
Astrophysical  
non-jetted outflows 

in gamma-rays
Pol Bordas, CTAO School 

Bertinoro, June 2024

CTAO School Lectures



- Since this School is devoted to the Science with CTAO, we will restrict to 
the gamma-ray energy domain, focusing on the VHE range (info in the 
UHE, GeV or lower-energy ranges is provided when necessary)


- The variety of sources featuring non-jetted outflows and emitting 
gamma-rays is large. Prominent examples will be discussed for a 
selection of these (non-exhaustive review)  

- The material used for these Lectures comes mainly from published 
papers in specialised journals, and books and PhD Thesis in the field of 
high-energy gamma-ray astrophysics. References are provided at the 
end of these notes.


- CTAO perspectives are given qualitatively from previous studies using 
instrument capabilities based on numerical simulations for the different 
sub-arrays on (possibly) different configurations

NOTES ON THIS LECTURE



- Intro to non-jetted gamma-ray sources

- Source catalogs @ VHEs

- Sources of VHE gamma-rays:  

OUTLINE

The Galactic Center 
region, SNRs, PSRs and 
PWNe, TeV halos, Binary 
systems, Fermi bubbles, 
Globular clusters, Star 
Forming Regions, Radio 
Galaxies



• Energy reservoir: the kinetic power of the outflows needs to be 
relatively large, since no strong flux enhancement due to relativistic 
effects are expected (i.e. Doppler boosting)


• Distance: the large majority of gamma-ray sources which do not 
account for relativistic boosting are Galactic systems. Some EGAL 
exceptions exist, however, e.g. galaxy clusters, starburst galaxies 

• Distance: closer sources and no strong beaming can lead to the 
possibility of morphological studies to be conducted in a number of 
cases. Extended sources can be used to constrain particle acceleration 
and propagation scenarios 

Gamma-rays have been detected from a large variety of astrophysical 
sources which don’t display relativistic collimated outflows (jets).

This immediately translates into some general/common properties of 
these sources based solely on their detection with current facilities:

intro: non-jetted sources



a very rough sketch
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HE gamma-ray sources  

• Pulsars (>230)

• Supernova Remnants (~24) 

• Globular clusters (~30 ?)

• Pulsar Wind Nebulae (11)

• Colliding wind binaries: (2)

• Novae or WD binaries (19)

• X-ray binaries: SS433

• Gamma-ray binaries (9)

• Fermi Bubbles (1+1)

VHE gamma-ray sources  

• Galactic Center and Galactic ridge

• Supernova Remnants and SNR/MC (>20)

• Open clusters and stellar assoc. (3)

• Pulsars: Crab, Vela, Geminga (3)

• Globular clusters: Terzan 5

• Pulsar Wind Nebulae (>30)

• Colliding wind binaries: η-Carinae

• Novae or WD binaries: RS Oph

• X-ray binaries: SS 433, V4641 Sgr (?)

• Gamma-ray binaries (9)

intro: non-jetted sources

HE gamma-ray sources  

• Radio galaxies

• Starburst galaxies

• Galaxy clusters

• Fermi bubbles

VHE gamma-ray sources  

• Radio galaxies

• Starburst galaxies

• Galaxy clusters
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HE gamma-ray sources  

• Pulsars (>230)

• Supernova Remnants (~24) 

• Globular clusters (~30 ?)

• Pulsar Wind Nebulae: Crab N.

• Colliding wind binaries: (2)

• Novae or WD binaries (19)

• X-ray binaries: SS433 (?)

• Gamma-ray binaries (9)

• Fermi Bubbles

VHE gamma-ray sources  

• Galactic Center and Galactic ridge

• Supernova Remnants and SNR/MC (>20)

• Open clusters and stellar assoc. (3)

• Pulsars: Crab, Vela, Geminga

• Globular clusters: Terzan 5

• Pulsar Wind Nebulae (>30)

• Colliding wind binaries: η-Carinae

• Novae or WD binaries: RS Oph

• X-ray binaries: SS 433, V4641 Sgr (?)

• Gamma-ray binaries (9)

intro: non-jetted variable sources

HE gamma-ray sources  

• Radio galaxies

• Starburst galaxies

• Galaxy clusters

• Fermi bubbles

VHE gamma-ray sources  

• Radio galaxies

• Starburst galaxies

• Galaxy clusters
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Source catalogs @ VHEs

A large number of gamma-ray sources have been discovered thanks to 
deep surveys of the Galactic disk (at VHEs/UHEs; all-sky survey mode 
by default in HE gamma-ray satellites)

H.E.S.S. GPS


• 2700h of observation time, taken

    in about 10 yrs (2004 to 2013)

• -110º<l<+65º, -3.5º<b<+3.5º 

• Energy range: 0.2 - 100 TeV

• ~1.5% Crab N. sensitivity

• resolution ~ 0.08º (5 arcmin)

• 78 VHE sources, out of which 

31 are firmly identified, and

    16 are new sources

HESS Collaboration 2018

H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 1. Illustration of HGPS region superimposed an all-sky image of Planck CO(1-0) data (Planck Collaboration X 2016) in Galactic coordinates
and Hammer-Aitoff projection. For comparison, we overlay the HEGRA Galactic plane survey (Aharonian et al. 2002) and VERITAS Cygnus
survey (Weinstein 2009) footprints. Triangles denote the Fermi-LAT 2FHL �-ray sources (Ackermann et al. 2016) identified as Galactic, and stars
indicate the 15 Galactic VHE �-ray sources outside the HGPS region. H.E.S.S. has detected three of these, which are labeled SN 1006 (Acero et al.
2010a), the Crab Nebula (Aharonian et al. 2006b; H.E.S.S. Collaboration 2014a), and HESS J0632+057 (Aharonian et al. 2007; Aliu et al. 2014a).
The gray shaded regions denote the part of the sky that cannot be observed from the H.E.S.S. site at reasonable zenith angles (less than 60�). The
lower panels show the HGPS �-ray flux above 1 TeV for regions where the sensitivity is better than 10% Crab (correlation radius Rc = 0.4�; see
Sect. 3) and observation time, both also in Galactic coordinates. The white contours in the lower panels delineate the boundaries of the survey
region; the HGPS has little or no exposure beyond Galactic latitudes of |b|  3� at most locations along the Galactic plane.

cameras suffer from occasional hardware problems affecting
individual or groups of camera pixels, so we did not use obser-
vation runs with significant pixel problems. In addition, we only
used those runs with at least three operational telescopes.

Furthermore, despite the very good weather conditions at
the H.E.S.S. site, both nightly and seasonal variations of the
atmospheric transparency occur and require monitoring. Lay-
ers of dust or haze in the atmosphere effectively act as a filter
of the Cherenkov light created in an EAS, thereby raising the
energy threshold for triggering the IACTs. Since we calcu-
lated the instrument response tables describing the performance
of the instrument (e.g., the effective areas) with MC simula-
tions, deviations from the atmospheric conditions assumed in
the simulations lead to systematic uncertainties in the determi-
nation of energy thresholds, reconstructed energies, and �-ray
fluxes. To account for this, we applied a further quality cut

using only observations where the Cherenkov transparency coef-
ficient T (Hahn et al. 2014), which characterizes the atmospheric
conditions, falls within the range 0.8 < T < 1.2 (for clear skies,
T = 1).

After applying the aforementioned data quality selection
cuts, 6239 observation runs remain, ⇠77% of which are runs
with four telescopes operational. The total observation time
is 2864 h, corresponding to a total livetime of 2673 h (6.7%
average dead time). The third panel of Fig. 1 is a map of the
observation time over the survey region, clearly showing a
non-uniform exposure. This is a result of the HGPS observation
strategy, summarized as follows:

– Dedicated survey observations, taken with a typical spac-
ing between pointings of 0.7� in longitude and in different
latitude bands located between b = �1.8� and b = 1�.
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A large number of gamma-ray sources have been discovered thanks to 
deep surveys of the Galactic disk (at VHEs/UHEs; all-sky survey mode 
by default in HE gamma-ray satellites)

H.E.S.S. GPS


• 2700h of observation time, taken

    in about 10 yrs (2004 to 2013)

• -110º<l<+65º, -3.5º<b<+3.5º 

• Energy range: 0.2 - 100 TeV

• ~1.5% Crab N. sensitivity

• resolution ~ 0.08º (5 arcmin)

• 78 VHE sources, out of which 

31 are firmly identified, and

    16 are new sources

HESS Collaboration 2018

H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 16. Illustration of the location of identified H.E.S.S. sources in the Galaxy with respect to HGPS completeness (sensitivity limits).
This is a face-on view; the spiral arms (Vallée 2014) are schematically drawn as gray bars. The HGPS horizons for source luminosities of
1033 and 1034 erg s�1 (for a putative 5� detection of a point-like source, same as Fig. 4) are depicted by light blue and light brown lines (and
shaded regions therein), respectively. The source distances are from SNRcat (Ferrand & Safi-Harb 2012) and ATNF pulsar catalog (Manchester
et al. 2005). When no distance uncertainties were available, we applied a generic uncertainty of factor two on the distance. The three labeled
sources are the Galactic �-ray sources outside the HGPS region detected by H.E.S.S.

a width of 43% for the distribution of values. While the average
value is compatible with previous analyses, we still found a large
scatter (albeit compatible to the systematic and statistical errors)
of the distribution.

A fair comparison between flux values obtained with the
current method and earlier analyses proved to be difficult again
because of fundamental differences between the methods used.
In previous publications, aperture photometry was mostly used,
while in this analysis the main flux measurement was based on
a model fit, taking the PSF and morphology of the source and
large-scale emission into account. Flux estimate differences with
these two methods are shown in Fig. 9 (both measures from the
HGPS analysis, not with respect to previous publications). Many
of the differences in spectra and fluxes measured in the HGPS

analysis and previous publications are the result of changes in
the spectral extraction region (position and size).

Spectral index. For all sources we found the spectral power-
law indices to be compatible with the previously published
values. The mean difference in spectral index was 0.04 with
a width of 0.23 for the distribution. This is well compati-
ble with the expected scatter taking statistical and systematic
uncertainties of the measured spectral indices into account.

5.4.2. Differences with previous publications

In the following paragraphs, we list and discuss the outliers as
identified by Eq. (29).
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The HGPS catalog includes 78 sources (64 were detected with the HGPS 
pipeline analysis + 14 complex regions, e.g. the GC or SNR shells)


Most HGPS sources, ~86%, are associated with at least one object that 
could potentially power the TeV emission. Is unclear whether unassociated 
sources (14%) are truly “dark" (emitting exclusively at VHEs)


The largest source class are PWNe (12 sources), followed by shell-type 
SNRs (8 sources); composite SNRs (PWN and SNR shell, 8) and gamma-ray 
binary systems (3). 


H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

Fig. 13. Panel A: integral source flux (E > 1 TeV) vs. source size scatter plot with colors representing the different classes of firmly identified
sources. For HGPS sources modeled as single Gaussians, the size is its width (�). For sources modeled as multiple Gaussians (indicated with a
circle around the marker), the size is the RMS of the two-dimensional intensity distribution (see Eq. (16)). For sources with shell-like morphology
(SNRs), the size is the outer shell radius. To improve the visibility of the plot, we do not show the SNR Vela Junior (HESS J0852�463) at a size
of 1� and a flux of 103% Crab. We illustrate the approximate sensitivity limit of the HGPS, as defined in Eq. (28), with an assumed point-source
sensitivity of 1% Crab and an uncertainty band with a factor ±2 to represent the sensitivity variations in the survey region (see caveats in main
text). Panel B: distribution of the integral fluxes (E > 1 TeV)of the HGPS sources; colors are shown as in panel A. Panel C: distribution of the
HGPS source sizes; colors shown as in panel A. The first bin contains 30 sources, of which 17 are compatible with point-like sources according to
Eq. (18). As in panel A, we omit Vela Junior, at a size of 1�.

5.4. Comparison with previous VHE publications
In total, we reanalyzed 48 VHE �-ray sources that have been the
subject of past H.E.S.S. publications. In this section we present
a systematic comparison of the present HGPS results, with the
latest published results, as summarized in gamma-cat

9, the open
TeV source catalog.

We associated HGPS sources with previous analyses
simply by the name of the source, which was unique except
for three cases: HESS J1800�240, HESS J1746�308, and

9 https://github.com/gammapy/gamma-cat,
accessed July 24, 2017.

HESS J1930+188, which we discuss in detail in Sect. 5.4.2. We
excluded these sources from the systematic comparison in the
first place.

To further identify the cases for which we obtained sig-
nificantly different results from previously published analyses,
we compared the position, size, spectral index, and flux of the
remaining uniquely associated sources, taking statistical and sys-
tematic errors of the measurements into account. For each of
these parameters, we estimated the total uncertainty �tot as the
1� statistical and systematic uncertainties added in quadrature.
We estimated this quantity for both the HGPS-derived source
parameters and previously published H.E.S.S. values.
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H.E.S.S. Collaboration: The H.E.S.S. Galactic plane survey

9. HESS J1828�099 is a new HGPS source described in
Sect. 5.6.8.

10. HESS J1832�085 is also a new HGPS source, described in
Sect. 5.6.9.

11. HESS J1858+020 has an association with the HE �-ray
source 3FGL J1857.9+0210 and is close to, but offset from,
SNR G35.6�0.4. A dedicated study (Paredes et al. 2014)
did not find any compelling X-ray counterpart, although
multiple possible scenarios were investigated, including CR-
illuminated molecular clouds.

5.1.3. Firmly identified HGPS sources

In this section, we go one step further and treat those HGPS
sources for which the physical origin of the VHE �-ray emis-
sion has been firmly identified. Whereas the association cri-
teria were principally based on positional evidence (angular
offset), we also perform a census of the additional evidence
that is available to reinforce spatial associations and arrive at
firm identifications. The supplementary observables we consider
are correlated MWL variability, matching MWL morphology,
and energy-dependent �-ray morphology (Hinton & Hofmann
2009). Table 3 summarizes the results, along with the respective
references for the additional evidence. Among the 78
sources in the HGPS region, we determine 31 to be firmly
identified.

Firm identifications rely on different forms of evidence that
vary depending on the source class. The VHE �-ray emission
from compact binary systems is always point-like and should
exhibit variability that is also seen at lower energies. In contrast,
the VHE emission from shell-type SNRs is extended (provided
the SNR is sufficiently large and close) and nonvariable, but
can be identified based on the specific shell morphology and
correlated morphology at lower energies.

Composite SNRs have both a shell and an interior PWN
detected at lower energies and can be more complex to identify
correctly. If the angular size of the shell emission is larger than
the size of the VHE emission, we can identify the VHE emis-
sion as coming from the PWN filling the SNR. This is the case,
for example, for HESS J1747�281 (PWN in SNR G0.9+0.1) and
HESS J1554�550 (PWN in SNR G327.1�1.1). In other cases,
we are only able to identify the HGPS source with the com-
posite SNR as a whole, i.e., we are confident that the VHE
emission originates in the composite object but cannot disentan-
gle whether it comes predominantly from the PWN or the shell
(usually due to PSF limitations).

More evolved stellar remnant systems are difficult to iden-
tify firmly. We can make a firm PWN identification when
there is a PWN of comparable size and compatible position
detected at lower energies. This is the case, for example, for
HESS J1420�607 (PWN G313.54+0.23) and HESS J1356�645
(PWN G309.92�2.51). In the absence of any clear PWN, or
when its size at lower energies is much smaller than the VHE
source, we have to rely on other evidence. The clearest such
evidence is the detection of energy-dependent morphology,
expected in PWNe because of the cooling of energetic electrons
as they are transported away from the pulsar. At higher energies,
the extent of the emission shrinks and its barycenter moves
closer to the pulsar. This is the case for two sources thus far,
HESS J1303�631 (PWN G304.10�0.24) and HESS J1825�137
(PWN G18.00�0.69). In the absence of such evidence, the iden-
tification of a VHE source as a PWN remains tentative when

Fig. 10. Source identification summary pie chart. See Table 3 and
Sect. 5.1.3.

the only evidence is an energetic pulsar in the vicinity. Candi-
date PWN identifications are evaluated in detail in a companion
paper (H.E.S.S. Collaboration 2018e).

A large percentage (39%) of the 31 firmly identified sources
are PWNe. The next largest source classes identified are SNR
shells (26%) and composite SNRs (26%). Finally, �-ray binary
systems are also identified in the HGPS. It is not yet possi-
ble to identify firmly more than half of the total 78 HGPS
sources with the conservative criteria we adopted, although the
vast majority have one or more promising spatial associations
that could prove to be real identifications following more in-
depth studies beyond the scope of this work. We do not find
any physical associations for 11 of the VHE sources in the
HGPS, although for some of these, potentially related emis-
sion is seen in HE �-rays, and for others, offset counterparts are
present but simply not found by the automated association proce-
dure adopted (see previous section). Figure 10 summarizes these
identifications.

We note that one source in HGPS, HESS J1943+213, is likely
an extragalactic object. It has no measured extension and a radio
counterpart that many recent studies tend to classify as a BL-
Lac object (Peter et al. 2014; Straal et al. 2016; Akiyama et al.
2016). However, its VHE flux has not revealed any variability so
far, which is unusual for such an object (Shahinyan & VERITAS
Collaboration 2017).

5.2. Large-scale emission

In Sect. 4.6, we introduced an empirical spatial model to account
for the large-scale VHE �-ray emission we observed along the
Galactic plane to detect and characterize accurately the discrete
VHE �-ray sources. This model provides an estimate of the
spatial distribution of the large-scale VHE emission discovered
by Abramowski et al. (2014a). We find that the fit amplitude, lat-
itudinal width, and position of this model, shown on Fig. 6, are
consistent with the latitude profile of that previous work. The
width is also comparable to the HGPS source latitude distribu-
tion (Fig. 11, ff.) but smaller than that of molecular gas traced by
CO emission (Dame et al. 2001).

Owing to the observational constraints and analysis used, the
large-scale emission model cannot be considered a measurement
of the total Galactic diffuse emission. The large-scale emission
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The H.E.S.S. Collaboration is delivering all products of its HGPS online, 
including sensitivity, significance and flux maps as well the HGPS catalog 
sources (CAVEAT: non-dedicated single-source analysis)

HESS Collaboration 2018
www.mpi-hd.mpg.de/hfm/HESS/hgps/

Source catalogs @ VHEs

http://www.mpi-hd.mpg.de/hfm/HESS/hgps/


3HWC catalog  

Albert et al. 2020

4.2 yr (1523 days) of data, E-range ~ [0.5 - 200] TeV; HAWC sensitivity ~ 
few % Crab flux in 5 years. About 2/3 of the northern sky are surveyed 
every night (from −26° to +64° in declination), with its huge FoV  >2.0 sr. 
Angular resolution (68% containment radius) ~ 0°.1 to 1°.0 depending on 
the energy range and source zenith angle


Source catalogs @ VHEs



The 3HWC catalog contains 65 sources at > 5σ significance, 8 of 
which have no 2HWC catalog counterpart, but are within 1° of 
previously detected TeV emitters. 


From these 65, 20 are new VHE sources, lying more than 1° away from 
known TeV sources. Of these, 14 have a potential counterpart in the 
4FGL catalog, mostly associated with pulsars. TeV halos are revealed 
as a new source category (discussed later in this Lecture)


3. Results

3.1. 3HWC Sources

The 3HWC catalog contains 65 sources, 17 of which are
considered secondary sources (not well separated from
neighboring sources according to the ΔTS criterion). The
source positions can be found in Table 1, and the results of the
spectral fits, as well as the energy range from which we expect
75% of the observed significance, can be found in Table 2.
Twenty-eight of these sources do not lie within 1° of any
2HWC source. We discuss some of these sources in more detail
in Section 3.4.

We compare the flux measurements with the sensitivity for
the underlying data set. The flux sensitivity is defined as the
flux normalization required to have a 50% probability of
detecting a source at the 5σ level. Figure 2 shows the HAWC
1523 day sensitivity and the flux measurements from Table 2 as
a function of decl. HAWC is more sensitive to sources
transiting directly overhead, corresponding to a decl. of 19°.0,
than to sources transiting at larger zenith angles. HAWC is also
more sensitive to hard-spectrum sources. For the optimal
case (an E−2 source transiting directly overhead), HAWC’s
sensitivity approaches ∼2% of the flux of the Crab Nebula. The
sensitivity is nearly constant with respect to the R.A. of a
source (it varies by less than 3% across the sky).

Most of the sources were found in the point-source search.
With about 3 times the livetime compared to the 2HWC
catalog, many extended sources are now also significantly
detected in the point-source map. For example, Figure 3 shows
five 3HWC sources (3HWC J0630+186, 3HWC J0631+169,
3HWC J0633+191, 3HWC J0634+165, and 3HWC J0634
+180, all found in the point-source search) clustering near the
Geminga pulsar. We believe that these five sources are all part
of the extended halo around Geminga, described in Abeysekara
et al. (2017d). Similarly, both 3HWC J0659+147 and 3HWC
J0702+147 are part of the extended source 2HWC J0700+143
announced in the aforementioned publication. It is not clear if
these sources correspond to real features in the morphology of
the two pulsar halos, or if they are just due to statistical
fluctuations in the number of photons recorded by HAWC.

As seen in the the all-sky significance map (Figure 1), the
majority of the sources in the 3HWC catalog are located along
the Galactic plane. Figures 4–7 show the significance maps of
the Galactic plane from the Cygnus region ( = nl 85 ) to the
inner Galaxy ( = nl 2 ). The Galactic center itself falls outside of
the part of the sky visible to HAWC. Figure 3 shows a region
near the Galactic anticenter containing the Crab Nebula,
Geminga, and other sources. For this region, both the

point-source significance map and the significance map from
the 1° extended-source search are shown. For convenience, the
locations of 3HWC sources and TeVCat sources have been
marked in these images. Figures 8 and 9 show the distribution
of 3HWC sources as a function of galactic latitude and
longitude, respectively.

3.2. Comparison with the 2HWC Catalog

Thirty-three of the 40 the sources detected in the 2HWC
catalog have a 3HWC counterpart within 1°. Most of HAWC’s
sources are supernova remnants, pulsar wind nebulae, or pulsar
halos, and are expected to have constant emission, with the
exception of the two Markarians, which are known to be
variable at TeV energies on timescales of hours to weeks (e.g.,
Abeysekara et al. 2017b). For these sources, the TS increased
by a factor of 2.3, on average. This is slightly less than the
expected improvement due to the increase in livetime (factor of
3). The apparent deficit is explained by the new instrument
response functions and the change in spectral index that was
used in the source searches, verified by rerunning the catalog
search with the new settings on the 2HWC data set.
There are seven 2HWC sources without a 3HWC counter-

part within 1°. Two of these sources (2HWC J1902+048 and
2HWC J2024+417) still show significant emission (TS>25)
in the new data set, but do not pass the TS dip test. 2HWC
J1902+048 is now considered part of the 3HWCJ1908+063

Table 1
(Continued)

Name Radius TS R.A. Decl. l b 1σ Stat. Unc. Nearest TeVCat Source

Dist. Name
(deg) (deg) (deg) (deg) (deg) (deg) (deg)

3HWCJ2031+415 0.0 556.9 307.93 41.51 80.21 1.14 0.06 0.07 TeV J2032+4130
3HWCJ2043+443† 0.5 28.6 310.89 44.30 83.74 1.10 0.24 2.88 L
3HWCJ2227+610 0.0 52.5 336.96 61.05 106.42 2.87 0.19 0.16 Boomerang

Note. Secondary sources (i.e., sources that are not separated from their neighbor(s) by a large TS gap) are marked with a dagger (†). The position uncertainty reported
here is statistical only. The systematic uncertainty on the position is discussed in Section 4.3. TeVCat source names within 0°. 5 of a 3HWC source are set in bold. For
sources without a TeVCat counterpart within 1°, the angular distance to the nearest TeVCat source is given for reference.

(This table is available in machine-readable form.)

Figure 2. 3HWC sensitivity for the point-source search as a function of decl.
The flux sensitivity is shown at a pivot energy of 7 TeV for three spectral
hypotheses: E−2.0, E−2.5, and E−3.0. The sensitivity does not depend on the
R.A. Also shown is the best-fit flux normalization at 7 TeV for all sources in
the 3HWC catalog.
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are coincident with these TeV halo candidate pulsars. Some
pulsars have more than one 3HWC source nearby. This is not
unexpected as our source search sometimes finds multiple point
sources associated with the same extended emission region.
One of these pulsars, PSR J1740+1000, has not previously
been detected at TeV energies.

4. Limitations and Systematic Uncertainties

4.1. Background Fluctuations and Spurious Detections

It is possible for mere fluctuations in the background and/or
the Galactic diffuse emission to pass the selection criteria and
produce a spurious source. In order to estimate the frequency of
false-positive sources, we create 20 simulated significance
maps using the background counts from the original source
search. For each map, we obtain the simulated number of signal
events in each pixel by Poisson-fluctuating the number of
background events in the corresponding pixel. We then run
each of these randomized background maps through the full
analysis pipeline, including point and extended searches. In the
20 total randomized background maps, we find 15 local
maxima with a TS>25. Therefore, the estimated number of
false-positive sources is 15/20=0.75. The fluctuations are
distributed evenly across the sky and typically occur just above
the threshold value of TS=25.

4.2. Limitations of the Source Search

As in the 2HWC catalog, we conduct blind source searches
for four different fixed morphological assumptions (point
sources, and 0°.5, 1°.0, and 2°.0 extended sources). We then
combine these results, with preference given to sources found
in the point-source search and the smaller radius searches to
avoid double counting of sources.

This approach can lead to sources being misidentified or
missed. First, some extended sources may be significant
enough to be detected in the point-source analysis. Poisson
fluctuations of the signal could potentially lead to several
hotspots being detected around the center of such an extended
source. As HAWC collects more data, this issue is increasing in
prevalence, as evidenced by the five point sources detected
inside the Geminga halo. Second, it is also possible that
multiple smaller sources located near each other are detected as

Table 3
New HAWC Sources with No TeV Counterpart

HAWC l (°) b (°) 4FGL (°) Class ATNF (°) SNRCat (°) SNR Type

3HWC J0621+382 175.44 10.97 4FGL J0620.3+3804 (0.22) bcu J0622+3749 (0.42) L L
3HWC J0630+186 193.98 4.02 L L J0630+19 (0.94) L
3HWC J0631+107 201.08 0.43 4FGL J0631.5+1036 (0.15) PSR J0631+1036 (0.14) L L
3HWC J0633+191 193.92 4.85 L L L L L
3HWC J1739+099 33.89 20.34 4FGL J1740.5+1005 (0.22) PSR J1740+1000 (0.13) G034.0+20.3 (0.13) Filled-center
3HWC J1743+149 39.13 21.68 L L L L
3HWC J1844−001 31.95 1.50 4FGL J1848.2−0016 (0.99) L J1843−0000 (0.27) L L
3HWC J1857+051 38.22 1.06 4FGL J1855.2+0456 (0.56) L J1857+0526 (0.24) L L
3HWC J1915+164 50.19 2.35 4FGL J1912.0+1612 (0.74) bcu B1913+16 (0.32) L L
3HWC J1918+159 50.16 1.33 L L J1918+1541 (0.26) L L
3HWC J1923+169 51.58 0.89 4FGL J1925.1+1707 (0.50) unk B1921+17 (0.14) L L
3HWC J1935+213 56.90 0.39 4FGL J1935.2+2029 (0.89) PSR J1936+21 (0.24) G057.2+00.8 (0.59) Shell
3HWC J1936+223 57.76 0.73 4FGL J1932.2+2221 (0.94) PSR J1938+2213 (0.44) G057.2+00.8 (0.47) Shell
3HWC J1937+193 55.29 −0.98 4FGL J1936.6+1921 (0.21) L J1936+20 (0.77) L L
3HWC J1951+266 63.23 −0.13 4FGL J1951.6+2621 (0.25) L J1952+2630 (0.24) L L
3HWC J2005+311 68.74 −0.40 4FGL J2006.2+3102 (0.15) PSR J2006+3102 (0.15) G068.6−01.2 (0.81) Unknown
3HWC J2010+345 72.14 0.56 L L L L L
3HWC J2022+431 80.52 3.54 L L L L L
3HWC J2023+324 71.85 −2.77 4FGL J2024.0+3202 (0.43) unk L L L
3HWC J2043+443 83.74 1.10 4FGL J2047.5+4356 (0.79) L L L L

Note. For each source we list the following information in the various columns: Galactic longitude; Galactic latitude; the nearest GeV source in 4FGL (Abdollahi et al.
2020) and its separation from the 3HWC source; the source class as listed in 4FGL where available (bcu: active galaxy of uncertain type; PSR: pulsar, identified by
pulsations; unk: unknown); the nearest pulsar and corresponding separation from the ATNF pulsar catalog (Manchester et al. 2005); and the nearest SNR, separation
distance, and type from the SNRCat (Ferrand & Safi-Harb 2012).

