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Science with gamma rays
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Origin and interactions 
of cosmic rays

Physical processes in 
extreme environments

Physics beyond the 
standard model*

Formation of heavy 
elements

*Review by G. Zaharijas on 
dark-matter searches
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Space telescopes
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Introduzione ai rivelatori di particelle 

coefficiente di assorbimento 

•  il coefficiente di assorbimento (in cm-1 o in cm2/g) è 
dato dal contributo dei vari processi: 

 
•  Il coefficiente di attenuazione dipende fortemente 

dall’energia del fotone.  
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INTEGRAL IBIS&SPI
2002-present
15 keV-10 MeV
coded mask + 
scintillating crystals/
semiconductor 
detectors

Fermi LAT
2008-present
30 MeV-1 TeV
Si-W tracker- 
converter + 
electromagnetic 
calorimeter

and AGILE
2007-present
DAMPE
2015-present
CALET
2015-present

COMPTEL
1991-2000
800 keV-30 MeV
liquid+crystal scintillator
& ballons (COSI, SMILE)

Credit: PDG
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Ground-based detectors
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Credit: Richard White

H.E.S.S., 
VERITAS, 
MAGIC
0.03 - 100 TeV
Early 2000-
present

HAWC, 
LHAASO, 

Tibet AS Gamma
1 TeV - 2  PeV

Better PSF
Modest FoV
Low duty cycle

Modest PSF
Large FoV

High duty cycle

VH
E-U

HE

VH
E

See highlights by
P. Hüntemeyer and A. Mitchell
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HE sources

8

⚠  General LAT catalogs based 
on long-term significance:
transients not included.

The second LAT GRB catalog 
contains 186 GRBs not shown 

on this map.
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VHE sources
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Thanks to D. Horan and S. Wakely for sharing TeVCat data
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HE and VHE source classes

Source diversity → particle acceleration and transport in a variety 
of astrophysical conditions and environments.
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Thanks to D. Horan and S. Wakely for sharing TeVCat data
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A growing number of sources

• 63 sources in COMPTEL catalog
• 939 sources in the 17-100 keV energy range in INTEGRAL/

IBIS 1000-orbit catalog

11

H.E.S.S., MAGIC, VERITAS 
start taking data

2HWC catalog

LHAASO first results

Thanks to D. Horan and S. Wakely for sharing TeVCat data
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A&A proofs: manuscript no. PeVdiffuse

Injection parameters

1
H �1

1
H �2

1
H �3

1
H �4

4
He �1

4
He �2

4
He �3

4
He �4

Max model 2.33 2.23 2.78 — 3.28 2.18 2.69 —

Min model 2.33 2.16 2.44 3.37 2.30 2.06 2.34 3.01

Table 1: Spectral indexes at injection for the Max and Min models. These spectral indexes are tuned to CR local data as described above and
correspond to spectral breaks at the following energies: 335 and 6 · 106 GeV for the Max models and 335, 2 · 104 and 4 · 106 GeV for the Min
models.

We compute the full-sky maps of the diffuse gamma-ray
emission associated to ⇡0 emission, Inverse Compton scatter-
ing and Bremsstrahlung with the HERMES code (Dundovic et al.
2021). We choose an angular resolution characterized by the
Healpix resolution pararameter nside = 512, corresponding
to a mean spacing between pixel of ' 0.11� (Górski et al. 2005),
nicely matching the angular resolution of the gas models adopted
to compute the hadronic emission. For illustrative purpose, we
show the Mollweide projection of the total emission associated
to the �-optimized Min model in Fig. 3, in a lower resolution.

In order to directly compare our models to the different ex-
perimental results described above, we consider several regions
of interest, directly associated to the spectral data provided by
the experiments focused on the very-high-energy domain. In par-
ticular, we show in the same Figure the contours of the regions
observed by LHAASO (coincident with Tibet AS� and ARGO)
and IceCube-86.

We obtain the integrated flux in these regions, which we
compare to the experimental data without any further ad-hoc
tuning and post-processing. We emphasize once again that all
the details of the setup (in particular, the ring-by-ring normal-
ization of the molecular gas density, and the CR transport setup)
are set by the comparison with both local data on charged CRs
and Fermi-LAT data in the GeV-TeV domain, as commented in
more details in the Appendix. The results are presented in Fig.s
(4) and (6). The absorption due to � � � scattering is accounted
as described at the end of Sec.3.2. Its effect is shown in Fig. 7
for the �-optimized scenario.

Fig. 4, in particular, clearly represents the main result of this
paper. This plot demonstrates that the diffuse emission models
presented in this work — obtained under the assumption that the
emission is fully originated by the diffuse Galactic CR “sea” —
are able to capture the main features of the observed data in a
remarkably large range of energies, from 10 GeV all the way up
to the PeV domain. This is already a major result.

However, since we are willing to go beyond this first level
of interpretation and use our results to learn something about
Galactic CR properties we face two main problems:

– there is a significant degeneracy between the choice of the
CR transport setup and that of the source spectra (which, as
we shown, depends also on the CR data systematics);

– there is a significant scatter of the Tibet and LHAASO data
above 50 TeV.

While this situation is likely to improve with the next data re-
leases we may already get some valuable hints limiting ourselves
to consider only the lowest energy bin of both experiments which
should be affected by lower systematics. Interestingly we notice
that the four lowest energy LHAASO points – below 50 TeV –
are well aligned among themselves and the Tibet ones. We no-
tice that those data favour the �-optimized Max model. Even if

we were to disregard Tibet data, or assume them to be contam-
inated by the emission of the Cygnus cocoon (see Sec. 2.3), the
�-optimized scenario would remain the preferred one though in
its Min realization (see also Fig. 7). Although the Base - Max
model is also in reasonable agreement with LHAASO data it is
disfavored by Fermi-LAT and ARGO results. This shows the im-
portance of using data over the widest possible energy range.

Fig. 4: The �-ray spectra computed within the conventional (base) and
�-optimized scenarios are compared to Tibet AS� (Amenomori et al.
2021) and LHAASO (Zhao et al. 2021) (preliminary) data in the win-
dow |b| < 5�, 25� < l < 100�. The Galactic diffusion emission spectrum
measured by Fermi-LAT and extracted as discussed in Sec. 2.2, as well
as ARGO-YBJ data (Bartoli et al. 2015) in the same region, are also
reported. The models account for the effect of �-ray absorption onto the
CMB photons (see Sec. 3.2).

We also consider the Tibet AS� data in the window |b| < 5�,
50� < l < 200� (Fig. 5). We notice that in this more external
region the predictions of the �-optimized and Base scenarios are
quite similar so that those data may help to remove the degener-
acy between the choice of the transport scenario and the shape
of the source spectrum. Remarkably, even accounting for a pos-
sible contamination due to Cygnus-OB2, Tibet results seems to
neatly favour the Max setup for the latter unknown. It will be
very interesting, therefore, to see if LHAASO will possibly con-
firm Tibet results in that region. This will be also relevant to
scrutinize an alternative interpretation of Tibet results given in
terms of the emission of unresolved pulsar wind nebulae (Vec-
chiotti et al. 2021).

We also performed a comparison of our models with Ice-
Top and CASA-MIA upper limits which refer to regions dif-
ferent from those probed by Tibet and LHAASO (see Fig.3).
As evident from Fig. 6, where we also report ARGO-YBJ data,
although those limits do not constrain any of our models yet,
the IceTop sensitivity is close to the level required to test the
�-optimized Max model.

Article number, page 6 of 11

Diffuse emission

• GeV: good correlation of gamma 
rays and interstellar matter → CR 
interactions

• Diffuse emission (not related to 
individual sources) detected from 
sub-MeV to sub-PeV energies
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Fig. 3. Top: �-ray counts of gaseous origin recorded in the 0.4–100 GeV
energy band in a 0�.125 pixel grid. �-ray emissions other than due to
cosmic-ray interactions in the gas have been subtracted. The map has
been smoothed with a Gaussian kernel of 0�.14 dispersion for display.
Bottom: dust optical depth measured at 353 GHz and displayed at the
Fermi-LAT angular resolution for comparison.

added a free isotropic term, yiso, to account for the residual
noise and the uncertainty in the zero level of the dust data
(Planck Collaboration XI 2014). The ⌧353(l, b) model can be ex-
pressed as:

⌧353(l, b) =
7X

i=1

yHI,iNHI,i(l, b) +
7X

i=1

yCO,iWCO,i(l, b) + y↵ I↵(l, b)

+ yDNMNDNM
H (l, b) + yCOsatNCOsat

H (l, b) + yiso, (6)

where NHI,i(l, b), WCO,i(l, b), and I↵(l, b) respectively denote the
NHI, WCO, and free-free maps of the clouds depicted in Fig. 1.
NDNM

H (l, b) and NCOsat
H (l, b) stand for the column densities in the

DNM and COsat components deduced from the coupled analyses
of the �-ray and dust data (see Sect. 3.3).

The y model parameters have been estimated using a �2

minimization. We expect the model uncertainties to exceed the
measurement errors in ⌧353(l, b) because of potential variations
in grain properties through the clouds and because of the lim-
itations of the gas tracers (survey sensitivities, emission satu-
ration, self-absorption, etc.). As we cannot precisely determine
the model uncertainties, we have set them to a fractional value

of the data and we have determined this fraction to be 19%
by reaching a reduced �2 of unity. This fraction is larger than
the 3% to 9% error in the measurement of ⌧353 across this region
(Planck Collaboration XI 2014).

