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Why study supernova remnants?
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•A better understanding of the (local) supernova population 
!

•Study the supernova properties 
•Composition → type, explosion mechanisms 
•Ejecta distribution/dynamics → explosion mechanisms 
•Circumstellar medium interactions → progenitor properties 

!
•Study physics of supernova remnants 

•SNRs probably dominant source of cosmic rays → acceleration properties 
•Non-equilibrium plasma’s → electron/ion temperatures, non-equilibrium 

ionization 

See Vink, 2012, A&A Rev. for a review



Supernova classification
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•Core collapse supernovae (Type II, Ib/c,..) 
•Progenitor: Massive star (>8Msun) 
•Energy source: gravitational collapse (>1053erg) 
•Kinetic energy: ∼1051 erg 
•Ejecta mass > 4 Msun 
•Neutron star (or BH) 

!
•Thermonuclear supernovae (Type Ia) 

•Progenitor: accreting CO white dwarf, or merging white dwarfs 
•Energy source: nuclear fusion (C/O → Fe-group) 
•Kinetic energy: 1.2x1051erg 
•Ejecta mass ∼1.4 Msun 
•Total disruption of star

SN 1987A



Dynamics of supernova remnants

4

Truelove & McKee 99

•Characterise by expansion parameter m: R∝tm, m=(R/Vs)/t 
•Forward shock: 

•Ploughs ISM/CSM 
•Evolves from m≈0.8 to m≈ 0.4 (Sedov) to 0.25 (snow-plough phase) 

Deviations: non-uniform ISM  
•Reverse shock: 

•Shock-heats the ejecta 
•Initial shock velocity slow (|Vrs-Vej|), later |Vrs-Vej|>Vfs



The nucleosynthesis yields of supernova
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Fig. 3 Left: Supernova yields for the most abundant X-ray emitting elements. The squares/black line indi-
cates the mean yield for core collapse supernovae, whereas the circles indicate thermonuclear supernovae
(the W7 deflagration model in red and the WDD2 delayed detonation model in magenta). The model
yields were taken from Iwamoto et al. (1999). Right: Oxygen yield of core collapse supernovae as a func-
tion of main sequence mass. The circles and squares are the predictions of Woosley and Weaver (1995),
the triangles are predictions of Chieffi and Limongi (2004), and the crosses of Thielemann et al. (1996).
In general the oxygen yields obtained by the various groups are very similar, but above 30 M⊙ one sees
that certain models (Woosley and Weaver 1995, using 1051 erg explosion energies) predict a diminishing
oxygen yield. The reason is that above 30 M⊙ stellar cores may collapse into black holes, and part of the
oxygen falls onto the black hole. The amount of fall-back is governed by the explosion energy and the
amount of pre-supernova mass loss, but it is also sensitive to the numerical treatment of the explosion

the supernova light curve. The yields of these elements depend sensitively on the
details of the explosion, such as the mass cut (the boundary between material that
accretes on the neutron star and material that is ejected), explosion energy, and ex-
plosion asymmetry. Since the mass of the neutron star/black hole, the location of
energy deposition and the presence of asymmetries are not well constrained, the ex-
pected yields of these elements are uncertain, and vary substantially from one set
of models to the other (Fig. 3, Woosley and Weaver 1995; Thielemann et al. 1996;
Chieffi and Limongi 2004).

Overall the yields of core collapse supernovae are dominated by carbon, oxy-
gen, neon and magnesium, which are products of the various stellar burning phases
(e.g. Woosley and Weaver 1995; Thielemann et al. 1996; Chieffi and Limongi 2004).
These yields are a function of the initial mass of the progenitor (Fig. 3). It is for this
reason that oxygen-rich SNRs (Sect. 9.1) are considered to be the remnants of the
most massive stars.

2.2 Thermonuclear supernovae

Type Ia supernovae are generally thought to be thermonuclear explosions of C/O
white dwarfs, i.e. the explosion energy originates from explosive nuclear burning,
rather than from gravitational energy liberated during the collapse of a stellar core.

Although there is some variation in peak brightness of Type Ia supernovae,
the variation is much less than that of Type II supernovae. This is in line with
the idea that all Type Ia supernovae are explosions of similar objects: C/O white
dwarfs with masses close to the Chandrasekhar limit (1.38 M⊙). Moreover, an
empirical relation exists between their peak brightness and the post peak decline

•Core collapse SNe:  
• oxygen-, neon-, magnesium-rich 
• oxygen mass proportional to main sequence mass 
•inner regions some iron (0.01-0.1 Msun) 

•Thermonuclear explosions:  
•intermediate mass elements (Si, S, Ar) and iron-group 
•Fe-mass: 0.5-1.2 Msun 
•iron from decay of radio-active nickel-56



Typing supernova remnants spectroscopically
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●oxygen!
●neon!
●silicon

•Core collapse SNRs are rich in O, Ne, Mg 
•Core collapse SNR appear irregular 
!

•Type Ia SNRs are iron-rich 
•Type Ia SNRs appear more regular/structured

e.g. Hughes ’95, Flanagan+ ‘04, Park+ ’02;04, Kosenko+ ‘10

0519-69.0

G292.0+1.8



Morphological differences core collapse vs SNe Ia

7

3rd moment (asphericity)

2r
d  m

om
en

t (
m

irr
or

 s
ym

m
et

ry
)

Type Ia

CC SNe

Lopez et al. 2009/11



Type Ia SNRs in the LMC
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Oxygen 
Fe-L 
Mg/Si/S

•Age sequence of some Type Ia SNRs LMC 
•Iron in center 
•With age more Fe gets shocked by reverse shock (0.7Msun) 
•SN Ia origin confirmed for 0509: Light echo spectra (Rest+ 08)

0509-675 0519-690 N103B

Dem L71 0534-699



Typical SN Ia: 0519-69

9

Kosenko, Helder, JV 2010  

•LMC analogue of Tycho’s SNR 
•Strong stratification 
•30% O /55% Fe 
•XMM-RGS: σV=1900 km/s 
•Age: 440+/-200 yr



Kepler’s SNR a puzzling SN Ia
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Chiotellis, JV, Schure +’12 
cf. Patnaude&Badenes ‘14

Kepler 
(Chandra)

as fast as the shock velocities inferred from optical spectral and
proper-motion studies in the northwestern region (Blair et al. 1991;
Sankrit et al. 2005) but consistent with the value adopted by Völk
et al. (2005).

