
Multi-wavelength coverage of Galactic 
sources

F. Acero
CTAO school 2026

X-ray Chandra gallery



Radio tracers of gas in our Galaxy

2



The galactic center in radio
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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
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High energy radiation

S. Federici et al.: Analysis of GeV-band gamma-ray emission from SNR RX J1713.7-3946

Fig. 3. Map of the test statistic (TS) for a point-like source in the
region around RX J1713.7–3946. The black cross denotes the
best-fit centroid of a disk model and the yellow circle indicates
the energy-averaged 68% confinement region of the point-spread
function. Red circles indicate the position of the second Fermi-
LAT catalog sources in the background model. Shown in white
are contours of gamma-ray excess counts based on H.E.S.S. ob-
servations, the levels are 25, 50, and 75.

emission, because a true point source would appear with local-
ization uncertainty corresponding to the energy-averaged width
of the point-spread function (PSF, indicated in Fig. 3 by the yel-
low circle) divided by the detection significance, i.e. with . 0.2�
in diameter. Particularly interesting is the local enhancement of
the signal in the northwest region of the shell with TS > 49,
which matches well the excess-event density seen with H.E.S.S.,
here indicated with white intensity contours with levels 25, 50,
and 75.

To find the best position of the source and hence minimize
the systematic uncertainties, we then modeled RX J1713.7–3946
as a uniform disk with a radius of 0.5� instead of a point-like
source. The best-fit centroid for the disk model is indicated in
Fig 3 and located at ↵ = 258.32� and � = �39.71� in J2000 with
an error radius of 0.02� at the 68% confidence level, which is
about 0.07� o↵ the nominal coordinates of the source in direction
of the Galactic plane. All the following analyses are performed
using spatial templates centered at this best-fit position.

To investigate the spatial morphology of the emission as-
sociated with RX J1713.7–3946 a number of spatial templates
are tested. Five templates are uniform disks with radii ranging
from 0.5� to 0.7� in steps of 0.05�. An additional template is
designed to reflect the TeV-band intensity distribution observed
with the H.E.S.S. telescope. In Fig. 4 we show all these spatial
templates after being convolved with the Fermi-LAT PSF. Due
to the broadening of the PSF at low energies the detailed shape
and size of the six templates can only be distinguished at high
energies. Table 1 summarizes the best-fit parameters in the like-
lihood analysis of each template, performed in the energy range
from 500 MeV to 300 GeV by optimizing a spectral model of

Fig. 4. Spatial templates used to model the emission associated
with RX J1713.7–3946. The templates are convolved with the
Fermi-LAT PSF and are shown for three di↵erent energies.
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where N0 is the prefactor, E0 the energy scale, and � is the spec-
tral index.

All models yield a high test statistic (150  TS  163),
about 3 times that achieved in a point-source fit, implying that
the emission is well resolved by the LAT as an extended re-
gion. For uniform-disk templates TS slowly decreases beyond
a radius of 0.55�, indicating that this value marks the extent of
GeV-scale emission from RX J1713.7–3946. The H.E.S.S. tem-
plate fits best, and the TS value for the uniform disk of radius
0.55� is also acceptable (�TS = 2). As the H.E.S.S. template
does not fit significantly better than the disk of radius 0.5� that
we used to find the centroid position, we see no reason to devi-
ate from the sequence of analysis steps defined a priori, namely
first finding the centroid position and then determining the best-
fitting template. We thus use the H.E.S.S. template, centered at
↵ = 258.32� and � = �39.71� in J2000, in the following spectral
analysis. In the end, the vagaries in choosing the spatial template
and centroid position contribute to the systematic-uncertainty
margin that we shall discuss below.

Table 1. Morphological analysis of the �-ray emission associ-
ated with RX J1713.7–3946.

