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Abstract

Chandra X-ray observations of Kepler’s supernova remnant indicate the existence of a high-speed Fe-rich ejecta
structure in the southwestern region. We report strong K-shell emission from Fe-peak elements (Cr, Mn, Fe, Ni), as
well as Ca, in this Fe-rich structure, implying that those elements could be produced in the inner area of the
exploding white dwarf. We found Ca/Fe, Cr/Fe, Mn/Fe, and Ni/Fe mass ratios of 1.0%—4.1%, 1.0%-4.6%, 1%—
11%, and 2%-30%, respectively. In order to constrain the burning regime that could produce this structure, we
compared these observed mass ratios with those in 18 one-dimensional Type Ia nucleosynthesis models (including
both near-Mcy, and sub-Mc;, explosion models). The observed mass ratios agree well with those around the middle
layer of incomplete Si burning in Type Ia nucleosynthesis models with a peak temperature of ~(5.0-5.3) x 10° K
and a high metallicity, Z > 0.0225. Based on our results, we infer the necessity for some mechanism to produce
protruding Fe-rich clumps dominated by incomplete Si-burning products during the explosion. We also discuss the
future perspectives of X-ray observations of Fe-rich structures in other Type la supernova remnants.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Interstellar medium (847); Explosive

nucleosynthesis (503); X-ray astronomy (1810)

1. Introduction

The nuclear reaction of carbon ignition at the central core of
white dwarfs (WDs) is thought to lead to a thermonuclear
runway and a Type la supernova (SN Ia). Even though they are
extremely important phenomena in the universe (e.g., standard
candles for cosmology, major sources of Fe), many funda-
mental aspects of these explosions remain obscure (e.g., the
explosion mass and the progenitor system).

There are two major channels that are thought to lead to SN
Ia explosions. One is the single-degenerate (SD) scenario,
where a WD obtains materials from a nondegenerate
companion to increase the mass until it explodes (e.g., Whelan
& Iben 1973). The other is the double-degenerate (DD)
scenario, where the explosion comes from a binary of two
WDs. (e.g., Webbink 1984). The SD scenarios usually assume
that WDs explode when their mass gets close to the
Chandrasekhar limit (Mc, =~ 1.4 M) (e.g., Iwamoto et al.
1999) The classical DD scenario was also considered as the
explosion of near-Mc, WDs where the total masses of merging
WDs exceed the Chandrasekhar limit. On the other hand, some
theoretical studies have indicated that WD mergers are difficult
to be SNe Ia, but instead collapse to neutron stars (e.g., Saio &
Nomoto 1985). Thus, recent DD scenarios involve the
explosion of sub-Mc, WDs (e.g., Pakmor et al. 2012; Shen
et al. 2018).

Kepler’s SN (SN 1604; Vink 2017) is one of the most well-
studied young supernova remnants (SNRs) in the Galaxy. The
general consensus that the remnant is a SN Ia is based largely

on X-ray observations showing shocked ejecta with strong
Fe emission and a near absence of O emission (e.g., Reynolds
et al. 2007). The remnant is thought to be interacting with a
dense circumstellar medium (e.g., Blair et al. 2007; Williams
et al. 2012; Burkey et al. 2013; Katsuda et al. 2015), which
supports the SD scenario for the origin of Kepler’s SN. On the
other hand, an obvious surviving companion star that would
represent the strongest evidence of the SD scenario has not yet
been found (Kerzendorf et al. 2014; Sato & Hughes 2017b;
Ruiz-Lapuente et al. 2018), therefore the origin is still under
debate.

One important observational signature that would offer clues to
its origin would be a large number of Fe-peak elements in the
remnant. Patnaude et al. (2012) performed hydrodynamical and
spectral modeling of Kepler’s SNR and showed that the X-ray
spectrum is consistent with an explosion that produced ~1 M, of
*Ni, ruling out the subenergetic models (*°Ni mass = 0.3 M),
suggesting that the remnant was an SN 1991T-like event (see also
Katsuda et al. 2015). On the other hand, the light curve recorded
~400 yr ago indicates a normal SN Ia at a distance of 5 + 0.7 kpc
(Ruiz-Lapuente 2017). Thus, Kepler’'s SN seems to have been
either a normal or bright SN Ia.

To provide new information on the explosion, we focus on a
peculiar “Fe-rich” knot at the southwestern region for this study
(labeled as “hand” in Cassam-Chenai et al. 2004). The Fe-rich
knot is only slightly decelerated (expansion index, m ~ 0.5-0.8)
with a very high 3D velocity of ~5000-8000 kms ' (Sato &
Hughes 2017b). The high velocity implies the knot may be
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Figure 1. An example of the one-dimensional Type Ia nucleosynthesis models in
Bravo et al. (2019). The model assumed a delayed detonation with the transition
density p = 2.8 x 10% gcm ™ and a metallicity of 1.61 Z.. The Fe-rich ejecta
must be produced at an inner area with a peak temperature above ~4.8 x 10° K.
A discontinuity around 0.2 M., in the abundances is a transition point from
deflagration to detonation.

located at the SNR front (although it seems to be a little inside
in the 2D image due to projection effects), and the Fe-rich
composition means the knot may have been synthesized at the
deep side of the SN Ia. This is because the Fe-rich ejecta can be
achieved only at inner areas of SNe Ia with a peak temperature
above ~4.8 x 10° K (see Figure 1). The existence of clumpy
Fe-rich structures has been also proposed in some other SNe Ia
and SNRs (Tycho’s SNR, SN 1885, SNR 0509-67.5; Vancura
et al. 1995; Fesen et al. 2015; Black et al. 2019; Seitenzahl et al.
2019). We infer those Fe-rich knots were pushed out from the
inner layer to the SN surface by some sort of asymmetric effect
during the explosion (e.g., instabilities, buoyancy; Khokhlov
2000; Kasen et al. 2009), while preserving the information on
the nucleosynthesis and explosion (see a detailed discussion in
Section 4.1).

There are three different burning regimes where Fe is
produced (Figure 1): incomplete Si burning, nuclear statistical
equilibrium (NSE), and neutron-rich NSE (n-NSE). In these
regimes, the synthesis of the Fe-peak elements is characterized
by three types of neutronization (see a summary in Martinez-
Rodriguez et al. 2017). The neutronization has information on
the progenitor WDs (e.g., metallicity, progenitor mass). Thus,
evaluating the neutronization in the Fe-rich ejecta provides
unique information about the progenitor (e.g., Badenes et al.
2008; Park et al. 2013; Yamaguchi et al. 2015), after
accounting for radioactive decays that transmute the freshly
synthesized nuclei into their stable isobars.

