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Some news from the HE/MM Transient Sky



Many HE/MM transient sources, some old, some new 
§ EM counterpar ts to BNS/NSBH mergers: still a single case (170817)

[but what a case!]
[one BNS merger in O3 (GW-only), still none during O4]

§ The search for kilonovae (powered by the radioactive decay of  r-process 
elements): the most recent observations are not associated to GW detections.

observations in the A and B configurations, we conservatively
use a circular region of radius 10 times the nominal synthesized
beamwidth of the B configuration, centered on the location of
GW170817 in the residual images (Figure 1 and Table 2). We
note that the rms values estimated this way differ by less than
10% from the rms values calculated in source-free regions of
the cleaned image. In our deepest co-added image we reach an
rms sensitivity of 1.1 μJy at 3.0 GHz. No emission in excess to
3× the co-added image rms is found in a circular region of
radius 2 1 (FWHM of the nominal VLA synthesized beam in
the B configuration at 3 GHz) around the location of
GW170817. Specifically, at the location of GW170817 we
measure a 3 GHz flux of 2.1± 1.1 μJy. Therefore, we constrain
the radio emission from GW170817 to <3.3 μJy at 4.5 yr since
the merger (see Figure 2).

3. Discussion

In Figure 2, we show the 3 GHz light curve of GW170817
(see the panchromatic afterglow data webpage9 for a

compilation of the full data set). The black data points are
the previous radio observations (Hallinan et al. 2017; Mooley
et al. 2018a, 2018b; Makhathini et al. 2021) that follow the jet
+cocoon afterglow model (black line with gray 1σ error
region). The red star shows our previous radio detection at
∼3.5 yr since the merger (Balasubramanian et al. 2021). The
radio upper limit from this work is shown with a downward
pointing red triangle. As evident from this figure, we do not
find any significant evidence for emission in excess of the
expectations from a decaying jet+cocoon afterglow model,
confirming our previous results (Balasubramanian et al. 2021).
For comparison, in Figure 2 we also show the X-ray flux

measurements derived from Chandra observations of the
GW170817 field, shown as purple squares (see, e.g., Haggard
et al. 2017; Margutti et al. 2017; Troja et al. 2017, 2022; Hajela
et al. 2022, and references therein), extrapolated to the radio
band using a radio-to-X-ray spectral index of β=−0.584 (see
Makhathini et al. 2021). Recently, O’Connor & Troja 2022
also reported a measurement of ∼0.6× 1015 erg cm−2s−1 for
the 0.3–10 keV flux of GW170817 at ≈4.8 yr after the merger
(assuming a spectral index of −0.585), using observations
carried out with the Chandra observatory (Hajela et al. 2021;

Figure 2. 3 GHz radio light curve of GW170817 with the best-fit structured jet model from Makhathini et al. 2021. The radio data are shown as black data points. The
Chandra 1 keV data scaled to 3 GHz with a power-law index of β = −0.584 (including the latest measurement by O’Connor & Troja 2022) are shown as purple
squares (see, e.g., Haggard et al. 2017; Margutti et al. 2017; Troja et al. 2017, 2022; Hajela et al. 2022, and references therein). We extrapolate all X-ray data to 3 GHz
using β = −0.584 because there is only marginal evidence for a potential spectral flattening around 3.5 yr since the merger (Balasubramanian et al. 2021; Hajela
et al. 2022) which, however, has not been confirmed in later observations by O’Connor & Troja (2022). Our previous observation 3.5 yr since the merger is marked
with a red star (Balasubramanian et al. 2021). The 3σ upper limit from this work is shown as red a downward pointing triangle.

Table 2
Results for the Co-added Late-time Radio Observations of GW170817

Date Epoch ν Fν σν Instrument Reference
(UT) (yr) (Hz) (μJy) (μJy)

2021 Dec 6–2022 Jan 5 4.3 2.8 × 109 <6.6 2.2 VLA B This work
2022 Mar 5–2022 Mar 29 4.6 3.0 × 109 <4.5 1.5 VLA A This work
2021 Dec 6–2022 Mar 29 4.5 3.0 × 109 <3.3 1.1 VLA A&B This work
2021 Dec 7–2022 May 18 4.5 2.41 × 1017 5.18 × 10−5 3.44 × 10−5 Chandra O’Connor & Troja (2022)

Note. See the text for discussion.

9 http://www.tauceti.caltech.edu/kunal/gw170817/gw170817_afterglow_
data_full.txt and https://github.com/kmooley/GW170817/.
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The radio-to-X-rays afterglow of  170817

@4.5 years



§ Other MM transients in the future?

- Core-collapse supernovae?
(neutrinos: difficult, 
but well organized alert network: SNEWS)
(GW: very very difficult)

- HE neutrinos associated
to a transient source?
Blazar flares? (TXS 0506+056)
GRBs?
TDEs?
Other?

See Claire Guepin’s talk this afternoon!
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Figure 1. Maximum neutrino energy19 (in eV) that could be produced by various categories of transient sources,
with variability timescale tvar and bolometric luminosity Lbol. We represent non-relativistic sources with outflow
Lorentz factor G = 1 (top) and relativistic sources with G = 10 (bottom). Neutrinos directly produced through pion
(muon) decay are shown with dashed (solid) lines. Overlaid are the properties of different categories of transient
sources (colored regions).

of available multi-wavelength or MM data, due to the caveat that considering two or more zones allows for additional
degrees of freedom.

2.2 Typical timescales involved in transient HE neutrino production
Acceleration and interactions of cosmic rays operate at microscopic scales that are not accessible to macroscopic
source models. The modeling of the typical timescales characterizing these processes allows to evaluate how they
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§ The zoo of  transient phenomena associated to stellar explosions: many classes 
of  supernovae, of  long gamma-ray bursts, new sources (fast blue optical 
transients=FBOTs).

- Some powered by the radioactive decay of  Nickel
- Some associated to the production of  a relativistic jet
- Diversity of  central engine & environment 

Ho et al. 2020

( ) = --log sSFR M yr 9.251 (Pursiainen et al. 2018). The
host galaxy of iPTF16asu had a stellar mass

= ´-
+M M4.6 102.3

2.0 8 and an Hα SFR of 0.7 M -yr 1,
corresponding to a sSFR of 1.4 -Gyr 1 (Whitesides et al.
2017). Finally, the host galaxies of the SNLS transients
harbored relatively evolved stellar populations, and were noted
to be markedly different from starburst galaxies (Arcavi et al.
2016).

