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Young Galactic SNRs 
 

 
SN 1006   Lupus       SN 1006     G327.6+14.6    Type Ia 
SN 1054   Taurus          Crab           G184.6-5.8       Type IIP/pec 
SN 1181   Cassiopeia   3C58?        G130.7+3.1       Type IIpec 
SN 1572   Cassiopeia   Tycho         G120.1+1.4       Type Ia 
SN 1604   Sagittarius    Kepler        G4.5+6.8           Type Ia  
SN~1680   Cassiopeia   Cas A         G111.7-2.1        Type IIb  

Rob Fesen 2016  
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X-ray image of  Cas A 



Green: Si/Mg 
  Blue: 44Ti 

Grefenstette+ 2013 



Cas A continuum spectrum: 
electron injection constrains  

AB+ 

(Renaud et al. 06) 
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MeV-GeV emission from  
cosmic ray accelerators:  
 
SNR in molecular clouds 
Slow shocks 100-200 km/s…  
 
 



Thompson Baldini Uchiyama 2012 

 
W51C (filled circles) W44 (open circles);  
IC 443 (filled rectangles); W28 (open rectangles)  
Cassiopeia A (filled diamonds). 

Fermi  images of “molecular” SNRs  

L! ~10
34 !1036erg / s



SNR in Molecular Clouds 

 M.Ackermann 2013  
 
 
 
 

Pion-Decay Signatures  
see: Tavani + 2010, Uchiyama+ 2010, Giuliani+ 2011, 
Ackermann+ 2013, Cardillo+ 2014  



XMM 2-8 keV -- 24 mum IC 443 
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(a) (b)

Figure 3. Time evolution of the spatially averaged downstream particle momentum spectrum. The cosmic-ray spectrum denoted by CR has arbitrary scaling.
(a) Bohm-like diffusion with diffusion coefficient κ ∝ p; (b) diffusion coefficient κ ∝ p0.5.

2.2. Energy-dependent Diffusion

When κ depends on particle momentum, the situation be-
comes more complicated. Forman & Drury (1983) provide the
solution for a diffusion coefficient κ with a power-law energy
dependence but for a monoenergetic input spectrum and parti-
cle momentum much greater than particle-injected momentum
(p " p0). Thus, we cannot use their solution to investigate
the evolution of the spectral shape. Here we assume κ = κ pσ ,
where p = pc/(1 GeV) is the dimensionless particle momen-
tum, and τ1 = τ2 = 4κ1/U 2

1 = 4κ2/U 2
2 to simplify the

calculation. Following the procedure we used to solve the
energy-independent diffusion case, the spatially integrated par-
ticle spectrum in the downstream region is now

F (t, p) = L−1
{∫ ∞

0
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}

= L−1
{
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∫ p
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, (13)

where all the parameters are the same as defined before except
that we now have an energy-dependent diffusion coefficient
κ = κ pσ . Taking τ = τ1 = τ2, we have
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where pσ = pσ . The corresponding spatially averaged down-
stream particle spectrum is
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U2t

= α

4θ
p−α

∫ p

0
p′α−1Q(p′)dp′

× L−1

{
e2∆α(

√
1+sp′

σ −
√

1+spσ )/A2σ (1 +
√

1 + spσ )(2∆α/A2σ )+1

s2(1 +
√

1 + sp′
σ )(2∆α/A2σ )−1

}

.

(15)
It is difficult to calculate the above inverse Laplace transform
analytically, so we used Talbot’s method to do the inversion

of the Laplace transform numerically (Talbot 1979). Before we
applied Talbot’s method to Equation (15), we did some tests of
the numerical method by comparing the numerical results with
the analytical solution we derived for the energy-independent
diffusion case. The results based on Talbot’s method were
completely consistent with the analytical solution. We note
that the energy-dependent solution in Equation (15) cannot be
extended to the energy-independent diffusion case with σ = 0.

