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SNR ORIGIN OF GALACTIC COSMIC RAYS
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“knee”

E < PeV 
Galactic (SNR?)

✿ Composition:  mostly protonsSupernova remnants
(SNRs) - Recent detection of π-decay gamma-rays 

with AGILE/Fermi 
- > 100 TeV sources (beyond KN) are of 
hadronic origin

✿ Energy Spectrum:  E−2.7 

Spectrum:  E−2.7 

- Acceleration spectrum (DSA: Diffusive Shock 
Acceleration)

- Propagation in the Galaxy 
- Escape from accelerators

✿ Maximum Energy:  PeV  (1015 eV) 

✿ Energy Budget:  1 eV/cm3  

- Acceleration efficiency
- 10% of SN explosion kinetic energy

- Non-linear effects?

- DSA with B-field amplification
- Escape from accelerators
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ACCELERATION EFFICIENCY
Diffusive Shock Acceleration 

Acceleration Efficiency (1):  
 “Energy Content” 

✔ How thermal (Maxwellian) particles can 
be injected into Fermi acceleration?

✔ Depends on B-field orientation?

✔ Energy content of protons?

Acceleration Efficiency (2):   
“Maximum Energy”


✔ B-field amplification?

✔ Depends on B-field orientation?

✔ Escaping CRs? (important for protons)
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GAMMA-RAY OBSERVATORIES

~105%m2%

Space (satellites) 
AGILE & Fermi                     Gamma-400

Ground-based (IACTs) 
H.E.S.S., MAGIC, VERITAS           CTA

60 GeV

sensitivity

Funk & Hinton (2013)
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H.E.S.S. GALACTIC PLANE SURVEY
HESS Galactic Plane SurveyH.E.S.S. I highlights
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Significance

Significance, in full detail

  

Zoom-in

Full detail VHE sky images, catalog, and MWL associations
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! VHE sky images (FITS)
! H.E.S.S. catalog
! MWL associations 

will provide:

CRs and gamma-rays from SNRs 2755

Figure 3. Same as in Figs 1 and 2 but now two zones are considered: the
acceleration zone around the shock, where the magnetic field is amplified
and given by equation (11), and an inner region with a weaker magnetic
field equal to 30 µG. The spectrum of particles accelerated at the shock is a
power law in momentum with slope 4.4 and 4.1 for the black and red curve,
respectively (models M5 and M6 in Table 2).

region (the effect of changing this field will be discussed in
Section 5).

Results for this two-zone model are shown in Fig. 3. The black
curve has been computed for a CR spectrum at injection with slope
α = 4.4 and for Kep = 10−2. The magnetic field at the shock
is the amplified one (equation 11) while the field in zone 2 is
30 µG. Due to the lower value of the magnetic field in zone 2,
synchrotron losses are less severe and the break in the electron
spectrum moves upwards in energy, thus enhancing the inverse
Compton emission. This explains the larger number of gamma-ray
bright SNRs expected in this case, when compared to the one-
zone model illustrated in Fig. 2. The number of SNRs with integral
gamma-ray flux above 1 per cent of the Crab flux is ≈57 while
the mean value for the expected number of very bright SNRs with
integral flux above F( > 1 TeV) = 10−11 cm−2 s−1 is ≈1.6.

Finally, the red curve in Fig. 3 shows the expectations for a hard
spectrum of the accelerated CRs with α = 4.1 (all the other param-
eters are left unchanged). The evident effect of an hard spectrum is
a large increase of the number of gamma-ray SNRs. In this case,
the expected number of SNRs with integral flux above 1 per cent
of the Crab is unreasonably large ≈190, while the mean number
of very bright SNRs with flux above 10−11 cm−2 s−1 is ≈8.1, also
exceedingly large. This clearly disfavours a scenario in which SNRs
accelerate a hard spectrum of particles. Spectra significantly steeper
than α = 4 are needed to be consistent with observations, if a stan-
dard ≈10 per cent CR acceleration efficiency is assumed. This point
will be further discussed in the next section.

