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• Wins war (something with a horse)
• But has bad luck getting home (the Odyssey)
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• The odyssey lasted 20 yr
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Where were we in 1996?
X-ray synchrotron emission just discovered

F. Favata et al.: The broad-band X-ray spectrum of the Cas A supernova remnant as s

LETTER

L50

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.

• 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?
2. Analysis

Table 1. The best-fit pa
plus power-law model t
between brackets is the f
the “VKB” column are a
SIS spectrum of VKB.

Element
Ejecta component
ne nH V (1062 m−3 )
Post-shock T (keV)
ne t (1015 m−3 s)
CSM component
ne nH V (1062 m−3 )
Post-shock T (keV)
ne t (1015 m−3 s)
global abundance
Power-law component
Norm. (1044 ph s−1 keV
4
Photon index

Where were we in 1996?
SN1987A was not yet 10 yr old

SN1987A just starts interacting with the interior part of ring
5

Where were we in 1996?
DISCOVERY dust in cas a from ejecta
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 reduction was performed with CIA1 in four steps. First,
the images were deglitched from the cosmic rays induced signal; the SAp (Service d’Astrophysique) multi resolution method
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 background contribution was removed
using the frames free from SNR emission; (note that this subtraction also removes the detector dark current). The last step

Cas A ISO-CAM (Lagage+ 1996)
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Chandra (1999+)
Here is the shock!!
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Hot discussion in 1997:
Does the crab have a shell?

Jeff Hester

There is a big SNR shell!
Filaments are RT instabilities
from PWN pushing against ejecta

Rob Fesen

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
8

Other EVENTS around 1996
influencing our current views
110

RIESS ET AL.

Costa+ ‘07
Riess+ ‘07
Fig. 6.— MLCS2k2 SN Ia Hubble diagram. SNe Ia from ground-based discoveries 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.

• Discovery of gamma-ray burst afterglows
• GRBs are extra-galactic
• SN1998bw-GRB connection:
independent of the cosmological model. Such information may
be more general and of longer lasting value than constraints on
• SNe can have jets!!
any single, specific model of dark energy.
Following Wang & Tegmark (2005; see also Daly & Djorgovski
51
• Not all SNe have 10 erg of energy
2004), we transform the gold sample of luminosity distances to
comoving coordinate distances, rð zÞ, as
• SNe Ia and the accelerated expansion of the Universe
(1998)
1
10
:
ð5Þ
r ð zÞ ¼
2997:9ð1 þ zÞ them?
• Created more interest in SNe Ia: do we understand
To facilitate
calculations we assume spatial flatness (as motivated
• Increased effort in hunting for SNe
in general
!0 =5%5

by theoretical considerations, i.e., that most inflation models predict !K < 10%5 , or by similar resolutions to the ‘‘flatness prob-
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What happened since 1996:
new instruments

• Radio: EVLA, LOFAR
• SubMM: ALMA
• Infrared: Spitzer,Herschel,MSX,WISE,…
• Optical: Hubble (with renewed instruments), VLT, Subaru, Magellan,….
• X-rays (99+): Chandra, XMM, Suzaku, NuStar,…
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• Larger computers!
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what did it bring us?
New SNRs
New optically selected SNRs in nearby galaxies
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Figure 8. log (Hα/[S ] (6716, 6731 Å)) against the log (Hα/[N ] (6548, 6584 Å)) emission-line ratios of the spectroscopically observed SNRs. The dashed
• 7" ')(-&$.)-+<&'=."5. '%"#.-&$2)$-'
lines have been deﬁned using the emission-line ratios of an adequate number of Galactic SNRs, H regions and PNe.
II

log(H α / [S II ])
II

Extra-galactic
Leonidakis+ 2013

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 complete/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 complete recombination zones while this value is easily exceeded

II

H.E.S.S. collab.
talk by Ryan Chaves

!"#$%&'()$'*"+'!,-'.&"//.'0*'1&"'2#/#%10%'3/#*"'+01&'4565!5!5''''''''''''''''''''''''''''''''''''
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] emission 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

• radio, optical (extra-galactic!), and TeV!
• LMC/SMC (e.g. MCELS, Maggi+): better ideas about SNR populations
• extra-galactic population studies
11
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what did it bring
us?
The cut-off
photon energy for the loss limited case can be calculated by co
and (16), which gives amplified B-fields
Particle acceleration:
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Tycho, which have Vs ≈ 5000 km s , one expects to find X-ray synchrot
in ρ, there is little dynamic range in V . Moreover, there is quite some systematic uncertainty

what did it bring us?
collisionless shock heating
A&A 579, A13 (2015)

NL width

NL centroid

ex

IL-NL separation

IL width

Data: P. Ghavamian+ 2013
Model: Vink+ 2015

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

Talk S. Knevevic:
Tycho evidence for intermediate velocity comp.