Since the shape of the filament has a radius of curvature smaller
than the radius of the remnant, one maywonder in what directions

the filament is actually expanding: is the filament caused by a
blowout, in which case one expects the expansion center to be
closer to the approximate curvature center of the filament, or is the
expansion center close to the geometrical center of the whole
remnant? In order to get some handle on this, I also fitted the ex-
pansion, but leaving the center of expansion as free parameters.
In that case, the best-fit center of expansion was more toward the
west (!J2000 ¼ 17h30m40:77s, "J2000 ¼ "21#29029:4900) than
the adopted center, i.e., opposite of the nonthermal filament. This,
and in addition blinking of the 2000 and 2006 images by eye,
suggests that the curved structure is moving more or less as a
coherent structure rather than expanding from a center close to
the filament. This is reminiscent of the kinematics of a bow shock
structure. The expansion parameter did not change substantially
when the expansion center was treated as a free parameter:
# ¼ 0:67$ 0:04.

4. DISCUSSION

I have measured the expansion of Kepler’s SNR using archival
Chandra data from observations performed in 2000 and 2006.
These new X-ray expansion measurements largely agree with ex-
pansion measurements based on radio (Dickel et al. 1988) and
optical (Sankrit et al. 2005) measurements. Specifically, the re-
sults confirm that the average expansion parameter is# % 0:5. The
expansion as a function of azimuthal angle shows a clear differ-
ence in expansion rate between the northwestern and other parts
of the remnant, with the northwestern part having an expansion
parameter # % 0:3Y0:4, as also found in the radio (Dickel et al.
1988) and optical (Sankrit et al. 2005), and the other parts having
# % 0:6, in agreement with the radio measurements.

Fig. 6.—Expansion parameter of Kepler’s SNRas a function of azimuthal angle.
The angle is measured from the north in a counterclockwise direction. The differ-
ent colors indicate expansionsmeasured in different energy bands, using the same
color coding as in Fig. 3. The data points have been cyclic, so the data points at
360# repeat those at 0#. The vertical axis on the right indicates the corresponding
expansion time.

Fig. 7.—Left: Detail of the eastern part of Kepler’s SNR, showing in red the mask used for determining the proper motion of the filament, in green the broadband
image, and in blue a smoothed version of the 4Y6 keV image. Right: Emissivity profile of the northern region of the filament, based on the 2006Chandra observations in
the 4Y6 keV band.

KINEMATICS OF KEPLER’S SNR 237No. 1, 2008

Vink ’08, Katsuda+ ‘08

•X-ray spectrum Fe-L/Fe-K dominated/no neutron star → Type Ia SNR (Reynolds+ 07) 

•High above Gal. plane (>400 pc), distance probable > 6 kpc 
•Chandra expansion (Vink 08,Katsuda+ 08): m<0.4 in North 

⇒Shock runs into high density CSM 

•Best explanation: progenitor system had high density wind! 
•Implications for Type Ia scenarios: 

•Single degenerate (?) 
•How to eject a binary system with v>200 km/s from MW (triple system?)



G1.9+0.3 the youngest Galactic SNR. 
Is it a Type Ia?
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Chandra!
VLA •In 2008 confirmed as SNR  

(Green+ 08, Reynolds+ ’09) 

•X-ray synchrotron dominated 
•Broad emission lines (28,000km/s FWHM) 

(Borkowski+ ’10) 

•Evidence for radio-active 44Ti 
(Borkowski+ ’10) 

•Expansion age: 156±11 yr; real age ∼100 yr 
(Carlton+ 11, Borkowski+ ’14) 



Core collapse par excellence: Cassiopeia A
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•First light image of Cas A: central compact object (Tananbaum ’99) 
•Chandra VLP (Hwang+ 04) 



Cas A: X-ray spectral variety
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The Astrophysical Journal, 746:130 (18pp), 2012 February 20 Hwang & Laming
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Figure 5. Sample spectra exemplifying typical spectral types seen in Cas A. First two rows: spectra associated with the forward shock, showing various mixtures
of thermal emission associated with shocked circumstellar medium (CSM) and nonthermal emission. Third row: typical “Si-dominated” and Fe-dominated ejecta
spectra. Last two rows: for the same spectrum, a comparison of single-component vpshock ejecta models, ejecta plus shocked CSM models, and a model with
two ejecta components corresponding to “normal” ejecta and “pure Fe” ejecta. For reference, this spectrum had a χ2/ν = 1.98 for the single-component vpshock
model fit.

where vr = Rr/t − dRr/dt . Here s is the power-law index for
the CSM density profile, n that for the ejecta envelope, Rb and
vb are the forward shock radius and speed, respectively, and
lED is the “lead factor” (the ratio of forward to reverse shock
radii, Rb/Rr ). The quantity x0 =

(
40.74Mej/ρR2

b

)1/(3−s), with
ρ being the density of the CSM at the forward shock in H atoms
(or equivalent mass) per cm3, tcore is the time in years when the

reverse shock hits the ejecta core, and Mej is the ejecta mass in
solar masses.

In Table 1, we give various models with the range of plausible
ejecta masses 2–4 M⊙, all designed to match as far as possible
the known dynamics of Cas A. We take a distance of 3.4 kpc
(Reed et al. 1995) and an explosion date of 1671.3 ± 0.9 as
determined from the proper motions of 17 high-velocity outer

9
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Figure 1. (Continued)

further fits with a composite plane-parallel shock plus power-
law model. For a cutoff in χ2 ! 1.2 for these fits, we associate
206 additional regions with the forward shock, giving a total of
1415 regions with spectra that are consistent with emission that
can be associated with the forward shock alone.

