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• Tale written by Homer
• Guy name Odysseus (Ulysses)
• Is married to beautiful woman
• Has to go to the army (first feigns to be crazy)
• Wins war (something with a horse)
• But has bad luck getting home (the Odyssey)
• Returns home just in time before wife gets another husband
• The odyssey lasted 20 yr



Where were we in 1996?

X-ray synchrotron emission just discovered
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L50 F. Favata et al.: The broad-band X-ray spectrum of the Cas A supernova remnant as seen by the BeppoSAX observatory

Fig. 1. The observed composite Bep-

poSAX spectrum of Cas A, using data

from the LECS, MECS, HPGSPC and

PDS instruments, together with the best-fit

two-component NEI plus power-law model.

tillation Proportional Counter (HPGSPC, Manzo et al. 1997)
and the Phoswich Detector System (PDS, Frontera et al. 1997).

Given both its astrophysical interest, and its usefulness as a
calibration source, Cas A was included as a target in the Science
Verification Phase (SVP) of the BeppoSAX program. During
the SVP Cas A was observed at different times. In the present
paper we discuss the spatially-integrated broad-band spectrum
of Cas A, obtained using all the narrow-field instruments on
board the BeppoSAX satellite. In the present paper the LECS
data have been used to cover the spectral range 0.5–8.0 keV, the
MECS data the range 1.5–10 keV, the HPGSPC data the range
5.0–30 keV and the PDS data the range 20–80 keV. While the
LECS is sensitive down to 0.1 keV, interstellar absorption is
such that no source flux is detected below ≃ 0.5 keV.

2. Analysis

The Cas A remnant is several arcmin in size, and thus is, at the
resolution of the LECS and MECS detectors (≃ 1 arcmin), an
extended source. In the present paper however only the spatially
integrated spectrum of the remnant is discussed. The data anal-
ysis was performed using the SRON SPEX package, following
an approach similar to the one adopted by Vink et al. (1996) —
VKB in the following — who analyzed the Cas A X-ray spec-
trum from the ASCA SIS. The source spectrum was modeled
by two distinct NEI components, one representing the emission
from the ejecta, the other from the shocked CSM. In our model
the CSM component is assumed to be the hotter one, and the
emission from the ejecta is modeled as the cooler component
of the spectrum1. In addition, a third component is used, in the

1 An alternative temperature structure has been proposed by

Borkowski et al. (1996), who attribute the cool thermal emission to

the CSM and the hot emission to the ejecta.

Table 1. The best-fit parameters for the adopted two-component NEI

plus power-law model to the Cas A BeppoSAX spectrum. The range

between brackets is the formal 90% range (∆χ2 = 2.71). The entries in

the “VKB” column are averaged values from the analysis of the ASCA

SIS spectrum of VKB.

Element SAX VKB

Ejecta component

nenHV (1062 m−3) 0.45 [0.36–0.64] 2.5

Post-shock T (keV) 1.25 [1.20–1.33] 0.7

net (1015 m−3s) 62 [57–68] 170

CSM component

nenHV (1062 m−3) 83 [68–93] 270

Post-shock T (keV) 3.8 [3.5–4.2] 4.2

net (1015 m−3s) 188 [165–220] 130

global abundance 9.6 [7.5–12] 3.5

Power-law component

Norm. (1044 ph s−1 keV−1 at 1 keV) 9.7 [8.8–10.7] –

Photon index 2.95 [2.90–3.04] –

Interstellar absorption

N (H) (1022 cm−2) 1.22 [1.19–1.26] 1.5

form of a power-law, to model the hard X-ray emission. The
power-law component is assumed to extend across the whole
X-ray spectrum, i.e. no cut-off was imposed. The distance to
the SNR was assumed to be 3.4 kpc (Reed et al. 1995).

Given the current residual absolute calibration uncertainties
of the various BeppoSAX instruments, the relative normaliza-
tion of the different data sets has been considered as a free pa-
rameter, using the MECS normalization as reference. In practice
the LECS and PDS normalizations agree well with each other,
as do the MECS and HPGSPC ones. The LECS/PDS normaliza-
tion is≃ 25% lower than the MECS/HPGSPC one, in agreement
with the values found for other SVP sources.

LE
TT
ER

• Discovery of X-ray synchrotron SN1006 by Koyama+ 1999
• Hard X-ray emission Cas A (The+ 95, Allen+ ’96, Favata+ 96)

• Discussions: non-thermal bremsstrahlung or synchrotron?
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SN1987A was not yet 10 yr old
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SN1987A just starts interacting with the interior part of ring



Where were we in 1996?

DISCOVERY dust in cas a from ejecta
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L274 P.O. Lagage et al.: Dust formation in Cas A            

Fig. 1. Cas A as observed with the ISOCAM LW8 filter (10.7-12 m) at a spatial resolution of 6 arcsec.

to another was set, so that, in total, a 9’x6’ field was covered.
A total integration time of 53s was spent on each frame, (25
images with an elementary integration time of 2.1s).

Data reductionwas performedwithCIA1 in four steps. First,
the images were deglitched from the cosmic rays induced sig-
nal; the SAp (Service d’Astrophysique)multi resolutionmethod
was used (Starck et al. 1995). Second, the signal was corrected
from detector memory effects; (the SAp transient fitting model
was used). Third, the sky backgroundcontributionwas removed
using the frames free from SNR emission; (note that this sub-
traction also removes the detector dark current). The last step
was to correct the image from the inhomogeneities of the de-
tector response (flat-field); the flat-field correction factor was
taken from the ISO calibration data base. The resulting image
is shown on Fig. 1.

The total flux integrated over a circle with a 3’ radius cen-
tered at R.A. (J2000) = 23 23 27.7 , Decl. (J2000) = +58
48’ 58.5", is found to be 12.3 2.5 Jy. The calibration was done
with the system response value given in the ISOCAM observer
manual (0.726 ADU/s/mJy; ADU stands for Analog to Dig-
ital Unit). The uncertainties due to the data processing were
estimated by using different methods of flat-field correction,
transient correction, sky subtraction...; a conservative value of
20% was set. The central value for the flux deduced here is

lower than the central value found from IRAS measurements,
16.9 Jy (Dwek et al. 1987). But the IRAS filter was broad (8-
15 m) and was encompassing gaseous line emission.
1 CIA is a joint development by theESAastrophysics division and the
ISOCAM consortium led by the ISOCAM PI, C. Césarsky, Direction
des Sciences de la Matière, C.E.A., France.

            

Fig. 2.Contour plot of the SIV line emission (the underlying continuum
has been subtracted) overlaid over an image of the 11.3 m dust emis-
sion observed by ISOCAM. At each contour the flux level is divided
by two.

The morphology of the emission at this angular resolution
shows that there is a bright ring of emission at a radius of about
100". This radius is less that the blast wave radius of 140", as
determined fromX-ray observations (Murray et al. 1979, Fabian
et al. 1980). Thus most of the emission does not originate from
interstellar dust heated by the expanding supernova blast wave.
Only the faint emission northern of the bright ring could be
attributed to such dust, (but see Borkowski et al. 1996). Note

Cas A ISO-CAM (Lagage+ 1996)
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Discussion in 1998 (Rudnick): 
Where is the shock?

Chandra (1999+)
Here is the shock!!

VLA
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There is a big SNR shell!
Filaments are RT instabilities

from PWN pushing against ejecta

No SNR: 
The supernova was sub energetic 
and PWN has overtaken SNR

• Michael Bietenholz this week: the supernova was sub energetic and the 
filaments are RT instabilities

Jeff Hester Rob Fesen



Other EVENTS around 1996 
influencing our current views
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• Discovery of gamma-ray burst afterglows
• GRBs are extra-galactic
• SN1998bw-GRB connection: 

• SNe can have jets!!
• Not all SNe have 1051 erg of energy

• SNe Ia and the accelerated expansion of the Universe (1998)
• Created more interest in SNe Ia: do we understand them?
• Increased effort in hunting for SNe in general

independent of the cosmological model. Such information may
be more general and of longer lasting value than constraints on
any single, specific model of dark energy.

FollowingWang&Tegmark (2005; see also Daly &Djorgovski
2004), we transform the gold sample of luminosity distances to
comoving coordinate distances, r zð Þ, as

r zð Þ ¼ 1

2997:9 1þ zð Þ 10
!0=5%5: ð5Þ

To facilitate calculations we assume spatial flatness (as motivated
by theoretical considerations, i.e., that most inflation models pre-
dict !K < 10%5, or by similar resolutions to the ‘‘flatness prob-
lem’’), but the following approach can be generalized to allow for
nontrivial spatial curvature. After sorting the SNe Ia by redshift,
we define the quantity

xi ¼
riþ1 % ri
ziþ1 % zi

; ð6Þ

where the mean value of xi gives an unbiased estimate of the in-
verse of H zð Þ at the redshift, zi. As in Wang & Tegmark (2005),
we flux average the data first (n"z & 1) to remove possible lens-
ing bias. We then calculate the minimum-variance values ofH zð Þ
in three, four, or five even-sized bins across the sample, with n"z
chosen to be 40, 20, or 15, respectively, to achieve the desired
number of bins.

In the top panel of Figure 7 we show sets of three, four, or five
samplings of H zð Þ versus redshift from the gold sample. As seen,
H zð Þ remains well constrained until z & 1:3, beyond which the
SN sample is too sparse to usefully determine H zð Þ. For com-
parison, we show the dynamical model of H zð Þ derived from
H zð Þ2¼ H 2

0 ð!M 1þ z½ (3þ!#Þ with ‘‘concordance’’ values of
!M ¼ 0:29 and !# ¼ 0:71.

In the bottom panel of Figure 7 we show the kinematic quan-
tity ȧ ¼ H zð Þ/ 1þ zð Þ versus redshift. In the uncorrelated ȧ ver-
sus redshift space, it is very easy to evaluate the sign of the change
in expansion rate independent of the cosmologicalmodel. For com-
parison we show three simple kinematic models: purely acceler-
ating, decelerating, and coasting, with q zð Þ ) %ä/að Þ/H2 zð Þ ¼
d H%1 zð Þ½ (/dt % 1 ¼ 0:5, %0.5, and 0.0, respectively. We also

show a model with recent acceleration (q0 ¼ %0:6) and previ-
ous deceleration dq/dz ¼ 1:2, where q zð Þ ¼ q0 þ zdq/dz, which
is a good fit to the data.
In Figure 8 we demonstrate the improvement in the measure

of H zð Þ at z > 1 realized from the addition of the new SNe Ia,
presented here, to the sample from R04: we have reduced the un-
certainty of H zð Þ at z > 1 from just over 50% to just under 20%.20

We also repeated the analysis of R04 in which the deceleration
parameter, q zð Þ ) %ä/að Þ/H 2 zð Þ ¼ d H%1 zð Þ½ (/dt % 1, is param-
eterized by q zð Þ ¼ q0 þ zdq/dz and determined from the data
and equation (5). As in R04, we find that the gold set strongly
favors a universe with recent acceleration (q0 < 0) and previous

Fig. 6.—MLCS2k2 SN Ia Hubble diagram. SNe Ia from ground-based dis-
coveries in the gold sample are shown as diamonds, HST-discovered SNe Ia are
shown as filled symbols. Overplotted is the best fit for a flat cosmology: !M ¼
0:27, !# ¼ 0:73. Inset: Residual Hubble diagram and models after subtracting
empty universe model. The gold sample is binned in equal spans of n"z ¼ 6
where n is the number of SNe in a bin and " z is the redshift range of the bin.

Fig. 7.—Uncorrelated estimates of the expansion history. Following the
method of Wang & Tegmark (2005) we derive 3, 4, or 5 independent measure-
ments of H zð Þ from the gold sample using n"z ¼ 40, 20, and 15, respectively.
The bottom panel shows the derived quantity ȧ versus redshift. In this plane a pos-
itive or negative sign of the slope of the data indicates deceleration or acceleration
of the expansion, respectively.

Fig. 8.—Same as top panel of Fig. 7 comparing the improvement to the high-
est redshift measure of H zð Þ due only to the newest HST data, i.e., since R04.

20 Monte Carlo simulations of the determination of uncorrelated components
of H zð Þ show that the increase in precision proceeds as approximately n2=3, sig-
nificantly faster than n1=2, where n is the number of SNe due to the rate of increase
in unique pairs of SNe.

RIESS ET AL.110 Vol. 659

Riess+ ‘07
Costa+ ‘07
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• GeV gamma-rays (2007+): Fermi-LAT, AGILE
• TeV gamma-rays/stereoscopic arrays: H.E.S.S., MAGIC, Veritas

• Larger computers!



what did it bring us? 
New SNRs
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• radio, optical (extra-galactic!), and TeV!

• LMC/SMC (e.g. MCELS, Maggi+): better ideas about SNR populations

• extra-galactic population studies

G1.9+0.3 

(Reynolds, Borkowski, Green c.s.)

New optically selected SNRs in nearby galaxies 207
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Figure 8. log (Hα/[S II] (6716, 6731 Å)) against the log (Hα/[N II] (6548, 6584 Å)) emission-line ratios of the spectroscopically observed SNRs. The dashed
lines have been defined using the emission-line ratios of an adequate number of Galactic SNRs, H II regions and PNe.

diagram still extend outside the Galactic region of SNRs. Although
they seem to overlap with the Galactic H II region, their SNR nature
is beyond doubt based on their high [S II]/Hα ratio which appears to
be sensitive to metallicity. This is the result of the definition of the
[S II]/Hα > 0.4 limit which is based on the low-metallicity SNRs in
the MCs (Mathewson & Clarke 1973). Their higher Hα/[N II] ratio
could instead be the result of lower metallicity, defining this way an
extended region for extragalactic SNRs in low-metallicity irregular
galaxies. Similar arguments hold for the shifts of our SNRs in the
other diagnostic diagrams.

The [O III]/Hβ ratio is a usefull diagnostic tool for com-
plete/incomplete recombination zones. Theoretical models of Cox
& Raymond (1985) and Hartigan, Raymond & Hartmann (1987)
suggest that [O III]/Hβ ratios below 6 indicate shocks with com-
plete recombination zones while this value is easily exceeded

for shocks with incomplete recombination zones (Raymond et al.
1988). The measured values from our spectroscopically observed
SNRs (Table 12) indicate shocks with complete recombination
zones.

