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Why study supernovae?
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●Supernovae are of prime importance for the chemical evolution of the 
Universe

●Most important sources of energy for the interstellar medium. Part in the 
form of cosmic rays, which have an energy density of 1—2 eV cm-3, 
thus containing one third of the energy density of ISM.

●standard candles for determining cosmological distances

●2—3 per century in a spiral galaxy like ours



Why study supernova remnants?
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●Supernova remnants contain information about:
●the supernova explosion that caused them
●the circumstellar medium surrounding the progenitor

●Supernovae studied at large distances: SNRs in local neighbourhood!
●Supernova remnants: clues about ISM enrichment by supernovae
●Supernova remnant likely account for cosmic rays in the Galaxy up to 
3x1015 eV, requiring 10% acceleration efficiency

●Supernova remnant physics is rich: non-equilibrium ionisation and 
temperatures, shocks, highly magnetized plasmas, particle acceleration



Tycho Brahe (1546-1601)
SN 1572

Johannes Kepler (1571-1630)
SN 1604

Dawn of the scientific revolution
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Historical supernovae
● SN 185: oldest source on a supernova  (Chinese record)
● SN 1006: brightest historical supernova (mV≈-9 mag) recorded 
in China, the Arab world and Switzerland 

● SN 1054: recorded in Asia
● SN 1185: observed by the Chinese
● SN 1572: China, Europe - Tycho Brahe
● SN 1604: China, Europe - Johannes Kepler

●After that
No supernova spotted in the Milky Way

Observational surveys of supernovae:
expected 2-3 supernovae per century in the Milky Way

One supernova exploding every second in the 
Universe! 5





Youngest Galactic SNRs
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Chandra
VLA 

●G1.9+0.3 (Green+ ‘08)
●Age: ~100 yr (Carlton+ ’11)

●Cassiopeia A
●Age: ~330 yr



SN 1987A: February 23, 1987

Supernovae
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From Novae to Supernovae
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Frits ZwickyWalther Baade

ASTRONOMY: BAADE AND ZWICKY

advanced in this article must be postponed because of lack of space. We
wish to say only

(1) So far we cannot offer any satisfactory explanation of the east-
west effect.

(2) It remains to be explained why the dust and gas clouds which lie
along the principal plane of our own galaxy do not appreciably absorb the
cosmic rays.5 This point, however, needs further observational testing.

In addition, the new problem of developing a more detailed picture of the
happenings in a super-nova now confronts us. With all reserve we ad-
vance the view that a super-nova represents the transition of an ordinary
star into a neutron star, consisting mainly of neutrons. Such a star may
possess a very small radius and an extremely high density. As neutrons
can be packed much more closely than ordinary nuclei and electrons, the
"gravitational packing" energy in a cold neutron star may become very
large, and, under certain circumstances, may far exceed the ordinary
nuclear packing fractions. A neutron star would therefore represent the
most stable configuration of matter as such. The consequences of this
hypothesis will be developed in another place, where also will be mentioned
some observations that tend to support the idea of stellar bodies made up
mainly of neutrons.

D. Conclusions.-From the data available on super-novae we conclude
(1) Mass may be annihilated in bulk. By this we mean that an assembly

of atoms whose total mass is M may lose in the form of electromagnetic
radiation and kinetic energy an amount of energy ET which probably
cannot be accounted for by the liberation of known nuclear packing frac-
tions. Several interpretations of this result are possible and will be pub-
lished in another place.

(2) The hypothesis that super-novae emit cosmic rays leads to a very
satisfactory agreement with some of the major observations on cosmic
rays.
Our two conclusions are essentially independent of each other and should

perhaps be judged separately, each on its respective merits.
F. Zwicky, Phys. Rev., 43, 147 (1933).

2 E. Regener, Zeit. f. Phys., 80, 666 (1933).
3 R. A. Millikan, I. S. Bowen and H. V. Neher, Phys. Rev., 44, 246 (1933).
4E. Regener, Nature, 132, 696 (1933).
6 F. Zwicky, Helvetica Physica Acta, 6, 110 (1933).
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Supernova types
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●Late 1930ies early 1940ies (Minkowski 1941): two recognized classes
●Type I: no hydrogen in spectra, also occur in elliptical galaxies, linear light 
curve

●Type II: with hydrogen in spectra, only in spiral galaxies
●Since 1980ies: different types I: Type Ia, Ib, Ic