3.2. Gamma-ray model

Earlier studies have indicated that the bulk of the Galactic CRs
radiating at 0.4–100 GeV have di↵usion lengths far exceeding
typical cloud dimensions and that they permeate all the H i-
bright, DNM, and CO-bright gas phases. The observed �-ray
emission can therefore be modelled, to first order, by a linear
combination of the same gaseous components as in the dust
model. We have assumed that the emissivity spectrum of the
gas follows the average one obtained in the local ISM (qLIS(E),
Casandjian 2015), but we have left a free normalisation in each
energy band to account for possible deviations in CR density
and spectrum. The model includes other radiation components
such as the Galactic IC radiation, IIC(l, b, E), the isotropic inten-
sity mentioned above, Iiso(E), and point sources with individual
flux spectra S j(E). We have verified that the soft emission from
the Earth limb is not detected in the present energy range for the
choice of maximum zenith angle. The soft and transient emission
from Sun and Moon is not expected to be detected as the number
of �-ray photons they emit over 6 years is negligible compared
to those of the ISM components in the energy range studied. The
�-ray intensity I(l, b, E), expressed in cm�2 s�1 sr�1 MeV�1, can
thus be modelled as:

I(l, b, E) = qLIS(E) ⇥
2
6666664

7X

i=1

qHI,i(E) NHI,i(l, b)

+

7X

i=1

qCO,i(E) WCO,i(l, b) + q↵(E)I↵(l, b)

+qDNM(E) ⌧DNM
353 (l, b) + qCOsat(E) ⌧COsat

353 (l, b)

3
7777775

+ qIC(E) IIC(l, b, E)) + qiso(E) Iiso(E)

+
X

j

qS j (E) S j(E) �(l � l j, b � b j)

+ qS ext(E) S ext(l, b, E), (7)

with the ⌧DNM
353 and ⌧COsat

353 maps extracted from the coupled dust
and �-ray analyses (see Sect. 3.3).

The input qLIS spectrum was based on four years of LAT
data and on the correlation between the � radiation and the NHI
column densities derived from the LAB survey, for a spin tem-
perature of 140 K, at latitudes between 7� and 70� (Casandjian
2015). The qHI,i scale factors in the model can therefore compen-
sate for di↵erences in the H i data (calibration, angular resolu-
tion, spin temperature) and potentially for cloud-to-cloud varia-
tions in CR flux. Such di↵erences will a↵ect the normalizations
equally in all energy bands whereas a change in CR penetra-
tion in a specific cloud will show as an energy-dependent cor-
rection. For each cloud, the average �-ray emissivity spectrum
per H atom in the atomic phase is estimated from the product of
the qLIS spectrum and the best-fit qHI,i normalization. This emis-
sivity can be used to estimate the gas mass present in the other
DNM, CO, and COsat parts of the cloud if one assumes a uniform
CR flux across the whole structure.

A78, page 6 of 27

Anticenter clouds: Fermi vs Planck
Remy+ 2017 A&A 601 A78

De la Torre Luque+ arXiv:2203.15759
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CR interactions or unresolved sources?
• GeV: dominated by CR hadronic emission
• < MeV: 3 times higher than expected from 

AMS-02+local synchrotron and gamma rays
• significant contribution from secondary 

positrons and electrons?
• unresolved sources

• TeV-PeV → relevant to address hardening 
of CR nuclei spectrum in the inner Galaxy, 
unresolved sources under scrutiny  

14

10 M. Fiori et al.

Figure 5. Upper panels: �-ray luminosity in the 1-10 TeV band (L1�10 TeV) versus source distance (left panel) and pulsar spin-down power (right panel). The
entire synthetic population is represented together with the HGPS PWNe (the symbols are specified in the plot legend). The dashed pink curve in the upper-left
panel is the H. E. S. S. detection threshold flux. Bottom panels: PWNe representation in the L1�10 TeV- Ė for two di↵erent selections of the synthetic population,
namely: sources with Ė > 5 ⇥ 1035 erg s�1 (left panel); sources with age < 25 kyr (right panel). In both cases we show the best fitting relation between the
�-ray luminosity and spin-down power as found in the H. E. S. S. data (black dashed line with standard deviation represented as a shaded grey area) and as
determined on our selected population (red dashed line). In both cases we found an excellent agreement with the best fit to the H. E. S. S. data.

Figure 6. Logarithmic plot of the number of sources emitting in a specific flux range: > 0.1 TeV (left panel) and > 1 TeV (right panel). The synthetic population
(in red) is directly compared with the firmly identified PWNe (in blue), PWNe in a composite SNR (in orange) and the sum of these two with the known
unidentified sources (in green). The lighter colored areas represent the errors of each curve.

sion along the history of the source, thus values larger than unity are
not unexpected.

On the other hand, those systems would be the oldest, with the
largest displacements and extensions. As a result we can expect that
a sizeable fraction of the high �-ray e�ciency systems would not
be detected. Having access to the entire population without observa-
tional biases, here we can confirm that higher e�ciencies at �-rays
are characteristic of objects older than 8 kyr; an e�ciency higher

than unity is only found for ages > 25 kyr and mostly for large pul-
sar o↵sets. The occurrence of systems with ✏� & 1 can be easily
interpreted recalling that ✏� is the ratio between the current values
of �-ray luminosity and pulsar spin-down power, but the former is
the result of the entire injection history (as already pointed out by
Abdalla et al. 2018c). In any case, we see that only a relatively small
number of evolved systems show an e�ciency ✏� & 0.1.

In Fig. 7 we show the PWN distribution as a function of lumi-

MNRAS 000, 1–12 (2021)

Fiori+ 2022 MNRAS 551 1 1439

energy band in different regions of the Galaxy remains unclear. In 
contrast to previous high-energy ( > 10 keV) X-ray measurements in 
the bulge, Perez et al. (2019) found no evidence of a significant inter-
mediate polar population in the hard X-ray band. Using NuSTAR’s large 
aperture for unfocused photons and its broad-band X-ray range,  
Perez et al. (2019) demonstrated that the spectrum is well approxi-
mated by a kT ~ 8 keV plasma, supporting the assumption that the 
bulge emission is dominated by quiescent dwarf novae, as indicated by 
recent studies of Fe line properties and the low-energy ( < 10 keV) X- 
ray continuum (Nobukawa et al., 2016). 

3.3. 100 keV - 2 MeV 

The SPI instrument allows to disentangle different components of 
the GR emission between 20 keV and 2 MeV. The determination of each 
component is becoming more and more accurate with the increasing 
volume of data since 2003 (Strong, 2004; Bouchet et al., 2005; 2008; 
2011). 

Fig. 18. (Top) Map of the Galactic diffuse emission observed by INTEGRAL/ 
IBIS/ISGRI in the energy band 17–60 keV. Contours represent the near infrared 
intensity measured by COBE/DIRBE at 4.9 μm. NIR contours were convolved 
with the IBIS collimator response function. (Middle) Longitude profile of the 
GRXE measured by INTEGRAL/IBIS/ISGRI (histogram and shaded region) in 
the 17–60 keV energy band along with the intensity profile of the Galactic NIR 
emission obtained by COBE/DIRBE at 4.9 μm (solid line). (Bottom) Latitude 
profile of the GRXE. The NIR map was convolved with the IBIS collimator re-
sponse. The figures and details can be found in Krivonos et al. (2007). 

Fig. 19. Broad-band spectrum of GRXE per unit stellar mass. Blue points re-
present INTEGRAL/IBIS/ISGRI measurements. Shaded region represents a “toy” 
composite spectrum of weak Galactic X-ray sources. For the input template 
spectrum of intermediate polars we adopted a white dwarf mass =M M0.5wd . 
The approximate contribution of magnetic CVs (intermediate polars and polars) 
to the GRXE emissivity is shown by the dashed curve. For comparison the thin 
and thick dotted lines show the composite GRXE spectra calculated assuming 
white dwarf masses of 0.3 and 1 M⊙ respectively. The figure is taken from  
Krivonos et al. (2007). 

Fig. 20. Spectra of the different emission components in the central radian of 
the Galaxy (|l| < 30∘ and |b| < 15∘). SPI measurements are represented by 
black crosses. Violet squares: total emission of resolved sources. Violet line: 
power law fit to the resolved sources emission (power law index is 2.9 and flux 
at 100 keV is ◊4 10 4 ph cm 2 s 1 keV 1). Blue: total diffuse emission. 
Magenta: annihilation radiation spectrum (line + positronium). Red: Emission 
of low energy “unresolved” sources. The possible ranges of variation of these 
components are represented with shaded areas. Dark green line – is the con-
tinuum emission thought to be dominated by CRs interacting with the ISM. The 
diffuse continuum best-fit spectrum based both on spatial morphology and 
spectral decomposition is indicated by the dashed cyan (A4.9μm spatial com-
ponent) and green dashed (IC component) lines. The sum of these two com-
ponents is the brown dashed line, which is very similar to the power law fit with 
index 1.44 based solely on spectral decomposition (dark green line). Adapted 
from Bouchet et al. (2011). 

E. Churazov, et al.   1HZ�$VWURQRP\�5HYLHZV�����������������

��

Bouchet+ 2011 ApJ 739 29

unresolved 
sources

positron 
annihilation

CR e 
inverse-

Compton

Cosmic rays from multifrequency data 2735

Figure 10. X-ray and soft gamma-ray spectra of the models, left to right, DRE, DRC, PDDE, and DRELowV. Top two rows show the three IC components
as modelled: on the CMB (green dotted line), on the diffuse IR (red, dash-dotted line), and on the diffuse optical (blue dashed line), along with their sum
(black solid line). Bottom two rows show the sum of the components after the fit (orange line) with 1σ error region (orange region). Data are from Bouchet
et al. (2011) for the inner Galaxy |b| < 15◦ and |l| < 30◦ from SPI (black points) and from COMPTEL (green points) with respective error bars. Fit results are
reported in Table 4.

