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

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

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

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

3. Morphology studies

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

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

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

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

• Multi-wavelength (radio, X, GeV–TeV γ, …) morphological and spectral information 
→ Discussion on emission mechanisms (e.g., hadronic v.s. leptonic) and particle 
acceleration to the extent that was not possible ~ 20 years ago

Example of RX J1713.7−3946

H.E.S.S. Collaboration (2018)
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946

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

We do not show a fit where parameters have been optimized
for pion-decay dominance at GeV–TeV energies because the
result is essentially the same as shown in Ellison et al. (2010)
for the homogeneous case. As is clear from Figure 2, if Kep is
decreased to allow pion decay to dominate IC, the overall density
will have to be increased substantially to produce enough flux at
GeV–TeV energies. Any increase in density (here, for the pre-
SN wind through varying dM/dt and/or Vwind) will increase
the X-ray line emission along with the pion-decay emission,
producing a conflict with the Suzaku observations. In fact, as
long as the contribution from the escaping CRs remains well
below the IC, all fitting parameters, such as the efficiency for
DSA, EDSA, are constrained here just as in the fits shown in
Ellison et al. (2010).

We note that the parameter fsk determines the precursor
length in our model but that we do not explicitly model the
spatial properties of the precursor in our implementation of the
Blasi et al. DSA model (see Caprioli et al. 2009, and references
therein, for an updated version of the model that does include
the precursor explicitly). We do, however, account for all
CRs that are accelerated and, except for the escaping CRs,
assume they are all trapped behind the FS. We, therefore,
overestimate the pion-decay flux since the trapped CRs interact
with the dense shocked plasma rather than the thinner precursor
material. The only possible case where the precursor CRs might
enhance the pion-decay emission is if the precursor is interacting
with external material denser than the shocked plasma. We
consider this case unlikely because it requires fine tuning. If
the external material is fully outside of the precursor, it is
contained in the case we discuss in Section 3.2 below. If the
FS is also interacting with the external material, it is the case
we discuss in Section 3.3 below. Only if the precursor, but not
the FS, is impacting dense material is there a possibility that the
pion-decay emission will be greater than we estimate. With a
precursor length determined by fsk = 0.1, we consider this to
be unlikely. While larger values of fsk are possible, they imply
strong self-generated turbulence far upstream where the density
of accelerated CRs has dropped significantly from that at the
shock (this is, in effect, CR “dilution” as discussed by Berezhko
et al. 1996a, 1996b). It is noteworthy that neglecting the spatial
properties of the precursor is less likely to overestimate the
electron contribution to the GeV–TeV emission since radiation
losses will prevent the highest energy electrons from streaming
far upstream.

There are two important improvements over the broadband
IC fit given in Figure 4 of Ellison et al. (2010). One is that the
newer Fermi-LAT data for SNR J1713 now clearly favor an IC
model, whereas the preliminary Fermi-LAT data available for
Ellison et al. (2010) were less clear. The second improvement is
in our match to the highest energy HESS points. In the constant
ISM model used in Ellison et al. (2010), the IC fit fell below
the highest energy HESS points. Now, with our core-collapse
model, we are able to fit the highest energy points successfully
with only the CMB photon field. This improvement comes about
because the magnetic field at the FS is lower in the core-collapse
case and electrons can obtain a higher energy before synchrotron
losses dominate. Magnetic field amplification is still important
(we fit the data with Bamp = 8.5 for this case) but starting with
a lower ambient field is advantageous.

Figure 4. Same format as in Figure 2 for Model B. As in Figure 2, the black
dashed curve is the total emission and, in this case, it lies above the HESS data.
While a better fit could be obtained by reducing the external mass and/or by
increasing the CR diffusion coefficient in the CSM to reduce the contribution
from escaping CRs, a good fit to the GeV–TeV emission with only pion decay
is not possible with this model.
(A color version of this figure is available in the online journal.)

3.2. External Molecular Cloud Interaction

The contribution from the escaping CRs to the TeV emission
will increase as the external target material increases, as would
be the case if the escaping CRs from the SNR diffused into
a nearby molecular cloud (e.g., Aharonian & Atoyan 1996;
Ptuskin & Zirakashvili 2005; Gabici & Aharonian 2007; Gabici
et al. 2009; Caprioli et al. 2010; Ohira et al. 2011). In Figures 3
and 4, we show an example (Model B) where the mass external
to the FS is 104 M! with a density of ∼100 cm−3. All other
parameters are the same as for Model A and again we note
that our model is spherically symmetric so that all escaping
CRs interact with the outer shell. Now, the pion-decay emission
from the escaping CRs at TeV energies is well above the pion
decay from the trapped CR protons and is comparable at the
highest energies to the IC from the trapped CR electrons.

While a larger external mass would clearly result in pion de-
cay dominating the IC, it remains to be seen if a satisfactory
fit for SNR J1713 can be found with just pion decay. The first
problem concerns the shape of the pion-decay emission from
the escaping CR distribution. The distributions shown in Fig-
ures 2 and 4 are much too narrow to produce a good fit to
both the Fermi-LAT and HESS fluxes and a substantial contri-
bution from IC is required to produce a good fit. We note, for
example, that Zirakashvili & Ptuskin (2008) and Caprioli et al.
(2010) find similar narrow escaping CR distributions, as does
Vladimirov et al. (2006) with Monte Carlo simulations that di-
rectly determine the escaping flux, but that Gabici et al. (2009)
and Ohira et al. (2011) assume broader distributions when aver-
aged over the age of the remnant.10 As was discussed in Ellison
& Bykov (2011), the shape of the escaping CR particle distri-
bution depends on the details of how the highest energy parti-
cles, trapped and escaping, generate turbulence, particularly via
long-wavelength effects. The long-wavelength, wave–particle

10 There are data from spacecraft observations of the Earth bow shock
supporting the direct escape of a narrow distribution of accelerated particles
(e.g., Scholer et al. 1980; Mitchell et al. 1983).
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SNRs = PeVatrons?

