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Talk plan
• Physics of supernova remnants (SNRs)

• Why X-ray and gamma-ray observations 
are crucial

• What we can learn from SNRs

• Nucleosynthesis and related physics in 
the core of both core-collapse and 
thermonuclear (Type Ia) supernovae 
that can be probed by SNR observations



Supernova remnants

SN1572 (Tycho) SN1604 (Kepler) SN1006SN1987A

Spatially extended objects that offer up-close 
view of stellar explosions

cf. SNe are found more frequently (each day) 
but far too distant to resolve

Chemical composition and distribution (i.e., 
origin of matter) can be investigated in detail.
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Figure 1: The broadband hard X-ray spectrum of Cassiopeia A.  Data from both 

telescopes over all epochs are combined and shown as the grey data points with 1-σ error 

bars. The spectra are shown combined and rebinned for plotting purposes only.  Also 

Radioactive decay
44Ti ➔ 44Sc* + "e
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Fig. 3.— Chandra ACIS full-band (0.5–8.0 keV) spectra for the nine sources analyzed in
§4.2. Black lines indicate which emission features we analyzed in § 4.2; these emission lines

are listed in Table 2, from low to high energy.
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SN type discrimination
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-
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SN type discrimination
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Origin of asymmetric explosion

Wongwathanarat et al. 2015

Simulations of CC SNe 
suggest distribution of 
56Ni depends sensitively 
on progenitor structure 
(Wongwathanarat et al. 2015)

Lighter elements (e.g., 
O) are less affected by 
explosion asymmetries 
(e.g., Wongwathanarat et al. 2013, 
Janka et al. 2017)



Observational test using X-rays
Holland-Ashford et al. 2019
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Figure 2. Continuum-subtracted element maps of Cas A. The green star is the explosion site (Thorstensen et al. 2001), the
white ‘X’ is the full-band (0.5–8.0 keV) center-of-emission, and the blue circle is the center-of-emission for the element displayed.
The white scale bar at the bottom-left of each image is 20 in length. See Grefenstette et al. (2017) for the narrow-band Ti image
we used.

Ar, Ca, Fe), with pixel values equal to the smoothed
percentage of emission from the given element (Felem).
We then multiplied the narrow-band images by these
fits files to get the continuum-subtracted images shown
in Figure 2.

2.5. Titanium Data

In addition to the Chandra images, we also analyzed
the 4.6 Ms NuSTAR 44Ti (65–70 keV) image of Cas A,
as presented in Grefenstette et al. (2014, 2017). We did
not perform spatially-resolved continuum subtraction on
this narrow-band image; as noted in Section 2, we esti-
mate that 80–100% of the flux in this band is from the
radioactive decay line based on fits to the non-thermal
continuum presented in Grefenstette et al. (2015).

3. METHODS

We use the power-ratio method (PRM), a multipole
expansion technique, to analyze the distribution of ele-
ments in Cas A. This method was employed previously
to characterize the X-ray morphology of galaxy clusters
(Buote & Tsai 1995, 1996; Jeltema et al. 2005) and was
adapted by Lopez et al. (2009a) for use on SNRs (e.g.,
Lopez et al. 2009b, 2011; Peters et al. 2013; Holland-
Ashford et al. 2017; Sta↵ord et al. 2018). Using the
PRM, we calculate the powers Pm of the expansion,
which are derived by integrating the magnitude of the
m-th term over a circle of radius R. Then we divide the
powers Pm by the zeroeth order term P0 to normalize
with respect to flux. For a more detailed/mathematical
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Figure 3. The quadrupole power-ratios P2/P0 versus the octupole power-ratios P3/P0 using the continuum-subtracted images
(left) and the narrow-band images (right). The elements are color-coded by the main burning process that creates them. The
44Ti data points on both panels are from analysis on the narrow-band Ti image. The “Reverse Shock-Heated” Ti data point
represents the analysis of the image where all Ti flux interior the reverse shock has been set to zero, to better compare the
radioactive Ti emission with the emission from the other reverse shock-heated elements (see Section 4).

in an outer convective shell. During the explosion, the
innermost section of the oxygen-magnesium-neon shell
experiences explosive burning that produces the higher-
mass elements (Woosley et al. 2002; Curtis et al. 2019).
The remaining O and Mg–located far away from the

explosion center–should exhibit the most symmetric,
post-explosion distributions compared to the heavier el-
ements. We find that the O in Cas A has significantly
lower levels of asymmetry than heavier elements (such
as Si, Ar, and Fe). By comparison, Mg has an asym-
metry level distinct from O and is closer to those of
intermediate-mass elements formed largely through ex-
plosive burning (e.g., Si). We find that Fe exhibits the
highest levels of ellipticity and mirror asymmetry. Our
results are broadly consistent with the relative element
asymmetries from 3D SN simulations (Wongwathanarat
et al. 2013; Janka 2017; Müller et al. 2018), where O
is the most symmetrically distributed, Mg is marginally
a↵ected by asymmetries, and heavier elements (partic-
ularly Fe) are the most asymmetric.
Titanium, an element also formed primarily through

explosive silicon burning (Woosley et al. 2002; Curtis
et al. 2019), is predicted to have similar levels of asym-
metry as Fe in neutrino-driven explosions (Wongwatha-
narat et al. 2017). To test this hypothesis, we measured
the power-ratios of the 44Ti in the narrow-band NuS-