MNRAS 475, 2724–2742 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/475/2/2724/4769656 by guest on 24 July 2022

Orlando 2018 MNRAS 475 2 2724

}IC



L. Tibaldo of 38

• Introduction
• The coming of age of gamma-ray astronomy

• Sources
• Diffuse emission
• Highlights on recent advances

• Pulsar halos
• Star-forming regions
• VHE emission from gamma-ray bursts

• Revolutions
• Multimessenger astronomy with gamma rays
• The PeV frontier

• Future prospects

15



L. Tibaldo of 38

Pulsar halos

• HAWC: Geminga and PSR 
B0656+14 (> 100 kyr)

• Particles free from PWN
• diffusion suppressed by ~100 

w.r.t. Galactic “average”
• or combination of ballistic + 

“average” diffusion?
• Few more candidates at TeV 

(transitional objects?) and tentative 
detection of Geminga halo with 
Fermi

16

8

FIG. 4. Fit to the HAWC data for Geminga (top left panel) and Monogem (top right panel), and to the PSR J0622+3749
(bottom panel) in the di↵usive regime (red dotted line) and in the combined di↵usive and ballistic model (blue solid line
and cyan band). We show here the case where the distance of the Geminga and Monogem pulsars are 0.19 and 0.288 kpc,
respectively.

is taken into account, which reflects also in a smaller
value of the required e�ciency. Notice also the very rel-
evant impact of the chosen injection spectrum on the ef-
ficiency. Indeed, when the slope is changed from ↵ = 1.0
to ↵ = 1.5 (our benchmark case), the best-fit e�ciency
increases from ⇠ 140% to ⇠ 180� 200%.

As for the case of PSR J0622+3749, the di↵erence be-
tween our results and that of Ref. [51] can be explained
with considerations similar to the case of Geminga.
Moreover, when applying the convolution with the PSF
of LHAASO, we get a shape of the surface brightness
similar to the PSF shape ( as it should be since this pro-
cess makes the emission almost point like) that matches
well the LHAASO data, as shown in Fig. 4. Ref. [51]
instead obtains a much flatter surface brightness in the
case of quasi-ballistic propagation compared to the pure
di↵usion case when applying the PSF convolution, which
is di�cult to explain even considering that they use a
size of the PSF of 0.45� while we use 0.38�. This choice

should play a minor role in the di↵erence of the results.
As illustrated above, overall we get an e�ciency below

100% both for PSR J0622+3749 and for Monogem. Con-
sidering all the uncertainties discussed in this sections
and that high e�ciencies are indeed expected in pulsars,
our model appears to be compatible with current data.

IV. SUMMARY

In this paper we demonstrate that the propagation
of e

±, injected by pulsars, is dominated by the quasi-
ballistic regime up to distances from the source of the
order of �c, which is about 30 pc at multi-TeV ener-
gies. When the transition between the quasi-ballistic and
di↵usive regime is taken into account, it is possible to
fit the HAWC data for Geminga and Monogem and the
LHAASO data for PSR J0622+3749 with typical values
of the di↵usion coe�cient used to fit CR data [22, 31],

Recchia+ 2021 PRD 104 12 123017

Giacinti+ 2020 A&A 636 A113
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Pulsar halos: how and how many?

• Suppression of diffusion coefficient?
• additional turbulence of kinetic or fluid origin
• reduced turbulence coherence length (< 5 pc)

• Contributions to source populations and diffuse emission?
• positrons: occurrence < 10% in local middle-aged pulsars?
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Fig. 10: Individual contributions to the total positron flux from
known middle-aged pulsars within 1 kpc, except J0633+1746
and B0656+14, assuming they develop a Geminga-like halo with
a size of 50 pc past an age of 60 kyr. A default injection e�ciency
of 100% is assumed for all pulsars, and only those contributing
at the & 1% level or more are labeled.

tremes scenarios: all other pulsars develop halos (hereafter
“widespread halos scenario”), or none does (hereafter “rare
halos scenario”). This is illustrated in Figs. 11 and 12 for dif-
ferent halo model setups.

In the “rare halos scenario”, the positron flux can be
accounted for with all other known nearby pulsars having
an average injection e�ciency in the 40 � 70%, depending
on the exact model for the halos around J0633+1746 and
B0656+14. Such injection e�ciencies are typical of young
PWNe and similar to those for the halos around J0633+1746
and B0656+14. In that scenario, all pulsars have similar
average properties in terms of injection spectrum and e�-
ciency over the first few hundreds of kyr of their lifetime.
Conversely, the “widespread halos scenario” involves small
10�15% injection e�ciencies for all other nearby pulsars, at
odds with the aforementioned values. This suggests that par-
ticle injection e�ciency tends to decrease over the first few
hundreds of kyr of a pulsar’s lifetime, except in some cases
like J0633+1746 and B0656+14 for some reason (which may
explain why these two halos were detected first).

Quantitatively, however, the situation is more compli-
cated. The typical injection e�ciencies estimated above de-
pend on the actual middle-aged population in our neighbour-
hood, and on the actual properties of the objects. We discuss
below those di↵erent features of the local pulsar population
that may alter the above numbers and reduce the di↵erence
between the widespread and rare halos scenarios.

Distances: As illustrated in Fig. 10, a handful of nearby
known objects dominate the positron flux, in particular PSR
B1055-52. The estimated distance of 93 pc for this pulsar,
combined with its characteristic age of 535 kyr and spin-
down power of 3.01 ⇥ 1034 erg s�1, guarantee a dominant
contribution to the local positron flux whatever the size of
the suppressed di↵usion region. In the case of a 120 pc size,
B1055-52 drives the total positron flux to very high values,
well above those obtained for smaller sizes, because we then
find ourselves inside its halo. The possible predominance of
that object in the local positron flux was already noted in
Fang et al. (2019b), while the scenario of a single pulsar

within 100 pc making up most of the positron flux above
100 GeV (and most of the all-electron flux above 1 TeV), was
studied in more general terms in López-Coto et al. (2018).
Assuming a distance of 350 pc instead of 93 pc for B1055-
52, as suggested in Mignani et al. (2010), the average injec-
tion e�ciency needed in the “widespread halos scenario” to
account for the observed positron flux increases by a fac-
tor 2 � 3, while it increases by less than a factor 2 in the
“rare halos scenario”. This reduces the di↵erence between
both scenarios and brings the injection e�ciencies for puta-
tive nearby halos closer to the typical expected range.

Ages: Also illustrated in Fig. 10 is the fact that the local
positron flux is dominated by several rather old objects with
characteristic ages & 500 kyr, like B1055-52, J2030+4415, or
B1742-30. Whether halos can be developed around such old
pulsars remains to be proven. They may have moved past
the region of enhanced turbulence, or the latter may have
damped, such that particles are not e�ciently confined any-
more. In that case, the average injection e�ciency needed
in the “widespread halos scenario” to account for the ob-
served positron flux from all pulsars younger than 500 kyr
is increased, by nearly an order of magnitude, and becomes
in agreement with the very high values inferred for young
PWNe. Alternatively, the characteristic ages may be overes-
timating the true ages by a factor of a few, as already dis-
cussed in Sect. 3.4. If those pulsars with characteristic ages
& 500 kyr actually have true ages in the 200 � 300 kyr range,
the impact on the required injection e�ciency is very lim-
ited, a decrease of the order of 10 � 20% at few hundreds of
GeV energies, and the small injection e�ciencies are overall
preserved.

Completeness: While the existence of very nearby objects
like B1055-52 tends to lower the requirement on injection ef-
ficiency, so would the existence of more pulsars than consid-
ered here. The small sample we use may well underestimate
the population of relevant objects because: (i) we considered
only nearby pulsars within 1 kpc, to simplify the calculations,
while some contribution to the positron flux from objects up
to 2 � 3 kpc can be expected just based on the typical dif-
fusion scale length at 1 TeV for average di↵usion conditions;
(ii) pulsars selected from the ATNF catalog were mostly iden-
tified in radio or X-rays through beamed emission periodi-
cally pointing towards our direction, and many more exist
that we could not detect this way but would nevertheless con-
tribute to the positron flux. Including all known middle-aged
ATNF pulsars within 2 kpc (41 objects instead of 14) yields
an increase in the local positron flux by ⇠ 20% at most, and
much less if B1055-52 actually is at a distance of 93 pc and
heavily dominates the flux. A more significant e↵ect can be
expected from unknown nearby pulsars. From estimates of
the pulsar beaming fraction, the full population may count at
least three times more objects than currently known (Linden
et al. 2017), maybe up to ten times. Including their contri-
bution to the local positron flux would mechanically reduce
by the same amount the average injection e�ciencies needed
to match the AMS-02 data, for both the “widespread halos
scenario” and “rare halos scenario” although possibly in dif-
ferent proportions depending on the exact layout of objects
in terms of distances and ages. It may well be, however, that
the local population was probed to a relatively high degree
of completeness because the proximity of pulsars favoured
their detection in gamma-rays, especially since they are emit-
ted with higher beaming fractions than pulsed radio signals.
In Johnston et al. (2020), pulsars with spin-down power in
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FIG. 1. The diffusion constant at distances of 10 pc (blue) and 20 pc (red) as a function of the pulsar age at energies of 100 GeV (left) and
10 TeV (right). Results are shown for two different models of the pulsar cosmic-ray injection and ambient diffusion parameters. Our default
model (top) utilizes a Kolmogorov phenomenology for non-linear damping, and uses an electron-injection spectrum with a momentum index
of -3.5. Our optimistic model (bottom) utilizes a Kraichnan phenomenology, and an electron injection index of -3.2. The solid lines utilize
a background magnetic field strength of 1 µG, and the shaded region represents a range of 0.5–2 µG, with larger ambient magnetic fields
producing faster relaxation to the background diffusion constant. In both cases, we find that cosmic-ray diffusion is significantly inhibited at
all energies for a period between 20 kyr to 50 kyr after pulsar formation. While models utilizing Kolmogorov models and strong magnetic
fields relax to standard diffusion parameters within ⇠100 kyr, models utilizing the Kraichnan models produce inhibited diffusion through the
end of our 300 kyr simulations.

case the current term is missing because the total current due
to e+e� pairs is zero and there is no compensating current
induced in the background plasma.