Finally, it is instructive to estimate the total number of SNRs
which are currently in the Sedov stage of their dynamical evolution.
This would provide a strict (and clearly overoptimistic) upper limit
for the number of possible detections in gamma-rays, since CR
production is believed to be efficient only during this phase of the
SNR evolution. By assuming a duration of the Sedov phase equal
to a few 104 yr and three supernova explosions per century in the
Galaxy, this number turns out to be ≈1000. Thus, for the cases
considered above, even for the most optimistic, the SNRs with TeV
gamma-ray fluxes above the level of 1 per cent of the Crab are a
small fraction (≈0.01–0.1) of the total number of SNR which are
believed to accelerate CRs in the Galaxy.

Table 2. Values of the parameters adopted to compute the
curves in Figs 1 (model M1 and M2), 2 (M3 and M4) and 3
(M5 and M6). α is the slope of the spectrum of CRs accel-
erated at the shock, and Kep is the electron-to-proton ratio.
The last two columns specify whether or not magnetic field
amplification has been taken into account, and the number
of zones adopted to compute the inverse Compton radiation
from electrons (see the text for more details).

Model α Kep Amplified B Number of zones

M1 4.4 10−5 OFF 1
M2 4.4 10−2 OFF 1
M3 4.4 10−5 ON 1
M4 4.4 10−2 ON 1
M5 4.4 10−2 ON 2
M6 4.1 10−2 ON 2

For the reader’s convenience, the parameters which were used to
compute the curves in Figs 1–3 are listed in Table 2.

4 SN R S A N D S K Y SU RV E Y S I N T H E T E V
E N E R G Y D O M A I N

In this section, we perform a comparison between the predictions
described above and the data currently available in the TeV gamma-
ray domain. With this respect, the data obtained by the HESS array
of Cherenkov telescopes seem to be the most appropriate. Due to the
large instrumental field of view (≈5◦), it has been possible to obtain
a deep scan of the Galactic plane at TeV energies by using only a
relatively small fraction of the total available observing time. The
results of this scan were published in a series of papers (Aharonian
et al. 2005, 2006a; Gast et al. 2012). The aim of the scan is to obtain
a good compromise between the fraction of the sky covered by the
survey and the depth and spatial homogeneity of the exposure. The
original HESS survey covered the range of |l| < 30◦ in Galactic
longitude and |b| < 3◦ in latitude (Aharonian et al. 2005), and it
has been gradually extended thereafter, especially in longitude. To
date, an extension in the range of l = 250◦–65◦ was reported (Gast
et al. 2012). However, from fig. 2 in that paper, it can be noticed
that the exposure, and thus the sensitivity within the survey region
is non-uniform. For this reason, in the following we restrict our
attention to the region of Galactic longitude |l| < 40◦ only, within
which the sensitivity for point sources is quite homogeneous and
always at the level of at least ≈1.5 per cent of the Crab level (i.e.
F( > 1TeV) ≈ 3.4 × 10−13 cm−2 s−1).

The number of TeV gamma-ray sources in the HESS Source
Catalog2 within the region we selected (|l| < 40◦, |b| < 3◦) and
with a flux above 1.5 per cent of the Crab is 35. Notably, three
of them are associated with the SNR shells RX J1713.7–3946,
HESS J1731–347 and CTB 37B. While in the first two cases the
association between an SNR shell and a gamma-ray source is firm,
in the latter case both an association with an SNR shell (Aharonian
et al. 2008c) and with a magnetar (Halpern & Gotthelf 2010) has
been put forward. However, since CTB 37B still remains a possible
candidate of a TeV-bright SNR shell, we consider it as such in
the following. When needed, we will discuss how this uncertain
association might affect our conclusions. The physical properties of
these three sources are listed in Table 3.

2 www.mpi-hd.mpg.de/hfm/HESS/pages/home/sources/
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H.E.S.S. “JAPAN”

H.E.S.S. Phase-II has started in 2013 
Japanese group (Rikkyo U./JAXA) has joined in 2016 
(Lead: Y. Uchiyama)
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CLASSIFICATION 

101 102 103 104 105

D2 [pc2]

1033

1034

1035

1036

1037

1038

G
eV

Lu
m

in
os

it
y

[e
rg

s�
1 ]

