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The origin of the Galactic cosmic rays 
1912 Discovery of the cosmic rays by V. Hess

Two possible origins;
ーHadronic ：p-p collision, CR protons don not radiate

p+p→π0→2g

ーleptonic origin：inverse Compton scattering
CR electrons + low-energy photons(CMB)→g

ーelectrons/protons in CRs is ~10^-2
Proof of CR protons is crucial 
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Left: NANTEN 12CO(1-0) image (beam size : 2.7’) of the W 28 region for VLSR=0 to 10 km/s with 
VHE γ ray significance contours overlaid (green) -levels 4,5,6σ. The radio boundary of 
W 28, the 68% and 95% location contours of GRO J1801－2320 and the location of the HII 
region W 28A2 (white stars) are indicated. 

Right: NANTEN 12CO(1-0) image for VLSR=10 to 20 km/s.
(Aharonian, Fukui, Morigiuchi et al. 2007)

TeV γ vs. CO(J=1-0)
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The origin of the gamma rays
The hadronic origin can be established in the spectrum?

• Low energy cut off in the p0 decay in the GeV band, not the highest 
energy

AGILE collaboration: Giuliani, Gardillo, Tavani, Fukui et al. 2011 
ーW44：middle aged

• Fermi collaboration 2012 etc.
ーW44, IC443

• Spatial correspondence between gamma rays and the interstellar 
protons
ーRXJ1713 .7−3946 young TeV gamma SNR age 1600 yr
ーFukui et al. 2012, Inoue, Yamazaki, Inutsuka, Fukui 2012
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W44 Fermi results
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Four TeV Gamma-ray SNRs

6

n SNR-ISM correlation, shock-cloud interaction and p-p reaction

n Young SNRs with an age ~2000  yr
→ each SNR is interacting with the ISM (Interstellar Medium)

RX J1713.7–3946 RX J0852.0–4622 RCW 86HESS J1731–347

Aharonian+07 Arribas+12 Aharonian+09

diameter:  ~1 deg. ~2 deg. ~0.5 deg.~0.5 deg.
age:   ~1600 yr ~1700−4300 yr ~1800 yr~3600−7200 yr

ISM:  rich CO + cold HI rich HI + little CO rich HI + little COrich CO + HI cavity
X-rays: pure synchrotron pure synchrotron ? thermal + non-thermalpure synchrotron 

Abramowski+11



SNRs emitting gamma-rays

7Courtesy  H. Tajima



The Galaxy, H.E.S.S. TeV gamma ray [RX J1713.7-3946]
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NANTEN & NANTEN2

@Atacama, alt.4800m@Las Campanas, alt.2400m 9



RX J1713.7-3946: 12CO(J=1-0) with X-rays

Fukui et al. 2003

-11 km/s < VLSR < -3 km/s
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Fig. 1. Overlay map in Galactic coordinates showing a supernova
remnant (SNR), G 347.3−0.5, in gray scale [ROSAT PSPC X-ray
Survey (Slane et al. 1999); from ROSAT archive database] and the
intensity distribution of CO (J = 1–0) emission in purple contours.
The intensity is derived by integrating the CO spectra from −11 to
−3 km s−1, which is considered to be a velocity component inter-
acting with the SNR. The lowest contour level and interval of CO are
4Kkms−1.

greater than −11 km s−1 in red. This velocity shift reaches at
least 20 km s−1. Similar broad components in CO were found
in other SNRs and taken to be an unmistakable signature of the
interaction between the SNR and the ambient molecular gas
(e.g., IC 443; White et al. 1987, W 28; Arikawa et al. 1999).
The momentum of the accelerated gas, ∼ 1000M" km s−1, is
in fact consistent with that of the blast waves estimated from
the physical quantities given in table 1.

