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The origin of the Galac0c cosmic rays 
1912 Discovery of the cosmic rays by V. Hess

Cosmic ray protons are not easily iden0fied
Interac0on with low energy protons allows to probe CRs
ー p-p collision creates pions, p0, p+, p-
p0 decays into two gamma rays
p+, p- decay and produces neutrinos

Two possible gamma ray origins must be disentangled
ーhadronic：p-p collision

CR protons produce gamma rays via neutral pion
CRp+p→π0→2g

ーleptonic：inverse Compton scaKering
CR electrons scaKer low-energy photons(CMB)→ g

Verifica0on of the hadronic gamma rays is the key for the cosmic ray origin
and calculated CR proton energy can test CR budget in our Galaxy
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The Galac)c Plane     H.E.S.S. TeV gamma rays (2018)

[RX J0852.0–4622]           [RX J1713.7-3946]
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SNRs emi(ng gamma-rays

4Courtesy  H. Tajima



Four TeV Gamma-ray SNRs
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RX J1713.7–3946 RX J0852.0–4622 RCW 86HESS J1731–347

Aharonian+07 Arribas+12 Aharonian+09

Diametr :  ~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



Key observable quan//es of young supernova remnants

SNR as the best candidate where DSA is working to accelerate 
CRs

RX J1713.7-3946 and RX J0852.0–4622, the brightest gamma ray 
SNRs, 
most promising object

Gamma rays (Ng in count);  
GeV-TeV gamma rays  observed with HESS, Veritas, MAGIC, 
Fermi, AGILE …

X rays (Nx in count); 
Non-thermal X rays observed with Suzaku, XMM Newton, 
Chandra….

Interstellar protons (Np in column density);
NANTEN 4m telescope, Mopra 22 m telescope, ATNF etc.
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NANTEN & NANTEN2 since 1996

@Atacama, alt.4800m@Las Campanas, alt.2400m 7



Le#: NANTEN 12CO(1-0) image (beam size : 2.7’) of the W 28 region for VLSR=0 to 10 km/s with 
H.E.S.S. VHE γ ray significance contours overlaid (green) -levels 4,5,6σ. The radio boundary of 
W 28, the 68% and 95% loca[on contours of GRO J1801－2320 and the loca[on 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, Moriguchi et al. 2007)

H.E.S.S. TeV gamma rays vs. CO(J=1-0): 
small CO telescope is powerful for comparison with gamma rays
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RX J1713.7-3946, non-thermal X rays + gamma rays
First detec?on of CO associated 
[-11 km/s < VLSR < -3 km/s, distance 1kpc]

Fukui et al. 2003
9

L62 Y. Fukui et al. [Vol. 55,

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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RXJ1713 gamma-ray shell  by H.E.S.S.

- TeV gamma ray shell-like structure: similar to X-rays
- No significant variaDon of spectrum index 
across the regions

- spaDal correlaDon with surrounding molecular gas
- the correlaDon seems not complete

Aharonian+ 2006
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Interstellar protons HI+H2 in RX J1713.7-3946
very similar to TeV gamma rays

support hadronic scenario ?

Fukui et al. 2012HI + 2H2
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TeV gamma-ray SNR RX J0852.0-4622

Fukui 2013       Color; TeV gamma rays,     contour; X rayss12



TeV gamma-ray SNR RX J0852
ISM Proton and TeV gamma-ray Distribu@ons

Fukui+ 2017

gamma rays
ISM protons
good correspondence 13

discern the γ-ray production mechanisms, but that the spatial
correspondence between the γ-rays and ISM distribution is a
key element in testing for a hadronic γ-ray component. The
effect of the clumpy ISM was also discussed by Zirakashvili &
Aharonian (2010) and Gabici & Aharonian (2014). It is often
noted that the acceleration via DSA must happen in a low-
density space, which has too low a density for the hadronic
origin to be effective (e.g., Ellison et al. 2010). This is,
however, not a difficulty if one takes into account the highly
inhomogeneous ISM distribution as is commonly the case in a

stellar wind evacuated cavity with a dense surrounding ISM
shell-like in RX J1713.7−3946 (Sano et al. 2010).
Several of the previous studies explicitly analyzed the

distribution of the candidate target ISM protons observed by
CO and compared them with the γ-ray distribution in the
most typical TeV γ-ray SNRs including RX J1713.7−3946
and RX J0852.0−4622. Aharonian et al. (2006) compared
the TeV γ-ray distribution with the millimeter-wave
rotational transition of CO, the tracer of H2, obtained with
the NANTEN 4 m telescope. These authors found some