The temperature-sensitive [O III] emission line is a good indicator
of shock activity and velocity as the faster the shock propagates, the
stronger [O III] emission is produced. The absence of [O III] emis-
sion in many of our spectroscopically observed SNRs (Table 12)
indicates slow shocks (< 100 km s− 1; Hartigan et al. 1987). In an
attempt to measure the shock velocities of sources with detectable
[O III] emission, we used the plot of log([O III] 5007 Å/Hβ) versus
log([N II] 6584 Å/Hα) by Allen et al. (2008) (left-hand panel of their
fig. 21). This plot is based on the commonly used BPT diagram
(Baldwin, Phillips & Terlevich 1981), and uses theoretical shock
model grids for different values of shock velocity, magnetic field
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what did it bring us? 

Particle acceleration: amplified B-fields
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• X-ray synchrotron common in young SNRs! 
• X-ray synchrotron needs high magnetic turbulence (η≈1)

• Narrow filaments -> high losses -> high magnetic fields (50-500 μG)
• Need magnetic field amplification (e.g. Bell’s cosmic-ray driven instability)

Observational Signatures of Particle Acceleration in Supernova Remnants 387

Fig. 5 The XMM-Newton X-ray
mosaic of RX J1713.7-3946
kindly provided by Dr. F. Acero
(Acero et al. 2009b). The sector
(thin white line) indicates the
region that was taken to make the
emission profile in Fig. 4

Fig. 6 The downstream
magnetic field pressure versus the
energy flux through the shock
ρ0V 3

s . The data points are based
on the values listed in Table 3.
Note that the errors are quite
large in both vertical and
horizontal directions, and that the
errors are largely systematic
errors. The solid line indicates
the relation
B2/(8π) = 10−11.1ρ0V 3

s . The
inset shows the values for
SN1993J (Fransson and
Björnsson 1998) and the solid
line depicts the same relation as
in the main panel

Völk et al. (2005) used their magnetic field determination based on the X-ray synchrotron
rims to show that B2 ∝ ρ0V

2
s , i.e. a roughly fixed fraction of the energy density in the

shocked plasma comes from the magnetic field. However, Vink (2006), using a more up
to date determination of the shock velocity of Cas A and slightly different magnetic field
estimates, showed that B2 ∝ ρ0V

3
s seems to fit somewhat better.

Figure 6 shows the downstream magnetic energy density versus ρ0V
3

s for the magnetic
fields listed in Table 2 and densities and velocities in Table 3. There is indeed a strong
correlation. However, plotting B2 versus ρ0V

2
s would give a roughly similar correlation. The

reason is that although there is a quite a dramatic contrast among young supernova remnants
in ρ, there is little dynamic range in Vs. Moreover, there is quite some systematic uncertainty
in Vs, as they have not been measured for all supernova remnants, and even if measured

380 E.A. Helder et al.

The synchrotron loss time for an electron is given by:

tloss = E

dE/dt
= 12.5 B−2

−4

(
E

100 TeV

)−1

yr. (16)

The cut-off photon energy for the loss limited case can be calculated by combining Eqs. (11)
and (16), which gives

Emax/100 TeV ≈ 0.32ηg−1/2

(
Beff

100 µG

)−1/2(
Vs

5000 km s−1

)(
r4 − 1

4

r2
4

)1/2

, (17)

where r4 is the compression ratio divided by 4. This equation can be combined with the
relation between the peak in synchrotron emissivity, the so-called characteristic frequency
νch, for an electron with given energy E moving in a magnetic field B (e.g. Ginzburg and
Syrovatskij 1967):

νch = 1.8 × 1018B⊥

(
E

1 erg

)2

Hz,

hνch = 13.9
(

B⊥
100 µG

)(
E

100 TeV

)2

keV,

(18)

with B⊥ ≈ √
2/3B the magnetic field component perpendicular to the motion of the elec-

tron. Taken together Eqs. (18) and (17) indicate that the synchrotron cut-off frequency is
expected to be (c.f. Aharonian and Atoyan 1999; Zirakashvili and Aharonian 2007):

hνcut-off = 1.4η−1
g

(
r4 − 1

4

r2
4

)(
Vs

5000 km s−1

)2

keV. (19)

This shows that in the loss-limited case the cut-off frequency does not depend on the mag-
netic field strength, and that for typical young supernova remnants like Cas A, Kepler and
Tycho, which have Vs ≈ 5000 km s−1, one expects to find X-ray synchrotron emission pro-
vided that ηg ∼ 1. One should realize, however, that the synchrotron emission spectrum for
a given electron energy is rather broad. As a result a rather sharp, exponential, cut-off of the
electron spectrum results in a more gradual turn-over of the resulting synchrotron spectrum.
Nevertheless, all observed X-ray synchrotron spectra of supernova remnants are steeper than
the radio spectral indices. In X-rays the observed spectral indices are Γ = 2–3.5, whereas
in radio Γ = α + 1 = 1.4–1.8. This indicates that in X-rays the spectra are observed near or
beyond the cut-off frequency. Since for ηg ≫ 10 we would not be able to detect X-ray syn-
chrotron emission, the detection of X-ray synchrotron has already significant consequences:
it suggests that the magnetic fields near the shocks of young supernova remnants are highly
turbulent.

2.5 The Widths of X-Ray Synchrotron Filaments

The narrowness of the synchrotron filaments, in particular for the supernova remnants Cas A,
Tycho and Kepler, is very striking. For these supernova remnants the width is typically 1–3′′,
which corresponds to typical physical widths of ∼ 5 × 1016 cm. It was soon recognized that
these widths indicate high magnetic fields near the shock front (Vink and Laming 2003;
Berezhko et al. 2003a; Bamba et al. 2004; Ballet 2006). One can understand this using two
different approaches. One approach is to consider that the plasma containing the highest

Helder,JV,+ 2012



what did it bring us? 

collisionless shock heating
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A&A 579, A13 (2015)

Fig. 1. Electron-ion temperature ratio expected for minimum electron-heating (solid black line, Eq. (13)), for the case of adiabatic heating of the
electrons (dashed black line, Eq. (22)), and for magnetised plasmas with � = 0.01, 0.1, 1 (blue dashed line, Eq 31). In addition the expected ratio is
shown if on top of various thermodynamic e↵ects there is energy exchange between the electrons and ions at the level of 5% (magenta dashed line,
Eq. (A.7)). For the calculation here it is assumed that the plasma consists of electrons, protons, and fully ionised helium, and the ion temperature
is the average temperature of abundance weighted temperature of the protons and helium ions. The data points are from the compilation by
Ghavamian et al. (2013), and represent measured values of the electron-ion temperature ratio behind the Earth bowshock (green circles, original
data from Schwartz et al. 1988), Saturn’s bowshock as measured by the Cassini spacecraft (X-shaped symbols, Masters et al. 2013) and supernova
remnants (red, solid squares, van Adelsberg et al. 2008). Note that for the supernova remnants the Mach numbers are not measured, but instead
the estimated shock velocity has been divided by assumed interstellar sound speed of 11 km s�1 (Ghavamian et al. 2013).

Combining Eq. (10) with Eq. (12) we see that the ratio of the electron temperature over ion temperature is

Te,2

Ti,2
=

 

µe

µi

! 2
⇣

µ
µe

⌘

�2 + M

2
s (� � 1)(�2 � 1)

2
⇣

µ
µi

⌘

�2 + M

2
s (� � 1)(�2 � 1)

· (13)

This relation is shown as a solid line in Fig. 1.
For Ms ! 1 we find that kTe/kTi = µe/µi, as usually proposed for extreme non-equilibration, whereas for Ms ! 1, �! 1, we

obtain kTe,2/kTi,2 ! 1. We see also that for

s

2
(� � 1)

µ

µi

 

�2

�2 � 1

!

< Ms <

s

2
(� � 1)

µ

µe

 

�2

�2 � 1

!

(14)

(approximately 2 < Ms < 60) the term with Ms in the denominator of Eq. (13) is dominant, whereas Ms is not yet important for the
nominator. As a result the electron-ion temperature ratio in this range of Ms scales as kTe,2/kTi,2 / 1/M2

s .
The result that the electron-electron-ion temperature ratios are close to one for low Mach numbers (Ms ⇡ 1) and that the ratio

decreases for higher Mach numbers, can be made intuitively clear by realising that at relatively low Mach numbers the enthalpy-flux
is dominated by the pre-shock thermal energy, which is similar for the electrons and the ions (i.e. on average each particle has an
energy of kT1 irrespective of its mass). For high Mach numbers the enthalpy flux is dominated by the bulk motion of the particles,
1
2 nmv3. Hence, for large Mach numbers the electron-enthalpy flux is me/mi lower than the ion-enthalpy flux.

2.2. Adiabatic heating of the electrons

A result of Eq. (11) is that for low Mach numbers (Ms . 60) the electron temperature is almost isothermal across the shock. This
would mean that the entropy of the electron gas is decreasing, although the total entropy of the plasma is increasing. The question
is whether this is physically a valid result or not. In a closed system the entropy should aways be constant or increase, but in this
case the electrons are not an isolated system. It is, therefore, more likely that the electrons are at least adiabatically heated due to
the compression caused by ions. To take adiabatic electron heating into account we first have to calculate the work done by the ions
on the electrons for adiabatic compression.
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• Long debate: are electron-ions equilibrated?
• Measurements: partially equilibrated 1/v2 dependence (Ghavamian+)
• CR theory/neutral kinetics (Blasi cs/Raymond): pre-shock heating
• This conference (Knevevic): evidence for intermediate component

Talk S. Knevevic: 
Tycho evidence for intermediate velocity comp.
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Particle acceleration: Gamma-rays
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• Fermi-LAT & AGILE: 
• First firm evidence for accelerated protons!
• Many SNRs detected

• TeV gamma-rays: 
• young shells & mature interactions
• extended PWNe
• debate over leptonic vs hadronic cosmic rays
• first detection of a superbubble (in LMC)

IC 443: Prominent γ-ray Supernova Remnant

3

• GeV γ rays detected by EGRET in 90’s. 
TeV γ rays detected by MAGIC, VERITAS→ 

• Spatially extended in GeV/TeV γ rays  

• Later AGILE, Fermi-LAT detect π0 bump  
   (e.g. Abdo, et al. 2012)

• GeV Ɣ rays detected by EGRET in 
90’s. Then AGILE, Fermi-LAT 

• TeV Ɣ rays detected in 2007 by 
MAGIC, VERITAS 

• Extended GeV/TeV source 
• Among brightest Ɣ ray sources

LAT CM Torino - 3 Sep 2015

IC 443: prominent Ɣ-ray SNR

2

• Among the brightest SNRs in HE and VHE γ rays

IC 443: a prominent γ-ray source

VERITAS and MAGIC TeV source

Spatially extended ~0.3 degrees 
Spectral break from GeV to TeV  
at ~ 70±25 GeV

Fermi LAT  
extended  

source

Pion bump

• Abdo+ (2012) detection of  
low-energy pion cutoff 

• Ebreak ~ 70±25 GeV

(Note: Images always oriented in J2000)
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(Note: Images always oriented in J2000)
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H.E.S.S. collab.
talk by Kavanach on X-ray
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• TeV gamma-rays of HESS J1640:
• Much softer than RX J1713
• Seems good case for pion decay 
• Pion decay confirmed by Fermi-Lat (Lemoine-Goumard+ 2015)
• Need non-standard scenario to explain: 

• SNR in cavity, cosmic-ray interaction with cavity wall

An exceptionally luminous TeV �-ray SNR 3

analysis1 for the event reconstruction and a boosted decision tree
based event classification algorithm to discriminate �-rays from the
charged particle background (Ohm et al. 2009). All results were
cross-checked by an independent analysis and calibration for con-
sistency (de Naurois & Rolland 2009).

2.1 Morphology

The source position and morphology have been obtained with
hard cuts and using the ring background estimation method (Berge
et al. 2007). In this setup a minimum intensity in the camera im-
age of 160 p.e. is required, resulting in an energy threshold of
Eth = 600GeV and a point spread function (PSF) with 68% con-
tainment radius of r68 = 0.09� for the morphology studies. The
fit of a symmetric two-dimensional Gaussian profile, convolved
with the H.E.S.S. PSF with Sherpa (Freeman et al. 2001) gives
a best-fit position of RA 16h40m41.0s ± 1.0sstat ± 1.3ssys and
Dec �46�3203100 ± 1400stat ± 2000sys (J2000), consistent with
the previously published value (Aharonian et al. 2006b). The sys-
tematic error on the best-fit position originates from the pointing
precision of the H.E.S.S. array of about 2000. The source is intrin-
sically extended with a Gaussian width of �S = (4.3 ± 0.2)0.
This extension is 1.60 (⇠2�) larger than in the original publica-
tion, which can be understood as fainter emission belonging to
HESS J1640�465 that can now be revealed with the increased
data set. Figure 1 shows the H.E.S.S. best-fit position and extension
overlaid on the VHE �-ray excess map. The VHE �-ray source en-
closes the northern part of the SNR shell of G338.3�0.0, the candi-
date PWN XMMU J164045.4�463131 (Funk et al. 2007) and the
Fermi-LAT source 2FGL 1640.5�4633 (Slane et al. 2010; Nolan
et al. 2012). Figure 1 also shows some indication for an asymmetric
extension of the emission along the northern part of the shell and
towards the newly discovered source HESS J1641�463 (Oya et al.
2013). This extension is also seen as residual VHE �-ray emis-
sion when subtracting the source model from the sky map, indi-
cating that the symmetric Gaussian model for HESS J1640�465 is
an oversimplification. The residual emission could indicate some
emission in between HESS J1640�465 and HESS J1641�463.
This component is however not detected with high significance,
making a discussion of its origin difficult in this context. Morpho-
logical fits in energy bands do not reveal any significant change
in best-fit position and/or extension, which would have indicated
a change in source morphology with energy (as e.g. seen in the
PWNe HESS J1825�137 or HESS J1303�631; Aharonian et al.
2006c; Abramowski et al. 2012a).