The consequence of the new identification of the molecular
gas is profound. First, the distance to the SNR is determined to
0.9 kpc, if we adopt the mean velocity of the non-accelerated
component as −6 km s−1. This forces us to revise the basic
physical parameters, as listed in table 1, where we adopt 1 kpc
as the nominal distance. First of all, the age is small, on the
order of 1000 years, making an assignment to one of the histor-
ical supernovae AD 393 (proposed by Wang et al. 1997) most
plausible. The SNR is then still in the free-expansion phase, but
not in the Sedov phase. This marks a sharp contrast with the
previously favoured distance, 6 kpc, where an association with
a CO cloud at −90 km s−1 was claimed based on a coarse CO
map at 30′ resolution. The present CO data at these velocities
confirm this cloud, but it lacks a detailed spatial correlation at
the present resolution, making it unlikely to be associated with
the SNR. It was also claimed that the unusually low nucleon
column density toward l = 347◦ favours a large distance for
the X-ray absorption (Slane et al. 1999). It is true that this
direction corresponds to a hole of the interstellar matter created
by a supershell, GS 347.3 + 0.0−21, at a distance of ∼ 3 kpc
(Matsunaga et al. 2001). Nonetheless, the NANTEN CO data
and the Parkes H I data indicate that the local molecular and

atomic gas at around 6 km s−1 has a column density large
enough to explain the X-ray absorption (e.g., see figure 3b in
Matsunaga et al. 2001, and Cleary et al. 1979 for H I). Second,
the pion decay model becomes plausible as the origin of the
TeV γ -ray emission in the case of d = 1 kpc. The TeV γ -ray
distribution of the CANGAROO experiment (Tanimori et al.
2001) gives a striking positional coincidence with CO peak D,
as already shown in figure 2. The γ -ray distribution indicates
that it is not a point source but is extended by ∼ 0.◦2, while
the γ -ray sensitivity decreases significantly beyond 0.◦5 of the
intensity maximum. We conclude that this gives convincing
evidence that the cosmic-ray protons generated in the SNR
shell have interacted with the molecular gas towards peak D
to produce the TeV γ -ray emission. The multi-wavelength
spectra, especially the steep spectra at a few TeV range, can
be explained only by the pion decay due to the high-energy
protons accelerated in the blast waves (Enomoto et al. 2002),
as is consistent with the present conclusion. This comparison
also implies that the acceleration of the cosmic ray protons is
taking place in a localized area of the hard X-ray peak in the
SNR at (l,b) ∼ (347.◦3,0.◦0), since we would otherwise expect
more spatially extended γ -ray emission covering the present
molecular distribution. The EGRET source 3EG J1714−3857
at (l, b) ∼ (348.◦0,−0.◦1) (Hartman et al. 1999), on the other
hand, appears not in contact with the SNR if its association to
the −90kms−1 cloud is correct. The molecular mass contained
towards CO peak D, whose extent is ∼ 0.◦2 (= 3 pc), is calcu-
lated to be ∼ 200 solar masses. If we assume that only this
CO clump is significantly irradiated by the cosmic ray protons,
we can estimate the total energy of the accelerated protons to
be 1048 erg by using the following relationship (Enomoto et al.
2002): (E/1048)(Mcloud/200)(l/3)−3(d/l)−5 = 1.35, where E
(erg) is the total energy of cosmic ray protons, Mcloud(M")
the molecular cloud mass interacting with them, l (pc) the
typical length of the cloud, and d (kpc) the distance, giving an
estimate of the cosmic-ray generation rate via pion decay. This
energy suggests that the acceleration efficiency of the cosmic
ray protons is ∼ 0.001 for the total energy release of an SNR,
∼ 1051 erg, posing an observational constraint on the accelera-
tion mechanism.

The observed hard X-ray spectrum is noted to be due to an
non-thermal emission (Uchiyama et al. 2003), as first shown
by Koyama et al. (1997) and that it requires an extremely high
shock velocity of more than 5000 km s−1 within the standard
framework of the radiation of ultra-relativistic electrons. This
is again consistent with the present view that the SNR is still
in the free-expansion phase. The higher shock velocity of
G 347.3−0.5, caused by the lower ambient density and massive
ejecta, results in the hard X-ray spectrum. G 347.3−0.5 is
therefore considered to be a young SNR exploded in a low-
density cavity (∼ 0.01 cm−3), perhaps produced by the stellar
wind or pre-existing supernovae, and its non-decelerated blast
wave is colliding with the dense molecular gas at present.
This is in contrast to the case of SN 1006, another TeV-γ
SNR, where the spectrum can be explained in terms of the
inverse-Compton scattering of the 2.7 K cosmic microwave
background (Koyama et al. 1995). The lack of molecular gas
in SN 1006 may have favoured the inverse-Compton process
instead of the pion decay to produce γ -ray, providing a possible
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SNR G347.3-0.5 (RX J1713.7-3946)
- Shell-like structure: similar with X-rays
- No significant variation of spectrum index 
across the regions