Type Ia: also in ellipticals -> exploding C/O white dwarfs



Supernova classification
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Progenitors of core collapse SNe (II, Ibc)
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Helium burning  (T = 0.2 x109 K)
         3 x 4He →  12C + γ     (“triple α reaction”)
         12C + 4He →  16O + γ 
Carbon burning (T = 2 x109 K)
            12C + 12C →  20Ne + 4He 
Neon burning     (T = 2 x109 K)
         20Ne +  →  16O +  4He 
Oxygen burning (T = 3.6 x109 K)
           16O+ 16O → 28Si + 4He (takes ~2 weeks)
Silicon burning  (T = 5 x109 K)
       28Si + 4He → 32S (takes ~1 day!)
       32S  + 4He →  32Ar  ,etc. 
 Important product 56Ni  (→  56Fe)  Nuclear binding energy 

as a function of atomic number



Neutrino detection
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Kamiokande detector

Kamiokande detected
12 neutrinos on Februari 23 1987
Confirmation of neutron star 
formation theory!

n + e+ → p + νe
p + e- → n + νe



Neutron stars versus black holes
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occur at all (Baraffe et al. 2001) because the progenitor stars
are pulsationally unstable.

4. SUPERNOVAE

4.1. Supernovae of Type IIp and IIL

It has long been recognized that massive stars produce
supernovae (Baade & Zwicky 1934). In this paper, we
assume the progenitor properties for the different core-
collapse supernova types listed in Table 1.

The lower and upper limits of main-sequence mass that
will produce a successful supernova (‘‘M-lower ’’ and ‘‘M-
upper ’’)—one with a strong outgoing shock still intact at
the surface of the star—have long been debated. On the
lower end, the limit is set by the heaviest star that will eject

its envelope quiescently and produce a white dwarf.
Estimates range from 6 to 11 M!, with smaller values char-
acteristic of calculations that are employed using a large
amount of convective overshoot mixing (Marigo, Bressan,
& Chiosi 1996; Chiosi 2000) and the upper limit determined
by whether helium shell flashes can eject the envelope sur-
rounding a neon-oxygen core in the same way they do for
carbon-oxygen cores (x 3). It may also slightly depend on
metallicity (Cassisi & Castellani 1993). Here we will adopt
9M! forM-lower.

The value ofM-upper depends on details of the explosion
mechanism and is even more uncertain (x 6.2). Fryer &
Kalogera (2001) estimate 40 M!, but calculations of explo-
sions even in supernovae as light as 15M! give widely vary-
ing results. It is likely that stars up to at least 25 M! do
explode, by one means or another, in order that the heavy
elements are produced in solar proportions. The number
of stars between 25 and 40 M! is not large. Here we have
taken what some may regard as a rather large value:
M-upper ¼ 40M! (Fig. 2).

For increasing metallicity, mass loss reduces the hydro-
gen envelope at the time of core collapse. A small hydrogen
envelope (d2 M!) cannot sustain a long plateau phase in
the light curve, and only Type IIL/b supernovae or, for very
thin hydrogen layers, Type IIb supernovae result (Barbon,
Ciatti, & Rosino 1979; Filippenko 1997). It is also necessary

Fig. 1.—Remnants of massive single stars as a function of initial metallicity (y-axis; qualitatively) and initial mass (x-axis). The thick green line separates
the regimes where the stars keep their hydrogen envelope (left and lower right) from those where the hydrogen envelope is lost (upper right and small strip at
the bottom between 100 and 140M!). The dashed blue line indicates the border of the regime of direct black hole formation (black). This domain is interrupted
by a strip of pair-instability supernovae that leave no remnant (white). Outside the direct black hole regime, at lower mass and higher metallicity, follows the
regime of BH formation by fallback (red cross-hatching and bordered by a black dot-dashed line). Outside of this, green cross-hatching indicates the formation
of neutron stars. The lowest mass neutron stars may be made by O/Ne/Mg core collapse instead of iron core collapse (vertical dot-dashed lines at the left). At
even lower mass, the cores do not collapse and only white dwarfs are made (white strip at the very left).

TABLE 1

Progenitor Properties for Different
Core-Collapse Supernovae

SNType Pre-SN Stellar Structure

IIp....................... e2M!H envelope
IIL/b .................. d2M!H envelope
Ib/c..................... NoH envelope

290 HEGER ET AL. Vol. 591

Heger+ 2003

Simplistic view: 
< 25 Msun → produce neutron star
>25 Msun → produce black hole



Thermonuclear explosions (Type Ia)
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●C/O white dwarf close to 1.4 Msun

●Mass accretion: density/pressure increases
●Explosive fusion of C/O
●Different explosion models (deflagration, delayed detonation…)
●Problems single degenerate scenario: 

-only small range for stable accretion
-no donor stars found in Type Ia SNRs (Schaefer+ ’12, Kerzendorf ’14)
-no population of accreting WDs in elliptical found (Gilfanov+Bogdan, ’10)

●Popular alternative: double degenerate scenario (merging white dwarfs)
●allows for super-Chandrasekhar supernovae



Type Ia vs Core Collapse SNRs
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●Core collapse (black): rich in alpha 
elements (O, Ne, Mg,..)