Figure 1. (a) Distribution of the γ-rays and X-rays in the RXJ0852.0−4622 region. The TeV γ-rays in false color are obtained with H.E.S.S.(E > 250 GeV) at an
angular resolution of 0°. 06 (Aharonian et al. 2007b) and the black contours represent Suzaku X-rays (E: 2.0–5.7 keV) at an angular resolution of 2 arcmin. Contour
levels are 0.20, 0.25, 0.40, 0.65, 1.00, 1.45, and 2.00×10−3 counts s−1 pixel−1. The white cross indicates the position of PSRJ0855−4644 (Acero et al. 2013). (b)
Three-color image of the SNR RXJ0852.0−4622, consisting of the NANTEN 12CO(J=1–0) (Moriguchi et al. 2001) in red, the ATCA and Parkes H I in green, and
the Suzaku X-rays in blue. The velocity range is from 22 to 33 km s−1 for CO; from 28 to 33 km s−1 for H I.

Table 1
Properties of CO Clouds toward the SNR RXJ0852.0−4622

Name l b *TR Vpeak DV Size Mass
(degree) (degree) (K) (km s−1) (km s−1) (pc) (104 ☉M )

(1) (2) (3) (4) (5) (6) (7) (8)

CO0S 267.07 −1.63 2.86 3.47 3.48 3.2 220
CO20E 266.87 −0.67 11.46 19.80 2.06 6.8 1330
CO25W 266.47 −2.04 7.48 24.00 1.72 6.2 650
CO25C 266.13 −1.00 2.04 24.45 2.68 1.9 40
CO30E 266.67 −0.87 6.28 31.09 2.78 3.0 180
CO45NW 265.33 −1.10 4.42 44.68 4.07 4.0 330
CO60NW 265.53 −1.47 3.31 63.98 2.25 6.3 410

Note. Column (1): name of CO cloud. Columns (2–7): physical properties of the CO cloud obtained by a single Gaussian fitting. Columns (2)–(3): position of the peak
intensity in the Galactic coordinate. Column (4): radiation temperature. Column (5): center velocity. Column (6): full width at half maximum (FWHM) of line width.
Column (7): size of CO cloud defined as p´ ( )A2 0.5, where A is the area of cloud surface surrounded by the CO contours in Figure 5. Column (8): mass of CO cloud
is defined as mH μ å [Di

2 Ω ( )]N H2 , where mH is the mass of the atomic hydrogen, μ is the mean molecular weight, D is the distance to RXJ0852.0−4622, Ω is the
angular size in pixel, and N(H2) is column density of molecular hydrogen for each pixel. We used m = 2.8 by taking into account the helium abundance of 20%
relative to the molecular hydrogen in mass, and N(H2)=2.0×1020 [W(12CO) (K km s−1)] ( -cm 2) (Bertsch et al. 1993).
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Fukui+ 2012, 2017 strength and weakness

• Fukui+ 2012, 2017 showed that the interstellar proton 
distribu:on is similar to TeV gamma rays. [HI + H2] is essen:al 
as target protons.

• Cosmic ray energy, es:mated to be 1047-48 erg, can supply the 
Galac:c cosmic rays, if CR escape and volume filling factor of 
interstellar protons are taken into account. 

• The hadronic gamma ray is consistent with the SNR origin of 
CRs, but is not conclusive.

• Significant contribu:on of the leptonic origin is not excluded.
• Resolu:on is low, ~4 pc. Number of pixels is 10-20 (best data 

for RXJ1713 in 2008).

14



the present work

RXJ1713  Fukui+ 2021 ApJ, 915, 84F 

RXJ0852  Fukui+ 2023 preprint

TeV gamma rays (HESS CollaboraKon 2018) resoluKon 4pc→1.4pc etc.

FormulaKon: gamma rays Ng are combinaKon of  hadronic and leptonic 

components in each pixel;

Hadronic Ng is proporKonal to target protons Np
Leptonic Ng is proporKonal to non-thermal X ray count Nx

Ng (count) =  a Np (cm-2) +  b Nx (count) : [hadronic]＋[leptonic]

• a: cross secKon of pp reacKon, cosmic ray proton density

• b: inverse Compton sca\ering, depends on B-2

15



RXJ1713 and RXJ0852  Np-Nx-Ng correlation

Nx-Ng                       Np-Ng

20 Fukui et al.

Figure 7.

Figure 8. RXJ1713

Figure 9. RXJ1713

16 Fukui et al.

Figure 1. distributions of gamma rays, X rays, ISM with some contours.