In the incomplete Si-burning and NSE regimes, the yield of
neutron-rich species (e.g., those that end as 5SMn, 58Ni, and
%Co after beta decays) is mainly controlled by the preexplo-
sion neutron excess carried by **Ne in the WD, which in turn is
set mainly by the metallicity of the WD progenitor (e.g.,
Timmes et al. 2003; Badenes et al. 2008). Only in the case of
near-Mc, WDs is the innermost region at <0.2 M, (i.e., at
p>2x108cm™> g) consumed in the n-NSE regime (e.g.,
Thielemann et al. 1986; Iwamoto et al. 1999), where density-
driven electron capture generates a neutron excess independent
of the progenitor metallicity. In addition, the composition of
the NSE layers may be altered during the explosion in case of
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a high-entropy freeze out (at p < 10® gcm™?) because of the
presence of light particles, which is called an «-rich freeze
out, as opposed to the normal freeze out. Finally, “carbon
simmering” is also an important neutronization process in SN
Ia progenitors (e.g., Piro & Bildsten 2008). In near-Mcy,
progenitors, carbon can ignite around the convective core
without a thermonuclear runaway. This convective carbon
burning core is active for ~10° yr prior to the explosion.
During this simmering, electron captures occur on the products
of carbon burning, which decreases the electron fraction. Here,
both carbon simmering and n-NSE require near-Mc, WDs,
therefore a hard observational limit on the neutron excess in the
Fe-rich ejecta will help us to discriminate between near-Mcy,
and sub-Mc, SNe Ia.

Yamaguchi et al. (2017) demonstrated constraints on the
burning regime for the Fe-rich structure using a similar Fe-rich
knot seen in Tycho’s SNR. X-ray imaging with the FEinstein
and ROSAT missions has already reported the existence of
Si-rich and Fe-rich ejecta knots at the southeastern region of the
remnant (Vancura et al. 1995). Interestingly, the Suzaku
spectrum of the Fe-rich knot shows no emission from the
other Fe-peak elements (Cr, Mn, Ni). Using the mass fraction
among the Fe-peak elements, they concluded that either an
incomplete Si-burning or an a-rich freeze-out regime would be
its origin.

As done by Yamaguchi et al. (2017), we can specify the
burning regimes for the local Fe-rich structures in Type Ia SNRs
using knowledge of the nucleosynthesis and the observed
abundances. In this paper, we investigate the elemental abundance
in this Fe-rich structure of Kepler’s SNR for the first time.

2. Observations and Analysis

The Chandra ACIS-S instrument performed a deep
observation of Kepler’s SNR in 2006 (PI: S. Reynolds). The
net exposure time is 741.0 ks. We reprocessed all the level-1
event data, applying the standard data reduction with CALDB
version 4.7.8. In this process, we use a custom pipeline based
on “chandra_repro” in CIAO version 4.10.

Figure 2 shows a three-color image of Kepler’s SNR where
the Fe-rich regions are emphasized by red (Fe L-shell emission)
and blue (Fe Ka) colors. The Fe-rich structures seem to be
mainly concentrated in the central, northern, and southwestern
regions. In the case of the central region, small Fe-rich knots
are adjacent to Si-rich knots (seen in green). The northern
bright Fe-rich shell may come from overdensities in the
ambient medium (Cassam-Chenai et al. 2004). The Fe-rich
structure in the southwest is composed of some knotty
structures, which are more widely spread than those in the
central region (the area is ~3% of the remnant). In this study,
we focus only on the bright southwest Fe-rich region.

We extracted the spectrum (Figure 3) from the white contour
region in Figure 2. Here, we use the X-ray spectrum above
3.4keV where we can see the emission from the Fe-group
elements and Ca. We modeled the background spectrum using
the surrounding blank sky (dotted lines in Figure 3). We
checked the validity of this model using five different
background regions surrounding the remnant. As a result, we
found our background model explains all the background
spectra (XZ/ degrees of freedom (dof) = 0.94-1.07 in 5-9 keV
band) very well. A model consisting of a power law + several
Gaussian models + background model fits the spectrum well
(x*/dof = 42.16/55), and we found the spectrum has strong
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Figure 2. Chandra X-ray image of Kepler’s SNR, combining images in green,
red, and blue made from energy bands of 1.76-4.2 keV (emission from
intermediate mass elements including Si, S, Ar, Ca), 0.72-1.3 keV (Fe L-shell
emission), and 6.2-6.7 keV (Fe Ka), respectively. The scale bar indicates a
size of 30”. The white contour region where the Fe emissions are dominant was
chosen using the ratio image between the Fe L-shell and IME emissions.
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Figure 3. X-ray spectrum of the Kepler Fe-rich knot over the 3.4-9 keV band
fitted with a phenomenological model including Gaussian lines for Ca (light
blue), Cr (green), Mn (blue), Fe (red), and Ni (magenta). The power-law model
(black curve) describes the continuum emission (which includes both
nonthermal synchrotron and thermal bremsstrahlung radiation) well. The
modeled background spectrum is plotted with the black dotted line.

K-shell emission from the Fe-peak elements (Cr, Mn, Fe, Ni)
where the significance for each element is above 20 (Table 1).
The centroid energies of all the lines are slightly higher
(~30-70 eV) than those in the remnant as a whole (Park et al.
2013), consistent with a spectrum blueshifted by several
thousand kilometers per second as reported in Sato & Hughes
(2017b). As we show below, spectral fits using a physical
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Figure 4. The same as Figure 3, but now using a thermal plasma model to fit
the line emission. The colored lines show the components of the best-fit model:
the vvpshock thermal plasma model (magenta), a power law (blue) and a
Gaussian line for Ar K3 (dashed red line).

Table 1
Best-fit Parameters of Gaussian Models in the SW knot*
Line ids Centroids (keV) Flux Signiﬁcanceh
(keV) 1077 phem2s7h

Ca(+Ar) 3.79 + 0.03 16.039 6.60
Cr Ko 5.5350% 25+ 19 2.10
Mn Ko 6.0670%7 49 +22 3.60
Fe Ka 6.515 + 0.006 153 +£7 35.70
Fe K3 7.19%5912 42 +£3.7 1.80
Ni Ko 7607032 827184 2.10
Notes.

 The error shows 90% confidence level (Ax2 = 2.7). The line widths except
for the Ca(+Ar) line are linked to that of Fe Ka, o = 103 £ 6 eV. The line
width of the Ca(4Ar) line is 0 = 112 (+37/-31) eV.

® The detection significance is estimated at the best-fit centroid energy.

nonequilibrium ionization plasma model also require a
comparable blueshift for the Fe-rich knot.

Figure 4 and Table 2 show the best-fit results from a thermal
plasma model (vvpshock model) plus a power-law model (i.e.,
a model for nonthermal emission). To fit lines broadened by
thermal broadening and/or multiple velocity components, we
also used a gsmooth model in Xspec. We assumed that the
plasma parameters (e.g., ionization state, temperature, redshift)
for each element are identical. We added an additional
Gaussian line at ~3.7keV (broken red line in Figure 4) to
account for Ar KgG. It is difficult to constrain the electron
temperature from an X-ray spectrum containing nonthermal
emission, so we derive all plasma parameters using different
three different electron temperatures: 4, 6, and 8 keV. Fits to
the Fe—Ka line seen by Suzaku showed an ionization timescale
of net ~ 2 x 10'°cm ™ s and an electron temperature in the
range kT, = 3-8 keV for the Fe ejecta (Park et al. 2013), which
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Table 2
Best-fit Parameters of Pshock Models in the SW Knot"
Fitting Parameters of Pshock Model
kT, [Ca/Fe]/[Ca/Fel. [Cr/Fe]/[Cr/Fel [Mn/Fe]/[Mn/Fe]., [Ni/Fe]/[Ni/Fel. nt z
(keV) (10" cm™? s) (107
06194 28418 3.9H167 4133 18+03 —1.12 + 0.27
6 0.7+4 3.0418 3.64708 37430 17493 —1.12753
8 0.8 + 0.4 3153 374147 3.3723 18403 —1.12333
Estimated Mass Ratios
kT, Ca/Fe Cr/Fe Mn/Fe Ni/Fe
(keV) [%] [%] [%] [%]
4 22412 2.6+1.5 2.0*5§ 1613
6 2.5M13 2741 1.8739 15+ 12
8 27414 29+ 1.8 1978 1319
Note.