Figure 3 summarizes the distribution and spectral character-
istics of the forward shock regions. Their locations echo the
4–6 keV continuum maps shown by Gotthelf et al. (2001) and
Hwang et al. (2004). As already noted, their temperatures and
most especially their ionization ages are rather narrowly dis-
tributed, more so than for the sample as a whole. From the
figure, the peaks in the distributions correspond roughly to kT =
2.2 keV and log (net) = 11.25, or net = 1.8e11 cm−3 s. These
regions will not be considered further here as we focus our study
on the ejecta hereafter. We will undertake a detailed considera-

tion of the thermal emission associated with the forward shock
in subsequent work.

2.4. Spectral Survey of the Ejecta and the Presence of Pure Fe

We associate with ejecta the remaining, more than 4000,
regions that are inconsistent with forward-shocked material.
For these regions, the basic spectral model is the simple one-
component plane-parallel shock that has already been presented
and discussed. As noted above, we take the view that, for the
ejecta sample as a whole, it is justifiable to assume sufficient
ejecta dominance to neglect the forward shock component.
Representative examples of all the various types of spectra seen
in Cas A are shown in Figure 5.

For some ejecta regions, the one-component spectral model
is clearly inadequate to describe the ejecta emission in that it

6
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correlated with parameters such as the ionization age, which
shows similar distribution patterns in the west, and the column
density, which is very high in that region. It is clear, however,
that Ne and Mg both show a strikingly different morphology to
Si, S, and Ar, or to Fe, and are much more similar to each other
than to any of the other elements.

2.3.2. Forward-shocked Regions

Broadly speaking, the distinctions between ejecta- and FS-
dominated regions in Cas A are readily apparent, with differ-
ences in temperature, ionization age, and element abundances.
To carry out a survey of the ejecta mass, however, we must either
model both the ejecta and circumstellar medium (CSM) compo-
nents for each spectrum or else accurately identify the specific
regions where the reverse-shocked ejecta make the dominant
contribution to the emission. Given the scope of the spectral
analysis, we have adopted the latter approach. Multi-component
fits can be difficult to constrain reliably, particularly if one of
the components is relatively weak, and thus would require more
individual attention than is feasible for a sample of thousands.
Consequently, our next aim is to identify and eliminate regions
whose spectra can be completely associated with the forward
shock.

We evaluate the presence of thermal emission associated with
the forward shock by fitting a second set of plane-parallel shock
models to every spectrum, but this time with element abundances
appropriate for the CSM. The optically emitting quasi-stationary
flocculi (QSFs) in Cas A are understood to be circumstellar
mass loss from the progenitor. While abundance measurements
for QSFs are limited to a small number of knots, these generally
show an order-of-magnitude enhancement of N and sometimes
also of He (Chevalier & Kirshner 1978). Theoretical calculations
for the pre-supernova composition are also given by Arnett
(1996), where the models allow the elements H, He, and N, all
apparently present in Cas A, to exist simultaneously at a narrow
temperature range near log T (109 K) = −1.5 (their Figure 7.6).
At that temperature the abundance of He is 3 times the solar
value relative to H by number, and that of N about 15 times

the solar value. As these abundances for He and N are broadly
consistent with the observational measurements, we proceed to
adopt them for our fits, along with solar values for the remaining
elements, as representative CSM element abundances.

About 1209 regions gave reasonably good fitting results
(χ2 ! 1.2) with the vpshock model and these QSF element
abundances and are thus assigned to the forward shock. They
are distributed mainly in the remnant’s outer rim and southwest
interior, as would be expected based on the 4–6 keV X-ray
continuum image that highlights the forward-shocked regions
(Gotthelf et al. 2001). Their average temperature is 2.2 keV,
and their ionization ages are rather narrowly distributed with an
average value of 2 × 1011 cm−3 s. These values can be assessed
in the context of the models of Laming & Hwang (2003),
which give the current density of the CSM at the forward shock
at about 1.5–2 cm−3. Considering the r−2 dependence of the
circumstellar density, the forward shock will have encountered
much denser material in the past, and the present-day ionization
state of the forward-shocked material is expected to be relatively
advanced. The models give values of the ionization age in the
1011 cm−3 s range, approaching 1012 cm−3 s; they also indicate
that gas is rather hot, with temperatures from 2.5 to 4 keV. This
is reasonably close to the average values of the temperature
and ionization age that we find in our region, though the fitted
spectra do not show as broad a range in ionization age as is
predicted.

To the forward-shock regions identified solely by the thermal
emission model above, we must also add those that have a
strong nonthermal contribution. To identify these, we devise a
rough diagnostic for the smoothness of the X-ray spectrum. We
bin each background-subtracted spectrum at each significant
line feature and continuum interval (some of these cover only
a narrow energy range), compute the ratio of counts for each
major line feature relative to counts in an adjacent continuum
bin, and take the sum of these ratios for all the line features.
The distribution of this quantity for all the spectra has two
overlapping peaks; we take the spectra associated with the lower
peak (corresponding to weak lines in the spectrum) and perform
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Peculiar:  
Oxygen-rich, but lack of neon, magnesium, but silicon-rich! 
(Fesen 90,Vink+ 96)



Aspherical expansion

14

●Jet 
●Si-
emission 

•Jet: in X-rays brought out using Si/Mg ratio: Si-rich! (Hwang+ 04) 

•If originating in core, why Si/S & not Fe rich? (Si bipolar/Fe irregular) 
• Not a GRB jet: energy 1048-1049 erg (Schure et al. ’07) 
•44Ti: asymmetric explosion, reveals unshocked material  

(Iyudin+ 94, Vink+’01,Renaud+ ’06, Grefenstette+ 14) 
•Core collapse simulations: need stripped star!! (Kifonidis+ 04, Janka+)

XMM Doppler map (Willingale+ 02) 
and “side view”

R. Willingale et al.: X-ray Doppler mapping of Cas A 1043

Fig. 6. The variation in the abundance ratios of S/Si red, Ar/Si
green and Ca/Si blue as a function of the Si abundance. The
large error bars to the right indicate the mean and rms scatter
for the three elements.