Morphology Fluxa Photon index TS
Disk r = 0.50� 4.982 ± 0.916 1.508 ± 0.075 160
Disk r = 0.55� 5.122 ± 0.941 1.509 ± 0.075 161
Disk r = 0.60� 5.449 ± 1.069 1.513 ± 0.075 159
Disk r = 0.65� 5.547 ± 1.052 1.514 ± 0.075 156
Disk r = 0.70� 5.908 ± 1.216 1.521 ± 0.076 150
H.E.S.S. 5.522 ± 1.075 1.528 ± 0.074 163

(a) The integral flux from RX J1713.7–3946 is calculated over the
energy range 500 MeV – 300 GeV and it is given in units of 10�9

photons cm�2 s�1.

2.4. Energy spectrum of RX J1713.7–3946

As first step toward measuring the spectrum of �-ray emission
from the SNR, we perform a global likelihood analysis using the
H.E.S.S. template as spatial model for RX J1713.7–3946. The fit
yields a � = 1.53 ± 0.07 and the measured integral photon flux
above 500 MeV is F = (5.52 ± 1.07) ⇥ 10�9 photons cm�2 s�1.

In order to obtain a spectral energy distribution (SED) for the
SNR, the entire energy range is divided into 9 logarithmically
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 1: H.E.S.S. gamma-ray excess count images of RX J1713.7�3946, corrected for the reconstruction acceptance. On the left, the
image is made from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement of
E > 2 TeV is applied to improve the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width 0.03�,
i.e. smaller than the 68% containment radius of the PSF of the two images (0.048� and 0.036�, respectively). The PSFs are indicated
by the white circles in the bottom left corner of the images. The linear colour scale is in units of excess counts per area, integrated
in a circle of radius 0.03�, and adapted to the width of the Gaussian function used for the image smoothing.

paigns are given in Table 1. Only observations passing data qual-
ity selection criteria are used, guaranteeing optimal atmospheric
conditions and correct camera and telescope tracking behaviour.
This procedure yields a total dead-time corrected exposure time
of 164 hours for the source morphology studies. For the spectral
studies of the SNR, a smaller data set of 116 hours is used as
explained below.

The data analysis is performed with an air-shower template
technique (de Naurois & Rolland 2009), which is called the pri-
mary analysis chain below. This reconstruction method is based
on simulated gamma-ray image templates that are fit to the mea-
sured images to derive the gamma-ray properties. Goodness-of-
fit selection criteria are applied to reject background events that
are not likely to be from gamma rays. All results shown here
were cross-checked using an independent calibration and data
analysis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7�3946 is shown in Fig. 1:
on the left, the complete data set above an energy threshold of
250 GeV (about 31,000 gamma-ray excess events from the SNR
region) and, on the right, only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geometry at
the expense of gamma-ray e�ciency. This increased energy re-
quirement (E > 2 TeV) leads to a superior angular resolution
of 0.036� (68% containment radius of the point-spread func-
tion; PSF) compared to 0.048� for the complete data set with
E > 250 GeV. These PSF radii are obtained from simulations
of the H.E.S.S. PSF for this data set, where the PSF is broad-
ened by 20% to account for systematic di↵erences found in
comparisons of simulations with data for extragalactic point-like

sources such as PKS 2155–304 (Abramowski et al. 2010). This
broadening is carried out by smoothing the PSF with a Gaussian
such that the 68% containment radius increases by 20%. To in-
vestigate the morphology of the SNR, a gamma-ray excess im-
age is produced employing the ring background model (Berge
et al. 2007), excluding all known gamma-ray emitting source
regions found in the latest H.E.S.S. Galactic Plane Survey cata-
logue (H.E.S.S. Collaboration et al. 2016b) from the background
ring.

The overall good correlation between the gamma-ray and X-
ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visi-
ble in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five parame-
ters to the data as follows: the normalisation, the x and y coordi-
nates of the centre, and the inner and outer radius of the thick
shell. The resulting centre point is R.A.: 17h13m25.2s, Dec.:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover
the fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
molecular clouds (Maxted et al. 2013; Fukui et al. 2012). Region
5 covers the direction along the Galactic plane to the north of
RX J1713.7�3946.
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• Test the CR acceleration paradigm through SNR’s particle radiation:   

 - Nature of the γ-ray emission, Emax, Energetic SNR          CRs 
 - Time evolution of acceleration, escape, and propagation of CRs 
 - Effects of the surrounding environment 
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CRAFT: time evolution SEDs

• 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

8

age (yrs)

Work in collaboration with D. 
Caprioli, Univ. of Chicago



Simple one zone model vs time evolved models
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Be careful about absorption effects in X-rays

• 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 !