4. Interpretation

Even with the small number of events in the Table 1
menagerie, the diversity of optical and radio properties
(Sections 3.1 and 3.2) suggests that there are several progenitor
systems involved. In this section, we model the optical and
radio light curves of ZTF18abvkwla and discuss the implica-
tions for the progenitor.

4.1. Modeling the Optical Light Curve

Shock interaction with extended low-mass material is an
efficient mechanism for producing a fast-peaking luminous
optical light curve. Shock breakout occurs when the photon
diffusion time drops below the shock crossing time (t < c vs,
where τ is the optical depth and vs is the shock velocity). For
normal stellar progenitors, this emission is primarily at X-ray
and UV wavelengths and lasts for seconds to a fraction of an
hour. In the wake of this shockwave, the outer stellar material is

Table 6
Radio Observations of ZTF18abvkwla with the VLA and the GMRT

Δt Facility Obs. Date Config. ν Flux Density
(days) (UT) (GHz) (mJy)

81 VLA 2018 Dec 1 C 10 0.364±0.006
188 VLAa 2019 Mar 19 B 3 <0.134
310 VLA 2019 Jul 19 BnA 10 0.061±0.003
343 VLA 2019 Aug 21 A 6 0.089±0.003
346 VLA 2019 Aug 24 A 3 0.068±0.004
351 VLA 2019 Aug 29 A 1.5 0.146±0.013
352 VLA 2019 Aug 30 A 10 0.045±0.003
364 GMRT 2019 Sep 11 L 0.6 <0.105
396 VLA 2019 Oct 13 A 10 0.031±0.003
397 VLA 2019 Oct 14 A 6 0.033±0.003

Notes. Upper limit is reported as 3× the image rms.
a From VLASS.

Figure 7. Radio light curve of ZTF18abvkwla with the spectral energy
distribution at D »t 350 days (rest-frame D »t 275 days) shown inset. Upper
limit at 3 GHz comes from a serendipitous observation by VLASS.

Figure 8. Rest-frame g-band (observer-frame r-band) light curve of
ZTF18abvkwla (black line), compared to light curves of other transients in
the literature in as close to the same rest-frame filter as possible. Each panel
shows one transient highlighted in orange for comparison, with the rest shown
in gray in the background.

Figure 9. The 10 GHz radio light curve of ZTF18abvkwla compared to low-
frequency (1–10 GHz) light curves of different classes of energetic explosions:
tidal disruption events (purple; Zauderer et al. 2011; Berger et al. 2012;
Zauderer et al. 2013; Alexander et al. 2016; Eftekhari et al. 2018), supernovae
exploding in dense CSM (blue lines, -10 erg s ;37 1 Soderberg
et al. 2005, 2006; Salas et al. 2013), relativistic Ic-BL supernovae (red lines;
Kulkarni et al. 1998; Soderberg et al. 2010), AT2018cow (black line, small
stars), long-duration gamma-ray bursts (orange lines; Berger et al. 2003;
Hancock et al. 2012; Perley et al. 2014; van der Horst et al. 2014), and
“ordinary” supernovae ( -10 erg s ;37 1 Weiler et al. 1986, 2007; Krauss
et al. 2012; Horesh et al. 2013). CSS161010 light curve was taken from
Coppejans et al. (2020). AT2018cow light curve is at 9 GHz, with data taken
from Ho et al. (2019b), Margutti et al. (2019), and Bietenholz et al. (2020).
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§ Fast Radio Bursts: still many theories
see coming talks by Cherry Ng and Guillaume Voisin!

§ Transient Phenomena associated to permanent sources,
e.g. flares/erruptions from micro-quasars or blazars

Probing the accretion-ejection connexion and the physics of  relativistic jets at all 
scales : see talks by Stephane Corbel this morning & Matteo Cerruti tomorrow

Espinasse, Corbel et al. 2020: MAXI J1820+070reduction (McMullin et al. 2007). The data were calibrated
using the flux calibrators 3C286 for the VLA and PKS
B1934–638 for MeerKAT, and the phase calibrators J1824
+1044 for the VLA and J1733−1304 for MeerKAT. Images
were produced from calibrated data using the algorithm CLEAN
(Högbom 1974) within CASA. We chose cells of 1 5 for
MeerKAT images. The VLA data was divided into two
subbands of 16 spectral windows each, the first subband
centered on 5 GHz and the second on 7 GHz, approximately.
The subbands were imaged separately to reduce artifacts, with
cells of 2 5, and 1 6, respectively, in D configuration, and 0 7
and 0 5 in C configuration. A robust weighting (Briggs 1995)
of −0.7 was used for all images.

3. Results

3.1. Source Detection

The CIAO tool wavdetect was used to identify the X-ray
sources in the Chandra observations. In a 30″ radius around the
position of MAXIJ1820+070, three aligned X-rays sources
were detected in the 2018 November and 2019 February
images. One of them was consistent with the location of
MAXIJ1820+070 and the other two moved between Novem-
ber and February. In 2019 May and June, only two sources
were detected, one of them was consistent with the position of
MAXIJ1820+070 and the other was located to the north with
a larger displacement compared to the previous observations.
The angle between the axis of the aligned sources and the north
is 25°.1±1°.4.

The images obtained are displayed in Figure 1. The angular
separations between the core source and the other detected
sources are listed in Table 2. In the following, we refer to the
moving sources as the north jet and the south jet, based on their
location with respect to MAXIJ1820+070.

The source detection process was similar for all radio
images. Due to the lower spatial resolution in the radio maps
compared with Chandra, we used the Chandra locations to
constrain the components of the radio maps. The imfit CASA
task was used to perform 2D Gaussian fits. Point sources (2D
Gaussians of the size of the beam) were first fitted on all the

fixed core positions coming from the Chandra data. Then, the
residual images were examined and point sources were fitted on
the fixed Chandra jet positions. The radio fluxes obtained
through these fits are presented in Table 2.