(This table is available in machine-readable form.)

Figure 10. Face-on view of the galaxy showing positions of HAWC sources
associated with (i.e., spatially coincident within 1° of) pulsars for which
distances are estimated. Spatial coincidence does not necessarily imply that the
observed gamma-ray emission is (fully) powered by the pulsar in question. The
color scale corresponds to the measured flux normalization from Table 2. The
annotated Milky Way background is taken from NASA et al. (2008).
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508 days with WCDA, 933 days with KM2A, 90 sources smaller than 2º, 
32 new TeV sources, 43 UHE (E>100 TeV) sources (Cao et al. 2024)
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of the systematic error is found according to the observation of the
Crab Nebula using events at different zenith angles, ranging over
0°–15°, 15°–30°, and 30°–50°. Furthermore, no systematic
location bias related to decl. has been identified based on the
observation of the CR Moon shadow at different decl. bands.

The systematic uncertainty of the size of 1LHAASO sources
could be contributed by the uncertainties of the PSF. For
KM2A data, we obtained a systematic bias for the f68 at the
order of ∼0°.08 by comparing the Crab measurement with our
simulated data. For WCDA data, we compared the observed
events profile among Crab, Mrk 421, and Mrk 501. The
uncertainties can also yield a systematic bias of ∼0°.05. Thus,
we can conservatively estimate the systematic error to be at the
order of s ~ n0 . 05r ,sys39 for WCDA and s ~ n0 . 08r ,sys39 for
KM2A component.

The systematic errors affecting the spectrum have been
investigated in Aharonian et al. (2021b, 2021c). The main
systematic error is contributed by the atmospheric model in the
Monte Carlo simulations. The total systematic uncertainty is
estimated to be 7% on the flux and 0.02 on the spectral index
for KM2A SED measurement. In the case of WCDA data, the
overall systematic uncertainty can be as large as 8% on the
flux, which is estimated by the same method in Aharonian et al.
(2021b). The power-law spectral shape can adequately describe
the WCDA components, while it is not suitable for about 1/3
KM2A components which show an evident curved shape at
energies above 25 TeV. A detailed spectrum study needs to be
carried out in the future.

Mismodeling of GDE could affect the fitted locations,
extensions, and SEDs of several source components, especially
for those with lower fluxes and larger sizes. A rough assessment
of the impact of the GDE was performed by excluding it from
the background maps for the source components in the Galactic
plane region. As a result, 11 KM2A source components and 10
WCDA source components exhibited changes (in terms of
location, flux, index, or extension) exceeding three times the
statistical errors. Source components that were significantly
affected by the GDE were tentatively labeled as such. The GDE
test is not thorough because we cannot determine all the sources
affected by the GDE mismodeling. As a conservative approach,

source components with an extended size greater than 2° were
excluded due to the growing impact of the GDE with increasing
component size. Further understanding of very extended sources
or obvious GDE-impacted sources requires a deeper study of the
GDE model, which is beyond the scope of this work.
As shown in Figure 7, at a 95% confidence level,

approximately 40% of the merged sources exhibit a noticeable
bias in position or differences in extension. The shift could be
an indication of an energy-dependent morphology of these
sources. However, it should be noted that due to the poor
angular resolution of LHAASO, the offset in position and
extension could also be influenced by emission from nearby
unresolved sources or mismodeling of GDE. There is a
possibility of a false merged source, which could be a
combination of WCDA and KM2A components that are
physically unrelated. To further examine this, we have roughly
conducted individual investigations on the surface brightness
distribution and spectrum of each merged source. During this
process, conflicts were found in 11 merged sources, which are
tentatively labeled as dubious mergers. More comprehensive
studies are needed to confirm the physical association between
the two components of the dubious merged sources.

4. Results

Following the above procedure, the source catalog of
LHAASO has been constructed. Overall, 90 sources with
extension <2° are found over the whole LHAASO survey sky.
Among them, 65 sources exhibit extended morphology with a
confidence level greater than 3σ. A total of 54 sources have
been simultaneously detected by both WCDA and KM2A.
Among all the sources, 43 UHE sources have been detected at
>4σ confidence level when E> 100 TeV.
Table 2 presents a comprehensive list of all LHAASO

sources obtained through the above procedure, ordered by
α2000.

35 To illustrate these catalog sources, a detailed view of
82 sources with Galactic latitude |b|< 12° are shown in
Figures 8 and 9, in which most sources are concentrated in the

Figure 5. 1LHAASO source differential flux at 3 TeV (F3) or 5 TeV (F50) as a function of decl. The marker size represents the source size. The color indicates
whether or not these sources are the new sources (seen in Section 5.2). Left-hand panel: the integral sensitivity is shown at 3 TeV for three hypotheses: (1) point source
with spectrum of E−2.0; (2) point source with spectrum of E−2.5; (3) 0°. 5 Gaussian source with spectrum of E−2.5. The 3HWC sensitivity corresponds to the point-
source search with the 3HWC data set (Albert et al. 2020). Right-hand panel: the integral sensitivity is shown at 50 TeV for three hypotheses: (1) point source with
spectrum of E−3.0; (2) point source with spectrum of E−3.5; (3) 0°. 5 Gaussian source with spectrum of E−3.5.

35 The machine-readable file can be downloaded from China-VO at
doi:10.12149/100752.
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of the systematic error is found according to the observation of the
Crab Nebula using events at different zenith angles, ranging over
0°–15°, 15°–30°, and 30°–50°. Furthermore, no systematic
location bias related to decl. has been identified based on the
observation of the CR Moon shadow at different decl. bands.

The systematic uncertainty of the size of 1LHAASO sources
could be contributed by the uncertainties of the PSF. For
KM2A data, we obtained a systematic bias for the f68 at the
order of ∼0°.08 by comparing the Crab measurement with our
simulated data. For WCDA data, we compared the observed
events profile among Crab, Mrk 421, and Mrk 501. The
uncertainties can also yield a systematic bias of ∼0°.05. Thus,
we can conservatively estimate the systematic error to be at the
order of s ~ n0 . 05r ,sys39 for WCDA and s ~ n0 . 08r ,sys39 for
KM2A component.

The systematic errors affecting the spectrum have been
investigated in Aharonian et al. (2021b, 2021c). The main
systematic error is contributed by the atmospheric model in the
Monte Carlo simulations. The total systematic uncertainty is
estimated to be 7% on the flux and 0.02 on the spectral index
for KM2A SED measurement. In the case of WCDA data, the
overall systematic uncertainty can be as large as 8% on the
flux, which is estimated by the same method in Aharonian et al.
(2021b). The power-law spectral shape can adequately describe
the WCDA components, while it is not suitable for about 1/3
KM2A components which show an evident curved shape at
energies above 25 TeV. A detailed spectrum study needs to be
carried out in the future.

Mismodeling of GDE could affect the fitted locations,
extensions, and SEDs of several source components, especially
for those with lower fluxes and larger sizes. A rough assessment
of the impact of the GDE was performed by excluding it from
the background maps for the source components in the Galactic
plane region. As a result, 11 KM2A source components and 10
WCDA source components exhibited changes (in terms of
location, flux, index, or extension) exceeding three times the
statistical errors. Source components that were significantly
affected by the GDE were tentatively labeled as such. The GDE
test is not thorough because we cannot determine all the sources
affected by the GDE mismodeling. As a conservative approach,

source components with an extended size greater than 2° were
excluded due to the growing impact of the GDE with increasing
component size. Further understanding of very extended sources
or obvious GDE-impacted sources requires a deeper study of the
GDE model, which is beyond the scope of this work.
As shown in Figure 7, at a 95% confidence level,

approximately 40% of the merged sources exhibit a noticeable
bias in position or differences in extension. The shift could be
an indication of an energy-dependent morphology of these
sources. However, it should be noted that due to the poor
angular resolution of LHAASO, the offset in position and
extension could also be influenced by emission from nearby
unresolved sources or mismodeling of GDE. There is a
possibility of a false merged source, which could be a
combination of WCDA and KM2A components that are
physically unrelated. To further examine this, we have roughly
conducted individual investigations on the surface brightness
distribution and spectrum of each merged source. During this
process, conflicts were found in 11 merged sources, which are
tentatively labeled as dubious mergers. More comprehensive
studies are needed to confirm the physical association between
the two components of the dubious merged sources.

4. Results

Following the above procedure, the source catalog of
LHAASO has been constructed. Overall, 90 sources with
extension <2° are found over the whole LHAASO survey sky.
Among them, 65 sources exhibit extended morphology with a
confidence level greater than 3σ. A total of 54 sources have
been simultaneously detected by both WCDA and KM2A.
Among all the sources, 43 UHE sources have been detected at
>4σ confidence level when E> 100 TeV.
Table 2 presents a comprehensive list of all LHAASO

sources obtained through the above procedure, ordered by
α2000.

35 To illustrate these catalog sources, a detailed view of
82 sources with Galactic latitude |b|< 12° are shown in
Figures 8 and 9, in which most sources are concentrated in the

Figure 5. 1LHAASO source differential flux at 3 TeV (F3) or 5 TeV (F50) as a function of decl. The marker size represents the source size. The color indicates
whether or not these sources are the new sources (seen in Section 5.2). Left-hand panel: the integral sensitivity is shown at 3 TeV for three hypotheses: (1) point source
with spectrum of E−2.0; (2) point source with spectrum of E−2.5; (3) 0°. 5 Gaussian source with spectrum of E−2.5. The 3HWC sensitivity corresponds to the point-
source search with the 3HWC data set (Albert et al. 2020). Right-hand panel: the integral sensitivity is shown at 50 TeV for three hypotheses: (1) point source with
spectrum of E−3.0; (2) point source with spectrum of E−3.5; (3) 0°. 5 Gaussian source with spectrum of E−3.5.

35 The machine-readable file can be downloaded from China-VO at
doi:10.12149/100752.

9

The Astrophysical Journal Supplement Series, 271:25 (26pp), 2024 March Cao et al.

Among the 90 sources with extension <2°, 65 sources exhibit extended 
morphology with a confidence level greater than 3σ. A total of 54 sources have 
been simultaneously detected by both WCDA and KM2A.
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About 57% of sources detected at E>25TeV sources are also UHE sources. Most 
of these UHE sources have higher significance or harder spectral index than 
the other E > 25 TeV sources not detected at UHEs. This could indicate that 
the remaining E > 25 TeV sources may also be detected as UHE sources by 
LHAASO in the future with further accumulation of data.

8. 1LHAASO J1852+0050u is an extended source with a
∼0°.64 WCDA component and ∼0°.85 KM2A comp-
onent. The nearest known TeV source is 2HWC J1852
+013* (0°.55 away), which is suffers from GDE impact
and is without an extended size measurement. We claim
this 1LHAASO source as a new TeV source due to its
large extension. The middle-aged pulsar, PSR J1853
+0056 (d = 3.84 kpc, = ´ -�E 4.03 10 erg s34 1,
τc= 204 kyr) is the nearest pulsar, 0°.31 from the position
of the KM2A component. The 1LHAASO source is
possibly a TeV halo associated with this middle-aged
pulsar. On the other hand, an extended GeV source 4FGL
J1852.4+0037e (namely Kes 79), modeled by 0°.63 disk
shape and identified as the SNR or PWN type by the
Fermi-LAT group, is in agreement with the position and
size of the 1LHAASO source. In addition, the SNRcat
source G033.6+00.1, which is a small extended radio
source with the size of ¢10 , is suggested to be associated
with the GeV source.

9. 1LHAASO J1906+0712 is an extended source only
detected by WCDA with the size of ∼0°.21. A gamma-
ray pulsar PSR J1906+0722 ( = ´ -�E 1.02 10 erg s36 1,
τc= 49.2 kyr, d is unknown) is 0°.19 from this
1LHAASO source. 0°.34 away, a shell-type SNR
G041.1-00.3 (3C 397) is detected in the radio band with
the size of ¢ ´ ¢4. 5 2. 5, which is also detected by Fermi-
LAT in the GeV band. The pulsar associated with SNR
3C 397 is not identified. An unidentified GeV source
4FGL J1906.9+0712 is also found within the 0°.5 region
of 1LHAASO J1906+0712.

10. 1LHAASO J1928+1813u is an extended source with
r39≈ 0°.63 only detected by KM2A. It is resolved from
the UHE source LHAASO J1929+1745 seen in previous
LHAASO results. Within the 0°.5 region around the
centroid of 1LHAASO J1928+1813u, we can find the
source SNR G053.4+00.0 (0°.39 away), which is a shell-
type SNR with the radio size of ¢5 at a distance
5.6–6.4 kpc. Two GeV sources listed in 4FGL are
found within the association region. At ∼0°.47 away,
there is an energetic pulsar PSR J1928+1746
(d= 4.34 kpc, = ´ -�E 1.6 10 erg s36 1, τc= 82.6 kyr).

11. 1LHAASO J1954+3253 is an extended TeV source
(r39≈ 0°.17), only detected by WCDA with the signifi-
cance of TS = 144. SNR G069.0+02.7 (also named CTB
80) with the size ~ ¢80 overlaps this 1LHAASO source.
SNR CTB 80 is an old SNR with a kinematic distance of
∼1.5 kpc. At the center of SNR CTA 80, the pulsar PSR
B1951+32 ( = ´ -�E 3.74 10 erg s36 1, τc= 107.0 kyr,
d= 3.00 kpc) is generally regarded as the compact object
associated with this old SNR. A X-ray PWN around the
pulsar PSR B1951+32 has been identified by ROSAT,
which is shown as a 5′ extended nebula. The pulsar and
the SNR/PWN are also detected by Fermi-LAT, which
are 4FGL J1952.9+3252 and 4FGL J1955.1+3321,
respectively. We note that the position of TeV emission
is ∼0°.33 from that of the pulsar and its X-ray PWN, for
which more study is needed to confirm the physical
association between the 1LHAASO source and CTB 80.

12. 1LHAASO J1956+2921 is a large extended source with
an r39≈ 0°.99 WCDA component and r39≈ 0°.78 KM2A
component. It is resolved from the published LHAASO
source LHAASO J1958+2845. At 0°.36 from the position
of the WCDA component, a shell-type SNR with radio
size of ¢ ´ ¢31 25 is found.

13. 1LHAASO J1959+2846u is a UHE TeV source with an
extension size of r39≈ 0°.3, only detected by KM2A,
which is also resolved the from previously published
source LHAASO J1956+2845. The pulsar PSR J1959
+2846 (0°.1 away, = ´ -�E 3.42 10 erg s35 1,
d= 1.95 kpc, τc= 21.7 kyr) is the only pulsar counterpart
in our searching radius. SNR G065.8-00.5 and SNR
G066.0-00.0 are found at 0°.16 and 0°.39 from the
position of 1LHAASO J1959+2846u, with radio sizes
of ¢ ´ ¢10 6 and ¢ ´ ¢30 25 , respectively.

14. 1LHAASO J2002+3244u is a pointlike source with
TS= 74.0 as detected by WCDA and with TS= 43.6 as
detected by KM2A. It is also a UHE source with
TS100= 28.1. 4FGL J2002.3+3246 is spatially coinci-
dent with this source, which is identified as a potential
association with a SNR or PWN by the Fermi-LAT
group. A shell-type SNR G069.7+01.0 is possibly
associated with 1LHAASO 2002+3244u (0°.04 away).
We favor that 1LHAASO 2002+3244u has an SNR
origin because the position and size of TeV emission
agree with the radio shell of SNR G069.7+01.0.

15. 1LHAASO J2028+3352 is a large extended source with
r39≈ 1°.6, only detected by KM2A. 0°.36 from their
centroid position, a middle-aged pulsar PSR J2028+3332
( = ´ -�E 3.48 10 erg s34 1, τc= 576.0 kyr) is found,
implying a possible TeV halo identification. Two GeV
sources are found within the 0°.5 region around the
1LHAASO source, of which one is the pulsar PSR J2028
+3332 and the other is an unidentified pointlike source.

16. 1LHAASO J2238+5900 is an extended source with
a size of ≈0°.51 as detected by WCDA with TS=
110.2 and with a size of ≈0°.44 detected by KM2A
with TS = 361. Just one pulsar PSR J2238+5903
( = ´ -�E 8.99 10 erg s35 1, d= 2.83 kpc, τc= 26.6 kyr) is
found within 0°.5 region of this source, at 0°.07 from the
centroid position of the KM2A component. The young
pulsar and the size of TeV emission shrinking with
increasing energy support that 1LHAASO J2238+5900
has a PWN origin.

Figure 11. TS value of KM2A component vs. that of WCDA component. The
reference dashed lines indicate the expected TS value for each detector. These
values are calculated based on a point source that has a broken power-law
spectral shape with a break at an energy of 25 TeV.
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35 associations of LHAASO sources with high spin-down power PSRs within a 
distance of 0.5 deg with a chance probability < 1%. Amongst them, PSR 
J0218+4232 is the first millisecond PSR reported at VHEs. The confidence level for 
its spatial association is 2.9 sigma. 


LHAASO TeV-associated PSRs display Lsd > 1034 erg/s. From the total of 35 PSR 
associations, 24 have tage < 105 yrs, and 11 tage > 105 yrs, these latter prompting for 
the possibility to be TeV Halos. 

Most of the Lsd > 1036 erg/s 
PSRs are associated with 
1LHAASO sources., (on the 
contrary, no VHE or UHE emission 
is found for two PSRs with Lsd > 
1037 erg/s), and 22 out of the 35 
PSR associations are UHE 
sources

and refining detector response simulation are ongoing, which
may also expand its capacity. Deep and multiwavelength
analysis focusing on the 1LHAASO sources one by one is also
ongoing. Therefore, LHAASO is expected to unveil more new

discoveries and provide a deeper understanding of the VHE
and UHE Universe in the near future.
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Table 4
1LHAASO Sources Associated Pulsars

Source Name PSR Name Sep. d τc �E Pc Identified Type in TeVCat
(deg) (kpc) (kyr) (erg s−1)

1LHAASO J0007+7303u PSR J0007+7303 0.05 1.40 14 4.5e+35 7.3e-05 PWN
1LHAASO J0216+4237u PSR J0218+4232 0.33 3.15 476000 2.4e+35 3.6e-03
1LHAASO J0249+6022 PSR J0248+6021 0.16 2.00 62 2.1e+35 1.5e-03
1LHAASO J0359+5406 PSR J0359+5414 0.15 L 75 1.3e+36 7.2e-04
1LHAASO J0534+2200u PSR J0534+2200 0.01 2.00 1 4.5e+38 3.2e-06 PWN
1LHAASO J0542+2311u PSR J0543+2329 0.30 1.56 253 4.1e+34 8.3e-03
1LHAASO J0622+3754 PSR J0622+3749 0.09 L 208 2.7e+34 2.5e-04 PWN/TeV Halo
1LHAASO J0631+1040 PSR J0631+1037 0.11 2.10 44 1.7e+35 3.5e-04 PWN
1LHAASO J0634+1741u PSR J0633+1746 0.12 0.19 342 3.3e+34 1.3e-03 PWN/TeV Halo
1LHAASO J0635+0619 PSR J0633+0632 0.39 1.35 59 1.2e+35 9.4e-03
1LHAASO J1740+0948u PSR J1740+1000 0.21 1.23 114 2.3e+35 1.4e-03
1LHAASO J1809-1918u PSR J1809-1917 0.05 3.27 51 1.8e+36 6.2e-04
1LHAASO J1813-1245 PSR J1813-1245 0.01 2.63 43 6.2e+36 6.3e-06
1LHAASO J1825-1256u PSR J1826-1256 0.09 1.55 14 3.6e+36 1.6e-03
1LHAASO J1825-1337u PSR J1826-1334 0.11 3.61 21 2.8e+36 2.8e-03 PWN/TeV Halo
1LHAASO J1837-0654u PSR J1838-0655 0.12 6.60 23 5.6e+36 2.2e-03 PWN
1LHAASO J1839-0548u PSR J1838-0537 0.20 L 5 6.0e+36 6.1e-03
1LHAASO J1848-0001u PSR J1849-0001 0.06 L 43 9.8e+36 1.2e-04 PWN
1LHAASO J1857+0245 PSR J1856+0245 0.16 6.32 21 4.6e+36 3.1e-03 PWN
1LHAASO J1906+0712 PSR J1906+0722 0.19 L 49 1.0e+36 5.9e-03
1LHAASO J1908+0615u PSR J1907+0602 0.23 2.37 20 2.8e+36 6.8e-03
1LHAASO J1912+1014u PSR J1913+1011 0.13 4.61 169 2.9e+36 1.5e-03
1LHAASO J1914+1150u PSR J1915+1150 0.09 14.01 116 5.4e+35 1.8e-03
1LHAASO J1928+1746u PSR J1928+1746 0.04 4.34 83 1.6e+36 1.6e-04
1LHAASO J1929+1846u PSR J1930+1852 0.29 7.00 3 1.2e+37 2.6e-03 PWN
1LHAASO J1954+2836u PSR J1954+2836 0.01 1.96 69 1.1e+36 1.6e-05 PWN
1LHAASO J1954+3253 PSR J1952+3252 0.33 3.00 107 3.7e+36 6.7e-03
1LHAASO J1959+2846u PSR J1958+2845 0.10 1.95 22 3.4e+35 2.8e-03 PWN
1LHAASO J2005+3415 PSR J2004+3429 0.25 10.78 18 5.8e+35 9.9e-03
1LHAASO J2005+3050 PSR J2006+3102 0.20 6.04 104 2.2e+35 9.2e-03
1LHAASO J2020+3649u PSR J2021+3651 0.05 1.80 17 3.4e+36 1.5e-04 PWN
1LHAASO J2028+3352 PSR J2028+3332 0.36 L 576 3.5e+34 8.0e-03
1LHAASO J2031+4127u PSR J2032+4127 0.08 1.33 201 1.5e+35 1.0e-03 PWN
1LHAASO J2228+6100u PSR J2229+6114 0.27 3.00 10 2.2e+37 2.2e-03 PWN
1LHAASO J2238+5900 PSR J2238+5903 0.07 2.83 27 8.9e+35 3.0e-04

Figure 13. Pulsar spindown power �E vs. age for all pulsars of the ATNF
catalog within the FOV of LHAASO and the 1LHAASO-associated pulsars
with the chance probability Pc less than 0.01.
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1 - The Galactic Center



The Galactic Center

1.28 GHz MeerKAT Galactic Center Mosaic 
Heywood et al. 2022


however, it resulted in the total loss of only 17 additional
subbands, spread across three pointings. A visual summary of the
frequency coverage on a per-pointing basis is provided in
Figure 3. For each subband the primary-beam-corrected images
were mosaicked using the same method as for the full-band total-
intensity mosaic. The resulting mosaics were then assembled into
a cube. The spectrum (flux density against frequency) for each
line of sight through the cube was extracted, and a linear fit to the

slope of this spectrum in log space was performed. The slope and
the associated error are the spectral-index (and associated error),
and these two values are written to FITS images. Note that we
adopt the convention that the flux density, Sν, is related to the
frequency, ν, via the spectral index, α, according to Sν ∝ να.
Pixel values were blanked in the Stokes I cube below
10 μJy beam−1 to avoid fitting negative values. For a spectral
fit to be considered for a particular sight line, fewer than half of

Figure 1. The full MeerKAT total-intensity mosaic, covering 6.5 square degrees of the Galactic center (GC) region at an angular resolution of 4″. This is a linear
mosaic formed from the 20 pointings described in Section 2, the centers of which are shown in the figure as “+” markers. The image has dual color schemes, with a
linear gray scale covering the faint end, and the heat map covering the bright end with a square-root stretch function. Pixel scales for the two color maps are inset.
Several radio features in the region are highlighted, including the Mouse (Yusef-Zadeh & Bally 1987), the Snake (Gray et al. 1991) and the Pelican (Lang et al. 1999),
the Harp and the Christmas Tree (Thomas et al. 2020), and numerous supernova remnants as cataloged by Green (2019). The Radio Arc (Yusef-Zadeh et al. 1984;
Paré et al. 2019) is highlighted, now known to be coincident with part of the eastern boundary of the 430 pc bipolar radio bubbles that span the GC (Heywood
et al. 2019). These are also annotated, although their full extent is not covered by the image above. An additional grid showing galactic coordinates can be found on
the figure. The lines corresponding to galactic coordinates l = 0° and b = 0° are marked, and the associated grid spacing is 1°. We discuss some features in this image
in further detail in Section 4.
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The GC is a region of high astrophysical interest and has been studied extensively by 
many observatories at essentially all wavelengths.



The Galactic Center

The GC region harbours a central compact radio source, Sgr A*, that coincides 
with the SMBH at the dynamical center of the Galaxy, with a mass of 4.6 x 
106 M⦿ (Gillessen et al. 2017).


SgrA* is surrounded in the inner few pc by massive clusters of young star. At 
radii of ~200 pc there is a twisted torus-like structure rich in molecular gas 
and dust, the Central Molecular Zone, with 𝜌, T, and turbulent velocities up to 
100 times larger than in the disk (Heywood et al. 2022). The CR density is also > 
100 times larger (Oka et al. 2019).


The GC hosts also several giant molecular 
clouds with strong star formation taking place 
(e.g. Sgr B2), together with a number of SNRs 
and PWNe. 


At several 100s of pc, large scale outflows are 
found, including radio lobes or bubbles, and 
filamentary structures of unknown origin (see 
e.g. Barkov et al. 2019)

faint to obtain a reliable in-band spectral-index estimate,
however this structure has previously been detected in a
24.5 GHz mosaic of the Sickle region by Butterfield et al.
(2018). The well-known nebula surrounding the LBV Pistol
star is also visible in Figure 12.

Figure 13 shows a zoom of another region within the Radio
Arc bubble. In addition to the LBV shell, the MeerKAT
imaging reveals several low-angular-diameter, low-surface-
brightness shells, as indicated on the figure, likely ionized H II
around the numerous massive stars in this region.

There is a double-lobed radio source visible at the center of
the lower third of Figure 13, with a lobe-to-lobe separation of
1′. The core of this source has a cataloged X-ray counterpart at

J2000 17h46m10 65 −28°55′50 9 (Wang et al. 2006), and the
corresponding lobes have synchrotron spectra according to the
MeerKAT spectral imaging. This source could be a background
Fanaroff–Riley Type-II (FR-II; Fanaroff & Riley 1974) AGN,
although MeerKAT is capable of resolving the expanding jets
from Galactic X-ray binaries (XRBs; e.g., Bright et al. 2020;
Carotenuto et al. 2021). Examining the constituent images of
the mosaic shows that the lobes of this source appear to be
stationary over a timescale of ∼1 month. However, this does
not rule out a Galactic origin for this source, as the radio lobes
could represent termination shocks rather than expanding
ejecta. This would be comparable to the resolved jets of the
Galactic microquasar 1E1740.72942 (“the Great Annihilator”;

Figure 11. The MeerKAT view of the Sgr A and Radio Arc bubble regions, with an angular resolution of 4″. The image uses a logarithmic color stretch to capture the
high dynamic range in the radio features visible. Many new filaments, compact sources, and low-angular-diameter shells can be seen in the figure, some closer views
of which are shown in Figures 12 and 13. A desaturated image of the inner ∼30 pc region around Sgr A* is shown in Figure 14, along with the corresponding spectral-
index image.
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The Galactic Center

The origin of the GeV and TeV emission towards the inner regions of the 
GC is unknown. Several scenarios have been discussed: the SMBH itself 
(Aharonian & Neronov 2005), the PWN G359.95-0.04 at a few arcsec distance 
from the GC (Wang et al. 2006; Hinton & Aharonian 2007), or the central diffuse 
region around the GC (Chernyakova et al. 2011).


H.E.S.S. revealed for the first time the existence of a TeV point-like source in 
the inner regions of the GC (Aharonian et al. 2006), HESS J1745−290, about 13” 
away from Sgr A* (Acero et al. 2010) and an extended TeV-emitting GC ridge 
correlated a complex of giant MCs within the central 200 pc of the Galaxy. 