10

A&A proofs: manuscript no. aa58346-25

The emission is described by a single-zone model, in
which the population of particles follows a power-law spec-
tral model with an exponential cuto�, intended as a phe-
nomenological description. The synchrotron emission was
modelled based on the ambient magnetic field strength,
B, the parent particle population, and a component ac-
counting for photoelectric absorption. The absorption col-
umn density was taken to be NH = 7.6 ◊ 1021cm≠2 as
per Acero et al. (2013) and fixed during the fit. The same
electron population was assumed to be responsible for the
“-ray emission resulting from IC scattering of the cosmic
microwave background (CMB), near-infrared (NIR), and
far-infrared (FIR) background photon fields. For the FIR
component, we assumed a temperature of 30 K with an en-
ergy density of 0.5 eV cm≠3, while for the NIR component
we assumed a temperature of 3000 K with an energy den-
sity of 1 eV cm≠3. These values are typical of the interstellar
radiation field conditions outside the inner Galactic region
(see for example, Popescu et al. 2017; Porter et al. 2017).
The distance to the source was assumed to be 900 pc from
X-ray observations (Acero et al. 2013).

The power-law spectral model of the H.E.S.S. compo-
nent E from Sect. 3.2 was replaced by the IC component.
The synchrotron component was utilised to describe the
X-ray emission, extracted from a circular region with a
radius of 0.14¶ representing component E. The electron
spectral index, amplitude, and magnetic field were fitted
simultaneously across the X-ray (XMM-Newton) and “-
ray (H.E.S.S.) data. This joint fit was performed on the
1D spectral dataset obtained from XMM-Newton and the
3D dataset from H.E.S.S., enabling the use of the forward-
folding technique. The results of this fit are shown in Table 2
and illustrated in Fig. 5. The flux points shown in Fig. 5
were then derived assuming, in the individual energy bins,
the spectral model derived from the fit.

Table 2. Best-fit model parameters for a simple one-zone model
describing the emission from both X-rays and “-rays.

Parameter Description Value
B Magnetic field 1.6 ± 0.1µG
– Index 1.88 ± 0.04
„0 Normalisation (1.9 ± 0.2) ◊ 1032eV≠1

Notes. The column density is frozen at NH = 7.6 ◊ 1021cm≠2.
The magnetic field, B, is taken to be the lower limit; the spectral
index and normalisation of the parent particle population are –
and „0, respectively.

The model of the broadband spectral energy distribu-
tion in Fig. 5 describes the H.E.S.S. and XMM-Newton
data well. We find an electron spectral index of – ≥ 1.9,
obtained from the joint fit, which is a reasonable value for
the injection spectrum (PWNe are expected to exhibit a
hard spectral indices; see de Jager et al. (2008); Olmi &
Bucciantini (2023)). The magnetic field of B ≥ 1.6µG rep-
resents an e�ective average value over the large region of
interest. Although this value is relatively low, it is not un-
common when fitting the X-ray and TeV data with a simple
stationary one-zone model (see H.E.S.S. Collaboration et al.
2012). As shown in previous studies (Gelfand et al. 2009;
Van Etten & Romani 2011; Collins et al. 2024), the mag-
netic field in a PWN decreases with distance beyond the
terminal shock, resulting in a low average magnetic field

Fig. 5. Broadband spectral energy distribution of component
E in a simple one-zone leptonic scenario. The IC emission is
shown for the CMB (grey-dashed line) and FIR (dot-dashed line)
components. The total IC emission is indicated by the orange
line. The NIR cannot be seen on this plot as it is a subdominant
component. The red and maroon lines represent the synchrotron
emission and synchrotron emission with absorption, respectively.
An X-ray absorption column density of NH = 7.6 ◊ 1021cm≠2

is assumed for this model. The XMM-Newton X-ray flux points
are shown by the dark-purple-filled squares, and the TeV “-ray
flux points from component E are indicated by the blue-filled
triangles. Both sets of flux points were calculated from the one-
zone single model.

strength over the integration region. In addition, continu-
ously accelerated particles su�er from radiative and adia-
batic losses, such that most of the highly energetic particles
that emit X-rays lie closer to the termination shock than
those producing emission beyond 1 TeV (e.g. H.E.S.S. Col-
laboration et al. 2023).