2.2 Spectrum

The VHE �-ray spectrum is shown in Figure 2, and has been ex-
tracted using std cuts (60 p.e. minimum image intensity, Eth =
260GeV), using the reflected region background method (Berge
et al. 2007) and forward folding with a maximum likelihood opti-
misation (Piron et al. 2001) from the 90% containment radius of
the VHE �-ray emission of HESS J1640�465 of 0.18� around the
best-fit position. The fit of a power law with exponential cut-off:
dN/dE = �0 ⇥ (E/1 TeV)��e�E/Ec results in a photon index
� = 2.11± 0.09stat ± 0.10sys, a differential flux normalisation at
1 TeV of �0 = (3.3±0.1stat±0.6sys)⇥ 10�12 TeV�1 cm�2 s�1

1 The software package HAP version 12-03-pl02 with version32 of the
lookup tables was used.

Figure 1. H.E.S.S. excess map smoothed with a 2D Gaussian with 0.017�

variance and the best-fit position (statistical errors only) and intrinsic Gaus-
sian width overlaid as blue solid and dashed lines. 610 MHz radio con-
tours are shown in black (Castelletti et al. 2011). The green circle indi-
cates the position of the candidate PWN XMMU J164045.4�463131, and
in gray the best-fit position of the Fermi source 2FGL 1640.5�4633 is
given. The white circle indicates the source HESS J1641�463 (Oya et al.
2013) and the region of high radio emission connecting HESS J1640�465
and HESS J1641�463 is the HII region G338.4+0.1. The progenitor of
G338.3�0.0 is potentially associated with the massive young stellar cluster
Mercer 81 (Davies et al. 2012).
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Figure 2. VHE �-ray spectrum of HESS J1640�465 (top) and flux resid-
uals (bottom) extracted within the 90% containment radius (see text). Also
shown is the best-fit power law, plus exponential cut-off model and 68%
error band. All spectral points have a minimum significance of 2�. The last
point is the differential flux upper limit in this energy band at 95% confi-
dence level.

and a cut-off energy of Ec = 6.0+2.0
�1.2 TeV. The systematic errors

on flux norm and index for this data set are based on the difference
seen between the main and cross-check analysis and are a result
of uncertainties in e.g. atmospheric conditions, simulations, bro-
ken pixels, analysis cuts, or the run-selection. The fit probability p
for an exponential cut-off power law model is p ⇠ 36%, whereas
the fit probability for a pure power law model is p ⇠ 1%. The
luminosity of HESS J1640�465 above 1 TeV at 10 kpc distance
is L>1TeV ' 4.6 ⇥ 1035(d/10 kpc)2 erg s�1, a factor of ⇠ 2.8
higher than that of the Crab nebula.
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Figure 3. Comparison of the HE and VHE �-ray spectra of
HESS J1640�465 (filled circles) and RX J1713.7�3946 (open squares).
Data for RX J1713.7�3946 are from Abdo et al. (2011) and Aharonian
et al. (2011), GeV data of HESS J1640�465 is from Slane et al. (2010).
Also shown is the best-fit exponential cut-off power law model to the full
�-ray spectrum (Table 1).

The photon index as reconstructed with the new H.E.S.S. data
at TeV energies is compatible with the photon index as recon-
structed in the GeV domain (Slane et al. 2010; Nolan et al. 2012;
Ackermann et al. 2013). A simultaneous exponential cut-off power
law fit to the GeV data points as derived by Slane et al. (2010),
and new TeV data between 200 MeV and 90 TeV (shown in Fig-
ure 3) has been performed. The result of this fit is summarised in
Table 1 and shows that the flux at 1 TeV, the photon index as well
as the cut-off energy are consistent with the fit to the H.E.S.S.-only
data. The fit has a �2 of 21 for 24 degrees of freedom (d.o.f.) with
a probability of 63%2 and implies that no break in the �-ray spec-
trum between the Fermi and H.E.S.S. energy range is required in
order to describe the data.

3 XMM-NEWTON DATA ANALYSIS

Funk et al. (2007) reported the detection of the candidate PWN
XMMU J164045.4�463131 with XMM-Newton and introduced it
as a potential counterpart of HESS J1640�465. As becomes clear
from Fig. 1 the VHE �-ray emission region also overlaps with the
northern part of the shell of SNR G338.3�0.0. To investigate �-
ray emission scenarios related to the SNR, the XMM-Newton data
(ObsID: 0302560201) were re-analysed to derive an upper limit for
diffuse X-ray emission originating from the northern part of the
shell. For the analysis the Science Analysis System (SAS) version
12.0.1 was used, supported by tools from the FTOOLS package
and XSPEC version 12.5.0 (Arnaud 1996) for spectral modelling.
The data are affected by long periods of strong background flaring
activity resulting in net exposures of only 5.9 ks (PN) and 13.5 ks
(MOS), following the suggested standard criteria for good-time-
interval filtering. To detect and remove point-like X-ray sources
the standard XMM-Newton SAS maximum likelihood source de-
tection algorithm was used in four energy bands ((0.5 � 1.0) keV,

2 The fit has been performed on the binned H.E.S.S spectrum shown in
Figure 2 and on the GeV spectrum from Slane et al. (2010) taking into
account statistical errors only.

(1.0 � 2.0) keV, (2.0 � 4.5) keV, and (4.5 � 10.0) keV). Events
around all sources detected in any of these bands were removed
from a region corresponding to the 95% containment radius of the
XMM-Newton PSF at the respective source position in the detec-
tor. The total flux upper limit was derived assuming that the re-
maining count-rate from a polygon region enclosing the northern
part of the shell is due to background. A power-law model with
photon index �X = �2 was applied to constrain non-thermal lep-
tonic emission. Two different absorption column densities as found
in the literature, NH,1 = 6.1⇥1022 cm�2 (Funk et al. 2007) and
NH,2 = 1.4⇥1023 cm�2 (Lemiere et al. 2009), have been consid-
ered. No diffuse X-ray emission coincident with the SNR shell was
detected with this data set. The resulting 99% confidence upper lim-
its for the unabsorbed flux ((2� 10) keV) are F99(NH,1) = 4.4⇥
10�13 erg cm�2 s�1 and F99(NH,2) = 8.3⇥ 10�13 erg cm�2 s�1.
These values have been scaled up by 11% to account for the miss-
ing area due to excluded point-like sources.

4 DISCUSSION

The H.E.S.S. source encloses the PWN candidate
XMMU J164045.4�463131 as well as the north-western
half of the incomplete shell of G338.3�0.0. The comprehensive
multi-wavelength data available together with the new H.E.S.S.
and XMM-Newton results allow for a much more detailed investi-
gation of the SED and hence the underlying non-thermal processes
to be carried out. As the evolutionary state of G338.3�0.0 is
essential for the discussion, the age of the SNR is estimated, and
the environment in which it likely expanded is investigated. These
estimates will form the basis for the discussion of the origin of the
non-thermal emission in a PWN and SNR scenario.

4.1 Age and Environment of G338.3�0.0

The age and environment of the SNR have a large influence on
the interpretation and modeling of the emission scenario and thus
deserve discussion in this context. Previous estimates put the age of
the SNR in the range of (5� 8) kyr (Slane et al. 2010), however, as
becomes evident from the discussion below, it may be significantly
younger than that.

If the X-ray PWN is indeed related to the SNR, then
G338.3�0.0 originated from a core-collapse supernova explo-
sion of a massive star. Such stars usually modify the surrounding
medium through strong stellar winds, creating a cavity of relatively
low density surrounded by a high-density shell of swept-up mate-
rial. (see Weaver et al. 1977; Chevalier 1999). Such a wind-blown
bubble scenario has never been considered for this object, but needs
to be explored for a detailed discussion of the �-ray emission mech-
anisms possibly at work in HESS J1640�465. These cavities have
significant impact on the evolution of the subsequent supernova
shock front, and such scenarios have been evoked to explain the
properties of other SNRs like the Cygnus Loop (e.g. Levenson
et al. 1998), RCW 86 (Vink et al. 1997), and RX J1713.7�3946
(Fukui et al. 2003), all of which have physical diameters simi-
lar to G338.3�0.0. Chevalier (1999) estimated the size of wind-
blown cavities by requiring a pressure equilibrium between the in-
side of the bubble, which has been pressurised by the total energy
of the wind: 1/2Ṁv2w⌧ , and the surrounding medium. Here, Ṁ is
the mean mass-loss rate, vw is the wind speed and ⌧ is the life-
time of the star. With a distance of 10 kpc, the radius of the ob-
served shell of G338.3�0.0 is 10 pc, which is assumed here to be

c� 2014 RAS, MNRAS 000, 2–9
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• Computing: 
• details of shock-heating and acceleration (PIC/Hybrid simulations)
• 3D simulations of SNRs including cosmic-ray back pressure
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Figure 4. Maximum shock inclination allowing a reflected ion to es-
cape upstream, as a function of the pre-reflection velocity, with δv =
(1, 1/

√
2, 1/

√
2)δv. The modulus of the minimum velocity necessary to es-

cape from a shock with ϑ ∼ 45◦ (green contour) is typically vinj ! 2.5–3.5Vsh,
corresponding to Einj ! 5–10Esh.

longer cold because they have experienced SDA, and have been
partially isotropized.

We can calculate the velocity that ions need for escaping
upstream by looking at the phase space for which X(τ ∗) = 0
has no solutions. Figure 4 shows ϑloss as a function of the pre-
reflection ion velocity, decomposed as in Equation (4). The
green contour indicates the velocity components that permit
reflected ions to escape from a DSA-efficient shock with
ϑ ≈ 45◦; the corresponding minimum injection velocity is
vinj ≡

√
v2

n + δv2|green ! 2.5–3.5, and the minimum injection
energy is Einj ! 5–10Esh, in good agreement with simulations
(Paper I); different orientations of δv return similar values.

Injection into DSA is suppressed for shocks with ϑ ! 45◦

because ions can escape very oblique shocks only with vinj ! 4
(Figure 4). The achievement of such velocities requires a few
more SDA cycles, and, since at every cycle ions have a finite
probability to pierce the shock barrier and to be lost downstream,
the fraction of ions that can achieve larger velocities becomes
increasingly smaller. Our results differ from those by Burgess
& Schwartz (1984), who assumed reflection in the shock frame
rather than in the DSF and found that for ϑ " 55◦ all the
reflected ions are injected.

4. A MINIMAL MODEL FOR ION INJECTION

We now construct a minimal model that accounts for the
observed: (1) periodic shock reformation, (2) fraction and
trajectories of reflected ions, and (3) ion spectrum above thermal
energies. Since we are interested in DSA-efficient shocks,
without loss of generality we consider ϑ ≈ 45◦, and M of a
few tens (magnetic field amplification effectively reduces MA
and Ms in the precursor of stronger shocks; see Paper II).

Inspired by simulations, we model the periodic shock refor-
mation by imposing the potential barrier to spend ∼25% of the
time in a “high” state with Ψos ≡ nos/4 ≈ 7/4, defined as the
overdensity at the density peak (the “overshoot;” see Figure 1),
and the rest of the time in a “low state,” with normalization
chosen such that ⟨Ψ⟩ = 1 when averaged over a period.4

4 Note that the barrier’s duty cycle is determined by the gyration of reflected
ions, and not by the exact value of Ψos ! 1.
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Figure 5. (a) Trajectories of test-particles impinging at random times on a
periodically reforming shock with M = 10 and ϑ ≃ 45◦ ± 2◦ (Section 4);
for each ion, t = 0 corresponds to the first shock encounter. Ions may either
not reflect (“Advected ions”), or experience SDA before ending up downstream
(“SDA ions”), or escape upstream after a few reflections (“Injected ions”). (b)
Post-shock ion spectrum for a parallel shock with M = 20. Our minimal model
(magenta symbols) perfectly matches the spectrum obtained in simulations
(solid line).

We calculate the trajectories of test-particle ions impinging
on the shock at random times (Equation (7)), performing a
specular reflection (Equation (6)) whenever ions reencounter
the shock with normal velocity too small to penetrate the barrier
(Equation (12)). Figure 5(a) shows the displacement from the
barrier of several ions impinging at t = 0 on a shock with
M = 10, and inclination ϑ = 45◦ ± 2◦. We recover the
populations of Section 2, now labeled as: (1) “advected ions”
(∼75% of the total), which impinge on the shock when the
barrier is in the low state, and remain trapped downstream; (2)
“SDA ions” (∼20%), which end up in the downstream after
having crossed the barrier once or twice, gaining a factor of a
few in energy in the process; (3) “injected ions” ("4%), which
escape upstream after two to four reflections, and would enter
DSA in a full simulation in the presence of upstream scattering.

By using the approach put forward by Bell (1978), we
also calculate the ion spectrum in the supra-thermal region.
If the fractional energy gain at each acceleration cycle is
E ≡ Efin/Ein−1, with Ein(Efin) the initial (final) energy, and the
probability of leaving the acceleration region is P , the expected
particle spectrum reads

f (E) ∝ E−1−γ ; γ ≡ − ln(1 − P)
ln(1 + E)

. (13)

If P, E ≪ 1, then γ ≃ P/E ; for relativistic particles E ≃
P ≃ Vsh/c, and one gets the universal DSA ion spectrum
f (E) ∝ E−2, while for non-relativistic particles E ≃ 2Vsh/v
and P ≃ Vsh/v, so that f (E) ∝ E−1.5. The energy gain E
is independent of the acceleration mechanism (SDA or DSA).
Instead, the probability of leaving the acceleration region is
insensitive to the shock discontinuity for DSA ions, but is

4
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Figure 1. Evolution of the density profile for a parallel shock (ϑ = 0◦, top
panel), and a quasi-perpendicular shock (ϑ = 80◦, bottom) with M = 20. For
better readability, profiles at later times are shown as increasingly shifted up.

reflected by the potential barrier at their first shock encounter.
After reflection, ions perform a few gyrations around the shock,
gaining energy via shock drift acceleration (SDA; see, e.g.,
Scholer 1990; Su et al. 2012). At any shock reformation, ∼25%
of the incoming ions are reflected, but not all of them enter DSA.
More precisely, ions impinging on the shock turn into:

1. thermal ions, which encounter a barrier too weak to reflect
them, and immediately cross downstream;

2. supra-thermal ions, which are specularly reflected, and
achieve E ! 6Esh via SDA before being advected down-
stream (Figure 3, top panels);

3. non-thermal ions, which are reflected, energized up to E "
10Esh, and eventually escape toward upstream (Figure 3,
bottom panels).