• Long debate: are electron-ions equilibrated?
• Measurements: partially equilibrated 1/v2 dependence (Ghavamian+)
0) with Eq.• (12)
we see
that the ratio of the electron
temperature over
ion temperature
is
CR
theory/neutral
kinetics
(Blasi
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+ M (• This
1)(
1)
conference (Knevevic): evidence for intermediate component
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• TeV Ɣ rays detected in 2007 by
TeV
γ raysFermi
detected
by
MAGIC, VERITAS→
LAT
MAGIC,
VERITAS
Fermi
LAT
MAGIC,
VERITAS
extended
• Extended
GeV/TeV source
in GeV/TeV
γ rays
• Spatially extended
extended
source
• Extended
GeV/TeV
source
• Among brightest Ɣ ray sources
source

what did it bring us?
Particle
acceleration:
Gamma-rays
• Later AGILE, Fermi-LAT
detect π bump
0

→

• (e.g.
Among
brightest
Ɣ ray sources
Abdo,
et
al.
2012)
Pion bump

Pion bump
Spatially
extended
degrees
• Abdo+
(2012)~0.3
detection
of

low-energy
pion
cutoff
Spectral
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at ~• 70±25
EbreakGeV
~ 70±25 GeV
LAT CM Torino - 3 Sep 2015
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(2012)~0.3
detection
of
2

low-energy
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cutoff
Spectral
break from
GeV
to TeV
at ~• 70±25
EbreakGeV
~ 70±25 GeV
3
LAT CM Torino - 3 Sep 2015

• 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)

2
H.E.S.S. collab.
talk by Kavanach on X-ray
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what did it bring us?
4 H.E.S.S.
Collaboration
Particle acceleration:
Gamma-rays
An exceptionally luminous TeV -ray SNR

3
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HESS J1640-465

RX J1713.7-3946
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10-4

HESS J1640-465
H.E.S.S. collab. 2014 (A&A)

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 Gaussian width overlaid as blue solid and dashed lines. 610 MHz radio contours are shown in black (Castelletti et al. 2011). The green circle indicates 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).

10-3
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10-1

1
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10
Energy (TeV)

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).

• TeV gamma-rays of HESS J1640:
• Much softer than RX J1713
• Seems good case for pion decay
The photon index as reconstructed with the new H.E.S.S. data
• Pion decay confirmed by Fermi-Latat(Lemoine-Goumard+
TeV energies is compatible with2015)
the photon index as reconstructed in the GeV domain (Slane et al. 2010; Nolan et al. 2012;
• Need non-standard scenario to explain:
Ackermann et al. 2013). A simultaneous exponential cut-off power
• SNR in cavity, cosmic-ray interaction
with cavity wall
law fit to the GeV data points as derived by Slane et al. (2010),
N/dE (TeV-1 cm-2 s-1)
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into DSA
is suppressed
shocks with ϑ ! 45◦
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Figure 4. Maximum shock inclination allowing a reflected ion to es2
cape √
upstream,
as
a
function
of
the
pre-reflection
velocity,
with
δv
=
√
5
(1, 1/ 2, 1/ 2)δv. The modulus of the minimum velocity necessary to es0
cape from a shock
∼ 45◦ (green contour) is typically vinj ! 2.5–3.5Vsh ,
−7 –10with
−4 eVϑradio
maps
of
the
synchrotron
emission
in
the
10
band.
Note
that
a
different
scale
is
used
for
the
case
with
no
net
amplification
of the
0
corresponding to Einj ! 5–10Esh .
(b)
1; top panel).

his figure is available in the online journal.)
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what did it bring us?
pulsars/Pulsar wind nebulae
CONTENTS

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

Fermi-LAT
Taken from Buehler+ ‘13

Chandra
see S. Safi-Harb’s talk

•
•
•

et al. 2011, Morii et al. 2011, Lobanov et al. 2011, Weisskopf et al. 2013, Aliu et al. 20
Particularly dense observations with the Chandra and Hubble Space Telescopes and
Keck and VLA Observatories were carried out during the April 2011 flare. No increa
Many PWNe have jet + torus morphology
emission was detected from radio to X-rays for any structure of the nebula above
The Crab has flares GeV flares! usual levels. This finding was very unexpected. The inferred flux upper limits sh
that the SED ofCCOs
the HE gamma-ray
flare steeply drops with decreasing frequency
Larger variety of neutron stars: magnetars,
(anti-magnetar?)
was already suggested by the hard spectral index of the flaring component in HE17
gam
rays during the flare.