5. Conclusions

The X-ray bright PWN powered by PSR J0855≠4644 over-
laps with the Vela Junior shell, making this a complex anal-
ysis region. Using this novel 3D analysis technique with an
accurate description of the spectro-morphological parame-
ters allowed us to disentangle the two sources for the first
time. We find a “-ray PWN component (component E), po-
sitionally consistent with the X-ray PWN. This extended
emission (‡E = 0.14¶ ±0.02¶

stat) is detected at a significance
level of 12.2‡.

A detailed spectral analysis revealed that component
E exhibits di�erent spectral characteristics than the other
components, which are likely associated with the SNR itself.
Component E is described by a power-law spectral model
with a hard index of �E = 1.81 ± 0.07stat. This spectral
di�erence suggests that this component does not originate
from the SNR but rather from the pulsar within its vicinity.
Given the observed characteristics, spectral properties, and
the spatial alignment with the X-ray PWN, interpreting
this component as a PWN is the most plausible explana-
tion. Using the spin-down power (Ė = 1.1 ◊ 1036 erg s≠1)
along with the distance to the pulsar (900 pc) allows us
to deduce Ė/D

2
> 1034 erg s≠1 kpc≠2, which is character-

istic of the pulsars known to power PWNe at TeV ener-
gies (H.E.S.S. Collaboration et al. 2018a). This scenario is
also supported from an energetics point of view by the TeV
conversion e�ciency of the PWN, 0.03%. Given the other
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Nebula around PSR J0855-4644

• High Edot/d2 pulsar (1036 ergs/s, 2nd most energetic within 1 kpc) 
• Jets/double torus morphology seen with Chandra 
• Inclination angle from X-ray modeling explains γ-ray loud, radio quiet 
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bow shock ? torus or dual jet morphology
Acero et al., 13Maitra, Acero, et al., 18 Maitra, Acero, et al., 17



eROSITA all sky survey
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eROSITA all sky survey

13



Supernova Remnant: what do we see ?
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unshocked  
ejecta

shocked ISM 
at ~107 K

Forward shock 
 at V~5000 km/s

shocked ejecta
Accelerated 

particles
(c) A. Bordenave

reverse shock



What do we learn ?
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Accelerated particles Shocked ISM Shocked ejecta

• Acceleration mechanism


• Composition (e- and/or p)


• Flux of particles


•Maximal energy reached


• Escape (diffusion)

•Probe of the ISM:

•density, metalicity

•clues for SN progenitor

•acceleration initial conditions


•Collisionless shock physics:

• e- /p T° equilibration 

•Supernova yield:

• SN type 

• mass of progenitor

• metalicity of progenitor


•Morphology and kinematics:

• 3D ejecta distribution

• SN explosion mechanism


Optical, UV, X-rays IR, optical, X-raysRadio, X, Gamma-rays

Messengers: 



SN 1006 example of MWL 
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Radio 1.4 GHz X-rays HESS - TeV

Proton acceleration in SN 1006
traced by the Fermi-LAT 

Fabio Acero

Jean Ballet

Marianne Lemoine-Goumard 

Marco Miceli
Fermi - GeV

Thermal + Synch


Density + synch e- 



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

Galaxy disc

Orion cloudPerseus cloud

Blazar 3C 454

Vela PSR

LMC

Cygnus Geminga

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

Galaxy disc

Orion cloudPerseus cloud

Blazar 3C 454

Vela PSR

LMC

Cygnus Geminga

Crab 

Bubbles
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GeV galactic diffuse interstellar emission 

• This is probably the oldest galactic gamma-ray source as first 
association dates back to OSO-3 in the late 60s then SAS-2