Non-thermal ions are injected into the DSA process: they later
scatter on self-generated magnetic fluctuations and diffuse back
to the shock for further energization. The existence of supra-
thermal ions, instead, demonstrates that reflection is necessary
but not sufficient for DSA injection.2

Several authors have already pointed out the importance of
shock reformation (e.g., Lee et al. 2004; Su et al. 2012, and
references therein) and specular reflection (e.g., Gosling et al.
1982; Burgess & Schwartz 1984; Scholer & Terasawa 1990; Guo
& Giacalone 2013) for the production of energetic ions (see also
Leroy & Winske 1983; Kucharek & Scholer 1991; Giacalone
et al. 1992). However, the distinction between supra-thermal and
non-thermal ions (which undergo a similar initial reflection, but
have different fates), has not been fully characterized. Our goal
is to develop a theory able to predict the spectrum and fractions
of thermal, supra-thermal, and non-thermal ions observed in
simulations, as a function of shock strength and inclination.

2 Note that supra-thermal ions are present also at oblique shocks, which do
not show DSA tails (Paper I).
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Figure 2. Evolution of the x–px phase space distribution for a parallel shock
with M = 20. The discontinuity is almost steady for ∼3ω−1

c , until the beam of
reflected ions induces its reformation.

3. INJECTION MOMENTUM

We adopt the formalism developed by Schwartz et al. (1983)
and Burgess & Schwartz (1984) for studying ion reflection
off the shock discontinuity, with the important difference that
we account for specular reflection in the downstream frame
(hereafter DSF) rather than in the shock frame, since the
potential barrier stalls before reformation (see also Lee et al.
2004). We introduce the de Hoffmann–Teller frame (hereafter
HTF),3 in which the shock is at rest and there is no motional
electric field (de Hoffmann & Teller 1950), and the ortho-
normal triad (b, ζ , ξ ), such that B0 ≡ B0b and the shock normal
n ≡ (cos ϑ, sin ϑ, 0). The velocity of the HTF with respect to

3 The HTF is defined only in a time-averaged sense for reforming shocks,
and does not exist for ϑ ! arccos(vsh/c).
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Figure 6. Projected maps of the synchrotron emission in the 10−7–10−4 eV radio band. Note that a different scale is used for the case with no net amplification of the
magnetic field (ζ = 1; top panel).
(A color version of this figure is available in the online journal.)

kpc) at various wavelengths are summarized in Edmon et al.
(2011): in radio at 1.4 GHz: 1.6×10−13 erg cm−2 s−1, in X-rays
at 10 keV: 3.2 × 10−11 erg cm−2 s−1, in γ -rays above 1 TeV:
3 × 10−13 erg cm−2 s−1. Missing is the detection by Fermi
(Giordano et al. 2012), for γ -rays at 1 GeV: 1.6 ×
10−12 erg cm−2 s−1. So the fluxes we obtain are of the cor-
rect order of magnitude, although we have not attempted a fit of
any particular object at this point.

We already observed that, for all three emission processes,
the emissivity is on average higher toward the edge rather than
in the center of the shell, regardless of the back-reaction effects.
This is expected since energetic particles are in the vicinity
of the forward shock, plus there is a limb-brightening effect in
projection. The emission is always lower for the ON versus OFF
cases (solid versus dashed lines), firstly because the emitting
region is smaller and there are less emitting particles. Note,
however, that the emission in the OFF case is unrealistic since
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• Many PWNe have jet + torus morphology
• The Crab has flares GeV flares!
• Larger variety of neutron stars: magnetars, CCOs (anti-magnetar?)

Chandra
see S. Safi-Harb’s talk

CONTENTS 20

Figure 10. Integral flux above 100 MeV from the direction of the Crab as a function
of time during the 2011 April flare, reproduced from Buehler et al. (2012). The points
represent the sum of the nebula and pulsar fluxes. The dotted line indicates the sum of
the 33-month average fluxes from the inverse-Compton nebula and the pulsar, which
are stable over time. The dashed line shows the flux of the average synchrotron nebula
summed to the latter. The red vertical lines indicate time intervals where the flux
remains constant within statistical uncertainties. The time windows are enumerated
at the top of the panel. The corresponding flux is shown by the red marker below each
number. The SED for each of the time windows is shown in Figure 11.

et al. 2011, Morii et al. 2011, Lobanov et al. 2011, Weisskopf et al. 2013, Aliu et al. 2014).

Particularly dense observations with the Chandra and Hubble Space Telescopes and the

Keck and VLA Observatories were carried out during the April 2011 flare. No increased

emission was detected from radio to X-rays for any structure of the nebula above the

usual levels. This finding was very unexpected. The inferred flux upper limits show
that the SED of the HE gamma-ray flare steeply drops with decreasing frequency, as

was already suggested by the hard spectral index of the flaring component in HE gamma-

rays during the flare.

No pulsations are found in the gamma-ray emission of the flares. The pulsar

properties remain unchanged during the outbursts, no change in the spin-down

period or flux were found in radio, X-rays or gamma-rays (Abdo et al. 2011, Morii
et al. 2011, Buehler et al. 2012). The time scale of the recurrence of pulsar glitches is

similar to the recurrence of the gamma-ray flares, however, there is no obvious correlation

in time between these two events.

5.2. The origin of the gamma-ray flares?

To date, the Crab flares remain mysterious. We do not know what causes them and

where they come from within the nebula. Several ideas have been proposed, but no

definite answers can be given today. Any explanation will have to encompass all the

presented observations, so far theoretical models have addressed different aspects of the

problem. The rapid variability implies that, unless there is ultrarelativistic beaming,

Fermi-LAT
Taken from Buehler+ ‘13
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DUST mass measurements and molecules
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• SN1987A:
• Surprisingly large dust mass (~0.1Msun)
• Measurement of CO lines, including isotopic abundances!
• Dust destruction at work (talk by Dwek)

• Other SNRs:
• Some dust in ejecta (Cas A), sometimes CSM (SNIa: Kepler, Tycho)

ALMA$detec,on$of$molecules$

12CO$J=2^1$

12CO$J=1^0$

28SiO$

29SiO$

FWHM~$

2300$km$s^1$

CO$

(Kamenetzky$et$al.$2013)$

ALMA$cycle^0$program$

Cold$(20^200$K)$‘molecular$gas’$in$the$ejecta$aler$25$years$

In$2012$

(Day=9173^9300)$

talk by M. Matsuura
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– 9 –

For the uncertainties on the proper motion measurements themselves, we include estimates

of both the statistical and systematic uncertainties. The statistical errors are the 90% confidence

limits resulting from a χ2 increase of 2.706. The 90% uncertainties in each direction are virtually

identical, so we average them for a single number. For the systematic errors, the uncertainties

arising from different WCS alignments are negligible. However, what is not trivial is the angle of

the projection box to the shock front. Following a procedure similar to Katsuda et al. (2008b), we

vary the angle of the projection box by 1 and 2◦ in both directions with respect to the shock front

for each region and re-measure the proper motion. To be conservative, we adopt the 2◦ variation

as the measure of our systematic uncertainty. As with the statistical uncertainties, because the

values in each direction are similar, we average them together for a single value.

Fig. 2.— Two examples of “well-behaved” profiles. In all plots, the first epoch is shown in red

and the second in blue. Left: An example of an X-ray profile (region 13; P.A. 255◦). Right: An

example of a radio profile (region 11, P.A. 213◦). Shaded areas mark regions where the fit was

performed.

The vast majority of our regions are “well-behaved,” in that the shape of the profile is

virtually identical in both epochs. We show an example of a well-behaved profile in X-ray and

radio in Figure 2. However, there are a few regions where this is not the case. We show the worst

– 5 –

2. Observations

2.1. X-ray

Chandra has observed Tycho four times prior to our 2015 observations: 50 ks in 2000, 150

ks in 2003 and 2007, and 750 ks in 2009. The 2000 observation used the ACIS-S3 chip, and the

positioning of Tycho on the chip resulted in about 25% of it along the southern shell being cut

off by the chip edge (Hwang et al. 2002). Subsequent observations used the I-array and cover the

entire remnant. For this work, we use the longest time baselines. For most of the remnant, our

measurements are made between the 2000 and 2015 data. For the portions in the south that were

not covered by the 2000 observation (approximately one third of our regions), we substitute the

2003 epoch.

Fig. 1.— Left: Chandra 3-8 keV X-ray image of Tycho from 2015, smoothed with a 2-pixel

Gaussian. Right: VLA image from 2013. Overlaid on both are the 17 regions in which the proper

motion of the shock is measured. Images are 10.8′ on a side.

We observed Tycho for 150 ks on 2015 Apr 22-24 using the ACIS I-array. The time intervals

Brian Williams (2016)/talk

• Chandra resolution (also XMM): proper motions in X-rays
• Tycho, Kepler, Cas A, RCW 86, RX J1713 (Acero talk), Vela Jr,….

• Longer tradition of radio proper motion measurements
• NB: Tycho & Kepler match John Dickel’s measurements!
• Doppler mapping: Cas A (various authors), Tycho -> Jack Hughes talk
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• X-ray imaging spectroscopy: Fe-L rich SN Ia spectra

Page 46 of 120 Astron Astrophys Rev (2012) 20:49

Fig. 17 CCD (XMM-Newton-MOS) and Reflective Grating Spectrometer (XMM-Newton-RGS) spectra of
an oxygen-rich (1E0102.2-7219) and a Type Ia SNR (0519-69.0). The figure illustrates the gain in spectral
resolution of the RGS instrument over CCD-detectors, even for mildly extended objects; both SNRs have
an extent of about 30′′. The figure also illustrates the differences between Type Ia spectra and core collapse
SNR spectra, with the former Type Ia SNR being dominated by Fe-L emission (See Sects. 8 and 9.1)

Fig. 18 The O VII triplet
(Sect. 6.1.3) as observed with
the XMM-Newton RGS in the
oxygen-rich SNR G292.0+1.8
(Sect. 9.1). The RGS still offers
a good resolution despite the
fact that G292.0+1.8 has an
angular size of nearly 8′ . In this
case the presence of a bright,
narrow, bar-like feature helped
to obtain a good spectral
resolution. The red line indicates
the emission from the resonance
line, magenta the
intercombination line, and green
the forbidden line (Figure first
produced in Vink et al. (2004))

The Chandra transmission gratings come in two varieties, the High Energy Trans-
mission Grating Spectrometer (HETGS, Canizares et al. 2005) and the Low Energy
Transmission Grating Spectrometer (LETGS), which provide spectral coverage in the
range 1.5–30 Å (HETGS) and 1.2–175 Å (LETGS). The gratings for both instruments
can be put into the optical path of the mirror assembly. The HETGS consists of two
grating arrays, a Medium Energy Grating (MEG) and High Energy Grating (HEG),
placed at a small angle with respect to another. This results in an X-shaped disper-

Vink 12 review (see also Hughes 95)

Astron Astrophys Rev (2012) 20:49 Page 51 of 120

Fig. 20 Chandra X-ray images of LMC Type Ia SNRs. These are three-color images, and in all cases red
represents the O VII/O VIII band (0.5–0.7 keV), the color green represents Fe-L emission line (∼1 keV).
From left to right, top to bottom: B0509-67.5 (Warren and Hughes 2004), B0519-69.0 (Kosenko et al.
2010), N103B (Lewis et al. 2003), DEM L71 (Hughes et al. 2003a), and B0534-699 (Hendrick et al. 2003).
The order of the figures is approximately indicative of the relative dynamical age (Images generated by the
author using the Chandra archive)

Fig. 21 The stratification of O VII–VIII, Si XII, and Fe XVII–XVIII (Fe low), Fe XIX–XXI (Fe high)
in SNR B0519-69.0, based on Chandra data. The left panel shows the radial surface emission profile,
whereas the right panel shows the deprojected (emissivity) profile (figure taken from Kosenko et al. 2010)

Glow of Fe-L in inside DEM L71
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Figure 2. Results of the power-ratio method for SNR 0104−72.3 (plotted in
green) compared to 24 galactic and LMC SNRs (adapted from Figure 2 of Lopez
et al. 2011). The quadrupole power ratio P2/P0 measures ellipticity/elongation;
the octupole power ratio P3/P0 quantifies mirror asymmetry. Type Ia SNRs are
plotted in red, and the CC SNRs are in blue (based on their ejecta abundance
ratios). One source, SNR 0548−70.4, is in purple because of its anomalous
abundance ratios. SNR 0104−72.3 falls in the CC regime of the diagram.
Furthermore, it is the most elliptical and mirror asymmetric of the samples,
indicative of a complex environment and/or a highly bipolar explosion.
(A color version of this figure is available in the online journal.)

blue) and an annulus region around SNR 0104−72.3 (in black)
used for the background.

We began by replicating the modeling of Lee et al. (2011)
on their two pointed ACIS-S observations of SNR 0104−72.3
(ObsIDs 9100 and 9810). Because of an error in transcribing
the SMC abundances from Russell & Dopita (1992), Lee et al.
adopted incorrect abundances in their fits, which affected their
derived parameters (J.-J. Lee 2013, private communication).
Thus, we first verified that we could obtain the same results as
Lee et al. (2011) using identical data and models with their
(incorrect) adopted SMC abundances, and subsequently, we
adopted the actual Russell & Dopita (1992) SMC abundances
to see how the fits changed. All uncertainties listed below are
90% confidence ranges for the given parameters.