ALMA$cycle^0$program$

In$2012$
(Day=9173^9300)$

what did it bring us?
ALMA$detec,on$of$molecules$
DUST mass measurements and molecules
12CO$J=2^1$

28SiO$

CO$

29SiO$

12CO$J=1^0$

FWHM~$
2300$km$s^1$
(Kamenetzky$et$al.$2013)$

talk by M. Matsuura
Cold$(20^200$K)$‘molecular$gas’$in$the$ejecta$aler$25$years$

• 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)
18

values
in each direction are similar, we average them
what
did
it
bring
us?
measurements are made between the 2000 and 2015 data. For the portions in the south that were
proper
motions & doppler shifts
not covered by the 2000 observation (approximately one third of our regions), we substitute the
entire remnant. For this work, we use the longest time baselines. For most of the remnant, our

2003 epoch.

Fig. Brian
1.— Left:
Chandra (2016)/talk
3-8 keV X-ray image of Tycho from 2015, smoothed with a 2-pixel
Williams
Gaussian. Right: VLA image from 2013. Overlaid on both are the 17 regions in which the proper

Fig.
2.—
Two
examples
of “well-behaved” profiles.
′
of the shock
is measured. Images
are XMM):
10.8
on a side.
•motion
Chandra
resolution
(also
proper
motions
in X-rays
• Tycho, Kepler, Cas A, RCW 86, RX J1713 (Acero talk), Vela Jr,….
in blue.
Left: An example of an X-ra
We observed Tycho for 150 ks on 2015 Aprand
22-24 the
using second
the ACIS I-array.
The time intervals
• Longer tradition of radio proper motion measurements
• NB: Tycho & Kepler match example
John Dickel’s
measurements!
of a radio
profile (region 11, P.A. 213◦ ). S
• Doppler mapping: Cas A (various authors), Tycho -> Jack Hughes talk
19
performed.

what did it bring us?
The Supernova - SNR connection

46 of 120

Astron Astrophys Rev (2012) 20:49

of Fe-L in inside DEM L71
17 CCD (XMM-Newton-MOS) and Reflective Grating Spectrometer (XMM-Newton-RGS) spectraGlow
of
Vink 12 review (see also Hughes 95) Fig. 20 Chandra X-ray images of LMC Type Ia SNR
xygen-rich (1E0102.2-7219) and a Type Ia SNR (0519-69.0). The figure illustrates the gain in spectral
represents
the O VII/O VIII band (0.5–0.7 keV), the
ution of the RGS instrument over CCD-detectors, even for mildly extended objects; both
SNRs have
tent of about 30′′ . The figure also illustrates the differences between Type Ia spectra and
core collapse
From
left to right, top to bottom: B0509-67.5 (Warr
spectra, with the former Type Ia SNR being dominated by Fe-L emission (See Sects. 8 and 9.1)

2010),
N103B (Lewis et al. 2003), DEM L71 (Hughes
Ia spectra
• X-ray imaging spectroscopy: Fe-L rich SN

18 The O VII triplet
. 6.1.3) as observed with
MM-Newton RGS in the
en-rich SNR G292.0+1.8

The order of the figures is approximately indicative of
author using the Chandra archive)
20

what did it bring us?
Symmetries and jets
The Astrophysical Journal, 788:5 (9pp), 2014 June 10
3

The Astrophysical Journal, 788:5 (9pp), 2014 June 10
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Mirror
Asymmetry
Lopez et al.
0104−72.3

G15.9+0.2

Regio

W49B
N49B

Kes 73
G292.0+1.8
B0453−685
Kes 79
0509−67.5

10

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
Gaussian kernel.
Right: full-band image with regions of spectral extraction overplotted: the “bar” and the “arc” regions (in red and blue, respectively) and
0 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 previously, the power-ratio method (PRM), to the merged Chandra
soft-band (0.5–2.1 keV) image of SNR 0104−72.3. Qualitatively, 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

Fesen

G272.2−3.2

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
−1 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 versus 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 structures 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.
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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.