- spatial correlation with surrounding molecular gas

Aharonian et al. 2005
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RX J1713.7-3946

Fukui et al. 2012, ApJ, 746, 82
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ISM protons in RX J1713.7-3946
Support hadronic scenario 

NO leptonic?

Fukui et al. 2012HI + 2H2
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Gamma-ray spectrum of RX J1713
Abdo et al. 2011

The hard spectrum is not unique to the leptonic scenario
The hard spectrum is explained by energy dependent penetration
of CR protons into dense molecular gas.
(Inoue, Yamazaki, Inutsuka, Fukui  2012, Gabici&Aharonian 2014, Celli+ 2018)
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(a) (b)

Figure 1. MHD simulation in the oblique shock configuration and ‰ = 105, as described in the text. Panels show the plasma mass density (a) and the magnetic
energy density (b), both at a time t = tc + 300 yr (tc represents the first shock-clump interaction time). Both pictures show a 2D section along y, passing
through the center of the clump.

Figure 2. MHD simulation in the oblique shock configuration and ‰ = 105. The panel show magnetic field lines at a time t = tc + 300 yr, along a 2D section
along y, passing through the center of the clump.

1978; Blanford & Ostriker 1978), as

f0 (p) Ã p≠4 exp [≠p/pcut] (8)

Here a cut-off in momentum pcut ƒ 100 TeV/c is set in order to
mimic a maximum energy attainable from the acceleration mecha-
nism. Boundary conditions are such that a null diffusive flux is set
on every boundary, except in the upstream of the z-direction, where
the precursor shape is set.

When the forward shock hits the clump, we assume that the
transmitted shock do not accelerate particle because it is very slow
and it is propagating in a highly neutral medium. Given the re-
sult shown in § 2.1, we set an analytical velocity field, irrotational
and divergence-less through all the space (except at the shock and
clump surface). This is obtained solving the Laplace equation in

cylindrical coordinates for its velocity potential, with the boundary
conditions that in the far field limit the velocity field is directed
along the shock direction and equal to v = vdown‚z = 3

4 vs‚z, while
at the clump surface the field is fully tangential. The resulting solu-
tion reads as

vr(r, z) = ≠3
2

R3
crz

(r2 + z2)5/2 vdown

vz(r, z) =
5

1 + 1
2R3

c

(r2 ≠ 2z2)
(r2 + z2)5/2

6
vdown

(9)

With such a choice of the velocity field, the adiabatic compres-
sion term vanishes. Moreover, we set a null velocity field inside the
clump, since vs,c π vs, and in the upstream region. A schematic
view of the velocity vector field adopted is given in Fig. 3(b).

MNRAS 000, 1–13 (2018)
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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 di↵use gas in the shell. Data points

refer to FERMI and HESS observations.

SNR is of the same order of the istantaneous CR acceleration
e�ciency ⌘ (e.g. Gabici 2011). The value ⌘ = 0.1 adopted
here is consistent with the typical acceleration e�ciency that
SNRs should have in order to be the sources of Galactic CRs.

4 DISCUSSION AND CONCLUSIONS

We have shown that the gamma–ray emission from
RX J1713.7-3946 can be naturally explained by the decay of
neutral pions produced in hadronic CR interactions with a
dense, clumpy gas embedded in the SNR shell. The clumps
are expected to be surrounded by a turbulent layer charac-
terized by an average magnetic field of ⇡ 100 µG, which in
some cases can reach values as large as ⇡ 1 mG (Inoue et
al. 2012). Such extreme values would explain the very rapid
(year–scale) time variability observed in X–rays from small
knots inside the SNR shell (Uchiyama et al. 2007).