W51C

W44

IC443

W49B

CasA

Tycho RXJ1713VelaJr

Puppis A

CygnusLoop

S147

3C391

CTB37A

G8.7-0.1

G349.7+0.2

W28

Kes17

MC
Young

Middle-aged

Uchiyama+2011

SNR

Molecular  
Cloud: MC



Yasunobu Uchiyama (Rikkyo)

CASSIOPEIA A

hadronic (π0-decay) 

leptonic (brems/IC) is ruled out

Yuan+13

✻ Hadronic origin is preferred  
✻ Gamma-ray production site(s) are  

     uncertain: forward/reverse shocks? 
✻ Wp = 4×1049 erg (w/ evolution model) 
   (2% of explosion kin energy: 2×1051 erg) 
✻ Ep,max = 10 TeV   “PeV Crisis?” 
✻ B > 0.1 mG (consistent with X-ray)

Zirakashvili et al. (2014) 

Forward and reverse shock 
produces equal amount of 
gamma-rays at 1 TeV 



NuSTAR: Ti (68-78 keV)

NuSTAR (2012～)
 Hard X-ray imager

Cas A

Cas A

Chandra: Fe

Sources of CR e+
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CAS A: DISCOVERY OF TI-K 
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Contour'Cr�

Ti'Map�
4.604.8'keV/con7nuum'

Ikeda & Uchiyama, in prep.

Chandra Ti map (4.6-4.8 keV/cont.)

Ti-K

2

variations of the spectral slope over the SNR may locally
affect this maps, our spatially resolved spectral analysis
shows that the ratio maps provide reliable results (see
Section 2.3). In order to avoid noise in this map caused
by poor photon statistics near or outside the edge of the
remnant, the ratio values are set to zero for the region
where its flux is lower than third times as selected back-
ground region by using broad energy band 0.5-7 keV im-
age as shown in black line of Figure 1.
Figure 2 shows the Si ratio maps of Cas A jet, together

with the S, Ca, Ti, Fe, and continuum count-rate image.

2.3. Ti-K Line Significance

In order to make a more realistic test for the overall
validity of the Ti line distribution and eveluate signifi-
cation of Ti K line, sample spectrum is extracted and
fitted in the energy band 3-7 keV from sub-region across
the jet. Althouh Ti is abundant in north of jet appar-
ently, but Ca line is also strong and blend intensely with
Ti line. We chose the region where Ti line ratio is high
as shown in green region of Figure 2, and performed a
spatially resolved spectral analysis.
Figure 3 shows the ACIS spectrum of the region ob-

tained by summing all of the observations. We found that
in this spectrum, both the Ca and the Fe line complexes
are significantly broadened with the Ca clearly showing
a double-peaked feature. We interpret this broadening
as an effect of the superposition of different conditions
in the ionization states of the plasma and we model
the spectra with single-component plane-parallel shock
model (XSPEC model vvpshock) with different temper-
atures, abundances, and ionization time-scales, τ (this
model describes the spectra significantly better than a
single ionization time-scales model) modified by interstel-
lar absorption (XSPEC model wabs). Moreover, we also
used thermal bremsstrahlung emission (XSPEC model
BEMSS) including 10 Gaussian for fit. 10 of Gaussian
id assigned for Ar Heα (∼3.1 keV), Ar Lyβ (∼3.3 keV),
Ar Heβ (∼3.7 keV), Ca Heα (∼3.9 keV), Ca Lyα (∼4.1
keV), Ca Heβ (∼4.6 keV), Ca Lyβ+Ca Heγ (∼4.8 keV),
Ca Heδ (∼5.0 keV), Cr Kα (∼5.7 keV), and Fe Kα (∼6.6
keV). We checked to see by using both models whether
Ti K line (∼4.7 keV) is significant or not as additive
component of Ti. Here, energy and width of Ca Lyα, Ca
Heβ, Ca Lyβ+Ca Heγ, Ca Heδ, and Cr Kα are set at
the value obtained plasma code (see 2.4).
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Fig. 3.— (a) ACIS spectrum in the 3-7 keV band from green
region of Figure 2. The best-fit BREMSS model (dot line) and
lines of Ar, Ca, Ti, Cr, and Fe with Gaussian functions are shown
by solid lines, but Ca Heβ (blue), Ti Kα (red), Ca Heγ (magenta),
and Ca Heδ (cyan). (b) The residual from the best-fit model of
(a). (c) Residual from the best-fit vvpshock model with solar Ti
abundance. (d) Residual same model as (c), but the Ti abundance
is taken into account.