Now we look for a solution for Eq. 21 when the non thermal
spectrum can be described by a simple power law with slope
↵ between p0 and pmax. The normalized distribution function

g(p) is then

g(p) =
↵� 3

p30

✓
p

p0

◆�↵

⇥(p� p0) ⇥(pmax � p) (22)

where ⇥ is the step function. The integral I2 in
Eq. 20 can be integrated by parts, using the substitution
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Gamma rays from star-forming regions
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.
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Figure 1: Gamma-ray luminosities and the radial distributions of CR protons in extended regions around the star
clusters Cyg OB2 (Cygnus Cocoon) and Westerlund 1 (Wd 1 Cocoon), as well as in the Central Molecular Zone (CMZ)
of the Galactic Centre assuming that CMZ is powered by CRs accelerated in Arches, Quintuplet and Nuclear clusters.
The error bars contain both the statistical and systematic errors. (a) left panel: The differential γ-ray luminosities,
dL/dE = 4πd2Ef(E). The luminosities of all three sources have similar energy dependences close to E−1.2 as is
illustrated by the dashed line. The inserted figure shows the differential luminosities of CMZ and Wd 1 multiplied
by E1.2 for a clearer illustration of the spectra at highest energies. We show also the gamma-ray spectra expected
from interactions of parent proton population with a spectrum of E−2.3exp(−E/E0), with E0 = 0.2 PeV and 0.5
PeV, respectively. (b) right panel: The CR proton radial distributions in Cyg Cocoon, Wd 1 Cocoon and CMZ above
10 TeV. For the Cygnus Cocoon, the energy density of protons above 10 TeV is derived from the extrapolation of
the Fermi LAT gamma-ray data to higher energies. The flux reported by the ARGO collaboration at 1 TeV supports
the validity of this extrapolation. The γ-ray flux enhancement factor due to the contribution of CR nuclei is assumed
η = 1.5. For comparison, the energy densities of CR protons above 10 TeV based on the measurements by AMS are
also shown 26.

The main conclusion following from the results presented in Methods section is that the CR

density declines as r−1 up to ≈50 pc from both stellar clusters. The results are shown in Fig.1b,
together with the earlier published radial distributions of CR protons in CMZ 25. We show the

differential γ-ray luminosities of extended sources associated with Cyg OB2, Westerlund 1 and
CMZ. The energy distributions of γ-rays are quite similar; dN/dE ∝ E−Γ type differential energy
spectra with power-law index Γ ≈ 2.2 extend to 10 TeV and beyond without an indication of a

break. The γ-rays are likely to originate from interactions of CRs with the ambient gas through
the production and decay of neutral π-mesons (see below). Because of the increase of the π0-

meson production cross-section with energy, the spectrum of secondary γ-rays is slightly harder
compared to the spectrum of parent protons, Γ ≈ αp − 0.1 27, thus the power-law index of the
proton distribution should be αp ≈ 2.3.

The apparent similarity of the radial (∝ r−1) and energy (∝ E−2.3) distributions of CR

4

Cygnus cocoon:  Fermi LAT collab. 2011 Science 334 1103
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• Expected
• good conditions for acceleration
• targets
• CR isotopic abundances

• More than 10 young star-forming 
regions possibly detected at GeV-TeV
• caveats: limited angular resolution, 

foregrounds, source confusion 
• radial profiles → continuous CR 

injection + diffusion over few Myr
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CR acceleration and gamma-ray emission

• Possible acceleration sites/
mechanisms:
• cluster winds termination 

shocks
• superbubbles/shells
• converging flows

• Up to PeV for clusters, less clear 
for superbubbles

• Steady emission in wind-dominated 
phase, intermittent in SN-
dominated phase

• Reproduces observations if good 
confinement
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Figure 6. Time evolution of the total CR energy (left) and CR energy density (right) inside the SB for clusters containing initially 100, 500 and 1000 stars. All
the results are obtained with [) = 30% except those shown by the yellow curves for which [) = 1%.

energy of the stars rather than as function of the background mag-
netic field, our expression for ?⇤ di�ers from that given in Ferrand
& Marcowith (2010) even in the test-particle regime:

V(?⇤)3?⇤ ⇡ 0.1<?2

✓
⌫

10 µG

◆�2 ✓
[) !⇤

1051 erg/Myr

◆2

⇥
✓

=

0.01 cm�3

◆�1/2 ✓
'1

100 pc

◆�3
. (35)

One notices that ?⇤ decreases as the SB expands, which is a con-
sequence of the dilution of the mechanical energy of the stars in
an increasing volume. In the fiducial cluster of 100 massive stars
considered in this work, ?⇤ is found around a few to tens of GeV.
In typical clusters of several hundreds of stars, ?⇤ can hardly be
higher than a few tens of GeV, even considering unrealistic turbu-
lence generation e�ciencies, because in this case nonlinearities are
expected to regulate the stochastic acceleration process by damping
the waves.

The shapes of the SB spectra are overall well understood by the
timescales of the competing reacceleration and escape processes.
One may wonder why the high energy “universal” asymptotic so-
lution of successive shock reacceleration computed in Vieu et al.
(2021) is never retrieved, in particular for the cluster of 1000 mas-
sive stars, where the average time interval between supernovae is
about 30 kyr, that is, much smaller than the escape time at GeV
energies. This is because we implicitly assumed, by considering
the average CR spectrum =(?) instead of the distribution function
5 (G, ?), that the (re)accelerated CRs instantaneously homogenise
inside the SB. Under these circumstances, preaccelerated particles
have small chances to be reaccelerated by the next SNR shock,
which only spans a few percent of the SB volume. Such a situa-
tion corresponds to a loose cluster, with large distances between the
stars. The model will be refined in Section 5.2 in order to include
the case of a compact cluster.

Finally, although the contribution from the winds is globally
subdominant, it yet provides a non-negligible nearly stationary steep
component (see Figure 8).

When integrated over the lifetime of the cluster, the spectra

display an enlarged “Fermi II bump” and then a steep high energy
tail above 10-100 GeV, as shown in Figure 9, where the spectra
have been corrected as �(⇢) = 4c?2=(?)/(E(?)g(?)). This corre-
sponds to the CR flux escaping from the cluster in the ISM, except
above 1 PeV where we disregarded the very high energy flux es-
caping upstream of SNRs. Interestingly, the high energy flux is a
power law scaling as �(⇢) / ⇢�2.2, which would reproduce the
⇢�2.7 scaling measured around the Earth if one assumes that the CR
di�usion coe�cient scales as ⇡ (⇢) / ⇢0.5 in the ISM, as expected
in the Iroshnikov-Kraichnan regime of turbulence. Eventually, the
transition between the maximum energy achievable in WTS (as-
sumed to be about 100 TeV) and that achieved at SNRs (about
1 PeV), produces a spectral break between 0.1 and 1 PeV which
has a certain resemblance to the knee observed in the galactic CR
spectrum.

5 TWO-ZONE MODEL

In this section we show that it is possible to refine the modelling
in order to compute supernova reacceleration in compact clusters
in a more realistic way as well as to consider the e�ect of the SB
supershell.

5.1 Di�usion in a two-zone model

Let us split the interior of the spherical SB into two zones, as
schemed in Figure 10. The top panel presents the general setup while
the two other panels display two limit cases of physical interest,
which will be discussed below. In this section we stick to a general
formalism, assuming that the inner region has a radius '1 and the
outer region has a radius '1 , which is the SB radius. The boundaries
of both areas are therefore separated by a length equal to '1 � '1.
The two regions are characterised by di�usion coe�cients ⇡1 and
⇡2, respectively. We denote 51 and 52 the average distributions
of particles in both regions such that the corresponding energy
densities are =1 = +1 51 and =2 = +2 52, where +1 = 4/3c'3

1 and
+2 = +SB �+1 with +SB the SB volume.
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Figure 14. Gamma-ray spectral energy distributions from p-p interactions in a standard superbubble shell of hydrogen number density =� = 40 cm�3

(=ISM = 10 cm�3), with a shell confinement coe�cient d1/X = 10 (left panel), and 1000 (right panel). The source is a loose cluster of 100 massive stars
located at 1.5 kpc from the Earth. Spectra are plotted at various times from 1 to 20 Myr corresponding to the various colours from blue to red (see the colour
scale at the top). The data points show the gamma-ray flux measured in the Cygnus region: Fermi-LAT data in red (Abdollahi et al. 2020) and HAWC data in
blue (Abeysekara et al. 2021).

Ferrand & Marcowith (2010) in order to account for the dynami-
cal evolution of the environment as well as the stellar winds, the
losses and the e�ect of the shell. We also refined the model to in-
clude the backreaction of the particles onto the turbulence and onto
the shocks, the latter being properly computed using an up-to-date
semi-analytical model of nonlinear di�usive shock reacceleration.
Our model complements the work of Bykov (2001) who focused
on the early phase of stochastic acceleration in strong supersonic
turbulence.

We found that the stars e�ciently transfer their energy into
non-thermal particles by means of shock acceleration as well as
stochastic acceleration in turbulence, especially around compact
clusters where particles are e�ciently reaccelerated in the inner
region and in the case where a dense magnetised supershell prevents
the particles to escape in the ISM. High CR energy densities are
generally achieved in the SB, which calls for nonlinear models, and
in some cases the turbulence can be completely suppressed by the
non-thermal particles confined in the shell.