# The error shows 90% confidence level (Ay2 = 2.7). The lower ionization state for the pshock model is fixed to 1 x 10° cm™ s. We used the solar abundances of

Anders & Grevesse (1989). The broadening width is Oggmooth = 901}1,2 eV at 6 keV.

are roughly consistent with those in our plasma models
(see Table 2). We found all the line structures in the Gaussian
model are well explained by the thermal plasma models, where
the goodness of fits are x?/dof = 40.33/56 for 4keV,
x*/dof = 40.27/56 for 6keV and x*/dof = 40.49/56 for
8 keV. The plasma parameters are only minimally changed by
the choice of different electron temperatures. This is because
the line emissivities for each element do not change significantly
in these temperature ranges. In the case of the abundances, the
differences on the best-fit values are ~3%—14%. The spectrum
shows a blueshift velocity of ~3400kms~"', which is a little
smaller than those of SW1 and SW2 in Sato & Hughes (2017b).
The likely reason for the smaller velocity is the integration of
larger area in this study and/or the difference of the fitting energy
range between them.

We summarize the estimated mass ratios from the X-ray
spectrum in the Fe-rich structure of Kepler’s SNR in Table 2.
The best-fit mass ratios, Ca/Fe, Cr/Fe, and Mn/Fe show
~2%-3%, which is roughly consistent with the mass fraction
around the incomplete Si-burning regime (at the Lagrangian
mass ~0.7M, in Figure 1). On the other hand, the best-fit
mass ratio of Ni/Fe is above 10%, although the error is also
large (the lower limit is ~1%-3%) due to the low photon
statistics and the high background levels. In order to produce
Ni/Fe > 10%, the NSE and n-NSE would be reasonable
regimes (or incomplete Si burning with an unrealistically
large metallicity). More accurate future measurements of the Ni
line will be useful to understand the burning regimes and the
progenitor metallicity. Detailed discussions on the burning
regimes are given in subsequent sections. Here, we assumed
atomic mass ratios of 0.714, 0.929, and 0.982 for Ca/Fe,
Cr/Fe, and Mn/Fe, respectively, where we calculated the mass
number ratio among 4OCa, 52Cr, SSMn, and °Fe.

3. Comparison with Nucleosynthesis Models

We found strong K-shell emission from the Fe-peak elements
in the southwestern Fe-rich knots of Kepler’s SNR. The mass
fractions we measured in Section 2 contain information on the
nucleosynthesis that occurred during the explosion that led to the
remnant. We are concerned with elemental abundances resulting
from the SN explosion after radioactive decays. Although the

abundances of most Fe-group elements are dominated by a few
isotopes, we need to consider all possible origins for each
element, since we measure them in a small region of the ejecta.
For instance, consider the case of manganese, which in the
remnant is >>Mn. In Figure 1, there can be seen three peaks in
the Mn abundance close to the WD center: the first one comes
from the explosive synthesis of >>Mn directly, the second one
from that of 3 5Fe, and the third one from >>Co, and each one of
these isobars reflects a different neutron excess. To address these
complications we rely on SN explosion models.

In this section, we investigate the origin of the Fe-rich
structure by comparing to mass fractions determined from one-
dimensional nucleosynthesis models of thermonuclear SNe.
Although the Fe-rich structure likely has some contamination
from fainter overlying outer layers due to geometric projection,
we assume the spectrum and therefore the mass fractions we
derive are dominated by the bright Fe-rich structure (see the
Appendix). In addition, we also assume that the mass fractions
in the Fe-rich structure can be traced to a specific peak
temperature within a narrow range of the burning layers. Here
we use the models in Bravo et al. (2019) (see also Martinez-
Rodriguez et al. 2018) which do not include effects of carbon
simmering or radial mixing of ejecta layers. The Type Ia
models we use are summarized in Table 3. Kepler’s SN is
thought to have been a normal or bright SN Ia (Patnaude et al.
2012; Katsuda et al. 2015; Ruiz-Lapuente 2017), thus we
choose models whose *°Ni yields lead to normal or bright
SN Ia with different metallicities: Z = 0.009, 0.0225, 0.0675
0.67 Z.,, 1.68 Z, 5.04 Z.) (Asplund et al. 2009).

We use the four observed mass ratios in Table 2 for Ca/Fe,
Cr/Fe, Mn/Fe, and Ni/Fe to constrain the burning regime for
the Fe-rich structure. Ca is produced nearly entirely within the
incomplete Si-burning region; Ni is also produced in this layer,
but is produced even more abundantly in the deeper NSE
(complete Si burning) and n-NSE layers (see Figure 1). Cr and
Mn are present in both the incomplete Si-burning and n-NSE
layers.

As a result of the comparison with the Type Ia nucleosynth-
esis models, we conclude that the Fe-rich structure in Kepler’s
SNR was produced in the incomplete Si-burning regime. In
Figure 5 we graphically depict this result in the form of the
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Figure 5. Peak temperatures from the Type Ia nucleosynthesis models (along
the horizontal axis) consistent with each of our four measured mass ratios
(along the vertical axis). This is for the delayed-detonation model with
transition density p = 2.8 x 10’ gcm™ and progenitor metallicities of Z =
0.009 (blue), Z = 0.0225 (yellow), and Z = 0.0675 (magenta). For each mass
ratio, peak temperature, and metallicity, we plot a point if the specific mass
ratio from the model is consistent (at 90% confidence) with the measured value.
The gray shaded vertical bands mark the regimes allowed by all four mass ratio
measurements. See the text for more details. In the last line, we artificially
reduce the Ca abundance by half.