Ackermann+ (including TT as a corresponding author) (2013)

low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-

tum p was parameterized by a smoothly broken
power law in the form of

dNp

dp
º p−s1 1þ p

pbr

! "s2 − s1
b

2

4

3

5
−b

ð1Þ

Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.
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REPORTS

• If SNRs are Galactic cosmic-ray origins, they should accelerate protons up to 
the knee at ~ PeV 

• Spectra of only a handful of SNRs (e.g., IC 443, W44, W51C, …) found to agree 
well with π0-decay emission model 

• Evidence for proton acceleration provided for those cases 
• However, their proton spectra seem to have a break or a cutoff far below ~ PeV 
• Are SNRs really PeVatron? 
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PeVatron Spectra
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Spectra of Young SNRs
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H.E.S.S. Collaboration: Observations of RX J1713.7�3946
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Fig. 6: Gamma-ray model curves and parent particle energy spectra. On the left, the best-fit electron and proton gamma-ray models
(broken power laws with exponential cut-o↵s) are compared to the Fermi-LAT and H.E.S.S. data. The data points and model curves
are the same as in Fig. 5. On the right, the corresponding best-fit parent particle energy spectra are shown. The electron model is
derived from a combined fit to both the X-ray and gamma-ray data.

5.3.2. Half remnant

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

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

e
c,W = 88.4 ± 1.2 TeV, compared to E

e
c,E = 120 ± 3 TeV

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

5.3.3. Spatially resolved particle distribution

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

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

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

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

We find that in all regions the emission from an electron
distribution with a power law and an exponential cut-o↵ repro-
duces the spectral shape in both X-ray and VHE gamma-ray
energies. Table 6 and Fig. 7 show the results of these fits. The
electron particle index for all the regions is in the range 2.56
to 3.26 and is compatible with the average full-remnant parti-
cle index of 2.93. Such steep particle indices, which are signif-
icantly larger than the canonical acceleration index of about 2,
indicate that the accelerated electron population at these energies
(Ee & 5 TeV) has undergone modifications, i.e. cooling through
synchrotron losses. However, neither the age of the remnant of
O(1000 years) nor the derived average magnetic field are high
enough for the electrons to have cooled down to such energies.
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possible. Therefore, in our modeling, the total photon spectrum
disconnects between 100keV and 10MeV. The electron
temperature, Te, is chosen according to Maeda et al. (2009),
and the thermal-bremsstrahlung emission provides a moderate
contribution to the X-ray flux. The main reason for the rather
insignificant thermal and NTB contributions is a relatively low
plasma density in the downstream region given for a strong
shock by nH,d=4nH.

Finally, we test if the increasing γ-ray flux at ∼100 MeV can
be explained by NTB. Indeed, at first glance, the two lowest-
energy Fermi data points suggest the presence of an additional
emission besides the pion bump, such as NTB. Performing the
χ2-test after taking into account both NTB and neutral-pion

decay, we find, however, that a negligible NTB contribution is
preferred. The corresponding best fit with �D 1.42

d.o.f.

2

is
presented in Figure 8. Nevertheless, CasA has been considered
for a long time as the best candidate for detecting NTB
(Cowsik & Sarkar 1980; Allen et al. 2008). Therefore, we
investigate the possibility of a lepto-hadronic model for the
observed γ-ray spectrum of CasA in the following section.

5.3. Lepto-hadronic Model

In this section, we determine the observable limits on the
presence of NTB and establish a model with a maximum
possible NTB contribution.
In the framework of our one-zone model, NTB at a few

hundred MeV is emitted by the same electrons that produce
radio synchrotron emission at a few hundred MHz, and so, a
flux comparison between the radio data and the Fermi points at
∼100 MeV, (F F1 GHz 100 MeV), determines the relation between
the average gas density and the minimum magnetic-field
strength. Choosing the pre-shock gas density according to Lee
et al. (2014), nH=1.0 cm−3, we obtain for the minimum
downstream magnetic-field strength Bmin≈150 μG. Any
weaker magnetic field would lead to NTB overshooting the
data points at ∼100MeV.
In general, the emission coefficients for synchrotron and

NTB scale with magnetic-field strength and gas number
density, respectively, as

( )r r
�

j B j nand . 3sy ntb H
se1

2

Therefore, to sustain constant a synchrotron and an NTB-flux
ratio, the following condition for downstream magnetic field

Figure 7. ModelI: hadronic model with downstream magnetic field B≈450 μG and upstream gas density nH=1 cm−3. The radio data are taken from Vinyaikin
(2014), and the X-ray data are taken from Maeda et al. (2009) and Wang & Li (2016).

Figure 8. Best fit for the hadronic component (green dashed line) plus
nonthermal bremsstrahlung (blue dotted line); the total spectrum (pink solid
line) with χ2=35.50 and d.o.f.=25 (D �d.o.f. 1.422 ).
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Fig. 1.—Gamma-ray spectra from the SNR (top) and from a cloud of
located 100 pc away from the SNR (bottom). The distance is 1 kpc.410 M,

Curves refer to different times after the explosion: 400 yr (curve 1), 2000 yr
(curve 2), 8000 yr (curve 3), and (curve 4) yr.43.2# 10

Fig. 2.—Muonic neutrino spectra from the SNR (top) and from the cloud
(bottom) for the same set of parameters as in Fig. 1. Neutrino oscillations are
not taken into account.

low we assume cm2 s!1. The29 0.5D p 3# 10 (E/1 PeV)ISM
change of s within the allowed range or the choice of a different
normalization for does not alter qualitatively the results,DISM
the main effect being that the characteristic timescales of the
problem change proportional to .1/DISM
The functions and can be used to evaluate the g-rayf fin out

and neutrino fluxes due to CR interactions in the ambient gas,
both from the SNR itself and surrounding dense environments
(e.g., from nearby molecular clouds).