3.2. Spectral Analysis

X-ray source and background spectra were extracted for the
three detected objects using the specextract script. For all
sources in all observations, except the north jet in November, a
circular background was chosen from a source-free area of
the chip.
As the profile of the north jet in the November observation

(Figure 2) revealed an overlap with the wings of the central
black hole, its background spectrum was extracted from a
partial annulus around the black hole (inner radius of 3 2 and
outer radius of 5 2, subtracting the elliptic region of the north
jet). The X-ray spectral analysis was then performed using
XSPEC (Arnaud 1996) and Sherpa, the CIAO modeling and
fitting application developed by the Chandra X-ray Center
(Freeman et al. 2001).
The spectra extracted from the north and south jets were

fitted with an absorbed power-law model with photon index Γ
(tbabs ∗ powerlaw), using the abundances from Wilms
et al. (2000). The hydrogen column density value of

´-
+2.16 100.65

0.73 21 cm−2 was obtained by fitting the spectra of
MAXIJ1820+070 in 2019 February using statistic cstat, as
it did not suffer from the photon pile-up effect that is seen for
bright sources. We afterwards froze the hydrogen column
density to the best-fit value. The 0.3–8 keV unabsorbed flux
and the photon index Γ obtained are reported in Table 2.

3.3. Morphology

As the angular resolution of the X-ray images is higher than
that of the radio images, we studied the morphology of the
north and south jets using solely the Chandra data. We
extracted from each Chandra image the profile along the axis
formed by the jets and summed over 4″ in width. We used the
profile of MAXIJ1820+070 as an estimate of the point-spread

Figure 1. Images obtained from Chandra observations of MAXIJ1820+070 in the 0.3–8 keV band. The observations are in chronological order: 2018 November,
2019 February, 2019 May, and 2019 June. The color scale is logarithmic and different for every image. The crosses indicate the VLBI position of MAXIJ1820+070
(Atri et al. 2020). The arrows highlight the position of the north (pink) and south (blue) detected sources. The significances are, for the north and south jets, 46 and 43
(109 and 190 photons) in November and 16 and 4.2 (35 and 15 photons) in February; and for the north jet, 3.5 (6 photons) in May and 4.9 (12 photons) in June.
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MAXI J1820+070: Chandra observations from Nov 2018 to June 2019 

function (PSF) of the Chandra instrument for all observations
except for 2018 November which suffered from strong pile-up.
We thus used MARX version 5.4.0 (Davis et al. 2012) to
simulate the Chandra PSF without pile-up for that specific
observation. The PSF profile is then rescaled and plotted over
the jet’s profile to estimate the jet extension.

As an example, the profile obtained from 2018 November,
with the PSF overlaid on the south jet, is displayed in Figure 2
(top panel). A Kolmogorov–Smirnov (KS) test was performed
comparing the jet profiles against the PSF profiles to determine
whether the jets are resolved, the null hypothesis being that the
two samples are drawn from the same distribution. The south
jet in 2019 February is too faint with photons widely dispersed
to make the test conclusive, though it appears resolved in the
image. According to the results of the other KS tests, only the
south jet in 2018 November has a significantly different
distribution from the PSF, with a p-value of 7.86×10−3,
which indicates that it is resolved at the 95% confidence level.

As the south jet is resolved along the axis of the jets in 2018
November, we also compute its profile perpendicularly to that
axis (Figure 2 bottom panel). The KS test of the jet profile
against the PSF profile along a perpendicular axis allows us to
reject the null hypothesis that both samples come from the

same distribution, with a p-value of 5.23×10−5 at the 95%
confidence level.
The south jet is thus resolved in the November Chandra

observation, with a size of 4 9 in length and 2 6 perpendi-
cularly to its axis (see Section 4.2 for further discussion about
the resolved jet). The error on these dimensions can be
estimated as the bin width, i.e., 0 5. Due to the modeling of
this jet as a truncated cone, these dimensions yield an opening
angle of the jet of 7°.1±–1°.4.

4. Discussion

New Chandra observations of MAXIJ1820+070 conducted
during the decays of its 2018 and 2019 outbursts led to the
detection of two new and variable X-ray sources moving away
from the central black hole. These sources are consistent with
the positions of the radio jets that have been observed by Bright
et al. (2020). In the Chandra observations in November, the
south jet is resolved both parallel and perpendicular to the jet
axis. It is likely we are witnessing the interaction of the jets of
MAXIJ1820+070 with the interstellar medium (ISM), similar
to that observed from XTEJ1550–564 (Corbel et al. 2002;
Kaaret et al. 2003; Tomsick et al. 2003; Migliori et al. 2017)
and H1743–322 (Corbel et al. 2005).

4.1. Motion of the Jets

The angular separations obtained from the Chandra images
and presented in Table 2 imply that the two jets are moving.
We study their apparent motions from the Chandra data and
using the angular separations obtained in radio by Bright et al.
(2020). Our data extend the time coverage with much later
observations. For both jets, the angular separation versus time
is plotted on Figure 3.
We model the motion of the jets as having either constant

velocity (y(t)=v0×(t−t0)) or constant deceleration ( ( ) =y t
( ) ( ) ´ - + ´ -v t t v t t1

2 0 0
2

0 0 with  <v 00 ). The first fit
performed (dashed line in Figure 3) is a linear fit, assuming a
common ejection date and a ballistic motion for both jets. The
joint fits yield an ejection date of MJD 58304.59±0.08.
Furthermore, we fit the data with a constant deceleration model
assuming also a common ejection date for both jets (but not

Figure 2. Top: profile taken along the jet axis in 2018 November. The figure
has a linear scale, and the y-axis is adapted to make the peaks of the jets visible.
The dotted blue line is the mirrored profile of the other side of the PSF, to
visually highlight the north jet. Bottom: profile perpendicular to the jet axis for
the south jet in 2018 November. On both panels, the dashed red line is the
rescaled profile of PSF simulated with MARX, with a subpixel resolution of
half an ACIS pixel.