Fig. 7. Doppler maps derived from Si-K, S-K and Fe-K emis-
sion lines. For each case the surface brightness of the line emis-
sion (after subtraction of the continuum) is shown colour coded
with the Doppler velocity. The coding used is shown in the bot-
tom left image.

beam radius of 15 arcsec. The raw event images from each
line energy band were smoothed and then multiplied by
the ratio of the predicted line flux to line plus contin-
uum flux ratio in order to estimate the line flux. Figure 7
shows the resulting line flux images colour coded with the
Doppler velocity. The bottom left image is the colour cod-
ing used. The Doppler shifts seen in different areas of the
remnant are very similar in the three lines. The knots in
the South East are blue shifted and the knots in the North
are red shifted. This is consistent with previous measure-
ments, Markert et al. (1983), Holt et al. (1994), Vink et al.
(1996). Moving from large radii towards the centre the
shift generally gets larger as expected in projection. This is

Fig. 8. Flux distributions of Si-K (red), S-K (green) and Fe-K
(blue) as a function of measured Doppler velocity. The lower
panel shows the flux distribution in the Si velocity-S velocity
plane.

particularly pronounced in the North. At the outer edges
the knots are stationary or slightly blue shifted. Moving
South a region of red shift is reached indicating these inner
knots are on the far side of the remnant moving away from
us. The distributions of flux as a function of Doppler veloc-
ity are shown in Fig. 8. The distibutions for Si-K and S-K
are very similar. The Fe-K clearly has a slightly broader
distribution for the red shifted (+ve) velocities. The lower
panel is the flux plotted in the Si velocity-S velocity plane
showing the tight correlation between the Doppler shift
measured for these lines. This plot was quite sensitive to
small systematic changes in temperature, ionisation age
or abundances in the spectral fitting since these can po-
tentially have a profound effect on the derived Doppler
velocities as indicated by the large values of ∆VNEI in
Table 1.

The X-ray knots of Cas A form a ring because the emit-
ting plasma is confined to an irregular shell. We searched
for a best fit centre to this ring looking for the position
that gave the most strongly peaked radial brightness dis-
tribution (minimum rms scatter of flux about the mean
radius). The best centre for the combined Si-K, S-K and
Fe-K line image was 13 arcsec West and 11 arcsec North
of the image centre (the central Chandra point source).
Using this centre the peak flux occured at a radius of

Cas A Jet image (Si/Mg ratio) 
Chandra VLP (Hwang+ 04)

The measured 44Ti line widths and distribution can directly con-
strain mixing in the supernova engine. As evidenced by SN 1987A,
mixing due to Rayleigh–Taylor instabilities occurring between the
explosion’s forward and reverse shocks (distinct from the remnant’s
forward and reverse shocks) may be important in some types of super-
nova explosion24. Because 44Ti is a good spatial tracer of 56Ni in all
established supernova models, we can compare the measured velocity
width to that predicted for 56Ni by simulations. We find that the
,5,000 km s21 maximum velocity and the level of Doppler line broad-
ening compares well with type IIb models including mixing25 and
excludes models without the growth of large instabilities.

The evidence for asymmetries in the supernova explosion mech-
anism has grown steadily over the past several decades. Asymmetries
are implied by a number of observations26: the extensive mixing implied
in nearby supernovae (for example SN 1987A), the high space velocities
of neutron stars and the polarization of supernova emission. Although
different external processes could separately explain each of these obser-
vations, it is generally assumed that the asymmetries arise in the explo-
sion mechanism. A number of mechanisms have been proposed within
the framework where the supernova engine is convectively enhanced27:
asymmetric collapse, asymmetries caused by rotation and asymmetries
caused by low-mode convection. Of these, rotation and low-mode con-
vection have received the most attention. Rotation tends to produce
bipolar explosions along the rotation axis where the ejecta velocities are
two to four times greater along this axis28 than in the rest of the ejecta.
Low-mode convection, including the standing accretion shock instabi-
lity, will produce a bipolar explosion in fast-rotating stars, but is likely
to produce higher-order modes in slowly rotating systems29.

To improve our understanding of the nature of the observed 44Ti
non-uniformity, we compare the observations with three-dimensional
models of normal core-collapse supernovae using a progenitor designed
to produce the high 44Ti/56Ni ratio needed to match the estimated yields

in the Cas A remnant. We simulate two explosions that represent the
extremes of explosion asymmetry: a spherically symmetric explosion,
and an explosion representing a fast-rotating progenitor with arti-
ficially induced bipolar asymmetry where the explosion velocity in a
30uhalf-angle cone near the rotation axis is increased by a factor of four
relative to the rest of the ejecta. The simulated 44Ti maps (Extended
Data Fig. 3) indicate that the level of observed non-uniformity in Cas A
is far greater than what can be produced by the spherically symmetric
explosion, and that the bipolar explosion (where the bulk of the fast
44Ti remains within 30u of the rotation axis) cannot reproduce the
observed off-axis 44Ti knots. This argues against fast-rotating progeni-
tors as well as jet-like explosions, which are even more collimated than
the bipolar explosions. The supernova is better described by an inter-
mediate case, where the observed non-uniformity in the 44Ti is the
result of a multimodal explosion such as those predicted in both
low-mode Rayleigh–Taylor models29 and models including the stand-
ing accretion shock instability30. The Cas A remnant provides the first
strong evidence that this low-mode convection must occur.