TAR image and plot the results in Figure 3. While the
mirror asymmetry of the Ti is comparable to that of
Fe, the ellipticity of the Ti is extremely low. The Ti
emission is from radioactive decay, whereas the other
elements’ line emission is from collisional de-excitation
following heating by the reverse shock. As the reverse

shock has not fully propagated to the interior of Cas A
(Gotthelf et al. 2001; DeLaney et al. 2010), the ejecta in
the SNR center is not hot enough to produce X-ray emis-
sion, and thus the elements’ symmetry measured from
the soft X-ray lines may not reflect the true distribution
of those metals.
To better compare the Ti distribution to that of the

reverse shock-heated metals, we re-ran the symmetry
analysis on a Ti image where the detected emission in-
terior to the revere shock was set to zero. We find that
the resulting elliptical asymmetry of Ti increases by a
factor of two, whereas the mirror asymmetry decreases
by ⇠30%, suggesting that the Ti distribution is more
consistent with the other elements. We note that ⇡40%
of the detected Ti in Cas A is interior to the reverse
shock (Grefenstette et al. 2017), so we caution that this
approach ignores a large fraction of the Ti.
The four elements clumped near the center of the

power-ratio plot–Si, S, Ar, Ca–are all formed by a mix
of hydrostatic and explosive oxygen burning (Woosley
et al. 2002; Curtis et al. 2019). The combination of these
two processes, which should result in low and high lev-
els of asymmetry respectively, is likely why the elements
have intermediate values of the power-ratios in Figure 3.
These metals likely have similar degrees of asymmetry
as each other because they are formed through the same
burning processes.

4.2. Comparison of NS Kicks to Ejecta Distributions

We also investigate how the element asymmetries com-
pare to the NS kick direction (see Figure 4). Based on
the angle between the centers-of-emission for each el-

Heavier elements distributed more 
asymmetrically than lighter elements
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Neutron star kick: theory

If a neutron star is recoiled by 
asymmetric mass ejection, NS 
goes opposite to heavy ejecta 
(e.g., Wongwathanarat et al. 2013, 
Janka 2017) 

If the NS kick arises from 
anisotropic neutrino emission, 
NS goes in the same direction 
as heavy ejecta
(e.g., Fryer & Kusenko 2006) Wongwathanarat et al. 2013

56Ni

NS motion

Neutron stars commonly have v ≿ 100 km/s  



Neutron star kick: observations

8 Holland-Ashford et al.

Fig. 4.— Images of the six SNRs for which we have robust measures of their explosion sites. From left to right, top to bottom: CTB 109,
Cas A, Puppis A, G292.0+1.8, PKS 1209�51, RCW 103. The green arrow points from the explosion site to the direction of the dipole
moment. The white arrow points in the direction of NS motion.

Fig. 5.— The angle di↵erence between the dipole angle and the direction of NS motion from the SNR explosion site. The explosion sites
for Cas A and G292.0+1.8 are calculated using back-evolved filament motion, which as then taken as the NS birth site. The explosion
sites for the rest are determined by back evolving the NS’s proper motion. Circles indicate there is no evidence of SNR interaction with a
molecular cloud and squares indicate clear evidence of interaction.

of the NS using near-infrared imaging. This SNR has
bright emission in the northeast from interaction with
dense ISM (Sasaki et al. 2013). The dipole power-ratio
points toward this region, so the 180-degree angle dif-
ference may be influenced by the bright emission there.
However, spectral models demonstrate that the plasma
in this region has super-solar abundances, suggesting an
ejecta origin for this emission. In addition, aside from
this feature, we note that the SNR is still brightest in the
direction of the dipole angle (to the northeast). There-
fore, we conclude that the power-ratio angle likely reflects
the distribution of ejecta in CTB 109.