When the confinement is less e�cient, e.g. in the limit of a
thin supershell or in small clusters, the typical spectra are rather in-
termittent, displaying a typical “Fermi II bump” from the injection
energy to the GeV band, and then transitions toward a steep power
law produced by the nearly stationary wind contribution as well
as the intermittent supernovae modulated by the escape. Providing
the level of turbulence is about a few percent, which requires the
stars to transfer a few tens of percent of their mechanical power into
hydromagnetic waves, the low energy particles are e�ciently reac-
celerated, which gives rise to steep escape fluxes typically scaling
as ⇢�2.2, which is close to what is needed in order to account for
the di�use CR spectrum observed near Earth. When the confine-
ment of the particles is enhanced, the spectra harden with typically
flat gamma-ray signatures, or even small concavities with some-

what hard components (about ⇢�1.8 at high energies) due to the
successive reaccelerations of the confined particles.

The variability of the spectra from cluster to cluster, and also
during the lifetime of a given cluster, provides a simple answer to
the puzzling discrepancies between the recent gamma-ray observa-
tions of SBs and star clusters. Indeed, some SBs are not detected in
gamma-rays (e.g. the Orion-Eridani SB or the Rosette nebula), oth-
ers display rather steep power law spectra (e.g. the Cygnus region),
or flat energy distributions (e.g. the Westerlund 1 and 2 regions), and
some data even suggest slight concavities (e.g. in the G25 region).
The specific gamma-ray signature of a SB can therefore be used to
constrain the properties of a given massive star cluster (its number
of massive stars, if it is compact or loose...), the surrounding envi-
ronment (the magnetic field, the turbulence level...), as well as the
properties of the supershell (the thickness, the density...). Although
the model depends on several parameters, some of them such as the
cluster and shell properties can hopefully be constrained by multi-
wavelength observations. The main di�culty is probably to infer the
properties of the turbulence (intensity and spectrum), which at the
moment are unknown. Using our model, gamma-ray spectra could
be used indirectly to constrain the di�usion coe�cients. Indeed, the
momentum di�usion coe�cient drives the CR spectrum slope at
low energies by means of the stochastic reacceleration, while the
spatial di�usion coe�cient drives the CR spectrum slope at high
energies as well as the intensity of the gamma-ray flux, because it
determines the e�ciency of the confinement. Such analysis could
be applied for example to the Cygnus region.

Eventually, the overall SB contribution to the galactic CR pop-
ulation can be estimated using Monte-Carlo samplings. Thorough
statistical computations confronted to the observed CR spectrum
could be used to probe the most likely SB parameters, in particular
the magnetic fields, turbulence levels and shell properties, as well
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Figure 14. Gamma-ray spectral energy distributions from p-p interactions in a standard superbubble shell of hydrogen number density =� = 40 cm�3

(=ISM = 10 cm�3), with a shell confinement coe�cient d1/X = 10 (left panel), and 1000 (right panel). The source is a loose cluster of 100 massive stars
located at 1.5 kpc from the Earth. Spectra are plotted at various times from 1 to 20 Myr corresponding to the various colours from blue to red (see the colour
scale at the top). The data points show the gamma-ray flux measured in the Cygnus region: Fermi-LAT data in red (Abdollahi et al. 2020) and HAWC data in
blue (Abeysekara et al. 2021).

Ferrand & Marcowith (2010) in order to account for the dynami-
cal evolution of the environment as well as the stellar winds, the
losses and the e�ect of the shell. We also refined the model to in-
clude the backreaction of the particles onto the turbulence and onto
the shocks, the latter being properly computed using an up-to-date
semi-analytical model of nonlinear di�usive shock reacceleration.
Our model complements the work of Bykov (2001) who focused
on the early phase of stochastic acceleration in strong supersonic
turbulence.

We found that the stars e�ciently transfer their energy into
non-thermal particles by means of shock acceleration as well as
stochastic acceleration in turbulence, especially around compact
clusters where particles are e�ciently reaccelerated in the inner
region and in the case where a dense magnetised supershell prevents
the particles to escape in the ISM. High CR energy densities are
generally achieved in the SB, which calls for nonlinear models, and
in some cases the turbulence can be completely suppressed by the
non-thermal particles confined in the shell.

When the confinement is less e�cient, e.g. in the limit of a
thin supershell or in small clusters, the typical spectra are rather in-
termittent, displaying a typical “Fermi II bump” from the injection
energy to the GeV band, and then transitions toward a steep power
law produced by the nearly stationary wind contribution as well
as the intermittent supernovae modulated by the escape. Providing
the level of turbulence is about a few percent, which requires the
stars to transfer a few tens of percent of their mechanical power into
hydromagnetic waves, the low energy particles are e�ciently reac-
celerated, which gives rise to steep escape fluxes typically scaling
as ⇢�2.2, which is close to what is needed in order to account for
the di�use CR spectrum observed near Earth. When the confine-
ment of the particles is enhanced, the spectra harden with typically
flat gamma-ray signatures, or even small concavities with some-

what hard components (about ⇢�1.8 at high energies) due to the
successive reaccelerations of the confined particles.

The variability of the spectra from cluster to cluster, and also
during the lifetime of a given cluster, provides a simple answer to
the puzzling discrepancies between the recent gamma-ray observa-
tions of SBs and star clusters. Indeed, some SBs are not detected in
gamma-rays (e.g. the Orion-Eridani SB or the Rosette nebula), oth-
ers display rather steep power law spectra (e.g. the Cygnus region),
or flat energy distributions (e.g. the Westerlund 1 and 2 regions), and
some data even suggest slight concavities (e.g. in the G25 region).
The specific gamma-ray signature of a SB can therefore be used to
constrain the properties of a given massive star cluster (its number
of massive stars, if it is compact or loose...), the surrounding envi-
ronment (the magnetic field, the turbulence level...), as well as the
properties of the supershell (the thickness, the density...). Although
the model depends on several parameters, some of them such as the
cluster and shell properties can hopefully be constrained by multi-
wavelength observations. The main di�culty is probably to infer the
properties of the turbulence (intensity and spectrum), which at the
moment are unknown. Using our model, gamma-ray spectra could
be used indirectly to constrain the di�usion coe�cients. Indeed, the
momentum di�usion coe�cient drives the CR spectrum slope at
low energies by means of the stochastic reacceleration, while the
spatial di�usion coe�cient drives the CR spectrum slope at high
energies as well as the intensity of the gamma-ray flux, because it
determines the e�ciency of the confinement. Such analysis could
be applied for example to the Cygnus region.

Eventually, the overall SB contribution to the galactic CR pop-
ulation can be estimated using Monte-Carlo samplings. Thorough
statistical computations confronted to the observed CR spectrum
could be used to probe the most likely SB parameters, in particular
the magnetic fields, turbulence levels and shell properties, as well

MNRAS 000, 1–19 (2019)

age = 1 Myr
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Cygnus cocoon spectrum
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GRBs at VHE

• Long hunt for GRB afterglow
• relativistic shock acceleration in its simplest realisation
• likely SSC (beyond synchrotron burnoff): constraints on 

downstream conditions
• 4 (6) detections since 2019
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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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Figure 3: Logarithmic X-ray and gamma-ray multi-wavelength energy flux light curves of the GRB 190829A
afterglow. (A) the temporal evolution of the energy flux detected in X-rays by Swift-XRT (blue closed squares),
upper limits on MeV gamma rays by Fermi-LAT (grey arrows) and VHE gamma rays by H.E.S.S. (red circles). The
XRT temporal decay index (↵XRT) was obtained by fitting a model to only the XRT data that were simultaneous with
the H.E.S.S. observations (open squares). (B) the corresponding intrinsic photon indices. The H.E.S.S. intrinsic
spectral index, indicated by the continuous red line, is assumed to be constant at the mean value of 2.07 ± 0.09
determined from nights 1 to 3. (C) the energy flux evolution of the prompt emission observed by Swift-BAT,
obtained from the Swift Burst Analyser (26). All error bars correspond to 1� uncertainty, and the Fermi-LAT

upper limits are at the 95% confidence level.

emission.

Although both hadrons and leptons are accelerated, typical values of the circumburst den-

sity at the forward shock suggest that the time for hadrons to cool is substantially longer than

the dynamical shock time, resulting in rather low radiative efficiencies. Unlike hadrons, VHE

electrons promptly lose their energy through synchrotron and inverse Compton radiation.

The observed energy flux decays as approximately t�1 in both X-ray and gamma-ray bands.

Decay of this form suggests that the shocked plasma magnetisation level, the fraction of energy

7
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GRB 190829A 

• z = 0.08 → no EBL uncertainties
• Klein-Nishina suppression + 

photon-photon absorption → one 
zone SSC scenario challenged

• extend synchrotron beyond 
burnout limit?

• few % of accelerated e + rapid 
decay of B in reverse shock→ SSC 
scenario viable from radio to TeV

• alternative explanations: blast wave 
+ pair enriched shell, magnetar …
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Figure 4: Theoretical multi-wavelength models of the first and second night data. The black region shows
the spectrum and uncertainty of the Swift-XRT data, the green arrow upper limit is from Fermi-LAT (available
only for the first night (24)), and the red region is the H.E.S.S. intrinsic spectrum and its uncertainty (statistical
only). The shaded areas represent the 68% confidence intervals determined from the posterior probability distri-
bution of the MCMC parameter fitting for the standard SSC model (light blue) and for the synchrotron-dominated
model (orange); the latter model does not impose a synchrotron cut-off energy (shown by Emax). The synchrotron
components of the two SSC models are indicated by dashed lines, while the dash-dotted lines show the inverse
Compton components. These lines show the emission level when neglecting the internal gamma-gamma absorp-
tion. The upper curves are for the first night and the lower curves the second night. The best-fitting parameters are
listed in Tables S5-S6 (16).
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3. B. Zhang, P. Mészáros, Astrophys. J. 559, 110 (2001).