We used Talbot’s method to calculate the spatially averaged
downstream particle spectrum Favg(t, p) for energy-dependent
diffusion. Here we are particularly interested in two cases:
Bohm-like diffusion with σ = 1 and σ = 0.5, which is
consistent with observations of Galactic CRs (e.g., Berezinskii
et al. 1990). The resulting particle spectra for the two cases are
shown in Figures 3(a) and (b), respectively, for various time
ratios at p = 1 GeV c−1. In both spectra there is a critical
momentum below which the spectrum reaches the steady-state
solution, as in the energy-independent diffusion case, while
above the critical momentum the particle spectrum gradually
hardens by a σ/2 power of momentum compared to the input
CR spectrum. This is because above the critical momentum,
θ (p) = t/τ (p) becomes much smaller than 1 and the particle
motion is dominated by the diffusion process. When diffusion
dominates, the length scale for particle motion Ldiff ∼

√
6κt ∝

pσ/2. As a result, over a certain time interval t, high-energy
particles moving into the downstream region can trace back to
a region farther away in the preshock medium, which hardens
the spectrum by a σ/2 power.

In Tang & Chevalier (2014) we found that the observed
γ -ray emission from middle-aged SNRs like IC 443, W28, and
W51C implies an accelerated particle spectrum that is similar
in shape to the preexisting CR spectrum at high energy. In the
above discussion, we have shown that the time-dependent DSA
solution in the test particle limit naturally produces an accel-
erated particle spectrum similar to the input CR spectrum at
high energy when θ is not large. The resulting particle spectrum
follows the steady-state solution at low energy, but at high en-
ergy the particle spectrum is determined by both the input CR
spectrum and the possible energy-dependent diffusion. In the
energy-independent diffusion case, the spectrum simply recov-
ers the steep power-law shape of the input CR spectrum when
approaching high energy, while for energy-dependent diffusion
the power-law shape of the input CR spectrum gradually hardens
by a σ/2 power at high energy.
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 CR re-acceleration in molecular SNR (energetically efficient) 
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(a) (b)

(c)

Figure 4. π0-decay emission from IC 443 for different energy dependence of the diffusion coefficient. Shell is the radiative shell of the remnant, layer 1 is the shocked
shell, and sum is the sum of the two components. (a) Energy-independent diffusion with θf = 2θl1 = 2 at p = 1 GeV c−1 and η = 0.2 compared to observations;
(b) energy-dependent diffusion with κ ∝ p, θf = θl1 = 40 at p = 1 GeV c−1 and η = 0.06; (c) energy-dependent diffusion with κ ∝ p0.5, θf = 16θl1 = 8 at
p = 1 GeV c−1 and η = 0.15. The data points are taken from the same references as in Tang & Chevalier (2014).

under the assumption that κ = κ pσ . κ0 and κs are unknown
parameters depending on the shock environment, especially the
surrounding magnetic irregularities, and may be related to each
other. For example, in the special case of Bohm-like diffusion,
κ = ξpc2/3eB, where ξ > 1 is the gyrofactor. If we assume
that ξ is constant within the SNR and molecular interaction
region, then κ0/κs = Bs/B0, where B0 is the magnetic field in
the ambient medium and Bs is the magnetic field in the radiative
shell. As a result, θf /θl1 = tageU

2
f B0/tMC(Uf − Ul1 )2Bs ≈ 1

for both IC 443 and W44 with our parameters. For energy-
dependent diffusion with arbitrary power-law index σ , there is
no theory for the ratio θf /θl1 , so we leave θf and θl1 as two
independent parameters for our fits. We do require that the ratio
θf /θl1 fall between the value from Bohm-like diffusion and the
value from assuming κ0 = κs . In fitting the spectrum, we allow
for three different situations: energy-independent diffusion with
σ = 0, Bohm-like diffusion with σ = 1, and energy-dependent
diffusion with σ = 0.5. For Bohm-like diffusion we apply the
relation θf = θl1 , as discussed above, while for the other two
cases we require 1 ! θf /θl1 ! tageU

2
f /tMC(Uf − Ul1 )2. In the

above calculation, we ignore the dynamical evolution of the SNR
and assume Uf (t) = Uf (tage). This might affect our estimate
of κ0, but our result can at least provide order-of-magnitude

information on the diffusion coefficient because Uf has a weak
dependence on time. In our spectral modeling, we have not
attempted to obtain a best fit in view of the complex physical
situation and model uncertainties, but we aim to show the
importance of the time-dependent DSA solution in improving
the fit to the spectrum. Self-consistent models or simulations
with time-dependent DSA coupled with the dynamical evolution
of the SNR are required in the future for detailed comparisons
with observations.