We extracted spectra from the same two regions as Lee
et al. (the bar and the arc), and we modeled the spectra as a
single absorbed nonequilibrium ionization (NEI) plasma using
the plane-parallel shock model vpshock in XSPEC (Borkowski
et al. 2001). We accounted for both the foreground absorption
by the MW, NH,MW, and the intrinsic absorption through the
SMC, NH,SMC, using the XSPEC model components phabs and
vphabs, respectively. For the former component, we fixed the
column density to NH,MW = 2.2 × 1020 cm−2, the H i column
density toward SNR 0104−72.3 (Dickey & Lockman 1990).
We began fitting with NH,SMC, the plasma temperature, and
normalization thawed and with all the metals of NH,SMC and
the NEI plasma frozen to SMC interstellar medium (ISM)
abundances. As in Lee et al., these fits produced large residuals
in the 0.8–1.2 keV range. In this band, Ne K and Fe L lines are
prominent, so we subsequently freed both of these parameters
and refit the data.

Using this approach, we obtained best-fit parameters con-
sistent within the uncertainties of the Lee et al. results for the
bar and arc when using their SMC abundances. The results
were similar whether we adopted Anders & Grevesse (1989) or

Table 2
Spectral Resultsa

Region NH,SMC
b kT Nec Fec Sic χ2/dof

(×1021 cm−2) (keV)

Models of Pointed ACIS Observations of SNR 0104−72.3

Bar 3.0 ± 0.8 0.93 ± 0.03 2.0 ± 0.5 0.8 ± 0.1 0.30 119/92

Arc 4.5+3.5
−2.9 0.64+0.04

−0.06 1.4+0.1.1
−0.6 0.5+0.3

−0.1 1.3+0.9
−0.5 46/43

Models of all 56 ACIS observations of SNR 0104−72.3

Bar 2.8 ± 0.5 0.93 ± 0.02 2.8+0.7
−0.5 0.8 ± 0.1 0.30 397/223

Arc 4.8+3.0
−2.6 0.66+0.04

−0.07 1.6+0.5
−0.4 0.5 ± 0.1 0.9 ± 0.3 195/121

Notes.
a All error bars reflect 68% uncertainty ranges.
b Intrinsic absorption through the SMC. Foreground absorption by the Milky
Way was fixed to NH,MW = 2.2 × 1020 cm−2.
c Abundances are relative to solar by number. The Si abundance of 0.3 in the
bar is the SMC ISM value.

Asplund et al. (2009) for solar abundances. Therefore, we in-
terpret all discrepancies from the Lee et al. results in the rest
of this paper as stemming from the incorrectly adopted SMC
abundances. In all analyses below, we opted to use Asplund
et al. (2009) for our solar abundance values.

We then remodeled the Lee et al. spectra but with the correct
SMC abundances from Russell & Dopita (1992).8 In both the
bar and the arc, the resulting best-fit models had large ionization
timescales (τ ! 1013 s cm−3), which are long enough for
the plasma to have reached collisional ionization equilibrium
(CIE; Smith & Hughes 2010). Consequently, we substituted the
variable abundance CIE plasma component vapec v2.0.2 (Smith
et al. 2001; Foster et al. 2012) for the vpshock component used
above. Thus, written out in terms of XSPEC components, our
model was phabs × vphabs × vapec.

In the bar region, we began with all metals frozen to SMC ISM
abundances; this model was statistically poor (with χ2 ≈ 948
with 94 degrees of freedom (dof)) due to large residuals in
the 0.8–1.2 keV range. Therefore, we freed the Ne and Fe
abundances, and the resulting fit (shown in Figure 3) improved
dramatically, with χ2/dof ≈ 119/92. We followed a similar
procedure with the Lee et al. data for the arc region. With
all metals frozen to SMC values, we obtained a fit with
χ2/dof ≈ 110/46. By thawing Ne and Fe and remodeling, the
new fit improved statistically, with χ2/dof ≈ 57/44. Moreover,
we thawed the Si abundance due to a large residual just below
2 keV, near the centroid of the Si xiii line. This final fit, shown in
Figure 3, gave χ2/dof ≈ 46/43, and all of the best-fit parameter
values and their associated 1σ errors are listed in Table 2.

We find two noteworthy differences, in addition to the
long ionization timescales, from the fits reported by Lee
et al. (2011). First, we derive lower column densities, with
NH,SMC = (4.5+3.5

−2.9) × 1021 cm−2 in the arc and NH,SMC =
(3.0 ± 0.8) × 1021 cm−2 in the bar. These columns are slightly
below the H i column density measured toward SNR 0104−72.3
of ∼6 × 1021 cm−2 by Stanimirovic et al. (1999), indicating
the SNR may be on the nearer edge of the SMC. Second, we
found that the arc may have enhanced abundances of Ne, Si,
and Fe (as shown in Figure 3 and listed in Table 2), with an
Ne abundance of 1.4+1.1

−0.6, an Fe abundance of 0.5+0.3
−0.1, and an

Si abundance of 1.3+0.9
−0.5 by number relative to solar. However,

8 Relative to solar, the SMC abundances given in Table 1 of Russell & Dopita
(1992) are as follows: He = 0.83, C = 0.15, N = 0.04, O = 0.13, Ne = 0.15,
Mg = 0.25, Si = 0.30, S = 0.24, Ar = 0.18, Ca = 0.20, Fe = 0.15, Ni = 0.40.
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Figure 1. Left: full-band (0.5–8.0 keV) Chandra image of SNR 0104−72.3 from the combined 528.6 ks data. Image has been smoothed with a 2.′′5 Gaussian kernel.
Right: full-band image with regions of spectral extraction overplotted: the “bar” and the “arc” regions (in red and blue, respectively) and the region used for background
subtraction (inside the black annulus, with the four point sources excluded).
(A color version of this figure is available in the online journal.)

(Section 3.1) and of the ejecta metal abundances derived from
X-ray spectral fits (Section 3.2).

3.1. Morphology

Recently, we have developed techniques to quantify the
morphological properties of SNRs (Lopez et al. 2009b). We
have applied these methods to archival Chandra and Spitzer
Space Telescope images of young, ejecta-dominated SNRs
(!25,000 yr old) to measure the asymmetry of their thermal
X-ray and warm dust emission (Lopez et al. 2009a, 2011; Peters
et al. 2013). In these works, we found that the X-ray and IR
morphology of SNRs can be used to differentiate Type Ia and CC
SNRs. In particular, the thermal X-ray and IR emission of Type
Ia SNRs are statistically more circular and mirror symmetric
than that of CC SNRs. These results can be attributed to both
the distinct geometries of the respective explosion mechanisms
and the different circumstellar environments of Type Ia and
CC SNe.

Here, we apply the same symmetry technique as used previ-
ously, the power-ratio method (PRM), to the merged Chandra
soft-band (0.5–2.1 keV) image of SNR 0104−72.3. Qualita-
tively, the morphology of SNR 0104−72.3 appears bipolar in
nature, but statistical comparison to a large sample of young
SNRs reveals its distinctive nature. In this paper, we give a short
overview of the PRM, and we refer the reader to our previous
papers for the relevant background and equations.

The PRM quantifies asymmetries via calculation of the
multipole moments Ψm of emission in a circular aperture. It
is derived similarly to the expansion of a two-dimensional
gravitational potential, except an image’s surface brightness
replaces the mass surface density. The powers Pm are obtained
by integrating the magnitude of each term Ψm over the aperture
radius R. We divide the powers Pm by P0 (the first term of the
expansion) to normalize with respect to flux, and we set the
origin position of our aperture to the centroid of the image so
that the dipole power ratio P1/P0 approaches zero. In this case,

the higher-order terms reflect the asymmetries at successively
smaller scales. We focus on the two ratios in particular:
the quadrupole power ratio P2/P0, which characterizes the
ellipticity or elongation of a source, and the octupole power
ratio P3/P0, which quantifies the mirror asymmetry of a source.

We estimate the uncertainty in the power ratios of SNR
0104−72.3 using a Monte Carlo approach. The soft-band
image of SNR 0104−72.3 was adaptively binned using the
AdaptiveBin software (Sanders & Fabian 2001) to smooth out
noise. Subsequently, noise was added back by taking each
adaptive pixel’s intensity as the mean of a Poisson distribution
and selecting a new intensity from that distribution. This process
was repeated 100 times to produce 100 soft-band images of
SNR 0104−72.3, and the 1σ confidence limits on P2/P0 and
P3/P0 are given by the sixteenth highest and lowest power ratios
derived from the 100 images.

Figure 2 plots the resulting quadrupole power ratio P2/P0 ver-
sus octupole power ratio P3/P0 for SNR 0104−72.3 compared
to the values obtained for 24 galactic and LMC SNRs published
in Figure 2 of Lopez et al. (2011). SNR 0104−72.3 falls in the
CC SNR regime of the diagram, and it is the most elliptical and
mirror asymmetric of all the sources, with P2/P0 = 660 ± 26
and P3/P0 = 67.7+3.8

−3.3. Thus, the X-ray morphology of SNR
0104−72.3 is suggestive of a CC explosive origin. Moreover,
recent hydrodynamical simulations have shown that the X-ray
morphologies of jet-driven CC SNRs retain their bipolar struc-
tures over many hundreds of years (González-Casanova et al.
2014). Thus, the extreme elongation and asymmetry of SNR
0104−72.3 is consistent with a bipolar, jet-driven CC origin.

3.2. Spatially Resolved Spectroscopy

For our spectral analyses of SNR 0104−72.3, we extracted
source and background spectra individually from each of the
56 ACIS observations using the ciao command specextract.
The regions of extraction are shown in Figure 1 (right panel),
including two source regions (the “bar” in red and the “arc” in

3

Lopez+ 2013

• Explosion or CSM?
• CC SNe (Cas A, G292,..): explosion!!
• Type Ia: no complex CSM to mess it up!
• Why not always Fe-jets?

Fesen 
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Figure 2. Results of the power-ratio method for SNR 0104−72.3 (plotted in
green) compared to 24 galactic and LMC SNRs (adapted from Figure 2 of Lopez
et al. 2011). The quadrupole power ratio P2/P0 measures ellipticity/elongation;
the octupole power ratio P3/P0 quantifies mirror asymmetry. Type Ia SNRs are
plotted in red, and the CC SNRs are in blue (based on their ejecta abundance
ratios). One source, SNR 0548−70.4, is in purple because of its anomalous
abundance ratios. SNR 0104−72.3 falls in the CC regime of the diagram.
Furthermore, it is the most elliptical and mirror asymmetric of the samples,
indicative of a complex environment and/or a highly bipolar explosion.
(A color version of this figure is available in the online journal.)

blue) and an annulus region around SNR 0104−72.3 (in black)
used for the background.

We began by replicating the modeling of Lee et al. (2011)
on their two pointed ACIS-S observations of SNR 0104−72.3
(ObsIDs 9100 and 9810). Because of an error in transcribing
the SMC abundances from Russell & Dopita (1992), Lee et al.
adopted incorrect abundances in their fits, which affected their
derived parameters (J.-J. Lee 2013, private communication).
Thus, we first verified that we could obtain the same results as
Lee et al. (2011) using identical data and models with their
(incorrect) adopted SMC abundances, and subsequently, we
adopted the actual Russell & Dopita (1992) SMC abundances
to see how the fits changed. All uncertainties listed below are
90% confidence ranges for the given parameters.

We extracted spectra from the same two regions as Lee
et al. (the bar and the arc), and we modeled the spectra as a
single absorbed nonequilibrium ionization (NEI) plasma using
the plane-parallel shock model vpshock in XSPEC (Borkowski
et al. 2001). We accounted for both the foreground absorption
by the MW, NH,MW, and the intrinsic absorption through the
SMC, NH,SMC, using the XSPEC model components phabs and
vphabs, respectively. For the former component, we fixed the
column density to NH,MW = 2.2 × 1020 cm−2, the H i column
density toward SNR 0104−72.3 (Dickey & Lockman 1990).
We began fitting with NH,SMC, the plasma temperature, and
normalization thawed and with all the metals of NH,SMC and
the NEI plasma frozen to SMC interstellar medium (ISM)
abundances. As in Lee et al., these fits produced large residuals
in the 0.8–1.2 keV range. In this band, Ne K and Fe L lines are
prominent, so we subsequently freed both of these parameters
and refit the data.

Using this approach, we obtained best-fit parameters con-
sistent within the uncertainties of the Lee et al. results for the
bar and arc when using their SMC abundances. The results
were similar whether we adopted Anders & Grevesse (1989) or

Table 2
Spectral Resultsa

Region NH,SMC
b kT Nec Fec Sic χ2/dof

(×1021 cm−2) (keV)

Models of Pointed ACIS Observations of SNR 0104−72.3

Bar 3.0 ± 0.8 0.93 ± 0.03 2.0 ± 0.5 0.8 ± 0.1 0.30 119/92

Arc 4.5+3.5
−2.9 0.64+0.04

−0.06 1.4+0.1.1
−0.6 0.5+0.3

−0.1 1.3+0.9
−0.5 46/43

Models of all 56 ACIS observations of SNR 0104−72.3

Bar 2.8 ± 0.5 0.93 ± 0.02 2.8+0.7
−0.5 0.8 ± 0.1 0.30 397/223

Arc 4.8+3.0
−2.6 0.66+0.04

−0.07 1.6+0.5
−0.4 0.5 ± 0.1 0.9 ± 0.3 195/121

Notes.
a All error bars reflect 68% uncertainty ranges.
b Intrinsic absorption through the SMC. Foreground absorption by the Milky
Way was fixed to NH,MW = 2.2 × 1020 cm−2.
c Abundances are relative to solar by number. The Si abundance of 0.3 in the
bar is the SMC ISM value.

Asplund et al. (2009) for solar abundances. Therefore, we in-
terpret all discrepancies from the Lee et al. results in the rest
of this paper as stemming from the incorrectly adopted SMC
abundances. In all analyses below, we opted to use Asplund
et al. (2009) for our solar abundance values.

We then remodeled the Lee et al. spectra but with the correct
SMC abundances from Russell & Dopita (1992).8 In both the
bar and the arc, the resulting best-fit models had large ionization
timescales (τ ! 1013 s cm−3), which are long enough for
the plasma to have reached collisional ionization equilibrium
(CIE; Smith & Hughes 2010). Consequently, we substituted the
variable abundance CIE plasma component vapec v2.0.2 (Smith
et al. 2001; Foster et al. 2012) for the vpshock component used
above. Thus, written out in terms of XSPEC components, our
model was phabs × vphabs × vapec.