The best-fits parameters are shown Table 1, and their
results shows in Figure 3 (b The residual from the best-fit
model of gauusian model, c model of vvpshock without
Ti parameter, d vvpshock with Ti parameter). We found
the quality of the fits improves in both models varying
χ2 value (∆χ2 = 34, 40 in vvpshock, and bremss+gauss,
respectively) by adding Ti K component, indicating that
Ti K line component has 5.3, 5.6σ significance. More-
over, Ti K emission is consistent with other element in
terms of ionization level because it’s emission energy is
E ∼4.75 keV which indicate almost Ti ionized He-like.
We have also examined influence of pile-up on spec-

trum. Actually, pile-up is shown in Cas A particularly in
bright area caused by strong Si or S flux. It results in fake
lines in different energy decided by merging lines (e.g.
Si Heα + Si Heα →∼3.7 keV, Si Heα + S Heα →∼4.3
keV). It is reasonable to be without or almost without
pile-up effect in jet spectrum because no other area in
Cas A show this ∼4.7 kev emission for all area brighter
than jet, and no merging combination can explain energy
4.7 keV component. we thus conclude that Ti K X-ray
emission is detected in jet of Cas A.

2.4. Modeling of Ti-K and Ca Complex

For complex spectrum 4.2∼5.0 keV in jet due to blend
of Ca and Ti lines, we estimated Ca line’s width and
energy for fit by modeling of single-temperature plasma
code (XSPEC model vnei) modified by interstellar ab-
sorption (XSPEC model wabs) reflecting condition of
jet. As we have already noted that strong line feature
∼4.7 keV is visible, indicating not only Ca line’s contri-
bution possible. Since just Ca line’s configuration be-
tween 4.2∼5.0 keV is determined from here, we focused
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PUPPIS A
Hewitt+2012

Middle-aged SNR: 
Diameter: 30 pc 
Age: ~40,000 yr (Sedov phase) 
ISM Density: 1 cm-3

WISE (infrared)

MC

Non-radiative shock

LAT
HESS Coll. 2015

The gamma-ray emission can be modeled either by 
bremsstrahlung with We = 1×1049 erg  
or  
hadronic (π0-decay) with Wp = 4×1049 erg

 Ep,max ~ 1 TeV 
Wp = 4×1049 erg
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RX J1713.7-3946

Aharonian+(2004,2007)

Well correlated
Synchrotron X-rays

and 
TeV gamma-rays

ASCA (contours)
H.E.S.S. (color)

IC-dominate scenario

Origin of gamma-ray 
emission still under 
active debate.
“Leptonic vs Hadronic”

Suzaku X-ray Observations (Takahashi+2008; Tanaka+2008; Sano+2012)
• Suzaku XIS+HXD spectra revealed a spectral cutoff, as expected from DSA theory
• Absence of X-ray line emission from shock-heated plasma 

• Strong constraint on the origin of GeV-TeV emission

Ellison+11
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OUR RECENT X-RAY STUDY 
Yasunobu Uchiyama, Naomi Tsuji (Rikkyo U),
Satoru Katsuda (ISAS), Felix Aharonian (MPI-K/DIAS), David Berge (Amsterdam)

New H.E.S.S. image of RXJ1713.7-3946

(1)  H.E.S.S. - Fermi - Suzaku  
          Ongoing

(2)  Chandra 
          Tsuji and Uchiyama, submitted

(3)  XMM 
          Discovery of thermal X-rays 
          (S. Katsuda et al. 2015) 

(4)  NuSTAR
          We have an AO1 program (NW rim).
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DISCOVERY OF THERMAL X-RAY EMISSION

Softness(map:(0.501.5(/(1.508(keV to(select(
the(best(position( to(detect(thermal(X0rays.(

-The thermal emission is likely from the ejecta 
-Mg/Ne and Si/Ne  

→ the progenitor mass of < 20 MSol 

-Total amount of shocked ejecta mass is about 0.63–0.8 MSol

Absence of  
X-ray line emission 

Significant line emission in central region 

Softness map: 0.5-1.5/1.5-8 
keV

Katsuda+ 2015

Tanaka+ 2008

First detection of thermal X-ray emission 
with XMM-Newton (Katsuda et al., 2015)
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SHOCK SPEED MEASUREMENT WITH CHANDRA
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Outermost 
edge 
↓ 