Also the absence of thermal X–ray emission from the
SNR fits well within this scenario. This is because the SNR
shock propagates in the low density, inter–clump medium,
and not in the dense clumps, which remain cold and unable
to emit thermal X–rays. By means of a numerical simulation,
Ellison et al. (2010) estimated the thermal X–ray emission
expected for RX J1713.7-3946 for a value of the ambient den-
sity of nh,�2 = 5 (a factor 2.5 larger than the one adopted
here). They found that the expected emission is subdomi-
nant with respect to the X–ray synchrotron emission from
the SNR, as it is indeed observed (Tanaka et al. 2008).

As noticed in the introduction, multi–zone leptonic
models might also provide a satisfactory fit to the observed
multi–wavelength spectrum of RX J1713.7-3946. Thus, fur-
ther observational evidences are needed in order to dis-
criminate between the hadronic and leptonic origin of the
gamma-ray emission. A conclusive proof of the validity of the
hadronic scenario would come from the detection of neutri-
nos. This test is feasible, since in this scenario the expected
neutrino flux from RX J1713.7-3946 is within the reach of
km3–scale detectors (e.g. Vissani & Aharonian 2012).
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New hybrid analysis 
H.E.S.S. Collaboration 2018
• TeV gamma rays (more than 250 GeV,  10-yr accumulation)

spatial resolution 4pc→1.4pc
ーDetailed analysis with X rays, the spectrum is explicable either 

by the hadronic or leptonic origin

Fukui et al.  2021
• Gamma rays Ng(excess counts arcmin^-2), interstellar protons Np(10^22 

cm^-2), non-thermal X rays Nx(100 phtons s-^-1 degrees^-2)
• Assume two linear terms proportional to Np and Nx

Ng =  a x Np  +  b x Nx : hadronic origin＋ leptonic origin

fitting in a 3D space  
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(d) Region Map
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Figure 1. Spatial distributions of (a) Ng (H.E.S.S. TeV gamma-rays (E > 2 TeV, H. E. S. S. Collaboration et al. 2018)),
(b) Nx (XMM-Newton X-rays (E: 1.0–5.0 keV)), and (c) Np (ISM proton column density) (Fukui et al. 2012). White lines
indicate region to be used for the present analysis. Red lines indicate region where we make correction for the H I absorption
(see text). The pixels within the gray lines represent region where there is no reliable way to assume background H I without
self-absorption and are excluded in the present analysis. (d) Region map to be used for scatter plots. Gray polygons are same
as region within the gray lines. Blue, green, orange, red, and purple pixels represent the regions where Np less than 0.5, 0.5–0.7,
0.7–0.9, 0.9–1.1, more than 1.1 ⇥ 1022 cm�2, respectively. Superposed contours indicate TeV gamma-rays excess counts. The
lowest contour level and contour intervals are 12 and 3 excess counts, respectively.

among the gamma-rays, ISM, and X-rays. In Section 4,
discussion on the comparison is presented and the ori-
gin of the gamma rays is explored into detail. Section 5
gives conclusions.

2. OBSERVATIONAL DATA

In Figures 1, we show the spatial distributions of the
three datasets in pixel with the resolution of HESS data

1.4 pc. They include the H.E.S.S. >2TeV energy band,
the XMM-Newton X-rays, and the ISM, in Figures 1a,
1b, and 1c, respectively, and Figure 1d shows the areas
which indicate the ISM column density. We explain their
details in the following.

2.1. H.E.S.S. TeV gamma-ray data

17
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Hadronic origin: Leptonic origin = (67±6)%: (27±8)%

7

Figure 3. Maps of TeV gamma-rays (E > 2TeV) toward RX J1713.7�3946 overlaid with (a) total proton column density
Np(H2+H I) (Fukui et al. 2012) and (b) XMM-Newton X-rays (E: 1.0–5.0 keV). The contour levels are 6, 7, 8, 10, 12, 14, 16,
18, 20, and 22⇥ 1021 cm�2 for Np(H2+H I); and 37, 40, 49, 64, 85, 112, 145, and 184 photons s�1 degree2 for X-rays. The white
and orange polygons are the same as shown in Figure 1(a). Thin rectangle and curve indicate observed regions of Np(H2+H I)
and X-rays, respectively. The positions of CO peaks A, C, D, and L are shown. The two prominent X-ray point sources, 1WGA
J1714.4�3945 and 1WGA J1713.4�3949, are also shown in circles.