Table 3
Type Ia Nucleosynthesis Models and the Constrained Peak Temperatures

Near-Mcy, Delayed-detonation Models

PDDT Z M(°Ni) Constrained Tpeax
(gem™) (Ms) (GK)

2.4 x 107 0.009 0.704

24 % 107 0.0225 0.663

24 x 107 0.0675 0.549 5.10-5.34, 5.56-5.72
2.8 x 107 0.009 0.765

2.8 x 107 0.0225 0.721

2.8 x 107 0.0675 0.595 5.07-5.31, 5.66-5.78
4.0 x 107 0.009 0.872

4.0 x 107 0.0225 0.824

4.0 x 107 0.0675 0.689 5.04-5.27
Sub-Mcy, Detonation Models

Mwp zZ MC°Ni) Constrained Tpeax
M) M) (GK)

1.06 0.009 0.680

1.06 0.0225 0.650

1.06 0.0675 0.569 5.01-5.22
1.10 0.009 0.781

1.10 0.0225 0.748

1.10 0.0675 0.653 4.99-5.20
1.15 0.009 0.901

1.15 0.0225 0.865

1.15 0.0675 0.753 4.97-5.18

allowed ranges of peak temperatures that match our four
measured mass ratios for the Fe-rich knot using the
nucleosynthesis calculations for the delayed-detonation mod-
els. The models span a temperature range from 4.8 x 10° K to
10'% K for three different progenitor metallicities (denoted by
three different colors: magenta, yellow, and blue). For each
mass ratio we plot a point if the model ratio matches the
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measurement (at 90% confidence). The Ni/Fe mass ratio is the
least well constrained by the observations, therefore it shows a
large set of allowed temperatures. Although the Mn/Fe ratio is
fairly well constrained, it is produced at the measured ratio over
a broad range of temperatures. Thus these two mass ratios do
not tightly constrain the allowed peak temperature or the
metallicity (see also Figure 6, discussed below). However, the
inclusion of the Cr/Fe ratio limits the allowed models to two
temperature ranges near 5 x 10° K and 9 x 10° K, and the
additional inclusion of the Ca/Fe ratio narrows the acceptable
range to the lower temperature part only. In summary, we find
that the ranges of peak temperatures allowed by all four mass
ratios lie in only two intervals: 5.0-5.3 x 10° K and
5.6-5.8 x 10° K (vertical gray bands in Figure 5). Both of
these peak temperature ranges correspond to incomplete Si
burning, but the higher one appears around the deflagration-to-
detonation transition (near Lagrangian mass ~0.2 M, in Figure 1).
It is difficult to discriminate between these two regimes using only
the mass ratios. Yet incomplete Si burning in the narrow transition
zone at the higher peak temperatures of 5.6-5.8 x 10° K seems to
be an unique feature of one-dimensional models. We do not see
this feature clearly in the multidimensional delayed-detonation
models (e.g., Maeda et al. 2010; Seitenzahl et al. 2013). Therefore,
we conclude that the lower peak temperature regime may be the
more plausible site where the Fe-rich structure originated.

In Section 2, we could not separate the calcium and argon
lines completely from the line structure at 3.8 keV (see
Figures 3 and 4), which may have influenced our interpretation.
However, the Ar line is the K{ emission, which is much
weaker than Ko emission from Ca. If we remove the Ar line
from the model, the abundance of Ca changed by only ~30%.
In addition, even if we reduce the Ca abundance by half, our
conclusion would not change (the last line in Figure 5). Thus,
the uncertainty of the Ar contribution to the 3.8 keV structure is
not significant to our results.

We note that our results exclude the models with Z < 1.68
Z, (namely the blue and yellow points in Figure 5), which is
generally in agreement with the supersolar metallicity of ~3 Z
inferred from the Suzaku X-ray spectrum (Park et al. 2013). In
our case, the lower limit of the Ni/Fe mass ratio (Z1%)
requires such a high metallicity. This can be best seen by
examining the Ni/Fe mass ratio curves (bottom panels in
Figure 6), which show the most separation between the two
metallicity cases, especially in the incomplete Si-burning zone.
There is some separation between the curves for Mn/Fe
(top panels) although the *®Ni production in the incomplete
Si-burning layer is more sensitive to the metallicity than the
>>Mn production is (see Figure 7). Thus, in SN Ia remnants
where we can derive mass ratios for material from the
incomplete Si-burning layer, the Ni/Fe mass ratio would be
very useful for estimating the progenitor’s metallicity.

Dopita et al. (2019) investigated the abundances of
interstellar medium clouds in the immediate vicinity of
Kepler’s SNR, which shows higher element abundances. For
example, the carbon and oxygen abundances relative to
hydrogen are ~3-5 times higher than those in the Sun
(Asplund et al. 2009), which would support our result and
the Suzaku observation (Park et al. 2013). The authors argued
that the abundances in these clouds are representative of the
pristine interstellar medium around Kepler’s SNR. On the other
hand, if the progenitor of this remnant was a fast-moving star
(e.g., Bandiera 1987; Chiotellis et al. 2012) with a velocity
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Figure 6. Comparison between the mass ratio in Type Ia nucleosynthesis models (colored points) and the measured values (vertical and horizontal bands), plotted at
the 90% confidence level. All mass ratios are with respect to Fe and all panels are plotted with the Cr/Fe mass ratio along the horizontal axis. The top panels show the
Mn/Fe mass ratio on the vertical axis, the middle panels show Ca/Fe, and the bottom ones show Ni/Fe. The panels on the left use the delayed-detonation model with
transition density p = 2.8 x 107 g cm > and progenitor metallicities of Z = 0.0225 (filled diamond symbols) and Z = 0.0675 (filled circle symbols). The panels on
the right use the sub-Mc;, detonation models with WD mass Myp = 1.15 M., and the same progenitor metallicity values. Note that the peak temperatures in the sub-
My, detonation models do not extend beyond ~7 GK. The dotted, solid, and dashed lines associated with the measurement bands show the 90% upper/lower limits
for the different electron temperatures used in the spectral fits, k7, = 4 keV, 6 keV, and 8 keV, respectively.



THE ASTROPHYSICAL JOURNAL, 890:104 (13pp), 2020 February 20

T LI B B B S B | T T T T T T

0.02

5x10 0.01

Mass ratios: Mn/Fe & Ni/Fe

103 2x1073

e Mn/Fe
= Ni/Fe

5x103  0.01  0.02
Metallicity, Z

Figure 7. Metallicity dependence of the Mn/Fe (filled circle) and Ni/Fe (filled

square) mass ratios in the incomplete Si-burning layer (at a peak temperature

of 5 x 10°K) for the delayed-detonation model with transition density
-3

p=128x10"gem .

0.05

of ~300kms™ ', it may have been likely born in a very
different region of the Galaxy.

The detailed comparisons of the observed mass ratios (Mn/
Fe, Cr/Fe, Ca/Fe, and Ni/Fe) with those in both near-Mcy,
delayed-detonation models and sub-M¢;, detonation models are
shown in Figure 6. In the case of the sub-Mc, detonation
models, the central density of the WD does not exceed
~2 x 10%gcem ™, so electron capture does not occur at the
core. This limits the peak temperatures in this model to values
below ~7 x 10° K (see the right panels of Figure 6). Finding
evidence in Type Ia SNRs for some Fe-rich structures made at
higher peak temperatures would be strong evidence for a
near-Mc;, explosion, like in the case of 3C 397 (Yamaguchi
et al. 2015). In such a case, the mass ratios of Ca/Fe and Ni/Fe
with respect to Cr/Fe would be most useful (i.e., middle and
bottom panels of Figure 6). This is because the production of
Ca, Cr, and Ni are different from each other and from regime to
regime. On the other hand, the Mn/Fe and Cr/Fe mass ratios
follow a similar trend (top panel of Figure 6). Mass ratios
change in some models by orders of magnitude, so even tight
upper limits on faint lines would be helpful to constrain the
allowed burning regimes. Future X-ray calorimeter missions
such as XRISM and Athena will be extremely valuable for this
type of study.