3. RESULTS

The top panel of Figure 1 shows the energy spectrum of g-
ray emission from interactions of accelerated protons with am-
bient medium, calculated for typical parameters characterizing
SNRs: . The bottom panel shows the emis-E p n p u p 151 9
sion from a cloud of mass located at a distance4M p 10 Mcl ,

pc away from the SNR. Spectra have been calculatedd p 100cl
following Kelner et al. (2006). The distance of the SNR is
assumed to be kpc, and different curves refer to differentD p 1
times after the supernova explosion. The efficiency of CR ac-
celeration at the SNR shock is regulated by the parameter

(the ratio of the CR pressure at the shock to the shock ramyCR
pressure), which is assumed to be equal to 0.3 and constant
during the SNR evolution. This assumption is reasonable for
strong shocks, for which the acceleration efficiency saturates
to very high values (Blasi et al. 2005), and it becomes less
reliable in the late stages of the Sedov phase, when the SNR
shock becomes progressively weaker.
Early in the Sedov phase (curve 1, 400 yr after the explo-

sion), the g-ray spectrum from the SNR is hard and extends
up to !100 TeV, revealing the acceleration of PeV particles.
The hardness of the spectrum reflects the fact that, due to
nonlinear effects in particle acceleration, the underlying CR
spectrum becomes harder than . Conversely, the2 !2p f (p) ∝ p0
g-ray flux from the cloud is extremely weak, because for the
epoch of 400 yr after the explosion CRs do not have sufficient

time to reach the cloud. The emission of !100 TeV photons
from the SNR lasts a few hundred years, and after that the
cutoff in the g-ray spectrum moves to lower energies (curves
2, 3, and 4 correspond to the epochs of , , and3 32# 10 8# 10

yr after the explosion). As time passes, CRs finally43.2# 10
reach the cloud and produce there g-rays when interacting with
the dense cloud environment. This makes the cloud an effective
multi-TeV g-ray emitter, with a flux at the sensitivity level of
next generation Cerenkov telescopes operating in that energy
range. As lower and lower energy particles reach the cloud,
the peak of the g-ray emission accordingly shifts toward the
lower, TeV and GeV, energies at flux levels that can be probed
by ground-based instruments and the Gamma-Ray Large Area
Space Telescope.
The shape of the g-ray spectrum is naturally explained as

follows: at a time t, only particles with energy above , givenE∗
by , reach the cloud. Thus, the CR spec-1/2d ≈ [6D (E )t]cl ISM ∗
trum inside the cloud has a sharp low-energy cutoff at . TheE∗
corresponding g-ray spectrum peaks at the energy ≈ , and0.1E∗
the spectral slopes above and below the peak are ∼ and!2!sE
∼ , respectively.!1E
The multi-TeV hadronic g-ray emission from the cloud is

significantly weaker than the one from the SNR, but its detec-
tion might be easier because of its longer duration ("104 yr
vs. a few hundred years). Moreover, the leptonic contribution
to the cloud emission is likely to be negligible. Electrons ac-
celerated at the SNR cannot reach the cloud because they re-
main confined in the SNR due to severe synchrotron losses.
Secondary electrons can be produced in the cloud, but they
cool mainly via synchrotron emission in the cloud magnetic
field ∼ mG (Crutcher 1999). This makes the production10–100
of !TeV g-rays due to inverse Compton scattering and non-
thermal bremsstrahlung negligible.
Figure 2 shows the muonic neutrino fluxes from the SNR

(top panel) and the cloud (bottom panel) for the same param-
eters adopted in Figure 1. The flux at Earth is a factor of ≈2
smaller than what is showed due to neutrino oscillations. For

400 yr
2000 yr

8000 yr
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Figure 1. (a) Fermi-LAT γ -ray count map for 2–100 GeV around SNR W44 in units of counts per pixel (0.◦1 × 0.◦1) in celestial coordinates (J2000). Gaussian
smoothing with a kernel σ = 0.◦3 is applied to the count maps. Magenta contours represent a 10 GHz radio map of SNR W44 (Handa et al. 1987). 2FGL sources
included in the maximum likelihood model are shown as crosses, while those removed from the model are indicated by diamonds. (b) The difference between the
count map in (a) and the best-fit (maximum likelihood) model consisting of the Galactic diffuse emission, the isotropic model, 2FGL sources (crosses), and SNR W44
represented by the radio map. Excess γ -rays in the vicinity of W44 are referred to as SRC-1 and SRC-2.
(A color version of this figure is available in the online journal.)

used for the likelihood analysis is 10◦ × 10◦, centered on W44.
The γ -ray source model includes point sources listed in the
second Fermi-LAT catalog (2FGL sources; Nolan et al. 2012),
Galactic interstellar diffuse emission, and an isotropic com-
ponent (extragalactic and residual particle background). The
Galactic diffuse emission is modeled using the standard ring-
hybrid model, gal_2yearp7v6_v0.fits, with its normaliza-
tion being left free. We use a tabulated spectrum written in
iso_p7v6source.txt as the isotropic diffuse emission. The
LAT data, analysis software, and diffuse models are made pub-
licly available through the Fermi Science Support Center.9

Figure 1(a) shows a 2–100 GeV count map in the vicinity of
SNR W44, where crosses and diamonds indicate the positions
of 2FGL sources. In addition to W44, five 2FGL sources
are distributed within 1.◦5 from W44. One of them, 2FGL
J1857.6 + 0211, coincides with PSR B1855 + 02 and also with
SNR G35.6−0.410 that has recently been re-identified as an SNR
(Green 2009). The other nearby 2FGL sources (diamonds) do
not have clear counterparts in other wavelengths, and they are
excluded from the source model to investigate the surroundings
of W44.

We employ a synchrotron radio map of SNR W44 taken
from Handa et al. (1987) to model the spatial distribution of
the γ -ray emission from W44, given that the synchrotron and
γ -ray emission from W44 are expected to be co-spatial (see
Section 4.1). The γ -ray spectrum is assumed to obey a power
law.