In the bar region, we began with all metals frozen to SMC ISM
abundances; this model was statistically poor (with χ2 ≈ 948
with 94 degrees of freedom (dof)) due to large residuals in
the 0.8–1.2 keV range. Therefore, we freed the Ne and Fe
abundances, and the resulting fit (shown in Figure 3) improved
dramatically, with χ2/dof ≈ 119/92. We followed a similar
procedure with the Lee et al. data for the arc region. With
all metals frozen to SMC values, we obtained a fit with
χ2/dof ≈ 110/46. By thawing Ne and Fe and remodeling, the
new fit improved statistically, with χ2/dof ≈ 57/44. Moreover,
we thawed the Si abundance due to a large residual just below
2 keV, near the centroid of the Si xiii line. This final fit, shown in
Figure 3, gave χ2/dof ≈ 46/43, and all of the best-fit parameter
values and their associated 1σ errors are listed in Table 2.

We find two noteworthy differences, in addition to the
long ionization timescales, from the fits reported by Lee
et al. (2011). First, we derive lower column densities, with
NH,SMC = (4.5+3.5

−2.9) × 1021 cm−2 in the arc and NH,SMC =
(3.0 ± 0.8) × 1021 cm−2 in the bar. These columns are slightly
below the H i column density measured toward SNR 0104−72.3
of ∼6 × 1021 cm−2 by Stanimirovic et al. (1999), indicating
the SNR may be on the nearer edge of the SMC. Second, we
found that the arc may have enhanced abundances of Ne, Si,
and Fe (as shown in Figure 3 and listed in Table 2), with an
Ne abundance of 1.4+1.1

−0.6, an Fe abundance of 0.5+0.3
−0.1, and an

Si abundance of 1.3+0.9
−0.5 by number relative to solar. However,

8 Relative to solar, the SMC abundances given in Table 1 of Russell & Dopita
(1992) are as follows: He = 0.83, C = 0.15, N = 0.04, O = 0.13, Ne = 0.15,
Mg = 0.25, Si = 0.30, S = 0.24, Ar = 0.18, Ca = 0.20, Fe = 0.15, Ni = 0.40.
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Figure 1. Left: full-band (0.5–8.0 keV) Chandra image of SNR 0104−72.3 from the combined 528.6 ks data. Image has been smoothed with a 2.′′5 Gaussian kernel.
Right: full-band image with regions of spectral extraction overplotted: the “bar” and the “arc” regions (in red and blue, respectively) and the region used for background
subtraction (inside the black annulus, with the four point sources excluded).
(A color version of this figure is available in the online journal.)

(Section 3.1) and of the ejecta metal abundances derived from
X-ray spectral fits (Section 3.2).

3.1. Morphology

Recently, we have developed techniques to quantify the
morphological properties of SNRs (Lopez et al. 2009b). We
have applied these methods to archival Chandra and Spitzer
Space Telescope images of young, ejecta-dominated SNRs
(!25,000 yr old) to measure the asymmetry of their thermal
X-ray and warm dust emission (Lopez et al. 2009a, 2011; Peters
et al. 2013). In these works, we found that the X-ray and IR
morphology of SNRs can be used to differentiate Type Ia and CC
SNRs. In particular, the thermal X-ray and IR emission of Type
Ia SNRs are statistically more circular and mirror symmetric
than that of CC SNRs. These results can be attributed to both
the distinct geometries of the respective explosion mechanisms
and the different circumstellar environments of Type Ia and
CC SNe.

Here, we apply the same symmetry technique as used previ-
ously, the power-ratio method (PRM), to the merged Chandra
soft-band (0.5–2.1 keV) image of SNR 0104−72.3. Qualita-
tively, the morphology of SNR 0104−72.3 appears bipolar in
nature, but statistical comparison to a large sample of young
SNRs reveals its distinctive nature. In this paper, we give a short
overview of the PRM, and we refer the reader to our previous
papers for the relevant background and equations.

The PRM quantifies asymmetries via calculation of the
multipole moments Ψm of emission in a circular aperture. It
is derived similarly to the expansion of a two-dimensional
gravitational potential, except an image’s surface brightness
replaces the mass surface density. The powers Pm are obtained
by integrating the magnitude of each term Ψm over the aperture
radius R. We divide the powers Pm by P0 (the first term of the
expansion) to normalize with respect to flux, and we set the
origin position of our aperture to the centroid of the image so
that the dipole power ratio P1/P0 approaches zero. In this case,

the higher-order terms reflect the asymmetries at successively
smaller scales. We focus on the two ratios in particular:
the quadrupole power ratio P2/P0, which characterizes the
ellipticity or elongation of a source, and the octupole power
ratio P3/P0, which quantifies the mirror asymmetry of a source.

We estimate the uncertainty in the power ratios of SNR
0104−72.3 using a Monte Carlo approach. The soft-band
image of SNR 0104−72.3 was adaptively binned using the
AdaptiveBin software (Sanders & Fabian 2001) to smooth out
noise. Subsequently, noise was added back by taking each
adaptive pixel’s intensity as the mean of a Poisson distribution
and selecting a new intensity from that distribution. This process
was repeated 100 times to produce 100 soft-band images of
SNR 0104−72.3, and the 1σ confidence limits on P2/P0 and
P3/P0 are given by the sixteenth highest and lowest power ratios
derived from the 100 images.

Figure 2 plots the resulting quadrupole power ratio P2/P0 ver-
sus octupole power ratio P3/P0 for SNR 0104−72.3 compared
to the values obtained for 24 galactic and LMC SNRs published
in Figure 2 of Lopez et al. (2011). SNR 0104−72.3 falls in the
CC SNR regime of the diagram, and it is the most elliptical and
mirror asymmetric of all the sources, with P2/P0 = 660 ± 26
and P3/P0 = 67.7+3.8

−3.3. Thus, the X-ray morphology of SNR
0104−72.3 is suggestive of a CC explosive origin. Moreover,
recent hydrodynamical simulations have shown that the X-ray
morphologies of jet-driven CC SNRs retain their bipolar struc-
tures over many hundreds of years (González-Casanova et al.
2014). Thus, the extreme elongation and asymmetry of SNR
0104−72.3 is consistent with a bipolar, jet-driven CC origin.

3.2. Spatially Resolved Spectroscopy

For our spectral analyses of SNR 0104−72.3, we extracted
source and background spectra individually from each of the
56 ACIS observations using the ciao command specextract.
The regions of extraction are shown in Figure 1 (right panel),
including two source regions (the “bar” in red and the “arc” in

3

Lopez+ 2013

• Explosion or CSM?
• CC SNe (Cas A, G292,..): explosion!!
• Type Ia: no complex CSM to mess it up!
• Why not always Fe-jets?

Fesen 



what did it bring us? 

Imaging RADIOACTIVE MATERIAL (44Ti)
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Grefenstette+ 2014
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NEW X-ray Line diagnostics
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Figure 1. Left: centroid energies and line luminosities of Fe Kα emission from various SNRs in our Galaxy (circles) and the LMC (squares). The corresponding
effective charge number is given above the panel. Red and blue represent Ia and CC SNRs or their candidates, respectively. The mean centroid and luminosity of Fe
Kα emission from G1.9+0.3 observed by Chandra (Borkowski et al. 2013) are also indicated with the red star. The shaded regions represent the Fe Kα centroids
and luminosities predicted by the theoretical Type Ia SNR models (DDTa: green, DDTg: magenta, PDD: orange; see right panel for details). Right: predicted Fe Kα
parameters for the various models of Type Ia SNRs evolving in a uniform ambient medium densities of 1 × 10−24 g cm−3 (dotted), 2 × 10−24 g cm−3 (solid), and
5 × 10−24 g cm−3 (dashed). Crosses, circles, squares, and triangles indicate SNR ages of 100 yr, 500 yr, 2000 yr, and 5000 yr, respectively.
(A color version of this figure is available in the online journal.)

Second, within each group, the centroids and line luminosities
are fairly well correlated, such that SNRs with more highly
ionized Fe tend to have more luminous Fe Kα lines. This is likely
a consequence of the NEI characteristics of the emitting plasma;
in order to collisionally ionize Fe atoms to higher states, higher
post-shock densities are required, which also result in higher
emission measures and thus X-ray luminosities. The SNR age
also plays a role in the ionization state of the ejecta, but ambient
medium density is the main driver, as illustrated by the Ia SNR
models in Figure 1. Interestingly, both SNR types span a similar
range of Fe Kα luminosities, despite the fact that the typical
ejected mass of Fe (56Ni) is an order of magnitude smaller in CC
than in Ia SNe (Woosley & Weaver 1995; Iwamoto et al. 1999).
This is again due to the higher emission measure in the CC
SNRs associated with higher post-shock density, and is one of
the reasons why typing SNRs has been difficult without having
a detailed model for their dynamics and plasma evolution. In
this context, the relatively high Fe Kα centroid and luminosity
for SN 1987A are particularly interesting, given the young age
and low ejected Fe mass of this SNR. The progenitors of the
overionized SNRs, W49B and IC 443, might have an especially
high mass loss rate, leading to a CSM dense enough to produce
a strong circumstellar interaction in the early evolutionary phase
of their remnants (e.g., Yamaguchi et al. 2009).

Finally, although our Ia SNR models are relatively simplistic
(one-dimensional hydrodynamics in uniform ambient density),
the parameter space they span includes all Ia SNRs. This is
remarkable in its own right, because some Ia SNRs, like Kepler
(Reynolds et al. 2007) and N103B (Lewis et al. 2003), are
known to be interacting with a nonuniform ambient medium.
Our analysis does not rule out the presence of CSM in these
objects, but simply indicates that deviations from a uniform
ambient medium in Ia SNRs, if present, cannot be very large,
and rules out large CSM masses (several M⊙) as seen in CC

SNRs. Middle-aged Ia SNRs with low Fe Kα centroids and
luminosities might be interacting with an exceptionally low-
density interstellar medium (e.g., SN1006: Yamaguchi et al.
2008), or with a low-density wind-blown cavity excavated
by the progenitor (e.g., RCW 86: Williams et al. 2011). On
the other hand, young Ia SNRs with higher Fe Kα centroids
and luminosities, like N103B (Lewis et al. 2003), might be
interacting with some kind of CSM, but their Fe Kα emission
can also be explained by uniform ambient density models, at
least at the level of detail allowed by our study.

4. CONCLUSIONS

We have presented a systematic analysis of Fe Kα emission
from 23 Galactic and LMC SNRs observed by Suzaku. We find
that the Fe Kα line luminosities of Type Ia and CC SNRs are
distributed in a similar range (LK = 1040–43 photons s−1), but the
Fe Kα centroid energies clearly distinguish Ia from CC SNRs,
with the former always having centroids below ∼6.55 keV
and the latter always above. We interpret this separation as
a signature of different mass loss rates in Ia and CC SN
progenitors. The Fe Kα emission of all the Ia objects in our
sample is compatible with SNR models that expand into a
uniform ambient medium, which suggests that Ia progenitors do
not modify their surroundings as strongly as CC progenitors do.
This is in line with known limits from prompt X-ray (Hughes
et al. 2007) and radio (Chomiuk et al. 2012) emission from
Ia SNe, but our results probe a different regime, constraining
the structure of the CSM to larger radii (several parsecs) and
progenitor mass loss rates further back in the pre-SN evolution of
the progenitor. A quantification of these constraints and a more
detailed analysis of the CC SNR sample are left for future work.

The full potential of our method will be realized when it
is applied to larger samples of higher quality data, as will be

4

LFe vs Fe-K energy dichotomy
(Yamaguchi+ 13)

• Origin:
• Type Ia more iron, but less dense CMS? (Yamaguchi+)
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Very impressive colleague…



Theory
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Very impressive colleague…

But does it also work in theory?
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• Concerns:
• how much variation is there in SN Ia/CC environments?
• role of clumping (CC ejecta more clumped)?

Sgr A East

Cas A

SN 1987A

W49B N132D

N63A

N49

G350.1-0.3

G0.61+0.01

G349.7+0.2

IC 443

G292.0+1.8

Talk D. Patnaude
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SNR 3C397 Carles Badenes
Chania 06/09/16

● 3C397 is an evolved Type Ia SNR at D~10 kpc [Safi-Harb+ 05, 
Williams talk]. 
● Consistent dynamical model (IR+X-ray)  ⇒ RS has thermalized 
all the SN ejecta.
● Extraordinary X-ray spectrum! Very strong Ni and Mn emission. 

  

Neutronization from metallicity? Carles Badenes
Chania 06/09/16

● Lake Wobegon effect  need to compare to Milky Way and LMC ⇒
metallicity distributions [Hayden+ 15, Piatti & Gleiser 12]. 
● There must be some extraneous (non-metallicity) source of 
neutrons ⇒ simmering? Requires MWD=MCh!

• Carles Badenes talk:
• Odd elements preserve memory of progenitor metallicity
• Cr, Ni, Ca: SNIa remnants were (super)solar
• Cannot be for LMC! -> Need simmering phase



what did it bring us? 

the quest for surviving donor stars 
(SNIa)
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• No clear evidence for (bright) surviving donor stars!
• Suggest none is there !?

Talks by Kerzendorf and Hovey
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Siren Schaefer/Kerzendorf
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No surviving donors!
Come to the 
double degenerate side

Siren Schaefer/Kerzendorf
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Come to the 
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Siren Schaefer/Kerzendorf

Noam Soker
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No surviving donors!
Come to the 
double degenerate side

Siren Schaefer/Kerzendorf

Noam Soker

Not single-, double-
but core degenerate
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Fig. 3 The Chandra ACIS-S X-ray spectrum of Kepler’s SNR, observed in 2006. The ”bump”
between 0.7- 1.2 keV consists mainly of Fe-L emission , consisting of complex of lines from
Fe XVII to Fe XXIV. The prominence of this Fe-L complex in the spectrum of Kepler’s SNR is
indicative of a Type Ia origin.