4. Discussion

In the previous sections of this article, we report strong
K-shell line emission from the Fe-peak elements Cr, Mn, Fe,
and Ni, in addition to Ca in the Fe-rich structure of Kepler’s
SNR. From the spectral analysis we measure mass ratios with
respect to Fe. In Section 3, we determine the specific burning
regime for the Fe-rich structure using the four observed mass
ratios and Type Ia nucleosynthesis models. Remarkably, all the
observed mass ratios are fully consistent with those at the
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incomplete Si-burning region with peak temperatures
of ~(5.0-5.3) x 10° K. Although this implies the action of
some mechanisms during the Type Ia explosion to produce
distinct Fe-rich clumps from the incomplete Si-burning regime,
we are unable to point to any specific models to explain how
such features can form.

Here we summarize the current understanding from both
observational and theoretical studies of mechanisms to produce
the Fe-rich structures in SNe Ia (Section 4.1). In addition, we
expect that the future application of similar approaches using
Fe-rich structures will be useful for elucidating more about
nucleosynthesis and clump formation in other SNe Ia and
SNRs. Therefore we use our Type Ia nucleosynthesis models to
discuss the future perspective of X-ray imaging spectroscopy
for Type Ia SNRs (Section 4.2).

4.1. How to Create Fe-rich Clumpy Ejecta

Currently, we are unaware of an obvious mechanism that
could produce Fe-rich ejecta knots close to the SN surface.
Such knots, in addition to the one studied here in Kepler’s
SNR, are, however, seen to exist in other SNe Ia and SNRs
(e.g., Vancura et al. 1995; Fesen et al. 2015; Black et al. 2019;
Seitenzahl et al. 2019). In the case of Tycho’s SNR, an Fe-rich
clumpy structure at the edge of the remnant has been known
about for some time (Vancura et al. 1995; Yamaguchi et al.
2017). Additionally the late-time optical spectra of SNe Ia
show narrow absorption features that imply the possibility of
large discrete clumps of high-velocity Fe-rich ejecta (Black
et al. 2019). Thus, clumps of Fe-rich ejecta may be a common
feature of SNe Ia. To explain such a large fragment in SNe Ia,
we may need some common mechanisms.

Figure 8 shows a comparison of Fe-rich structures between
Kepler’s and Tycho’s SNRs. In the case of Kepler, the Fe-rich
structure is projected about halfway between the center and edge
of the remnant in the image, although because of its high line of
sight (LOS) velocity the Fe-rich structure may be located close
the remnant’s outer blast wave in 3D. Proper motions at the
northern rim of Kepler’s SNR show values of ~078-0”11 yr~"
(Katsuda et al. 2008; Vink 2008) corresponding to speeds of
2300-3100kms ' at a distance of 6kpc (e.g., Millard et al.
2019). The 3D velocities of the associated knots SW1 and SW2
from Sato & Hughes (2017b) are ~5000-8000kms ™', sig-
nificantly higher than the expansion velocity of the northern rim.
We can estimate the 3D position of the Fe-rich structure from the
explosion center, R3p as

Rsp = rpro/ cos[arctan(v; /vy)] 1

where 7o, v and vy, are the projected radius on the sky and the
radial and transverse velocities of the Fe-rich structure. The
transverse velocity depends on the proper motion, 0, and the
distance, D, as vy = 0D. In Figure 9, we use these relations to
estimate the 3D location of the structure based on previous
measurements of the radial velocity and proper motion (Sato &
Hughes 2017b). The location of the Fe-rich structure lies
outside the SNR radius in nearly all cases. These points support
our contention that the Fe-rich structure in Kepler’s SNR is
located near the outer edge of the remnant similar to the Fe-rich
structure in Tycho’s SNR. The Fe-rich structure in Kepler’s
SNR is slightly larger (the solid angle is ~0.1 sr) than the one
in Tycho’s SNR (~0.04 sr). On the other hand, Tycho’s Fe-rich
knot is surrounded by other Si-rich structures, which makes it
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Figure 8. Schematic comparison of the Fe-rich structures in Kepler’s and Tycho’s SNRs. The solid angles, €2, were roughly estimated by taking the ratio between the
area of a circle with radius r and the square of the remnant’s radius, R. For the radius, r, we take the semimajor axis of the Fe-rich structures (i.e., filled ellipse on each

image).
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projected radius of ry, =57". The red line shows the typical SNR
radius, R = 1/8.

an even larger protruding structure (Figure 8, and see also
Vancura et al. 1995; Sato & Hughes 2017a; Yamaguchi et al.
2017).

The biggest difference between these Fe-rich structures is in
their element composition. Interestingly, Yamaguchi et al.
(2017) found no emission from Fe-peak elements other than
Fe from this structure and concluded that either incomplete Si
burning or the a-rich freeze-out zone (with a peak temperature
of ~5.3-5.7 GK) would be the originating regime for the Fe-
rich structure in Tycho’s SNR. Therefore, considering the
current work, it would appear that the Fe-rich structure in

Tycho’s SNR was produced at a somewhat deeper burning
layer than the one in Kepler’s SNR. Currently we do not know
what can account for this difference.

There are only a few theoretical studies predicting clumpy
Fe-rich ejecta in SN Ia models. Garcifa-Senz & Bravo (2005)
simulated pure deflagration models with multiple ignition
points, which provided four to five large °*Ni(="°Fe) clumps at
the time of maximum brightness (see also Khokhlov 2000;
Reinecke et al. 2002; Gamezo et al. 2003). At a minimum, such
Fe clumps appear to be a common feature in the deflagration
phase. Here we suggest that such an effect by the deflagration
flame in the initial stage might make the Fe-rich structures in
Type Ia SNRs. However, in the case of the 3D pure
deflagration models, the predicted sizes of Fe clumps are too
large to explain the clumps in both Kepler and Tycho (see
Figure 25 in Garcia-Senz & Bravo 2005). In addition, ejecta
clumps have been recognized as small-size structures also in
SN Ia observations. Thomas et al. (2002) investigated the
maximum scale of clumping from the variation of absorption
features in SN Ia spectra. They suggested ~1% perturbations
of the photodisk area (the projection of the photosphere on the
sky) would be consistent with the homogeneity of the Sill
A6355 absorption features. This is much smaller than the size
of Fe clumps in the 3D pure deflagration models.

Smaller scale Fe-rich clumps in SNe Ia have been realized in
some delayed-detonation models. Yamaguchi et al. (2017)
discussed asymmetric Fe distribution using the N100 model (a
3D delayed-detonation model) of Seitenzahl et al. (2013). The
model produced some Fe clumps at the outer layer of the SNe
Ia during the explosion. Since large scale clumps break up
when hit by the detonation wave, the large structures seen in
the pure deflagration models do not appear here. The Fe clumps
made in these models are almost freely expanding and can
survive into the young SNR stage (e.g., Ferrand et al. 2019;
Sato et al. 2019). We do not expect the size difference of the
Fe-rich structures between Kepler and Tycho (see Figure 8) to
be a significant issue in those models because such differences
could result from slight differences in other conditions during
the explosion. On the other hand, the Fe-rich structures
produced in such an asymmetric deflagration are expected to
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have a large amounts of material from the n-NSE regime (e.g.,
Khokhlov 2000; Seitenzahl et al. 2013; Yamaguchi et al.
2017), which is a significant difference from the observational
results for both Kepler and Tycho.