3. RESULTS

The likelihood analysis is performed using the source model
described above. For point sources, we use the spectral models

9 http://fermi.gsfc.nasa.gov/ssc/
10 PSR B1855 + 02 is located near the center of G35.6−0.4. At the southern
border of G35.6−0.4, there is a TeV γ -ray source HESS J1858 + 020
(Aharonian et al. 2008a), toward which one or more molecular clouds have
been found (Paron & Giacani 2010). Discussion of HESS J1858 + 020 can be
found in Torres et al. (2011).

adopted for each source in the 2FGL catalog analysis. Spectral
normalizations of point sources located <3◦ from W44 are al-
lowed to vary in the likelihood fit, while the spectral parameters
of the other field sources are fixed using the 2FGL catalog. The
normalization and photon index of W44 are left free; a photon
index of ΓW44 = 2.94 ± 0.07 is obtained in agreement with our
previous work (Abdo et al. 2010a). Figure 1(b) shows a resid-
ual count map, where the observed count map in 2–100 GeV is
subtracted by the best-fit sky model. Significant excess γ -rays
are seen in the vicinity of W44; the features are referred to here
as SRC-1 and SRC-2. The statistical significance is found to be
∼9σ for SRC-1 and ∼10σ for SRC-2.

The residual count map depends weakly on the choice of
the spatial template that describes γ -rays from W44. Our
simulations using gtobssim verified that SRC-1 and SRC-2
are not caused by photons leaking from W44 due to the PSF of
LAT. Also we checked the robustness of the results by selecting
only the front-converted events.

We perform spectral analysis of SRC-1/2 by modeling
each source as a disk with a 0.◦4 radius (see Figure 1). The
resulting γ -ray spectra are plotted in Figure 2 along with
the spectrum obtained for SNR W44. Adding the SRC-1/2
disks to the source model does not significantly affect the
W44 spectrum. The power-law photon index is found to be
Γ = 2.56 ± 0.23sta ± 0.2sys and Γ = 2.85 ± 0.23sta ± 0.2sys for
SRC-1 and SRC-2, respectively. The systematic errors are eval-
uated from different choices of the sky models describing W44
and SRC-1/2 and from the uncertainties of the effective area.
The imperfection of the diffuse emission model and its possible
impact on the results are discussed below. We tested a smoothly
broken power law and exponentially cutoff power law for
SRC-1/2 but found that the spectral fits do not significantly
improve.

4. DISCUSSION

We have discovered GeV γ -ray sources on the periphery of
SNR W44. It has long been known that a complex of giant

2

Fermi LAT 
(2–100 GeV)

W44
Gabici & Aharonian (2007)

Uchiyama, TT+ (2012)

• SNRs are PeVatrons only for a short period of time during their lives? 
• If so, we expect hard hadronic emission from nearby dense gas clouds illuminated 

by protons accelerated in SNR shocks in the past 
• For direct evidence for PeVatrons, sub-PeV observations of both SNRs and nearby 

clouds are important
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Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

• Detection of gamma rays up to 440 TeV by LHAASO 
• Associated with SNR G40.5−0.5? 
• Emission from dense gas illuminated by protons escaped from the SNR?

Cao+ (2021)
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Figure 1: Significance map around SNR G106.3+2.7 as observed by Tibet
AS+MD above 10 TeV. The inset figure shows our point spread function (PSF). The
red filled star with a 1σ statistical position error circle is the centroid of gamma-ray emis-
sions determined by this work, while the magenta open cross, the black X mark and the
blue filled triangle are the centroids determined by VERITAS4, Fermi3 and HAWC15. The
black contours indicate 1420 MHz radio emissions from the Dominion Radio Astrophysical
Observatory Synthesis Telescope16, 17, and the cyan contours indicate 12CO emissions from
the Five College Radio Astronomy Observatory survey3. The gray filled diamond at the
northeast corner of the radio emission marks the pulsar PSR J2229+6114.

Figure 3: Differential energy spectrum of gamma-ray emissions from SNR
G106.3+2.7. Red filled squares (Tibet AS+MD) represent data measured by this work
with two 99% C.L. upper limits (downward red arrows), VERITAS4 (deep-blue filled cir-
cles), Fermi3 (sky-blue crosses), Milagro13 (an orange open diamond) and HAWC15 (a
purple solid line with a shaded light purple area indicating the 1σ statistical error band).
The error bars represent the 1σ statistical uncertainty. VERITAS’s data points are raised
by a factor of 1.62 from the original values (see Methods). The black solid (green dashed)
line is the best-fit curve of the hadronic (leptonic) model for the combined data points of
Tibet AS+MD, VERITAS and Fermi.

Amenomori+ (2021)

• Detection of gamma rays up to ~ 100 TeV 
• Hadronic model favored 
• Recent MAGIC result indicates sub-PeV emission is coincident with the 

southern part (“tail” region) of the SNR where molecular gas is present 
(see T. Saito’s talk on Monday)

Results from Tibet ASγ
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Figure 16. (a) Distribution of column density of ISM protons Np(H2+H i) in a velocity range from −20 to 0 km s−1, where the H i is assumed to be optically thin and
without self-absorption. Contours and two elliptical rings are the same as in Figure 8(a). (b) Azimuthal distributions of Np(H2), Np(H i), Np(H2+H i), and TeV γ -ray
smoothed counts per beam in the two elliptical rings in (a). The same plots inside of the inner ring are shown on the right side in (b).
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Figure 17. Radial distributions of averaged values of TeV γ -rays, Np(H2),
Np(H i), and Np(H2+H i), where the H i is assumed to be optically thin as in
Figure 15. Np(H2) and Np(H i) show column densities estimated from 12CO(J =
1–0) and H i, respectively, and Np(H2+H i) shows the total ISM column density,
the sum of Np(H2) and Np(H i).