Figure 1: VHE γ-ray images of the GC region. Top: γ-ray count map, bottom: the same map after
subtraction of the two dominant point sources, showing an extended band of gamma-ray emission.
White contour lines indicate the density of molecular gas, traced by its CS emission. The position
and size of the composite SNR G0.9+0.1 is shown with a yellow circle. The position of Sgr A!

is marked with a black star. The 95% confidence region for the positions of the two unidentified
EGRET sources in the region are shown as dashed green ellipses [20]. These smoothed and
acceptance corrected images are derived from 55 hours of data consisting of dedicated observations
of SgrA!, G 0.9+0.1 and a part of the data of the H.E.S.S. Galactic plane survey [21]. The
excess observed along the Galactic plane consists of ≈3500 γ-ray photons and has a statistical
significance of 14.6 standard deviations. The absence of any residual emission at the position
of the point-like γ-ray source G 0.9+0.1 demonstrates the validity of the subtraction technique.
The energy threshold of the maps is 380 GeV due to the tight γ-ray selection cuts applied here
to improve signal/noise and angular resolution. We note that the ability of H.E.S.S. to map
extended γ-ray emission has been demonstrated for the shell-type SNRs RXJ1713.7 −3946 [22]
and RXJ0852.0−4622 [23]. The white contours are evenly spaced and show velocity integrated
CS line emission from Tsuboi et al. [11], and have been smoothed to match the angular resolution
of H.E.S.S..
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Galactic Center

A PeVatron in the Galactic Center

The CR radial profile points towards an accelerator 
located in the inner 10 pc of the GC, possibly Sgr 
A* itself, indicating a quasi-continuous injection of 
protons (1/r profile) that diffuse into the CMZ.


The spectrum of the diffuse emission is hard (index 
2.3) and does not show any signature for a cutoff 
up > 50 TeV. Assuming pp interactions, this implies

proton energies up to ~1 PeV => a PeVatron 

H.E.S.S. coll. 2016




Galactic Center

A PeVatron in the Galactic Center 
 
The SMBH Sgr A* may have operated at a much 
higher accretion rate than as of the (moderate) 
levels observed today


An average acceleration rate of 1039 erg/s E>10 TeV 
protons over the last 106 -107 years would be 
sufficient to explain the flux of CRs around the 
"knee", making Sgr A* a viable alternative to SNR 
as a source of PeV Galactic cosmic rays.

H.E.S.S. coll. 2016




MAGIC observed the GC region for about100 h over five years, from 2012 to 
2017, collected large zenith angles ~60 - 70 deg) => leading to a larger 
energy threshold, but also an increased effective collection area. 

 (Acciari et al. 2020). 


A significant detection is obtained for Sgr A*, the “Arc” PWN and the SNR 
G0.9+0.1, together with an extended component for the Galactic Ridge, 
perfectly compatible with the H.E.S.S. maps. The derived CR profile peaks 
at the GC position with a profile index of ~1.2, consistent with a 1/r profile


Galactic Center

Acciari et al. 2020

MAGIC Collaboration: MAGIC observations of the di↵use emission in the Galactic center region

sky regions) positions. Still, the applicability of this approach is
limited by the distance between the wobble pointings and the
target, which in our case is dw = 0.4�. In practice, a source with
an extension comparable to or larger than twice the o↵set dis-
tance (0.8�), in the same direction, will still (partially) contribute
to the background measured in the same camera region. The dif-
fuse emission of the Galactic plane clearly exceeds this limit, so
a special treatment is necessary.

Such contamination of the background map with excess �-
ray signal can be avoided if contributions from locations close
to known �-ray sources are excluded during map construction
(Vovk et al. 2018). We thus mask out camera regions that corre-
spond to the Galactic plane and use the rest of the camera (free
from known or expected sources) to estimate the corresponding
background. This approach, implemented in the SkyPrism pack-
age, allows us to significantly reduce the background bias.

Due to the remaining limitations of our background model-
ing technique and the wobble scheme we used, we cannot com-
pletely remove the possible bias in the background estimation
from a source as extended as the di↵use Galactic plane emission.
Our estimates, described in detail in Sect. 4.1 and illustrated in
Fig. 7, demonstrate that in the l = [�1.5�; 1.5�] longitude range
along the plane, the remaining bias is within 10�20% of the
assumed local source luminosity throughout the Galactic plane
and does not exceed 30�50% (equivalent to ⇡3% of background)
in the outskirts. At the same time, the flux bias is rather constant
across the plane and its variations, averaged in the latitude range
b = [�0.2�; 0.2�] do not exceed ⇡1% of the background, which
corresponds to 10�20% of the estimated source flux for a highly
extended source.

3.2. MAGIC view of the Galactic center region

The large (>58�) zenith angle GC observations imply an
increased energy threshold of ⇡1 TeV, although an analysis is
also possible at even lower energies given that the studied source
is bright enough (Ahnen et al. 2017a). Thus, we performed the
spectral analysis in the 400 GeV�50 TeV energy range; the mor-
phology study of the di↵use emission in the GC region was done
above �-ray energies of 1 TeV.

The sky map (above E = 1 TeV) of the GC vicinity, pro-
duced with the described di↵use background estimation scheme,
is shown in Fig. 1. The Galactic plane is visible over 2� across the
image. The significance of this detection, computed using the CS
radio emission profile (Tsuboi et al. 1999) as an approximation
(see Sects. 3.3 and 3.4 for details of the method), results in a ⇡17
standard deviations (�) incompatibility with the null hypothe-
sis of background and point sources only. Other sources visi-
ble in the image are Sgr A*, G0.9+0.1 and the so-called “Arc”,
detected with significances of ⇡48�, ⇡11� and ⇡6.4�, respec-
tively, while also propagating uncertainties of the background
and exposure model.

3.3. Galactic plane brightness scan

The CR distribution profile in the GC surroundings should
roughly correspond to the brightness distribution of the
detected �-ray emission. Previous measurements have already
shown evidence that the &100 GeV brightness of the Galac-
tic plane is peaking towards the Sgr A*, indicating a con-
centration of cosmic-rays (H.E.S.S. Collaboration 2016). The
presence of an extended central component, reported by the
H.E.S.S. Collaboration (2018), also speaks in favour of this
assumption.

Fig. 1. Sky map (excess in units of background) of the GC region
in Galactic coordinates at energies above 1 TeV, smeared with a ker-
nel resembling the MAGIC PSF. The pre-trial statistical significance of
regions with excess counts is highlighted by green contours at the lev-
els 5� and 3�. The (smeared) MAGIC PSF is indicated by 39% and
68% containment contours. The white contours show radio line emis-
sion from CS molecules, tracing dense gas (Tsuboi et al. 1999).

The cosmic-ray distribution around the GC can be inferred
by solving the integral equation

S (x, y) = A
Z
⇢gas(x, y, z) ⇢CR(x, y, z) dz, (1)

where S (x, y) is the image plane �-ray brightness distribution,
⇢gas and ⇢CR are the number densities of the gas and CRs,
respectively, and A is a factor, which takes into account the
proton-proton interaction cross-section, distance to observer, and
additional constants. A proper solution of this equation requires
knowledge of the full 3D gas density distribution ⇢gas(x, y, z),
which is challenging to obtain. Indeed, while in the image plane
(x, y) the resolution of radio surveys reaches ⇡0.01� (for instance
the CS J = 1�0 emission radio survey of Tsuboi et al. 1999)
equivalent to 1�2 pc scale, the line-of-sight distance z can hardly
be obtained with an accuracy better than several tens of parsecs.
For this reason we solve an approximate expression of Eq. (1):

S (x, y) ⇡ A
Z
⇢gas dz ⇥

Z
⇢CR dz = Pgas(x, y) PCR(x, y), (2)

which splits the problem into the projected gas (directly inferred
from the radio data) and cosmic-ray distributions Pgas(x, y) and
PCR(x, y) respectively. To avoid degeneracy, we just consider
radially symmetric cosmic-ray profiles ⇢CR / r�↵ (with r being
the distance from the GC) and their projections onto the image
plane. These simplifications result in a certain bias of our mea-
surement, which we quantify in Sect. 4.2.

First, we test whether a homogeneous cosmic-ray distribu-
tion ⇢CR = const is consistent with the MAGIC data. For this, we
produced an excess event profile of the b = [�0.2�; 0.2�] stripe,
centered at the GC position, and the corresponding MAGIC
exposure profile using the features of SkyPrism. The result-
ing, exposure-normalized, Galactic plane profile above 1.2 TeV
is shown in Fig. 2. Fitted with a simple model, containing the
Sgr A* and G0.9 point sources, the “Arc” source, and the di↵use
emission model S (x, y) (computed from the CS emission maps
with ⇢CR = const), it results in �2/d.o.f. ⇡ 69/46 degrees of
freedom, equivalent to ⇡2.4� disagreement of the data with the
model.

In order to investigate if the MAGIC data are in a better
agreement with a ⇢CR , const type cosmic-ray profiles, we
used a grid search for the optimal value of ↵ using the pro-
file shown in Fig. 2 and we estimated the cosmic-ray density
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Fig. 4. Projected cosmic-ray energy density, as obtained from the
full likelihood fit to the MAGIC sky map above 1 TeV. The pro-
jected distance is counted from the GC position. Measurements of
H.E.S.S. Collaboration (2016) are shown in blue for comparison.

3.4. Spectral analysis of the detected sources

To compute the energy spectra of the detected sources in the
MAGIC field of view – including the di↵use Galactic plane
emission – we used the SkyPrism package. The spatial model
used for the fit includes three point sources (Sgr A*, G0.9+0.1
and the Arc source at RA= 17:46:00, Dec=�28:53:00) and the
velocity-integrated CS map, re-scaled with the ⇢CR / r�1.2 best-
fit cosmic-ray profile. The fit was performed in the energy range
from 400 GeV to 50 TeV with two methods – first, based on
energy bins (7 logarithmic energy bins) and second, assuming
a certain spectral shape model for each of the sources. In the lat-
ter case, we applied a forward folding procedure considering the
energy migration matrix during the fit. All spectra were gener-
ated from the general form

dN/dE = N
 

E
E0

!(�+� log (E/E0))

exp (�E/Ecut), (5)

which can result in a power-law, log-parabola, and power-law
with cut-o↵ spectral shape depending on the choice of � and Ecut.
The normalization energy for all the sources was set to E0 =
2 TeV, keeping the correlation between the spectral parameters
minimal.

To obtain the best fit parameters of the assumed spectral
models, we performed a maximal Poissonian likelihood fit to
the energy-binned MAGIC sky maps. To ensure a good level of
accuracy for the estimated uncertainties, we additionally used
the Markov chain Monte Carlo (MCMC) sampler emcee on
the parameter space (Foreman-Mackey et al. 2013). The uncer-
tainties of the exposure and background models derived from
Monte Carlo simulations and data regions more than 0.3� o↵
the Galactic plane were propagated to the final results by pro-
cessing 60 random representations through the MCMC sampler
and merging the samples. The best-fit values for the detected
sources, obtained through this fit, are given in Table 1, along with
the corresponding errors and detection significance figures. The
obtained spectra (data points and fit results) are shown in Fig. 5.
The data points are not the result of spectral unfolding but, rather,
spillover corrections based on the energy migration matrix and
the fitted spectral shape were applied. The obtained MAGIC
spectrum is consistent with the earlier estimate of the Galac-
tic ridge spectral energy density (SED; H.E.S.S. Collaboration
2018), as displayed in Fig. 6. A likelihood ratio test comparing

the model for the di↵use component with cut-o↵ to a pure power-
law results in the ⇡2� preference for the cut-o↵ for the MAGIC
data set.

The SED shown earlier by H.E.S.S. Collaboration (2016)
that led to the speculation about a possible PeV proton accel-
erator (PeVatron) at the GC, shows a lower average flux and
somewhat di↵erent spectral shape compared to the other two
SEDs in Fig. 6. This di↵erence could be explained by the fact
that also the regions in which the fluxes were measured are dif-
ferent. While H.E.S.S. Collaboration (2018) and this work try
to include the whole <1 deg from the GC part of the Galactic
ridge, avoiding point sorces, H.E.S.S. Collaboration (2016) used
a donut-shaped region for extracting their flux, with a cut-out
at the position of the Arc source, and inner and outer radii of
0.15 deg and 0.45 deg, respectively.

We estimate the systematic uncertainties, arising from uncer-
tainties on the energy and flux normalization scales, follow-
ing the procedure discussed in Ahnen et al. (2017a; based on a
detailed study by Aleksić et al. 2016). The resulting estimates
are indicated by gray arrows in Figs. 5 and 6, where the vertical
arrows indicate the e↵ect of the flux normalization errors at dif-
ferent energies and the horizontal or inclined arrows indicate the
e↵ect of the energy scale uncertainty.

4. Estimation of the possible biases in the analysis

4.1. Bias from the background modelling

In order to quantify the bias resulting from the background esti-
mation, we used a simplified simulation of the background map
based on the initial assumption on the extension and brightness
of the sources in the GC region. In this simulation, we assume
that the true signal measured by MAGIC consists of five con-
tributions: extended gas emission (assumed to be traced by the
CS map Tsuboi et al. 1999), point-like Sgr A*, the “Arc” source
(Archer et al. 2016; Ahnen et al. 2017a; H.E.S.S. Collaboration
2018), point-like G0.9+0.1, and isotropic background. The rel-
ative normalizations of these components are taken from the
previous analysis of Ahnen et al. (2017a); we used our best fit
results for a cross-check. This composite image is then used
to sample the photons in the telescope camera coordinates as a
function of pointing azimuth and zenith, following the MAGIC
pointing during the GC observations. The resulting event list is
supplied to the background estimation routine for a comparison
of the reconstructed versus the assumed background.

Based on the results, illustrated in Fig. 7, we expect the bias
to stay below 2% in units of background flux nearly everywhere
in the sky-maps. This translates to a bias of the measured flux
of the di↵use emission of more than 40% in some regions along
the edges of the Galactic plane, but less than 30% for the brighter
regions along the plane and at the center. Still, using the CS map
as an approximation for the �-ray emission, the total bias on the
integral flux of the Galactic plane component is estimated to be
in the range 7�12%.

4.2. Bias and uncertainty from the assumed gas distribution
model

An accurate modeling of the �-ray emission from GC region
requires detailed knowledge of the gas distribution in three
dimensions. The angular resolution of MAGIC is better than
0.1�, which translates into ⇡15 pc at 8.5 kpc distance from the
Earth. As a result, MAGIC can map the profile of �-ray emis-
sion at the projected distances of tens of parsecs from the
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Fig. 2. Top: brightness scan of the b = [�0.2�; 0.2�] stripe of the Galac-
tic plane in the energy range above 1.2 TeV. Blue entries denote the
MAGIC measurements, whereas the orange line is the best-fit model
to them, composed of the CS profile, Sgr A* point source and the
extended “Arc”. Bottom: residuals of the fit in the units of measurement
uncertainties.

PCR(d) = S (d)/Pgas(d) as function of the projected o↵-center
distance d using a full maximum likelihood fit of the measured
�-ray brightness around the GC.

The results of the likelihood-profile scan are shown in Fig. 3,
where the density ⇢CR is converted to the cosmic-ray energy den-
sity wCR using the same procedure as in H.E.S.S. Collaboration
(2016) (formula (2) of the methods section):

wCR(�10E�) ⇡ 1.8 ⇥ 10�2
✓ ⌘N

1.5

◆�1
 

L�(�E�)
1034 erg s�1

!  
M

106 M�

!�1

,

(3)

where wCR is in eV cm�3, ⌘N ⇡ 1.5 accounts for nuclei heavier
than hydrogen, in both CRs and in the target gas. For estimation
of the H2 target mass M based on the CS radio maps we used the
procedure described by the authors in Sect. 4.2 of Tsuboi et al.
(1999):

M(H2)[M�] = 7.5 ⇥ 1011Tex [K]

⇥
R

TMB dv[K km s�1] · A[cm2] · µ(H2)[M�]
X(CS)

,

(4)

where the excitation temperature Tex of CS is 30 K,
R

TMB dv
is the measured velocity-integrated antenna temperature, A is
the area of the GC region, µ(H2) is the mass of the hydrogen
molecule and X(CS) = 10�8 is the relative abundance of CS in
H2 clouds.

In the scan, we tested two di↵erent scenarios where: (1) the
⇢CR / r�↵ profile dominates the cosmic-ray density in the region
and (2) the peaked cosmic-ray profile is found on top of an
underlying homogeneous density, so that ⇢CR / r�↵ + const. To
account for the background and telescope exposure uncertain-
ties, we have generated 50 random exposure and background
maps representing the uncertainty range of our reconstruction
method and repeated the scan for each of them. We then aver-
aged the resulting likelihood values in each bin of the scan phase
space, which is equivalent to marginalization over these ran-
dom map representations. The same technique of propagating
the uncertainties of the background and exposure models has

Fig. 3. Left: likelihood scan of the cosmic-ray density profile parame-
ter space for ECR & 10 TeV, for a centrally peaked profile of the form
⇢CR / 1/r↵, based on the MAGIC measurements. The scan has been
performed for two di↵erent model assumptions: (1) only the cosmic-
ray population with the power-law distribution exists (solid lines) and
(2) the power-law population exist on top of a uniform cosmic-ray den-
sity distribution (dashed lines). Magenta crosses mark the best fit val-
ues for both assumptions, which nearly exactly overlap for our data.
Gray vertical dash-dotted line represents the mean cosmic-ray density
from H.E.S.S. Collaboration (2016). The mean cosmic-ray energy den-
sity hwCRi estimated here corresponds to the Galactic longitude range
[�1�; 1�]. Right: marginalization of the scan over the cosmic-ray profile
index only. Green boxes and blue error bars mark the 1 and 2� confi-
dence ranges correspondingly for assumptions 1 (dark colours) and 2
(light colours).

also been applied throughout the spectral analysis (Sect. 3.4).
The resulting averaged values were then used to compute the
confidence contours, shown in Fig. 3. In addition to ↵ � wCR
combined confidence contours, the right panel of the same figure
shows the marginalized uncertainties for the power-law index ↵
for both scenarios (1) and (2), with darker and lighter colours,
respectively.

Scenario (1) favours a cosmic-ray density profile with ↵ =
1.2+0.2
�0.3 (1� uncertainty). A similar profile with ↵ = 1.2 ± 0.3 is

found for scenario (2), where a homogeneous contribution to the
cosmic-ray profile is allowed.

As illustrated in Fig. 4, the full likelihood fit to the obtained
sky map is also inconsistent with the ⇢CR = const assump-
tion. To perform this fit, we first split the CS emission map of
Tsuboi et al. (1999; integrated over the radial velocity) into a
sequence of concentric rings, with their own normalization fac-
tors. Since the CS emission is highly peaked toward the Galac-
tic plane, this is e↵ectively equivalent to a longitudinal split
of the Plane inside the b = [�0.1�, 0.1�] stripe. When com-
puting the normalizations of the rings, we’ve also included the
Sgr A* point source, as well as G0.9+0.1 and the “Arc” source
to the fitted model. The resulting cosmic-ray density profile,
shown in Fig. 4 was ultimately fit with the ⇢CR = const model,
yielding �2 ⇡ 22 over 5 degrees of freedom. This corresponds
to ⇡3.5� data to model disagreement, indicating a peaked
profile.

In summary, MAGIC data above 1 TeV indicate a radial
cosmic-ray profile with power index ↵ ⇡ 0.9�1.4, which is
somewhat di↵erent to, but still compatible with, earlier findings
by H.E.S.S. Collaboration (2016).
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On spectral grounds, MAGIC data is well-fit with a PL for both Sgr A* and 
the Galactic Ridge, with a spectral index ~2 and an 2σ indication of a exp 
cut-off at ~20 TeV. The 1σ confidence range for the cut-off energy spans 
from 10 TeV to 80 TeV, corresponding to proton energies of ≈0.1−1 PeV, still 
(marginally) compatible with the PeVatron scenario. 
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Table 1. Spectral fit results of the sources, detected in the MAGIC field of view.

Name Spec. type N, 10�25 eV�1 cm�2 s�1 � Ecut, TeV Detection significance

Sgr A* PLC 5.39+0.56
�0.46 stat.+1.61

�1.19 sys. �1.98+0.11
�0.10 stat.+0.18

�0.17 sys. 12.4+5.5
�3.2 stat.+3.3

�0.2 sys. ⇡48�
G0.9+0.1 PL 0.93+0.20

�0.17 stat.+0.26
�0.12 sys. �2.32+0.13

�0.15 stat.+0.20
�0.12 sys. – 11.1�

Arc PL 0.52+0.15
�0.15 stat.+0.16

�0.09 sys. �2.29+0.17
�0.19 stat.+0.23

�0.13 sys. – 6.4�
Di↵use PLC 9.32+2.39

�1.63 stat.+2.53
�1.97 sys. �1.98+0.26

�0.21 stat.+0.16
�0.15 sys. 17.5+59.3

�9.55 stat.+4.5
�1.9 sys. 17.3�

Notes. The spectrum type acronyms stand for: PL – power-law and PLC – cut-o↵ power-law. Normalization factor N is given in units of
10�25 [ph/(cm2 s eV)]; normalization energy is set to E0 = 2 TeV for all the sources. The curvature parameter � = 0 in all cases. For the sources
fitted with the power-law model the values of Ecut are not given. All uncertainties correspond to a 68% confidence interval.

Fig. 5. MAGIC SEDs of the di↵erent components in our model, data
points and forward folding fit results (colored bands). For the compo-
nents corresponding to Sgr A*, the “Arc” and the CR/MC component a
power-law shape with exponential cut-o↵ has been used while G0.9+0.1
can be described with a simple power-law. The error bars and bands
were computed from the MCMC samples and correspond to 68% confi-
dence range. No spectral unfolding has been applied to the data points,
but the e↵ect of spillovers due to energy migration has been corrected
for, based on the spectral shapes. Gray arrows indicate the size (length)
and direction (orientation) of the SED shifts due to the systematical
uncertainties in the analysis (see Sect. 3.4 for details).

position of the central supermassive black hole (SMBH); a con-
version of this profile to the cosmic-ray density distribution nat-
urally requires, then, that the line-of-sight distances to the gas
clouds in the region are known with similar or better accuracy.

This requirement is very di�cult to fulfill in practice. At
larger distances the locations of the gas clouds are generally
inferred from their kinematics, assuming a certain model of gas
orbital motion (e.g., Sofue 1995; Nakanishi & Sofue 2003. In
the vicinity of the GC, however, this approach can no longer
be applied, as the inability to put the source in front or behind
the black hole image plane at the scales of tens of parsecs
leads to degeneracy in the calculations. The required informa-
tion – to a certain degree – can be reconstructed using mea-
surements of line-of-sight absorption of the molecular cloud
emission, which provides the necessary line-of-sight position

Fig. 6. Spectrum of the di↵use Galactic emission, derived from MAGIC
data. Dark and light-blue regions mark the 68% and 95% confidence
ranges for the assumed power-law with exponential cut-o↵ model. The
di↵use spectrum from H.E.S.S. Collaboration (2018), extracted from a
similar region, is shown in orange, while the SED obtained from a cut
annulus with 0.45 deg outer radius from H.E.S.S. Collaboration (2016)
is shown in green. Gray arrows indicate the possible shifts due to the
systematical uncertainties in the analysis, similar to Fig. 5.

estimates (Sawada et al. 2004). Nevertheless, the line-of-sight
locations of separate clouds in the GC region can hardly be
reconstructed with an accuracy better than ⇡50 pc.

In the absence and therefore negligence of the line-of-sight
information, Eq. (1) naturally simplifies to Eq. (2), which works
only with the projected gas and cosmic-ray densities. Depending
on the real distribution ⇢gas(x, y, z), the transition Eqs. (1) and (2)
may bear an oversimplification, resulting in a biased cosmic-ray
profile ⇢CR(r).

We do not attempt to reconstruct a fully realistic structure of
the central ⇡200 pc of our Galaxy, which would be rather com-
plex (Ferrière et al. 2007). Still, in order to quantify the associ-
ated bias in our analysis, we reconstruct the 3D gas distribution
in the GC region based on the measurements of Sawada et al.
(2004) and Tsuboi et al. (1999). This reconstruction then allows
us to compare the profiles obtained accounting for or neglecting
the line-of-sight information.

To perform the reconstruction, we used the fact that the 2D
CS gas emission images of Tsuboi et al. (1999) are comple-
mented by the radial velocity vrad information, which already
provides the line-of-sight information in an indirect way. A map-
ping of vrad to the missing z coordinate is found in Sawada et al.
(2004), where it is given in the (x, z) projection (in our notation).
Hence, the measured intensity of the radio emission I(x, y, vrad)
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Table 1. Spectral fit results of the sources, detected in the MAGIC field of view.
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Notes. The spectrum type acronyms stand for: PL – power-law and PLC – cut-o↵ power-law. Normalization factor N is given in units of
10�25 [ph/(cm2 s eV)]; normalization energy is set to E0 = 2 TeV for all the sources. The curvature parameter � = 0 in all cases. For the sources
fitted with the power-law model the values of Ecut are not given. All uncertainties correspond to a 68% confidence interval.

Fig. 5. MAGIC SEDs of the di↵erent components in our model, data
points and forward folding fit results (colored bands). For the compo-
nents corresponding to Sgr A*, the “Arc” and the CR/MC component a
power-law shape with exponential cut-o↵ has been used while G0.9+0.1
can be described with a simple power-law. The error bars and bands
were computed from the MCMC samples and correspond to 68% confi-
dence range. No spectral unfolding has been applied to the data points,
but the e↵ect of spillovers due to energy migration has been corrected
for, based on the spectral shapes. Gray arrows indicate the size (length)
and direction (orientation) of the SED shifts due to the systematical
uncertainties in the analysis (see Sect. 3.4 for details).

position of the central supermassive black hole (SMBH); a con-
version of this profile to the cosmic-ray density distribution nat-
urally requires, then, that the line-of-sight distances to the gas
clouds in the region are known with similar or better accuracy.

This requirement is very di�cult to fulfill in practice. At
larger distances the locations of the gas clouds are generally
inferred from their kinematics, assuming a certain model of gas
orbital motion (e.g., Sofue 1995; Nakanishi & Sofue 2003. In
the vicinity of the GC, however, this approach can no longer
be applied, as the inability to put the source in front or behind
the black hole image plane at the scales of tens of parsecs
leads to degeneracy in the calculations. The required informa-
tion – to a certain degree – can be reconstructed using mea-
surements of line-of-sight absorption of the molecular cloud
emission, which provides the necessary line-of-sight position

Fig. 6. Spectrum of the di↵use Galactic emission, derived from MAGIC
data. Dark and light-blue regions mark the 68% and 95% confidence
ranges for the assumed power-law with exponential cut-o↵ model. The
di↵use spectrum from H.E.S.S. Collaboration (2018), extracted from a
similar region, is shown in orange, while the SED obtained from a cut
annulus with 0.45 deg outer radius from H.E.S.S. Collaboration (2016)
is shown in green. Gray arrows indicate the possible shifts due to the
systematical uncertainties in the analysis, similar to Fig. 5.

estimates (Sawada et al. 2004). Nevertheless, the line-of-sight
locations of separate clouds in the GC region can hardly be
reconstructed with an accuracy better than ⇡50 pc.

In the absence and therefore negligence of the line-of-sight
information, Eq. (1) naturally simplifies to Eq. (2), which works
only with the projected gas and cosmic-ray densities. Depending
on the real distribution ⇢gas(x, y, z), the transition Eqs. (1) and (2)
may bear an oversimplification, resulting in a biased cosmic-ray
profile ⇢CR(r).

We do not attempt to reconstruct a fully realistic structure of
the central ⇡200 pc of our Galaxy, which would be rather com-
plex (Ferrière et al. 2007). Still, in order to quantify the associ-
ated bias in our analysis, we reconstruct the 3D gas distribution
in the GC region based on the measurements of Sawada et al.
(2004) and Tsuboi et al. (1999). This reconstruction then allows
us to compare the profiles obtained accounting for or neglecting
the line-of-sight information.

To perform the reconstruction, we used the fact that the 2D
CS gas emission images of Tsuboi et al. (1999) are comple-
mented by the radial velocity vrad information, which already
provides the line-of-sight information in an indirect way. A map-
ping of vrad to the missing z coordinate is found in Sawada et al.
(2004), where it is given in the (x, z) projection (in our notation).
Hence, the measured intensity of the radio emission I(x, y, vrad)
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Table 1. Spectral fit results of the sources, detected in the MAGIC field of view.