For IC 443, we use parameters from Table 1 in Tang &
Chevalier (2014) for the remnant and molecular interaction
region. In the energy-independent diffusion case, we show an
example fit with θf = 2θl1 = 2 at p = 1 GeV c−1 and a filling
factor η = 0.2 (Figure 4(a)). The resulting spectrum is similar to
the pure adiabatic compression case in Tang & Chevalier (2014),
since DSA with energy-independent diffusion can reproduce
the input CR spectrum at small θ . In the energy-independent
diffusion case, the spectral shape is mainly determined by θf

and is not very sensitive to θl1 , which is coupled with η. For
Bohm-like diffusion with σ = 1 and assuming θf ≈ θl1 , we
can roughly fit the observed γ -ray emission with θf = θl1 = 40
at p = 1 GeV c−1 and η = 0.06 (Figure 4(b)). The spectral
hardening at high energy produces too flat a spectrum compared
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Fig. 5. Radio and γ-ray emission from SNR W44 assuming that Galactic CRs are only compressed at the shock and in the crushed cloud. In the
left (right) panel we show the radio (γ ray) emission. Data are as in Fig. 3.

(Bykov et al. 2000). The ion neutral-damping rate is (Drury et al.
1996; Ptuskin et al. 2003)

ΓIN =




�
k
kc

�2
νIN k > kc

νIN k < kc,
(20)

where νIN = 8.4 × 10−9s−1
�
T/104 K

�0.4
nH is the ion neutral

collision frequency, with T the temperature and nH the den-
sity of neutrals in units of cm−3. The critical wavenumber sep-
arating the two regimes is kc = (νIN/vA)(ni/nH), which corre-
sponds to perturbations of wavelength resonant with particles
of energy Ec ≈ 2.5 GeV in the regime of density and mag-
netic field strength we are considering. Above this energy the
damping becomes progressively inefficient, so that the meaning-
ful timescales to compare in order to assess whether efficient
acceleration (or reacceleration) is possible are the timescale for
ion neutral damping of turbulence at wavelength kc and the time
tint for which the shock has been interacting with the cloud. We
find that ΓINtint < 1 for nH < 5 × 10−4 cm−3, a rather stringent
requirement.

This condition on the density of neutrals is the appropriate
one to ensure that pre-existing turbulence is not damped at the
scales that are relevant for particle acceleration in the source. The
reaccelerated particles provide themselves a potential source of
turbulence, however, whose growth is possible if ΓCR > ΓIN with
ΓCR the growth rate of the resonant streaming instability asso-
ciated with reaccelerated particles. We computed ΓCR based on
the spectrum of reaccelerated particles that is required to fit the
data and found that in our case turbulence can efficiently grow if
nH < 5×10−3 cm−3. While more relaxed than in the former case,
this condition on the level of ionization of the medium still ap-
pears rather stringent, making it especially meaningful to specu-
late on the possibility that the level of turbulence is low enough
that, in the energy range that is relevant for the detected emis-
sion, Galactic CRs are only compressed at the shock and in the
crushed cloud without substantial diffusive shock reacceleration.

The SED obtained in the compression-only scenario is
shown in Fig. 5, in the radio band (left panel) and in the γ-ray
band (right panel). The values of the parameters are the same as
those adopted for the reacceleration model, but the surface filling
factor is ξ = 0.65. The main effect of ignoring reacceleration is
that the bump in the γ-ray spectrum in the region 1−10 GeV dis-
appears, so that the fit becomes somewhat worse. On the other
hand, the radio emission, being related to low-energy secondary

electrons, can be explained even assuming that Galactic CRs are
simply compressed.

6. Discussion and conclusions

After the detection of low-energy γ-ray emission from
SNR W44 by AGILE (Giuliani et al. 2011) and Fermi-LAT
(Ackermann et al. 2013), a number of different models have
been put forward to explain observations. The detection was ini-
tially presented as the first unequivocal evidence of CR accelera-
tion in a SNR, although the old age of the remnant (Giuliani et al.
2011; Abdo et al. 2010; Ackermann et al. 2013; Cardillo et al.
2014) and its low shock velocity do not make W44 a likely
location for efficient CR acceleration. On the other hand, part
of the shell of SNR W44 is clearly interacting with a dense
MC, which would imply that a dense target for hadronic in-
teractions is present. Uchiyama et al. (2010) and later Lee et al.
(2015) discussed the possibility that the SED of W44 could be
explained in terms of diffusive shock reacceleration of Galactic
CRs and further compression in the crushed cloud that the SNR
is impacting upon. In these conditions the shock slows down to
vs ≈ 100−150 km s−1 and a thin radiative shell with density
103−104 cm−3 is formed where magnetic field strength is also
enhanced.