4. V. A. Acciari, et al., Nature 575, 455 (2019).

5. V. A. Acciari, et al., Nature 575, 459 (2019).

11

GRB 190829A H.E.S.S. collab. 2021 Science 372 1081

SSC scenario
synchrotron scenario

with respect to the host galaxy center. Indeed, using the GRB
coordinates derived from our VLBI observations and the host
galaxy center position from the 2MASS catalog (Skrutskie
et al. 2006), we measure a separation of 9 6, corresponding to
a physical projected separation of 14.7 kpc. This is comparable
to the largest previously measured offset in long GRBs
(Blanchard et al. 2016; that of GRB 080928), placing it, in

principle, in the underdense outskirts of its host galaxy. On the
other hand, even though the surrounding interstellar medium
density may be low, the associated supernova indicates that the
progenitor must have been a massive star, which should have
polluted the environment with its stellar wind. By contrast, the
sharp increase in the flux density preceding the light-curve peak
as seen in the optical and X-rays is inconsistent with a

Figure 4. Predicted SEDs at the times of the HESS detections. We show with blue (red) solid lines our model at 5 hr (30 hr) after the gamma-ray trigger, with 90% and
50% credible bands in lighter shades. The HESS “butterflies” include the reported (Abdalla et al. 2021) systematic error contribution (summed in quadrature). We also
show XRT butterflies at the corresponding times (from our own analysis; see Appendix C.3), plus GTC optical and NOEMA, ATCA, and AMI-LA radio data points
taken at observing times lying within 0.2 dex.

Figure 3. Multiwavelength data and emission model. Circles represent X-ray fluxes (blue; values shown on the right axis) or flux densities (all other colors; values
shown on the left axis) measured at the position of GRB 190829A at different times after the GRB trigger in several bands (see the legend). Optical flux densities have
been corrected for both the Milky Way and host galaxy extinction, and the contribution of the host galaxy has been subtracted. The host galaxy contribution (Rhodes
et al. 2020) has also been subtracted from the AMI-LA radio flux densities at 15.5 GHz. Stars mark the flux densities measured in our VLBI epochs. Solid lines of the
corresponding colors show the predictions of our emission model including both the forward and reverse shocks. Dashed lines single out the contribution of the
reverse shock emission. We interpret the initial plateau in the X-ray data as the superposition of the prompt emission tail and the rising reverse shock emission.

5
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Multimessenger astronomy with gamma rays
• Firsts

• GW 170817 (LIGO-Virgo) / GRB 170817A (Fermi/GBM & 
INTEGRAL/SPI)

• IC 170922A (IceCube) and flare in blazar TXS 0506+056  
(Fermi-LAT, MAGIC)

• See review by F. Oikonomou for neutrinos

25
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GW 170817: implications
• fractional GW/photon speed difference 

-3 ×10-15 ≤ Δv/vphoton ≤ 7 ×10-16

• improvement of a few to 10 on minimal 
Lorentz invariance violation scenarios

• Δtdecay/tdelay ~ 1: internal shock with small 
difference in shells γ or external shock 
with γ ~ 300

• Equation of state of neutron star matter
• Dimness of the GRB → engine structure 

and viewing geometry
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photospheric radius, resulting in similar arrival times to the
thermal emission. A non-thermal pulse could also arise from a
forward shock if the deceleration radius were located below the
photosphere. Such a scenario would be possible if the density
of the external medium were sufficiently in excess of the
interstellar medium, which is a distinct possibility for such
environments(Goriely et al. 2011; Bauswein et al. 2013;
Hotokezaka et al. 2013).

The thermal component could also be the result of “cocoon”
emission from shocked material surrounding the relativistic
jet(Lazzati et al. 2017), which is expected to be softer and
fainter than the non-thermal prompt emission (Ramirez-Ruiz
et al. 2002; Pe’er et al. 2006). To examine this scenario, we
utilize the relation between the radius of the shock breakout,
duration and observed temperature proposed by Nakar & Sari
(2012):

R
t T

1.4 10
1 s 10 keV

cm. 179
2

= ´ ⎜ ⎟⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠ ( )

Using the distance measurement, the blackbody spectral fit
implies a radius of R 3 10 cmBB

8= ´ that we can use as a
proxy for the cocoon radius. This is within a factor of 4 of the
relation, in spite of the fact that it applies to spherical geometry
that is not guaranteed here, and the RBB radius derived from the
fit assumes thermal equilibrium. We thus consider this as
evidence supporting the cocoon scenario.

Finally, the delay between the GW and EM signals may also
be due in part to the time it takes for the relativistic jet to break
out of the sub-relativistic dense ejecta surrounding the
merger(Nagakura et al. 2014; Moharana & Piran 2017). We
estimate that the breakout time for typical dynamical ejecta
mass values of M0.1~ : in such a merger(Hotokezaka et al.
2013) could not account for the entire observed delay.
Lowering the reference isotropic kinetic luminosity of
L 10k,iso

51= erg s−1 assumed by Moharana & Piran (2017)
could be one way to account for a larger delay. However, a
luminosity below the one assumed in the breakout scenario
substantially increases the likelihood of a “choked” jet that fails
to break out of the surrounding medium(Aloy et al. 2005).

5.2. Neutron Star EOS Constraints

The observation of an SGRB associated with the merger of
two NSs can be used to derive constraints on the EOS of NS
matter (see theoretical studies by Belczynski et al. 2008; Fryer
et al. 2015; Lawrence et al. 2015). To do this, we compare the
measurement of the binary mass from the GW signal with two
possible models of the merger remnant that powered the
SGRB: (i) the merger remnant collapsed to a rotating BH with
a surrounding disk that powered the SGRB(Shibata et al.
2006), or (ii) the merger formed a rapidly rotating, strongly
magnetized NS (millisecond magnetar) with an accretion disk
(Metzger et al. 2008).
We consider a representative sample of EOSs: SLy (Douchin

& Haensel 2001), LS220 (Lattimer & Swesty 1991), SFHo
(Steiner et al. 2013), H4 (Lackey et al. 2006), APR4 (Akmal
et al. 1998), SHT (Shen et al. 2011), and MS1 (Müller & Serot
1996). For each EOS, we compute the maximum stable
baryonic mass and gravitational mass of a non-rotating (static)
NS, denoted MB

Static and MG
Static, respectively, and the maximum

baryonic mass of a uniformly rotating NS MB
Uniform (Gourgoulhon

et al. 2001). The merger remnant can only collapse to a BH if its
baryonic mass is larger than MB

Static.
If we neglect rotational corrections, the baryonic masses mB1,

mB2 of the initial NSs are functions of their gravitational masses
m1, m2 only. In this approximation, a fixed total initial baryonic
mass, MB

Initial, corresponds to a curve in the (m m,1 2) parameter
space. In Figure 3 we show lines of MB

Static and MB
Uniform that

bound the region of the parameter space in which the total mass
of the binary is consistent with a stable non-rotating or
uniformly rotating remnant, respectively. The figure also
contains the 90% credible region of the gravitational masses
obtained with a restricted or full spin prior (Abbott et al.
2017e). We note that the latter has a broader distribution of the
component masses, such that the heavier NS can exceed MG

Static

for various EOS, which would correspond to either a
supramassive (or even hypermassive) NS, or to a light BH.
The maximum gravitational masses allowed for each EOS,
MG

Static, are shown in the figure as vertical lines.

Figure 3. Critical mass boundaries for different EOSs in comparison with the 90% credible region of the gravitational masses inferred from GW170817 (prior limits
on the spin magnitude, zc∣ ∣, given in the legend). The slanted curves in the left panel and middle panel correspond to the maximum baryonic mass allowed for a single
non-rotating NS (left) and for a uniformly rotating NS (middle). Arrows indicate for each EOS the region in the parameter space where the total initial baryonic mass
exceeds the maximum mass for a single non-rotating or uniformly rotating NS, respectively. The right panel illustrates EOS-dependent cuts on the gravitational mass
m1 of the heavier star, with arrows indicating regions in which m1 exceeds the maximum possible gravitational mass MG

Static for non-rotating NSs. In all three panels
the black solid line marks the m m1 2= boundary, and we work in the m m1 2> convention.
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estimated using a Bayesian approach proposed by Fan (2017).
Assuming a flat prior on isotropic luminosity, we obtain L iso =
1.2 100.6

0.7 47´-
+ erg s−1, which is consistent with the standard

GBM approach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

The two apparent components of GRB170817A are
sufficiently different that using an average spectrum to estimate
the fluence may produce an inaccurate total luminosity.
Therefore, we also estimate Eiso using the “detailed” fits
described in Goldstein et al. (2017). Separating the hard peak
best fit by a Comptonized function (a power law with an
exponential cutoff) and the softer tail best fit by a BB spectrum,
we estimate E 4.0 1.0 10iso,comp

46= ´( ) erg, and Eiso,BB =
1.3 0.3 1046´( ) erg, for a total of E 5.3iso = (

1.0 1046´) erg.
Compared to the distribution of GBM detected GRBs with

measured redshift shown in Figure 4, GRB170817A is 2 orders
of magnitude closer and 2 to 6 orders of magnitude less energetic
than other SGRBs. In particular, GRB 150101B was previously
the weakest SGRB with a firm redshift association (z 0.134;=
Fong et al. 2016), and its energetics (as measured by GBM)
E 2.3 10iso

49= ´ erg, and L 7.5 10iso
49= ´ erg s−1 are 2–3

orders of magnitude higher. As this was the previous dimmest
burst, the minimum luminosity cut of 5 1049´ erg s−1 used in
Wanderman & Piran (2015) to fit a rate and an L iso distribution to
existing observations appeared reasonable; however, with
GRB170817A, the lower bound on the isotropic energetics
distributions needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central Engine