Name Spec. type N, 10�25 eV�1 cm�2 s�1 � Ecut, TeV Detection significance

Sgr A* PLC 5.39+0.56
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�1.19 sys. �1.98+0.11
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Notes. The spectrum type acronyms stand for: PL – power-law and PLC – cut-o↵ power-law. Normalization factor N is given in units of
10�25 [ph/(cm2 s eV)]; normalization energy is set to E0 = 2 TeV for all the sources. The curvature parameter � = 0 in all cases. For the sources
fitted with the power-law model the values of Ecut are not given. All uncertainties correspond to a 68% confidence interval.

Fig. 5. MAGIC SEDs of the di↵erent components in our model, data
points and forward folding fit results (colored bands). For the compo-
nents corresponding to Sgr A*, the “Arc” and the CR/MC component a
power-law shape with exponential cut-o↵ has been used while G0.9+0.1
can be described with a simple power-law. The error bars and bands
were computed from the MCMC samples and correspond to 68% confi-
dence range. No spectral unfolding has been applied to the data points,
but the e↵ect of spillovers due to energy migration has been corrected
for, based on the spectral shapes. Gray arrows indicate the size (length)
and direction (orientation) of the SED shifts due to the systematical
uncertainties in the analysis (see Sect. 3.4 for details).

position of the central supermassive black hole (SMBH); a con-
version of this profile to the cosmic-ray density distribution nat-
urally requires, then, that the line-of-sight distances to the gas
clouds in the region are known with similar or better accuracy.

This requirement is very di�cult to fulfill in practice. At
larger distances the locations of the gas clouds are generally
inferred from their kinematics, assuming a certain model of gas
orbital motion (e.g., Sofue 1995; Nakanishi & Sofue 2003. In
the vicinity of the GC, however, this approach can no longer
be applied, as the inability to put the source in front or behind
the black hole image plane at the scales of tens of parsecs
leads to degeneracy in the calculations. The required informa-
tion – to a certain degree – can be reconstructed using mea-
surements of line-of-sight absorption of the molecular cloud
emission, which provides the necessary line-of-sight position

Fig. 6. Spectrum of the di↵use Galactic emission, derived from MAGIC
data. Dark and light-blue regions mark the 68% and 95% confidence
ranges for the assumed power-law with exponential cut-o↵ model. The
di↵use spectrum from H.E.S.S. Collaboration (2018), extracted from a
similar region, is shown in orange, while the SED obtained from a cut
annulus with 0.45 deg outer radius from H.E.S.S. Collaboration (2016)
is shown in green. Gray arrows indicate the possible shifts due to the
systematical uncertainties in the analysis, similar to Fig. 5.

estimates (Sawada et al. 2004). Nevertheless, the line-of-sight
locations of separate clouds in the GC region can hardly be
reconstructed with an accuracy better than ⇡50 pc.

In the absence and therefore negligence of the line-of-sight
information, Eq. (1) naturally simplifies to Eq. (2), which works
only with the projected gas and cosmic-ray densities. Depending
on the real distribution ⇢gas(x, y, z), the transition Eqs. (1) and (2)
may bear an oversimplification, resulting in a biased cosmic-ray
profile ⇢CR(r).

We do not attempt to reconstruct a fully realistic structure of
the central ⇡200 pc of our Galaxy, which would be rather com-
plex (Ferrière et al. 2007). Still, in order to quantify the associ-
ated bias in our analysis, we reconstruct the 3D gas distribution
in the GC region based on the measurements of Sawada et al.
(2004) and Tsuboi et al. (1999). This reconstruction then allows
us to compare the profiles obtained accounting for or neglecting
the line-of-sight information.

To perform the reconstruction, we used the fact that the 2D
CS gas emission images of Tsuboi et al. (1999) are comple-
mented by the radial velocity vrad information, which already
provides the line-of-sight information in an indirect way. A map-
ping of vrad to the missing z coordinate is found in Sawada et al.
(2004), where it is given in the (x, z) projection (in our notation).
Hence, the measured intensity of the radio emission I(x, y, vrad)
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VERITAS also confirmed recently the H.E.S.S. results, following a 125h of 
dedicated observations of the GC region under large zenith angle 
conditions (Adams et al. 2021). 


The point-like source VER J1745–290 is detected at high statistical 
significance (38σ), with its location consistent with Sgr A*, and a spectral 
distribution following a PL with index ~2.1, and an exp-cutoff at ~10.0 TeV. 


The extended GC ridge is also clearly detected (9.5σ), and is best fit by a PL 
with an index of 2.2 with no evidence of a cutoff up to 40 TeVs.


Galactic Center

VERITAS Observations of the Galactic Center Region at Multi-TeV Gamma-Ray Energies7

Figure 1. Maps of the statistical significance for gamma-ray-like events detected by VERITAS above 2
TeV (top) and 10 TeV (bottom) from this analysis, as well as the map of acceptance-corrected correlated
excess counts above 2 TeV (middle). The significance scale is limited to 15� so the structure along the ridge
can be seen in detail. Each pixel of the correlated excess map displays the excess counts integrated over
0.1� circular signal regions centered on the pixel, and has been convolved with the VERITAS PSF, shown
in the bottom-left. Positions and 68% confidence regions are shown for previously detected point sources
(green ellipses), while the ellipses for J1741–302 and J1745–303 represent their spatial extents (Abdalla et al.
2018b; Aharonian et al. 2006c). The signal regions used in the di↵use ridge analysis are shown in the top
panel (black circles), labeled as in Abramowski et al. (2016). Contours of CS (cyan; Tsuboi et al. 1999) and
HCCCN line emission (gray; Jones et al. 2011), which trace dense molecular gas, are shown in the middle
panel, along with significance contours of 5, 10, 15, and 25� (black) from this analysis.

12 Adams et al.

Figure 5. Di↵erential energy spectrum of the di↵use ridge emission measured by VERITAS (blue) from
the combined circular regions along the GC ridge (blue), with the normalization scaled to what would be
measured in the signal region used by (Abdalla et al. 2018a), as described in Section 5.1. For comparison,
the spectra measured by H.E.S.S. (red; Abdalla et al. 2018a) and MAGIC (green; Acciari et al. 2020) are
shown. Error bars represent 1� uncertainties. The best-fit power law (blue dashed line) and 1� confidence
band on the model fit (shaded region) are also shown.

gamma-ray spectrum is a PL with index ⇠ 2.3,
and that for an ECPL proton spectrum with
spectral index equal to 2.3, the 95% lower limit
on the cuto↵ energy is 0.08 PeV. This index is
consistent with Abramowski et al. (2016), who
found that their spectrum was best fit using a
power-law proton spectrum with index ⇠ 2.4.
With greater statistics, the relationship be-

tween the spectral index and distance from the
Galactic Center could be studied, which could
give an indication of the composition of cosmic
rays responsible for the di↵use emission. For ex-
ample, if protons are primarily responsible for
the di↵use emission, a lack of softening in the
spectrum as distance from the Galactic Cen-
ter increases would be observed, as high-energy
protons do not lose their energy as fast as elec-

trons during di↵usion. Investigations into any
potential variability of the flux of di↵use emis-
sion could also provide more information about
the emission mechanism and possible past ac-
tivity in the region.

6. OTHER SOURCES IN THE CMZ

In this VERITAS analysis, we studied multi-
ple additional point sources in the CMZ. These
include the SNR G0.9+0.1, HESS J1746–285,
and H.E.S.S. sources J1745–303 and J1741–302.

6.1. SNR G0.9+0.1

The second brightest VHE point source we
identify in the GC region is VER J1747–281,
which is associated with the composite SNR
G0.9+0.1. A close-up significance map of
G0.9+0.1 is shown in Figure 6. G0.9+0.1 is

Adams et al. 2021



Very recently the LST-1 first prototype of the CTAO array has also reported 
on observations of the GC under large zenith angle mode, during its scientific 
commissioning phase (Abe et al. 2023). 


LST-1 data account for ~39h observations collected in 2021 and 2022. A 
preliminary spectral analysis of these data confirms the detection of Sgr A* 
and SNR G0.9+0.1 at high significance, with Sgr A* described with a PL 
(index ~ 2.14 and 2.30) + exp cut-off (Ec ~ 20 TeV)

Galactic Center

Sky Map: wide & clear view of LST-1
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SNRs @ VHE gamma-rays



SNRs are the result of supernova explosions produced by the collapse of a 
massive star (> 8 M☉, core-collapse SNe) or in a WD in a binary system that 
exceeds the Chandrashekar limit (>1.4 M☉) when accreting from the companion 
star in a binary system (type Ia SNe).


SNRs @ VHE gamma-rays

The SN expels a up to a few M☉ at 
a speed of ~104 km/s. This 
corresponds to a kinetic energy 
of about 1051 erg. The chemical 
composition of the ejected 
material and the ISM properties 
into which the explosion evolves 
can 



SNRs @ VHE gamma-rays
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Mej ≶ MswThe SNR evolution mainly depends on                  


• “free expansion phase” (a few 100s yrs),                  and the SNR size evolves as          .  
The outflow is supersonic, and a strong shock develops. 


• “Sedov-Taylor phase” (~20 to 40 kyrs),                   the deceleration of the shell 
becomes significant, and a reverse shock is formed towards the SNR ejecta). In this 
phase             . Both the forward and reverse shock can accelerate particles, leading to 
non-thermal emission from radio to gamma-rays.


• “radiative phase”                    , the shell expands at subsonic velocities, and the SNR 
eventually dissolves into the ISM.
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propagate toward the interior of the SNR, heating the gas, which thus becomes visible
in the soft X-ray band. The evolution of the remnant is well described by the adiabatic
blast-wave solution of Taylor and Sedov [1], and the radius increases with time as R µ t

2/5.
The forward and reverse shocks formed during the free expansion and Sedov–Taylor

phases can accelerate particles (see Section 1.2). The observation of non-thermal radio and
g-ray emissions from SNRs with ages up to a few tens of thousands of years confirms
this aspect.

Figure 1. Cas A image in X-ray band as observed by the Chandra X-Ray Observatory telescope [2].

In the radiative phase (Mej ⌧ Msw), the shell expands at a sub-thermal speed. After
this phase, the remnant of the supernova dissolves and becomes part of the interstel-
lar medium.

The duration of each phase of an SNR is determined by the interaction between the
ejecta and the ISM, which, in turn, depends on the type of circumstellar medium in which
the SNR is situated. On the other hand, supernova explosions play a crucial role in shaping
the evolution of the ISM and galaxies by injecting a significant amount of energy and
momentum and then influencing the process of star formation [3]. Figure 1 shows the
young SNR Cas A as seen in the X-ray.

1.2. Supernova Remnants as Cosmic Accelerators

In the initial two stages of an SNR’s evolution, a shock forms between the ejecta
(including swept material) and the local interstellar medium. Additionally, a second shock
may develop and propagate toward the center.

Over the past decades, various works have shown how shocks can accelerate particles,
including cosmic rays (CRs), and there is a consensus that the dominant process is Diffusive
Shock Acceleration (DSA) [4,5]. This process is based on Fermi I-order acceleration [6]. The
acceleration index provided by DSA, g = 3R

R�1 , is strictly correlated with the compression
ratio of the shock, R = ud

uu
, where uu and ud are the upstream and downstream velocities,

respectively, related to the shock Mach number. For strong shocks and in the test-particle
limit, i.e., when the particle energy is negligible compared to that of the shock, DSA
predicts a particle energy distribution with an energy spectral index close to 2. However,

Cas A, Lee et al. 2014



SNRs @ VHE gamma-rays
 
The first γ-ray instruments (SAS-2, COS-B in the 1970s, EGRET on board CGRO in 
the 1990s) were already able to detect these objects. On the other hand, the 
limited angular resolution of these instruments and the crowding of the galactic 
fields did not allow the γ-ray emission to be associated with SNRs. 


 

 

contradict the visual impression that the northwestern shell of the SNR is brighter. However, 
statistics of the data sample are limited, and the different areas were chosen for geometric reasons. 
Looking at the image, we see for example that dim regions are included in the seemingly brighter 
northern and western area, whereas the interior might gain from leakages from the northwestern 
shell. More detailed spatially resolved flux studies will have to await the advent of new data taken 
with the full H.E.S.S. array with increased sensitivity. The 70% containment radius of the γ-ray 
point-spread function (PSF) for this data set with an energy threshold of 800 GeV is illustrated in 
the bottom left-hand corner (structures that are smaller than this circle should not be considered as 
real). The image is smoothed with a Gaussian of standard deviation 3 arcmin (matched to the 
angular resolution of the instrument for this particular data set). The linear color scale is in units of 
counts. Note that the efficiency of the camera falls off towards the edge of the field of view. 

 

 

Figure 2 γ-ray image of the SNR RX J1713.7−3946 obtained with the H.E.S.S. telescopes. Hard 
cuts were applied to select well-reconstructed γ-like events above 800 GeV. The map is smoothed 
as in Fig. 1, having the same scale in units of counts. We note that no background subtraction or 
camera-efficiency corrections have been applied. This demonstrates that the structures seen are not 
artefacts of the analysis but real and visible in the raw post-cuts data (the background in the field of 
view is at a level of about five counts, and the efficiency across the SNR changes by less than 10%). 
This image, obtained with a partial array during construction, demonstrates the ability of H.E.S.S. 
to map extended objects. The superimposed (linearly spaced) contours show the X-ray surface 
brightness as seen by ASCA in the 1–3 keV range for comparison25. Note that the angular 
resolution of ASCA is comparable to that of H.E.S.S. which enables direct comparison of the two 
images. RA, right ascension; dec., declination.  

 

 

The first certain associations were made with Cherenkov instruments; 
HEGRA observed a source associated with SNR W28, while H.E.S.S. was able 
to resolve the shell morphology of SNR RX J1713.7-3946 [Aharonian et al. 
2006]. 


Aharonian et al. 2006
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SNR Name FERMI-LAT AGILE HESS MAGIC VERITAS
G359.1-0.5 (a) - [97]⇤ — [13]⇤ — —

HESS J1731-347 [4] - [84]⇤ — [86]⇤ — —
CTB 37B (b) - [148]⇤ — [10]⇤ — —
CTB 37A (a,b⇤) - [53] - [48]⇤ — [11]⇤ — —

RX J1713.7-3946 (a,b) - [66]⇤ — [15]⇤ — —
SN 1006 (NE) [150] - [58]⇤ — [3]⇤ — —
SN 1006 (SW) [150] - [58]⇤ — [3]⇤ — —
G318.2+0.1 — — — — —
RCW 86 (b⇤) [19]⇤ [88]⇤ — —

G298.6-0.0 (a⇤, b⇤) — — — —
Vela Jr. (a⇤, b⇤) - [137] — [87]⇤ — —

Puppis A (a,b⇤) - [149]⇤ — [90]⇤ — —
IC 443 (a,b) - [6]⇤ [138]⇤ — [25]⇤ [1]⇤
Tycho (a,b) - [33]⇤ — — — [33]⇤
Cas A (a,b) - [17]⇤ — — [17]⇤ [113]⇤

Gamma Cygni (a,b) - [71]⇤ — — — [28]⇤
Cygnus Loop (a⇤, b⇤) - [125]⇤ — — — —

W51 C (a,b) - [101]⇤ — — [27]⇤ —
W49 B (a,b) - [92]⇤ — [92]⇤ — —
W44 (a,b⇤) - [6]⇤ [51] — — —
W41 (a⇤) - [91] — [91]⇤ [26]⇤ —

W28 north [61]⇤ [79] [61]⇤ — —
W28 A [61]⇤ — [61]⇤ — —
W28 B [61]⇤ — [61]⇤ — —
W28 C [61]⇤ — [61]⇤ — —

G349.7+0.2 (a,b⇤) - [89]⇤ — [89]⇤ — —
HESS J1912+101 — — [82]⇤ — —
HESS J1534-571 [31]⇤ — [31]⇤ — —

MSH 17-39 (a⇤) - [56] — — — —
HB 21 (a⇤) - [122] — — — —

HESS J1614-518 — —- [82]⇤ — —
W30 (a⇤,b) - [21] — [16]⇤ — —

3C 391 (a,b⇤) - [54]⇤ — — — —
CTB 109 (a⇤, b⇤) - [55] — — — —

G337.0-0.1 (a,b⇤) - [56]⇤ — — — —
S147 (a,b⇤) - [107]⇤ — — — —
Kes17 (a⇤, b⇤) - [77] — — — —

Table 3.1. All data and catalogs data considered in this work, (a) 3FGL, (b) 3FHL. Data
actually used in the fitting procedure are marked with "⇤" symbol

in this work are taken from literature, whose results are reported in table 3.2. For

each object there is an indication of the minimum and maximum distance and age
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SNRs have long been suggested to be a major contributor to Galactic CRs 
(Baade & Zwicky 1934). This hypothesis can be tested with observations in the 
gamma-ray band. Since the CR spectrum shows that some Galactic sources can 
accelerate particles to at least 1 PeV, this should result in a gamma-ray spectrum 
that extends up to (and beyond) 100 TeV


SNRs are indeed strong non-thermal emitters (from radio to γ-ray) implying 
efficient particle acceleration (shocks). In addition, their energy reservoir 
matches the power needed to sustain the galactic CR population:

SNRs @ VHE gamma-rays
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CR confinement time: (from CR isotope ratios measurements)
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SNR can sustain the bulk Galactic CR if they convert ~ 10% of the 
SN energy is converted into accelerated particles  

  



SNRs @ VHE gamma-rays
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• proton-proton

• IC on CMB

• Bremsstrahlung

Gamma-rays from SNR: leptonic or hadronic?


• accelerated electrons + B-fields gives yield to synchrotron emission, which 
can reach the X-ray band for Ee ~ few TeV. The same electron population can 
up-scatter local radiation fields through IC, giving rise to gamma-ray 
emission. In case of a dense ISM, Bremsstrahlung can also be expected.


• if hadrons are also accelerated, they scatter inelastically against the nuclei of 
the medium in “pp interactions”, producing neutral pions, which decay into 
two γ-ray photons. Secondary electrons produced by pp interactions can 
also produce γ-ray emission through IC and Bremsstrahlung mechanisms.
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Gamma-rays from SNR: leptonic or hadronic?


• accelerated electrons + B-fields gives yield to synchrotron emission, which 
can reach the X-ray band for Ee ~ few TeV. The same electron population can 
up-scatter local radiation fields through IC, giving rise to gamma-ray 
emission. In case of a dense ISM, Bremsstrahlung can also be expected.


• if hadrons are also accelerated, they scatter inelastically against the nuclei of 
the medium in “pp interactions”, producing neutral pions, which decay into 
two γ-ray photons. Secondary electrons produced by pp interactions can 
also produce γ-ray emission through IC and Bremsstrahlung mechanisms.
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• proton-proton

• IC on CMB

• Bremsstrahlung



SNRs @ VHE gamma-rays

Young SNRs, with ages < few × 103 yrs, display shell-like γ-ray morpholgies, similar 
to what observed in X-rays. γ-ray spectra are typically hard (index ≲ 2) peaking 
around a few TeV, followed by a rapid (super/exponential) decrease. Young SNRs 
show similar γ-ray luminosities, which are well-modelled in a leptonic scenario with a 
single e- population. Some well-known young SNRs are RX J1713.7-3946, RX 
J0852.0-4622, RCW 86, and the “historical SNRs”: Cas A, Tycho, SN 1006 and Kepler 
SNRs (the latter one recently detected by H.E.S.S.)


Evolved SNRs (above 104 yrs) can interact with nearby molecular clouds (MCs), 
with Mc > 103 M☉. leading to γ-rays through proton-proton interactions. The spectra 
of these objects have a soft index (>2.5) and are more easily observed in the GeV 
than in the TeV band. γ-ray luminosities are ≥1035 erg/s. Well-known interacting 
SNRs are W44, W28, IC 443, and W51C.


spectra, and are often also detected at TeV energies. The most prominent shell-like

SNR that have been detected both at GeV and TeV energies is RXJ J1713.7-3946.

The absence of thermal X-ray emission suggests that in this region the is too low

density target material for interaction of protons potentially accelerated by the SN

shock to produce neutral pions. Furthermore, the rather hard photon index in the

GeV band, strongly indicates that the emission of this SNR has a leptonic origin.

The Tycho SNR instead belong to a class of supernova remnant that haven’t a clear

classification.

Figure 3.7. Spectra of SNRs W44 (red), RXJ1713.7-3946 (blue) and Tycho (green). All
points available are plotted see table 3.1, shades indicate the 1� error region.

I could test if the division between interacting and shell-like supernova remnants

based mainly on other wavelengths observation is reflected also in some other fea-

tures. For example that interacting supernova remnants are older than the shell

like because of accelerated protons takes some time (it depends on how far is the

MC and on the acceleration of the particles) to reach the molecular cloud target

protons. The shell-like supernova remnants emission instead is due to electrons in-

verse compton on CMB local photons. The age distributions of the two classes are

reported in figure 3.1.2. Further indication that the two classes have a different

�-ray emission mechanism came from the ratio between the flux value at 1 GeV and

1 TeV (Hardness ratio HR ). As on can see in figure 3.8b, it’s hard to explain this

hardness ratio distribution (that reflects the spectral shape) with only one emission
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H.E.S.S. coll. 2018

RX J1713.7−3946 is a young SNR (about 1625 yrs), close (~1 kpc), and large 
(angular diamter of ~ 0.6 deg) discovered with ROSAT (Pfeffermann & 
Aschenbach 1996), and considered a “text book” example of X-ray bright 
and radio dim shell-type SNRs. 


In gamma-rays, is one of the brightest VHE gamma-ray sources in the sky, 
an ideal target to study the acceleration of CRs in SNRs, and a “standard 
candle” in the debate about the hadronic or leptonic origin of the γ-ray 
emission from SNRs

6 Acero et al.: An X- and Gamma-ray comparison of RX J1713.7-3946
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Fig. 5. Left : Radio image of the region of RX J1713.7-3946 at 1.4 GHz (from Lazendic et al. 2004). The scale is square root and
units are in Jy beam−1. Right : Spitzer image at 8 µm from the GLIMPSE survey. The X-ray contours are represented in black in
both images and the radio contours in white. The regions used for the color-color plot of Fig. 6 are labeled here. The scale is square
root and units are in MJy sr−1.

sorption techniques based on data extracted from the Southern
Galactic Plane Survey (SGPS; McClure-Griffiths et al. 2005)
together with a flat rotation model for our Galaxy (assuming as
solar parameters R" = 7.6 ± 0.3 kpc and Θ" = 214± 7 km s−1).
From this study we conclude that the most distant HI absorp-
tion feature for the Arc 2 is at -120 km/s, which corresponds to
a near distance of ∼ 6.7 kpc, placing in principle this thermal
arc beyond RX J1713.7-3946.With this information, to estimate
the associated radio flux density we subtracted the contribution
from all overlapping radio point sources (likely to be extragalac-
tic and/or compact HII regions) and from Arc 2 (about 1.5 Jy)
because it is likely to be unrelated with the remnant, estimat-
ing a lower limit for the total flux density of ∼ 22 Jy. Therefore,
we conclude that the associated radio flux density at 1.4 GHz is
between 22 and 26 Jy.

4.2. Global X-ray flux

We extracted a MOS spectrum from the whole remnant with-
out degrading the spatial resolution of the data. The best-fit
parameters (with background subtraction as described in Sect.
3.3) are NH = 0.66 ± 0.01 × 1022 cm−2, index=2.37 ± 0.01, an
absorbed 1-10 keV flux of 3.95 ±0.03 × 10−10 erg cm−2s−1 and
a non absorbed flux in the same band of 5.23 ±0.04 × 10−10
erg cm−2s−1. Our main source of uncertainty is the absolute
calibration of XMM-Newton which is known with a precision
of 10% rather than the very small statistical error (less than
1%). Another flux estimate is obtained with a srcut synchrotron
model using the radio flux upper limit derived in Sect. 4.1. The
non absorbed flux derived is 5.49 ±0.05 × 10−10 erg cm−2s−1,
very similar to the one obtained with a power law model. In the
srcutmodel, the radio spectral index was fixed to 0.6 and a break
frequency of 4.2 ×1017 Hz was derived. This value, averaged
across the remnant, is similar to the maximum break frequency
reached in the bright limbs of SN 1006 (Rothenflug et al. 2004).

We note that the 1-10 keV non absorbed flux obtained by
Tanaka et al. (2008) with Suzaku is 47% higher (7.65 ×10−10 erg
cm−2s−1) than what we have found. However the absorption and
index of their spectrum (0.79× 1022 cm−2 and 2.39 respectively)
are in agreement with our parameters. It is important to note
that whereas our spectrum is extracted directly on the whole
remnant, the Suzaku spectrum is the sum of spectra from 10
particular regions scaled up to the whole remnant assuming
the surface brightness from the ASCA image (Sect. 3.3 of
Tanaka et al. 2008). In our spectrum, the point sources were
removed but their contribution to the total flux is weak (less than
1% for the Central Compact Object). We have cross checked
the value of our absorbed global flux derived from the spectrum
(in the 0.5-4.5 keV energy band) to the one derived from our
mosaiced image. Both fluxes agree within 5%.

4.3. X- and γ-ray comparison

4.3.1. Spectral results

The best-fit parameters of the X-ray spectral modeling of the
14 regions are given in Table 2. The large variation of photon
index (1.9 < Γ < 2.6) seen in X-rays when using small extrac-
tion regions in Cassam-Chenaı̈ et al. (2004) have largely been
reduced here with larger extraction regions and a degraded spa-
tial resolution for the X-ray data (2.2 < Γ < 2.4, see Fig. 7). The
comparison of the X- and γ-ray photon index (Fig. 8) shows no
significant correlation . The distribution of the photon index in
X- and γ-rays has a mean value of 2.32 and 2.09 respectively and
a standard deviation of 0.075 and 0.073. Whereas the dispersion
of the photon index at both energies is the same, the X-ray index
is slightly higher than the γ-ray one. However, there is a system-
atic error on the γ-ray photon index of 0.1 (AH06) that is to be
added to the Fig.8. Whereas the variations of the photon index
are small, there are significant variations in the flux from the 14
large regions. Fig. 9 shows a good correlation between the X-

H.E.S.S. Collaboration: Observations of RX J1713.7�3946

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

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

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

3. Morphology studies

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

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

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

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five parame-
ters to the data as follows: the normalisation, the x and y coordi-
nates of the centre, and the inner and outer radius of the thick
shell. The resulting centre point is R.A.: 17h13m25.2s, Dec.:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover
the fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
molecular clouds (Maxted et al. 2013; Fukui et al. 2012). Region
5 covers the direction along the Galactic plane to the north of
RX J1713.7�3946.
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data is at 200 photo-electrons resulting on a better spatial res-
olution of 0.08◦. The detection efficiency varies over the 5◦ of
the full field of view but it is almost constant at the scale of the
remnant which is ∼ 1◦ wide (it varies by only 5% between the
centre and the edge of the object). All the data used in our study
are taken from AH06 and we did not reprocess any TeV data.
For the comparison of the spectral properties we used the γ-ray
results presented in Table 2 of AH06 and for the comparison of
radial profile we used the data presented in Fig. 16.

3. X-ray processing
3.1. Mosaic construction

The mosaic is built in counts and an adaptive smoothing is ap-
plied such that the signal-to-noise ratio is at least 10. The in-
strumental background is derived from a compilation of blank
sky observations (Carter & Read 2007), renormalized in the
10-12 keV energy band for the MOS cameras (12-14 keV
for PN) and subtracted from each image. To have units in
photons/cm2/s/pixel instead of counts/s/pixel, the exposure map
of each observation is multiplied by the average effective area
in the energy band (assuming the same spectrum over the field
of view). Then a mosaic of those exposure maps is built and
smoothed in the same way. The final image is the division of the
counts mosaic by the exposure map mosaic.
The resulting image which is the sum of the MOS and available
PN data after flare screening is presented in Fig. 1. The morphol-
ogy of RX J1713.7-3946 can be decomposed in two main kinds
of structures : diffuse emission present over all the remnant and
bright filaments particularly visible in the west and north of the
remnant (see Fig. 1). Thanks to the high sensitivity of XMM-
Newton, we can clearly see the faint emission in the recent ob-
servations of the regions south, east and north. In particular in
the northern region of the remnant we distinctly see a straight
edge that is not an artifact due to a CCD gap or any instrumental
effect. Also it is not due to an X-ray absorption along the line
of sight as this straight edge remains visible on the 4.5-7.5 keV
image (in this energy band the absorption is weak). Simply the
emission seems fainter there. Above that edge, we see a structure
(in blue-green) that seems to be the continuity of the shock.