Figure 2. 0852 pixel maps of TeV gamma rays vs. ISM and X rays

Figure 3. 0852 scatter plots Ng-Np, Ng-Nx, and Np-Nx

RXJ1713

RXJ0852

Ng increases with Np and Nx

Comparable contribuAon of Np and Nx
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(c) N p (ISM Proton Column Density)

(a) N g (Gamma-ray Excess Counts (E > 2 TeV)) (b) N x (XMM-Newton X-ray (E: 1-5 keV))

N p :  < 0.5 × [1022 cm-2]
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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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RXJ1713 3D fit in Np-Nx-Ng space

RXJ1713 Hadronic : Leptonic = 67% : 33%
RXJ0852 Hadronic : Leptonic = 42% : 58%
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RXJ0852 results various fi6ng scheme
Fukui, Aruga, Sano+ 2023

The Gamma Ray Origin in RX J0852 19

Table 1. Estimate of the hadronic- and leptonic-origin gamma-rays (RXJ0852)

Model n ba b ⇢p / a B / b�1/2 �2/⌫

(1) (2) (3) (4) (5) (6) (7)

1 all region 48 1.35± 0.24 26.6± 3.3 1.35± 0.24 0.19± 0.01 6.48
�Ng > 0 (shell) 27 1.42± 0.30 34.4± 4.2 1.42± 0.30 0.17± 0.01 2.53
�Ng  0 (inner) 21 1.09± 0.16 23.3± 2.2 1.09± 0.16 0.21± 0.01 2.11
2 all region 48 · · · · · · · · · · · · · · ·
�Ng � 0.1 18 1.68± 0.39 34.7± 5.2 1.68± 0.39 0.17± 0.01 1.84
0.1 > �Ng > �0.1 19 1.42± 0.11 25.5± 1.5 1.42± 0.11 0.20± 0.01 0.61
�Ng  �0.1 11 1.16± 0.14 18.8± 2.0 1.16± 0.14 0.23± 0.01 1.00
3 all region 48 · · · · · · · · · · · · · · ·
Note—Columns (1): model name; (2): number of pixels of the data set; (3) and (4):
regression coe�cients estimated by Equation (C*) and their standard deviations
(the square root of the diagonal elements of Equation (C*)); (5) and (6): proton
energy density and magnetic field in the units of arbitary unit; (7): reduced-�2.

Table 2. Estimate of the hadronic- and leptonic-origin gamma-rays (RXJ0852)

Hadronic component Leptonic component

Model h bNgi hNpi bNhadronic
g

bNhadronic
g /h bNgi hNxi bN leptonic

g
bN leptonic
g /h bNgi

(1) (2) (3) (4) (5) (6) (7) (8)

1 all region 1.06± 0.02 0.32 0.43± 0.08 (41± 7)% 0.02 0.63± 0.08 (59± 7)%
�Ng > 0 (shell) 1.17± 0.03 0.30 0.43± 0.09 (37± 8)% 0.02 0.74± 0.09 (63± 8)%
�Ng  0 (inner) 0.98± 0.02 0.34 0.38± 0.05 (38± 6)% 0.03 0.60± 0.06 (62± 6)%
2 all region � � 0.41± 0.06 (38± 5)% � 0.68± 0.06 (62± 5)%
�Ng � 0.1 1.22± 0.04 0.29 0.48± 0.11 (39± 9)% 0.02 0.74± 0.11 (61± 9)%
0.1 > �Ng > �0.1 1.10± 0.01 0.33 0.47± 0.04 (43± 3)% 0.02 0.63± 0.04 (57± 4)%
�Ng  �0.1 0.89± 0.02 0.36 0.42± 0.05 (47± 6)% 0.02 0.47± 0.05 (53± 6)%
3 all region � � 0.46± 0.05 (42± 4)% � 0.63± 0.05 (58± 4)%

Note— Columns (1): model name; (2), (3) and (6): spatial averages of observed Ng (counts arcmin�2), Np

(1022 cm�2) and Nx (102 photons s�1 degree�2); (4) and (7): predicted values of hadronic- and leptonic-
origin gamma-rays (counts arcmin�2); (5) and (8): fraction of the hadronic and leptonic components.



Inoue+ 2012
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Hadronic dominant broad band spectrum
Zirakashvili & Aharonian 2010 

log F (E)E2, erg cm−2s−1

log E, eV

HESS

EGRET

Suzaku

ATCA

Suzaku

synch.

TB

π0

IC

π0

−5 0 5 10 15
−14

−13

−12

−11

−10

◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦
◦◦◦◦
◦

◦
◦

◦

◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦
◦

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 broad band spectrum
Zirakashvili & Aharonian 2010 ApJ 708, 965Z
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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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TeV gamma rays (HESS CollaboraKon 2018) resoluKon 4pc→1.4pc etc.

FormulaKon: gamma rays Ng are combinaKon of  hadronic and leptonic 

components in each pixel;

Hadronic Ng is proporKonal to target protons Np
Leptonic Ng is proporKonal to non-thermal X ray count Nx

Ng (count) =  a Np (cm-2) +  b Nx (count) : [hadronic]＋[leptonic]

• a: cross secKon of pp reacKon, cosmic ray proton density

• b: inverse Compton sca\ering, depends on B-2
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