●Type Ia: Fe-group (coloured, 
different models)

●above 30MSun models predict 
different O yields

●above 30MSun stellar cores may 
collapse into black holes and the 
amount of fallback is uncertain



From supernova to supernova remnant

●56Ni + e— —>  56Co* + νe   (τ=6.1 days)
●56Co + e— —>  56Fe + νe   (τ=77.1 days)
●SN expands -> ejecta cools (dust forms!!)
●Ejecta may still be warmed by late time radio-active heating (44Ti)
●Depending on the circumstellar density

- outer shock wave heats up a shell that may give rise to X-ray emission
- shock wave may accelerate particles -> relativistic electrons -> radio emission

SN1987A (HST/2003)

freely expanding 
ejecta heated by 44Ti

shock-heated CSM 
ring

L=3x108—6x109 LSun



Summary
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●Supernovae come in two basic types
1.thermonuclear supernovae

• exploding C/O white dwarfs
• ejecta mass ~ 1.4 Msun
• energy comes from nuclear fusion (C/O->56Ni)
• produce lots of Fe (~0.6 Msun, product of 56Ni)
• no stellar remnant remains

2.core collapse SNe
• imploding stellar cores (Fe-grp elements)
• stellar core becomes a neutron star
• energy source: gravitational energy
• most energy is neutrinos!
• nucleosynthesis yield: stellar fusion + explosive fusion
• yield dominated by oxygen



II 
Supernova Remnants: 
Structure & Evolution

19



SNR evolutionary phases (simplified)
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Four phases are recognised
1.Ejecta dominated phase (a.k.a. free expansion phase)

●First 10-few 100 yr
●Vs>3000 km/s
●Mej > Mswept

2.Adiabatic or Sedov-Taylor phase
●Few 100 yr to few 5000 yr
●200 km/s < Vs <3000 km/s
●Mej << Mswept

●Radiative losses unimportant
3.Snow plough phase

●5000-50000 yr
●20 km/s < Vs <200 km/s
●Radiative losses, momentum conserved

4.Disappearance phase
●Vs comparable to turbulent motions ISM

●Different parts of SNR may be in different phases!!



Ejecta dominated phase
●ESN ~ 1/2 Mej vej2  ~ 1051 erg
●Fast moving ejecta vej ~ 104 km/s (ESN/MSol)1/3(ρISM/10-24 g cm-3)-1/3

●shock-heating and sweeping up of the circumstellar medium 
●heats the outer (cold) ejecta layers by reverse shock
●inner ejecta are cold



Adiabatic (non-radiative) 
Phase
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•Once Mswept > Mejecta, but Vs> 300 km/s a SNR is said to be in the adiabatic phase
•(Almost) all energy is contained in the shock-heated plasma 
•Evolution is usually described by so-called Sedov self-similar solution:

•material further out decelerates first, material further in starts to run into outer shells 
heating it up
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Complications
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●The environments of SNRs can be complex
●Some of that due to progenitor:

- wind bubbles from various stellar phases
- complex surroundings: molecular clouds, stellar 
winds from other stars, etc.

●Possible presence of pulsar wind nebula



“Mature SNRs”: snow-plough phase
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●For T<5x105 K: cooling becomes very strong (oxygen line emission)
●Cooled gas: bright optical emission from [OIII], [NII],...
●This corresponds with Vs<200 km/s
●SNR no longer adiabatic: R~t0.25 (momentum conservation)

Schure et al. 2009

IC443



SNR Types: shell-type
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Cygnus Loop (ROSAT)



SNR Types: Plerion
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Crab nebula
3C58 (Chandra)

●Plerions are dominated by synchrotron emission from pulsar wind nebula
●They can still be considered SNRs as they have some ejecta components 
(in Crab nebula only seen in the optical)



SNR Types: Composite SNRs
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Kes 75 (Chandra)

●Composite are a combination of a shell-type SNR and a pulsar wind nebula
●Not all core collapse SNRs are plerions/composites: 

neutron stars not always powerful pulsars!



Mixed-morphology/Thermal composite SNRs
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W28 (ROSAT/VLA)

●Mixed-morphology SNRs are shell-like in radio, and centrally bright in X-rays
●X-ray emission is thermal
●Evidence for enhanced abundances
●Are older SNRs
●Idea: shell too cool for X-rays, but center hot enough for X-rays (Cox+ ’99)
●Many of the gamma-ray emitting mature SNRs are MM!!

W44 (ROSAT)
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Direct light
reaches us in time t. 

Light-echo
path t+Δt

ISM dust cloud

Confirmation of SNR typing: light echoes



Confirmation of SNR typing: light echoes
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Light echoes of
Cas A & SN1572



III 
Emission from core collapse SNRs
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X-ray lines between neutral fluorescent n=2-1, and H-like 
n=1-∞ (think of the Bohr model!)  