The estimate of the astrophysical background is not sim-
ple in RX J1713.7-3946 as it seems to vary around the rem-
nant. However in order to have a rough approximation of the
background level we extracted the flux outside a circle of 0.56◦
radius centered on the remnant (αJ2000 =17h13m46s, δJ2000 =
−39◦44′56”). We then subtracted the mean value of this flux
(4.5×10−6 photons/cm2/s/arcmin2) for the morphological study.
The small structures of the SNR are not affected by this back-
ground subtraction.

3.2. Spectral extraction method

With its good spatial resolution, the XMM-Newton telescope
can carry out spectral study at small scale whereas in γ-rays
the spectral analysis is done at larger scale due to the com-
paratively lower spatial resolution of the HESS telescopes. To
address this problem, we took into account the different Point
Spread Functions and the variation of the detection efficiency
across the field of view of the two instruments.

In the case of XMM-Newton, the detection efficiency of the
MOS and PN cameras can drop 35% from the centre to the edge
of our 0.26◦ extraction regions. For the HESS telescopes the de-
tection efficiency is almost constant to this size (see Sect 2.4).

Table 1. XMM-Newton observations used in this paper. The total
and good columns represent the exposure time before and after
flare screening.

Exposure (ks)
MOS PN

ObsId Observation Date Total Good Good
0093670101 (NE) 2001 September 5 15.3 1.8 0
0093670201 (NW) 2001 September 5 15.3 6.7 0
0093670301 (SW) 2001 September 8 15.3 15.2 10.0
0093670401 (SE) 2002 March 14 14.1 11.6 5.1
0093670501 (CE) 2001 March 2 13.8 13.0 6.5
0207300201 (CE) 2004 February 22 31.5 12.4 0.
0203470401 (NE) 2004 March 25 17.0 16.1 6.7
0203470501 (NW) 2004 March 25 18.0 13.1 9.7
0502080101 (E) 2007 September 15 34.6 5.8 0
0502080301 (W) 2007 October 3 8.9 2.8 0
0551030101 (S) 2008 September 27 24.9 24.5 20.8
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Fig. 1. EPIC MOS plus PN image in the 0.5-4.5 keV band. The
units are ph/cm2/s/arcmin2 and the scale is square root. The im-
age was adaptively smoothed to a signal-to-noise ratio of 10.
The four ellipses show the regions used to estimate the local as-
trophysical background for the spectral analysis.

When extracting an X-ray spectrum in this large region we want
all the events to contribute with the same weight to the spectrum.
To address this problem, we used the weight method described
in Arnaud et al. (2001) where each event is corrected for its ef-
ficiency loss as a function of its position on the camera and its
energy.

We also have to take into account the different size of the
Point Spread Function of both instruments. For the spectral study
of this SNR, the mean spatial resolution of the HESS instru-
ment is 0.12◦ (68% containment radius) which is comparable to
the size of the extraction region (0.26◦) whereas with the XMM-
Newton observatory, the spatial resolution is about 7 arcsecs.

We assumed that the Point Spread Function of the HESS
telescopes is a gaussian of σ = 0.0795◦ (corresponding to the
HESS 68% containment radius of 0.12◦) and that in comparison
the Point Spread Function of XMM-Newton is negligible. To de-
crease the spatial resolution of the X-ray data, we redistributed
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

Fig. 2: Gamma-ray excess map and radial profiles. Top left: the H.E.S.S. gamma-ray count map (E > 250 GeV) is shown with
XMM-Newton X-ray contours (1–10 keV, smoothed with the H.E.S.S. PSF) overlaid. The five regions used to compare the gamma-
ray and X-ray data are indicated along with concentric circles (dashed grey lines) with radii of 0.2� to 0.8� and centred at R.A.:
17h13m25.2s, Dec.: �39d46m15.6s. The Galactic plane is also drawn. The other five panels show the radial profiles from these
regions. The profiles are extracted from the H.E.S.S. maps (black crosses) and from an XMM-Newton map convolved with the
H.E.S.S. PSF (red line). The relative normalisation between the H.E.S.S. and XMM-Newton profiles is chosen such that for regions
1, 2, 4 the integral in [0.3�, 0.7�] is the same, for regions 3, 5 in [0.2�, 0.7�]. The grey shaded area shows the combined statistical
and systematic uncertainty band of the radial gamma-ray extension, determined as described in the main text. The vertical dashed
red line is the radial X-ray extension. For the X-ray data, the statistical uncertainties are well below 1% and are not shown.
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The most precise measurements of RXJ 1713 have been obtained with 
H.E.S.S. ( A detailed morphological study revealed a larger gamma-ray 
extension than the synchrotron X-ray boundaries in the brightest sectors 

Such R𝛾 > RX could be an indication of CR escape from the SNR 
(Aharonian & Atoyan 1996; Gabici et al. 2009; Malkov et al. 2013), which 
could act as "CR precursor" ahead of the shock ( dprec~ Dupstream / ushock ) 
characteristic of DSA acceleration (Malkov et al. 2005; Zirakashvili & Aharonian 
2010, Bell et al. 2013)
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The SED of RX J1713.7−3946 can be fit with present age parent particle 
spectra in both a hadronic and leptonic scenario, without the need for 
assumptions on the particle acceleration process.


A broken PL with a break at 1-3 TeV is needed in both scenarios. For 
leptons, the break can be the result of synchrotron cooling in a high B-field 
(~70 microG). For protons, the break could be due to E-dependent diffusion 
of protons in the clumps, where high-E protons interact deeper in the 
clouds and emit more efficiently than low-E protons (Zirakashvili & 
Aharonian 2010, Gabici & Aharonian 2014)
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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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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
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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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Fig. 7: Spatial distribution of physical best-fit parameters across the SNR, overlaid on the H.E.S.S. gamma-ray significance contours
at 3, 5, 7, and 9� in black, red, orange, and green. For the leptonic model, colour codes are shown for the magnetic field strength (top
left), exponential cut-o↵ energies (top right), and particle indices (bottom left). For the hadronic models, only the particle indices
(bottom right) are relevant and shown here. The 29 subregions labelled with grey numbers are boxes of side lengths 0.18� or 10.8
arcminutes. To judge whether the di↵erences region to region are significant, the statistical uncertainties listed in Table 6 and 7 have
to be taken into account, and ultimately the H.E.S.S. systematic measurement uncertainties discussed above as well. When doing
this, the spectral indices show no variation across the SNR in either scenario.

Explaining this spectral shape is thus a challenge for the leptonic
scenario, which is discussed further in Sect. 6.1. Figure 7 (bot-
tom left) shows that the spatial distribution of the electron index
is not entirely uniform, even when taking the statistical uncer-
tainties given in Table 6 into account the indices in the brighter
western part of the shell tend to be larger. Such a trend is also
seen in the distribution of the high-energy exponential cut-o↵ en-
ergy (in the range 50–200 TeV) and the average magnetic field
strength (in the range 8–20 µG) shown in the same figure. The
western half of the remnant shows higher values of the mag-
netic field strength and lower values of the cut-o↵ with the op-
posite behaviour seen in the eastern half (see top left and right
of Fig. 7). In a synchrotron-loss-limited acceleration scenario,
the maximum energy achievable at a given shock is proportional

to B
�1/2, so that the anti-correlation between cut-o↵ energy and

magnetic field strength is to be expected.

In a hadronic scenario we only consider radiation from pri-
mary protons without considering secondary X-ray emission
from charged pions produced in interactions of protons with am-
bient matter (Aharonian 2013a). Using only the H.E.S.S. spec-
tra, we find that the proton cut-o↵ energy is not constrained for
many of the regions. We therefore fix the cut-o↵ energy when fit-
ting the subregions spectrum to the value found for the full SNR
spectrum: Ec = 93 TeV. Under this assumption, all the regions
are well fit by a neutral pion decay spectrum with the parameters
shown in Table 7. The proton particle indices for all the regions
cover a range between 1.60 and 2.14 as shown in Fig. 7 (bot-
tom right) and listed in Table 7. As already found above for the
gamma-ray spectral fits (Sect. 4.2), the maximum di↵erence be-
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The brightness of RX J1713.7−3946 and its relatively large angular size 
allows the H.E.S.S. measurements of key physical parameters defining 
different spatial regions
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The brightness of RX J1713.7−3946 and its relatively large angular size 
allows the H.E.S.S. measurements of key physical parameters defining 
different spatial regions
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western part of the shell tend to be larger. Such a trend is also
seen in the distribution of the high-energy exponential cut-o↵ en-
ergy (in the range 50–200 TeV) and the average magnetic field
strength (in the range 8–20 µG) shown in the same figure. The
western half of the remnant shows higher values of the mag-
netic field strength and lower values of the cut-o↵ with the op-
posite behaviour seen in the eastern half (see top left and right
of Fig. 7). In a synchrotron-loss-limited acceleration scenario,
the maximum energy achievable at a given shock is proportional

to B
�1/2, so that the anti-correlation between cut-o↵ energy and

magnetic field strength is to be expected.

In a hadronic scenario we only consider radiation from pri-
mary protons without considering secondary X-ray emission
from charged pions produced in interactions of protons with am-
bient matter (Aharonian 2013a). Using only the H.E.S.S. spec-
tra, we find that the proton cut-o↵ energy is not constrained for
many of the regions. We therefore fix the cut-o↵ energy when fit-
ting the subregions spectrum to the value found for the full SNR
spectrum: Ec = 93 TeV. Under this assumption, all the regions
are well fit by a neutral pion decay spectrum with the parameters
shown in Table 7. The proton particle indices for all the regions
cover a range between 1.60 and 2.14 as shown in Fig. 7 (bot-
tom right) and listed in Table 7. As already found above for the
gamma-ray spectral fits (Sect. 4.2), the maximum di↵erence be-
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Neither of the two scenarios (leptonic or hadronic) can currently 
be concluded to explain the data unambiguously
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A similar situation is faced in other young SNRs like Tycho, Cas A 
or Vela Jr, in which an unanimous agreement on the interpretation 
of the gamma–ray emission has not been reached



SNRs @ VHE gamma-rays

Evidence for SNR/MC interactions has been found in a number of gamma-ray 
emitting SNRs (Slane et al. 2014). The gamma-ray emission has been 
interpreted as the result of pp interactions, which are strongly enhanced due to 
the presence of a thick target (Aharonian et al. 1994).

SNR interaction with dense MCs 

IC 443 W28 W51

This is expected -> massive stars originate in dense regions => dense MCs. 
These stars end rapidly in SNRs, which evolve in the vicinity of the parent 
cloud. The SNRs accelerate CRs, which can then interact into the cloud and 
produce gamma-rays.



SNRs @ VHE gamma-rays

• W51C: Fermi-LAT observations of reveal a spectrum that is consistent with π0-
decay, with dominant Bremsstrahlung and IC emission ruled out on energetic 
grounds (Abdo et al. 2009). NOTE: Recently LHAASO reported UHE emission 
coincident with W51, up to 300 TeV (Chen et al. 2023)


• W41, MSH 17−39, G337.7−0.1 and Kes 79: Detailed studies have revealed 
gamma-ray spectra indicative of hadronic emission, with leptonic scenarios 
requiring total electron energies in excess of 1051 erg (Castro et al. 2013) 
(Auchettl et al. 2014)


• W28: Discrete TeV sources outside the remnant have been suggested to 
originate from particles escaping the SNR and interacting with adjacent 
clouds (Aharonian et al. 2008). 


• IC 443: Escaping CRs interacting with external MCs has been suggested to 
explain the observed gamma-ray flux (Albert et al. 2007, Acciari et al. 2009)

Evidence for SNR/MC interactions has been found in a number of gamma-ray 
emitting SNRs (Slane et al. 2014). The gamma-ray emission has been 
interpreted as the result of pp interactions, which are strongly enhanced due to 
the presence of a thick target (Aharonian et al. 1994).

SNR interaction with dense MCs 



SNRs @ VHE gamma-rays

W44 and IC 443 show clear evidence of a kinematic “pion bump” in their 
spectra, firmly establishing the presence of energetic ions in these 
remnants (Abdo et al. 2010; Giuliani et al. 2011; Ackermann et al. 2013).


The “Pion bump” 

Ackermann et al. 2013
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SNR are proved CR accelerators. However, open questions remain 
about the maximum attainable CR energy (PeV?) the acceleration 
efficiency, the electron-to-proton ratio for the injected particles, and 
the eventual escape of CRs from the acceleration region. 
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Pulsars (PSRs) are born in supernova explosions, and are composed of a rapidly 
spinning and strongly magnetized neutron star that emits beams of e.m. 
radiation modulated at the stellar rotational period.


PSR radiation spans a wide range of frequencies: from radio to VHE gamma-
rays. More than 3000 PSRs have been detected in radio, and > 300 have 
been reported at HEs by the Fermi-LAT (Smith et al. 2023).

MSPs, thought to be spun up to rapid periods via accretion
from a companion (Alpar et al. 1982), although, e.g., the
accretion-induced collapse of white dwarfs might also create
MSPs (Gautam et al. 2022a).

All known gamma-ray pulsars are rotation-powered pulsars
(RPPs): LAT has not yet detected accretion-powered pulsars nor
the magnetars that populate the upper-right portion of the PP
plane, for which the dominant energy source is magnetic field
decay (Parent et al. 2011). An interesting exception is an LAT
detection of a few photons for a few minutes from an
extragalactic magnetar giant flare (Ajello et al. 2021a). The
locations of all 294 gamma-ray pulsars on the sky are shown in
Figure 3. The PP diagram shows diagonal lines of constant E ,
τc, and BS derived from the timing information as follows.
For an orthogonal rotator, the magnetic field on the neutron
star surface at the magnetic equator (the rotation pole)

is p= ´B I c PP R PP1.5 2 3.2 10 GS 0
3 1 2

NS
3 19( ) ( )   . The

“characteristic age” t = P P2c ( ) assumes that magnetic dipole
braking is the only energy-loss mechanism, that the magnetic
moment and inclination do not change, and that the initial spin
period was much less than the current period. τc thus
approximates true age well for some young pulsars, and poorly
for MSPs. We set the neutron star radius to RNS= 10 km, and c
is the speed of light in a vacuum.
The fourth Fermi-LAT source catalog (Abdollahi et al.

2020), and specifically Data Release 3 (DR3; Abdollahi et al.
2022, hereafter 4FGL)110 characterizes 6658 point and
extended sources using 12 yr of LAT data. Half of the sources
are various blazar classes of active galactic nuclei, but a third

Figure 2. Pulsar spindown rate, P , vs. the rotation period P. Green dots indicate young, radio-loud (RL) gamma-ray pulsars and blue squares show “radio-quiet” (RQ)
pulsars, defined as S1400 < 30 μJy, where S1400 is the radio flux density at 1400 MHz. Red triangles are millisecond gamma-ray pulsars. Black dots indicate pulsars
phase-folded in gamma-rays without significant pulsations. Phase-folding was not done for pulsars shown by gray dots. Orange triangles are radio MSPs discovered at
the positions of previously unassociated LAT sources, hidden by red triangles when gamma pulsations were subsequently found. The rest are listed in Table 6, and
plotted with = ´ -P 5 10 22 when P is unavailable. The solid black diagonal is the radio deathline of Equation (4) of Zhang et al. (2000). Shklovskii corrections to P
have been applied only to gamma-ray MSPs with measured proper motion (see Section 4.3).

Figure 3. Pulsar sky map in Galactic coordinates (Hammer projection). Symbols are the same as in Figure 2.

110 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog
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PSRs @ VHE gamma-rays

• Spectra can be fitted by a PL with an exponential cutoff at ~1–5 GeV


• The rotational energy-loss rate varies from ~3×1033 erg s−1 to 5×1038 erg s−1


• Efficiencies for conversion to gamma-ray emission: from ~0.1% to ~1.


• ~ 75% of the pulsars have two peaks, separated by ~0.2 in phase.


• For most PSRs, gamma-ray emission appears to come mainly from the 
outer magnetosphere, polar-cap emission still plausible for a few


• Associations reveal that many of these pulsars power PWNe.


• Gamma-ray-selected young pulsars are born at a rate comparable to that 
of the radio-selected ones. The birthrate of all young gamma-ray-detected 
pulsars is a substantial fraction of the expected Galactic supernova rate


Some of the key observational results from the third Fermi-LAT PSR catalog 
(Smith et al. 2023):



PSRs @ VHE gamma-rays

Several models have been considered for the HE emission detected from PSRs, 
distinguished on different assumptions of the geometry and location of the ‘gap 
regions’ (regions where the electric field is not totally screened by the plasma and 
efficient particle acceleration can take place)


• Polar cap models:  emission from HE particles is 
assumed to originate close to the NS surface. 
Particles are accelerated by large E-fields near the 
magnetic poles up to a few stellar radii.


• Slot gap models: the radiation comes from narrow 
gaps close to the last open field lines, with the gaps 
extending from the NS surface up to high altitudes


• Outer gap models: the gap region extends from the 
null-charge surface, where the Goldreich-Julian 
charge density is zero up to high altitudes, also close 
to the last open field lines

To explain HE emission one has to take detailed particle transport and 
radiation mechanisms into account. These mechanisms include curvature 
radiation, synchrotron radiation, and IC scattering

7

Gamma-Ray Emission from 
the Pulsar Magnetosphere

spin axis

magnetic dipole axis

sketch from Alice Harding

• Stable vacuum gaps in the 
magnetosphere

• Potentials of ~1012 eV

 particle acceleration

• Curved particle trajectory

 γ-ray emission

• Interaction with low energy photons

 inverse Compton emission

• Gamma-rays are subject to absorption
Harding et al. 2011
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Particle acceleration can also take place through magnetic 
reconnection in the equatorial current sheet (CS) of the striped wind 
beyond the LC, which can then radiate synchrotron emission from 
optical to gamma-ray wavelengths 




PSRs @ VHE gamma-rays

At 10’s to 100’s GeVs, IACTs have reported 4 PSRs in the recent years (Crab, Vela, 
PSR B1706 and Geminga). At VHEs, only two PSRs have been so far detected: the 
Crab (up to ~1.5 TeV, MAGIC) and the Vela PSR (up to 20 TeV) 

VERY-HIGH-ENERGY PULSARS

11/09/20233

▪ Few pulsars known to emit at the Very 
High Energies (>50 GeV):

▪ Crab, Vela, Geminga, B1706-44

▪ Crab (PSR J0534+2200):

▪ Radio-loud, t = 1 ky, d=2 kpc, Lsp=1031 W

▪ Bright Crab Nebula, standard candle

▪ Geminga (PSR J0633+1746):

▪ Radio-quiet, t = 300 ky, d=250 pc, Lsp =1027 W

▪ Embedded in vast TeV Halo (HAWC, Fermi-
LAT,… )

Pulsar data from: ATNF pulsar catalogue

G. Ceribella — MAGIC Crab

MAGIC detection of pulsations from the Crab pulsar 
at energies up to ∼ 25 GeV (MAGIC col. 2008) 

VERITAS detected pulsed photons up to ~400 GeV 
from the Crab (VERITAS col. 2008)

MAGIC extended the energy of gamma-ray pulsations 
from the Crab up to 1.5 TeV (MAGIC col. 2016)

H.E.S.S. detected pulsed emission from the Vela PSR 
in the sub-20 GeV to 100 GeV range (HESS col. 2018)

H.E.S.S. detected pulsed emission from PSR 
B1706−44 up to 70 GeV (Spir-Jacob et al. 2019) 

MAGIC reports pulsed emission from Geminga 
between 15 GeV and 75 GeV (MAGIC col. 2020). 

Very recently, H.E.S.S. also reported pulsed emission 
from Vela at > 20 TeVs (HESS coll. 2023)



PSRs @ VHE gamma-rays

The measured spectra in the sub-100 GeV range for Vela, B1706−44 and Geminga 
seem to smoothly connect to that measured by Fermi-LAT, so it is not clear 
whether thisemission requires a separate spectral component. 

The new VHE emission detected in the Crab, instead, can only be understood as 
an additional component adding a power-law tail, produced e.g. by IC scattering 
of secondary and tertiary e± pairs on IR-UV photons (Aharonian et al. 2012), or 
considering SSC scattering off synch. photons produced in the current sheet by 
the same population of synchrotron-emitting electrons (Mochol et al. 2015).

22

The GeV – TeV Connection

Good description with smooth broken power law
(does not exclude that two emission processes are at work)
MAGIC data between 25 GeV and 100 GeV fill in blank space

MAGIC stereo data released in 2011 confirm VERITAS measurements

from Otte et al. 2012 Aharonian et al. 2012
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These models are however not exempt of difficulties to explain some 
observational properties, like the extension up to the multi-TeV 
domain without overshooting the GeV emission, or the correct 
description of the observed pulse profiles in the Crab 
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Fig. 1 Phasogram of Vela as measured with H.E.S.S. CT1-4 for energies above 5 TeV,

with H.E.S.S. CT5 in the 10 � 80 GeV range and with the Fermi-LAT above 1 GeV

and 10 GeV, respectively. Phase values are computed relative to the radio pulse. The ranges
corresponding to di↵erent features in the pulse profile at low energies (<100 GeV) are shown as grey-
colored intervals: pulses P1, P3, P2, and the leading wing of P2, LW2. The o↵-phase interval [0.7�1.0]
is shown as a hatched area and the dashed line on the two upper panels shows the estimated level of
the background [15]. The Fermi-LAT light curve for energies above 10 GeV has been multiplied by
a factor 40 for better visibility.

a maximum likelihood-ratio (LR) test [19] based on a priori defined On– and O↵ -
phase intervals. The pulse P2 of the Vela pulsar, dominating in the tens of GeV energy
range, was considered as the prime candidate for detection in the VHE range and its
parameters, as derived from the Fermi-LAT phasogram above 10 GeV [15], were used
as input to the tests. Pulsed emission was detected at a statistical significance exceed-
ing 4� for all the tests: above energy thresholds of 1, 3 and 7 TeV with the C-test
(4.3, 4.9 and 5.6�, respectively), 3 and 7 TeV with the LR test (4.7 and 4.8�, respec-
tively), and above 7 TeV for the H-test (4.5�). Posterior to this detection, we derived
the significance of the pulsations above two other energy thresholds, 5 and 20 TeV.
The signal displays its highest significance level above 5 TeV and is clearly detected
above 20 TeV, with, e.g., C-test results of 5.8 and 4.6�, respectively (Table S1).

Fig. 1 shows the phasogram of Vela obtained with and the Fermi-LAT. The sole
significant feature present in the multi-TeV range lies at a peak position (�TeV

P2
=

0.568 ± 0.003) that is statistically compatible with that of the P2 pulse observed in
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Fig. 3 Spectral energy distribution (SED) of the P2 pulse of Vela
Data: The green points and the green area below 100 GeV show the measurements by Fermi-
LAT and by H.E.S.S. CT5 in monoscopic mode [15], respectively. The blue area and upper
limits (ULs) above 260GeV correspond to measurements with H.E.S.S. CT1-4 in stereoscopic
mode (this work). All ULs are given at 99.7% confidence level, and both CT5 and CT1-
4 uncertainty bands consist of 1� confidence intervals combined with systematic errors on
the H.E.S.S. energy scale. For comparison, the SED of the P2 pulse of the Crab pulsar as
measured by Fermi-LAT and MAGIC [9] is also shown.
Heuristic spectral models: Either magnetospheric curvature radiation (CR) or synchrotron
radiation (SR) in the wind zone is considered for emission below 100 GeV, while for the TeV
range inverse-Compton (IC) scattering of soft photons is assumed (see illustration in Fig. 4
and [16]). The CR/IC and SR/IC schemes are shown in orange and blue colors, respectively.
The H.E.S.S. data require �max & 7 ⇥ 107 and hence exclude the traditional scenarios Ia
(CR/IC), i.e. emission in the inner magnetosphere or at the light cylinder (LC), and IIa
(SR/IC), where �max is limited by SR cooling. The dashed and dash-dotted curves show
possible paths to fit the data, including a Doppler-boosted scenario (IIc) with bulk wind
Lorentz factor �w ' 10 (see text). The IC intensity is only loosely constrained due to its
strong dependence on model-dependent geometrical factors and on the density of putative
target photons, which in turn depends on the unknown lower limit of its spectrum. All spectral
models are computed with IC seed photons extending into the FIR domain (0.005 � 4 eV)
and are normalized (for IIa, its extrapolation) to a level of 10�13 erg�1cm�2s�1 at 5 TeV,
except Ic. For the latter model, the targets are limited to the O-NIR range (0.1�4 eV). More
sophisticated approaches in the CR/IC scenario are shown in Fig. M2.7

H.E.S.S. coll. 2023

Very recently, the H.E.S.S. collaboration has reported on the detection of the 
Vela PSR at multi-TeV energies following the analysis of 80h observations 
with the 12m HESS telescopes in search for TeV emission from P2. The highest 
significance level is found above 5 TeV and reaching up to 20 TeV energies, 
with the VHE spectrum displaying a very hard index ~1.4
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Fig. 4 Sketch illustrating main scenarios of particle acceleration and gamma-ray emis-

sion. Electrons are accelerated either (i) along magnetic field lines in charge-depleted cavities within
the light cylinder (LC), i.e. outer gaps, or slightly beyond, i.e. the separatix/current sheet model, or
(ii) through magnetic reconnection in the equatorial current sheet of the striped wind beyond the LC.
GeV gamma rays are either due to curvature radiation (CR) or synchrotron radiation (SR), while
TeV photons are produced through inverse-Compton (IC) scattering of low-energy (O-NIR) photons
(see text). For sake of readability scales are not respected: the pulsar size is exaggerated as well as
the size of the acceleration and emission zones. The neutron star (NS) has a diameter of ⇠ 12 km and
the light-cylinder radius RLC ' 4300 km. The wavelength of the current sheet stripes (2⇥ ⇡⇥RLC)
is twice as large as that depicted in the sketch.

the maximum energies attained by the positron and electron populations with poten-
tially distinct contributions to the pulses [53, 69]. However, as discussed above, both
CR/IC and SR/IC scenarios are strongly challenged by the H.E.S.S. measurements.

The results reported here establish Vela as the first pulsating source of tens of
TeV gamma rays and as the second pulsar detected in the VHE range, after the Crab
pulsar [9]. We find the dominant dissipation of energy, and thus particle acceleration
and photon emission, to happen beyond the pulsar LC or at its periphery, and we set a
lower limit of 4⇥ 107 me c2 to the maximum achievable electron energy. In contrast to
the Crab pulsar, of which the hardest pulsation is shown in Fig. 3, Vela unambiguously
displays a new spectral component, with a very hard index, extending to energies an
order of magnitude higher. These are unprecedented challenges to the state-of-the-art
models of HE and VHE emission from pulsars.

10

Maximum particle energies at the level of     ~7 × 107 are derived, which rules out 
emission regions in the inner magnetosphere or at the light cylinder, where 
acceleration is limited by radiatie cooling (e.g. synchrotron). 
 
The most likely process for producing the multi-TeV emission by energetic 
electrons, whatever the acceleration mechanism and emission regions are, is IC 
scattering of low-energy photons (e.g. non/thermal X-rays from the NS surface, or 
scattering on optical to the near-infrared photons (H.E.S.S. coll. 2023)
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Figure 2.3: Schematic diagram showing the co-rotating magnetosphere and
the wind zone from Goldreich and Julian 1969. The neutron star
is at the bottom and left corner of the diagram.

The potential difference between the last closed magnetic field line
(sin2 q = R?/Rlc) and the neutron star pole is:

DF =
B?W2R3

?

2c2 ⇡ 6 ⇥ 1012 R6
3B12

P�2 V (2.11)

which determines the maximum particle energy that can be achieved
in the pulsar/PWN system. Additionally, this scenario also predicts a
charge density commonly referred to as the Goldreich-Julian density:

rGJ =
~r · ~E
4p

= �
~W · ~B
2pc

1
[1 � (Wr/c)2 sin2 q]

. (2.12)

The total flux of charged particles that can be released to the pulsar
surroundings is constrained by the integral of this charge density over
the polar cap region, which encompasses the open magnetic field lines,
and assuming that particles are leaving the star at the speed of light.
The particle extraction rate can then be calculated, yielding:

ṄGJ =
B?W2R3

?

ec
. (2.13)

Observational and theoretical constraints indicate nevertheless that
the plasma in pulsar winds has to be much denser, far exceeding rGJ
or ṄGJ , for the observed PWNe luminosity to be attainable, and for the
magnetohydrodynamic (MHD) assumption to be valid theoretically
(Kennel et al. 1979). This difficulty can be however solved when con-
sidering pair creation processes in the pulsar magnetosphere (Sturrock
1971; Ruderman and Sutherland 1975; Arons and Scharlemann 1979;
see also Timokhin and Harding 2019 for a recent discussion on this
topic). Three regions are of interest for the pair production process to
occur: the polar cap, the slot gap and the outer gap regions, where

2
I N T R O D U C T I O N

2.1 pulsar , pulsar winds and pulsar wind nebulae

Since the energy source of the PWNe is the central pulsar, the theory
of PWN has to necessarily start from our understanding of the physics
operating in pulsars, their powerful winds, and the interaction of these
winds with the surrounding medium.