Qualitatively, a detonation (supersonic wave) during the
explosion would have a difficult time producing the sort of
Fe-rich clumps observed in Type Ia SNRs. This is because
the detonation wave passes through the WD so quickly that
there would be little time for clumpy structures to grow. Fink
et al. (2010) investigated the explosion of sub-Mc, WDs via
the double-detonation scenario in two dimensions (see also the
recent 3D double-detonation model; Tanikawa et al. 2018). The
Fe ejecta are quite symmetrically distributed in these models,
confirming our simple arguments on the difficulty of producing
Fe-rich clumps from detonations.

The asymmetric ejecta distribution expected in violent
merger models may offer an explanation for the Fe-rich
structure in the remnants (Pakmor et al. 2011, 2012), however
these models also produce large asymmetry in the distribution
of the other elements. Such large asymmetry would make it
difficult to represent the symmetric layered materials as seen
in Tycho’s SNR (e.g., Hayato et al. 2010). In addition, the
existence of the circumstellar medium (CSM) produced by the
companion wind (e.g., Katsuda et al. 2015) could not support
the WD merger scenario for the Kepler’s SN. Therefore, the
merging models are difficult to reconcile with the observational
properties of the SN Ia remnants.

Based on the preceding discussion, we suggest that the
deflagration wave rather than detonation or WD mergers offers
a more plausible explanation for the origin of Fe-rich structures
in SNe Ia and SNRs. On the other hand, there are, at present, no
models that can explain all the characteristics of these Fe-rich
structures, in particular their element composition. We hope
future theoretical studies on SNe Ia will shed more light on this
problem.

4.2. Nucleosynthesis for Other Type la SNRs

In this study of Kepler’s SNR we have shown the value of
focusing on local Fe-rich structures to interrogate the nuclear
burning process in Type Ia SNRs. In Section 3, we showed that
the Fe-peak elements (and also Ca) are quite informative for
understanding where distinct structures form deep in the
interior of thermonuclear explosions. Application to other
remnants of this type is clearly desirable. Furthermore, in the
next decade and beyond we expect great progress through
instrumental improvements in spectral resolution (thanks to
X-ray calorimeters) and greatly enhanced telescope collecting
area with missions such as XRISM (Tashiro et al. 2018), Athena
(Barret et al. 2018), and Lynx (Falcone et al. 2019). Higher
sensitivity to detect faint lines will allow examination of the
nuclear burning process in remnants of Type Ia (as well as
core-collapse) SNe in much greater detail. In the rest of this
section, we highlight for a few other Type Ia SNRs some topics
related to Fe-group nucleosynthesis, guided by our nucleo-
synthesis models and with an eye toward future studies.

3C 397 and titanium and chromium: Yamaguchi et al. (2015)
showed high Ni/Fe and Mn/Fe mass ratios in 3C 397, which
indicates high neutronization in the SN ejecta that can only be
achieved by electron capture in the dense cores of exploding WDs
(i.e., n-NSE) with a near-Chandrasekhar mass. 3C 397 is a bright,
spatially extended X-ray remnant (covering a size of ~5’ x 3/).
Thus, it is possible to investigate the spatial distribution of
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Fe-peak elements in this remnant. Specifically, finding a structure
with a low Ca/Fe mass ratio and and a high Ni/Fe ratio would be
strong evidence for the presence of the n-NSE burning regime in
the remnant. This can be seen in the n-NSE parts of Figure 6
(left panels for the near-Mc,) which correspond to peak
temperatures >8.5 x 10° K (red and purple colored points).
Safi-Harb et al. (2005) have presented a spatially resolved
spectroscopic study of 3C 397 using Chandra observations (see
also Jiang & Chen 2010). They showed a low Ca/Fe abundance
in both the eastern ([Ca/Fe]/[Ca/Fe]. ~0.12) and western
([Ca/Fe]/[Ca/Fe], ~0.21) lobes of the remnant, which corre-
spond to mass ratios of ~0.4%—0.7%.'" These low mass ratios
imply an origin deeper into the incomplete Si burning than for
the Kepler Fe-rich structure (i.e., slightly below horizontal band
in the middle panels of Figure 6). They also found spatial
variation of the element distributions in the remnant. Measuring
the Ni/Fe mass ratio at places where Ca/Fe is low and
following the approach we have developed here could provide
evidence for the presence of material from the n-NSE regime.
A more detailed spatially resolved spectroscopic study will be
important for understanding nucleosynthesis in the explosion of
3C 397.

Future observations of Ti and Cr in 3C 397 will be
interesting because the production of these elements in the
n-NSE layer is very sensitive to the central density of the WD
(e.g., Woosley 1997; Dave et al. 2017; Leung & Nomoto
2018). *°Ti and ***Cr are produced at the deepest layers in
near-Mcy, explosions (see dashed green and solid purple curves
in Figure 1). The large amounts of *°Ti and 3254Cr at the core
thanks to electron capture offers the possibility of obtaining
additional strong evidence for a near-Mcy, explosion. At higher
central densities, the production of these elements increases. In
Yamaguchi et al. (2015), their models with central density of
3 x 10° gecm ™ required relatively high metallicities Z ~ 5.4
Z, in order to reproduce high mass ratios for both Ni/Fe and
Mn/Fe. On the other hand, if the central density were
sufficiently high (5-6 x 10°gcm ™), then the high Mn/Fe
and Ni/Fe mass ratios in 3C 397 could be reproduced even
with a normal progenitor metallicity (1-1.5 Z.) (Dave et al.
2017; Leung & Nomoto 2018). A test of whether the progenitor
WD of the 3C 397 explosion had such a high central density
would be finding a Ti and Cr rich region in the SNR. Such a
finding would allow an estimate for the central density of the
progenitor to be made.

W49B and nickel: Recently, Zhou & Vink (2018) discussed
a Type Ia SN origin for W49B. They found a high Mn/Cr mass
ratio of ~1.3 (0.8-2.2) and estimated a rather high metallicity
of Z=0.127043 = 871% Z. for the progenitor, assuming the
incomplete Si-burning regime in a Type la explosion. They
also suggested the possibility of a combination of both
incomplete Si burning and n-NSE (“normal” freeze out)
material in order to explain their overabundance of manganese.
We note that these authors did not discuss Ni, which is
arguably more important for understanding the burning regime
and the progenitor metallicity.