where coe�cient a is proportional to Np(CR) and coe�-
cient b to Nphoton(CMB)/B2. We apply Equation (4) to
the data pixels in a 3D space of Np-Nx-Ng. For this pur-
pose, we developed the formulation for the least-squares
fitting as given in Appendix B.1 in the present work. As
a result, we obtained a multiple linear regression plane
given by the following relation;

N̂g = (1.57± 0.14)⇥Np + (0.91± 0.19)⇥Nx, (5)

for all the 78 pixels across the ISM/X-ray/gamma 3D
space. The hat symbol (̂ ) put on Ng means that it
is predicted by the regression. Table 2 shows that the
fitting is reasonably good with the coe�cient of deter-
mination R

2 = 0.90 (see Appendix B.2), which means
that 90% of the variance in Ng is predictable from Np

and Nx. Figure 4 shows the plane with the 78 pixels,
and we confirm the good fitting. In Figure 5 we show a
plot of �Ng = Ng � N̂g as a function of N̂g. This corre-
sponds to a side view of the plane in Figure 4 from the
direction of Ng = constant. �Ng is nearly zero at N̂g

below 3.0, showing a good fit of the regression for most
of the pixels. There seems to be a hint of slight decrease
of �Ng at N̂g above 3.0, although the number of the
pixels in this category is only five. The uncertainty in

N̂g for i-th pixel (i = 1 · · · 78) is given by

�N̂g, i =
⇥
(Np, i�a)

2 + (a�Np, i)
2 + (Nx, i�b)

2 + (b�Nx, i)
2
⇤1/2

(6)
and that of �Ng by

�(�Ng, i) =
⇣
�Ng, i

2 + �N̂g, i
2
⌘1/2

. (7)

Here, �Ng, �Np and �Nx are the uncertainties of Ng,349

Np and Nx, �a and �b are the standard errors of the esti-350

mated a and b (see Appendix B.1), respectively. Figure351

5 also shows four pixels with large deviations from the352

plane by 2.5 sigma, whereas they do not much a↵ect the353

overall fitting.354

3.2. Separation of the Hadronic and Leptonic Origins355

Equation (5) allows us to make a first estimate the356

gamma rays of the hadronic and leptonic origins sepa-357

rately for the 78 pixels. Figure 6(a) shows a histogram358

of the gamma ray counts as a function of Np, where359

the leptonic component is denoted by red color. The360

histogram shows that the hadronic component occupies361

⇠ 70% of the total gamma ray count and the leptonic362

component ⇠ 30%. Figure 6(b) shows a histogram of363

a ratio of the leptonic gamma rays relative to the to-364

tal gamma rays in each pixel. This shows that more365



Hadronic dominant (Zirakashvili & Aharonian 2010)
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Fig. 6.— The results of modeling of of nonthermal radiation of RX J1713.7-3946 within the hadronic scenario
of gamma-ray production. The following basic parameters are used: t = 1620 yr, D = 1.2 kpc, nH =0.09
cm−3, ESN = 2.7 · 1051 erg, Mej = 1.5M", Mf

A = M b
A = 23, ξ0 = 0.05, the electron to proton ratios at the

forward and reverse shocks Kf
ep = 10−4 and Kb

ep = 1.4 ·10−3. The calculations lead to the following values of
the magnetic fields and the shock speeds at the present epoch: the magnetic field downstream of the forward
and reverse shocks Bf = 127 µG and Bb = 21 µG respectively, the speed of the forward shock Vf = 2760
km s−1, the speed of the reverse shock Vb = −1470 km s−1. The following radiation processes are taken
into account: synchrotron radiation of accelerated electrons (solid curve on the left), IC emission (dashed
line), gamma-ray emission from pion decay (solid line on the right), thermal bremsstrahlung (dotted line).
The input of the reverse shock is shown by the corresponding thin lines. Experimental data in gamma-ray
(HESS; Aharonian et al. 2007a) and X-ray bands (Suzaku; Tanaka et al. 2008), as well as the radio flux
22 ± 2 Jy at 1.4GHz (ATCA; Acero al. 2009) from the whole remnant are also shown.