19

Fermi-LAT, 2016



Galactocentric model of the diffuse emission

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

20

HI gas rings CO gas rings 

Galprop model

Fermi-LAT, 2016



Galactocentric model of the diffuse emission

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

• 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 I  
– Fermi bubbles  
– Any source larger than 2° is included in the model

21

HI gas rings CO gas rings 

Galprop model



Using clouds as local barometers of CRs

• 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

22

Aharonian et al., 2020



Not all molecular clouds are alike

• 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

Kamal Youssef et al., 2024

Reticulum cloud



Cygnus loop : evolved nearby SNR 

• 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 

24

Galex UV Fermi gammas

Tutone et al., 2021



GeV/TeV populations

• Middle-aged interacting GeV bright SNRs 
• Young TeV bright shell SNRs

25

A&A 580, A74 (2015)

indices (except for RX J0852.0−4622) are compatible with a
test-particle leptonic-dominated scenario where the electron
slope is se = 2.0, which translates into a photon spectral index of
1.5. For RX J0852.0−4622, the slightly higher HE photon index
(1.85 ± 0.06stat ± 0.18syst, Tanaka et al. 2011) could be due to a
deviation from the test particle case, a mix of hadronic and lep-
tonic contributions or a possible contamination from the pulsar
wind nebula seen around PSR J0855−4644 (Acero et al. 2013)
that is located right on the southeastern part of the SNR shell.

Theoretical possibilities for explaining a hard spectral in-
dex (ΓHE < 2.0) within a hadronic scenario include back reac-
tion effects (Berezhko & Völk 2006; Zirakashvili & Aharonian
2010) or shock-cloud interaction (Inoue et al. 2012; Gabici &
Aharonian 2014). However, in young SNRs where the hadronic
hypothesis is preferred, the measured spectral indices are softer
than or equal to 2.0 as in Cassiopeia A (2.0 ± 0.1stat ± 0.1syst,
Abdo et al. 2010) and Tycho (2.3 ± 0.2stat ± 0.1syst, Giordano
et al. 2012).

This similarity of hard photon spectral indices in our SNR
sample tends to point toward a common leptonic-dominated sce-
nario for the HE and VHE γ-ray emission. We note that while
this is probably true when looking at the spectrum averaged on
the whole SNR, there could be some smaller subregions (e.g.,
dense clumps) where the hadronic mechanism could signifi-
cantly contribute to the local γ-ray emission.

Based on the model parameters compiled from the leptonic
model fits in the literature, the SEDs in HE and VHE γ-rays in
luminosity space of the five shell SNRs are presented in Fig. 3. In
addition to a similar HE spectral index, this comparison plot re-
veals a striking similarity in terms of peak luminosity and spec-
tral shape for the SNRs considered in this sample. This simi-
larity is highlighted when compared with the SED of the SNR
W44 where the evidence of hadronic emission is secure (de-
tection of the π◦ decay feature, the smoking-gun evidence of
hadronic emission, in the <100 MeV energy range: Ackermann
et al. 2013). The γ-ray luminosity of SN 1006 in Fig. 3 is lower
than for other SNRs. This is probably related to the SNR bipolar
morphology and the reduced surface for efficient particle accel-
eration. If we correct for this effect by a renormalization factor
of 0.2 as discussed in Berezhko et al. (2009), the peak luminosity
is comparable to other SNRs.

This similar γ-ray luminosity in Fig. 3 was not a priori ex-
pected given the fact that our sample is composed of different
types of SN explosion and ages ranging from 1 to 6 kyr (see
Table 2). Nevertheless, the sources in our sample share an impor-
tant characteristic that could explain part of this γ-ray similarity.
This characteristic is that the SNRs have evolved for most of
their life in a low-density ambient medium (see Table 2), which
allowed them to maintain a high shock velocity over a long pe-
riod of time and therefore efficiently accelerate particles to high
energies. In this low-density ambient medium, the γ-ray emis-
sion is dominated by the leptonic mechanism in which the main
source of the photon field, the CMB, is common to all the SNRs.
We note that this low-density argument is likely an oversimpli-
fication in the case of RCW 86. This object probably exploded
in a low-density cavity blown by the wind of a single degen-
erate system, and only recently have parts of the shock started
to interact with the border of the cavity (Williams et al. 2011;
Broersen et al. 2014). As a result, the thermal X-rays (tracing the
shocked ISM) and the non-thermal X-ray emission (tracing the
high-energy particles) do not stem exactly from the same region.
A similar caveat applies in the case of RX J1713.7−3946 and
HESS J1731−347, which are surrounded by molecular clouds