Outer shock 
wave 

(r ~ 8.7 pc)

Expansion 
direction

0.5-5 keV 
flux image

box ID Angular velocity [″/yr] Velocity [km/
s]box (a) 0.82 ± 0.06 3900 ± 300

box (b) 0.25 ± 0.06 1200 ± 300
box (c) 0.3 ± 0.05 1400 ± 200
box (d) 0.61 ± 0.05 2900 ± 200
box (e) 0.17 ± 0.06 800 ± 300

Tsuji & Uchiyama submitted
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EVOLUTION MODEL Tsuji & Uchiyama submitted

16

Too early 
phase

Model parameters:  
s = 2 (stellar wind) 
n = 7 
Tage = 1618 yr ← SN393 
Rb = 8.68 pc ← radius at box (a) 
Vb = 3900 km/s ← velocity: box (a)

Too low 
shocked 

ejecta mass

　1. Ambient density ~ 0.01–0.02 cm-3,  Mej ~ 1–3 MSol,  Eej ~ 1×1051 erg　　　 
　2. Likely consistent with SN393 
　3. Not yet in full ST stage → Energy of CRs may not have reached its maximum

s=2 
(CSM)

Vb-limited 
Vb and Mr-limited

SN393



Yasunobu Uchiyama (Rikkyo)

SECONDARY SHOCKS?
box ID Velocity [km/s]

box (a) 3900 ± 300
box (b) 1200 ± 300
box (c) 1400 ± 200
box (d) 2900 ± 200
box (e) 800 ± 300

Secondary Shocks in SNR

z However, many secondary shock waves are formed in SNR shell,
due to the turbulent flow ( 〈δv〉 = 0.8 Cs in SNR shell ~ vshock ).

� Can post shock turbulence contribute particle acceleration?

z Downstream B filed amplification alone cannot contribute acceleration.

z The secondary shocks formed in the shell may enhance particle acceleration.

B structure

p structure

30.0 17:12:00.0 30.0 11:00.0

25:00.0

-39:30:00.0

35:00.0

40:00.0

45:00.0

(f)

(e)      (b)

(a)

   (c)

    (d)

Secondary shocks formed in the shell may  

enhance particle acceleration.

Inoue+2012

Shock interaction with cloud clumps
   —->
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NUSTAR
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Box (chandra and nustar)

1 102 5
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2

Energy (keV) naomi  8−Jul−2016 23:34

Chandra (0.5‒7 keV) 
NuSTAR (3‒20 keV)

Joint fitting Chandra and NuSTAR

Model: absorbed cutoff PL 

NH = 0.756±0.023 
Index = 1.92±0.06 
εc = 9.13±1.36 keV

Good agreement 
with Suzaku 

(Tanaka+ 2008)

3‒10 keV
Tsuji, Uchiyama+ in prep.
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TEV EMISSION BEYOND X-RAY SHELL

Peter Eger . H.E.S.S. precision measurements of RX J1713.7-3946 . August 2015  

Radial profiles: X-ray vs TeV

17

prelim
inary

prelim
inary

Peter Eger . H.E.S.S. precision measurements of RX J1713.7-3946 . August 2015  

Radial profiles: X-ray vs TeV

17

prelim
inary

prelim
inary

Peter Eger . H.E.S.S. precision measurements of RX J1713.7-3946 . August 2015  

Radial profiles: X-ray vs TeV

16

prelim
inary

SNRs: RXJ 1713H.E.S.S. I highlights

X-ray vs TeV radial profiles

● TeV profiles beyond X-rays in some regions: 
    => particle escape in interaction with denser 
         regions of the surrounding medium?

H.E.S.S. Collaboration (2015, in prep.)
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GAMMA-RAY ORIGIN? 