2.1.1 Pulsar basics

Neutron stars are stellar remnants resulting from a core-collapse su-
pernova explosion of a massive star’s core in its last evolutionary
stages, when it cannot produce sufficient energy from nuclear fusion
to counteract its own gravity and therefore collapses. The extreme
pressure present during the explosion causes the electrons and pro-
tons to combine to produce neutrons, while emitting large amounts of
neutrinos. Neutron stars are found to have a radius on the order of 10
km and masses in a range between 1.4 to 2.9 solar masses, implying an
average density even higher than that found in atomic nuclei. Neutron
stars are born on the other hand with strong magnetic fields, with
values of about 1012 G, because of the conservation of magnetic flux,
and can rotate rapidly due to angular momentum conservation, with
rotation periods in the range between a few ms to tens of seconds
(Condon and Ransom 2016).

The magnetospheres of non-accreting rotation-powered pulsars 1

can essentially be considered as a giant rotating magnetic dipoles
filled by a force-free plasma (see Fig. 2.1). For a neutron star of radius
R? with a surface magnetic field B? rotating with a period P and an
angular velocity W (W = 2pP�1), one can derive its magnetic dipole
moment µ at the center of the star, which can be inclined with respect
to its rotational axis by an angle a. This rotating magnetic dipole then
will radiate energy at a rate given by (Landau and Lifshitz 1975):

Prad =
2
3

µ2
?W4

c3 , (2.1)

where µ? = µsina is the projection of the magnetic dipole moment
onto the plane perpendicular to the rotation axis, and c is the speed

1 Nebulae associated with magnetars are not discussed in this Thesis, as the physics
powering these sources may be different from the ones associated with rotational-
powered pulsars.
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(+ pair creation!)

Pulsar wind nebulae (PWNe) are clouds of magnetised electron/positron plasma 
that can span many parsecs and are observed via their synchrotron (X-rays) or IC 
radiation (gamma-rays) emission (see Gaensler & Slane 2006 for a review) 




PWNe @ VHEs

Since the TeV detection of the Crab PWN in 1989 with the Whipple telescope 
(Weekes et al. 1989), tens of Galactic sources have been associated with TeV PWN. 
A&A 612, A2 (2018)

Fig. 2. Left: spin-down power Ė and characteristic age ⌧c of pulsars with a firmly identified PWN, candidate PWN, and without TeV counterpart
(grey dots). The black line and shaded band show the injection evolution of the modelling used in this paper. The dashed lines indicate lines of
constant total remaining energy Ė⌧; see Appendix B. Hence a model curve that starts at Ė0⌧0 = 1049 erg represents a pulsar with total initial
rotational energy of 1049 erg. Since both Ė and ⌧c depend on P and Ṗ, the axes in this plot do not represent independent quantities. Right: same
data, shown in the commonly used view, using the independently measured P and Ṗ.

have two possible TeV counterparts. The 5 HGPS-external
PWNe also match the criteria. We exclude the �-ray binary
PSR B1259�63 here. While the TeV source is believed to con-
tain the wind nebula of its pulsar, the TeV emission is clearly
impacted by the binary nature of the object and therefore out of
the scope of this paper. Also, the obvious TeV shells that were
omitted from the standard HGPS pipeline are excluded here, al-
though coincident pulsars are allowed to be included in the limits
listing if they qualify.

Among the pulsars without a matching detected TeV source,
65 with Ė > 1035 erg s�1 are selected for the limit calcula-
tion; however the assumed PWN extension and o↵set are small
enough to calculate a flux limit with the HGPS maps for only
22 of those. Of these limits, 3 appear to be on top of signifi-
cant emission for various reasons: PSR J1837�0604 coincides
with the PWN HESS J1837�069. The limit of PSR J1815�1738
is integrated over 0.4� and therefore contains parts of the emis-
sion of HESS J1813�178. PSR J1841�0524 is situated within
the very large HESS J1841�055, possibly consisting of multiple
sources; the Ė/d2 of this object is too low for it to qualify as a
candidate.

The pulsars selected as firm PWNe from the HGPS cata-
logue, as external PWNe, candidate PWNe, and for flux limits
are listed in Tables 1, 3–5, respectively. They are shown in the Ė–
⌧c and Ṗ–P planes in Fig. 2. The plots also show ATNF pulsars
without detected TeV wind nebula for comparison and highlight
some prominent or special objects with labels. These are labeled
throughout the paper for orientation.

As expected, the preselection candidates are young, but on
average somewhat older than the already established PWNe.
This is likely because only young wind nebulae have a detectable
extended X-ray counterpart, which allows for a firm identifica-
tion. Most of the candidates have previously been hypothesised
to be a PWN or to have a PWN component. The only substan-
tially older pulsar is PSR B1742�30, which is selected thanks to
its very low distance despite its low Ė. We cannot display this

pulsar in all plots of this paper, but we discuss it as a special case
in Sect. 6.

3.3. Location in the Galaxy

In order to assess the reach of the population study presented
in this work it is instructive to display the positions of Galactic
PWNe together with the sensitivity (or depth) of the H.E.S.S.
Galactic Plane Survey. The map in Fig. 3 visualises the 2D
projection of the Galactic distribution of very energetic pulsars
(Ė > 1035 erg s�1). The symbols distinguish between pulsars
with firmly identified wind nebulae, candidate PWNe, and pul-
sars at >1035 erg s�1 for which no TeV wind nebula has been
detected so far. For reference, the map comprises a schematic
representation of the spiral arms of the Milky Way accord-
ing to the parametrisation of Vallée (2008). The overlaid blue
and yellow curves define the accessible range of the HGPS for
point-like sources at an integrated luminosity (1–10 TeV) of 1%
and 10% of the Crab luminosity, respectively (for details see
H.E.S.S. Collaboration 2018).

For sources of 10% Crab luminosity, the HGPS covers ap-
proximately one quarter of our Galaxy, and generally does not
reach much farther from Earth than the distance to the Galactic
centre. For extended objects, the horizon can be expected to be
closer, and for close-by extended sources, the H.E.S.S. FOV can
limit the capability of isolating them from the background.

Most of the detected PWNe are located close to one of the
nearby dense spiral arm structures, where pulsars are expected
to be born. In particular, the Crux Scutum arm hosts half of all
HGPS pulsar wind nebulae. Several high-Ė pulsars are on closer
spiral arms but are not detected.

A way to look at the sensitivity to extended PWNe is shown
in the upper part of Fig. 4, where the extension is plotted against
distance from Earth. To guide the eye, two lines indicate the
range of detected extensions between the systematic minimum
of about 0.03� and the maximum extension in HGPS of ⇠0.6�

A2, page 6 of 25
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The Crab Nebula has been considered for decades the “standard candle” in VHE 
gamma-rays (we even speak on source fluxes in “Crab units”). Recently, the Crab 
Nebula spectrum has been revealed up to the UHE regime (Cao et al. 2021)


adapted from Aleksic et al. 2015
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Fig. 5. On the left: The overall spectral energy distribution of the Crab Nebula from radio to γ rays. Lines are best fit results based on the model of Meyer et al. (2010) (MHZ), 
see text for details. The thin lines show individual components of the photon spectrum (see the inlay), and the thick blue line identifies the overall emission. Historical data 
(brown) are from Meyer et al. (2010), Fermi-LAT data (pink) are from Buehler et al. (2012), and the VHE data are from this work. On the right: Zoom in the γ -ray regime. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fermi-LAT data (Buehler et al., 2012). For a given magnetic field 
strength, the parameters of the electron spectra were derived from 
the fit to the synchrotron data between 4 · 10−6 eV ! ν ! 0.4 GeV, 
using a χ2 minimization implemented with the interface of MI-
NUIT (James, 1998). Subsequently, the magnetic field and the 
parameters describing the thermal dust emission were varied un-
til the IC part of the SED (E > 0.4 GeV) presented in this work 
is reproduced best. The full Klein–Nishina cross section is used to 
calculate the IC emission including synchrotron and thermal dust 
emission, and the cosmic microwave background (CMB).

Allowing for a point-wise systematic uncertainty of 8% of the 
flux (added in quadrature, Meyer et al., 2010), the synchrotron 
emission is accurately reproduced with χ2

red = 249/217 = 1.15
(Fig. 5). Above 0.4 GeV, the data is poorly described and the fit 
only converges if an ad-hoc (unrealistically large) systematic un-
certainty of 17% is assumed, resulting in χ2

red = 48.8/31 = 1.57.
The final best-fit parameters are given in Table 2. Due to the 

small fit probability and the dependence of the fit errors on the ad-
ditional ad-hoc systematic uncertainty added to the flux points, we 
neglect these uncertainties. When comparing the result of Meyer 
et al. (2010) with the one presented here, B = 143 µG, we note 
that a higher value of the B-field is preferred compared to the 
2010 paper in order to reproduce the MAGIC data around the IC 
peak. The higher quality (i.e. smaller error bars) of the Fermi-LAT 
data together with the MAGIC data shows a rather flat peak now, 
which cannot be reproduced in the model. If we would repeat 
the exact procedure from the 2010 paper and only use the up-
dated Fermi-LAT data, we would find a lower B-field and the model 
would undershoot the MAGIC data at almost all energies. We, 
therefore, conclude that the constant B-field model cannot repro-
duce the flat peak of the IC SED. For energies above the peak, the 
predicted spectrum is too soft with too little curvature as com-
pared to the new MAGIC data.

4.3. Time-dependent model

The time-dependent, leptonic spectral model for an isolated 
PWN (Martín et al., 2012; Torres et al., 2013a, 2013b) was also 
considered. Such model solves the diffusion-loss equation numeri-
cally devoid of any approximation, considering synchrotron, IC and 
Bremsstrahlung energy losses. For the IC losses, the Klein–Nishina 
cross section is used. Escaping particles due to Bohm diffusion 
are also taken into account. The injection spectrum of the wind 
electrons is a broken power law normalized using the spin-down 

Table 2
Best-fit parameters for the constant B-field model. The 
definition of the model parameters is given in Meyer et 
al. (2010).

Magnitude Crab Nebula

Magnetic field
B (µG ) 143

Dust component
ln(Ndust) −29.9
Tdust (K) 98
udust (eV cm−3) 1.2

Radio electrons
Sr 1.6
ln Nr 119.8
lnγ min

r 3.1
lnγ max

r 12

Wind electrons
S w 3.2
$S 0.6
ln Nw 78.5
lnγ min

w 12.9
1/ lnγ break

w −19.5
lnγ max

w 22.7
β 4

power of the pulsar and the magnetic fraction.14 The 1D uniform 
magnetic field is evolved by solving the magnetic field energy con-
servation, including its work on the environment (Torres et al., 
2013b). Considering the young age of the remnant, the nebula was 
treated as freely expanding. The magnetic fraction of the nebula 
(η) was assumed constant along the evolution, and it was used 
to define the time-dependent magnetic field. The model here is 
essentially the same as the one shown in Torres et al. (2013a) ex-
cept for the incorporation of a more precise dynamical evolution 
to fix the nebula radius taking into account the variation of the 
spin-down power in time. In particular, the evolution of the ra-
dius of the nebula was calculated solving numerically Eq. (25) in 
van der Swaluw et al. (2001). All other time dependent parame-
ters were left free to evolve with the PWN. The resulting electron 
population was used to compute the synchrotron, IC from CMB, far 
infrared (FIR), and near infrared (NIR) photon fields, as well as the 
synchrotron self-Compton (SSC) and bremsstrahlung spectra.

14 The magnetic fraction is the percentage of the spin down that goes into the 
magnetic field.
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Figure 3: γ-ray flux of the Crab measured by LHAASO and spectral fitting. Panel A shows TeV to PeV
γ-ray fluxes of the Crab plotted as EdN/dE. The red squares and blue squares are the spectral points measured
using KM2A and WCDA, respectively. The spectral points above 100 TeV were obtained in the signal-dominated
regime, with 89 detected γ-rays and 2 events expected from CR induced (hadronic) air showers after the muon
cuts. No events were detected in the 1.6 to 2.5 PeV bin where an arrow indicates the flux upper limit at 90%
confidence level. The purple line shows the fitting using a log-parabola (LP) model in the 0.3 TeV to 1.6 PeV
interval (χ2/dof : 9.3/14). For comparison, the black line shows the fitting using a simpler power-law (PL) model
in the 10 TeV to 1.6 PeV interval (χ2/dof : 5.4/9). Also plotted are previous observations of the Crab by other
facilities: HEGRA (5), H.E.S.S. (17), MAGIC (4,6), ARGO-YBJ (19), HAWC (7), Tibet ASγ (8). Panel B shows
the energy-dependent local power-law index Γ derived by the log-parabola model fitting, as indicated by the purple
band. For comparison, the black line shows the photon index 3.12±0.03 derived from the simpler power-law model
fitting. Error bars represent one standard deviation.
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PWNe @ VHEs

The Crab Nebula has been considered for decades the “standard candle” in VHE 
gamma-rays (we even speak on source fluxes in “Crab units”). Recently, the Crab 
Nebula spectrum has been revealed up to the UHE regime (Cao et al. 2021)


adapted from Aleksic et al. 2015
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Fig. 5. On the left: The overall spectral energy distribution of the Crab Nebula from radio to γ rays. Lines are best fit results based on the model of Meyer et al. (2010) (MHZ), 
see text for details. The thin lines show individual components of the photon spectrum (see the inlay), and the thick blue line identifies the overall emission. Historical data 
(brown) are from Meyer et al. (2010), Fermi-LAT data (pink) are from Buehler et al. (2012), and the VHE data are from this work. On the right: Zoom in the γ -ray regime. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fermi-LAT data (Buehler et al., 2012). For a given magnetic field 
strength, the parameters of the electron spectra were derived from 
the fit to the synchrotron data between 4 · 10−6 eV ! ν ! 0.4 GeV, 
using a χ2 minimization implemented with the interface of MI-
NUIT (James, 1998). Subsequently, the magnetic field and the 
parameters describing the thermal dust emission were varied un-
til the IC part of the SED (E > 0.4 GeV) presented in this work 
is reproduced best. The full Klein–Nishina cross section is used to 
calculate the IC emission including synchrotron and thermal dust 
emission, and the cosmic microwave background (CMB).

Allowing for a point-wise systematic uncertainty of 8% of the 
flux (added in quadrature, Meyer et al., 2010), the synchrotron 
emission is accurately reproduced with χ2

red = 249/217 = 1.15
(Fig. 5). Above 0.4 GeV, the data is poorly described and the fit 
only converges if an ad-hoc (unrealistically large) systematic un-
certainty of 17% is assumed, resulting in χ2

red = 48.8/31 = 1.57.
The final best-fit parameters are given in Table 2. Due to the 

small fit probability and the dependence of the fit errors on the ad-
ditional ad-hoc systematic uncertainty added to the flux points, we 
neglect these uncertainties. When comparing the result of Meyer 
et al. (2010) with the one presented here, B = 143 µG, we note 
that a higher value of the B-field is preferred compared to the 
2010 paper in order to reproduce the MAGIC data around the IC 
peak. The higher quality (i.e. smaller error bars) of the Fermi-LAT 
data together with the MAGIC data shows a rather flat peak now, 
which cannot be reproduced in the model. If we would repeat 
the exact procedure from the 2010 paper and only use the up-
dated Fermi-LAT data, we would find a lower B-field and the model 
would undershoot the MAGIC data at almost all energies. We, 
therefore, conclude that the constant B-field model cannot repro-
duce the flat peak of the IC SED. For energies above the peak, the 
predicted spectrum is too soft with too little curvature as com-
pared to the new MAGIC data.

4.3. Time-dependent model

The time-dependent, leptonic spectral model for an isolated 
PWN (Martín et al., 2012; Torres et al., 2013a, 2013b) was also 
considered. Such model solves the diffusion-loss equation numeri-
cally devoid of any approximation, considering synchrotron, IC and 
Bremsstrahlung energy losses. For the IC losses, the Klein–Nishina 
cross section is used. Escaping particles due to Bohm diffusion 
are also taken into account. The injection spectrum of the wind 
electrons is a broken power law normalized using the spin-down 

Table 2
Best-fit parameters for the constant B-field model. The 
definition of the model parameters is given in Meyer et 
al. (2010).

Magnitude Crab Nebula

Magnetic field
B (µG ) 143

Dust component
ln(Ndust) −29.9
Tdust (K) 98
udust (eV cm−3) 1.2

Radio electrons
Sr 1.6
ln Nr 119.8
lnγ min

r 3.1
lnγ max

r 12

Wind electrons
S w 3.2
$S 0.6
ln Nw 78.5
lnγ min

w 12.9
1/ lnγ break

w −19.5
lnγ max

w 22.7
β 4

power of the pulsar and the magnetic fraction.14 The 1D uniform 
magnetic field is evolved by solving the magnetic field energy con-
servation, including its work on the environment (Torres et al., 
2013b). Considering the young age of the remnant, the nebula was 
treated as freely expanding. The magnetic fraction of the nebula 
(η) was assumed constant along the evolution, and it was used 
to define the time-dependent magnetic field. The model here is 
essentially the same as the one shown in Torres et al. (2013a) ex-
cept for the incorporation of a more precise dynamical evolution 
to fix the nebula radius taking into account the variation of the 
spin-down power in time. In particular, the evolution of the ra-
dius of the nebula was calculated solving numerically Eq. (25) in 
van der Swaluw et al. (2001). All other time dependent parame-
ters were left free to evolve with the PWN. The resulting electron 
population was used to compute the synchrotron, IC from CMB, far 
infrared (FIR), and near infrared (NIR) photon fields, as well as the 
synchrotron self-Compton (SSC) and bremsstrahlung spectra.

14 The magnetic fraction is the percentage of the spin down that goes into the 
magnetic field.
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(brown) are from Meyer et al. (2010), Fermi-LAT data (pink) are from Buehler et al. (2012), and the VHE data are from this work. On the right: Zoom in the γ -ray regime. (For 
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using a χ2 minimization implemented with the interface of MI-
NUIT (James, 1998). Subsequently, the magnetic field and the 
parameters describing the thermal dust emission were varied un-
til the IC part of the SED (E > 0.4 GeV) presented in this work 
is reproduced best. The full Klein–Nishina cross section is used to 
calculate the IC emission including synchrotron and thermal dust 
emission, and the cosmic microwave background (CMB).

Allowing for a point-wise systematic uncertainty of 8% of the 
flux (added in quadrature, Meyer et al., 2010), the synchrotron 
emission is accurately reproduced with χ2

red = 249/217 = 1.15
(Fig. 5). Above 0.4 GeV, the data is poorly described and the fit 
only converges if an ad-hoc (unrealistically large) systematic un-
certainty of 17% is assumed, resulting in χ2

red = 48.8/31 = 1.57.
The final best-fit parameters are given in Table 2. Due to the 

small fit probability and the dependence of the fit errors on the ad-
ditional ad-hoc systematic uncertainty added to the flux points, we 
neglect these uncertainties. When comparing the result of Meyer 
et al. (2010) with the one presented here, B = 143 µG, we note 
that a higher value of the B-field is preferred compared to the 
2010 paper in order to reproduce the MAGIC data around the IC 
peak. The higher quality (i.e. smaller error bars) of the Fermi-LAT 
data together with the MAGIC data shows a rather flat peak now, 
which cannot be reproduced in the model. If we would repeat 
the exact procedure from the 2010 paper and only use the up-
dated Fermi-LAT data, we would find a lower B-field and the model 
would undershoot the MAGIC data at almost all energies. We, 
therefore, conclude that the constant B-field model cannot repro-
duce the flat peak of the IC SED. For energies above the peak, the 
predicted spectrum is too soft with too little curvature as com-
pared to the new MAGIC data.

4.3. Time-dependent model

The time-dependent, leptonic spectral model for an isolated 
PWN (Martín et al., 2012; Torres et al., 2013a, 2013b) was also 
considered. Such model solves the diffusion-loss equation numeri-
cally devoid of any approximation, considering synchrotron, IC and 
Bremsstrahlung energy losses. For the IC losses, the Klein–Nishina 
cross section is used. Escaping particles due to Bohm diffusion 
are also taken into account. The injection spectrum of the wind 
electrons is a broken power law normalized using the spin-down 

Table 2
Best-fit parameters for the constant B-field model. The 
definition of the model parameters is given in Meyer et 
al. (2010).

Magnitude Crab Nebula

Magnetic field
B (µG ) 143

Dust component
ln(Ndust) −29.9
Tdust (K) 98
udust (eV cm−3) 1.2

Radio electrons
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power of the pulsar and the magnetic fraction.14 The 1D uniform 
magnetic field is evolved by solving the magnetic field energy con-
servation, including its work on the environment (Torres et al., 
2013b). Considering the young age of the remnant, the nebula was 
treated as freely expanding. The magnetic fraction of the nebula 
(η) was assumed constant along the evolution, and it was used 
to define the time-dependent magnetic field. The model here is 
essentially the same as the one shown in Torres et al. (2013a) ex-
cept for the incorporation of a more precise dynamical evolution 
to fix the nebula radius taking into account the variation of the 
spin-down power in time. In particular, the evolution of the ra-
dius of the nebula was calculated solving numerically Eq. (25) in 
van der Swaluw et al. (2001). All other time dependent parame-
ters were left free to evolve with the PWN. The resulting electron 
population was used to compute the synchrotron, IC from CMB, far 
infrared (FIR), and near infrared (NIR) photon fields, as well as the 
synchrotron self-Compton (SSC) and bremsstrahlung spectra.

14 The magnetic fraction is the percentage of the spin down that goes into the 
magnetic field.
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Figure 3: γ-ray flux of the Crab measured by LHAASO and spectral fitting. Panel A shows TeV to PeV
γ-ray fluxes of the Crab plotted as EdN/dE. The red squares and blue squares are the spectral points measured
using KM2A and WCDA, respectively. The spectral points above 100 TeV were obtained in the signal-dominated
regime, with 89 detected γ-rays and 2 events expected from CR induced (hadronic) air showers after the muon
cuts. No events were detected in the 1.6 to 2.5 PeV bin where an arrow indicates the flux upper limit at 90%
confidence level. The purple line shows the fitting using a log-parabola (LP) model in the 0.3 TeV to 1.6 PeV
interval (χ2/dof : 9.3/14). For comparison, the black line shows the fitting using a simpler power-law (PL) model
in the 10 TeV to 1.6 PeV interval (χ2/dof : 5.4/9). Also plotted are previous observations of the Crab by other
facilities: HEGRA (5), H.E.S.S. (17), MAGIC (4,6), ARGO-YBJ (19), HAWC (7), Tibet ASγ (8). Panel B shows
the energy-dependent local power-law index Γ derived by the log-parabola model fitting, as indicated by the purple
band. For comparison, the black line shows the photon index 3.12±0.03 derived from the simpler power-law model
fitting. Error bars represent one standard deviation.
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Figure 4. Crab Nebula Fourier power density spectrum (PDS), calculated from
the light curve of the first 35 months of Fermi observations shown in Figure 3.
The PDS of the full time interval is shown by the solid green line (scaled down
by 1/100 for better visibility). The PDS of the low activity period between
MJD 54884 and 55457 is shown by the solid blue line. The PDS of the 2011 April
flare is indicated by the solid red line and was calculated from the light curve
shown in Figure 5. A smoothing with a running average of four bins was applied
to all spectra. The PDSs obtained before smoothing are shown in colored dotted
lines. Black lines show the best-fit function of a power-law function (dashed)
plus a constant white noise component (solid) for the unsmoothed spectra. The
best-fit spectral indices are given in the text. Dotted black lines indicate the
±1σ , +2σ , and +3σ confidence intervals derived from white noise simulations
for the 2011 April flare PDS.
(A color version of this figure is available in the online journal.)

sinusoidal component is ≈10 hr, in agreement with the expec-
tation from the measured doubling times of the flares.

The pulsar flux remained unchanged during the flare, with
an average flux above 100 MeV of FP = (21.7 ± 1.1) ×
10−7 cm−2 s−1 during the main part of the flare (MJD
55663.70–55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the phasogram during the
main flare period is shown. The peaks in the on-pulse interval
remain at the same position. We also searched for periodicities
other than the Crab pulsar with the time-differencing technique
(Atwood et al. 2006), applying the event-weighting technique
described in Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spin-down up to twice
the value of the Crab pulsar. No significant signal was found be-
sides the pulsar, which was detected with a significance >5.5σ .
Finally, we searched for photon clumping on timescales shorter
than the ≈10 min time binning by applying a Bayesian Block
analysis on the single photon arrival times, with no significant
detection.

4.1. Spectral Evolution During the Flare

In order to measure the energy spectrum during the flare,
and its evolution with time, the data must be averaged in time
intervals long enough to ensure adequate photon statistics, but
short enough to provide adequate temporal resolution. The
11 bins of approximately constant flux, derived from the BB
analysis, provide a reasonable compromise between these two
constraints.

The SEDs for each of the time bins are shown in Figure 6, after
subtracting the steady emission from the pulsar and the inverse-
Compton component of the nebula. It can be clearly seen that a
new spectral component emerges from the synchrotron nebula
during the flare, moving into the Fermi energy range as the flare
evolves. Its flux reaches a maximum between MJD 55666.997
and 55667.366 (frame 7); during this period the peak in the SED
is clearly detected at Epeak = (375 ± 26) MeV.
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Figure 5. Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light curve is binned into equal exposure bins during times with no
Earth occultation, with a mean bin duration of nine minutes. The dotted line indicates the sum of the 33 month average fluxes from the inverse-Compton nebula and
the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the latter. The solid black lines show the best fit of a model consisting of a
constant plus an exponential function at the rise of both sub-flares (see the text). The blue vertical lines indicate the intervals of each Bayesian Block during which the
flux remains constant within statistical uncertainties. The time windows are enumerated at the top of the panel. The corresponding flux is shown by the blue marker
below each number. The SED for each of the time windows is shown in Figure 6.
(A color version of this figure is available in the online journal.)

5

Buehler et al. 2012
Crab flares



PWNe @ VHEs

HESS J1825-137


A&A 621, A116 (2019)

Fig. 1. Left panel: excess count map of the nebula using analysis A, with the Galactic plane indicated by the dashed white line and the locations of
two energetic pulsars in the region indicated by green triangles. The two spectral extraction regions used in Fig. 2 are overlaid. The larger region
with a radius of 0.8� slightly overlaps HESS J1826–130 (RA: 18h26m00s, Dec: �13�0200200), whose location and approximate extent is indicated
by the green dashed circle, whereas the region with the smaller radius of 0.4� encompasses the core emission and peak of the nebula. Both regions
are centred on the best-fit position of the nebula as determined by Aharonian et al. (2006b). Right panel: excess count map of the nebula using
analysis B, shown for comparison with the region of 0.8� radius overlaid. The exposure times and telescope configurations for the two analyses are
given in Table 1. A correlation radius of 0.07� was used for both excess maps.

of interest” in the case of potential sources) and an independent
region within the field of view as being suitable for background
estimation (the OFF region).

3. VHE �-ray nebula HESS J1825–137

Firstly, we present maps and spectra for comparison with pre-
vious H.E.S.S. results (Aharonian et al. 2006b). Excess count
maps of the region, constructed with analyses A and B using
the ring background method, are shown in Fig. 1, in which
the binary system LS 5039 is clearly visible as an additional
point-like source (Aharonian et al. 2006c). The colour scale of
Fig. 1 is optimised for HESS J1825–137, such that the image of
LS 5039 is saturated and appears larger than the point-spread
function (PSF). The location of the more recently discovered
hard-spectrum extended source HESS J1826–130 is indicated by
a green dashed circle north of the nebula. The extended emis-
sion from this source overlaps with the larger region of spectral
extraction, although the contribution to the flux is expected to
be minor. The position of PSR B1823–13 is also shown. The
PSF was modelled using a triple-Gaussian function; for the map
in Fig. 1, the 68% containment radius of the PSF is 0.064�,
whilst for analysis B, it is slightly larger at 0.077� as a result
of the lower median energy. A correlation radius of 0.07� was
used for all excess count maps, and the significance was calcu-
lated using the number of ON and OFF events, as described in
Li & Ma (1983).