Figure 3. Apparent motion of the two jets. The triangles are the radio data from
Bright et al. (2020) and the circles are our X-ray data. The dashed line is the fit
for the linear motion and the solid line is the fit for the decelerated motion. The
blue lines represent the likely ejection date for the jets in both models.
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§ Jetted Tidal-Disruption Events:
interaction of  a supermassive BH
with its stellar environment 

AT2022cmc: Andreoni et al. 2022

(a) X–ray light curve (b) Millimeter light curve

(c) Optical light curve (d) Spectral energy distribution

Figure 2: AT2022cmc is among the most luminous extragalactic transients ever observed. (a)

Comparison between the X–ray observations of AT2022cmc, the jetted TDE candidates Swift J1644+57

and Swift J2058+05, GRBs, and luminous fast blue optical transients (LFBOTs). The onset time is here

set to the first ZTF detection, but its true value is poorly constrained. (b) SMA millimeter light curve

of AT2022cmc compared to light curves of millimeter-bright cosmic explosions at similar frequencies

(frequencies provided in the rest-frame): long-duration gamma-ray bursts (LGRBs), low-luminosity GRBs

(LLGRBs), LFBOTs, core-collapse supernovae (CC SN), and TDEs. (c) Comparison between the optical

light curve of AT2022cmc K-corrected to r-band (see Methods section 2), the light curves of GRB

afterglows, and the light curve of the prototypical LFBOT AT2018cow. (d) Radio to X–ray spectral energy

distribution (SED). A change in the shape of the SED is especially evident in the optical/UV between 2022

February 16 and March 09-13 (2 d, 5 d, and 12-14 d in the rest frame from the first detection), suggesting a

transition between two different emission components.

8

Figure 4: Our interpretation of AT2022cmc as a jetted TDE. This cartoon picture offers a visual
representation (not to scale) of the physical processes explained in the main text. Black dotted
line: original geodesic of the star (note the general relativistic apsidal precession). Thick blue
line: the stellar debris gas undergoing self-intersection. Thick blue envelope of size ⇠ 100 AU

(or 10
15

cm): optically thick gas (likely an outflow) reprocessing the X–rays and extreme-UV
emission from the accretion disk into the UV/optical band, as observed from other non-jetted
TDEs. Light blue disk of size ⇠ 1 AU (of the order the tidal disruption radius): accretion disk near
the black hole. Light blue cones: relativistic jets launched from the innermost regions of the disk.
Shocks at a distance of ⇠ 0.1 pc (or 3⇥10

17 cm) from the black hole: reverse shock dominates the
radio/millimeter emission, and both reverse shock and forward shock contribute to the non-thermal
optical/IR emission.
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§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy (MAGIC, HESS, LHAASO)

Many HE/MM transient sources, some old, some new 
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but usually occurs at earlier times. The relatively late time at which the 
break appears in GRB 190114C would then imply a very large value of νm, 
placing it in the X-ray band at about 102 s. The millimetre light curves 
(orange symbols) also show an initial fast decay in which the emission 
is dominated by the reverse shock, followed by emission at late times 
with nearly constant flux (Extended Data Fig. 3).

The spectral energy distributions (SEDs) of the radiation detected 
by MAGIC are shown in Fig. 2, where the whole duration of the emission 
detected by MAGIC is divided into five time intervals. For the first two 
time intervals, observations in the gigaelectronvolt and X-ray bands are 
also available. During the first time interval (68–110 s; blue data points 
and blue confidence regions), Swift-XRT, Swift-BAT and Fermi-GBM data 
show that the afterglow synchrotron component peaks in the X-ray 
band. At higher energies, up to 1 GeV, the SED is a decreasing function 
of energy, as supported by the Fermi-LAT flux between 0.1 and 0.4 GeV 
(Methods). On the other hand, at even higher energies, the MAGIC flux 
above 0.2 TeV implies a spectral hardening. This evidence is independ-
ent of the EBL model adopted to correct for the attenuation (Methods). 
This demonstrates that the newly discovered teraelectronvolt radiation 
is not a simple extension of the known afterglow synchrotron emission, 
but a separate spectral component.

The extended duration and the smooth, power-law temporal decay 
of the radiation detected by MAGIC (see green data points in Fig. 1) 
suggest an intimate connection between the teraelectronvolt emission 
and the broadband afterglow emission. The most natural candidate 
is synchrotron self-Compton (SSC) radiation in the external forward 
shock: the same population of relativistic electrons responsible for the 
afterglow synchrotron emission Compton up-scatters the synchrotron 
photons, leading to a second spectral component that peaks at higher 
energies. Teraelectronvolt afterglow emission can also be produced by 
hadronic processes, such as synchrotron radiation by protons acceler-
ated to ultrahigh energies in the forward shock17–19. However, owing 

to their typically low radiation efficiency6, reproducing the luminous 
teraelectronvolt emission observed here by such processes would imply 
unrealistically large power of accelerated protons10. Teraelectronvolt 
photons can also be produced via the SSC mechanism in internal shock 
synchrotron models of the prompt emission. However, numerical mod-
elling (Methods) shows that prompt SSC radiation can account at most 
for a limited fraction ("20%) of the observed teraelectronvolt flux, and 
only at early times (t " 100 s). Henceforth, we focus on the SSC process 
in the afterglow.

SSC emission has been predicted for GRB afterglows9,12,18,20–27. How-
ever, its quantitative significance has been uncertain because the SSC 
luminosity and spectral properties depend strongly on the poorly 
constrained physical conditions in the emission region (for example, 
the magnetic field strength). The detection of the teraelectronvolt 
component in GRB 190114C and the availability of multi-band obser-
vations offer the opportunity to investigate the relevant physics at a 
deeper level. SSC radiation may have been already detected in very 
bright GRBs, such as GRB 130427A, in which photons with energies 
of 10–100 GeV are challenging to explain by synchrotron processes, 
suggesting a different origin28–30.

We model the full dataset (from the radio band to teraelectronvolt 
energies, for the first week after the explosion) as synchrotron plus SSC 
radiation, within the framework of the theory of afterglow emission 
from external forward shocks. The detailed modelling of the broad-
band emission and its evolution with time is presented in Methods. 
We discuss here the implications for the emission at t < 2,400 s and 
energies above >1 keV.