Which elements, where?



Linking SNRs with SN classes
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●oxygen
●neon
●silicon

G292.+1.8

0519-690

●Core collapse SNRs are rich in O, Ne, Mg
●Type Ia SNRs are iron-rich

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



Cassiopeia A: (A)symmetries I
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XMM-Newton based Doppler map  + deprojection
Cas A shows donut like shape
Willingale+ ’02
see also Delaney et al ‘10



(Kifonidis et al 03)

Evidence for fast Fe knots
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Mg
Si
Fe

●Fast moving “pure” Fe plasma (Hughes+ ’00,Laming&Hwang ‘03)
●Seen (to a lesser extent) in simulations (in Type Ib/c)

Fast moving Fe
(in Doppler space)

Fast moving Fe
(projected, > 7000 km/s)





44Ti decay
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Renaud, JV, et al. ’06 
(INTEGRAL-ISGRI)

INTEGRAL
IBIS-ISGRI

Diehl&
Timmes 98

●44Ti exclusive explosive nucleosynthesis
●Decay time ~86 yr
●Yield: sensitive to mass-cut, expansion, and 
asymmetries!

●Detected in Cas A 
(Iyudin+ 94, Vink+ ’01, Renaud+ 06, Grefenstette+ 14, 
Siegert+ ’15)

●Yield: (1.1-1.6)x10-4 Msun



44Ti map NuStar
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Fe is produced in close physical proximity to the 44Ti. Some correlation
would therefore be expected. The simplest explanation for the lack of
correlation is that much of the Fe-rich ejecta have not yet been pene-
trated by the reverse shock and therefore do not radiate in the X-ray
band. Whereas X-rays from 44Ti decay are produced by a nuclear
transition and directly trace the distribution of synthesized material,
the Fe X-ray emission results from an atomic transition and traces the
(mathematical) product of the Fe density and the density of shock-
heated electrons; without the hot electrons, the Fe will not be visible in
the X-rays. A possible explanation of our observations is that the bulk
of the Fe ejecta in Cas A have not yet been shock-heated, further
constraining models18–20 of the remnant as well as the total amount

of Fe. An alternative explanation is that most of the Fe is already
shocked and visible, and that some mechanism decouples the produc-
tion of 44Ti and Fe and produces the observed uncorrelated spatial map.

Unshocked or cool, dense material (material that either was never
heated or has already cooled after being shock-heated) might still be
visible in the optical or infrared spectral band. The Spitzer space tele-
scope observes line emission from interior ejecta primarily in [Si II] but
it seems that there is not a significant amount of Fe present in these
regions21. However, if unshocked ejecta are of sufficiently low density
or have the wrong ionization states, then they will be invisible in the
infrared and optical. Low-density Fe-rich regions may in fact exist
interior to the reverse-shock radius as a result of inflation of the emit-
ting material by radioactivity (the ‘nickel bubble’ effect22).

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where it is synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J23. The presence of a signifi-
cant fraction of the 44Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.
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Figure 1 | The broadband hard-X-ray spectrum
of Cas A. Data from both telescopes over all
epochs are combined and shown as black data
points with 1s error bars. The spectra are shown
combined and rebinned for plotting purposes only.
Also shown are the best-fit continuum models for
a power law (blue) and a model that describes
electron cooling due to synchrotron losses (red).
The continuum fits were obtained using the
10–60-keV data and extrapolated to 79 keV with
the best-fit values for the continuum models
provided in Extended Data Table 2, although the
choice of continuum model does not significantly
affect the measurement of the lines (Methods).
When the continuum is extrapolated to 79 keV,
clearly visible line features (Extended Data Fig. 5)
appear near the 44Ti line energies. Inset: zoomed
region around the 44Ti lines showing the data and
the two models on a linear scale. The vertical green
lines are the rest-frame energies of the 44Ti lines
(67.86 and 78.36 keV). A significant shift of
,0.5 keV to lower energy is evident for both lines,
indicating a bulk line-of-sight velocity away from
the observer. Details of the data analysis, including
a discussion of the NuSTAR background features
(Extended Data Fig. 4), are given in Methods.
Extended Data Table 3 lists the parameters of the
best-fit Gaussian models of these features with
the error estimates described in Methods.