The NS in RCW 103 is moving in the same direction
as the dipole power-ratio, contrary to the results from
the other SNRs. The most likely reason for this result
is that RCW 103 is interacting with a molecular cloud
towards the southeast (Frank et al. 2015). This interac-
tion enhances the X-ray emission in that region, which
happens to be in the same direction as the NS’s motion.
Thus, the zero-degree angle di↵erence may not reflect
the relationship between the ejecta distribution and NS
motion.
In addition, we note that the NS in RCW 103 has

an unusual 6.67-hour periodicity (De Luca et al. 2006)

Holland-Ashford et al. 2017 Katsuda et al. 2018

Gravitational Tugboat Mechanism

Lopez et al. 2009b

● NS’s are kicked opposite to the bulk of ejecta
○ Wongwathanarat, Janka, & Müller (2013)

Katsuda et al. 2018Holland-Ashford et al. (2017)

White: NS direction
Green: Ejecta direction

Asymmetric mass ejection scenario supported



44Ti in Cassiopeia A
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Figure 1: The broadband hard X-ray spectrum of Cassiopeia A.  Data from both 

telescopes over all epochs are combined and shown as the grey data points with 1-σ error 

bars. The spectra are shown combined and rebinned for plotting purposes only.  Also 

44Ti is generated in the innermost, 
high-entropy region, so the best 
species to trace the physics of 
core-collapse SNe

Grefenstette et al. 2014; 2017

44Ti emission highly redshifted

44Ti initial mass
≈ 2 x 10-4 M⦿



44Ti in Cassiopeia A
44Ti is generated in the innermost, 
high-entropy region, so the best 
species to trace the physics of 
core-collapse SNe

Grefenstette et al. 2014; 2017

NS

44Ti
Moving away

from us



44Ti in Cassiopeia A

Asymmetric core-collapse explosion is the key for 
both NS kick and efficient production of 44Ti

56Ni

44Ti

NS

44Ti (and 56Ni) are expelled in the hemisphere 
opposite to the NS kick direction 

Wongwathanarat et al. 2017



Thermonuclear (Type Ia) SNe

12C 16O 56Ni

56Fe

Si  S Ar Ca
58Ni

White dwarf Ejecta

How does the nuclear burning proceed?
What is the mass of the progenitor WD?



Ejecta distribution in SNR Ia

Si K Fe K

Chandra deep observation G344.7-0.1 (PI: HY)

Fe ejecta surrounded by Si ejecta shell
(Fukushima, HY+ in prep.)



Soft X-rays
Si K
Fe K Fukushima, HY+ in prep. Fe

Si

Ejecta distribution in SNR Ia

Seitenzahl et al. 2013



Pre-explosion WD mass
SNe Ia show almost uniform brightness
(used as cosmological standard candles)

Pre-explosion WD mass somehow regulated?

Explodes with the mass near the 
Chandrasekhar limit (MCh) after 

mass accretion from companion?

This scenario recently doubted
Sub-MCh scenario supported more often



Difference in nucleosynthesis

Electron capture: p + e- ➔ n + νe (only in ~MCh WD)
WD mass (M  )
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Electron capture

MCh

High abundance of n-rich species (55Mn, 58Ni) expected



Density-dependent nucleosynthesis
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Leung & Nomoto (2018)

Higher WD mass 
and thus density



3C 397
MnCr

Fe

Ni

Ｘ線エネルギー (keV)
5 6 7 8 9

Tycho
Mn

Cr
Fe

Ni

Ｘ線エネルギー (keV)
5 6 7 8 9

Kβ
Fe

3C 397 Tycho

Energy (keV) Energy (keV)

Ni/Fe ≈ 0.17 Mn/Fe ≈ 0.025

Yamaguchi+15 Yamaguchi+14;+17

Discovery of Mn- & Ni-rich SNR Ia



Comparison with models

Leung & Nomoto (2018)

0 0.1 0.2
Ni/Fe

0

0.01

0.02

0.03

M
n/

Fe

c = 7.5x108 g cm-3

c = 1x109 g cm-3

c = 3x109 g cm-3

c = 5x109 g cm-3

0 Zsun

Z = 5 Zsun3C 397

1 Zsun

3 Zsun

0 Zsun

1 Zsun

3 Zsun

5 Zsun

0 0.05 0.1 0.15 0.2 0.25
Ni/Fe

0

0.01

0.02

0.03

M
n/

Fe

M = 0.9 Msun
M = 1.0 Msun
M = 1.1 Msun
M = 1.2 Msun 3C 397

M

Z

Leung & Nomoto (2019)

3C 397 originate from near-MCh with
a VERY high central density and 

relatively high metallicity

near-MCh SNe Ia sub-MCh SNe Ia



Implication for galactic chemical evolution

3C 397 Solar

Cr/Fe 2.1-3.4% 1.3%

Mn/Fe 1.8-3.3% 0.8%

Ni/Fe 12-24% 5.4%

Cr, Mn, Ni/Fe ratios are too high
compared to the solar values

Other Type Ia SNRs always 
show sub-solar ratios

If 3C 397 is a typical near-MCh SNR Ia, or if high ρc 
(~ 5 x 109 g cm-3) is typical for near-MCh progenitors, 
near-MCh WDs must not be the majority.