• Explosion or CSM?
• CC SNe (Cas A, G292,..): explosion!!
• Type Ia: no complex CSM to mess it up!
• Why not always Fe-jets?
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Symmetries and jets
The Astrophysical Journal, 788:5 (9pp), 2014 June 10
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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
Gaussian kernel.
Right: full-band image with regions of spectral extraction overplotted: the “bar” and the “arc” regions (in red and blue, respectively) and
0 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 previously, the power-ratio method (PRM), to the merged Chandra
soft-band (0.5–2.1 keV) image of SNR 0104−72.3. Qualitatively, 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

Fesen

G272.2−3.2

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
−1 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 versus 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 structures 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.
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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.

• Explosion or CSM?
• CC SNe (Cas A, G292,..): explosion!!
• Type Ia: no complex CSM to mess it up!
• Why not always Fe-jets?
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what did it bring us?
Imaging RADIOACTIVE MATERIAL (44Ti)

Grefenstette+ 2014
22

what did it bring us?
NEW X-ray Line diagnostics

The Astrophysical Journal Letters, 785:L27 (5pp), 2014 April 20
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Figure 1. Left: centroid energies and line luminosities of Fe Kα emission from various SNRs in our
effective charge number is given above the panel. Red and blue represent Ia and CC SNRs or their cand
Kα emission from G1.9+0.3 observed by Chandra (Borkowski et al. 2013) are also indicated with th
and luminosities predicted by the theoretical Type Ia SNR models (DDTa: green, DDTg: magenta, PDD
parameters for the various models of Type Ia SNRs evolving in a uniform ambient medium densities o
5 × 10−24 g cm−3 (dashed). Crosses, circles, squares, and triangles indicate SNR ages of 100 yr, 500 yr
(A color version of this figure is available in the online journal.)

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

• Origin:
Second, within each group, the centroids and line luminosities
• Type Ia more iron, but less dense
CMS?
(Yamaguchi+)
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

SNRs. Middl
luminosities m
density inters
2008), or wi
by the progen
23
the other han

Theory

24

Theory

Very impressive colleague…

24

Theory

Very impressive colleague…
But does it also work in theory?
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what did it bring us?
NEW X-ray Line diagnostics

Cas A

W49B

N132D

Sgr A East

N63A

SN 1987A G349.7+0.2

N49
G0.61+0.01

G350.1-0.3

G292.0+1.8
IC 443

Talk D. Patnaude

• Concerns:
• how much variation is there in SN Ia/CC environments?
• role of clumping (CC ejecta more clumped)?
25

has thermalized
whatRS
did
it bring us?
Neutronization from metallicity?
evidence
for
simmering
SNIa
phase?
Lake Wobegonpre
effect need
to compare
to Milky Way and LMC
m! Very strong Ni and Mn emission.

(IR+X-ray)

Carles Badenes
Chania 06/09/16

●

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
26

what did it bring us?
the quest for surviving donor stars
(SNIa)

Talks by Kerzendorf and Hovey

• No clear evidence for (bright) surviving donor stars!
• Suggest none is there !?
27

Resisting temptations

28

Resisting temptations
Siren Schaefer/Kerzendorf
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Resisting temptations
Siren Schaefer/Kerzendorf

No surviving donors!
Come to the
double degenerate side
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Resisting temptations
Siren Schaefer/Kerzendorf

No surviving donors!
Come to the
double degenerate side

Noam Soker
28

Resisting temptations
Siren Schaefer/Kerzendorf

Not single-, doublebut core degenerate

No surviving donors!
Come to the
double degenerate side

Noam Soker
28

personal notes about kepler’s SNr
Jacco
Vink 1604, Kepler’s supernova, and its remnant
Supernova

7

Count rate (counts/s/keV)

Si Heα
Mg Hα
Mg Heα
Fe L complex

S Heα

Ar Heα
Ca Heα

Fe Kα/Heα

Energy (keV)

Fig. 4 Multiwavelength image of Kepler’s SNR. The red channel represents the 24 µm dust emission as observed by the Spitzer PACS instruments (Blair et al, 2007). The green channel is the Si-K
(1.7-2.0 keV), representing the bulk of the thermal X-ray emission, associated with Si-rich
ig. 3 The Chandra ACIS-S X-ray spectrum of Kepler’s SNR, observed in 2006. The band
”bump”
ejecta.
The Si-K emission comes on average from a smaller radius than the dust emission, indietween 0.7- 1.2 keV consists mainly of Fe-L emission , consisting of complex of lines from
cating that the dust originates from the swept up circumstellar medium, rather than the ejects. The
e XVII to Fe XXIV. The prominence of this Fe-L complex in the spectrum of Kepler’sblue
SNR
is (enhanced with contours) shows the X-ray continuum emission in the 4-6 keV band.
channel
In the SE the emission is dominated by synchrotron emission from close to the shock front. In
ndicative of a Type Ia origin.
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).