METHODS SUMMARY
A full description of the methods, including data analysis, background modelling,
error estimates, and supernovae simulations can be found in Methods.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 3 | A comparison of the spatial distribution of 44Ti with known Fe
K-shell emission in Cas A. We reproduce the spatial distributions shown in
Fig. 2 and add the 4–6-keV continuum emission (white) and the spatial
distribution of X-ray-bright Fe (red) seen by Chandra (Fe distribution courtesy
of U. Hwang). We find that the 44Ti does not follow the distribution of Fe
K-shell X-ray emission, suggesting either that a significant amount of Fe
remains unshocked and therefore does not radiate in the X-ray, or that the
Fe/Ti ratio in the ejecta deviates from the expectation of standard
nucleosynthesis models.
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High resolution X-ray spectroscopy (Chandra gratings) 
of 1E0102.2-7219 
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Flanagan et al. ‘04

Chandra MEG

• SMC remnant 
• Oxygen rich (6 Msun): i.e. massive progenitor (∼35 Msun) 
• Difference +/- orders (wavelengths are mirrored, images not)   

→ aspherical doppler shifts (Flanagan+ 04) 
• Expanding donut rather than sphere? (c.f. Cas A)



Particle acceleration: Narrow X-ray synchrotron 
filaments
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SN1006 Cas A

•X-ray synchrotron from SNR shocks first established for SN1006 (Koyama+ 95) 
•Chandra: all young (<1500-2000 yr) SNR appear X-ray synchrotron emitters 
•For Cas A, Tycho, Kepler: filaments are very thin (<2”) 

(Gotthelf+ ’01, Hwang+ 02,Vink&Laming ’03, Reynolds+ 07)

Tycho



Diffusive Shock Acceleration
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Plasma: Vs
1/X Vs

Unshocked, or  
upstream

Shocked, or  
downstream

particle  
random walk

• Particles scatter elastically  
→ B-field turbulence 

• Each shock crossing the particle increases its 
momentum with a fixed fraction (Δp = βp) 

• Net movement downstream (particles taken 
away from shock) 

• Resulting spectrum (e.g. Bell 1978): 
!

      dN/dE = C E-(1+3/(X-1)) 
	 X=shock compression ratio  

•X=4 → dN/dE = C E-2 

Axford et al. , Blanford & Ostriker, Krymsky, and Bell (all 1977-78)!



Loss-limited X-ray synchrotron emission
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!
•Synchrotron loss-time 
!
!

•Diffusive acceleration time (diffusion coeff. D,  compression X): 
!
!
!

Bohm diffusion (smallest D/fastest acceleration): η=1 
•Equating gives expected cut-off for loss-limited case  
!
!
!

•NB in loss limited case, frequency cut-off independent of B!!

e.g. Aharonian&Atoyan ’99, Zirakashvili&Aharonian 07



Implications X-ray synchrotron emission
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•Synchrotron emissivity profile broad: gradual steepening beyond break 
•Fact that young SNRs are synchrotron emitters: acceleration must 

proceed close to Bohm-diffusion limit! 
!
!

•The higher the B-field -> faster acceleration, but for electrons: Emax 
lower! 

•For B=10-100 μG: presence of 1013-1014 eV electrons! 
•Loss times are: 

X-ray synchrotron emission tells us that 
- electrons can be accelerated fast (loss times 10-100 yr) 
- that acceleration is still ongoing 
- that particles can be accelerated at least up to 1014 eV 

�syn =
E

dE/dt
= 12.5

⇣ E

100 TeV

⌘�1⇣ Be�

100µG

⌘�2
yr.

1 < ⌘ < 20



Narrowness X-ray synchrotron filaments:  
high B-fields
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!
●Width rims≈diffusion length ≈ ΔV x τloss: 
!
!
!
●Narrow rims → high B-field 
!

●Cas A/Tycho/Kepler: 100-500 μG  
(e.g. Vink&Laming ‘03, Völk et al. 03, Bamba+ ’04, Warren+ ’05, Parizot+ ’06, Helder+ ’12) 
●High B ⇒fast acceleration ⇒ protons beyond 1015eV?

•High B-field likely induced by cosmic rays (e.g. Bell ‘04) 
•High B-fields are a signature of efficient acceleration

Vink&Laming ‘03

B2 ⇡ 26
⇣ ladv

1.0⇥ 1018cm

⌘�2/3
⌘1/3

⇣
�4 �

1
4
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Magnetic energy density proportional to mass 
density and Vs3

•Proportionality consistent with 
theories of magnetic field 
amplification (Bell 04)

Observational Signatures of Particle Acceleration in Supernova Remnants 385

Table 2 Observed widths of synchrotron filaments and downstream inferred magnetic field strength

SNR Age
(yr)

Dist
(kpc)

Radius
(pc)

Rw
(′′)

ladv
(1017 cm)

B2
(µG)

Eel
(TeV)

τsyn
(yr)

G1.9+0.3 (SW) 110 8.5 1.8 3.1 2.8 67 33 86

Cas A (NE) 334 3.4 2.5 1.1 0.4 246 17 12

Kepler (SE) 401 6.0 3.7 1.8 1.1 122 24 35

Tycho (W) 433 3.0 3.7 1.6 0.5 207 19 16

SN1006 (E) 999 2.2 9.1 9.1 2.1 81 30 64

RX J1713.7-3946 (SW) 1612 1.0 7.8 63.5 6.7 37 44 206

RCW 86 (NE) 1820 2.5 16.0 28.6 7.6 35 46 232

RX J0852.0-4622 (N) 2203 1.0 16.3 28.4 3.0 64 34 92

Notes: The ages are calculated for the time of proper motion estimation and are either based on the historical
supernova events (Tycho—SN 1572, Kepler—SN 1604, and RX J1713.7-3946, possibly SN 393, Stephenson
and Green 2002; Wang et al. 1997), or on kinematic estimates, assuming a deceleration parameter of 0.55 for
RX J0852.0-4622 (Katsuda et al. 2008) and 0.7 for G1.9+0.3 (Carlton et al. 2011). Distance estimates are:
G1.9+0.3 (Carlton et al. 2011); Cas A (Reed et al. 1995); Kepler (Vink 2008c); Tycho’s distance somewhere
between 2–3 kpc, here we adopt the large scale for kinematic reasons (Furuzawa et al. 2009); SN1006 (Win-
kler et al. 2003); RCW 86 (Westerlund 1969; Rosado et al. 1994); RX J1713 (Fukui et al. 2003); RX J0852
(Katsuda et al. 2008). The value for ladv was calculated from the measured, deprojected rim width Rw, using
the distance listed and an additional factor 0.7 to take into account that the rim width is a combination of
diffusion and advection (see text)

et al. 2007), with the possible exception of one filament in the northeast of Tycho’s su-
pernova remnant (Reynolds et al. 2011). Nevertheless, some form of decay may occur in
general, and would affect the geometry of the X-ray synchrotron rims.