APPENDIX C

ANALYSIS OF THE H i EMISSION:
THE OPTICALLY THIN CASE

The present analysis has shown that the H i is self-absorbed
in part of the SNR as indicated by the H i dips, and the H i
column density is estimated by taking into account the self-
absorption (Figure 7). In order to see the effects of the self-
absorption quantitatively, here we show for comparison the ISM
proton distribution in the optically thin case, which does not
take into account the self-absorption. Figure 15, equivalent to
the self-absorption case in Figure 7, includes the H i column
density distribution for the optically thin assumption smoothed
to the H.E.S.S. resolution ((b) and (c)), where the SE cloud is not
seen. Figures 15(a) and (d) are the same with those in Figure 7.
Figure 16 is equivalent to Figure 8. Figure 16(a) is the total ISM
proton column density for the optically thin H i at NANTEN
resolution overlaid on the TeV γ -ray distribution. Figure 16(b)
is the corresponding azimuthal distribution of ISM protons and
TeV γ -rays, where the ISM protons are deficient in azimuthal
angle from −90◦ to 0◦ compared to Figure 8(b). Figure 17 is
equivalent to Figure 10, and shows the radial distribution of ISM
protons for the optically thin H i without correction for the H i

self-absorption. In the smoothed radial distribution, the effect
of the self-absorption is not so obvious.
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• ISM gas serves as targets for π0 production through pp interactions 
• If hadronic model is the case, γ-ray emission and ISM gas are expected to 

show strong correlation 
• Such correlation indeed found in RX J1713 
• How to reconcile with the hard GeV γ-ray spectrum?

Fukui+ (2012)10



Hard π0-Decay Spectrum

Gabici & Aharonian (2014)

Clumpy target gas can make π0-decay spectrum harder (Inoue+ 2012)

Penetration depth of accelerated 
protons into a cloud
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Therefore, Γ = 1.5 is expected if protons have a “standard” spectral index of s = 2.0L72 S. Gabici and F. A. Aharonian

Figure 1. Spectrum of CRs in the SNR shell (dotted line) and inside a
clump that entered the shock at tc = 1400, 1500 and 1550 yr (solid lines 1,
2 and 3, respectively).

where B = 100 B−4 µG is the magnetic field in the turbulent layer,
Ltr = 0.05 Ltr,−1.3 pc its thickness and E = E12 TeV the particle
energy. For a given clump, the minimum energy of the particles that
can penetrate is given by the equation τd = tage − tc. A significantly
faster CR diffusion is expected outside of the transition region,
both inside the clump, where ion–neutral friction is expected to
heavily damp magnetic turbulence, and in the SNR shell, where the
magnetic field strength and turbulent level are significantly smaller.

The equation that regulates the time evolution of the total number
of CRs inside a clump Ncl(E) is then

∂Ncl(E)
∂t

= (Vcl/Vsh)NCR(E) − Ncl(E)
τd

, (6)

where Vcl = (4π/3)L3
c and Vsh are the volumes of the clump and

of the SNR shell, respectively. The total volume of the clumps is
taken to be much smaller than Vsh, to ensure the validity of equation
(4). Moreover, Vcl is assumed to be constant in time (i.e. no CR
adiabatic energy losses) and proton–proton interaction energy losses
are neglected since they operate on a time tpp ∼ 5 × 104n−1

c,3 yr,
longer than the age of the SNR. Finally, the volume Vsh filled by
CRs is taken to be the shell encompassed between the SNR forward
shock and the contact discontinuity. The exact position of the contact
discontinuity depends on several physical parameters (e.g. Orlando
et al. 2012), and is typically of the order of ≈0.9Rs.

The dotted line in Fig. 1 represents the current CR density in the
SNR shell as a function of the particle energy. It has been computed
from equation (4) after assuming a CR acceleration efficiency of
η = 0.1 and a magnetic field in the turbulent layer of B−4 = 1.2.
An exponential cutoff at Emax = 150 TeV has been multiplied to the
solution of equation (4) to mimic the escape of the highest energy
CRs from the shock. The CR density inside clumps is derived from
equation (6) and plotted with solid lines. Lines 1, 2 and 3 refer
to a clump that entered the SNR shock 1400, 1500 and 1550 yr
after the supernova explosion, respectively. Clumps that entered the
SNR at tc ≈ 1400 yr are encountering now the contact discontinuity.

Figure 2. Gamma-rays from RX J1713.7−3946. The emission from the
clumps is shown as a solid line, while the dashed line refers to the emission
from the diffuse gas in the shell. Data points refer to Fermi and HESS
observations.

Clumps that entered the SNR earlier either are disrupted by plasma
instabilities at the contact discontinuity or, if they survive, enter a
region characterized by a low density of CRs and quickly become
themselves devoid of CRs due to their diffusive escape.

The spectrum of CRs inside the clumps has a characteristic peak
at energies of ≈10 TeV. At energies larger than that of the peak, the
spectra of the CRs in the clumps and in the SNR shell coincide. This
is because at large energies diffusion becomes important over times
smaller than the residence time of clumps in the shell, allowing for
a rapid equilibration of CR densities. On the other hand, CRs with
energies smaller than that of the peak diffuse too slowly to effec-
tively penetrate the clumps. This explains the deficit of CRs with
energies below ≈10 TeV in the clumps. The very hard spectral slope
found below the peak is an effect of the steep energy dependence
of the Bohm diffusion coefficient. The position of the peak moves
towards larger energies for clumps that enter later the SNR shock,
as can be inferred by equation (5) and the discussion that follows it.

The hadronic gamma-ray emission from all the dense clumps in
the shell is plotted as a solid line in Fig. 2. The gas density within
clumps is nc,3 = 1 and the density of clumps is 3 pc−3, which
implies a total mass in the clumps within the SNR shell of 550 M%
and a clump volume filling factor of ≈0.01. The distance to the SNR
is 1 kpc. The prediction is in agreement with Fermi and HESS data.
The gamma-ray emission from CR interactions in the low-density
diffuse gas swept up by the SNR is plotted as a dashed line, and
shown to be subdominant. The contribution from inverse Compton
scattering from electrons accelerated at the SNR is expected to be
negligible, if the magnetic field is !10 µG.