Vink 17 in Handbook of Supernovae
Talk by Chiotellis

• SN1604/Kepler clearly Type Ia (Katsuda+ 96,Reynolds+ 97)
Recently it has become possible to detect line emission from the uneven elements
2.3 The circumstellar medium as studied in the optical and
• Also
evidence
foryields
proper
motion
system
(~250 km/s)
manganese
(Mn) clear
and chromium
(Cr). The Mn
for supernovae
are aof
result
of
infrared
he presence
of neutron-rich
nuclei in into
the progenitors,
ultimately is linked
• In north:
bounces
densewhich
bowshock-shaped
wind material
o the nitrogen abundance of the progenitor at the main sequence. Hence, it The
canshocked
be interstellar medium in Kepler’s SNR is best studied in the optical and
infrared.
The optical
emission, dominated
by hydrogen line emission, comes from
Clear
need offor
donor,
single
degenerate?
sed to• infer
the metallicity
the progenitor
progenitor. Park etwind:
al (2013)AGB
used the star
Mn/Cr
ratio
northwestern part of the SNR and from the central bar. The optical emission can
o show
that
SN
1604
must
originate
from
a
star
with
super-solar
metallicity,
ruling
bedegenerate?
divided in emission caused by either radiative or non-radiative shocks (Den•
No
surviving
donor
(Kerzendorf):
double
ut a halo star progenitor.
nefeld, 1982; Fesen et al, 1987; Blair et al, 1991; Sankrit et al, 2008). Radiative
shock4-6
emission
is characterised
by a mix of hydrogen line emission (Balmer and
What is
going
on?
-> Core
degenerate
(Noam
Soker)?
The• continuum
X-ray
emission
of Kepler’s
SNR, best
distinguished inmodel
the
Lyman lines) and forbidden line emission from NII, OIII, and SII. The Ha line
eV band (blue in Fig. 4), shows narrow filaments tracing the outer regionemission
of the is in those cases double peaked, since NII has among others line emis•
Problem
2:
How
to
eject
binary
out
of
MW
with >200 km/s?
NR. Most of this emission, especially the narrow filaments in the SE, are thought
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-
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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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SN 1994D
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SN 2004eo
SN 2009dc

11.90
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Sub-Chandrasekhar?
Super-Chandrasekhar

Cappellaro et al (1997); Feldmeier et al (2007)
Salvo et al (2001)
Pastorello et al (2007)
Silverman et al (2011)

A few words about keeper’s SNr
Was it a Sn1991T type (bright)?

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
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SN 1994D
SN 1996X
SN 2004eo
SN 2009dc

11.90
13.21
15.35
15.35

0.08
0.22
0.34
0.31

30.82
31.15
34.12
34.93

-19.00
-18.16
-19.11
-19.89

Normal Type Ia
Normal Type Ia
Sub-Chandrasekhar?
Super-Chandrasekhar

Cappellaro et al (1997); Feldmeier et al (2007)
Salvo et al (2001)
Pastorello et al (2007)
Silverman et al (2011)

A few words about keeper’s SNr
Was it a Sn1991T type (bright)?

• Kepler’s and Korean data
Fig. 6 The light curve of SN 1604 based on the European observations as interpreted by Baade
• Kepler:
rich
in Feand->theSN
1991T?
(1943, black
data points)
Korean
observations collected by Stephenson and Green (2002,
red data points).
For comparison
light curves
of several
other perfect,
Type Ia supernovae
have been
• Historical
light
curve: the
normal
Type
Ia not
but work
best
over-plotted. These curves have been scaled to that of SN 1604, assuming a distance for SN 1604
(Toofbe
published
in Handbook
of IaSupernovae)
5 kpc
and AV = 2.8. More
or less normal Type
supernovae light curves have been assigned
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What will the future bring?
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Cherenkov telescope array (CTA)
4 large-sized telescopes (23m)

70 small-sized telescopes (4-7m)

25 medium-sized telescopes (12m)

•
•
•

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
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ATHENA

The Hot and Energetic Universe: The astrophysics of supernova remnants and the interstellar medium