The soft spectra in the 0.2–1-TeV energy range (photon index ΓTeV < −2; 
see Extended Data Table 1) constrain the peak of the SSC component 
to below this energy range. The relatively small ratio between the spec-
tral peak energies of the SSC (E "200 GeVp

SSC ) and synchrotron 
(E ≈ 10 keVp

syn ) components implies a relatively low value for the elec-
tron Lorentz factor (γ ≈ 2 × 103). This value is hard to reconcile with the 
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Fig. 1 | Multi-wavelength light curves of GRB 190114C. Energy flux at different 
wavelengths, from radio to γ-rays, versus time after the BAT trigger, at 
T0 = 20:57:03.19 universal time (UT) on 14 January 2019. The light curve for the 
energy range 0.3–1 TeV (green circles) is compared with light curves at lower 
frequencies. Those for VLA (yellow square), ATCA (yellow stars), ALMA (orange 
circles), GMRT (purple filled triangle) and MeerKAT (purple open triangles) 
have been multiplied by 109 for clarity. The vertical dashed line marks 
approximately the end of the prompt-emission phase, identified as the end of 
the last flaring episode. For the data points, vertical bars show the 1σ errors on 
the flux, and horizontal bars represent the duration of the observation. The 
fluxes in the V, r and K filters (pink, purple and grey filled squares, respectively) 
have been corrected for extinction in the host and in our Galaxy; the 
contribution from the host galaxy has been subtracted.
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range in which photons are detected. MAGIC and LAT contour regions are 
drawn from the 1σ error of their best-fit power-law functions. For Swift data, the 
regions show the 90% confidence contours for the joint fit for XRT and BAT, 
obtained by fitting a smoothly broken power law to the data. Filled regions are 
used for the first time interval (68–110 s).
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observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of R ≈ (8–20) × 1016 cm, 
the density of the external medium is n ≈ 0.5–5 cm−3 and the magnetic 
field strength is B ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-019-1754-6.
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Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.
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§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow

Many HE/MM transient sources, some old, some new 

GRB 221009A @ z=0.15

LHAASO

does not impact the light curves after the first time observed by
Swift XRT, at 3618 s in this case.

We used an MCMC routine to infer the physical parameters
for the afterglow using the data set presented at the beginning
of Section 3.4. When performing the χ2 computation, we
inflate the errors to avoid any overfitting of points with
artificially small errors using max flux error; 0.3 flux{ }´ . We
initialize 100 independent chains and run them over 20,000

iterations; we remove chains that get stuck in a high-χ2 region
of the parameter space, as they are not true solutions.
Our first analysis uses a simplified model, where only

synchrotron radiation powers the afterglow emission, for
comparison with the analysis presented in Section 3.4.1. For
the top-hat jet with a fixed viewing angle θobs= 0°, the
posterior samples converge toward parameter values that are
very similar to those presented in Section 3.4.1 when fitting

Figure 9. Bayesian inference presented in Section 3.4.2. Shown are the predicted light curves for the two classes of parameters reported in Figure 10 and found using a
top-hat model with a fixed observing angle θobs = 0° and assuming only synchrotron radiation. Observing frequencies or energies are shown on top of each panel, and
the fitted observational data are displayed in gray. Blue curves show the model with a low coreq and p ∼ 2. Orange curves show the model with a high coreq .

Table 4
Bayesian Inference Presented in Section 3.4.2: Parameters and Prior Bounds Employed in Our Bayesian Inferences

Parameter Symbol Bounds Prior Posterior

Low coreq High coreq

Isotropic afterglow energy (erg) E0 [1050, 1058] Log uniform 1057.01 1.16
0.99

-
+

1053.58 0.08
0.09

-
+

Opening angle of the core of the jet (deg) coreq [0.1, 30] Uniform 0.39 0.11
0.13

-
+ 28.47 1.18

1.52
-
+

Density of the ambient medium (cm−3) nism [10−6, 103] Log uniform 10 4.23 1.51
1.36- -

+
102.98 0.04

0.02
-
+

Fraction of the energy that generates the magnetic field òB [10−9, 1] Log uniform 10 1.93 1.17
1.39- -

+ 10 6.59 0.10
0.11- -

+

Fraction of the energy that accelerates the electrons òe [10−4, 1] Log uniform 10 2.22 1.16
1.33- -

+ 10 0.02 0.05
0.02- -

+

Fraction of electrons accelerated at the shock ζ [10−4, 1] Log uniform 10 1.10 1.25
1.10- -

+ 10 0.04 0.06
0.04- -

+

Electron population Lorentz factor injection index p [2, 3] Uniform 2.003 0.003
0.005

-
+ 2.43 0.02

0.03
-
+

Initial Lorentz factor Γ0 [101, 103] Log uniform 102.96 0.07
0.04

-
+

102.94 0.11
0.06

-
+

Note. We report median posterior values at 90% credibility from simulations that were run with a top-hat jet structure with a fixed observing angle θobs = 0° assuming
synchrotron radiation. We fit the extended data set presented in Section 3.4. These results are discussed in Section 3.4.2 and Figures 9 and 10.
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One oÿ the many firsts ÿrom GRB 221009A
The whole sky in Āamma-rays

5

GRB 221009A showed the first clear hints oÿ havinĀ (a shallow) anĀular structure in a lonĀ-GRB jet

● The canonical aÿterĀlow model oÿ a uniÿorm (or even a two-component) jet couldn’t explain the 
broadband liĀhtcurve

● Two components are needed: (a) anĀular structure  (b)  selÿ-consistent FS + RS dynamical model

Structured FS + (2) uniÿorm RS 
aÿterĀlow (O’Connor+2023)

Two-component aÿterĀlow 
(Sato+2023)

Uniÿorm FS + RS aÿterĀlow 
(Laskar+2023)

§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow

Many HE/MM transient sources, some old, some new 

Laskar et al. 2023
Need to include the contribution of  the RS

O’ Connor et al. 2023
Need to include the lateral structure of  the relativistic jet.

GRB 221009A @ z=0.15: difficult modelling



§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow

Many HE/MM transient sources, some old, some new 

Gill & Granot 2023
-Satisfactory fit from radio to X-rays (FS+RS ; structured jet)
-Consistent with the TeV emission?

Comparison to the aÿterĀlow oÿ GRB 221009A
The whole sky in Āamma-rays

8

To calculate the aÿterĀlow, each point on the outflow is treated as iÿ part oÿ a spherical flow havinĀ 
enerĀy               and initial bulk Lorentz ÿactor

InteĀration over the equal-arrival-time surÿace (EATS) is perÿormed to obtain the final spectrum.
(Gill & Granot 2023)

GRB 221009A @ z=0.15: difficult modelling

Microphysics: FS & RS



Interested in modelling the VHE afterglow of  a structured jet:
stay @ IAP on Friday afternoon!
And you will also learn interesting results on the formation of  BNS!



§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow

- Kilonovae associated to long GRBs!