IC-dominate scenario

Inoue+2012

π-decay 
gamma-rays

Gabici & Aharonian 2014

π-decay gamma-rays: 
energy-dependent penetration 
of protons into clumps

Ellison+2011
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MIDDLE-AGED SNR WITH MC
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Fig. 4.— (color online) The W51C SED as obtained from the Fermi data (blue points) and MAGIC

data (green squares). The best-fit models for pp interaction (solid red), bremsstrahlung (dashed

cyan) and IC (dotted magenta) induced �-ray emission are shown together with their �2 values.

Only the proton-proton model describes the data reasonably.

Jogler+15

W51C

H.E.S.S. I highlights SNRs: W49B

F. Brun,  The Fermi-LAT and H.E.S.S. view of the supernova remnant 
W49B,  ICRC 2015 - The Hague,  05/08/2015

W49B : H.E.S.S. and Fermi-LAT Analysis Results

 H.E.S.S. : 

 75 hours (live-time) of data taken 
between 2004 and 2013 (no CT5)

 Model Analysis using Standard 

cuts (E
th
 ~ 290 GeV)

 W49B detected at 12.9

 Morphology : point-like source

 PSF ~ shell size → emission from 
the center or from the shell itself

H.E.S.S. Gaussian-
Smoothed excess map 
(0.06°).
Black marker : W49B 
position
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The Fermi-LAT and H.E.S.S. Views of the Supernova Remnant W49B

F. Brun,  The Fermi-LAT and H.E.S.S. view of the supernova remnant 
W49B,  ICRC 2015 - The Hague,  05/08/2015

W49B : H.E.S.S. and Fermi-LAT Analysis Results

 H.E.S.S. : 

 75 hours (live-time) of data taken 
between 2004 and 2013 (no CT5)

 Model Analysis using Standard 

cuts (E
th
 ~ 290 GeV)

 W49B detected at 12.9

 Morphology : point-like source

 PSF ~ shell size → emission from 
the center or from the shell itself

 Fermi-LAT : 5 years of data

 Morphology : point-like source

 Coincident with the shell

 Slightly offset from H.E.S.S 
position (but TeV emission could 
come from the shell) 

H.E.S.S. Gaussian-
Smoothed excess map 
(0.06°).
Black cross : H.E.S.S. 
best fit position
Blue cross : Fermi-LAT 
best fit position
White contours : NVSS 
(radio)

4

F. Brun,  The Fermi-LAT and H.E.S.S. view of the supernova remnant 
W49B,  ICRC 2015 - The Hague,  05/08/2015

W49B : H.E.S.S. and Fermi-LAT Spectra

Fermi-LAT and H.E.S.S. spectra connect very smoothly!

H.E.S.S. : Power-Law (> 290 GeV)
- 

_0
(1TeV) = (3.150.46) x 10-13 cm-2s-1TeV-1

-  = 3.140.23

Fermi-LAT : Broken Power-Law (60 MeV – 4 GeV) 
- Preferred by 8 w.r.t. Power-Law 

- 
0
(200 MeV) = (3.30.5) x 10-10 cm-2s-1MeV-1

- 
1
 = 0.100.30 , 

2
 = 2.210.05 , E

br
 = 30420 MeV

Fermi-LAT + H.E.S.S. 
joint fit : 
Broken Power-Law 
(500 MeV – 10 TeV)

W49B

- Preferred by 6.5 

w.r.t. Power-Law 
- 

1
 = 2.170.06 

- 
2
 = 2.800.04 

- E
br
 = 8.42.5 GeV
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Fermi Coll. & H.E.S.S. Coll (submitted)

AGILE & Fermi:  
Sub-GeV spectra of IC443/W44 agree 
well with π0-decay spectra.
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CRUSHED CLOUD MODEL
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π0-decay γ-rays come from shocked molecular clouds 
 Radiative shock ➜ high compression ➜ high CR & gas density 
 Shock: slow (~100 km/s), partially ionized ➜ Maximum energy < TeV 
 Reacceleration of pre-existing CRs 

associated radio and γ-ray emission under two scenarios of (i)
Galactic CR re-acceleration, and (ii) NLDSA of thermally
injected particles. To see if they can reproduce the generally
observed characteristics of GeV-bright middle-aged SNRs, a
comparison of the models with broadband spectral data from
SNR W44 is presented.