5′
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Figure 2 | A comparison of the spatial distribution of the 44Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as shown by the compass in the lower left and spans just over 59 on
a side. The 44Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The 44Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 10099
(Methods and Extended Data Fig. 2). Shown for context in green is the Chandra
ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet–counterjet structure, the centre
of the expansion of the explosion2 (yellow cross) and the direction of motion of
the compact object (white arrow). In contrast to the bipolar feature seen in the
spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of 44Ti is much less elongated and contains knots of
emission away from the jet axis. A reason for this may be that the Si originates in
the outer stellar layers and is probably highly influenced by asymmetries in the
circumstellar medium, unlike the 44Ti, which is produced in the innermost
layers near the collapsing core.
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Grefenstette+ 2014

●44Ti in blue
●Si/Mg ratio green
●Most 44Ti in unshocked interior
●Lines redshifted by 1000 km/s



44Ti in SN1987A
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originally measured for the 56Co lines (9, 10).
Although the limit on broadening itself is not
surprising, the measured redshift is both statis-
tically significant and large compared to the up-
per limit on Doppler broadening, indicative of
an asymmetric ejection of 44Ti in the initial ex-
plosion. The 56Co gamma-ray lines also showed
redshifts (∼500 km s−1), but the significance was
marginal. The 56Co detection also stands con-
trary to predictions of spherically symmetric
explosion models that would produce blue-
shifted gamma-ray lines due to increased absorp-
tion of the receding redshifted emission. The
redshifted 56Co lines suggest large-scale asym-
metry in the explosion.
There has been growing evidence for asym-

metries in supernovae explosions over the past
decades (25). In SN1987A itself, asymmetry was
initially supported by extensive evidence for
mixing and polarized optical emission as re-
viewed in (26, 27), and later by spatially resolved
images of the ejecta (27, 28). NuSTAR observa-
tions of the spatial distribution of 44Ti in the Cas
A supernova remnant shows direct evidence of
asymmetry (29). Our results here suggest an even
higher level of asymmetry for SN1987A. For com-
parison, NuSTAR measured a redshift for the in-
tegrated Cas A spectrum of (2100 T 900) km s−1

and a line broadening corresponding to a fastest
ejection velocity of ∼5000 km s−1. Given that ejec-
tionvelocity and theageof the remnant (340years),
the estimated “look-back” redshift velocity for
Cas A is ∼1400 km s−1, consistent with the mea-
sured redshift. From the spatially integrated 44Ti
spectrum alone, Cas A would not appear to have
a statistically significant asymmetry: The spatial
brightness distribution in Cas A revealed the
asymmetries.
In the 44Ti-powered phase, the dominant en-

ergy input to the ejecta comes through the sub-
sequent positron emission of 44Sc, when most
of the gamma rays escape the ejecta without
interacting. These positrons are produced deep
in the ejecta, and both simple estimates and de-
tailed models suggest that they are locally ab-
sorbed and instantaneously thermalized (20, 22).
The implication is that the UVOIR emission of
SN1987A during the 44Ti-powered phase should
be dominated by the ejecta spatially coinci-

dent with the 44Ti ejecta. In principle, UVOIR
spectral imaging in the 44Ti-powered phase
can yield direct evidence for asymmetries. Hub-
ble Space Telescope (HST) obtained resolved
spectral images of the SN1987A ejecta (28)
from June 2000 (4857 days after explosion), near
the end of the phase when the UVOIR emis-
sion was truly dominated by 44Ti decay (21).
They reveal a bipolar structure elongated along
the north-south direction. There is a clear gra-
dient in velocity across ejecta, with the north-
ern component showing a redshift of about
500 km s−1 in the [Ca II] l7300 emission line,
whereas the southern component showed a
larger redshift of about 1700 km s−1. The ejecta
exhibit an overall redshift of ~1000 km s−1. At
the time, this asymmetry and overall redshift
were noted but not emphasized, as they could
be the result of blending of the [Ca II] l7300
line with a [O II] l7320 line. This shifted vel-
ocity distribution is consistent with our mea-
sured redshift of the 44Ti lines. On the basis of
our 44Ti line profile, we might naïvely imagine
the picture of a bright, redshifted clump or jet
of 44Ti, with the UVOIR emission tracing the
spatial and velocity distribution of this clump.
However, the spatial distribution of the ejecta
in this HST observation does not immediately
reveal such a large spatial asymmetry.
A single-lobe (i.e., very asymmetric) explosion

model for SN1987A (30) could explain the ob-
served evidence that 56Ni was mixed to speeds
exceeding 3000 km s−1 and redshifted, as evi-
denced by both the gamma-ray emission and the
infrared forbidden line profiles of [Fe II] (mainly
produced through 56Ni decay) around 400 days
after the explosion (31, 32). In this model, the
single lobe is oriented at an angle pointing away
from us, producing the redshifted lines (30). The
NuSTARobservations appear consistentwith these
single-lobe models. One consequence of such a
highly asymmetric explosion is that the compact
object produced by SN1987A would, presumably,
receive a kick velocity opposite the direction of
the ejecta (33).
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Fig. 1. SN1987A 55- to 80-keV
background-subtracted spectrum
measured with NuSTAR. Data from
both telescopes are combined (for
presentation only) and shown with
1s error bars. Both of the 44Ti lines are
clearly measured. The vertical green
lines are the rest-frame energies of the
44Ti lines (67.87 and 78.32 keV). The
redshift is evident in both lines, indi-
cating the asymmetry of the explosion.
Also shown is the best-fit model, con-
volved through the NuSTAR instrument
response, for case (1), where the fitting
parameters for the two lines are tied
together (supplementary materials).
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●Redshifted 44Ti in SN1987A → asymmetric core
●44Ti yield: 1.5 x 10-4 Msun
●Very similar to Cas A