Secondary electrons are also produced in proton–proton interac-
tions in the dense clumps. Their production spectrum is similar in
shape to that of gamma-rays (Fig. 2), with a normalization smaller
by a factor of ≈2 and particle energies larger by the same fac-
tor. Thus, the peak of electron production happens at an energy
of ≈2 TeV. Such electrons escape the clump in a time ∼200 yr
(equation 5), which is shorter than both synchrotron and

MNRASL 445, L70–L73 (2014)

Protons inside SNR shell

Protons inside clump
π0-decay emission 

from clumps

π0-decay emission 
from SNR shell
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Secondary Synchrotron

PeVatrons [31]. In principle, Chandra and XMM-Newton X-ray
satellites do have sufficient sensitivity to perform such studies.
However, the effective energy interval of operation of these instru-
ments limited by 6 10 keV is not optimal for detection of synchro-
tron radiation of secondary electrons. Indeed the major challenge
of this method is the extraction of the ‘‘hadronic’’ component of
X-rays from the synchrotron radiation of directly accelerated elec-
trons. These two components can be separated if the average mag-
netic field in the SNR exceeds 100 lG and the proton spectrum
extends to 1 PeV. These two conditions are, in fact, connected since
the acceleration of protons in SNRs to PeV energies is possible only
at the presence of large magnetic fields. The second key condition
for operation of SNRs as PeVatrons is the diffusion of particles in
the Bohm limit. In this case, the proton cutoff energy is propor-
tional to the strength of the magnetic field. Thus, the correspond-
ing energy in the spectrum of secondary synchrotron radiation
hm / BE2

0 / B3. On the other hand, in the Bohm diffusion regime
the position of the synchrotron cutoff of directly accelerated elec-
trons does not depend on the magnetic field, and typically, for
young SNRs with shock speed of several thousand km/s, appears
in the soft X-ray domain, hm 6 1 keV (see e.g. [51]). Thus, if the
spectrum of synchrotron radiation of secondary electrons extends
well beyond 10 keV (which should be the case of proton PeVatrons
– see Fig. 8), the background caused by the synchrotron radiation
of directly accelerated electrons is dramatically reduced.

The spectrum of the secondary synchrotron radiation in the cut-
off region is smoother and broader than the c-ray spectrum around
the cutoff. For the proton spectrum presented in a general form
ðdN=dEÞp / exp½$ðE=E0Þbp %, the distributions of secondary c-rays
and electrons in the cutoff region is ðdN=dEÞc;e / exp
½$ðE=E0;c;eÞbc;e %, with bc;e & 0:5bp [61]. The spectrum of the synchro-
tron radiation in the cutoff region is described by a function
proportional to exp½$ðe=e0Þbs %, with bs ¼ be=ð2þ beÞ [58]. For exam-
ple, in the Bohm diffusion regime, bp ¼ 1, thus in the cutoff region
the distribution of c-rays is proportional to exp½$ðEc=Ec=eÞ1=2%,
while the spectrum of the secondary synchrotron radiation be-
haves as exp½$ðe=e0Þ1=5%. Thus, the secondary synchrotron radiation
can effectively continue with a relatively hard energy spectrum
over several decades beyond the cutoff energy. This is seen in
Fig. 8 where the broad-band spectra of radiation initiated by pp
interactions are shown for three different distributions of acceler-
ated protons. Even in the case of the parent proton distribution

with an exponential cutoff, for the chosen model parameters, in
particular E0 ¼ 3 PeV and B ¼ 100 eV, the X-ray spectrum of sec-
ondary electrons effectively extends up 100 keV and beyond (see
Fig. 8). This is an important feature which should allow detailed
studies of the spectra of accelerated protons in the region of the
cutoff energy with the planned hard X-ray imagers of the NuSTAR
and ASTRO-H X-ray satellites.

5. Gamma-ray echo emission from nearby molecular clouds

As discussed above, the c-ray emission from several famous
representatives of young SNRs can be interpreted, although not
unambiguously, by interactions of shock accelerated protons and
nuclei with the ambient gas. While quite encouraging, this cannot
be taken as a proof of the major contribution of SNRs to the pro-
duction of galactic CRs because the data can be explained also by
the competing leptonic processes. Moreover, within the hadronic
models, we do not yet have strong evidence of accelerations of pro-
tons up to the 1 PeV. In fact, in the case of the brightest c-ray SNR,
RX J1713.7-3946, the observed cutoff in the c-ray spectrum is lo-
cated below 10 TeV which implies lack of PeV protons in the rem-
nant. A natural reason for the deficit of such energetic particles
could be their leakage from the shell [15,68] Indeed, the accelera-
tion and confinement of highest energy particles in the remnants
can last less than several hundred years after the explosion [15],
so one should be lucky to ‘‘catch’’ the supernova remnants while
they are emitting c-rays beyond 10 TeV.

On the other hand, the c-ray ‘‘echo’’ of the faded out accelera-
tors still can be detected, even ten thousand years after the Sedov
phase when all particles already have left the remnant. The pro-
tons, after they escape the SNR shell, interact with the surrounding
atomic and molecular gas. Before being fully diffused away and
integrated into the ‘‘sea’’ of galactic CRs, these particles produce
c-rays the spectrum of which can significantly differ from both
the radiation of the SNR itself and the diffuse galactic c-ray emis-
sion [45]. The massive molecular clouds (MCs) located in the vicin-
ity of SNRs, provide dense targets for hadronic interactions, and
thus dramatically increase the chances of tracing the run-away
protons via the secondary c-rays. For parameters of a typical’
SNR at a distance of 1 kpc, a molecular cloud of mass 104 M) can
emit multi-TeV c-rays at a detectable level, if the cloud is located
within a few 100 pc from the SNR [16].