Another assumption is that the spectral cut-off frequency is determined by radiative
losses, i.e. we assume a loss-limited spectrum. These broader rims imply smaller magnetic
fields (Eq. (26)) and, therefore, longer synchrotron loss times. During these synchrotron
loss times the shock properties may have changed, i.e. the shock velocity was likely higher
in the past, and the densities may have been different in the past. Another case where this
assumption may not be valid is for the very young SNR G1.9+0.3.

We note here that a projected uniform thin shell emissivity fits in many cases the ob-
served profiles as well, or even better than an exponential emissivity model. A thin shell has
a peak that lies more inward of the shock radius. Indeed, the exponential model tends to
underpredict the emission around the peak. A clear exception is Vela Jr (RX J0852.0-4622),
where an exponential model gives a much better fit than a uniform, projected shell. The best
fit shell width of the uniform model is typically a factor two larger than the best fit charac-
teristic width of the exponential model. Magnetic field estimates based on a uniform shell
model are, therefore, 40 % smaller.

Table 2 lists magnetic field estimates of synchrotron rims in several supernova remnants,
based on Eq. (20) and the profiles shown in Fig. 4. In order to assess whether the spectra
are loss-limited or age-limited we also list a rough estimate of the synchrotron loss times,
assuming a typical photon energy of 1 keV. It shows that only for G1.9+0.3 (Reynolds 2008;
Borkowski et al. 2010; Carlton et al. 2011) it seems likely that the spectrum is age- rather
than loss limited. For this reason, one should treat the magnetic field estimates as upper
limits. For the RCW 86, RX J1713.7-3946, RX J0852.0-3622 and possibly SN 1006 one
should still be concerned about the steady-state assumption, as the synchrotron loss times
are such that the shock velocity, magnetic fields may have changed during a time ∼ tloss.

a.o. Helder+ ‘12



Acceleration @ Cas A reverse shock
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•Spectral index: 2 regions of hard emission: X-ray synchrotron emission 
•Deprojection: Most X-ray synchrotron from reverse shock! 
•Prominence of West: No expansion ⇒ ejecta shocked with V>6000 km/s 

•Reverse shock: metal-rich → more electrons → bright radio

Deprojection

Γ= -3.2

B-field amplification is not very 
sensitive to initial B-field!

Helder&Vink ‘08

4-6keV



The rapid decline of X-ray synchrotron radiation 
from Cas A
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•X-ray synchrotron flux (4-6 keV) declines strongly: 
•Whole SNR: −(1.5 ± 0.17)% yr−1 
•Western part: −(1.9 ± 0.10)% yr−1 
•Accompanied by steepening of spectral index Γ 
!

!

 Patnaude, JV, Laming, Fesen ‘11

d�c

dt
= �4

r
�c

�
�c

d�
dt

1
F (�)

dF (�)
dt

= �2
d�
dt

•Decline more than in radio: not adiabatic cooling 
•Likely cause: shock deceleration → changing cut-off energy 

!
!

!
•Decline high, may imply small η, hence very fast acceleration! 
•Questions: spectral shape: why near power law?



Summary/final remarks
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•Chandra had a big impact on understanding SNRs: 
•detailed imaging spectroscopy ejecta distribution out to LMC 
•expansion measurements (Cas A, Tycho, Kepler, RCW86, G1.9) 
•detecting narrow (<2”) X-ray synchrotron rims 
•identifying neutron stars 

!
•Take home messages 

•Type Ia SNRs have regular shapes and iron distributed in interior 
•Core collapse SNRs are irregular, sometimes bipolar/donut shaped 
•In young SNRs: 

-X-ray synchrotron radiation 
- 10-100 TeV electrons 
- Particle acceleration fast: close to Bohm limit 
- Magnetic field amplified to >100 μG even at reverse shock 
- High B-field: protons can be accelerated > 100 TeV (3x1015eV?)

Not discussed here: Mature SNRs and overionization; SN1987A (it is still brightening!); 
Relation between SNRs and compact object (seems random!); Evidence for high 
compression ratios (cosmic ray related?); Mn, Cr lines 



Backup slides
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TeV (H.E.S.S., Veritas, MAGIC) counterparts

26

•Most X-ray synchrotron emitters als TeV gamma-ray sources 
•May be common origin: inverse Compton scattering TeV electrons 
•Other: ion-ion collisions → pion production + decay

Cas A (HEGRA,MAGIC, Veritas) Tycho (Veritas)
SN 1006 (HESS)



Temperature ratio
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Narrowness rims: advection+losses or diffusion?

28

•Two possible ways of reasoning: 
•rim widths associated with synchrotron loss time & advection: 
!

!
•rim widths correspond to diffusion length scale of >10 TeV electrons:  
!
!

•Turns out the two are more or less equivalent! 
!
!

!
•So near break frequency: 
•So we can use either system provided we are near the break frequency 
•In reality the width is combination from advection and diffusion

ldi� =
2D

�v
=

2Ec�

3eBVs

ladv = �syn�v = �syn
Vs

⇥

�acc =
2D

�v2
=

ldi�

�v
�syn =
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The origin of Galactic cosmic rays
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!
The energy source that powers Galactic cosmic rays are thought to be 
supernovae.  
!
For this to be true minimally two conditions need to be satisfied: 
!
1. 5-10% (≃1050 erg) of kinetic energy used for cosmic rays 

•Pertains mostly to low energy cosmic rays (GeV)! 
	 ➜ when does this happen, early, young, or Sedov SNR-stage? 
	 ➜ should collective effects be considered ➜ super bubbles? 
!

2.The sources  should be able to accelerate particles to >3x1015eV 
	 ➜ where are the Galactic PeVatrons?



W49B: bipolar, iron-rich and dense

30

The Astrophysical Journal, 764:50 (5pp), 2013 February 10 Lopez et al.

Figure 1. Raw X-ray full-band (0.5–8.0 keV) exposure-corrected image of
W49B as observed for 220 ks by Chandra ACIS. Point sources have not been
removed to demonstrate the lack of any obvious pulsar or neutron star. Scale
bar is 1′ in length.
(A color version of this figure is available in the online journal.)