Boggs et al. 14



IV 
Emission from Type Ia SNRs
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Type Ia supernova remnants
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Type Ia SNR in 
LMC

●Red: oxygen
●Green: Fe-L
●Blue: Mg/Si/S

●Iron in center
●With age more Fe 
gets shocked by 
reverse shock

●Light echo spectra  
exists for 0509

0509-675 0519-690 N103B

Dem L71 0534-699



Type Ia vs Core Collapse SNe
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●Apart from obvious differences in composition:
- Type Ia are more regular stratified
- Have a more regular morphology

3rd moment (asphericity)
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CC SNe

Lopez et al. 2009/11



Non-X-ray emission
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Type Ia: SNR0509-695
Hubble Hα + Chandra

CC SNR: Cas A
Hubble Hα

●In general:
●Type Ia have Hα associated with shock → partial neutral medium
●CC have not → shock through fully ionised material

●Type Ia + partial neutral medium: 
⇒rules out supersoft sources as progenitor (progenitor not a source of 

strong UV emission)!! 



LMC SNR distribution
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●Likely Type Ia SNRs: blue
●All other: cyan (may include Type 
Ia)

●Likely core collapse SNRs: 
associated with HII regions



Cosmic Rays
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●Up to ~3x1018eV of Galactic origin
●Galactic CRs: likely powered by supernovae 
(Baade & Zwicky), as they provide sufficient 
power

●The “Knee” (1015eV): must be linked to a 
common property among Galactic 
accelerators

●Are particles mainly accelerated in supernova 
remnant phase?

●Alternatives: 
-in SN phase, or <50 yr
-collective effects in superbubbles  (Bykov, 
Parizot)



Why supernova (remnants) as sources?
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●In normal spiral galaxies as the Milky Way: SNe most energetic sources
- Cosmic rays remain in Galaxy for tcr~107 yr
- Steady state/homogeneity requires trecur << 107 yr
- SNe rate is 2-3 per century
- SN explosion energy Ekin=1051 erg

●SNe fulfil  cosmic-ray energy requirements
- Energy density CRs ucr~1 eV/cm3

- Volume Galaxy: Vgal=π Rdisk2(2z) ~ 3x1011 pc3 ~1067 cm3

- Power needed: L=ucrVgal/tcr=5x1040 erg/s
- SN power: LSN=1051/tSN= 6x1041 erg/s

SNe provide enough power for cosmic rays if efficiency is ~10%

SNRs should be able to accelerate protons beyond 1015eV



Supernova remnant shock physics

47

• Atmospheric shocks: heating in shock due to particle-particle collisions
• In astrophysical plasmas: density (n) is very low
• Mean free path= nσv can be very long for particles

• Estimate of cross sections, two particle m1 and m2, charge Z1,Z2

• Impact parameter = b
• Relevant b: kinetic energy=potential energy

8 2. DIFFUSIVE SHOCK ACCELERATION

Note that in the above equations we silently assumed that � is constant accross the shock, and that the
pressure on both sides of the shock are isotropic. For very strong shocks we do not really care much
about whether � is constant, as only the downstream value then matters. Non-isotropic pressure may be
important if magnetic fields are important. Note that the shock relations are then also different, as the
magnetic fields maty incur a pressure. See McKee & Hollenbach (1980) for the full set of jump condi-
tions including magnetic fields. Even more varied solutions exists. For example, neutral particles may
iniitially not interact with the main shock, and the full set of conserved quantities should really be eval-
uated over a large range in distance. We can also not always be sure that the enthalpy-flux is conserved.
In astrophyiscal shocks radiation from the post-shock region may cause violation of enthalphy-flux con-
servation. For the topic of these notes it is may be even more interesting to note that also accelerated
particles may escape the system and carry enthalpy away from the shock region.

2.2 COLLISIONLESS SHOCKS

Shocks are induced in supersonic flow due to some disturbence. The shock solution with � = 1 is allways
a valid solution, but is not stable. The transition in the shock itself occurs due to non-adiabatic heating
of the particles, i.e. the bulk motion of the particles is partially randomized and leads to thermalization
of the particles (random motions).

In atmospheric shock this randomization and thermalization occurs due to particle-particle collisions,
caused by the Coulomb forces of the particles. In astrophysical settings the cross-sections for Coulomb
forces often turn out to be too small, or the densities too low, for Coulomb interactions to be relevant for
shock formation.