Mass ratio

Sub-MCh SNe Ia are required to achieve the solar 
abundance of the Fe-peak elements.



Summary
• X-ray and gamma-ray observations of SNRs 

are crucial to understand the origin of matter 
and chemical evolution of galaxies

• Focused on ‘innermost’ nucleosynthesis in 
both core-collapse and thermonuclear SNe
• High-entropy products (e.g., 44Ti) are efficiently 

synthesized in highly-asymmetric CC SNe
• Neutron-rich species (e.g., 55Mn, 58Ni) are 

efficiently synthesized in high-density SNe Ia





Back-up slides



Atomic transition
Fe24+* ➔ Fe24+ + h"

Radioactive decay
44Ti ➔ 44Sc* + # ➔ 44Sc + #

6.7 keV 68 keV

reverse shock

pros: Bright in X-rays

cons: Need to be heated 
by reverse shock

pros: Traces real 
distribution

cons: Relatively faint
Age dependent

X-ray image



Ejecta distribution as a probe for 
explosion mechanisms

Seitenzahl+2013

Bright
56Ni ~ 1M⦿

Faint
56Ni ~ 0.4M⦿

Asymmetric

Symmetric
Clumpy



12C (6, 6)
16O (8, 8)

12C, 16O

proton# neutron#

12C (6, 6)
16O (8, 8) 56Ni (28, 28)

28Si, 32S, 40Ca, ... 
56Co

12C, 16O

56Fe

proton# neutron#

12C (6, 6)
16O (8, 8) 56Ni (28, 28)

28Si, 32S, 40Ca, ... 
56Co

12C, 16O 56Ni (28, 28)
56Co58Ni (28, 30)

55Co (27, 28)
55Fe

56Fe

56Fe

55Mn

＋
neutrons

(electron capture)

proton# neutron#

sub-MCh

near-MCh

More Ni and Mn produced in ~MCh SN Ia

Density-dependent nucleosynthesis



SD DD

Primary/ejecta 
mass MCh sub-MCh

Electron 
capture Yes No

Secondary MS or RG WD

CSM Yes No

Suggested association



Leung & Nomoto 2017
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Metallicity effect
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Cr’s (and Mn’s) origin/distribution are the key

0 1.01.0 2.02.03.0 3.0
Vr (109 cm s-1)

Vz
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09 
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)
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3.0

‘Standard’ density 
(ρc = 2  x 10 9 g cm-3 )

High density
(ρc = 6  x 10 9 g cm-3 )

Red: high Cr/Fe
Black: low Cr/Fe

Electron captureIncomplete
Si burning

To disentangle the degeneracy…

High metallicity case:
 Cr, Mn (Ar, Ca)
          ➔ Si burning
 Ni ➔ n-rich NSE

High density case:
 Cr, Mn, Ni 
          ➔ n-rich NSE
 (3 elements coincident)



NuSTAR!?
Capability for hard X-ray 

imaging in 10-80 keV

f = 10 m

Scientific objectives: 
Study the non-thermal radiation in 
young supernova remnants (SNR), 
both hard X-ray continuum and 
emission from the radioactive 
element 44Ti.



f = 10 m

Ni emission

NuSTAR!?



Objective of 3C 397 observations
Comparison of morphologies 
of Ni (NuSTAR) and Cr (XMM)

NuSTAR HPD
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If identical, high density 
progenitor is very likely

Mock data Mock data



Cr/Fe Mn/Fe Ni/Fe
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Sub-MCh (DD)
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Seitenzahl+13; Yamaguchi+15
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Theoretical predictions
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1-D DDT model

Let’s find SNe Ia with high Ni/Fe and Mn/Fe ratios



Classical DD model (80s~90s)

The secondary WD accretes onto the primary 
so the total mass exceeds MCh (Webbink 1984)

Explosion unsuccessful
Collapse into NS via O-Ne-Mg WD (Saio+1985)

Primary

Secondary origin



Updated DD model
Violent merger (e.g., Pakmor+2010, 2012)

Explodes within ~ 100 s

M1 ~1.1M⦿, M2 ~0.9M⦿ 

required for typical SN Ia 
Hard to explain observed 
SN rate.

(Pakmor+2012)



Latest DD model
Dynamically-driven double degenerate double 

detonation (D6: e.g., Shen+2018)

C+O
~1.0M⦿

He ~0.05M⦿
Secondary WD remains intact
 ➔ sub-MCh ejecta + high-v WD

Accretion of tidally stripped 
materials from secondary 
ignites He detonation on 
primary surface

  ➔ Triggers C detonation



Laser Interferometer Space 
Antenna (LISA)

2.5 millio
n km

ESA’s mission to be launched in ~2034



Laser Interferometer Space 
Antenna (LISA)

LISA White Paper



WD-WD
merger

by M. Ando

DECIGO

Can directly detect WD-WD mergers!