Many HE/MM transient sources, some old, some new 

GRB 230307A @ z=0.065 (very bright!)
A very bright long GRB associated to a KN! (JWST spectrum!)

Levan et al. 2023

Fermi GBM lightcurve



§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow
- Kilonovae associated to long GRBs!
- First detections of  orphan afterglows with ZTF (most are on-axis!)

Many HE/MM transient sources, some old, some new 

Ho et al. 2022

With an a 
posteriori GRB 

association

Without a GRB 
association



§ Gamma-Ray Bursts: more surprises!

- First detections at very high-energy
- The BOAT (Eg,iso ~1055 erg!): see talk by Antonio de Ugarte Postigo tomorrow
- Kilonovae associated to long GRBs!
- First detections of  orphan afterglows with ZTF (most are on-axis!)
- Etc.

Many HE/MM transient sources, some old, some new 



Observing the HE/MM Transient Sky:
a difficult challenge!



Trigger
§ GW
§ Neutrinos
§ g-rays
§ X-rays
§ Visible
§ Radio

Alert

In
cr

ea
sin

g 
er

ro
r b

ox

Searching for counterparts
§ Large error boxes:

need wide fov 
instruments, or tiling 
strategies, …

§ Candidates need to be 
characterized
(large error boxes: 
many candidates)

Counterpart

Follow-up
§ Multi-wavelength
§ Photometry
§ Spectroscopy

Long term
§ Environment
§ Host galaxy
§ Etc.



Observing the HE/MM Transient Sky:
a promising instrumental landscape



Two major projects with a strong French implication:
§ SVOM (to be launched in early 2024): see talk by Bertrand Cordier tomorrow

(+ Einstein Probe to be launched in December 2023) 

§ CTA: see talk by Steve Fegan tomorrow
+
other VHE instruments: see talk by Armelle Jardin-Blicq tomorrow

SVOM ready for the launch! Towards CTA: LST-1 at La Palma



A new generation of  wide field instruments at different l
§ SKA, precursors: see talk by Philippe Zarka this afternoon

SKA-1 (single image fov 60 arcmin, 2µJy in 1 h at 1.4 GHz)
Deep Synoptic Array DSA-2000 (single image fov 10.6 deg2, 1µJy in 1 h @ 2 GHz)
Karl Jansky VLA ngVLA (single image fov 0.16 deg2, 1µJy in 10 min @ 2 GHz)

§ ZTF, LSST-Vera Rubin: see talk by Mickael Rigault tomorrow (synergy HE & alerts)

Towards SKA-1: MeerKAT ZTF (P48 Telescope at Palomar) LSST Vera Rubin
(first light 2024?)



New opportunities for the follow-up
§ Dedicated instruments:

- SVOM + Colibri

- OHP/Mistral

- XSHOOTER → SOXS
La Palma/NTE
(spectroscopic follow-up)

- Etc. 

§ New observatories: e.g.

- JWST

- ELT: see talk by Alexis Coleiro this afternoon

- CTA: see talk by Pierre Cristofari this afternoon (CTA-MM)

- Etc.

The GFTs

Journées SF2A 2023 (S18) - Strasbourg

Colibri being tested at
Haute-Provence 
Observatory
!

Diameter : 130 cm
FOV: 26 x 26 arcmin
400 – 1700 nm 

The Chinese GFT at
Jilin Observatory "

Diameter : 120 cm
FOV: 90 x 90 arcmin
400 – 900nm 

Colibri (test at OHP)
now on its way to Mexico
(first light end of  2023?)



Towards an improved sensitivity to GW and HE neutrinos
§ Hz-KHz: 

- LIGO, Virgo, Kagra: O4, O5, and then 2.5 gen
see talk by Irina Dvorkin on Friday morning

- 3rd generation: Einstein Telescope, Cosmic Explorer

§ mHz: LISA
see talk by Antoine
Petiteau this morning

§ KM3NET, IceCube-gen2

§ GRAND, POEMMA



Many new projects in the X-ray/gamma-ray range
§ UltraSAT (2026, UV, large fov)

§ COSI (NASA SMEX 2027, 0.2-5 MeV spectrometer+imager)

§ GAMOW (proposed to NASA, large fov X-rays/IR)

§ THESEUS (proposed to ESA, large fov X-rays/g-rays/IR)

§ Smallsats/Cubesats

§ Etc.

THESEUS concept



The HE/MM Transient Sky in the 
« Prospective INSU 2019 » 



Prospective INSU in 2019:
Extracts from the executive summary: 
§ « Les besoins de recherche dans les thématiques identifiées en France ont été réaffirmés. L’astronomie est un 

domaine aux nombreuses connexions disciplinaires, et la nécessité d’une vision large pluri- et inter-disciplinaire 
ressort nettement des travaux du séminaire. Des évolutions sont nécessaires pour être plus présents sur 
l’astronomie des phénomènes transitoires en lien avec l’astronomie multi-messagers. » 

§ « Concernant les infrastructures de recherche, les grandes priorités des deux prospectives précédentes ont été 
réaffirmées. […] Dans le domaine des hautes énergies, la par ticipation à CTA est acquise et la 
communauté  astronomique identifie sans ambiguïté les ondes gravitationnelles parmi les messagers 
indispensables, pour lesquelles l’évolution de Virgo en Advanced Virgo+ doit être menée. Dans le domaine 
des grandes longueurs d’onde (IRAM et ALMA), l’astronomie millimétrique est indispensable à la communauté, 
et la par ticipation à  SKA pour la radio-astronomie entre 0,35 et 15,3 GHz est une priorité for te. »



Prospective INSU in 2019:
Extracts from the workshop summary « Thématiques et organisation scientifique » 
§ « La communauté INSU/AA se prépare à de nouveaux défis thématiques et technologiques : ralentir la perte de 

vitesse de certaines thématiques pourtant clés, organiser celles qui émergent […], renforcer son implication 
dans le multi-messagers et les transitoires […]. Elle réaffirme le rôle majeur des Programmes Nationaux 
(PN) dans l’animation scientifique et préconise des outils de structuration dans certains cas. »