Recently it has become possible to detect line emission from the uneven elements
manganese (Mn) and chromium (Cr). The Mn yields for supernovae are a result of
the presence of neutron-rich nuclei in the progenitors, which ultimately is linked
to the nitrogen abundance of the progenitor at the main sequence. Hence, it can be
used to infer the metallicity of the progenitor. Park et al (2013) used the Mn/Cr ratio
to show that SN 1604 must originate from a star with super-solar metallicity, ruling
out a halo star progenitor.

The continuum X-ray emission of Kepler’s SNR, best distinguished in the 4-6
keV band (blue in Fig. 4), shows narrow filaments tracing the outer region of the
SNR. Most of this emission, especially the narrow filaments in the SE, are thought
to be caused by X-ray synchrotron emission from 10-100 TeV shock accelerated
electrons (Helder et al, 2012, for a review). The widths of the filaments can be used
to estimate the post-shock magnetic fields, indicating for Kepler’s SNR a magnetic
field strength of B ⇡ 120 µG. Since the 10-100 TeV lose their energy very fast in
such a magnetic field (⇠ 10�20 yr), the X-ray synchrotron radiation is an excellent
tracer of the shock front. Some of the X-ray synchrotron filaments are situated along
the edges of the central bar (Fig. 4), suggesting that we observe the shock front under
a (nearly) edge-on viewing angle. Given the position of the bar in the center of the
SNR, this viewing angle indicates a peculiar, perhaps halter-like, morphology of the
SNR in three dimensions (Burkey et al, 2013).

Supernova 1604, Kepler’s supernova, and its remnant 7

Fig. 4 Multiwavelength image of Kepler’s SNR. The red channel represents the 24 µm dust emis-
sion as observed by the Spitzer PACS instruments (Blair et al, 2007). The green channel is the Si-K
band (1.7-2.0 keV), representing the bulk of the thermal X-ray emission, associated with Si-rich
ejecta. The Si-K emission comes on average from a smaller radius than the dust emission, indi-
cating that the dust originates from the swept up circumstellar medium, rather than the ejects. The
blue channel (enhanced with contours) shows the X-ray continuum emission in the 4-6 keV band.
In the SE the emission is dominated by synchrotron emission from close to the shock front. In
the NW it is probably a mixture of synchrotron emission and thermal bremsstrahlung. The X-ray
bands are taken from the 2006 Chandra observations of Kepler’s SNR (Reynolds et al, 2007).

2.3 The circumstellar medium as studied in the optical and
infrared

The shocked interstellar medium in Kepler’s SNR is best studied in the optical and
infrared. The optical emission, dominated by hydrogen line emission, comes from
northwestern part of the SNR and from the central bar. The optical emission can
be divided in emission caused by either radiative or non-radiative shocks (Den-
nefeld, 1982; Fesen et al, 1987; Blair et al, 1991; Sankrit et al, 2008). Radiative
shock emission is characterised by a mix of hydrogen line emission (Balmer and
Lyman lines) and forbidden line emission from NII, OIII, and SII. The Ha line
emission is in those cases double peaked, since NII has among others line emis-
sion at l = 654.9 nm, close to Ha (l = 656.4 nm). Forbidden line emission comes
from regions heated by slow shocks (. 200 km s�1), which heat plasma to temper-
atures below ⇠ 106 K. For this temperature regime radiative losses by optical/UV
line emission causes rapid cooling. For Kepler’s SNR the overall shock speed is

• SN1604/Kepler clearly Type Ia (Katsuda+ 96,Reynolds+ 97)
• Also clear evidence for proper motion of system (~250 km/s)
• In north: bounces into dense bowshock-shaped wind material
• Clear need for progenitor wind: AGB star donor, single degenerate?
• No surviving donor (Kerzendorf): double degenerate?
• What is going on? -> Core degenerate model (Noam Soker)?
• Problem 2: How to eject binary out of MW with >200 km/s?

Vink 17 in Handbook of Supernovae
Talk by Chiotellis
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6.3 kpc from European maximum brightness is more consistent
with therecently preferred value of ∼6 kpc. Given these
considerations, the only solid conclusion from the light-curve
studies is that Keplerʼs SN was different from Ia-CSM and
Type IIp, but was close to Phillips-relation SNe Ia.

In addition, we confirmed the presence of dense X-ray-
emitting CSM in Keplerʼs SNRand estimated its total mass in
the entire remnant to be ∼0.035 :M . This large mass reminds
us of the massive CSM associated with SNe Ia-CSM. However,
as we discussed above, the light curve is inconsistent with a Ia-
CSM event for Keplerʼs SN, suggesting the different distances
between the CSM and the progenitor star; a few parsecs away
from the progenitor for Keplerʼs SN is much farther than those
seen in Ia-CSM events (0.01 pc). Thus, we argue that
Keplerʼs SN was likely to be a 91T-like eventand started to
interact with the dense CSM 200 yrafter the SN explosion.

In this way, Keplerʼs SNR has provided us with observa-
tional evidence for a recently proposed connection between
91T-like events and Ia-CSM objects,i.e., the two Ia subclasses
are actually the same phenomenon with seeming differences
due to different timing of the interaction with a massive CSM

(Leloudas et al. 2013). This speculation was originally inspired
by optical observations of SN 2002ic and PTF11kx, whose
optical spectra initially resembled a 91T-like templatebut
started to develop an Hα line after 22 and 59 days after
explosions, respectively, evolving to more like a Type IIn
template. Since the timing of the CSM interaction is not
unique, we can easily guess a possibility that the timing was
too late to show signatures of the CSM, as the SNe fade after
the explosions. While such SNe would be classified as 91T-like
events, if we could monitor them for several hundred years, we
should be able to detect a signature of a massive CSM. We
believe that Keplerʼs SN must be such an example, and we
speculate that another overluminous Ia remnant, SNR 0509-
67.5, might show strong interaction with a massive CSM in the
future. It should be noted thatwhereas Ia-CSM objects occupy
only 0.1%–1% of SNe Ia (Dilday et al. 2012), the fraction of
91T-like events is ∼9% (Li et al. 2011a). Therefore, our result
implies that roughly 10% of SNe Ia are associated with a
massive CSM, and that their origin is a single-degenerate
system. This is consistent with a recent theoretical view that all
overluminous SNe Ia likely originate from the single-
degenerate channel (Fisher & Jumper 2015).
Based on the observational clues obtained so far, we discuss

possible progenitor systems for Keplerʼs SNR. First of all, the
presence of the CSM itself favors the SD scenario. While some
recent DD models predict the existence of CSMs (Raskin &
Kasen 2013; Shen et al. 2013; Tanikawa et al. 2015), they
originate from an H-rich envelope of an He WD or tidal tails
from a C/O WD;hence, they would not be CNO-processed
N-rich material. This is in conflict with the overabundance of N
seen in the CSM of Keplerʼs SNR. Moreover, the small amount
of O ejecta, >0.069 :M as shown in Table 3, is not expected for
DD scenarios (e.g., Pakmor et al. 2011; Röpke et al. 2012)but
is more consistent with delayed-detonation Chandrasekhar-
mass models (e.g., Maeda et al. 2010; Seitenzahl et al. 2013).
Therefore, there is no observational support for DD channels as
the origin of Keplerʼs SN, except for the absence of a candidate
surviving companion star (Kerzendorf et al. 2014).
Outflows from SD progenitors can originate from either the

exploding star or the donor star. For Keplerʼs SN, the former
case is less likely than the latter. This is because the exploding
star, which must have experienced a major mass loss~ ´3 104

yrbefore the explosion, cannot have had sufficient time to
evolve to a WD and accrete material from its donor star to near

Table 4
Spectral-fit Parameters for the CSM Knots in Keplerʼs SNR

Parameter Knot-1 Knot-2 Knot-3 Knot-4 Knot-5

kTe (keV) 1.10 ± 0.11 -
+0.95 0.08

0.1
-
+1.92 0.38

0.57
-
+0.68 0.09

0.13
-
+1.84 0.52

0.97

log(n te /cm -3 s) -
+10.59 0.09

0.07
-
+10.96 0.12

0.13
-
+10.66 0.12

0.09
-
+10.91 0.17

0.19
-
+10.36 0.18

0.2

Abundance (solar) N 3.5a 3.5a 3.5a 3.5a 3.5a

O -
+0.97 0.13

0.15
-
+0.95 0.08

0.21 1 1 1
Ne -

+1.31 0.22
0.23

-
+0.84 0.21

0.22 1 1 1
Mg -

+1.43 0.18
0.2

-
+0.91 0.15

0.16 1 1 1

ò n n dVe H /4 pd2 (1010 cm−5) -
+1.87 0.15

0.17 1.58 ± 0.13 -
+0.55 0.05

0.06
-
+0.77 0.12

0.14
-
+0.26 0.02

0.03

ne (cm−3) 23.4 29.2 6.4 11.3 6.9
Mass ( -

:M10 4 ) 2.8 1.9 3.1 2.4 1.3

c2/dof 181.8/134 163.1/111 130.1/128 95.9/109 95.6/101

Notes. NH values are fixed to ´6.4 1021 cm−2. We assume =n n1.2e H and the distance =d 4.2 kpc.
a Fixed values.

Figure 10. Light curves of Keplerʼs SN and other modern SNe. The triangular
data points in black and red tied by solid lines are responsible for Keplerʼs SN,
obtained by European and Korean observers, respectively. The errors are
assumed to be ±0.25 mag (Baade 1943). Other filled-circle data tied by dotted
lines are responsible for recent SNe including Ia-CSM (SN 2002ic), 91T-like
(SN 1991T), 91bg-like (SN 1991bg), and Type IIp (SN 1999em).
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Supernova 1604, Kepler’s supernova, and its remnant 17

Table 1 A comparison of SN 1604 to the Type Ia SNe shown in Fig. 6.

Vmax AV m�M MV Remark References

SN 1604:
@ 3 kpc -2.75 2.8 12.39 -17.94 Blair et al (1991)

-2.75 3.5 12.39 -18.64 Danziger and Goss (1980)
@ 6 kpc -2.75 2.8 13.89 -19.44 Blair et al (1991)

-2.75 3.5 13.89 -20.14 Danziger and Goss (1980)

SN 1991T 11.50 0.37 30.57 -19.44 Bright Type Ia Sasdelli et al (2014)
SN 1991bg 13.96 0.12 31.61 -17.77 Sub-Chandrasekhar Turatto et al (1996); Gómez and Richtler (2004)
SN 1994D 11.90 0.08 30.82 -19.00 Normal Type Ia Cappellaro et al (1997); Feldmeier et al (2007)
SN 1996X 13.21 0.22 31.15 -18.16 Normal Type Ia Salvo et al (2001)
SN 2004eo 15.35 0.34 34.12 -19.11 Sub-Chandrasekhar? Pastorello et al (2007)
SN 2009dc 15.35 0.31 34.93 -19.89 Super-Chandrasekhar Silverman et al (2011)

Fig. 6 The light curve of SN 1604 based on the European observations as interpreted by Baade
(1943, black data points) and the Korean observations collected by Stephenson and Green (2002,
red data points). For comparison the light curves of several other Type Ia supernovae have been
over-plotted. These curves have been scaled to that of SN 1604, assuming a distance for SN 1604
of 5 kpc and AV = 2.8. More or less normal Type Ia supernovae light curves have been assigned
bluish colours. See Table 1 for details.
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SN 1604:
@ 3 kpc -2.75 2.8 12.39 -17.94 Blair et al (1991)

-2.75 3.5 12.39 -18.64 Danziger and Goss (1980)
@ 6 kpc -2.75 2.8 13.89 -19.44 Blair et al (1991)

-2.75 3.5 13.89 -20.14 Danziger and Goss (1980)

SN 1991T 11.50 0.37 30.57 -19.44 Bright Type Ia Sasdelli et al (2014)
SN 1991bg 13.96 0.12 31.61 -17.77 Sub-Chandrasekhar Turatto et al (1996); Gómez and Richtler (2004)
SN 1994D 11.90 0.08 30.82 -19.00 Normal Type Ia Cappellaro et al (1997); Feldmeier et al (2007)
SN 1996X 13.21 0.22 31.15 -18.16 Normal Type Ia Salvo et al (2001)
SN 2004eo 15.35 0.34 34.12 -19.11 Sub-Chandrasekhar? Pastorello et al (2007)
SN 2009dc 15.35 0.31 34.93 -19.89 Super-Chandrasekhar Silverman et al (2011)

Fig. 6 The light curve of SN 1604 based on the European observations as interpreted by Baade
(1943, black data points) and the Korean observations collected by Stephenson and Green (2002,
red data points). For comparison the light curves of several other Type Ia supernovae have been
over-plotted. These curves have been scaled to that of SN 1604, assuming a distance for SN 1604
of 5 kpc and AV = 2.8. More or less normal Type Ia supernovae light curves have been assigned
bluish colours. See Table 1 for details.

• Kepler’s and Korean data
• Kepler: rich in Fe -> SN 1991T?
• Historical light curve: normal Type Ia not perfect, but work best
(To be published in Handbook of Supernovae)
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Cherenkov telescope array (CTA)

32

• power-law spectra: many low energy gamma-rays, few  high energy gamma-rays
• low energy gamma-rays: faint showers ⇒ big telescopes
• high energy gamma-rays: bright showers ⇒smaller telescopes, many needed
• SNR research: Are there supernova/SNR PeVatrons (talk Dwarkadas)?
• More TeV SNRs and PWNe

4 large-sized telescopes (23m) 

25 medium-sized telescopes (12m) 

70 small-sized telescopes (4-7m) 

32
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The Hot and Energetic Universe: The astrophysics of supernova remnants and the interstellar medium 
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Figure 1. Athena+ X-IFU, ASTRO-H, and XMM-Newton images and silicon velocity profiles based on a 3D hydrodynamic 
simulation of Tycho’s supernova remnant (Ferrand et al. 2012, 2010) are shown with the typical imaging resolution of the 
instruments (circles). The Athena+ X-IFU profile is shown in blue, Astro-H SXS in red and XMM-Newton in green. Only 
Athena+ X-IFU has sufficient spectral and angular resolution, and sensitivity to isolate the highlighted knot and retrieve the 
velocity information that will reveal the 3D dynamics of the supernova remnant, providing constraints on the explosion 
mechanism through the measurements of asymmetries. Together with accurate temperature measurements, the shock velocity will 
be used to quantify the supernova remnant’s ability to accelerate cosmic rays. 
 