A spectrum of the nebula, shown in Fig. 2, was extracted
from analyses A and B using a spectral extraction region with
a radius of 0.8� that matches the spectrum used in Aharonian
et al. (2006b), and it was centred on the best-fit position of
the nebula obtained from their 2D Gaussian morphological fit
(18h25m41s, �13�5002100). Below 1 TeV, the flux obtained with
analysis B appears systematically lower than that of analysis A,
although the two spectra are compatible within two standard

deviations. This reduction in flux explains the comparatively
harder spectral indices that are obtained with analysis B, and it
may indicate difficulties with the background estimation at low
energies.

Additionally, a spectrum was extracted from the core region
(of 0.4� radius) of the nebula in order to characterise the spec-
trum of the brightest part of the nebula, which contains the peak
and highest energy emission but decisively omits any contribu-
tion from HESS J1826–130. The results of the fits are given in
Table 2. The fitted parameters agree reasonably well with those
of Aharonian et al. (2006b). The residuals of the spectral points
to the fit were calculated as (point – model) / model.

Curved spectral models are favoured over a power-law model
for all three spectra shown in Table 2 at the 7� level for
analysis A and at 3� for analysis B. At all energies, the flux
from the core region of HESS J1825–137 dominates that from
HESS J1826–130 (Angüner et al. 2017). Towards the highest
energies, the emission from the core region with 0.4� radius
of HESS J1825–137 converges towards the flux of the larger
region of 0.8�, which indicates that the region contains all
of the high-energy emission. The integral flux above a given
energy from HESS J1826–130 was found never to exceed 20%
of the flux from the 0.8� region, such that we may assume
that any contamination of HESS J1825–137 by HESS J1826–
130 due to overlapping regions is not significant compared to
the errors shown. Towards lower energies and especially below
⇠1.5 TeV, the spectrum of HESS J1826–130 is considerably con-
taminated by HESS J1825–137. The level of contamination will
be addressed by a forthcoming publication on HESS J1826–130.

For the regions of 0.8� radius, the �2/ndf indicates a
marginal preference for a power law with an exponential cut-
off over a log-parabola fit (Aharonian et al. 2006b), whilst there
is no preference shown for the core region of 0.4� radius with
analysis A. (Spectral points for all three spectra in Table 2 are
available as part of the supplementary information.)
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• First evidence of energy-dependent 
morphology at TeV gamma-rays.


• X-ray emitting particles cool faster than 
TeV emitting ones => sizes!


• Spectral evolution favors leptonic IC 
scenario.


• High gamma-ray luminosity cannot be 
explained with a constant spin-down 
power of the pulsar => requires higher 
injection power in the past.


• New HESS measurements reveals an 
extension beyond ~1.5 deg (100 pc)


• A dependence of the nebula extent with 
energy of R ∝Eα with α = −0.29 
disfavours a pure diffusion scenario for 
particle transport within the nebula 

Aharonian et al. 2006

HESS coll. 2019
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MILAGRO: detection of extended 
emission (~3 degree, or > 20 times 
the size of the PWN as seen in X-
rays) from Geminga  
Abdo+ (2007)

Measurement later 
confirmed/improved by 
the HAWC Collaboration  
Abeysekara+ (2017)

R.	López-Coto,	Yerevan,	10/10/23

Detection of very extended sources 
around nearby pulsars

11

• HAWC detected of two very extended 
gamma-ray sources coincident with 
Geminga and PSR B0656+14


• Emission coming from very high energy 
electrons (~100 TeV) inverse Compton 
upscattering CMB


HAWC Coll., Science, 358, 911 (2017)
HAWC Observatory

14

The Geminga Pulsar 

§ Radio quiet pulsar:  strong gamma-ray and 
weak radio pulsed emission 

§ Gamma-ray pulsar detected (EGRET, MAGIC)
§ Age = 342 kyr, log(Edot) = 34.51 erg/s, 

Distance = 0.25 kpc, 
§ R: radio = 0.01 pc, X-ray = 0.15 pc, TeV = 100 pc

§ Pulsars are copious lepton producers à
nearby pulsars could help explain positron excess

§ Previous searches for extended emission in gamma-ray and radio
§ X-ray and Radio PWN confirmed (on arcsecond – arcminute scales)
§ Detection of extended gamma-ray emission around Geminga found 

by Milagro & HAWC
§ Challenging for IACTs due to large scale emission

Posselt et al, ApJ 835, 66 (2017)

A. Mitchell . HESS extended emission around middle-aged pulsars. 1st halos workshop. 01/12/20

TeV halos 

Abeysekara et al. (2017)

Abdo et al. (2007)

Posselt et al. (2017)
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Geminga also detected recently by LHAASO (KM2A, 25-63 TeV) and for the 
first time with IACTs (H.E.S.S.) at energies 0.5 - 40 TeV

TeV halos 

H.E.S.S. Coll. (2023)Chen et al. (2023)

R.	López-Coto,	Yerevan,	10/10/23 19

LHAASO/H.E.S.S. confirm HAWC results
Chen, E. et al., PoS ICRC2023 (2023) 613

• Geminga with LHAASO-KM2A  
- Claims of asymmetric diffusion 

๏ It could physically mean that the propagation is 
happening inside/outside of the SNR in different 
regions.

HESS Collaboration, A&A 673, A148 (2023)

R.	López-Coto,	Yerevan,	10/10/23 19

LHAASO/H.E.S.S. confirm HAWC results
Chen, E. et al., PoS ICRC2023 (2023) 613

• Geminga with LHAASO-KM2A  
- Claims of asymmetric diffusion 

๏ It could physically mean that the propagation is 
happening inside/outside of the SNR in different 
regions.

HESS Collaboration, A&A 673, A148 (2023)
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Proposed associations with TeV halos

R.	López-Coto,	Yerevan,	10/10/23 20

Still under further detailed studies

More candidates…
• PSR J0359+5414 Linden+ (2017) LHAASO Coll. (2023)K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars

Using HAWC to discover invisible pulsars
• Paper by Linden et al (PRD 2017) predicts that halos will be a 

significant fraction of all HAWC sources; could be used to find 
misaligned pulsars. Tables below are potential TeV halos.

�11Linden et al, PRD (2017)

Geminga 
and 

Monogem

K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars

Using HAWC to discover invisible pulsars
• Paper by Linden et al (PRD 2017) predicts that halos will be a 

significant fraction of all HAWC sources; could be used to find 
misaligned pulsars. Tables below are potential TeV halos.

�11Linden et al, PRD (2017)

Geminga 
and 

Monogem
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spindown power Ė using
Pc = 1� er

2/r20 , (1)

Where r0 is the characteristic angle between confusing sources,

r0 = [⇡⇢(Ė)]�1/2, (2)

and where ⇢(Ė) is the number density of pulsars with Ė not lower than that of the candidate pulsar.
The ⇢(Ė) is counted using the pulsars nearby the candidate pulsar with Galactic latitude |b�bc| < 2.5�

and longitude |l � lc| < 10�, where (bc, lc) denotes the Galactic coordinates of the candidate pulsar.
With this searching, 65 1LHAASO sources are found with at least one pulsar nearby within 0.5�.

To decrease the fake association by accident, the pulsars with chance probability higher than 1%
are excluded. After this filter, 35 1LHAASO sources are found with one associated pulsar each
and 2 1LHAASO sources, 1LHAASO J0359+5406 and 1LHAASO J1929+1846, are found with two
associated pulsars each. For the source with two associations, the associated pulsar with a lower
chance probability is listed. There are also two pairs of 1LHAASO sources, 1LHAASO J1848-0001u
vs. 1LHAASO J1850-0004 and 1LHAASO J2020+3638 vs. 1LHAASO J2020+3649u, associated
with the same pulsar. Again, the 1LHAASO source with a lower chance probability is listed. Fi-
nally, 35 associated pulsars are derived for the 1LHAASO sources. Detailed information about these
associations is listed in Table 3.

Table 3. 1LHAASO sources associated pulsars

Source name PSR name Sep.(�) d (kpc) ⌧c (kyr) Ė (erg s�1) Pc Identified type in TeVCat

1LHAASO J0007+7303u PSR J0007+7303 0.05 1.40 14 4.5e+35 7.3e-05 PWN

1LHAASO J0216+4237u PSR J0218+4232 0.33 3.15 476000 2.4e+35 3.6e-03

1LHAASO J0249+6022 PSR J0248+6021 0.16 2.00 62 2.1e+35 1.5e-03

1LHAASO J0359+5406 PSR J0359+5414 0.15 - 75 1.3e+36 7.2e-04

1LHAASO J0534+2200u PSR J0534+2200 0.01 2.00 1 4.5e+38 3.2e-06 PWN

1LHAASO J0542+2311u PSR J0543+2329 0.30 1.56 253 4.1e+34 8.3e-03

1LHAASO J0622+3754 PSR J0622+3749 0.09 - 208 2.7e+34 2.5e-04 PWN/TeV Halo

1LHAASO J0631+1040 PSR J0631+1037 0.11 2.10 44 1.7e+35 3.5e-04 PWN

1LHAASO J0634+1741u PSR J0633+1746 0.12 0.19 342 3.3e+34 1.3e-03 PWN/TeV Halo

1LHAASO J0635+0619 PSR J0633+0632 0.39 1.35 59 1.2e+35 9.4e-03

1LHAASO J1740+0948u PSR J1740+1000 0.21 1.23 114 2.3e+35 1.4e-03

1LHAASO J1809-1918u PSR J1809-1917 0.05 3.27 51 1.8e+36 6.2e-04

1LHAASO J1813-1245 PSR J1813-1245 0.01 2.63 43 6.2e+36 6.3e-06

1LHAASO J1825-1256u PSR J1826-1256 0.09 1.55 14 3.6e+36 1.6e-03

1LHAASO J1825-1337u PSR J1826-1334 0.11 3.61 21 2.8e+36 2.8e-03 PWN/TeV Halo

1LHAASO J1837-0654u PSR J1838-0655 0.12 6.60 23 5.6e+36 2.2e-03 PWN

1LHAASO J1839-0548u PSR J1838-0537 0.20 - 5 6.0e+36 6.1e-03

1LHAASO J1848-0001u PSR J1849-0001 0.06 - 43 9.8e+36 1.2e-04 PWN

1LHAASO J1857+0245 PSR J1856+0245 0.16 6.32 21 4.6e+36 3.1e-03 PWN

1LHAASO J1906+0712 PSR J1906+0722 0.19 - 49 1.0e+36 5.9e-03

1LHAASO J1908+0615u PSR J1907+0602 0.23 2.37 20 2.8e+36 6.8e-03

1LHAASO J1912+1014u PSR J1913+1011 0.13 4.61 169 2.9e+36 1.5e-03

1LHAASO J1914+1150u PSR J1915+1150 0.09 14.01 116 5.4e+35 1.8e-03

1LHAASO J1928+1746u PSR J1928+1746 0.04 4.34 83 1.6e+36 1.6e-04

Table 3 continued on next page
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Still under further detailed studies

More candidates…
• PSR J0359+5414 

R.	López-Coto,	Yerevan,	10/10/23 20

Still under further detailed studies

More candidates…
• PSR J0359+5414 



Giacinti et al. (2020)

P. Bordas, BSPWNe & TeV halos, Arcetri 2024

Sudoh et al. 2019K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars �7
Giacinti et al, A&A (2020)

Model #2

K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars

Model #1
• Halos are a new morphological source class (originally 

proposed by Linden et al in 2017) that are ubiquitous in our 
Galaxy 

• High-energy electrons and positrons have escaped from the 
PWN; TeV gamma rays come from inverse Compton scattering 

• Emission is isotropic, not beamed 

• More extended than the x-ray PWN, but smaller than SNR 

• Pulsar activity dominates CR diffusion. The electrons and 
positrons are confined in a region where diffusion is 
suppressed.  Diffusion discussed in Manconi et al (PRD 2020) 
and Evoli et al (PRD 2018). 

�3

Sudoh et al, PRD 2019

• Different definitions for “TeV halos”, depending on source age, whether or not 
the PWN is still inside the parent SNR, and on whether escaped e-/+ from the 
(BS)PWN shall dominate the surrounding ISM dynamics

TeV halo definition not discussed here. Restrict to observational evidences for 
particle escape from BSPWN beyond the PWN limits (as observed in X-rays)

TeV halos



TeV Halos around PWNe

Yan, RYL et al. 2023, arXiv:2307.12363

s=2.2, ηe~0.1 for both models

Isotropic Diffusion Model

Anisotropic Diffusion Model

Flux and longitudinal profile

Milagro and LHAASO diffuse emission

Yan+ (2023)
K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars

TeV halos and the Milagro 
excess
• Assuming that gamma-ray halos are 

generic features of pulsars, they 
could be responsible for a significant 
fraction of the Milagro excess 
(Linden and Buckman, PRL 2018)

• Exceeds hadronic flux above ~500 
GeV

�4

Linden and Buckman, PRL (2018)Linden+ (2018)

K. Malone | 1st Workshop on Gamma-Ray Halos Around Pulsars

Implications for the positron excess

�5

Manconi et al (PRD 2020)

positron excess

Manconi+ (2020)
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FIG. 1. The new discovery space provided by HAWC observations of TeV halos in the Milky Way (shaded orange region). Orange points
represent 2HWC sources associated with ATNF pulsars, as listed in Tables I and II. Blue (black) datapoints represent H.E.S.S. TeV halos
associated (potentially associated) with ATNF pulsars, as provided by [13]. Gray datapoints represent ATNF radio pulsars with known distances
and spin-down energies [31]. The gray circles include all ATNF pulsars, regardless of whether they lie within the field-of-view of HAWC.
Thus, we stress that isolated gray points above the HAWC sensitivity threshold do not indicate failed detections. The green squares include
only middle-aged ATNF pulsars that lie within the HAWC field-of-view. The orange dashed (solid) line represents the sensitivity of HAWC in
the 2HWC catalog (after 10 years of observation), assuming all pulsars produce TeV halos with luminosities calculated using our Geminga-like
model. The blue H.E.S.S. angular sensitivity lower limit excludes regions of parameter space where the TeV halo would be expected to be
extended by more than 0.6� [13]. H.E.S.S. observations also include a flux sensitivity limit (not shown), which falls within a factor of ⇠2 of
the HAWC 10 year sensitivity limit, depending on the H.E.S.S. observation time. The large number of gray datapoints in the HAWC sensitivity
region (orange shaded) demonstrate the potential for HAWC to observe a large number of new TeV halos.

based on a birth rate of 2 pulsars per century (for details [38]).
We obtain best-fit values of n=2.1 and �=1.14 kpc. These
models predict a beaming fraction of ⇠20% for middle-aged
pulsars, in agreement with previous estimates [36].

Since this model is insensitive to the beaming fraction of
the pulsar population, we can directly calculate the number
of expected pulsars as a function of the solar distance. Our
model indicates an expected number of 13 (60) middle-aged
pulsars within 1 kpc (2 kpc) of the Sun. We compare this pop-
ulation to the 9 (19) middle-aged ATNF pulsars (with favor-
able beaming angles) within 1 kpc (2 kpc) of the Sun. Given

that the beaming fraction for middle-aged pulsars is expected
to be ⇠20-25%, we find that the number of nearby pulsars
appears to exceed the predicted value by nearly a factor of
two. In part, this is likely due to the presence of the spiral
arms, which produce significant over-densities within a kpc
of the Sun and are not accounted for in the Lorimer param-
eterization. On the other hand, the number of observed pul-
sars between 1-2 kpc from the Earth (47) is compatible with
the ATNF population and a beaming fraction given by Equa-
tion 5. We note, however, to make this comparison work the
population of 36 pulsars without known ages must contain few

Linden+ (2017)

unveil new PSRs

• PWN halos are ideal probes for CR propagation in localized regions of the Galaxy: 
e- can IC-scatter off background photons to produce the gamma-ray halos, so the 
observed morphologies unambiguously trace the propagation of these particles. 

• The most intriguing result is that the inferred electron diffusion coefficient is 
several hundred times smaller than the average CR diffusion coefficient in the 
Galaxy (see e.g. Aharonian et al. 2021, López-Coto et al. 2022) 

• This finding has in turn significant impact on some key issues of CRs, such as the 
origin of the positron excess and the diffuse TeV gamma-ray excess.

P. Bordas, CTAO School, Bertinoro 2024

TeV halos



evidence for pulsed emission from the putative pulsar that is
forming the PWN. The previous 85 ks XMM-Newton and 50 ks
Chandra observations revealed the PWN’s unusual structures,
such as the prong-like features extending into what appeared to
be a bubble in the SNR interior. While these observations led to
the determination of the SNR’s overall properties and basic
structure, many questions still remain about the nature of this
system and its evolution. We still do not understand what
causes the PWN’s unusual morphology, what is its current
evolutionary stage, and how the injected particle population is
altered by the RS interaction. In this paper, we present a study
of the deep 350 ks Chandra observations of the composite SNR
G327.1-1.1, with the goal of understanding its physical
properties and evolutionary stage. We also present a two-
dimensional (2D) hydrodynamic (HD) model of G327.1-1.1
that provides insight into the evolution and origin of the
morphology of this remnant and composite SNRs in general.

The paper is organized as follows. Sections 2 and 3 describe
the observations and basic analysis of the data. Section 4
discusses the general morphology of the SNR and the PWN
structures revealed by the deep Chandra observation. Section 5
describes the spectral fitting results and discusses the spectral
properties of the SNR shell and the PWN. Section 6 presents
the HD model for the evolution of G327.1-1.1, simulated as an
SNR blast-wave expanding in an ISM density gradient and
containing a PWN produced by a rapidly moving pulsar.
Section 7 presents our modeling of the broadband emission of
G327.1-1.1 from radio to γ-ray wavelengths. Section 8
summarizes the results on the evolutionary state of the SNR
and some of the outstanding questions. The conclusions are
summarized in Section 9.

2. OBSERVATIONS AND DATA REDUCTION

A deep observation of the SNR G327.1-1.1 was carried out
with the Advanced CCD Imaging Spectrometer, ACIS-I, on

board the Chandra X-ray Observatory for a total exposure time
of 350 ks. The observations were taken in the VFAINT mode,
on 2012 May 22, 24, and 27, under the observation IDs 13767,
13768, and 14430, and correspond to exposure times of 143,
170, and 37 ks, respectively. The standard data reduction and
cleaning were performed using the chandra_repro script in
CIAO version 4.5, resulting in a total clean exposure time of
337.5 ks.
The merged, exposure-corrected and adaptively smoothed

false color image of G327.1-1.1 is shown in Figure 1, with the
0.75–1.45 keV shown in red, 1.45–2.58 keV in green, and
2.58–7.0 keV emission in blue. The hard X-ray emission
shown in blue originates from the PWN material, while the soft
X-ray emission in red shows the spatial distribution of the
thermal emission. The overlaid radio contours from the
Molonglo Observatory Synthesis Telescope (MOST)
843MHz observation (Whiteoak & Green 1996) show the
outline of the SNR shell (17′ in diameter) and the inner relic
PWN. The right panel of Figure 1 shows the regions used for
the spectral extraction. Spectra were extracted and response
files were generated for each observation ID individually, using
the CIAO specextract script, producing a set of three spectra
and associated files for each spectral region. Since the
observations were carried out close in time and have the same
roll angle, the spectra and response files were merged to
produce a single spectrum for each extraction region.

3. ANALYSIS

In order to study the properties of the various structures
observed in the PWN and the spatial variations in the thermal
emission across the SNR shell, we fitted spectra from 23
different source regions, shown in Figure 1. Since the SNR shell
covers most of the field of view, we used the ACIS blank-sky
background files adopted to our observation (http://cxc.harvard.
edu/ciao/threads/acisbackground/) to extract background spectra

Figure 1. False color Chandra X-ray image of G327.1-1.1 with the 0.75–1.45 keV emission in red, 1.45–2.58 keV emission in green, and 2.58–7.0 keV emission in
blue (http://chandra.harvard.edu/photo/2014/msh11g327/ (NASA/CXC/GSFC/T.Temim et al.)). The Molonglo Observatory Synthesis Telescope (MOST) 843 MHz
radio contours (Whiteoak & Green 1996) are overlaid on the left panel, with the inner contours outlining the radio relic PWN, and the outer counter the SNR shell,
approximately 17′ in diameter. The right panel shows the regions used for the spectral extraction; the white dotted regions correspond to those listed in Table 1 and
shown in Figure 3, while the numbered regions correspond to those listed in Table 2 and shown in Figures 4 and 5.
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• TeV halos → X-ray halos? high-energy e-/+ through IC off the surrounding photon 
fields. For a given B-field in the region, X-ray emission from the same e-/+ population 
should give rise to morphologically similar X-ray halos (see e.g. Linden et al. 2017).

• PWN in the SNR G327.1-1.1

• d = 9kpc (Sun+ 1999, Temim+2009) 
• Lsd~ 3.1e36 erg/s (Temim+ 2015) 
• Age ~ 17kyr => recently crushed by the 

SNR reverse shock (Eagle+ 2022)

emission in the compact source immediately surrounding the
pulsar (see Section 5).

The resulting evolution of the SNR and PWN radii is shown
in Figure 8. The model reaches the radius of G327.1-1.1
(indicated by the blue dashed line) at an age of ∼17,800 years.
By this time, the PWN has been compressed by the SNR RS,
and has begun to expand again, as seen from the evolution of the
PWN radius. At the current age, the PWN radius is ∼5 pc, in
good agreement with the size of the relic nebula in G327.1-1.1.

The magnetic field in the PWN, shown in the upper panel of
Figure 8, is evolved through the process of expansion and RS
compression under the assumption that a constant fraction Bh of
the spin-down power is injected in the form of magnetic flux,
with the remaining fraction eh representing the injected particle
flux. Radiative and adiabatic losses are calculated throughout
the evolution, and the final spectrum is obtained from the
resulting electron population using the evolved magnetic field
to calculate the synchrotron radiation. Inverse-Compton
emission is calculated for scattering of the electron population
from photon fields associated with the cosmic microwave
background, local starlight, and infrared emission from local
dust (Strong et al. 2000). We find that an electron spectrum
comprising 99.7% of the spin-down power at injection, with an
energy break at ∼300 GeV, produces a good representation of
the broadband spectrum, which is shown in Figure 8. Here the

X-ray spectrum (cyan) represents that of the entire PWN, as
derived in Section 5, and the H.E.S.S. spectrum (magenta) is
that reported by Acero et al. (2012). The Fermi LAT upper
limits (red) are taken from Acero et al. (2013). The modeled
magnetic field at the current SNR age is 10.8 Gm , which, based
on the ∼300 GeV intrinsic break in the electron spectrum,
predicts a spectral break in the mid-infrared band.
We note that the treatment here is oversimplified in several

ways as a result of the spherically symmetric evolution into a
constant density in the semi-analytical model. This ignores the
effects of the asymmetric crushing of the PWN, so the resulting
magnetic field evolution is not likely to reflect the more
complicated behavior expected in G327.1-1.1. Despite these
inadequacies, the model provides a reasonable representation of
the broadband spectrum, and of the PWN radius—at least for
the relic nebula. While the spectrum of the high-energy
electrons corresponds to that derived from the emission close to
the pulsar, the overall X-ray spectrum is produced by electrons
near the maximum energy, which are suffering from loss-
induced steepening of the electron spectrum.

8. EVOLUTIONARY STATE

The modeling described in Sections 6 and 7 indicates that the
morphology and broadband spectrum of G327.1-1.1 is well
described by the evolution of a composite SNR whose PWN

Figure 6. Results of the HD simulation of a composite SNR expanding in an ambient density gradient, and containing a rapidly moving pulsar. The figure shows
density maps (g cm 3- ) at four different SNR ages. The density is higher in the west and decreases toward the east. The pulsar is moving to the north at a velocity of
400 km s 1- . The input parameters for the simulation are consistent with observed values for G327.1-1.1. The resulting morphology at 17,000 years closely resembles
the morphology of G327.1-1.1 at radio and X-ray wavelengths.
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evidence for pulsed emission from the putative pulsar that is
forming the PWN. The previous 85 ks XMM-Newton and 50 ks
Chandra observations revealed the PWN’s unusual structures,
such as the prong-like features extending into what appeared to
be a bubble in the SNR interior. While these observations led to
the determination of the SNR’s overall properties and basic
structure, many questions still remain about the nature of this
system and its evolution. We still do not understand what
causes the PWN’s unusual morphology, what is its current
evolutionary stage, and how the injected particle population is
altered by the RS interaction. In this paper, we present a study
of the deep 350 ks Chandra observations of the composite SNR
G327.1-1.1, with the goal of understanding its physical
properties and evolutionary stage. We also present a two-
dimensional (2D) hydrodynamic (HD) model of G327.1-1.1
that provides insight into the evolution and origin of the
morphology of this remnant and composite SNRs in general.

The paper is organized as follows. Sections 2 and 3 describe
the observations and basic analysis of the data. Section 4
discusses the general morphology of the SNR and the PWN
structures revealed by the deep Chandra observation. Section 5
describes the spectral fitting results and discusses the spectral
properties of the SNR shell and the PWN. Section 6 presents
the HD model for the evolution of G327.1-1.1, simulated as an
SNR blast-wave expanding in an ISM density gradient and
containing a PWN produced by a rapidly moving pulsar.
Section 7 presents our modeling of the broadband emission of
G327.1-1.1 from radio to γ-ray wavelengths. Section 8
summarizes the results on the evolutionary state of the SNR
and some of the outstanding questions. The conclusions are
summarized in Section 9.

2. OBSERVATIONS AND DATA REDUCTION

A deep observation of the SNR G327.1-1.1 was carried out
with the Advanced CCD Imaging Spectrometer, ACIS-I, on

board the Chandra X-ray Observatory for a total exposure time
of 350 ks. The observations were taken in the VFAINT mode,
on 2012 May 22, 24, and 27, under the observation IDs 13767,
13768, and 14430, and correspond to exposure times of 143,
170, and 37 ks, respectively. The standard data reduction and
cleaning were performed using the chandra_repro script in
CIAO version 4.5, resulting in a total clean exposure time of
337.5 ks.
The merged, exposure-corrected and adaptively smoothed

false color image of G327.1-1.1 is shown in Figure 1, with the
0.75–1.45 keV shown in red, 1.45–2.58 keV in green, and
2.58–7.0 keV emission in blue. The hard X-ray emission
shown in blue originates from the PWN material, while the soft
X-ray emission in red shows the spatial distribution of the
thermal emission. The overlaid radio contours from the
Molonglo Observatory Synthesis Telescope (MOST)
843MHz observation (Whiteoak & Green 1996) show the
outline of the SNR shell (17′ in diameter) and the inner relic
PWN. The right panel of Figure 1 shows the regions used for
the spectral extraction. Spectra were extracted and response
files were generated for each observation ID individually, using
the CIAO specextract script, producing a set of three spectra
and associated files for each spectral region. Since the
observations were carried out close in time and have the same
roll angle, the spectra and response files were merged to
produce a single spectrum for each extraction region.

3. ANALYSIS

In order to study the properties of the various structures
observed in the PWN and the spatial variations in the thermal
emission across the SNR shell, we fitted spectra from 23
different source regions, shown in Figure 1. Since the SNR shell
covers most of the field of view, we used the ACIS blank-sky
background files adopted to our observation (http://cxc.harvard.
edu/ciao/threads/acisbackground/) to extract background spectra

Figure 1. False color Chandra X-ray image of G327.1-1.1 with the 0.75–1.45 keV emission in red, 1.45–2.58 keV emission in green, and 2.58–7.0 keV emission in
blue (http://chandra.harvard.edu/photo/2014/msh11g327/ (NASA/CXC/GSFC/T.Temim et al.)). The Molonglo Observatory Synthesis Telescope (MOST) 843 MHz
radio contours (Whiteoak & Green 1996) are overlaid on the left panel, with the inner contours outlining the radio relic PWN, and the outer counter the SNR shell,
approximately 17′ in diameter. The right panel shows the regions used for the spectral extraction; the white dotted regions correspond to those listed in Table 1 and
shown in Figure 3, while the numbered regions correspond to those listed in Table 2 and shown in Figures 4 and 5.
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• TeV halos → high-energy e-/+ through IC off the surrounding photon fields. For a 
given B-field in the region, X-ray emission from the same e-/+ population should give 
rise to morphologically similar X-ray halos (see e.g. Linden et al. 2017).