The calculations of Uchiyama et al. (2010) and Lee et al.
(2015) have several points in common, but also show several
important differences: they adopt the same parametrization for
the low-energy behavior of the Galactic CR spectrum, assumed
to be made of protons and electrons only. In both cases the fit
to the SED requires a spectral break at ∼10 GeV, attributed to
a mechanism previously discussed by Malkov et al. (2011), in
addition to a high-energy cutoff induced by reacceleration. In
both cases a volume filling factor of 0.2−0.5 is assumed to fit
the data. However, the calculations of Uchiyama et al. (2010)
suggest that most emission in the radio band is due to syn-
chrotron emission of secondary electrons, produced in inelastic
p-p scattering, while the primary contribution dominates upon
the secondary by two orders of magnitude in the calculations
of Lee et al. (2015). The authors mention that this discrepancy
might be due to the different way the temporal evolution is
treated; while Lee et al. (2015) follow the evolution of the shock
in time, Uchiyama et al. (2010) assume a simple model in which
the shock moves with constant velocity inside the cloud. The
very recent work of Tang et al. (2015) leads to a conclusion very
similar to ours: middle-aged SNR spectra can be explained by
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CR compresion vs CR re-acceleration 

Cardillo + 2016 



M. Cardillo et al.: The SNR W44
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Fig. 3. Left: VLA (red) and Planck (blue) radio data from the whole remnant (Castelletti et al. 2007; Planck Collaboration Int. XXXI 2016) and
VLA radio data from the high-energy emitting region (green), plotted together with primary (cyan dashed line), secondary (magenta dot-dashed
line), and total (black line) synchrotron radio emission obtained in our best fit reacceleration model. Right: AGILE (green) and Fermi-LAT
(red) γ-ray points (Cardillo et al. 2014; Ackermann et al. 2013) plotted with γ-ray emission from pion decay (blue dotted line), emission due to
bremsstrahlung of primary (cyan dashed line), and secondary (magenta dot-dashed line) electrons, and total emission (black line).

Fig. 4. Radio (left panel) and γ-ray emission (right panel) from SNR W44 in a model where only freshly accelerated particles are taken into
account. The fit is obtained with ξ × ξCR = 6.4 × 10−5. The data points are as in Fig. 3.

will simply evolve in a lower density medium and suffer fewer
losses than in the homogeneous case. On the other hand, we
expect, and assume in our calculation, that both reacceleration
and compression will only take place in the crushed interclump
medium, which now covers 10% less of the volume and, espe-
cially, has a much lower density than in the homogeneous case.
As a result, both the flux of reaccelerated particles and the aver-
age post-shock target density for pp scattering are much lower,
and so is the γ-ray emissivity. Our conclusion is that taking into
account inhomogeneity in the simplified way illustrated above
leads to estimate even larger filling factors.

5.2. Contribution from acceleration

The pervasive presence of CRs throughout the Galaxy makes the
scenario illustrated above, with reacceleration and compression
in the crushed cloud, rather compelling. However, as we pointed
out above, the surface filling factor ξ that we obtain is rather
close to unity and we consider this to be somewhat disturbing.
Hence, we think that there is room for speculation that there may
be a contribution to the SED of W44 coming from freshly accel-
erated particles. In this section we derive a fit to the data in terms

of the product ξ × ξCR (the spectra are degenerate with respect to
this product).

Our results are shown in Fig. 4, compared with the radio and
γ ray data points. A qualitatively good fit is achieved, although
not as good as in the reacceleration scenario. The curves illus-
trated in the figure are obtained assuming an interaction time
with the cloud of 8400 yr and B0 = 28.3 µG, a shock veloc-
ity vs = 130 km s−1 and a parameter combination that leads to
Emax = 19 GeV. The normalization is such that the data are best
fit for ξ × ξCR = 6.4 × 10−5. This simple exercise shows that
the problem of large values of ξ discussed above for the case of
pure reacceleration of Galactic CRs can be alleviated if a small
efficiency of fresh CR acceleration is assumed at the level of
ξCR ∼ 10−4.