§ « Concernant la nouvelle fenêtre ouver te par la détection des ondes gravitationnelles, la communauté 
souhaite s’impliquer beaucoup plus, notamment en allant bien au-delà du « simple » (sic) suivi multi-
messagers, puisque l’enjeu scientifique est majeur (par exemple physique de l’évolution stellaire, physique 
des objets compacts, galaxies hôtes, cosmologie) et au cœur des thématiques INSU/AA. La communauté 
note en outre l’existence de besoins, comme la poursuite nécessaire de l’appropriation de ce nouveau sujet, 
l’urgence de se structurer en particulier au niveau instrumental et du traitement des données, de l’analyse des 
signaux et de la mise à disposition des données. Enfin nous notons la nécessité  de renforcer les collaborations 
sol (Virgo) et espace, ainsi que la formation. »

§ « La stratégie quant au suivi des transitoires par t du constat que la communauté française est bien placée 
sur les générateurs d’aler tes. Le besoin exprimé concerne la structuration et les moyens de traiter ces 
aler tes, notamment : comment réagir aux aler tes, obtenir les données, les traiter et les organiser, ainsi que 
comment construire ou s’insérer dans les réseaux de suivi ? La communauté a une grande marge de 
progression quant à l’accès aux télescopes pour le suivi photométrique et spectroscopique. Parmi les 
pistes évoquées se trouvent la création d’un service national d’observation pour le suivi des aler tes, 
transverse aux instruments, ou des discussions avec les grands observatoires (par exemple ESO, Vera Rubin 
Telescope) et consortia pour une inclusion des lanceurs d’alerte afin de garantir un accès aux télescopes via 
ces consortia. 



Prospective INSU in 2019:
Extracts from the summary & conclusions
§ « La nécessité de la participation de la France à SKA a été clairement affirmée. »

§ « Le soutien à Advanced Virgo+ pour l’astronomie gravitationnelle fait partie des premières priorités. Les 
discussions avec l’IN2P3 doivent se poursuivre pour l’accès au Vera Rubin Observatory. » 



Prospective INSU in 2019:
Extracts from the recommendations (Groupe A, Thématiques)
§ L’Astrophysique aujourd’hui et demain :

- Un champ de vue élargi: « L’observation des ondes gravitationnelles ouvre une ère féconde des 
observations multi-messagères (sic). La détection des contreparties électromagnétiques à un signal en 
ondes gravitationnelles a ainsi permis de sonder la coalescence d’un système binaire d’étoiles à 
neutrons.»

- Une  discipline qui innove et rayonne : « CTA ouvrira une nouvelle fenêtre sur les très hautes énergies et 
la communauté française jouera un rôle de premier plan dans l’étude de phénomènes violents, tels que 
les sursauts gamma, grâce à la mission SVOM. SKA révolutionnera notre connaissance de l’univers 
radio. […] L’univers gravitationnel sera dévoilé avec les observations multi-messagers et la mission 
LISA. »



Prospective INSU in 2019:
Extracts from the recommendations (Groupe B, Moyens)
§ Instrumentations sol hautes énergies et astronomie multi-messagers : « La communauté des hautes 

énergies  doit consolider ses efforts sur les logiciels d’analyse de CTA et renforcer l’animation scientifique 
autour de ce projet phare. Il est également impor tant que se poursuive l’organisation d’une véritable 
communauté à l’interface INSU/IN2P3 autour des questions astrophysiques ouver tes par l’émergence de 
l’astronomie gravitationnelle; les mises à jour instrumentales planifiées pour Advanced Virgo doivent être 
soutenues. Enfin, la France doit relever le défi du suivi multi-longueurs d’onde et multi-messagers des 
phénomènes transitoires, le nombre d’aler tes devant augmenter massivement dans les années à venir. 
Plusieurs communautés (CTA, SVOM, VRO, précurseurs SKA, Virgo, KM3NeT, etc.) doivent ainsi développer 
des moyens communs de recherche et suivi de contrepar ties, et en par ticulier prendre position pour le 
suivi spectroscopique, car la communauté internationale s’oriente vers des instruments dédiés (ESO/SOXS, 
La Palma/NTE). »

§ The importance of  the follow-up of  transient phenomena is reaffirmed in the following paragraph 
« complémentarité sol-espace ».
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TABLEAU 1 : SYNTHÈSE DES PRIORITÉS SUR LES MOYENS NON ENGAGÉS D’INSTRUMENTATION SOL,  

ARRANGÉS EN CATÉGORIES P0 (INDISPENSABLES), P1 (NÉCESSAIRES) ET P2 (SOUHAITABLES).

Priorité Justification Thématiques cibles Missions spatiales engagées 
en synergie avec le moyen sol

INSTRUMENTATION ELT

P0 1re priorité de la communauté.

Instruments d’intérêt : 

HARMONI (engagé, INSU Co-PI)

MICADO (engagé, INSU Co-I)

MAORY (engagé, INSU Co-I)

METIS (engagé, CEA Co-I)

MOSAIC (P0 : INSU PI)

HIRES (P1 : INSU Co-I, à renforcer)

PCS (à mûrir)

Planètes, système solaire, 

exoplanètes, disques 

protoplanétaires, systèmes 

stellaires denses, physique 

stellaire, cycle de la matière, 

variations des constantes 

fondamentales, accélération de 

l’Univers, populations stellaires, 

formation et évolution des 

galaxies, milieu intergalactique, 

réionisation

PLATO, CHEOPS, TESS, ARIEL, 

JWST, Euclid, WFIRST, Athena, 

SVOM

INFRASTRUCTURES DE TYPE TGIR

P0 : SKA Apport d’un saut technologique 

(sensibilité, champ de vue instan-

tané, multiplexage, etc.) permet-

tant des avancées considérables 

sur un ensemble de thématiques 

très variées et d’intérêt majeur 

pour la communauté.

Aube cosmique, réionisation, 

évolution des galaxies et 

grandes structures, milieu 

interstellaire, disques 

protoplanétaires, formation 

stellaire, champs magnétiques, 

objets compacts, ciel transitoire, 

physique fondamentale, ondes 

gravitationnelles via les pulsars

JWST, Euclid, LISA, SVOM, Athena

P0 : Maintien de 
l’accès au site 
du CFHT à long 
terme

L’accès à un grand télescope 

hors ESO sur le meilleur site au 

Nord est une priorité stratégique 

majeure, via une prolongation 

de l’exploitation du CFHT et de 

ses instruments ou une évolution 

potentielle vers MSE.