From the XMM-Newton spectrum of the bright central region
in W49B, Miceli et al. (2006) derived a large overabundance
of nickel, Ni/Ni, = 10*} (using the solar values in Anders
& Grevesse 1989). Using their results we estimate that the

19 Safi-Harb et al. (2005) did not quote a reference for the solar abundance
values they used. We assume they used the Anders & Grevesse (1989)
abundance values as in their earlier paper (Safi-Harb et al. 2000).
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observed Ni/Fe mass ratio is not so high, <8% (90% upper
limit). W49B is now known to be in an overionized state
through Suzaku observations (Ozawa et al. 2009), which tends
to reduce the fitted Ni abundance from the values derived with
the spectral models used by Miceli et al. (2006). For an
overionized plasma, there is a relatively strong Fe—He(3 cascade
line (principle quantum number n =3 — 1) close to the
energy of the Ni-Ka line. In spectral models that do not
include the overionization condition, the flux of the Fe-He(
cascade line is incorrectly attributed to Ni Ka. When Ozawa
et al. (2009) tested the use of a collisional ionization
equilibrium (CIE) spectral fit, they too derived a large
Ni/Ni, abundance ratio of ~10.9 from their Suzaku data,
which is consistent with that measured by XMM-Newton. On
the other hand, by considering the recombination lines and
continuum, they estimated a smaller abundance of nickel,
Ni/Nig ~ 5.2 (almost half the CIE result). Thus, the actual
Ni/Fe mass ratio in the bright central region should also
be smaller, <4% (again, assuming half the CIE result). The
NuSTAR observations also detected the Ni emission at both the
east and west sides of the remnant (Yamaguchi et al. 2018)
where the observed Ni/Fe mass ratio is estimated to be
~4%—5%.

Here we emphasize the relatively small amount of Ni with
respect to Fe (the observed Ni/Fe mass ratio is ~5% at most)
in the remnant, which is difficult to explain with our Type la
nucleosynthesis models. Although the value of the mass ratios
of Mn/Cr ~ 1 and Ni/Fe < 0.05 naively suggest an origin in
the incomplete Si-burning zone and in particular to the lowest
peak temperatures shown in the top and bottom panels of
Figure 6, in fact such a scenario would require the reverse
shock in W49B to have propagated only to a mass coordinate
of ~1 M, so that only the outermost portion of the ejecta was
emitting X-rays. This is inconsistent with estimates of the age
of W49B (5-6 kyr: Zhou & Vink 2018) and the presence of
very bright Fe—-K emission, which requires that most of the
ejecta be shock-heated already (e.g., Patnaude et al. 2015). In
the case of a progenitor with supersolar metallicity, such as
Z =8%1% 7., the Ni/Fe mass ratio in the NSE and n-NSE
should be much higher than a few percent. This can be seen in
Figure 6 (bottom left), where the high-metallicity model plotted
(with Z = 5.04 Z) shows Ni/Fe mass ratios close to ~20% in
the NSE region. Therefore, the observed small amount of
observed Ni does not support such an extremely high-
metallicity case. In addition, if the n-NSE layer in W49B is
already heated, it should be the Fe-rich region that is colocated
with a large amount of Ni with a Ni/Fe mass of >10% (see
>7 GK region in the bottom left plot in Figure 6). However,
there is no trace of such a structure in the remnant. Also in this
case, the total amount of Ni in the whole remnant should be as
large as 3C 397 (Ni/Fe = 11%-24%; Yamaguchi et al. 2015),
which is a few times larger than the mass limits in W49B.

Next, we consider the mass ratios estimated from the
spectrum of the whole remnant and compare them to the yields
integrated over the entire ejecta. In Figure 10, we plot the Mn/
Cr and Ni/Fe mass ratios for W49B (gray box) and 3C 397
(yellow box). The Mn/Cr ratios are comparable to each other,
however the Ni/Fe mass ratio in W49B is significantly less
than that in 3C 397: <5% versus 11%—24%. We also plot mass
ratios from some SN Ia models (various curves plotted with
different colors). This figure shows that no existing Type la
model can reproduce the low integrated Ni/Fe mass ratio in
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Figure 10. A scatter plot between the Mn/Cr and Ni/Fe mass ratios. The data
plots of mass ratios were estimated from the integrated SN ejecta in Type la
models. The filled gray area and yellow area show the observed values for
W49B and 3C 397, respectively. The filled circles show the 1D models in
Bravo et al. (2019). The filled and hollow stars show the 2D (Maeda
et al. 2010) and 3D (Seitenzahl et al. 2013) models, respectively.

W49B. In particular, the models that can explain the observed
element abundance of W49B in Zhou & Vink (2018) (e.g.,
N100, N1600, O-DDT) have much larger Ni/Fe mass ratios.
Therefore, the high Mn/Cr mass ratio cannot necessarily be
caused by the n-NSE layer in the near-Mc;, explosions. Thus,
we argue that accurate measurements of the Ni abundance in
W49B are necessary to arrive at a definitive conclusion on its
origin.

We note that a SN Ia origin for this object would also require
an explanation for its large Fe-Ko centroid and luminosity,
which are among the highest in the sample of X-ray bright
SNRs (Yamaguchi et al. 2014; Martinez-Rodriguez et al.
2018). To produce such a large ionization timescale at the
estimated age and radius of W49B would require a very strong
CSM interaction (Badenes et al. 2007), which would make this
object unique among Type Ia SNRs.

In the case of core-collapse models, there can be a large
variation in the yields depending on the electron fraction Y, at
the burning layer. In many studies, the Y, value is fixed in the
calculation to model a specific observational abundance
pattern, and the actual Y, value may not be indicated. For
example, the core-collapse models of Nomoto et al. (2006) that
are referenced in Zhou & Vink (2018) assumed a high electron
fraction Y, = 0.4997 at the incomplete Si-burning zone in
order to explain the abundance patterns of metal-poor stars (see
also Umeda & Nomoto 2005), which produced a low
abundance of Mn in the models. Considering the uncertainties
in Y. might change the impression of Figure 9 in Zhou &
Vink (2018).

Tycho’s SNR and titanium: Miceli et al. (2015) claimed
detection of a shocked Ti line at an energy of ~4.9keV in
Tycho’s SNR using XMM-Newton data. Their results indicated
that the shocked Ti was spatially colocated with other iron-peak
nuclei. However, Yamaguchi et al. (2017) reported no
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and the metallicity of Z = 0.009 (filled star), Z = 0.0225 (filled diamond), and
Z = 0.0675 (filled circle).

detection of this line with Suzaku. In addition, the centroid
energy of the purported Ti line indicated a hydrogen-like
charge state rather than the more plausible helium-like or lower
charge state. Also, the precise values of the fit parameters for
the thermal plasma spectral model (i.e., ionization age and
electron temperature) can influence the intrinsic emissivity of
the Ca Hery line at ~4.9 keV, which may be the origin of the
line structure. The typical Ti/Fe mass ratio at the incomplete
Si-burning regime is ~0.1% (see Figure 11), so verifying the
existence of shocked Ti line emission will likely need to wait
for much deeper X-ray spectra.

Detecting radioactive **Ti would also be interesting for
Tycho’s SNR. Actually, **Ti is not produced sufficiently in
either of our near-Mc, delayed detonation or sub-Mcy
detonation models, whereas double-detonation models with a
massive He shell of ~0.1-0.2 M, predict a large amount of
“Ti (e.g., Woosley & Weaver 1994; Livne & Arnett 1995;
Fink et al. 2010). For these double-detonation models, the
44Ti is produced by the He detonation, and those elements (also
including a large amount of Fe) should be distributed around
the outer edge of the ejecta. Thus, the spatial distribution of
“Ti will be quite different from that in core-collapse SNe (e.g.,
Grefenstette et al. 2017).