This can be illustrated as follows (e.g. Zel’dovich & Raizer, 1966). For charged particles the energy
exchange is governed by Coulomb interactions. A particle is deflected by 90� in the center of mass
frame, if the following condition for the impact parameter b is met:

1
2

m1m2

m1 + m2
v2 =

Z1Z2e2

b
, (2.13)

with m1, m2 the masses of the two particles, Z1e, Z2e their charges, and v their relative velocity. The
cross section for such a deflection by a single scattering is (�Coulomb = ⇡b2):

�Coulomb ⇡ 4⇡
Z2

1Z2
2e4

v4

⇣m1 + m2

m1m2

⌘2
. (2.14)

The corresponding collision time scale is ⌧Coulomb = 1/(n�v) / v�3 / E�3/2. Inserting for the
m1 and m2 the proton mass and a typical velocity of v = 1000 km s�1, one finds for proton-proton
collisions ⌧pp ⇡ 1012n�1

p s (about 32,000 n�1
p yr), and a mean free path �p ⇡ 1020n�1

p cm (32 pc).
These are much larger than the ages and radii of young SNRs. As these young SNRs clearly do have
shocks and hot, X-ray emitting, plasma, the formation of the shock and the plasma heating cannot be the
result of Coulomb interactions. Instead “collective interactions”, occurring through fluctuating electric
and magnetic fields, must be responsible for the plasma heating.

Simulations (e.g. ?) show that the heating in such shocks takes place over a distance of typically
10-100 times c/!pe, with !pe = (4⇡e2ne/me)1/2 the plasma frequency. This corresponds to a shock
thickness of roughly �x = 107n�1/2

e cm, thirteen orders of magnitude smaller than the range over which
Coulomb collisions operate! For this reason SNR shocks and shocks in other low density media, such
as the interplanetary medium, are called collisionless shocks. A nice example of the narrowness of an
collisionless shock in the interplanetary medium is shown in Fig. 2.2.
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• For v≈1000 km/s, n=1cm-3 one finds for proton-proton
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a valid solution, but is not stable. The transition in the shock itself occurs due to non-adiabatic heating
of the particles, i.e. the bulk motion of the particles is partially randomized and leads to thermalization
of the particles (random motions).

In atmospheric shock this randomization and thermalization occurs due to particle-particle collisions,
caused by the Coulomb forces of the particles. In astrophysical settings the cross-sections for Coulomb
forces often turn out to be too small, or the densities too low, for Coulomb interactions to be relevant for
shock formation.

This can be illustrated as follows (e.g. Zel’dovich & Raizer, 1966). For charged particles the energy
exchange is governed by Coulomb interactions. A particle is deflected by 90� in the center of mass
frame, if the following condition for the impact parameter b is met:
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The corresponding collision time scale is ⌧Coulomb = 1/(n�v) / v�3 / E�3/2. Inserting for the
m1 and m2 the proton mass and a typical velocity of v = 1000 km s�1, one finds for proton-proton
collisions ⌧pp ⇡ 1012n�1

p s (about 32,000 n�1
p yr), and a mean free path �p ⇡ 1020n�1

p cm (32 pc).
These are much larger than the ages and radii of young SNRs. As these young SNRs clearly do have
shocks and hot, X-ray emitting, plasma, the formation of the shock and the plasma heating cannot be the
result of Coulomb interactions. Instead “collective interactions”, occurring through fluctuating electric
and magnetic fields, must be responsible for the plasma heating.

Simulations (e.g. ?) show that the heating in such shocks takes place over a distance of typically
10-100 times c/!pe, with !pe = (4⇡e2ne/me)1/2 the plasma frequency. This corresponds to a shock
thickness of roughly �x = 107n�1/2

e cm, thirteen orders of magnitude smaller than the range over which
Coulomb collisions operate! For this reason SNR shocks and shocks in other low density media, such
as the interplanetary medium, are called collisionless shocks. A nice example of the narrowness of an
collisionless shock in the interplanetary medium is shown in Fig. 2.2.

• This is larger than the size of most supernova remnants!!
• Hence: shocks must be collisionless:

• Heating due to electric/magnetic fields & waves!!



the Rankine-Hugionot relations
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•Rankine-Hugoniot relations: 
•  mass-, momentum- & enthalpy-flux conservation 
• do not depend on collisionlessness of shock!

