (Hz) 100 | 10 10 10 10 10

Cosmic < s I
SORNLSE — Compact object falling s L B il
Supemova | Pulsar onto %é‘c’ h’;‘“eas"’e Merging supermassive black holes

‘—/ / .__/ /
Merging neutron Merging stellar-mass black holes Merging white dwarfs @
Hiiso stars in other galaxies in other galaxies in our Galaxy




LISA Athena synergies

2 HOW CAN LISA AND ATHENA WORK TOGETHER?

Eesa

L 4 @® L 2 o L 4
About 1 month 2 weeks 1 week to A few hours During and after
before before several hours before before the merger

~ . \“

LISA detects gravitational waves As the inspiral phase progresses, LISA indicates a

from the gravitational wave signal gets (around 10 square

spiralling towards each other and stronger; meanwhile, LISA collects  degrees) where the source is

calculates the date and time of the  more data as it moves along its located, so that Athena can start

final merger, but the position in the  orbit, providing a scanning this region to look for

sky is unknown of the source in the sky the source with its Wide Field
Imager (WFI)

#5pacel9plus HAnsweringTheBigQuestions

. \_£ \ \ﬁ d

~

LISA locates the source to within While LISA detects the

E roughly Athena can observe any
equal to the size of the Athena WFI  assocated and might
field of view (0.4 square degrees); witness the onset of

Athena stops scanning, and starts if this happens, Athena and LISA
staring at the most likely position of may witness the birth of a new
the source, witnessing the final inspiral ‘active galaxy'

and merger of the black holes

Spacel9 &
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Aladin quick tutorial

https://aladin.cds.unistra.fr/AladinLite/

But the desktop app is much more powerful
— https://aladin.cds.unistra.fr/
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