The broad observed brightness distribution likely arises from
a mixture of an intrinsic brightness distribution and geometric
effects, which include the inclination angle of the system to
Earth, the structure and width of the collimated jet itself, and
the relativistic beaming angle bq . We consider several
possibilities to explain why GRB170817A is extremely dim
(Figure 5): (i) we viewed it from beyond the half-jet opening
angle jq for a standard top-hat model, (ii) the structure of the jet
is more complicated than a simple top-hat model, (iii) the
observed emission for GRB170817A originates from a

different mechanism than for most SGRBs, or (iv) it is due
solely to the intrinsic luminosity distribution and not the
geometry of the system.
Scenario (i). Uniform top-hat jets (constant emissivity and

Lorentz factor, Γ, within the jet aperture) with a sharp edge
have been widely used to explain GRB properties, including jet
breaks (Rhoads 1999). The top-hat jet is the simplest possible
model for calculating off-axis parameters as it captures the
basic physics of the system, but it is unable to account for
smooth profiles in the Lorentz factor and the emissivity. Here
the observed energetics are significantly lower than they would
be if we were within jq .
In the top-hat scenario, off-axis values of physical quantities

can be related to the on-axis values through the angle
dependence of the relativistic Doppler factor:

1 cos 2 1 , 18D
1 2 2d q b q q= G - » G + G-( ) [ ( )] ( ) ( )

where θ is the angle between the velocity vector v and the line
of sight, and v cb = . The relation for duration and peak
energy is linear with Dd (see, e.g., Granot et al. 2002):
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whereas E off axis,isog ( ‐ ) scales approximately b 2µ - for a
viewing angle ζ between jq and 2 jq . The duration in the on-
axis scenario may be longer than inferred from the above
equation, as the variable gamma-ray flux can be discerned
above detector noise for a longer fraction of the total activity
compared to emission viewed off-axis.
We use the observed quantities for GRB170817A,

E 200 keVp » , E 5.3 10,iso
46= ´g erg, and T 2 s90 » , as

values observed off-axis. If we assume that the on-axis values
for GRB170817A are consistent with typical values
observed for SGRBs, we obtain E b6 30p = ( ) MeV,
E b5 10 30,iso

49 2= ´g ( ) erg, and T b7 10 3090
2 1= ´ - -( ) s.

In particular using a fiducial range on E on axis,iso -g ( )
corresponding to the two orders of magnitude spread shown in

Figure 5. Three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB170817A, as described by scenarios (i)–(iii) in
Section 6.2.
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The hunt for PeVatrons

• Difficult to accelerate particles to PeV 
in the Milky Way

• SNRs challenged
• observations: steep spectra, cutoffs
• theory: maximum energy < PeV with 

rare exceptions
• Was generally believed

• leptonic accelerators cannot 
produce effectively > 100 TeV 
gamma rays due to Klein-Nishina 
suppression

• very rare gamma-ray sources   > 100 
TeV will pinpoint sources of CR 
nuclei in the Galaxy

28

Figure 1: Density upstream of the expanding SNR shock (thick) and shock velocity (thin)
as a function of time, for type Ia (solid blue), II (dotted red) and II⇤ (dot–dashed green)
progenitors of Tab. 1, assuming ⇠ = 0.1. The vertical lines indicate the beginning of the ST
phase for each case.
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Figure 2: Time evolution of the maximum momentum of accelerated protons for type Ia (solid
blue), II (dotted red) and II⇤ (dot–dashed green) progenitors of Tab. 1, assuming ⇠ = 0.1.
The vertical lines indicate the beginning of the ST phase for each case.
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946
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Fig. 6: Gamma-ray model curves and parent particle energy spectra. On the left, the best-fit electron and proton gamma-ray models
(broken power laws with exponential cut-o↵s) are compared to the Fermi-LAT and H.E.S.S. data. The data points and model curves
are the same as in Fig. 5. On the right, the corresponding best-fit parent particle energy spectra are shown. The electron model is
derived from a combined fit to both the X-ray and gamma-ray data.

5.3.2. Half remnant

Splitting the remnant ad hoc into the dim eastern and bright
western halves, we can test for spatial di↵erences in the broad-
band parent particle spectra within the remnant region while in-
cluding the Fermi-LAT data. Using similar models to those de-
scribed above, we find that for a hadronic origin of the gamma-
ray emission a broken power law is statistically required to ex-
plain the GeV and TeV spectra for both halves of the remnant.
The corresponding plots are shown in the appendix (Fig. E.1).
As can be seen in Table 5, the particle indices for the power laws
from the remnant halves are compatible with the high-energy
particle index of the full-remnant broken power-law spectrum,
confirming that, like for the gamma-ray spectra, there is no spec-
tral variation seen in the derived proton spectra either.

Assuming a leptonic scenario, the western half of the rem-
nant shows a slightly stronger magnetic field strength with BW =
16.7 ± 0.2 µG, compared to a strength of BE = 12.0 ± 0.2 µG
in the eastern half (Table 5). In addition, the electron high-
energy cut-o↵ measured is significantly lower in the western
half, E

e
c,W = 88.4 ± 1.2 TeV, compared to E

e
c,E = 120 ± 3 TeV

in the eastern half. The inverse dependency between the mag-
netic field strength and cut-o↵ energy is consistent with electron
acceleration limited by synchrotron losses at the highest ener-
gies. Given that the X-ray emission is produced by electrons of
higher energies than the TeV emission, the energy of the expo-
nential cut-o↵ is constrained strongly by the X-ray spectrum. To
demonstrate the impact of this, we also fit the electron spectrum
only to the gamma-ray data, see Table 5. From this fit the cut-o↵
energy increases and has much larger uncertainties. This can be
explained by synchrotron losses constrained by the X-ray data.
If some small regions have a magnetic field strength that is sig-
nificantly higher than the average field strength, these regions
can dominate the X-ray data and cause di↵erences in the cut-o↵
energies.

5.3.3. Spatially resolved particle distribution

The deep H.E.S.S. observations allow us to fit the broadband
X-ray and VHE gamma-ray spectra from the 29 smaller subre-
gions defined in Sect. 4.2 to probe the particle distribution and
environment properties by averaging over much smaller physical

regions of 1.4 pc (for a distance to the SNR of 1 kpc). However,
in VHE gamma rays the resolvable scale is still much larger than
some of the features observed in X-rays (Uchiyama et al. 2007).
It is therefore unlikely that the regions probed here encompass
a completely homogeneous environment, and information is lost
due to the averaging. In addition, the projection of the near and
far section of the remnant, and in fact the interior, along the line
of sight into the same two-dimensional region adds an uncer-
tainty when assessing the physical origin of the observed spec-
trum. This degeneracy is only broken for the rim of the remnant
where the projection e↵ects are minimal, and we know that the
observed spectrum is emitted close to the shock. As before, we
consider both the leptonic and hadronic scenarios for the origin
of VHE gamma-ray emission.

In the leptonic scenario, the Suzaku X-ray spectra are used
together with the H.E.S.S. gamma-ray data in the fits. This al-
lows us to derive the magnetic field per subregion in addition
to the parameters of the electron energy distribution. Given that
the Fermi-LAT GeV spectra cannot be obtained in such small
regions, only electrons above ⇠5 TeV are probed by the VHE
gamma-ray and X-ray spectra, and we can only infer the proper-
ties of the high-energy part of the particle spectra, i.e. the power-
law slope and its cut-o↵. No information about the break en-
ergy or the low-energy power law can be extracted in the sub-
regions. In the leptonic scenario, the VHE gamma-ray emission
probes the electron spatial distribution, whereas the X-ray emis-
sion probes the electron distribution times B

2, causing regions
with enhanced magnetic field to be over-represented in the X-
ray spectrum.

We find that in all regions the emission from an electron
distribution with a power law and an exponential cut-o↵ repro-
duces the spectral shape in both X-ray and VHE gamma-ray
energies. Table 6 and Fig. 7 show the results of these fits. The
electron particle index for all the regions is in the range 2.56
to 3.26 and is compatible with the average full-remnant parti-
cle index of 2.93. Such steep particle indices, which are signif-
icantly larger than the canonical acceleration index of about 2,
indicate that the accelerated electron population at these energies
(Ee & 5 TeV) has undergone modifications, i.e. cooling through
synchrotron losses. However, neither the age of the remnant of
O(1000 years) nor the derived average magnetic field are high
enough for the electrons to have cooled down to such energies.
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A wealth of UHE sources

• Technological advantage of LHAASO: underground μ detectors
• Maximum photon energies 200 TeV-1.4 PeV
• Few spectral measurements: cutoff region?