energy gamma-rays are shown in Fig.6. The prin-
cipal model parameters used in calculations are
described in the figure caption. Note that at the
present epoch already 70 % of the explosion energy
of 2.7 × 1051 erg has been transferred to acceler-
ated protons (see Fig.1), most of them still con-
fined in the shell of the remnant (see Fig.5). The
maximum energies are 140 TeV and 23 TeV for
protons and electrons respectively. Although the
reverse shock contributes significantly to the high-
est energy particles, especially around 100 TeV
(see Fig.3), the gamma-ray production related to
this population of protons is suppressed because
of the low density of the ejecta plasma. The
contribution of electrons directly accelerated by
the reverse shock to synchrotron radiation and IC
gamma-rays is more significant. In particular, the
reverse shock produces 16% of X-rays. Moreover,
the bump at the end of IC spectrum is contributed

mostly by these electrons. The injection efficiency
of electrons is adjusted in order to reproduce the
total intensity of synchrotron X-rays. The electron
injection efficiency at the reverse shock was ad-
justed to reproduce the observable radio-intensity
of the inner ring. The gray scale radio images
of Ellison et al. 2001 and Lazendic et al. 2004
were used in order to obtain a rough estimate
of radio-flux 4 Jy at 1.4 GHz from this region.
The modelled total radio flux is slightly below
the observed flux. Note however that the space-
integrated faint radio flux contains uncertainties,
in particular the contribution of the background
thermal radio emission can be quite significant.

In Fig.6 we show also the energy flux of the
thermal bremsstrahlung. It has a maximum at 0.4
keV and approximately equals to the energy flux
of gamma-rays produced in proton-proton interac-
tions . Note that the ratio of the energy flux of the
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Leptonic dominant (Zirakashvili & Aharonian 2010)
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Fig. 8.— Broad-band emission of RX J1713.7-3946 for the leptonic scenario of gamma-rays with a non-
modified forward shock. The principal model parameters are: t = 1620 yr, D = 1.5 kpc, nH =0.02 cm−3,
ESN = 1.2 · 1051 erg, Mej = 0.74M", Mf

A = 69, M b
A = 10, ξ0 = 0.1, Kf

ep = 2.3 · 10−2, Kb
ep = 9 · 10−4. The

calculations lead to the following values of the magnetic fields and the shock speeds at the present epoch:
the magnetic field downstream of the forward and reverse shocks Bf = 17 µG and Bb = 31 µG, respectively,
the speed of the forward shock Vf = 3830 km s−1, the speed of the reverse shock Vb = −1220 km s−1. The
following radiation processes are taken into account: synchrotron radiation of accelerated electrons (solid
curve on the left), IC emission (dashed line), gamma-ray emission from pion decay (solid line on the right),
thermal bremsstrahlung (dotted line). The input of the reverse shock is shown by the corresponding thin
lines.

assumed that the cosmic ray acceleration occurs
only at 1/5 part of the shock surface.

5. Leptonic scenario

The observed X-ray to gamma-ray energy flux
ratio close to 15 determines the average value of
the magnetic field B ∼ 12 µG when the leptonic
origin of gamma-emission in RX J1713.7-3946 be-
comes possible. How realistic is such a week mag-
netic field?

The amplified magnetic fields can be quite
weak if the SNR shock propagates in the rar-
efied medium. However since the magnetic field
at the reverse shock is several times lower than the
magnetic field at the forward shock (see previous
Section) and the X-ray intensities of the shocks
are comparable, the IC emission will be mainly
produced at the reverse shock; this seems to be in
conflict with HESS observations.