We created exposure-corrected images of particular emis-
sion features by filtering the data to the narrow energy
ranges corresponding to those features: Si xiii and Si xiv
(1.74–2.05 keV), S xv and S xvi (2.25–2.70 keV), Ar xvii and
Ar xviii (3.0–3.40 keV), Ca xix and Caxx (3.72–4.13 keV), and
Fe xxv (6.4–6.9 keV). We continuum-subtracted these images
by creating a continuum image (4.2–5.5 keV), scaling the image
to reflect the continuum under the respective lines, smoothing
all the images, and then subtracting the scaled continuum im-
ages from the line images. The resulting continuum-subtracted
images are shown in Figure 3. Fe xxv is largely absent west
of W49B, while the other ions are more homogeneously
distributed.

Chandra had previously observed W49B with ACIS-S3 for
55 ks in 2000. In the 11 year interval between Chandra ob-
servations, the spectra have changed dramatically. In particular,
the (unabsorbed) Si xiii flux decreased by ∼18%, and the other
emission lines have !5% lower fluxes in 2011 compared to
their 2000 values (see Figure 2). Based on spatially resolved
spectral analysis, this line flux decrement is greatest west of
W49B, whereas the east has the smallest variation. Possible
astrophysical explanations for this spectral evolution include
SNR expansion or changes in ionization state of the plasma; we
defer further analysis and discussion of this spectral evolution
to a future paper.

2.1. Spectroscopic Analyses

To examine the plasma temperature kTe and column density
NH across the SNR, we extracted spectra systematically from a
grid of 713 regions of area 7.′′5 × 7.′′5 (see Figure 4). Background
spectra were extracted from a source-free, 2′ diameter region
∼1′ southeast of the SNR and were subtracted from the source
spectra. Region sizes and locations were determined so that
they have >400 net counts in the X-ray full band, the minimum
necessary to fit the bremsstrahlung shape accurately. Data were

Figure 2. Integrated X-ray spectrum from the 220 ks Chandra observation taken
in 2011 (red), with the integrated spectrum from previous Chandra data taken
in 2000. The spectra have numerous prominent emission lines from He-like and
H-like ions as well as a strong bremsstrahlung continuum. The high absorbing
column toward W49B (∼7 × 1022 cm−2) attenuates the soft X-rays below the
Si xiii line. In the 11 year interval between observations, the Si xiii line flux
decreased by ∼18%, and the other emission lines have !5% lower fluxes in
2011 compared to their 2000 values.
(A color version of this figure is available in the online journal.)

grouped to a minimum of 10 counts bin−1, and spectra were fit
using XSPEC Version 12.7.0 (Arnaud 1996). We modeled the
spectra as an absorbed, variable abundance plasma in collisional
ionization equilibrium (CIE) using the XSPEC components
phabs and vmekal (Mewe et al. 1985, 1986; Liedahl et al. 1995).
The absorbing column density NH, electron temperature kTe,
abundances (of Si, S, Ar, Ca, and Fe, with solar abundances
from Asplund et al. 2009), and normalization were allowed
to vary freely during the fitting. Although previous studies
employed two CIE plasmas in modeling the X-ray spectra (e.g.,
Miceli et al. 2006; Lopez et al. 2009b), we find that the use
of two components instead of one for our small regions does
not statistically improve significantly the reduced chi-squared
values of our fits. Therefore, we employ a one-temperature CIE
plasma model to fit the spectra of our regions.

The results of the spatially resolved spectral analyses of
the small, 713 regions are presented in Figure 4, where we map
the best-fit values of NH and kTe. The fits were statistically
good: the mean reduced χ2 value was 1.11 with 87 de-
grees of freedom, with a 1σ range of χ2 = 1.02–1.19 with
53–101 degrees of freedom. The temperature and absorbing
column density vary substantially across the SNR, with values
ranging NH ∼ (4–12)×1022 cm−2 and kTe ∼ 0.7–2.5 keV (with
estimated uncertainties of 10% in both parameters for each re-
gion). The NH is enhanced in the northeast and southwest of the
SNR, with many regions having NH " 8×1022 cm−2. This result
is consistent with the work of Lacey et al. (2001) who showed
there may be intervening absorbing material along the line of
sight toward W49B in the southwest using low-frequency radio
observations. Overall, our measured NH values are greater than
those found in previous studies (e.g., Hwang et al. 2000 found
NH ≈ 5.0 × 1022 cm−2 using integrated ASCA spectra) because
we have employed the revised solar abundances of Asplund
et al. (2009). We find a temperature gradient across W49B, with
elevated kTe toward the eastern side of the SNR. The plasma
is likely hotter there because it is impacting nearby molecular
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(1.74–2.05 keV), S xv and S xvi (2.25–2.70 keV), Ar xvii and
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by creating a continuum image (4.2–5.5 keV), scaling the image
to reflect the continuum under the respective lines, smoothing
all the images, and then subtracting the scaled continuum im-
ages from the line images. The resulting continuum-subtracted
images are shown in Figure 3. Fe xxv is largely absent west
of W49B, while the other ions are more homogeneously
distributed.
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55 ks in 2000. In the 11 year interval between Chandra ob-
servations, the spectra have changed dramatically. In particular,
the (unabsorbed) Si xiii flux decreased by ∼18%, and the other
emission lines have !5% lower fluxes in 2011 compared to
their 2000 values (see Figure 2). Based on spatially resolved
spectral analysis, this line flux decrement is greatest west of
W49B, whereas the east has the smallest variation. Possible
astrophysical explanations for this spectral evolution include
SNR expansion or changes in ionization state of the plasma; we
defer further analysis and discussion of this spectral evolution
to a future paper.