SNcc are the main providers of intermediate elements (Si, S, and Ca) and are responsible for the enrichment of the 
early Universe. They explode because of the collapse of the core of a massive star into a neutron star or black hole. 
However, the value of the mass-cut between the residual compact object and the ejected envelope is poorly known in 
current theories. The release of gravitational energy powers the explosion of the rest of the star, but how the collapse 
energy results in the explosion is also an issue (neutrino-driven, MHD-driven) and the process has been difficult to 
recreate with computer models. Neutrino-plasma coupling is thought to be an important ingredient for the explosion 
and the instabilities produced during the infall of plasma onto the core should facilitate the explosion (e.g. Blondin et 
al. 2003). The association of gamma-ray bursts with core collapse SNe has revived the discussion on whether bipolarity 
or even jet formation are important for all core collapse SNe (Wheeler et al. 2002). Neutrinos can convert protons into 
neutrons, providing a nucleosynthesis path to rare elements, whose (non)detection holds important clues on the role of 
neutrinos in SNcc explosions (Wanajo et al. 2011). The instrument for these studies will be Athena+ X-IFU that will 
enable us to map out the 3-D structure of Galactic SNRs and provide the 3-D geometrical properties of SN explosions 
to link them to specific explosion models. The third dimension will be obtained through accurate Doppler shift 
measurements, allowing the determination of the spatial distribution of the ejected knots, their kinematics, 
temperature, ionization state and composition accurately mapping ejecta abundance patterns, both in the plane of the 
sky and in the line of sight. Having access to different groups of synthesized elements provide complementary 
constraints on SNcc. The quantity of elements lighter than Si (essentially produced during hydrostatic evolution and 
spread away in the explosion) constrains the nature of the progenitor. The intermediate elements (enhanced through 
explosive oxygen burning) are related to the explosion energy and the amount of accreted matter onto the core before 
the explosion. The Fe-group nuclei are indispensable to set constraints on the explosion and mass-cut. Finally, the 
detection of rare elements in Fe-rich ejecta will constrain various processes affecting the nucleosynthesis processes in 
the core, in particular those involving neutrinos.  

• ESA L2 Mission
• to be launched in 2028
• Instruments
• Wide field imager 
• TES/Calorimeter
• 5” resolution



XIPE: ESA M4 candidate

(IXPE: NASA SMEX candidate)
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•XIPE=X-ray Imaging Polarimetry Explorer  
•Also: Aztec god for agriculture 

•Selected candidate for M4 
•Potential launch date: 2025 
•ESA budget: 450 Meuro 
•Competitors:  

•Ariel (exo-planetary atmosphere spectroscopy) 
•Thor (turbulence of space plasmas)
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4. Proposed scientific 
instruments 

 
The XIPE proposal takes 
advantage of previous studies, 
and in particular: (i) the 
assessment study of XEUS/IXO 
by ESA/NASA/JAXA; (ii) the 
successful phase A study of 
POLARIX, a mission proposed 
in response to a call by the 
Italian Space Agency (ASI) - the 
program was discontinued due 
to financial problems; (iii) the 
study of NHXM, a mission 
proposed to ESA M3 call. 
The XIPE scientific payload is 
divided in three main parts (see 
Figure 12): the Mirror Assembly 
(MA), the Focal Plane Assembly 
(FPA) and the Control 
Electronics (CE). In the 
proposal, we will assume that 
the MA and the Telescope 
Support Structure (TSS, see 
Figure 13) will be ESA-procured with the scientific support of the XIPE consortium, whereas the responsibility of 
the FPA and of the CE will be on the XIPE consortium and will be financed by the Member State Agencies 
(MSAs). 

4.1. Mirror Assembly 
The Mirror Assembly comprises three identical Telescope Units (TUs), which are mounted together on a Mirror 
Mounting Structure (MMS, see Figure 14). The MMS is also the interface to mount the MA on the Telescope 
Supporting Structure and then on the Service Vehicle Module through the Thrust cylinder (see Figure 13). Each TU 

 

Figure 12 Block diagram of the XIPE scientific payload. 

 

 

 

 

 

 

Figure 13 Main components of the XIPE spacecraft (payload+bus). The Payload Module (PM) comprises the MA, the FPA and 
the TSS. 

 

 

•X-ray mirrors: XMM heritage: 
•Three mirror modules 
•XMM replication technique 
•Similar angular resolution (HEW 15”)



Gas Pixel Detector (GPD)
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In soft X-rays, a simple high-Z coating is 
sufficient to guarantee high reflectivity, and 
Iridium (or Platinum) is a viable solution. Near 
the atomic energy edges, however, the 
reflectivity drops because of the photoelectric 
absorption. Fortunately, over-coating with a low-
Z layer greatly improves the reflectivity at 
energies below 5 keV (Pareschi et al. 2004; 
Cotroneo et al. 2007). We have computed 
analytically the effective area of the XIPE 
telescope on-axis and 5 arcmin off-axis using 
analytical formulae (Spiga 2011), and the results 
are shown in Figure 16. We have assumed a 
reasonable value of 4 Å rms for the surface 
roughness (the effect is almost irrelevant at these 
energies). The importance of the Carbon over-
coating is apparent; with a simple Iridium layer 
(dashed line), the total effective area is 300 cm2 
at 3 keV, whereas there is an increase of about 50% by adding an amorphous Carbon over-coating, so that the 
effective area on-axis at 3 keV is 450 cm2. The effective area at 5 arcmin off-axis is lower than on-axis by less than 
10%; the field of view, corresponding to the region where the collecting area is larger than 50% of the on-axis 
value, is about 30 arcmin, that is, much larger than that accessible by the focal plane instrument. The optimal value 
for the Carbon over-coating is 10 nm, while the thickness of the Iridium layer is much less critical and can be set to 
30 nm, a value sufficient to guarantee high reflectivity and at the same time to avoid problematic stress and 
roughness in the coating. Changing the Ir+C to Pt+C slightly decreases the effective area, but the difference is very 
small. In all these calculations, 10% of the effective area is assumed to be obstructed by the spider (the dependence 
of the spider obstruction on the off-axis angle can be neglected). The analytical calculations presented above were 
checked with accurate ray-tracing computations, which provided consistent values of the effective area.  
The thermal environment for the mirror modules must be such that the HEW is not degraded by more than 10 
arcsec which implies that the mirror units should have a thermal gradient of less than 2°C. The stabilization of the 
temperature of the mirrors has already been studied during the POLARIX phase A for similar telescopes and it is 
positively actuated on the mirror flying on-board the Swift satellite. The rate of change of mirror temperature, in 
any phase, operational or non-operational, must not exceed 10°C per hour with a maximum thermal gradient on the 
mirror being 2.0°C (longitudinal) and 1.0°C (azimuthal). There is no power requirement from the MMs other than 
that needed to power the thermal heaters. Cleanness requirements for the MMs are discussed in Section 4.5. The 
characteristics of the XIPE MM are summarized in the Table 3.  

4.2. Focal Plane Assembly 
The Focal Plane Assembly will be the responsibility of the XIPE Consortium and it is based on three identical 
photoelectric X-ray polarimeters exploiting the Gas Pixel Detector design (GPD, Costa et al. 2001; Bellazzini et al. 
2006, 2007). This instrument was already studied 
in the same configuration proposed for XIPE 
during the phase A study of POLARIX (by the 
Italian Space Agency) and of XEUS/IXO (by 
ESA/NASA/JAXA). 

4.2.1.  Detection principle 
The GPD is able to measure the linear polarization 
of photoabsorbed photons by reconstructing the 
emission direction of the ejected photoelectrons. It 
comprises a gas cell with a thin 50 μm Beryllium 
entrance window, an absorption/drift gap, a charge 
amplification stage and a multi-anode read-out 
which is the pixelated top metal layer of a CMOS 
ASIC analog chip (see Figure 17, Costa et al. 
2001). The ASIC has 105600 pixels at 50 μm 
pitch, and it is at its third generation of 
development (see Figure 18, Bellazzini et al. 

 
Figure 17 Principle of operation of the GPD (Costa et al. 2001). 

 

Table 3 XIPE MM characteristics. 

Geometrical profile Wolter I 
Focal length 3.5 m 
Mirror length 60 cm 
Max/min shell diam. 380-180 mm 
# of spiders 2 
# of spokes per spider 20 
Spiders & case material Steel 
# of shells per module 27 
Wall material Electroformed NiCo 
Wall thickness 0.33-0.20 mm 
Coating Ir (30 nm)+C (10 nm) bilayer 
Weight (without margins) 50.4 kg 
Power (without margins) <16 W 
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2006). The GPD ASIC was produced under design of 
Pisa INFN and is available at this institute in a number 
that is widely redundant to any need of the XIPE 
program. When the X-ray photon is absorbed in the gas 
gap the ejected photoelectron produces an ionization 
pattern in the gas (track, see Figure 19). The track is 
drifted by a uniform electric field to the Gas Electron 
Multiplier (GEM) where the charge is amplified 
without changing the track shape (Costa et al. 2001). 
Below the GEM, at a distance smaller than a few 
hundred micron, the top layer of the multilayer ASIC is 
covered by metal pads with a high filling factor 
distributed on a hexagonal pattern. Each pad is 
connected underneath to its own independent analog 
electronic channel, whose average noise is only 50 e- 
rms; with a moderate gain of 500, single electrons 
produced in the gas cell can be detected. The system 
has self-triggering capability and it can autonomously 
determine a window (called ROIs, Regions of Interest) 
which contains the pixels which triggered, plus a 
margin. Only the charges of the pixels included in the 
ROI are read-out from a common output and analog-to-
digital converted in real-time. The size of the ROI 
typically ranges between 600 to 800 pixels; 
notwithstanding, the large part of these pixels does not 
contain any charge and they can be suppressed after the 
analog-to-digital conversion. The image of the track 
which has to be eventually analysed contains only 50-
60 hit pixels on average.  
The track is analysed by an algorithm which provides a 
measurement of the absorption point and of the 
photoelectron emission direction. The former is used to 
image the source and the measured spatial resolution 
for a pencil beam is 92 μm Half Energy Width (HEW, 
see top panel in Figure 20). This allows to oversample 
the Point Spread Function (PSF) of typical X-ray 
telescopes and then to add a negligible contribution to 

  

 

Figure 20 (Left) Image of three 4.5 keV pencil beams (spot size of a few tens of microns) shifted by 300 μm in the X and Y 
directions. The measured HEW is 92 μm (from Soffitta et al. 2013, Fabiani et al. 2014). (Right) Point Spread Function of the 
GPD in the focus of a JET-X mirror module at 2.98 keV (Fabiani et al. 2014). 

 

 

 

 

Figure 18 The three ASIC generations, with increasing pixel 
number and decreasing pixel size, at the basis of the Gas Pixel 
Detector (Bellazzini et al. 2006).  

 
Figure 19 An example of a real photoelectron track at 5.9 keV 
(Bellazzini et al. 2006). 

 

•Polarisation detection principle: 
•X-ray photon ionises atom in gas 
•Ionisation results in electron cloud 
•Electron cloud is imaged 
•#electrons → energy, direction of cloud → E-vector X-ray



Measured polarisation fraction 
young SNRs (see also dubner’s talk)
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Jacco Vink : XIPE

Table 1. Radio polarization measurements of young SNRs

Object Typical ⇧ Peak ⇧ Orientation B � Remarks References

RCW 86 8% 15% radial 22 cm some regions ⇧ < 3% Dickel et al. (2001)
SN 1006 17% 60% mostly radial 20 cm peak not in X-ray rims Reynoso et al. (2013)
SN 1572 7% 25% radial/fine structured (400) 6 cm peak at limbs Dickel et al. (1991)
SN 1604 6% 12% (?) radial/fine structured (2000) 6 cm DeLaney et al. (2002)
Cas A 5% ⇠20% radial 6 cm outer plateau ⇧ ⇡ 9% Braun et al. (1987); Anderson et al. (1995)
G1.9+0.3 6% 17 ± 3% radial 6 cm Faraday rotation a↵ected? De Horta et al. (2014)
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Supernova remnants
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•Younger SNRs have lower polarisation degree: 
•Magnetic fields are more turbulent!



SNR X-ray polarisation vs radio
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•Expect higher X-ray polarisation: 
•X-ray synchrotron from smaller volumes 

-fewer line of sight effects (depolarisation) 
•Spectral index steeper: higher maximum polarisation 
•Enhanced due to B-field fluctuations: larger polarisation 

•Small polarisation in X-rays vs radio 
•Originates from close to the shock: 

 higher local turbulence of magnetic field 

•Complication for SNR: for most young SNRs only use 4-6 keV band



What polarisation from SNRs may 
reveal

40

•The polarisation fraction will tell us the turbulence level & perhaps spectrum 
•Are the magnetic fields close to shock already radially stretched? 
•Are the Tycho stripes indeed a coherent magnetic structure?

Tycho: Polarized intensity Cas A: Monte-Carlo images XIPE
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• Coolest movie: Cas A over 50 yr (Dan Patnaude)
• Special effects: Flying bread and banana (Dan Milisavljivic)
• Most beautiful image: Cygnus Loop (Bill Blair)

• (disqualified: not properly registered the talk!)
• Coolest results: measuring isotopes of Si (Mikako Matsuura)

• Runner up: pre-shock heating in Tycho (Sladjana Knesevic) 
• Best sports presenter: Michael Schulreich

• who shoots 60Fe in the goal? will it be #14, yes #14 scores!!
• Best conference location: Crete!
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• During my own 20 year Odyssee covering SNRs”
• revolution in instrumentation (107-1024 Hz!)
• better typing of SNRs (SNe Ia vs CC)
• evidence for jets
• large progress in understanding particle acceleration

• gamma-rays -> acceleration properties, proton acc.
• narrow X-ray filaments -> B-fields and turbulence

• Imaging of dust of different temperatures
• longer baselines/sharper images: propert motions!
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• Finally
• Thank you Panos and the LOC/SOC for a great Odyssee/BFGC!