3.1. Case of Re-acceleration

3.1.1. Broadband Non-thermal Spectral Energy Distribution (SED)

Figure 3 shows the spectral evolution of the radio and γ-ray
emission predicted by our model under the Galactic CR re-
acceleration scenario. The corresponding evolution of inte-
grated energy fluxes is also shown. For clarity, the contribution
from non-thermal bremsstrahlung to γ-rays is not included
in the plot since it is relatively unimportant compared to the
π0-decay component. The time tc is counted in units of ttr

Figure 2. (a) Time snapshots of profiles of hydrodynamic variables up to the
stage when the shock has just become radiative for the re-acceleration model.
From top to bottom: gas temperature, gas (proton) density, B-field strength
and gas velocity. Radius is in units of the FS radius. The colorbar depicts the
evolution age of the cloud shock in units of characteristic transition time ttr .
(b) Cloud shock velocity vsk as a function of time for the re-acceleration
scenario.

Figure 3. (a) Time evolution of the radio synchrotron (left panel) and π0

-decay γ-ray (right panel) spectra up to t t3c tr= of our model under the
Galactic CR re-acceleration scenario. Dashed lines in the left panel show the
contribution from secondary e− and e+ to the synchrotron emission, while the
solid lines show the total. Again, the colorbar depicts the evolution age of the
cloud shock in units of ttr. Observed data of SNR W44 from radio telescopes
(compilation by Castelletti et al. 2007; Sun et al. 2011, black points), Planck
Galactic SNR survey (Planck Collaboration et al. 2014, gray points) and γ-ray
instruments including Fermi LAT (Ackermann et al. 2013, black points) and
AGILE (Cardillo et al. 2014, green points) are overlaid. The radio data points
are scaled by a factor of 0.5 following U10. An overall normalization factor of
0.2 is applied to the model spectra to explain the data. (b) The corresponding
evolution of the radio synchrotron and π0-decay γ-ray flux. The energy ranges
of flux integration for the radio and γ-ray photons are 70 MeV−20 GeV and
70 MHz−10 GHz respectively.
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advanced this scenario and constructed a phenomenological
model using an analytical approach. They concluded that fast
radiative J-shocks are able to pick up and re-accelerate pre-
existing CRs. If these re-accelerated CRs are subsequently
boosted further to higher energy density by compression inside
a rapidly cooling and contracting shell behind the radiative
shock, they can simultaneously produce sufficiently bright GeV
γ-ray and radio synchrotron emission to explain observations.
Most recently, Tang & Chevalier (2014b) attempted to
construct a time-dependent description of DSA at slow shocks
based on a simple analytic hydrodynamic model for shock-
cloud interactions (Tang & Chevalier 2014a) and a parametric
model for the CR diffusion coefficient, and suggested that a
time-dependent test-particle solution of re-acceleration under a
Kraichnan-like diffusion coefficient (D p p( ) 0.5∝ ) can explain
the observed γ-ray spectra of SNR IC 443 and W44.

In this paper, we investigate the immediate locality of one of
these cloud shocks and explore its broadband non-thermal
emission mechanisms using a fully time-dependent hydro-
dynamical simulation, self-consistently coupled to an explicit
treatment of DSA (either re-acceleration of pre-existing CRs or
direct acceleration of the downstream thermal particles) and
other important physical processes including those associated
with a radiative shock. We conclude that, despite minor
differences, our results broadly confirm the assertions by U10
that a re-acceleration model can well explain the observed
broadband emission properties. A direct acceleration model on
the other hand suffers from several difficulties that we will
explain in detail. In Section 2, we introduce the essential
physical components of our model and explain their relevance
to the problem. Major assumptions made are also stated and
elaborated. We then present our results on the hydrodynamical
evolution and non-thermal emission calculation in Section 3,
followed by discussions and conclusion in Section 4.