Fig. 8. Broad-bad radiation of a proton PeVatron initiated by interactions of protons with the ambient gas for three different distributions of accelerated protons: (1,2) –
‘‘power-law with an exponential cutoff’’, E$a expð$E=E0Þb with a ¼ 2; E0 ¼ 3 PeV, and b ¼ 1 (solid curve), b ¼ 1=3 (dashed curve), and (3) – ‘‘broken power-law’’ when the
spectral index is changed at E ¼ 1 PeV from a ¼ 2 to a ¼ 3. The time-independent production rate of protons in all three cases is assumed Lp ¼ 1039 erg/s. The gas density
n ¼ 1 cm$3, magnetic field B ¼ 300 lG, and the age of the source t ¼ 103 years.
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Future sensitive hard X-ray observations (e.g., FORCE; HEX-P) also 
can give smoking-gun signatures of PeVatrons
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Indirect Evidence for PeVatrons
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Age of an SNR:  


Acceleration timescale: 


Equating the two quantities ( ) gives a simple estimate for maximum 
energy of accelerated particles as  
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• Magnetic field amplification essential for particles accelerated in SNRs to 
reach PeV 

• If magnetic field is significantly amplified, SNRs are in principle able to 
accelerate particles up to ~ PeV



Synchrotron X-ray Variability
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Uchiyama, TT+ (2007)

RX J1713.7−3946



Shock-Cloud Interaction?

disappeared within four months. It should be also noted that
these hotspots are located on the intercloud or low-density
region, but not in the direction of dense cloudlets.

3. Discussion

3.1. Origin of Highly Inhomogeneous Density Distribution

We spatially resolved shocked molecular cloudlets and
filaments toward the northwestern shell of RXJ1713.7−3946.
These clumpy structures at 0.01pc scales coexist with the low-
density intercloud medium. We argue that the highly
inhomogeneous gas environment provides conclusive evidence
for a wind-bubble scenario proposed by Fukui et al. (2012) and
Inoue et al. (2012). Before the supernova explosion, the high-
mass progenitor of RXJ1713.7−3946 ejected its outer
hydrogen layer as stellar winds over a timescale of several
106 years. The pre-existent intercloud diffuse gas was
completely swept up and a low-density wind bubble with a
density of ∼0.01–0.1cm−3 was created (e.g., Weaver et al.
1977). On the other hand, molecular cloudlets and filaments
can survive wind erosion due to their high density ∼104cm−3.
Moreover, according to synthetic observations of magneto-
hydrodynamic (MHD) simulation for colliding HI clouds,

∼0.1 pc clouds could be newly formed by stellar wind
compression (e.g., Fukui et al. 2018; Tachihara et al. 2021).
After the passage of the supernova shock wave, dense cloudlets
and filaments will not be deformed or evaporated owing to
short interacting time. In fact, numerical simulations show that
a molecular cloud with the size 0.2pc and density 103cm−3

can survive shock erosion at least 300years after the passage of
shocks (Celli et al. 2019). The CO line emission without line-
broadening or wing-like profiles also supports this idea.
Note that such inhomogeneous gas density distribution is

also expected in other core-collapse SNRs. Further ALMA
observations with high special resolution on the order of
0.01pc are needed for complete understanding the interstellar
environment surrounding the SNRs.

3.2. Magnetic Field Amplification via Shock–Cloudlet
Interactions

Uchiyama et al. (2007) discovered X-ray hotspots in the
northwestern shell of RXJ1713.7−3946, which show year-
scale time variability of X-ray flux with the typical spatial scale
of ∼0.05pc. Considering the acceleration and radiative cooling
time of cosmic-ray electrons, the authors concluded that the
time variability was caused by amplified magnetic field of mG.

Figure 3. (a) Enlarged view of ALMA CO map toward an X-ray hotspot presented by Uchiyama et al. (2007). (b–h) Sequence of X-ray observations in 2000 July,
2005 July, 2006 May, 2009 January, 2009 May, 2009 September, and 2011 July. All X-ray images show the same intensity scales. Superposed contours indicate the
CO intensity. Gray shaded areas were eliminated due to low exposure time (see the text).

4

The Astrophysical Journal Letters, 904:L24 (7pp), 2020 December 1 Sano et al.
Sano, Inoue, Tokuda, TT+ (2020)ALMA CO Map 

• Magnetic field amplification due to shock-cloud interactions? 
• See also theoretical works by Inoue+ (2012), Celli+ (2019)

See Talk 
by H. Sano
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model, and could indicate that the photon spectrum falls more
gradually to high energies, as seen in some DSA calculations
(Ellison et al. 2010), or may be indicative of anisotropic
diffusion (Reville et al. 2008). Regardless, our measured photon
cutoff energies require an order of magnitude decrease in the
diffusion coefficient in the stripes relative to the average value
in Tycho, and indicate that diffusion in the stripes is very near
the Bohm limit. Furthermore, since Bohm diffusion requires
δB/B ∼ 1, k0 ∼ 1 implies fully developed turbulence, at least
on the scale of the gyroradius of the highest energy (∼TeV)
electrons in the brightest stripes.

4.2. The Origin of the Stripes

Might the spatial structure and enhanced turbulence in the
stripes be a manifestation of the plasma instability driving the
CR acceleration? The largest possible characteristic scale of
the acceleration process is set by the gyroradius of the highest
energy particles present. If we identify the gaps between the
stripes (lgap ∼ 8′′) with twice the proton gyroradius, an estimate
of the magnetic field yields a measurement of the energy, given
by Equation (2):

ECR = 9
( lgap

1′′

)( D

4.0 kpc

)( B

µG

)
× 1012 eV. (2)

The choice of B is somewhat uncertain. If the stripes are a
consequence of the highest energy CRs interacting with the
non-amplified ISM field (B ∼ 3 µG), for a gap spacing of
8′′, ECR = 2 × 1014 eV. However, these features may arise
from a region where the field has already been somewhat
amplified. For a shock velocity of 5700 km s−1, fits to models
of Tycho’s synchrotron emission (Cassam-Chenaı̈ et al. 2007)
predict an upstream field strength of B ∼ 30 µG, indicating
ECR = 2 × 1015 eV—just at the knee of the Galactic CR
spectrum.