⇢1v1 = ⇢2v2

P1 + ⇢1v1 = P2 + ⇢2v2

(P1 + u1 +
1
2
⇢1v

2
1)v1 = (P2 + u2 +

1
2
⇢2v

2
2)v2

•Solutions for strong shocks:

� =
(�g + 1)M2

1

(�g � 1)M2
1 + 2 ! 4 for M2

1 ⌘
1
�g

⇢1v2
1

P1
!1

! � ⌘ ⇢2

⇢1
=

v1

v2
shock compression ratio

Supernova remnant shocks:
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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 
energy by a factor β=1+v/c

•  After j crossings, a particle with energy E0 will have 
an energy E=E0βj

•  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)

Diffusive shock acceleration theory
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• Smaller mean free path, smaller D, faster 
acceleration

• Bohm diffusion:
λmfp = rgyro

Unshocked, or  
upstream

Shocked, or  
downstream

Plasma: Vs 1/X Vs

particle  
random walk

D = ⌘�mfp
1
3
c = ⌘

cE

3eB

Diffusive shock acceleration theory

Acceleration of a 100 keV proton to
1015 keV by a Vs=5000 km s-1 shock

requires 1400 crossings

Protons and nuclei can be accelerated to higher 
energies than the lighter electrons, because the 

loose less energy to synchrotron radiation



(X-ray) synchrotron emission from SNRs 

52



First evidence for particle acceleration
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•Since the 1950-ies SNRs associated with bright radio synchrotron sources 
•Synchrotron emission: relativistic electrons deflected in magnetic fields
•Characteristic frequency

•Radio synchrotron ➔ electrons with GeV energies
•Brightness: number of rel. electrons + B-field
•For power law electron distribution 

•Relation electron and radio spectral index:
    

•Typical young SNRs in Radio:  α=0.6 ➔ q= 2.2

Cas A (VLA)

νch = 46
B⊥

10 µG

� E

1 GeV

�2
MHz

Ne ∝ KE−q, Iν ∝ KB(q+1)/2ν−(q−1)/2

α = (q − 1)/2



X-ray synchrotron emission
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SN1006

●In 1995 ASCA showed that the X-ray emission from SN 1006 was a 
combination of thermal X-ray and synchrotron radiation (Koyama et al. 1995)

●X-ray synchrotron emission implies presence of 10-100 TeV electrons!!

hνch = 13.9
� B⊥

100 µG

�� E

100 TeV

�2
keV



X-ray synchrotron from young SNRs
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Cas A SN1604/Kepler SN1572/Tycho

SN185/RCW86SN1006 RX J1713



Implications
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●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
- that acceleration is still ongoing (loss times ~10-100 yr)
- that particles can be accelerated at least up to 1014 eV 

τsyn =
E

dE/dt
= 12.5

� E

100 TeV

�−1� Beff

100µG

�−2
yr.



Young SNRs detect in TeV gamma-rays
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Cas A (HEGRA,MAGIC, Veritas) Tycho (Veritas) RCW 86 (HESS)

RX J1713 (HESS)

RCW 86 (HESS)
RCW 86 (HESS)

Vela Jr (HESS)SN 1006 (HESS)



Gamma-ray emission processes
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pp

p

p

n

π+

π-
π0

Neutral pion production/decay

if pion decay, then 1049 erg in high energy protons 
(compared to 1051 erg in the kinetic energy of the 
expansion of the remnant or 1053 erg of binding 
energy released in the formation of a neutron star)



Summary

●Supernovae come in two very different types:
●Core collapse SNe → leave neutron star, oxygen rich
●Thermonuclear/Type Ia → exploding CO white dwarf

●Model uncertain: single- or double degenerate?
●single degenerate model has problems

●Supernova remnants phases:
●1. Ejecta dominated; 
●2. Adiabatic phase; 
●3. Momentum conservation phase; 
●4. Disappearance phase

●Simple model may not be sufficient: effect of stellar wind bubbles
●Shock heating process:

●Shocks are collisionless
●Thermal X-ray emission from plasmas with kT>~106 K (0.1 keV)



Summary (continued)
●  Type Ia can be distinguished from core-collapse SNRs:

●  Type Ia: iron-rich; CC: oxygen-rich
●  Type Ia: Hα emission
●  Type Ia: layered structure; CC: chaotic
●  Type Ia: symmetric morphology

●For core collapse SNRs: evidence for asymmetric explosions
●  Jets in Cas A
●Donut like shapes

●Cosmic ray spectrum near power law over 12 orders of magnitude in energy
- most like origin in supernovae (other sources not energetic enough)
- requires SNRs to accelerate up to 3x1015eV (proton)
- requires that SNR put ~10% of kinetic energy (1050 erg) in cosmic rays

- diffusive shock acceleration (1st order Fermi)
●Radio synchrotron: oldest evidence for particle (electron) acceleration in SNRs
●X-ray synchrotron: identified since 1995 (SN1006 by ASCA)
●X-ray synchrotron: 

-electron acceleration up to 10-100 TeV
-location @ shock + fast loss times -> shocks are responsible for acceleration

●Cherenkov Telescopes → detection of TeV gamma-rays from SNRs