Archéologie galactique, 

populations stellaires, évolution 

des galaxies, cosmologie

Gaia, Euclid, WFIRST, Athena, 

PLATO, CHEOPS, TESS, ARIEL

P1 : EST Un engagement plus en 

adéquation avec la taille de la 

communauté concernée doit être 

envisagé.

Physique solaire

 

Parker Solar Probe, 

Solar Orbiter

PARTICIPATION À DES INFRASTRUCTURES MULTILATÉRALES

P0 : CMB-S4 La communauté française 

ayant acquis un savoir-faire en 

technologie des détecteurs et en 

traitement des données Planck 

doit participer au développement 

des sites CMB américaines de 

phase S4.

Détection des modes B de 

polarisation du CMB, tests des 

modèles d’inflation, distribution 
de la matière noire, étude des 

avant-plans.

LiteBIRD
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NOUVELLE INSTRUMENTATION SUR INFRASTRUCTURES EXISTANTES

P0 : 
VLT/I

Les projets BlueMUSE, SPHERE 
Upgrades et GRAVITY+ pourront 
valoriser le savoir-faire français 
dans le cadre des prochains 
appels d’offres de l’ESO.
 
VLT/MAVIS (P1 : faible implication 
française, sur l’optique adapta-
tive ; ressources humaines en ten-
sion avec l’instrumentation ELT)

Chevelures de comète, exopla-
nètes, disques circumstellaires, 
trou noir Sgr A*, populations 
stellaires, cycle de la matière, 
milieu circumgalactique, galaxies 
à faible brillance de surface, 
accrétion de gaz froid, forma-
tion stellaire dans les galaxies 
distantes, réionisation

PLATO, CHEOPS, TESS, ARIEL, 
JWST, Euclid, WFIRST, Athena

P0 : upgrades 
Virgo

Deux phases d’upgrade 
permettront à (Advanced) Virgo 
de rester compétitif jusque vers 
2025.

Ondes gravitationnelles : binaires 
étoiles à neutrons et trous noirs 
stellaires, cosmologie, physique 
fondamentale

LISA, SVOM, Athena

PROJETS À PLUS LONG TERME DONT IL FAUT SOUTENIR LA PRÉPARATION

P1 : Einstein 
Telescope

Projet complémentaire de 
LISA, très intéressant mais pas 
encore mûr. Le design est à 
consolider, en particulier pour ce 
qui concerne la localisation des 
sources.

Ondes gravitationnelles : étoiles 
à neutrons, trous noirs stellaires 
et de masse intermédiaire, 
supernovæ gravitationnelles, 
cosmologie, physique 
fondamentale

LISA, SVOM, Athena

P2 : GRAND La phase R&D en cours, à 
soutenir, devra démontrer les 
performances de la technique de 
radiodétection. Le projet phare 
de la communauté française 
des neutrinos est KM3NeT, 
principalement porté par l’IN2P3 
avec une très faible participation 
de l’INSU.

Neutrinos de très haute énergie : 
accélérateurs cosmiques, 
neutrinos cosmogéniques

SVOM, Athena



Prospective INSU in 2019:
Extracts from the recommendations (Groupe F, Interfaces interdisciplinaires)
§ « Les questions ayant trait aux phénomènes cosmiques de haute énergie et à la physique des astroparticules 

nécessitent une grande diversité d’outils théoriques et de moyens observationnels et expérimentaux. Sur 
toutes ces questions, les liens sont très forts entre l’INSU/AA, l’IN2P3 et l’INP. De nombreux sujets en 
cosmologie impliquent aussi des interactions fortes entre ces instituts autour par exemple des questions 
fondamentales de l’origine des perturbations primordiales, de l’énergie noire, de la matière noire. Les 
premières observations des ondes gravitationnelles en provenance de systèmes binaires d’astres compacts 
ont bouleversé la thématique « hautes énergies » ouvrant une nouvelle fenêtre sur l’univers avec des 
répercussions dans de nombreux domaines en astrophysique. L’approche interdisciplinaire des hautes énergies 
va se poursuivre avec des projets comme SVOM, CTA impliquant déjà l’INSU/AA, l’IN2P3 et le CEA. Il 
conviendrait néanmoins de mieux fédérer les effor ts entre INSU/AA et IN2P3 pour le suivi des 
contrepar ties électromagnétiques aux événements observés en ondes gravitationnelles et/ou neutrinos 
pour essayer de rattraper le retard de la France dans le domaine des événements transitoires. » 



The HE/MM Transient Sky: some attempts 
to structure the French community



Transient Sky 2020+ Initiative: 2017-2021
Many discussions on sources, instruments, tools, alerts, formats, SNO, etc.

§ TS2020-I, Orsay, 2017 (Leroy et al.) – 91 attendees (INSU, IN2P3, INP, CEA) 
§ TS2020-II, Montpellier, 2018 (Piron et al.) – 50 attendees (INSU, IN2P3, INP, CEA)

§ TS2020-III, Paris, 2019 (Daigne, Coleiro et al.) – 68 attendees (INSU, IN2P3, INP, CEA)

§ Covid crisis: virtual meetings
- TS2020-IV, 2020 (Nebot, Peloton et al.)
- TS2020-IV.5, 2020-2021: ~monthly meetings (Antier, Boisson, Cohen-Tanugi, 

Coleiro, Daigne, Leroy, Nebot, Peloton, Piron, Schüssler)
§ Meetings stopped after 2021. 

§ A survey in May-June 2021 (TS2020 mailing list = 139) co-organized with PNHE 
(S. Vergani) on Observation Services (CNAP) in the context of  the multi-
wavelength/multi-messenger transient astronomy.

§ Since the discussion of  the results of  the survey during the Journées PNHE 
2021, no real follow-up (I plead par tially guilty).



Conclusion



Conclusion
§ Transient HE/MM Astronomy:

- Many new exciting results

- Many connections to other fields (stellar physics, compact objects, relativistic 
flows, nuclear physics, particle acceleration, fundamental physics, cosmology, 
etc.)

- Many new opportunities in coming years, starting with SVOM at the beginning 
of  next year

- Many challenges: triggers & efficient follow-up

§  Discussion on the Transient and Multi-Messenger Sky:
   Friday Morning, 10:40-11:20
   (Chair: Diego Götz, Fabian Schüssler and Lucas Guillemot)