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

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

the main providers of intermediate elements (Si, S, and Ca) and are responsible for the enrichment of the
verse. They explode because of the collapse of the core of a massive star into a neutron star or black hole.
the value of the mass-cut between the residual compact object and the ejected envelope is poorly known in
eories. The release of gravitational energy powers the explosion of the rest of the star, but how the collapse
ults in the explosion is also an issue (neutrino-driven, MHD-driven) and the process has been difficult to
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XIPE: ESA M4 candidate
XIPE
The X-ray Imaging
Polarimetry Explorer
(IXPE: NASA SMEX
candidate)

•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)
Lead Proposer: Paolo Soffitta (INAF-IAPS, Italy)
Contents
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the FPA and of the CE will be on the XIPE consortium and will be financed by the Member State Agencies
(MSAs).

XIPE spacecraft
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

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

Figure 13 Main components of the XIPE spacecraft (payload+bus). The Payload Module (PM) comprises the MA, the FPA and
the TSS.
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without
changing the
track shape
ers. Cleanness requirements for the MMs
are discussed
in Section
4.5. (Costa
The et al. 2001).
Below the GEM, at a distance smaller than a few
mmarized in the Table 3.

Gas Pixel Detector (GPD)

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
its own
independent analog
e responsibility of the XIPE Consortium
and it isunderneath
based on tothree
identical
electronic
channel,
whose
averageetnoise
oiting the Gas Pixel Detector design (GPD,
Costa et
al. 2001;
Bellazzini
al. is only 50 e
rms; with a moderate gain of 500, single electrons
eady studied
produced in the gas cell can be detected. The system
d for XIPE
has self-triggering capability and it can autonomously
RIX (by the
determine a window (called ROIs, Regions of Interest)
US/IXO (by
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-todigital converted in real-time. The size of the ROI
typically ranges between 600 to 800 pixels;
polarization
notwithstanding, the large part of these pixels does not
structing the
contain any charge and they can be suppressed after the
oelectrons. It
analog-to-digital conversion. The image of the track
m Beryllium
which has to be eventually analysed contains only 50gap, a charge
60 hit pixels on average.
de read-out
The track is analysed by an algorithm which provides a
of a CMOS
measurement of the absorption point and of the
Costa et al.
photoelectron emission direction. The former is used to
s at 50 μm
image the source and the measured spatial resolution
for aofpencil
beam
is 92etμm
Half Energy Width (HEW,
neration of Figure 17 Principle of operation
the GPD
(Costa
al. 2001).
see top panel in Figure 20). This allows to oversample
zzini et al.
the Point Spread Function (PSF) of typical X-ray
22 contribution to
telescopes and then to add a Page
negligible

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
36

1991AJ....101.2151D

Measured polarisation fraction
young SNRs (see also dubner’s talk)

Jacco Vink : XIPE

Braun, Gull, Perley, Nat. 1987

Table 1. Radio polarization measurements of young SNRs
Object

Typical ⇧

Peak ⇧

Orientation B

RCW 86
SN 1006
SN 1572
SN 1604
Cas A
G1.9+0.3

8%
17%
7%
6%
5%
6%

15%
60%
25%
12% (?)
⇠20%
17 ± 3%

radial
mostly radial
radial/fine structured (400 )
radial/fine structured (2000 )
radial
radial

22 cm
20 cm
6 cm
6 cm
6 cm
6 cm

Tycho’s SNR, Dickel+ 91
Remarks

References

some regions ⇧ < 3%
peak not in X-ray rims
peak at limbs

Dickel et al. (2001)
Reynoso et al. (2013)
Dickel et al. (1991)
DeLaney et al. (2002)
Braun et al. (1987); Anderson et al. (1995)
De Horta et al. (2014)

outer plateau ⇧ ⇡ 9%
Faraday rotation a↵ected?
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Supernova remnants

Polarization degree

Lower surface brightness/Larger/Older

Dickel 1990

•Younger SNRs have lower polarisation degree:
•Magnetic fields are more turbulent!
38

SNR X-ray polarisation vs radio

•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

39

What polarisation from SNRs may
reveal

Tycho: Polarized intensity

Cas A: Monte-Carlo images XIPE

•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?
40
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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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Closing remarks
• 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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• 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!
• Next 10 year:
• New instruments: LOFAR, CTA,JWST SKA, XIPE/IXPE(?),ATHENA
• Finally
• Thank you Panos and the LOC/SOC for a great Odyssee/BFGC!
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