2. MODEL

In this section, we review the physics and numerical setup of
our model. The numerical calculations are performed using the
CR-hydro-NEI simulation code (Lee et al. 2012). In our model,
we consider a picture in which the progenitor star undergoes
core-collapse and explodes into a tenuous wind cavity
surrounded by a molecular cloud (e.g., Koo & Heiles 1995).
The blastwave created by the expanding ejecta propagates into
the cavity with high speed and eventually hits the interface with
the surrounding dense medium (probably part of the parent
molecular cloud of the progenitor star), typically at a radius
∼10 pc from the explosion center (Chevalier 1999). It then
penetrates into the cloud (we will call it a “cloud shock”
hereafter) and keeps pushing through the dense medium, and
eventually becomes radiative. The molecular cloud is approxi-
mated as a uniform dense medium with a number density
n 1000 ∼ cm−3. While the real situation is expected to be more
complex with three-dimensional details such as clumpiness
(i.e., density inhomogeneity) of the molecular cloud (e.g., Rho
et al. 1994), we believe our spherically symmetric model can
capture the essential physical phenomena and provide a
fundamental understanding of such systems. This step is an
essential precursor to more complicated and time-consuming
three-dimensional hydrodynamical or MHD simulations that
self-consistently include DSA and other important physical
processes.

We will trace the time evolution of the hydrodynamics of the
cloud shock starting from the time of penetration, passing the
point when the shock has decelerated to about 200 Km s−1 and
become fully radiative. Physics including particle acceleration
through the DSA mechanism and microphysical processes such
as ionization and recombination, thermal conduction, radiative
cooling and photoionization heating are calculated simulta-
neously. At the same time, charge exchange can be an
important effect in astrophysical shocks. Concerning the
physical conditions we are investigating here, the balance
between ionization and recombination can be very sensitive to
temperature and density, with additional complications due to
heating terms such as photoionization. Unfortunately, our
model does not currently include an accurate treatment for the
effects of charge exchange. We recognize that charge exchange
could have an important effect on our results, and we will
address those effects in a subsequent paper. This work also
does not concern the reverse shock and the ejecta emission
which are relevant to the thermal X-ray emission. Such
discussions are reserved to another line of studies we are
carrying out in parallel, such as Lee et al. (2014) and Patnaude
et al. (2015), which will be merged with the current work in the
future for a more complete description of middle-aged SNRs.
The typical timescale at which the shock becomes radiative

for a supernova (SN) explosion of energy E E (1051 SN
51≡ erg)

inside a uniform surrounding medium of density n0 is given by
Blondin et al. (1998):

t E n2.9 10 year, (1)tr
4

51
4 17

0
9 17≈ × −

by replacing ESN with the total energy of the driving blastwave
in the cavity and n0 with the cloud density, this quantity is
found to be a convenient time unit for measuring the radiative
transition of the transmitted cloud shock as well, provided that
effects of efficient particle acceleration and other sources of
energy loss which can further speed up the deceleration of the
cloud shock are not significant. Hence, we use it as the basic
time unit for our models throughout this work. Rapid cooling
occurs at about t ttr≳ , at which a cold, condensed dense shell
should form behind the radiative shock where it is pushed
outward by the hotter interior. Compression of the gas and the
transverse component of the B-field lines is expected inside the
contracting cool shell. The same should also occur with the
trapped (re-)accelerated CR particles inside the shell which not
only increase in density but are also energized by the
compression, i.e.,

( )p s p1 , (2)1 3Δ = −

where pΔ is the momentum increase of a CR particle
experiencing the compression and s 1≫ is the compression
ratio in the cool shell. We assume that the B-field is frozen into
the plasma behind the shock.
The enthalpy density H in a Lagrangian gas element can be

written as:

H P P
B

π
v

1 1 4
1
2

, (3)
g

g
th

CR

CR
CR

2
2

γ
γ

γ
γ ρ= − + − + +⊥

where ρ is the mass density, v is the flow speed, B⊥ is the B-
field component perpendicular to the shock normal, Pth and PCR

are the thermal and CR pressures, gγ and CRγ are the ratio of
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SUMMARY

• Historical SNRs  Cas A & Tycho  
– Hadronic origin, Magnetic field amplification, CR energy content 

• Young TeV-bright SNRs  RX J1713.7-3946 & Vela Jr. 
– Leptonic origin?  
– Hadronic origin? (E-dependent penetration into clumps) 

• SNRs interacting with molecular clouds 
– W51C, W44, IC443, W28, W49B,  ... 
– Direct evidence for hadronic origin (IC443, W44) 
– Evidence for Runaway CRs 

•  Evolved SNRs without molecular cloud interactions  
– Pup A, Cygnus Loop, S147 
– Hadronic origin