For this reason we consider a unmodified for-

ward shock of SNR. If the injection is not effective
at the forward shock, the energy density of cos-
mic rays will be low and the same will be true
for the amplified magnetic field. Such a situa-
tion is possible, in particular, for a perpendicular
SNR shock propagating in the medium with an
azimuthal magnetic field. In this case we use a
very small injection parameter ηf = 10−5 at the
forward shock and the standard value ηb = 10−2

for the injection parameter at the reverse shock.
Thus in this scenario we deal with unmodified for-
ward shock and modified reverse shock. Since, un-
der these assumption, the electron to proton ratio
Kep is close to the observed ratio for galactic cos-
mic rays, 0.01 at 10 GeV, the electron injection
was taken to be independent on the shock veloc-
ity. We also use a higher value Mf

A = 69 for the
forward shock, and adopt the distance D = 1.5
kpc that is close to an upper limit according to
Cassam-Chenäı et al. 2004 and Fukui 2008.

We should note that the shock speed is one of
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Hybrid origin (Zirakashvili & Aharonian 2010)
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Fig. 14.— Broad-band emission of RX J1713.7-3946 for the composite scenario of gamma-rays with a non-
modified forward shock and dense clouds. The principal model parameters are: t = 1620 yr, D = 1.5 kpc,
nH =0.02 cm−3, ESN = 1.2 · 1051 erg, Mej = 0.74M", Mf

A = 55, M b
A = 10, ξ0 = 0.1, Kf

ep = 1.4 · 10−2,

Kb
ep = 9 · 10−4. The calculations lead to the following values of the magnetic fields and the shock speeds

at the present epoch: the magnetic field downstream of the forward and reverse shocks Bf = 22 µG and
Bb = 31 µG, respectively, the speed of the forward shock Vf = 3830 km s−1, the speed of the reverse shock
Vb = −1220 km s−1. The following radiation processes are taken into account: synchrotron radiation of
accelerated electrons (solid curve on the left), thermal bremsstrahlung (dotted line), IC gamma-ray emission
of the entire remnant including forward and reverse shocks (dashed line), hadronic component of gamma-rays
from the remnant’s shell (solid line on the right) as well as from dense clouds assuming the factor of 120
enhancement of the flux (thin dashed line). We also show the total gamma-ray emission from the entire
remnant including the dense clouds (thin solid line).

very low densities, the observed gamma-rays can
be produced only via IC scattering of electrons. If
the bubble is created during the Red Supergiant
stage of the supernova progenitor or during the
interaction of the slow Red Supergiant wind with
the fast Wolf-Rayet wind, the gas density could be
sufficiently high for effective production of gamma-
rays at interactions of accelerated protons.

In all models considered the forward shock of
SNR have swept only 6-15M". This mass is com-
parable or slightly less than the mass ejected by
progenitors of Ib/c and IIb supernova during the
stellar evolution. This means that the shock just
have swept the progenitor’s material ejected dur-
ing the stellar evolution. The interaction with
the molecular gas surrounding the remnant only
starts. The exceptions could be the very dense
cores of molecular gas (clouds C and D) that are
situated already inside the forward shock (Fukui

2008). Probably the forward shock has enveloped
the clouds, and a high pressure gas from the down-
stream region drove secondary shocks into the
clouds (see Chevalier 1977 for a review). These
shocks are strongly decelerated and become radia-
tive. That is why they do not produce the ther-
mal X-rays (see also Cassam-Chenäı et al. 2004).
The nonthermal X-rays can be produced at these
shocks by high-energy electrons from the rem-
nant’s shell in the compressed magnetic field of the
cloud, while the highest energy gamma-rays from
pion decay are mainly produced inside the cloud
where the target density is high (Fukui 2008).

If the highest energy protons freely pene-
trate into the clouds, the corresponding gamma-
emission from the pion decay may exceed the
gamma-emission from the pion decay of the rem-
nant by a factor that is the ratio of the cloud mass
to the mass swept up by the forward shock. If the
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Summary：Gamma rays are of hybrid origin

Hadronic vs. leptonic in RX J1713
-Hadronic origin: Leptonic origin = (67±6)%: (27±8)%
first separation of the two origins, hadronic dominant 
ーFukui+12 showed the hadronic component,
but too low spatial resolution, nearly three times coarser than 
the present H.E.S.S. data, to confirm the leptonic component

The large amount of the  ISM protons (10^4 Mo) causes 
the significant hadronic component
ISM evolution in Myr vs. shock waves expansion in kyr

Future broad applications of the method to the other SNRs with 
CTA results, quantification of the gamma ray origin
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