5. CONCLUSION

If the Bell mechanism is active in the magnetic field amplifi-
cation in SNR shocks, and if the pattern of stripes we observe in
Tycho is an observable consequence of this process, the stripes
are direct evidence of particles accelerated to the knee. There
are several caveats to consider before accepting this conclusion.
Most obviously, while MHD and PIC simulations of the CRCD
generate structure in the amplified medium, they do not show
the regular and nearly periodic pattern that we observe in Tycho.
Secondly, when the CR back-reaction is included (Riquelme &
Spitkovsky 2009), PIC simulations indicate that the Bell insta-
bility alone may be neither fast nor efficient enough to provide
the observed amplification, particularly for Tycho’s low ambi-
ent density. Additional instabilities are required, and seem to
be indicated by the degree of turbulence in the stripes implied
by our observations. Riquelme & Spitkovsky (2010) propose
a new instability (the parallel current driven instability, PCDI)
that acts on smaller scales (i.e., lower energies) and provides sig-

nificant field amplification over that established by the CRCD.
Further theoretical work on the degree of turbulence generated
by proposed mechanisms on TeV particle scales seems partic-
ularly warranted. Regardless, the match in scales between the
observed spacing of the Tycho stripes and the Larmor radius of
knee region CRs—a scale intrinsic to the CRCD—is tantaliz-
ing, while the ordered structure presents a challenge to current
models of DSA.
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model, and could indicate that the photon spectrum falls more
gradually to high energies, as seen in some DSA calculations
(Ellison et al. 2010), or may be indicative of anisotropic
diffusion (Reville et al. 2008). Regardless, our measured photon
cutoff energies require an order of magnitude decrease in the
diffusion coefficient in the stripes relative to the average value
in Tycho, and indicate that diffusion in the stripes is very near
the Bohm limit. Furthermore, since Bohm diffusion requires
δB/B ∼ 1, k0 ∼ 1 implies fully developed turbulence, at least
on the scale of the gyroradius of the highest energy (∼TeV)
electrons in the brightest stripes.
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Might the spatial structure and enhanced turbulence in the
stripes be a manifestation of the plasma instability driving the
CR acceleration? The largest possible characteristic scale of
the acceleration process is set by the gyroradius of the highest
energy particles present. If we identify the gaps between the
stripes (lgap ∼ 8′′) with twice the proton gyroradius, an estimate
of the magnetic field yields a measurement of the energy, given
by Equation (2):
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The choice of B is somewhat uncertain. If the stripes are a
consequence of the highest energy CRs interacting with the
non-amplified ISM field (B ∼ 3 µG), for a gap spacing of
8′′, ECR = 2 × 1014 eV. However, these features may arise
from a region where the field has already been somewhat
amplified. For a shock velocity of 5700 km s−1, fits to models
of Tycho’s synchrotron emission (Cassam-Chenaı̈ et al. 2007)
predict an upstream field strength of B ∼ 30 µG, indicating
ECR = 2 × 1015 eV—just at the knee of the Galactic CR
spectrum.

5. CONCLUSION

If the Bell mechanism is active in the magnetic field amplifi-
cation in SNR shocks, and if the pattern of stripes we observe in
Tycho is an observable consequence of this process, the stripes
are direct evidence of particles accelerated to the knee. There
are several caveats to consider before accepting this conclusion.
Most obviously, while MHD and PIC simulations of the CRCD
generate structure in the amplified medium, they do not show
the regular and nearly periodic pattern that we observe in Tycho.
Secondly, when the CR back-reaction is included (Riquelme &
Spitkovsky 2009), PIC simulations indicate that the Bell insta-
bility alone may be neither fast nor efficient enough to provide
the observed amplification, particularly for Tycho’s low ambi-
ent density. Additional instabilities are required, and seem to
be indicated by the degree of turbulence in the stripes implied
by our observations. Riquelme & Spitkovsky (2010) propose
a new instability (the parallel current driven instability, PCDI)
that acts on smaller scales (i.e., lower energies) and provides sig-

nificant field amplification over that established by the CRCD.
Further theoretical work on the degree of turbulence generated
by proposed mechanisms on TeV particle scales seems partic-
ularly warranted. Regardless, the match in scales between the
observed spacing of the Tycho stripes and the Larmor radius of
knee region CRs—a scale intrinsic to the CRCD—is tantaliz-
ing, while the ordered structure presents a challenge to current
models of DSA.
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Stripes of synchrotron X-rays
If the stripe gaps correspond to 2 × gyroradius of protons,  
the proton energy must be close to the knee
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Shock-Cloud Interaction?

Lee+ (2004)
Color: 12CO(J=1–0) Hα X-ray (4–6 keV) 
Contour: 1420 MHz radio continuum　
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Summary
• Particle acceleration in SNRs extensively studied through observations in X-rays and gamma 

rays.  

• Although gamma-ray emissions from some SNRs are firmly identified as π0 decay, none of 
them extends up to ~ 100 TeV. 

•  PeVatrons search is currently one of the hottest topics in the field. 

• Observations of interacting SNRs would be important for this purpose since highest-energy 
particles may have escaped in the past.  

• LHAASO J1908 and G106.3 may be such examples.  

• Multi-wavelength studies are important to reveal the nature of those sources.  

• Synchrotron X-ray variability can provide indirect evidence that SNRs has ability to accelerate 
particles up to ~ PeV. 

• Shock-cloud interactions seem to work as another mechanism to amplify magnetic fields.
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