108 1010 1012 1014

Energy (eV)

1030

1031

1032

1033

1034

1035

1036
ν 

L 
ν (

er
g 

s-1
)

Fig. 3. Intrinsic spectral energy distribution for all the members of the
TeV shell SNR club in the GeV-TeV energy range. For the sake of com-
parison, the SED from the SNR W44 (age ∼20 kyr), where the evidence
of hadronic emission is secure, is shown by the dashed line. The corre-
sponding parameters used to produce this figure are shown in Table 2
except for W44 where the broken power-law model from Ackermann
et al. (2013) is used.

(Fukui et al. 2012; Fukuda et al. 2014) with possible interactions
in some regions of RX J1713.7−3946.

It is surprising that RCW 86, where part of the shock
emits thermal X-rays that trace ambient medium densi-
ties of ∼0.5 cm−3, shows a similar HE spectral index to
RX J1713.7−3946 where no thermal X-ray emission has been
detected so far and where the density upper limit is very con-
straining (<0.02 cm−3, Cassam-Chenaï et al. 2004). Because of
the density difference, we could have expected a higher fraction
of hadronic emission in RCW 86 and thus a steeper spectral in-
dex at HE. We emphasize that this possible hadronic contribution
on small scales is at the sensitivity and angular resolution limit
of current-generation instruments. We particularly anticipate the
next generation of Cherenkov telescope CTA to carry out spa-
tially resolved spectroscopy on a wide energy range to test those
predictions.

4. Summary and conclusion

Using six years of P7REP data of the Fermi-LAT telescope, we
have studied the HE counterparts of the SNRs HESS J1731−347
and SN 1006. Although both objects are not detected at those
energies, we report new upper limits that can rule out, at a
confidence level >5σ, a standard hadronic emission scenario
(sp = 2.0) as the main mechanism for HE and VHE γ-ray emis-
sion. Given that there is no hint of detection in those six years of
data, we do not expect a detection with Fermi-LAT in the years
to come.

With this study, we now have a complete view of HE and
VHE emission of the five TeV shell SNRs. All objects show
hard spectral indices at HE (1.4 < Γ < 1.8) that can simply
be explained in a standard leptonic dominated scenario. While
the SNRs are from different types of SNe (core collapse and
Type Ia), have ages ranging from 1 to 6 kyrs, and are evolving in
different ambient media, they all show a surprisingly similar HE
and VHE luminosity.
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Middle-aged > 10 kyrs

young shell 
few kyrs

Acero +15

πο bump 

signature of hadronic 

process (i.e. protons)



Age - GeV index
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4.3. Evolution or Environment

Because young SNRs tend to have harder spectral indices than interacting SNRs (Section

4.2), in this section we explicitly examine the evolution of GeV index with age of the SNR.

We take SNR ages from the literature and plot the 1 � 100 GeV photon index versus age in

Figure 16. For our uniform sample of all GeV SNR candidates, young SNRs tend to have

harder GeV photon indices than interacting SNRs, which are likely middle aged, though the

scatter in age for the two classes is one to two orders of magnitude. There are two marginal

candidates with faint fluxes and no determined ages that provide exceptions to this trend

(see Figure 8). The candidate interacting SNR has a very hard index and the candidate

young SNR has a particularly soft index. Due to the lack of MW information, these two

marginal candidates (G304.6+0.1 and G32.4+0.1) cannot always be shown on the following

plots, but should be borne in mind.
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Fig. 16.— Age versus GeV spectral index. For those with ages in the literature, the young

(blue) SNR candidates are separated in this phase space from the identified interacting

candidates (red). The ticks on the right show indices for GeV candidates without well-

established ages. Symbols, colors, and error bars are as in Figure 8.