2.1. Spectroscopic Analyses

To examine the plasma temperature kTe and column density
NH across the SNR, we extracted spectra systematically from a
grid of 713 regions of area 7.′′5 × 7.′′5 (see Figure 4). Background
spectra were extracted from a source-free, 2′ diameter region
∼1′ southeast of the SNR and were subtracted from the source
spectra. Region sizes and locations were determined so that
they have >400 net counts in the X-ray full band, the minimum
necessary to fit the bremsstrahlung shape accurately. Data were

Figure 2. Integrated X-ray spectrum from the 220 ks Chandra observation taken
in 2011 (red), with the integrated spectrum from previous Chandra data taken
in 2000. The spectra have numerous prominent emission lines from He-like and
H-like ions as well as a strong bremsstrahlung continuum. The high absorbing
column toward W49B (∼7 × 1022 cm−2) attenuates the soft X-rays below the
Si xiii line. In the 11 year interval between observations, the Si xiii line flux
decreased by ∼18%, and the other emission lines have !5% lower fluxes in
2011 compared to their 2000 values.
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grouped to a minimum of 10 counts bin−1, and spectra were fit
using XSPEC Version 12.7.0 (Arnaud 1996). We modeled the
spectra as an absorbed, variable abundance plasma in collisional
ionization equilibrium (CIE) using the XSPEC components
phabs and vmekal (Mewe et al. 1985, 1986; Liedahl et al. 1995).
The absorbing column density NH, electron temperature kTe,
abundances (of Si, S, Ar, Ca, and Fe, with solar abundances
from Asplund et al. 2009), and normalization were allowed
to vary freely during the fitting. Although previous studies
employed two CIE plasmas in modeling the X-ray spectra (e.g.,
Miceli et al. 2006; Lopez et al. 2009b), we find that the use
of two components instead of one for our small regions does
not statistically improve significantly the reduced chi-squared
values of our fits. Therefore, we employ a one-temperature CIE
plasma model to fit the spectra of our regions.

The results of the spatially resolved spectral analyses of
the small, 713 regions are presented in Figure 4, where we map
the best-fit values of NH and kTe. The fits were statistically
good: the mean reduced χ2 value was 1.11 with 87 de-
grees of freedom, with a 1σ range of χ2 = 1.02–1.19 with
53–101 degrees of freedom. The temperature and absorbing
column density vary substantially across the SNR, with values
ranging NH ∼ (4–12)×1022 cm−2 and kTe ∼ 0.7–2.5 keV (with
estimated uncertainties of 10% in both parameters for each re-
gion). The NH is enhanced in the northeast and southwest of the
SNR, with many regions having NH " 8×1022 cm−2. This result
is consistent with the work of Lacey et al. (2001) who showed
there may be intervening absorbing material along the line of
sight toward W49B in the southwest using low-frequency radio
observations. Overall, our measured NH values are greater than
those found in previous studies (e.g., Hwang et al. 2000 found
NH ≈ 5.0 × 1022 cm−2 using integrated ASCA spectra) because
we have employed the revised solar abundances of Asplund
et al. (2009). We find a temperature gradient across W49B, with
elevated kTe toward the eastern side of the SNR. The plasma
is likely hotter there because it is impacting nearby molecular
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•Young SNR 
•Unusual X-ray spectrum: RRCs, highly (over)ionized, and very Fe/Ni-rich 
•No evidence for neutron star → was a black hole formed? (Lopez+ ’13) 
•Has been suggested (and contested) as a GRB remnant  

(Keohane+ ’04,Miceli+ ’06)



Results of simple Rankine-Hugoniot extensions
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EscapeCompression

Temperature effects

Higher acc. efficiencies

w=Pcr/Ptot

Vink+ ’10,Vink&Yamazaki ‘14



The maximum CR energy with B-field amplification
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electrons,  protons, loss-limited

loss-limited, B2αnV3,  

B(300yr)=400μG

max. particle energies

•CR induced B-field amplification  SNRs 
•Acceleration up to 3x1015eV possible, but only very early on (20 yr) 
•Only a sub-set of SNRs can achieve this: need high density wind (Cas A) 
•Particles better escape when they reach maximum: 

-turns out adiabatic expansion important when ldiff≈0.1 Rsnr 

-escape prevents adiabatic cooling



TeV  Υ-rays: hadronic or leptonic emission?
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Pion-decay dominated!
B=120µG 

IC dominated!
B=6 µG 

Vela Jr (HESS)• Debates on the nature of most TeV SNRs	

• Most heated: RXJ1713 and Vela Jr	

• Heated debates on gamma-ray emission	


• pion decay: requires high densities/high B-fields	

• Adding GeV data (Fermi/Agile):	


• Can solve the case	

• But depends on intrinsic CR spectrum

Aharonian+ ‘07



Narrowness of X-ray synchrotron filaments
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SN1572

Chandra

•In many cases X-ray synchrotron filaments appear 
very narrow (1-4”) 

•Including deprojections implies l≈1017cm

Cas A

e.g. Vink&Laming ‘03, Völk et al. 03, Bamba+ ’04, Ballet ’06,Warren+ ’05, Parizot+ ’06)



X-ray synchrotron profiles
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Helder, JV, et al. 2012

•Model: sudden increase at shock + exponential fall off (projected) 
•Models do generally not fit very well (exception Vela jr)



Fermi does detect hadronic emission
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Ackermann+ 2013

•Pion-production: expect turnover 〜～200 MeV 
•Detected in at least 2 SNRs W44 & IC443 

 (Agile/Fermi) 
•Proof that protons/ions accelerated!! 
•But:

•In these sources 10 GeV cut-off!! 
•Where have the > TeV protons gone? 
•Escape seems to be important and 

happens before < 3000 yr 
Compare recent non-detection of 
Puppis A by H.E.S.S.!



No non-linear acceleration & efficiency at low 
Mach numbers

•For non-relativistic cosmic rays: M >  √5≈2.236 
•For relativistic dominated particles (γcr=4/3): Mach nr M > 5.88 
•Different behavior for γcr=4/3 and γcr=5/3

Non-relativistic particle population Relativistic particle population

37

ϵ

w2 w2

es
ca

pe

es
ca

pe

Vink+ ’10, Vink&Yamazaki ‘14



The Cosmic Ray Spectrum
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IGM!
Shocks

Neutron!
Stars

White!
Dwarfs

AGN!Radio jets

Sun 
spots

Magnetic!
stars

stellar!
winds

SNRs

GRBs?

•Hillas' (1984) criterion: 
!

(Diffusion lengthscale < size object)