The detection of **Ti in Tycho’s SNR is still controversial.
Wang & Li (2014) reported a bump in the 60-90 keV energy
band by the International Gamma-Ray Astrophysics Labora-
tory, potentially associated with the **Ti line. There is also the
potential detection of the same hard X-ray features by Swift/
BAT (Troja et al. 2014). On the other hand, NuSTAR
observations showed no evidence for these *“*Ti lines and set
an upper limit on the mass of **Ti of <2.4 x 10™* M, for a
distance of 2.3 kpc (Lopez et al. 2015). In addition, there is no
trace of the He detonation shell in this remnant, which would
support this small amount of synthesized **Ti. Future
observations by X-ray calorimeters may be able to set a tight
u})per limit on the **Ti mass using the cascade line from
#gc (~4.1keV for neutral, ~4.3 keV for He like). In addition
to Tycho’s SNR, searching for the **Sc cascade line in the
young SNR G1.9+0.3 (Borkowski et al. 2010) should be
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fruitful with X-ray calorimeter missions as long as Doppler
velocity smearing of the line is not too extreme.

Cobalt in Type Ia ejecta: Co will also be an interesting
species for tests of Type Ia nucleosynthesis at deeper layers.
*Co is produced as *°Cu and *’Ni at the a-rich freeze out and
as >’Co and *’Ni in n-NSE layers (dashed blue curve in
Figure 1, and also see Iwamoto et al. 1999). This is a neutron-
rich element in origin (as compared to iron, mainly coming
from “°Ni), thus the amount synthesized depends on the extent
of neutronization from both the progenitor’s metallicity and
electron capture. Thus, this element is produced similarly to
>8Ni. On the other hand, the K-shell emission from Co will
appear in a complex region around 6.9-7.2keV where the Fe
Lya and K@ emissions exist. Therefore, X-ray calorimeter
missions with a large effective area (e.g., Athena, Lynx) will
offer the best chance for detection.

Figure 11 summarizes the model prediction for the Ti/Fe
and Co/Fe mass ratios. From regime to regime, the production
of each element differs from each other. Here we can see
clearly that the Co/Fe mass ratio has the stronger metallicity
dependence. The Co/Fe mass ratio at the NSE regime
is <0.3%. At the core of exploding WDs, the Co/Fe mass
ratio grows to ~0.2%—2%.

5. Summary and Conclusion

Iron in SNe Ia is mainly produced at inner layers (incomplete
Si burning, NSE, n-NSE) of the explosion, which means that
the Fe-rich structures in SNe la and SNRs carry information on
the interior properties of exploding WDs. The mass fractions
among the Fe-peak elements at these layers vary from layer to
layer. Therefore, by measuring the mass fraction in observed
Fe-rich structures, we can determine the origin of these features
and probe nucleosynthesis at interior burning layers of the
explosion. We have demonstrated this capability here for an
Fe-rich structure in Kepler’s SN remnant.

Chandra X-ray observations reveal the existence of a high-
speed Fe-rich ejecta structure moving at ~5000-8000 km s~
at the southwestern region in the remnant. Such high velocities
that exceed the mean expansion velocity of the rim means the
Fe-rich structure is located close to the outermost extent of the
remnant. We found strong K-shell emissions from Fe-peak
elements (Cr, Mn, Fe, Ni) and calcium in the Fe-rich structure
for the first time. From these, we determined Ca/Fe, Cr/Fe,
Mn/Fe, and Ni/Fe mass ratios of 1.0%-4.1%, 1.0%-4.6%,
1%-11%, and 2%-30%, respectively. All of these observa-
tional mass ratios are consistent with a narrow range of peak
temperature (~5.0-5.3 x 10° K) within the incomplete Si-
burning layer for a progenitor with supersolar metallicity,
Z > 0.0225. Thus, we conclude that most of the ejecta in the
Fe-rich structure was processed by incomplete Si burning.

At present, we do not have a clear understanding of how to
produce such a distinct structure of incomplete Si-burning
ejecta close to the edge of a remnant. Theoretical studies
suggest some mechanisms for producing Fe clumps in the
initial stage of the explosion (most likely during the
deflagration phase), however there are no accurate predictions
of the properties of such structures. We hope that future
theoretical studies will reveal more about clumping in SN Ia
explosions.

We also discussed future prospects on Type Ia nucleosynth-
esis with planned and future X-ray calorimeter missions. The
optimal measurements of faint X-ray lines (e.g., Ni, Ti, and Co)
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Figure 12. Left: the enlarged image around the Fe-rich structure at the southwestern region. Right: X-ray spectra in region A (red) and B (black). The blue curve
shows a spectral model (vvpshock + power law) with the element composition at the incomplete Si-burning layer (Tpeq = 5.3 X 10° K). The mass ratios of Si /Fe,
S/Fe, Ar/Fe, and Ca/Fe at this layer are 0.013, 0.019, 0.009, and 0.017, respectively. We assumed a 6 keV plasma model with a blueshifted velocity
of ~5000 km s~ '. The black and red lines show best-fit models consisting of a power law + several Gaussian models.

from local spots in Type Ia SNRs will require high spectral
resolution, large collecting areas, and arcsecond imaging. Such
advanced spectra have the potential to reveal much about SN Ia
explosions and their progenitors.
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Appendix
Detailed Analysis of the Fe-rich Structure

The Fe-rich structure we focused on in this study is located a
little inside in the 2D image, probably due to projection effects.
Therefore, the element composition in the region may have
contamination from the area overlapping on the LOS. Our
conclusion (the incomplete Si-burning origin for the Fe-rich
structure) crucially depends on the observed Ca/Fe (Figure 5).
If the observed element abundances, in particular Ca/Fe, were
highly contaminated from the other structures, it would be
difficult to support this conclusion. Thus, we here show a more
detailed analysis for the Fe-rich structure to strengthen our
interpretation.

We extracted spectra from region A and B (Figure 12).
Region A is adjacent to the Fe-rich region we defined in
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Figure 2, where the emission should be similar to the
contamination from the overlying outer layers. Region B
consists of the brightest knots in the Fe-rich structure where the
spectrum with less contamination should show the elemental
composition of this structure more purely. The comparison
between them will help us to understand the contamination in
the Fe-rich structure.

First, we found the X-ray lines in these regions have
different centroid energies. In particular, we can see clearly that
both Si Ka and Fe Ka have higher centroid energies than those
in region A, which implies the lighter elements are also moving
together with the iron. In fact, the line centroids are well fitted
with a blueshifted velocity of ~5000 kms ™' (Figure 12 right).
If these lighter elements are pure contamination from the other
regions, the line centroids would be different as in region A.
Therefore, the line centroids would support the same origin
between the iron and the other lighter elements.

Second, we found the element abundances including the
lighter elements in region B are very similar to those in the
incomplete Si-burning layer of our SN Ia models. The blue
curve in the right panel of Figure 12 shows a spectral model
assuming the elemental composition at the incomplete
Si-burning layer. Here, in particular, both silicon and calcium
are fitted very well by the model composition. At the n-NSE
layer, we need almost zero abundance for both silicon and
calcium (see Figure 1), which implies that the n-NSE origin for
this structure would not be reasonable. Thus, the elemental
abundances including the lighter elements can also support the
incomplete Si-burning origin for the Fe-rich structure.

Based on these results, we conclude the contamination from
the other structures to the Fe-rich structure is not significant and
does not change our interpretation.
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