29

The bins above 56 TeVare then fit to a power-law shape
with the spectral index fixed to −2.7. The extent is fixed to
the fitted high-energy extent. This index typically gives a
higher TS value, possibly indicating a steepening of the
spectra at the highest energies. The integral flux above
56 TeV is computed using the result of this fit. For sources
that are significantly detected above an estimated energy of
100 TeV, spectral fits to the emission over the whole energy
range accessible to HAWC are also performed using a
binned-likelihood forward-folding technique that takes into
account the angular response of the detector as well as the
bias and energy resolution of the energy estimator.
When fitting the emission spectra of the sources, we do

not consider multisource or multicomponent models;
instead, we fit the spectrum in the region of interest (3°
radius) while assuming Gaussian-shaped emission and
allowing the value of the width to float. Contributions
from diffuse emission and/or unresolved sources are not
separated out. This introduces a systematic in the spectrum
[22]. The integral flux values above 56 TeV are not
expected to be affected since the diffuse emission falls
rapidly with energy. In many cases, there are known to be
two or more components to the emission, which may also
affect the reported values of integral fluxes. For example,
the eHWC J2030þ 412 region has contributions from both
a pulsar wind nebula (PWN) and the possible TeV
counterpart of the Fermi cocoon [23].
Results.—There are nine sources detected in the catalog

search with significant (
ffiffiffiffiffiffi
TS

p
> 5) emission for Ê >

56 TeV (see Table S1 of the Supplemental Material [21]
for the results of the search). Eight of these sources are
within ∼1° of the galactic plane and are extended in
apparent size (larger than HAWC’s PSF) above this energy
threshold. The only point source is the Crab Nebula

(eHWC J0534þ 220), discussed in depth in [19]. Three
of the sources show significant emission continuing above
100 TeV.
Figures 1 and 2 show

ffiffiffiffiffiffi
TS

p
maps of the galactic plane for

Ê > 56 and> 100 TeV, respectively. For the Crab Nebula,
see Fig. S1 in the Supplemental Material [21]. The sources
are modeled as disks of radius 0.5°. Table I gives the
integral flux for Ê > 56 TeV for each source along with the
fitted coordinates and Gaussian extension.
Most sources are within 0.5° of sources from the 2HWC

catalog and, since they are extended, have overlapping
emission. We previously estimated a false positive rate of
0.5 all-sky sources [22]. However, all of the sources
discussed here are located close to the galactic plane and
are consistent with previously known bright TeV sources,
which makes them more likely to be the continuation of
emission from lower energies than fluctuations.
Eight of the ten brightest sources from the 2HWC

catalog are observed here. It is possible that ultrahigh-
energy emission is a generic feature of astrophysical
sources and more sources will be discovered as more data
are collected and more sensitive experiments are built. This
raises questions about emission mechanisms of astrophysi-
cal sources, especially if they are leptonic in origin (see
Discussion).
Each source showing significant emission for Ê >

100 TeV is fit to three different spectral models: a power
law, a power law with an exponential cutoff, and a log
parabola. For eHWC J1825 − 134, the most-probable
model (using the Bayesian information criterion [24]) is
a power law with an exponential cutoff

dN
dE

¼ ϕ0

"
E

10 TeV

#−α
expð−E=EcutÞ; ð1Þ

FIG. 1.
ffiffiffiffiffiffi
TS

p
map of the galactic plane for Ê > 56 TeV emission. A disk of radius 0.5° is assumed as the morphology. Black triangles

denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Fig. 1, but for Ê > 100 TeV. The symbol convention is identical to Fig. 1.

PHYSICAL REVIEW LETTERS 124, 021102 (2020)

021102-3

Significant emission > 56 TeV
HAWC collab. (2020) PRL 124 021102

Article

Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.

Significant emission > 100 TeV
Cao+ (2021) Nature 594 33
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Could UHE sources be leptonic?

• Maximum photon energy mostly 
consistent with limit from pulsar 
potential drop

• Emission > 100 TeV can be expected if 
energy losses dominated by IC (intense 
radiation fields) 
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Figure 1. Electron cooling time-scales tcool (left) and the steady-state �-ray (middle) spectra assuming different energy densities of a 50 K
radiation field including the CMB, for a representative fixed magnetic field of 5 µG. The �-ray spectra are those arising in equilibrium from
continuous injection of an E�2 spectrum with exponential cutoff at 10PeV. The right panel shows tcool for fixed ⌅IC = 50, but different
temperatures. The circles on all panels indicate the transition energy EX for each radiation field density. Spectra for more sophisticated
galactic radiation fields are provided in Appendix B.

2. INVERSE-COMPTON SPECTRA IN RADIATION
DOMINATED ENVIRONMENTS

UHE electrons in astrophysical environments have short
cooling times, with energy losses dominated by synchrotron
and IC emission. The cooling time in the Thomson regime is

tcool ⇡ 300

✓
Ee

1PeV

◆�1 ✓UB + Urad

1 eV cm�3

◆�1

years ,

where UB and Urad are the magnetic and radiation field en-
ergy densities respectively. Such rapid cooling means that
the electron spectrum at these energies can be assumed to re-
sult in equilibrium between injection/acceleration and losses.
If the magnetic energy density exceeds that of the radia-
tion energy density, i.e. ⌅IC ⌘ Urad/UB ⌧ 1, a re-
gion with continuous power-law injection (/ E�↵) leads
to dN/dE / E�(↵+1) spectrum in equilibrium. The re-
sulting �-ray emission is a (broken) power-law with photon-
index � = �(↵ + 2)/2 in the Thomson regime, softening
to �(↵ + 2) in the KN regime (EKN ⇠ m2

ec
4/Erad, where

Erad is the target photon energy.). The situation is differ-
ent when ⌅IC � 1 where the energy dependence of the KN
cross-section leads to a hardening of the equilibrium electron
spectrum (Blumenthal & Gould 1970; Moderski et al. 2005).
This hardening is less pronounced in the resulting �-ray spec-
trum, due to KN suppression of the emission. Crucially in
radiation-dominated environments it is possible to maintain
hard �-ray spectra well beyond EKN. Above a critical en-
ergy synchrotron losses inevitably dominate. We define the
cross-over energy, EX as the electron energy at which the
synchrotron cooling time equals that of IC. To explore the

environmental dependence of IC spectra we use the GAM-
ERA code (Hahn 2015). Figure 1 shows how EX is related
to the resulting �-ray spectrum (left and middle panel). As
EX must occur in the KN regime, electrons lose most of
their energy during a single scattering process and hence the
feature in the �-ray spectrum occurs at essentially the same
energy (EX ) as in the electron spectrum. For sufficiently
large ⌅IC, a hard �-ray spectrum is produced. The hardening
is a consequence of the increased cooling-time for energies
EKN < E < EX compensating for the reduced efficiency in
IC scattering (Zdziarski 1989). This feature is easily masked
in a realistic source, for example by a softening or cut-off in
the injected electron spectrum.

In the following, we focus primarily on the effect of strong
infra-red (IR) fields, being the most important for UHE emis-
sion, although the cosmic microwave background (CMB)
may also play a role. While the CMB alone is not likely
to produce spectral-hardening, it does provide the dominant
target photon population after KN effects suppress IR scat-
tering. This is evident from comparison of the shapes for the
two curves: ⌅IC = 1 & 0.1 in the middle panel of Figure
1. Note that the fluxes are normalised to match at low ener-
gies to highlight the important physical features, the spectral
shape near the cut-off in this case.

The temperature of the IR field also impacts the IC spec-
trum. For the 5µG magnetic field and 50 K black-body pho-
ton field adopted in the left & middle panels of Figure 1 a
⇠ 100 TeV IC emitter requires ⌅IC > 10. The right panel of
Figure 1 shows the EX dependence on black-body tempera-
ture, for fixed ⌅IC = 50. Lower temperatures are advanta-

P������ �� P�V������ 5

Figure 1. Maximum electron energy derived from the LHAASO spectra versus spin-down power of the co-located pulsars. The right Y-axis
shows the corresponding gamma-ray energy. The colored area shows the values for [4 [1/2

⌫ ranging from 0.01 to 1, with the red line indicating
the limiting value corresponding to maximally e�cient acceleration [4 = 1 and [B = 1. The dotted black line marks the upper limit to the
maximum energy for young pulsars with large magnetic field of 100 `G. The blue dashed horizontal lines show the predicted values for PWNe
associated to Geminga and N157B

.
We can also use the spectral parameters of the PeV sources,

in particular EW max and gamma-ray luminosity to impose an
upper limit on the magnetic field. Constraints are provided by
the fact that synchrotron losses should not forbid acceleration
up to Ee max (Eq. 5) and the energy input from the pulsar be
su�cient to power the gamma-ray source (Eq. 8).We found
that, in general, the latter constraint is much stronger and
requires that the magnetic field cannot exceed a few tens of
`Gauss, which agrees with the typical values derived from
very-high energy observations in the TeV regime (see e.g.
H. E. S. S. Collaboration et al. 2018b). Despite these low

constraints in the magnetic field, the Larmour radius of the
electrons with the highest energies is still in agreement with
the typical size of the TS, defined by the balance between the
wind pressure and the one from the surrounding medium (see
e.g. Kargaltsev & Pavlov 2008).

4. CONCLUDING REMARKS

We derived the absolute maximum energy that can be accel-
erated by pulsars, obtained from the maximum potential drop
available, without further assumptions beyond ideal MHD
flow. This maximum energy can now be confronted with ob-

de Oña Wilhelmi+ 2022 ApJL 930 1 L2
Synchrotron limit

100 μG

Breuhaus+ 2021 ApJL 908 2 L49
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• Introduction
• The coming of age of gamma-ray astronomy

• Sources
• Diffuse emission
• Highlights on recent advances

• Pulsar halos
• Star-forming regions
• VHE emission from gamma-ray bursts

• Revolutions
• Multimessenger astronomy with gamma rays
• The PeV frontier

• Future prospects
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Current instruments
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MeV gap

adapted from Knödlseder 2016 CRPhy 17 6 663
input from CTAO performance webpage

representative exposure times vary from one instrument to another
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Upcoming instruments
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COSI SMEX

• Germanium cross-strip 
detectors

• Superpressure balloon → 
SMEX mission scheduled 
for launch in 2025

• Imaging + spectroscopy + 
polarimetry
• positron origin
• element formation
• polarization in PWNe, 

AGNs, GRBs, …

34

Tomsick+ 2020 Astro2020

COSI: From Calibrations and Observations to All-sky Images 17

Figure 7. The 511-keV annihilation line image measured with COSI using 100 iteration of a Maximum-Entropy deconvolution
approach.

Figure 8. The 511-keV annihilation line image as measured with COSI using 26 iterations of an adapted Richardson-Lucy
approach (image adapted from Siegert et al. 2020). The black areas have no exposure and are excluded in the analysis.

511 keV positron annihilation map
Zoglauer+ 2021 arXiv:2102.13158 
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CTA
• Two arrays (N: La Palma, Spain, S: Paranal, Chile)
• > 60 Cherenkov telescopes optimised for different energy 

ranges
• Construction expected to start in 2023 and last 5 years
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CTA Design
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Upcoming instruments
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representative exposure times vary from one instrument to another
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Instrument concepts
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