5.3. Compression alone

As discussed above, even the re-energization of Galactic CRs
at the shock of W44 up to a maximum energy on the order
of 10 GeV requires relatively strong turbulence to be present
at the shock. This condition could be difficult to realize in the
case of efficient damping as would result from the presence
of even a small fraction of neutrals in the pre-shock medium
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SB around NGC 1929 in LMC  VLT 
image 

ESA/VLT Mejias  



Fermi image of Cygnus 
superbubble 

Ackermann + 2011 



         

     The Fermi source is extended of   
    about 50 pc scale size and  
    anti-correlate with MSX   
 
      Cygnus X is about 1.5 kpc away. Contain 

a number of young star clusters and 
several OB associations.  Cygnus OB2 
association contains 65 O stars and more 
than 500 B stars.  There is a young 
supernova remnant  Gamma-Cygni and a 
few gamma-pulsars. 

    



Fermi image of Cygnus 
superbubble 

Ackermann + Science 2011 



Fermi spectrum of Cygnus 
superbubble 

Ackermann + 2011 



LECR  Spectra in  a SB 

Space Sci. Rev.  v.99, 317  



Long-time LECR spectra evolution in SB  

A&ARv v.22, 77,  2014 



 
 
 
 
 
 

law, expressed here as a distribution function, with spectral index of -5, and an exponential rollover at 
quite high energies. 

 

 

 
 
 
Figure 2. Phase space density of ACR 
oxygen as a function of oxygen speed/solar 
wind in the prime acceleration region at ~120 
AU. The solar wind speed is taken to be 100 
km/s.  The data is from the LECP instrument 
on Voyager 1 [28]. The equation shown in the 
figure is the formula for the common 
spectrum and provides an excellent fit to the 
observations (from [29]). 

 
Figure 3.  One-hour averaged solar wind frame velocity distribution functions showing the proton 
bulk solar wind, the halo and the tail segments during hour 11 of August 12, 2001, during which the 
strong (compression ratio of 3.85 ±0.15) shock passed ACE (left panel) and during the hour of peak 
tail density that was observed one hour downstream of the shock (right panel) (from [29]). 

The Voyager observations in the heliosheath caused George Gloeckler to ponder in great detail on 
the suprathermal tails of the solar wind that were being observed in the inner heliosphere by Ulysses 
and particularly by ACE.  These are tricky observations, because at these low energies, up to 100 keV, 
the correction to transform into the frame of the solar wind must be done with great care. However, 
when the correction is done with care you discover that, almost without exception, every time you are 
in a region where particles are clearly being accelerated, i.e. the intensity is a local maximum, the 
spectrum, expressed as a distribution function, is also -5, with an exponential rollover. 

As is illustrated in figure 3, these prime acceleration sites occur often, but not always, downstream 
from shocks, and what you actually see at the shock fronts are modulated spectra, as the particles 

Low energy CRs accelerated by multiple compressive waves in the Solar Wind 
                                                   by L. A. Fisk and G.Gloeckler 2014 



CR spectra in HI shell 



MeV-line spectra of a SB 

Sensitivity of ~  10(-7) ph cm-2 s-1  
Field of view  ~ a few degrees  



Pulsar Wind Nebulae 



Madsen (2013)

INTEGRAL

Crab PWN in soft X-rays and higher energies:

Chandra

2 arcmin



Crab Nebula 

O.Kargaltsev 



Vela X – PWN  
two-components? 

de Jager et al. 2008 

Abdo et al. 2010 �

�
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P.Slane 







2766 R. Bühler and M. Giomi

Figure 4. Streams of the plasma flow for different simulations at a time tsim = 10 yr. The colours show the plasma speed in units of c. The background image
shows the logarithm of the magnetic field strength in a grey-scale. The spatial extend of each panel is 1.6 ly on each side. A zoom of the region indicated by
the yellow box in the lower-left panel is shown in Fig. 5.

Interestingly, loop like patterns from magnetic Kelvin–Helmholtz
(KH) instabilities are observed downstream of the shear flow re-
gions. An example is shown in Fig. 6. As the shear flow is reduced
for high magnetizations, KH loops are predominantly observed in

the low-sigma simulations. KH instabilities in PWN have been stud-
ied by Bucciantini & Del Zanna (2006) for local features within
nebulae. To our knowledge, KH instabilities have not been reported
in previous publications of global PWN simulations. However, its

MNRAS 462, 2762–2776 (2016)

R.Buehler & M.Giomi 2016 

VELA PWN RMHD Simulations 



At MeV ~  of 3 10-12 erg cm-2 s-1  

A conservative scenario can be tested with eASTROGAM 



Thank You! 