The general trend of younger SNRs having harder indices may be due to the decrease of

Older SNRs appear to have softer indices 
than young SNRs. This could be due to: 

-Change of dominant emission mechanism 
-Different zones properties 
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Futur X-ray telescopes
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XIFU: 2.5 eV spectral resolution

          5’ field of view

WFI: 120 eV spectral resolution

         40’ field of view

< 10’’ PSF

Athena

All sky survey

15’’ PSF

eROSITA

2019

5 eV spectral resolution

3’ field of view (6x6 pixels)

60’’ PSF


XRISM

20222021

GRB observatory

Eclair: 4-120 keV

SVOM

2037 2035+

2 eV spectral resolution

5’ field of view

< 1’’ PSF

Lynx
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IAS Seminar December 2025 — Didier Barret, IRAP, Toulouse France — X-IFU Principal Investigator

The Hot and Energetic Universe
What it is ?

From the largest to the most compact objects of the Universe, all probing extremely energetic phenomena 

5

Galaxy clusters embedded in hot gas Black holes Stars

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) 
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IAS Seminar December 2025 — Didier Barret, IRAP, Toulouse France — X-IFU Principal Investigator

What are the « big » questions?
Uniquely addressed by an X-ray observatory 

The « big » questions were identified by the worldwide astronomical community back in 2013 ! (updated in 2023)

6

How has the Universe formed and 
evolved since the big bang ?

What is the role of black holes in 
shaping the Universe ?

What are the fundamental laws of physics in 
extreme conditions?

Credits: Hubble Space Telescope Science Institute Credits: Chandra Credits: Chandra
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IAS Seminar December 2025 — Didier Barret, IRAP, Toulouse France — X-IFU Principal Investigator

How do we answer those questions?
Using X-rays as the most sensitive probe

Through the combination of wide field X-ray imaging and high-resolution X-ray spectroscopy 

7

X-rays are emitted by hot gas present 
in clusters of galaxies  

X-rays are emitted from the flow of 
matter falling onto a black hole 

X-rays are emitted from matter placed under 
the most extreme conditions unreachable in 

our laboratory

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



Athena X-IFU: the micro-calorimeter revolution
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• Science case for SNRs:  
– 3D kinematics of Si, S, Fe and rare elements (Cr, Mn) constrain explosion mechanisms 

of CC and Ia SN  
– SN yield and progenitor info (mass, metalicity). SN circumstellar material. 
– Measure accelerated particles impact on ions temperature via thermal broadening 



The hard X-ray window 

• NuSTAR : 3 -80 keV 
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XMM NuSTAR

• Constraining the cutoff energy and shape 
• Constrain the e- producing the > 10 TeV inverse Compton 

emission  



PHEMTO: Polarimetry + high energy 

• A unique dual lens system  
– Mirror + Laue lenses 

• Covering 3 - 600 keV 
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PHEMTO: The Polarimetric High Energy Modular Telescope
Observatory

Proposal for the M8 ESA Call
“Exploring the violent and magnetic Universe
via hard X-ray spectro-imaging polarimetry”

Lead Proposer:
Name: Philippe Laurent
Address: CEA/DRF/IRFU/DAp, CEA Saclay, France
Email: philippe.laurent@cea.fr
Phone: +33-1-69086140



COSI: filling the MeV gap (0.2-5 MeV)

• COSI launch in 2027. Full sky (like Fermi) observations 
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Tomsick 2023, ICRC



NewASTROGAM

35ESA call for medium-class mission ideas (M8)



NewASTROGAM

• Filling the MeV gap
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Berge 2025, ICRC



NewASTROGAM

• Understand the nature of the emission: 
– is it Pion bump or broken bremsstrahlung?
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• Evaluate the rate between 
hadronic emission and 
leptonic emission 

Peron 2026



LISA: GW in space !
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LISA: GW in space !
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LISA targets 
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LISA Athena synergies
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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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