• PWN in the SNR G327.1-1.1
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GREBs: Gamma-ray emitting binaries

1. Aharonian et al. (2005), 2. Aharonian  et al. (2005b), 3. Albert  et al. (2006), 4. Aharonian  et al. (2007), 5. Corbet et al. (2011), 6. Corbet et 
al. (2016), 7. Lyne et al. (2015), 8. HESS Collaboration (2015), 9. Corbet et al. (2019), 10. De Sarkar et al. (2022), 11. Tavani et al. (2009), 12. 
Albert et al. (2007), 13. Bordas et al. (2015), 14. Loh et al. (2016), 15. Lucarelli et al. (2010), 16. Tavani et al. (2009), 17. Mart-Devesa et al. 
(2020), 18. Chernyakova et al. (2019), 19. Abdo et al. (2010), 20. Cheung et al. (2012), 21. Cheung et al. (2012b), 22. Hays et al. (2013), 23. 
Cheung  et al. (2013), 24. Cheung, et al. (2015), 25. Li, et al. (2016), 26. Li et al. (2016b), 27. Li et al. (2017), 28. Li et al. (2018), 29. Jean et al. 
(2018), 30. Li et al. (2018), 31. Buson et al. (2019), 32. Li et al. (2019), 33. Li et al. (2020), 34. Munari et al. (2021), 35. Cheung et al. (2021)

*

*

*

*

γBs PSR B1259–63 [1], LS 5039 [2],
LS I +61 303 [3], HESS J0632+057 [4],
1FGL J1018.6–5856 [5], LMC–P3 [6],

PSR J2032+4127 [7], HESS J1832–093 [8]
4FGL J1405.1-6119 [9], HESS J1828-099 [10]

µQs Cyg X-3 [11], Cyg X-1 [12], SS433 [13]
V404 Gyg [14], AGL J2241+4454 [15]

CWBs Eta Carinae [16], γ 2Velorum [17], HD 93129A [18]

Novae V407 Cyg 2010 [19], V1324 Sco 2012 [20],
V959 Mon 2012 [21], V339 Del 2013 [22],
V1369 Cen 2013 [23], V5668 Sgr 2015 [24],

V5855 Sgr [25], V5856 Sgr [26],
V549 Vel [27], V357 Mus [28],
V906 Car [29], V392 Per [30],
V3890 Sgr [31], V1707 Sco [32],

YZ Ret [33], V1674 Her [34], RS Oph [35]

updated from Paredes & Bordas (2019) 

, V4641 Sgr [?]
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GeV/TeV emitting XRBs: ACCRETION vs. NON ACCRETION



Gamma-ray binaries (γBs)

Aharonian et al. (2006a) 
Johnston et al.(1992) 
Tavani & Arons (1997) 

Aharonian et al. (2006b) 

Motch et al. (1997) 
Paredes et al. (2000) 

Albert et al. (2006) 

Hermsen et al. (1977) 
Gregory & Taylor (1978) 

PSR B1259-63 LS 5039 LS I +61 303



PSR J2032+4127

1FGL J1018.6−5856

H.E.S.S. Col. (2012)

HESS J0632+057

H.E.S.S. Col. (2007)

Abeysekara et al. (2018)
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HE VHE Class Components Porbit

PSR B1259-63 yes yes PSR binary Oe + NS ~3.4 yrs

LS I +61 303 yes yes PSR binary B0 Ve + NS 26.5 d

HESS J0632+057 yes yes ? B0 pe + ? 317.3 d

PSR J2032+4127 ~yes yes PSR binary B0 Ve + PSR ~50 yrs

HESS J1832-093 yes yes ? B8V - B1.5V + ? 86.3 d

LS 5039 yes yes PSR binary (?) ON6.5V + PSR? 3.9 d

1FGL J1018.6−5856 yes yes ? O6V + ? 16.5 d

LMC P3 yes yes ? O5III + ? 10.3 d

4FGL J1405.1-6119 yes no ? O6.5 III + ? 13.7 d

Gamma-ray binaries (γBs)



• Lγ > pulsar spin-down power (if isotropic) => Doppler-boosting, e.g. Kong et al. 2012, 
may not be however efficient enough (see Khangulyan et al. 2014); see also numerical 
MHD simulations in Bogovalov et al. 2012, 2019 in which both for low and high 
magnetisation winds collimation seems rather difficult to attain.


• Other models do not rely on Doppler boosting, e.g. Comptonization of a cold pulsar 
wind  (Khangulyan et al. 2012), GeV-emitting pairs with a Maxwellian distribution 
injected in shock at high pulsar latitudes (Dubus & Cerutti 2013), IC of soft photons 
from an accretion disk formed around the PSR (Yi & Cheng 2017), or a combination 
of bremsstrahlung +IC emission from unshocked and weakly-shocked electrons of 
the pulsar wind (Chernyakova et al. 2020)

Chang et al. (2021)

Gamma-ray binaries (γBs)



• Lγ > pulsar spin-down power (if isotropic) => Doppler-boosting, e.g. Kong et al. 2012, 
may not be however efficient enough (see Khangulyan et al. 2014); see also numerical 
MHD simulations in Bogovalov et al. 2012, 2019 in which both for low and high 
magnetisation winds collimation seems rather difficult to attain.


• Other models do not rely on Doppler boosting, e.g. Comptonization of a cold pulsar 
wind  (Khangulyan et al. 2012), GeV-emitting pairs with a Maxwellian distribution 
injected in shock at high pulsar latitudes (Dubus & Cerutti 2013), IC of soft photons 
from an accretion disk formed around the PSR (Yi & Cheng 2017), or a combination 
of bremsstrahlung +IC emission from unshocked and weakly-shocked electrons of 
the pulsar wind (Chernyakova et al. 2020)

Chang et al. (2021)

Gamma-ray binaries (γBs)

H.E.S.S. Col. (2020)



• Binary system

• d ~ 5.5 kpc, τSS433 ~ 3 × 104 yrs   
• likely BH (M~10-20 M⊙) + A-supergiant (Fabrika 
2004) 
• supper-critical accretion rate, dM/dt ~ 10-4 M⊙/yr 
• 13d (162d) orbital (precession) period (Gies+ 2002)


• jets

• mildly relativistic vjets= 0.26 c, i = 78°, θprec = 21° 
• extremely powerful, Ljet ≳ 1039 erg/s 
• evidence of baryons (Marshall+ 2002, Migliari+ 
2002)

• detected in radio, IR, optical, X-rays 
 

(Dubner et al 1998, Migliari et al. 2002)

SS433



LETTER RESEARCH

the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .

+ .
− .
+ . − − − −2 4 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 3
1 3 16 1 2 1, 

and at w1 the flux is . . . ×− .
+ .

− .
+ . − − − −2 1 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 2
1 2 16 1 2 1. 

HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.
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~3 years of HAWC data: e1 + w1: ~ 5.4σ

E> 20 TeV, SS433: Φ < 5.3 × 10-17 TeV-1 cm-2 s-1
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Figure 1: Gamma-ray observations of SS 433. A: Significance map of the H.E.S.S. observations at energies
> 0.8 TeV (color bar). Cyan contours show the X-ray emission (14,15). White crosses indicate locations of X-ray
regions discussed in the text, w1, w2, e1, e2 and e3. Significance is for the H.E.S.S. excess counts above the
background before accounting for statistical trials and after subtraction of the extended source HESS J1908+063
(subtraction shown in Figure S2). The map has been smoothed with a top-hat function of radius 0.1°. The white
circle indicates the 68% containment region of the H.E.S.S. point-spread function (PSF). The green cross indicates
the position of Fermi J1913+0515 and the green circle is its uncertainty. B: Orange circular points show our
observed spectral energy distribution of the gamma-ray emission from the western jet. The brown square point
is from previous observations (27). Error bars indicate the combined statistical (1�) and systematic uncertainties;
downward arrows indicate upper limits at 95% confidence. The solid line is the best-fitting power-law function,
with dark and light shaded regions indicating the statistical and systematical uncertainties, respectively. C: Same
as panel B but for the eastern jet. The regions from which the spectra shown in panels B and C were extracted are
shown in Figure S2B.
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the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .
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HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.
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Figure 1: Gamma-ray observations of SS 433. A: Significance map of the H.E.S.S. observations at energies
> 0.8 TeV (color bar). Cyan contours show the X-ray emission (14,15). White crosses indicate locations of X-ray
regions discussed in the text, w1, w2, e1, e2 and e3. Significance is for the H.E.S.S. excess counts above the
background before accounting for statistical trials and after subtraction of the extended source HESS J1908+063
(subtraction shown in Figure S2). The map has been smoothed with a top-hat function of radius 0.1°. The white
circle indicates the 68% containment region of the H.E.S.S. point-spread function (PSF). The green cross indicates
the position of Fermi J1913+0515 and the green circle is its uncertainty. B: Orange circular points show our
observed spectral energy distribution of the gamma-ray emission from the western jet. The brown square point
is from previous observations (27). Error bars indicate the combined statistical (1�) and systematic uncertainties;
downward arrows indicate upper limits at 95% confidence. The solid line is the best-fitting power-law function,
with dark and light shaded regions indicating the statistical and systematical uncertainties, respectively. C: Same
as panel B but for the eastern jet. The regions from which the spectra shown in panels B and C were extracted are
shown in Figure S2B.
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dec = 4.98° ± 0.08°. Assuming a power-law spectral shape, the like-
lihood analysis of the excess results in a TS value of 15 (notion-
ally 3.5σ), which is below the formal source detection threshold 

(TS = 25, see Methods). This dim west excess has a spectral index of 
2.30 ± 0.16stat ± 0.11sys and an energy flux of (0.75 ± 0.25stat ± 0.41sys) 
 × 10−11 erg cm−2 s−1.

In an attempt to explore whether these excesses are linked to SS 
433, we produced exposure-corrected, weighted 1 day light curves 
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Fig. 1 | Gamma-ray and atomic cloud images of the SS 433 region.  
a, Fermi-LAT map of the SS 433 region in 0.1–300!GeV band during the 
off-peak phase of PSR J1907+0602. Background sources have been 
modelled and subtracted (see Methods). The colour scale shows the TS 
value, the square root of which gives an approximate detection significance. 
b, Map of the Arecibo H I emission integrated in the interval 65–82!km!s−1 
(colour scale). The image has been scaled by sin bj j

I
 (b is Galactic latitude) 

to enhance the features far from the Galactic plane8. The 95% confidence 
level circle of the positions of Fermi J1913+0515 and the west excess are 
shown in green. The white contours show the radio continuum emission 
from the Effelsberg 11!cm survey from 300!mK and increase in intervals of 
200!mK. Cyan contours show the smoothed X-ray images measured by 
ROSAT in the 0.9–2!keV band from 5!×!10−5!counts!s−1 to 2!×!10−4!counts!s−1 
with intervals of 1.67!×!10−5!counts!s−1 (see Methods). 10!pc scale bars at the 
distance of SS 433/W50 are shown in the bottom right corners.
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Fig. 2 | SS 433 precession signal seen in Fermi J1913+0515.  
a–c, Exposure-corrected Lomb–Scargle power spectra constructed from 
the 1–300!GeV weighted light curve of Fermi J1913+0515 (a), the west 
excess (b) and PSR J1907+0602 (c). The red dotted and dashed lines 
indicate false alarm probabilities of 1% and 5%. Only Fermi J1913+0515 
shows a significant hint of the detection of the precessional period, which is 
confirmed by likelihood analysis.
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Li et al. (2020)

Li et al. 2020

~ 10.5 years of LAT data

Fermi J1913+0515: TS = 39 (6.5𝝈)

west int. region: TS = 15 (3.5𝝈)

SS433



• Novae are produced by the thermonuclear fusion of hydrogen on the surface 
layers of a WD when accreting the mass from its companion star in a binary 
system.


• In classical nova the companion star is a MS star, and the WD is “smoothly" fed 
by the wind from the companion through Roche-lobe overflow.


• Symbiotic recurrent novae are instead composed of a ~massive WD (> 1.1 Msun) 
and a red giant companion, and the WD accretes from the massive star wind.


from Acciari et al. (2022)

Novae at VHEs



Novae at VHEs

Acciari et al. (2022)

RS Ophiuchi 

• Detection (13.2𝝈) of the recurrent nova RS Ophiuchi 
with MAGIC at energies 60-250 GeV. 


• MAGIC flux ~cte in the first 4 days, while LAT flux 
decreases => migration of the γ-ray emission 
towards higher E <=> increase of particle’s Emax


• The Fermi-LAT and MAGIC measurement can be well 
described with a proton-only model, with a PL + 
expCut with Γ ≈ 2, with Ecutoff increasing with t


• Un-cooled accelerated protons will eventually escape, 
and contribute (dominate) to the galactic CR see in the 
immediate surroundings (~0.5 pc)


LETTERSNATURE ASTRONOMY

is due to its recurrent symbiotic nature, or just the first sign of such 
emission from a broader class of classical novae. The comparison 
of gamma-ray measurements in gigaelectronvolt and VHE gamma- 
ray ranges with previous Fermi LAT novae does not reveal any 

peculiarity in the emission of RS Oph, except for its brightness  
(Fig. 4 and Extended Data Fig. 10). Therefore, it is likely that future, 
more sensitive VHE gamma-ray facilities will be able to provide an 
ample harvest of novae.
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Fig. 2 | Schematic representation of RS Oph during an outburst. A photosphere (yellow circle) surrounds the WD (white small circle). Its companion 
star, an RG (red circle), emits a slow wind (red arrows). Ejecta of the nova explosion (grey arrows) propagate into the surrounding medium, causing a 
shock wave encompassing the binary system (grey dashed line). In the shock wave, energetic electrons and protons (magenta and green wavy lines, 
respectively) are trapped by a magnetic field and accelerated. Gamma rays (white arrows) are produced either by electrons scattering the thermal 
radiation of the photosphere (yellow arrow) or by protons interacting with the surrounding matter (grey and red dots).
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Fig. 3 | Gamma-ray spectrum of RS Oph observed over the first 4!d of the outburst, and modelled with both a hadronic and a leptonic scenario. 
Observations are averaged over the first 4!d of the outburst. Left: a hadronic model. Right: a leptonic model. The dashed line shows the gamma rays from 
the π0 decay and the dotted line shows the inverse Compton contribution of the secondary e± pairs produced in hadronic interactions. dN/dEp and  
dN/dEe report the shapes of the proton and electron energy distributions obtained from the fit. Bottom: the fit residuals. Error bars represent 1σ statistical 
uncertainties in the data points.
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of gamma-ray measurements in gigaelectronvolt and VHE gamma- 
ray ranges with previous Fermi LAT novae does not reveal any 

peculiarity in the emission of RS Oph, except for its brightness  
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• H.E.S.S. detected RS Oph up to ~1 month after the 2021 outburst with a daily 
significances ~6𝝈 for the first 5 nights. The VHE flux profile closely follows that at HEs 
with a shift/delay of ~2 days.


• RS Oph spectrum consistent with a log-parabola model, with N0 decreasing and the 
parabola widening over time, also similar to the LAT spectrum. 


• An hadronic scenario is favoured over a leptonic model, with proton Emax increasing with 
time up to ~10 TeV, and a conversion efficiency > 10%.


• The contribution to the local CR density can be significant within ~1pc3 volume. If a similar 
accel. efficiency operates in SNe, these could sustain the galactic CR flux at PeV energies.

Highlights: detection of Novae at VHEs

H.E.S.S. Col (2022)

RS Ophiuchi 



Summary => CTAO perspectives

• Surveys of the Galactic Plane have demonstrated to be extremely useful for the 
discovery of new sources, as well as for source population studies. In the CTAO era, 
a number of configurations of the different arrays are being considered to maximize 
the scientific return of a deep GPS (e.g. diverging pointing)


• The Galactic center is the richest region of our Galaxy for the study of a variety of 
sources and physical phenomena. In the next years, further discoveries may be 
granted to CTAO, including a final conclusion on the PeVatron nature of Sgr A* 


• SNRs are the best candidates to sustain the Galactic CR population from 
energetic grounds. It is still to be solved whether they can also be (some of) the 
source accelerators up to the knee. CTAO, with a much improved angular resolution 
and sensitivity should be able to resolve a number of physical mechanisms taking 
place in SNRs, as well as on its interaction with nearby MCs


• For PSRs, the recent detection of multi-TeV gamma-rays from the Crab and 
particularly for the Vela PSR makes CTAO perspectives bright for the detection of 
new PSRs at TeV energies.


• CTAO will also be able to resolve the physics related to PWN in much greater detail. 
Tdiscovery of a number of new sources at lower flux levels may reveal/confirm also 
the presence of a number of new TeV halos surrounding PWNe


• For gamma-ray binaries, several new systems are expected to be discovered from 
the CTAO galactic scan. Further insights into their variable emission, as well as 
possible flares, are assured.




BACKUP



Open clusters



Galactic open clusters. 
HESS J1646–458 is found to be coincident with the young stellar cluster 
Westerlund 1, but also with the magnetar CXOU J164710.2−455216, the X-ray 
binary 4U 1642–45 and the pulsar PSR J1648–4611 (Abramowski et al. 2012). 
In a single-source scenario, Wd 1 is favoured as site of VHE particle 
acceleration. Here, a hadronic parent population would be accelerated within the 
stellar cluster. Beside this, there is evidence for a multi-source origin, where a 
scenario involving PSR J1648–4611 could be viable to explain parts of the VHE 
γ-ray emission of HESS J1646–458.



Galactic open clusters. 
HESS J1023–575 is found to be coincident with the young stellar cluster 
Westerlund 2 in the well-known HII complex RCW49 (Aharonian et al. 2007). 
Considered emission scenarios include emission from the colliding wind zone of 
WR 20a, collective stellar winds, diffusive shock acceleration in the wind-blown 
bubble itself, and supersonic winds breaking out into the interstellar medium 
(ISM).



Globular clusters



Globular clusters. 

GeV emitting globular clusters as seen  
by Fermi/LAT (Abdo et al. 2010): 
➢ 8 globular clusters detected. 
➢ 5 of them show hard spectral power 
indices (0.7 < Γ < 1.4) and clear evidence 
for an exponential cut-off in the range  
1.0−2.6 GeV, which is the characteristic  
signature of magnetospheric emission from MSPs. 
➢ 3 of them have no known radio or X-ray MSPs yet still exhibit MSP spectral 
properties. 
➢ From the observed gamma-ray luminosities, the total number of MSPs that is 
expected to be present in these globular clusters can be estimated. 
➢ 2600−4700 MSPs in Galactic GCs, commensurate with previous estimates. 
See also Tam et al. (2011) and Hui et al. (2011) for updates, or de Menezes et al. 
(2018) for a more recent update with 23 GCs detected by Fermi/LAT.



Globular clusters. 
HESS J1747-248, overlapping with 
Terzan 5, detected at TeV energies by 
HESS (Abramowski et al. 2011). 
Terzan 5 has the largest population of 
identified millisecond pulsars, a very 
high core stellar density and the brightest 
GeV range flux as measured by Fermi/
LAT. 
The nature of HESS J1747-248 is 
uncertain, since no counterpart or model 
can fully explain the observed 
morphology. An association with Terzan 
5 is tantalizing, but the available data do 
not firmly prove this scenario. 
See also Abramowski et al. (2013).



(Martí-Devesa et al. 2021)

(H.E.S.S. Coll. 2020)

Colliding wind binaries



Radio galaxies. 
➢ FR I radio galaxy M87 shows fast variability compatible with emitting region 

with size of the Schwarschild radius of the central black hole (Acciari et al. 
2009) 

➢ FR I radio galaxy Centaurus A detected (120 h) (Aharonian et al. 2009). 
➢ TeV gamma rays are emitted by extragalactic sources other than blazars, 

where jets are not relativistically beamed toward the observer.



Starburst galaxies. 
➢ NGC 253 detected for the first time! M82 soon afterwards! 
➢ Starburst galaxies: high-mass star-formation, increased rate of SNe. 
➢ They produce a lot of cosmic rays that interact with interstellar gas and 

radiation, producing diffuse TeV gamma-ray emission (neutral pion decay). 
➢ In M82: cosmic-ray density about 500 times the average Galactic density. 
➢ Cosmic-ray acceleration tied to star formation (SNe and stellar winds). 

         NGC 253 (Acero et al. 2009)        M82 (Acciari et al. 2009)



Starburst galaxies. And also M82 (Acciari et al. 2009). The cosmic rays 
produced in the formation, life, and death of their massive stars are expected to 
eventually produce diffuse gamma-ray emission via their interactions with 
interstellar gas and radiation. The detection of >700 GeV gamma rays from M82 
implies a cosmic-ray density of 250 eV cm-3 in the starburst core of M82, or about 
500 times the average Galactic density. This result strongly supports that cosmic-
ray acceleration is tied to star formation activity, and that supernovae and 
massive star winds are the dominant accelerators.



Clusters of galaxies. 
➢ Expected to be reservoirs of cosmic rays (CRs). 
➢ Should produce diffuse gamma-ray emission due to hadronic interactions with 

intra-cluster medium. 
➢ Deep 250 h MAGIC observations of the Perseus cluster. 
➢ The central galaxy NGC 1275 is clearly detected at low energies, and the 

nearby head tail radiogalaxy IC 310 at all energies. 
➢ No diffuse gamma-ray emission is detected. 
➢ This constrains the average CR-to-thermal pressure ratio to be <1–2%. If CRs 

propagate out of the cluster core, this ratio is constrained to be <20% (Ahnen 
et al. 2016).



SNR cat

SNR_Name Type Other_Names TeVCat l b Distance Age MC_Mass Flux100GeV Flux1TeV
� � kpc yr Msun erg s�1 cm�2 erg s�1 cm�2

G359.1-0.5 INT HESSJ1745-303 TeV J1745-303 358.7 -0.65 7.6 10000.0 50000.0 4.177e-12 8.425e-13
HESSJ1731-347 SHELL HESSJ1731-347 TeV J1732-347 353.54 -0.68 3.2 14500.0 0.0 1.6595e-11 6.615e-12

CTB37B SHELL HESSJ1713-381 G348.7+0.3 TeV J1713-382 348.63 0.38 13.2 5000.0 0.0 1.55e-13 4.436e-14
CTB37A INT G348.5+0.1 TeV J1714-385 348.38 0.1 9.0 16000.0 67000.0 3.886e-12 8.347e-13

RXJ1713.7-3946 SHELL G347.3-0.5 TeV J1713-397 347.33 -0.48 1.0 1600.0 0.0 5.84869e-10 3.1538e-10
SN1006(NE) SHELL TeV J1504-418 327.84 14.56 1.6 1010.0 0.0 3.3779e-11 2.2221e-11
SN1006(SW) SHELL TeV J1504-421 327.86 15.35 1.6 1010.0 0.0 2.0084e-11 9.8858e-12
G318.2+0.1 INT HESSJ1457-593 TeV J1457-594 318.36 -0.44 9.2 8000.0 0.0 4.87e-13 8.7534e-14

RCW86 SHELL G315.4-2.3 MSH14-63 TeV J1442-624 315.41 -2.31 2.5 1800.0 0.0 1.3462e-11 5.9342e-12
G298.6-0.0 298.6 0.0 5.0 1000.0 0.0 5.2442e-11 5.1438e-11
Vela Junior SHELL RXJ0852.0-4622 TeV J0852-463 266.28 -1.25 1.0 3000.0 0.0 0.0 3.1786e-10
Puppis A 260.4 -3.4 2.2 4450.0 0.0 5.305e-12 7.9818e-13

IC443 INT TeV J0616+225 189.1 3.0 1.5 10000.0 10000.0 1.1617e-11 8.5012e-13
Tycho SHELL TeV J0025+641 120.1 1.4 4.5 400.0 0.0 0.0 9.4669e-14
Cas A SHELL TeV J2323+588 111.7 -2.1 3.4 330.0 0.0 3.726e-12 8.1634e-13

Gamma Cygni 78.2 2.1 1.5 6600.0 0.0 2.3169e-11 7.9406e-12
Cygnus Loop 74.0 -8.5 0.8 15000.0 0.0 1.8e-13 2.7842e-16

W51C INT G49.2-0.7 HESSJ1923+141 TeV J1923+141 49.2 -0.7 5.6 30000.0 190000.0 1.1725e-11 1.9496e-12
W49B INT G43.3-0.2 HESSJ1911+090 TeV J1911+090 43.3 -0.2 8.0 2000.0 1000000.0 5.477e-12 3.8876e-13
W44 INT G34.7-0.4 none 34.7 -0.4 3.0 20000.0 500000.0 1.003e-12 2.8471e-14
W41 INT G23.3-0.3 HESSJ1834-087 TeV J1834-087 23.24 -0.33 4.8 100000.0 88000.0 6.118e-12 1.5368e-12

W28north INT HESSJ1801-233 3EGJ1800-2338 TeV J1801-233 6.65 -0.27 1.9 35000.0 50000.0 9.776e-12 1.4924e-12
W28A INT HESSJ1800-240A TeV J1800-240A 5.88 -0.39 1.9 35000.0 40000.0 6.153e-12 2.6322e-12
W28B INT HESSJ1800-240B TeV J1800-240B 5.88 -0.39 1.9 35000.0 60000.0 7.626e-12 2.8944e-12
W28C INT HESSJ1800-240C TeV J1800-240C 5.88 -0.39 1.9 35000.0 20000.0 4.376e-12 2.0365e-12

G349.7+0.2 INT 349.7 0.2 11.5 1800.0 5000.0 2.8e-14 4.4379e-15
HESSJ1912+101 TeV J1912+101 44.39 -0.07 4.1 100000.0 12000.0 2.6006e-11 1.0625e-11
HESSJ1534-571 TeV J1534-571 323.65 -0.92 3.5 10000.0 1000.0 2.0676e-11 8.4906e-12

MSH1739 INT 357.7 -0.1 11.8 -1.0 35000.0 6.1e-14 4.57884e-16
HB21 INT 89.0 4.7 1.7 15874.0 55000.0 6e-15 1.3092e-17

HESSJ1614-518 SHELL TeV J1614-518 331.52 -0.58 1.5 30000.0 0.0 6.4802e-11 2.7512e-11
W30 INT 8.7 -0.1 4.6 20493.0 190000.0 4.4596e-11 1.1907e-11

3C 391 Kes 77 31.9 0.0 7.1 9000.0 0.0 1.8e-14 1.4426e-16
CTB109 109.1 1.0 3.2 14000.0 0.0 2.191e-12 8.8208e-13

G337.0-0.1 CTB 33 337.0 -0.1 11.0 5000.0 0.0 7e-15 2.67153e-17
S147 180.0 -1.7 1.39 30000.0 0.0 1.22117e-10 1.0661e-10
Kes17 304.6 0.1 9.7 14000.0 0.0 0.0 1.8863e-14

Catalog of �-SNRs
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SNRs @ VHE gamma-rays

Faint SNRs. 
SN 1006 detected after 130 hours of observations (Acero et al. 2010). The 
HESS spots are coincident with the non-thermal X-ray filaments seen by 
Chandra and XMM-Newton in the NE and SW part of the SNR shell, produced 
by synchrotron radiation of electrons accelerated to ~100 TeV. Because the 
VHE emission appears to form in a thin rim, particle acceleration in shock waves 
is likely to be the origin of the gamma-ray signal. Leptonic and mixed 
scenarios are compatible with TeV emission provided B>30 microGauss.



SNRs @ VHE gamma-rays

Faint SNRs. 
Tycho SNR detected by VERITAS, after 68 hours. Integral flux above 1 TeV of 
just 0.9% of the Crab Nebula flux. Both leptonic and mixed scenarios can 
explain the TeV emission provided B>80 microGauss. Possible evidence for 
magnetic field amplification (Acciari et al. 2011).

The Fermi data support a hadronic scenario (Giordano et al. 2012). 
The situation is not so clear after a recent update (Archambault et al. 2017).



SNRs @ VHE gamma-rays

Evolved SNR close to molecular clouds. 
MAGIC W51 complex. SNR W51C interacts with molecular clouds in W51B 
(Aleksic et al. 2011). 
The TeV emission  
coincides with the  
shocked cloud region.

0.3-1 TeV

>1 TeV

13 CO 21 cm continuum

Fermi above 1 GeV

The broad band spectral energy distribution can be explained only with 
a hadronic model that implies proton acceleration above 100 TeV. 
This result, together with the morphology of the source, tentatively 
suggests that we observe ongoing acceleration of ions in the 
interaction zone between the supernova remnant and the cloud.


