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Abstract

We use the Fe Ko emission in X-rays from non-equilibrium ionizing plasmas as a probe to explore the dust in
supernova remnants (SNRs). We applied our model to Cassiopeia A (Cas A), a well-studied SNR with plenty of
observational data as a test. We use Chandra Advanced CCD Imaging Spectrometer 980 ks data of Cas A, and
AtomDB v3.0.9, an atomic database for X-ray plasma spectral modeling, to fit 248 spectra. A two-temperature
model is adopted to describe the physical conditions of shocked ejecta and iron-rich plasma. We measure the Fe
Ko flux ratio and the centroid difference of the dust and gas contributions. We find strong 6.4 keV line emission
components, which indicates that iron-rich dust can survive within Cas A’s shocked ejecta. We also find that the
Fe Ka complex demonstrates an apparent double-hump structure in some Fe—K rich regions, which may be
caused by both dust and multi-ejecta structure in Cas A. The results of Fe Ka structures are consistent with our
model for a dust cloud embedded in multi-phase ejecta and suggest the presence of both dust sputtering and drag
effects in those regions. It is currently still limited by the low spatial and spectrum resolution for the current X-ray
detectors, but should be more useful when the new generation, high-resolution X-ray telescopes come into

service.
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1. Introduction

Dust is an essential component of the interstellar medium
(ISM), playing a critical role in various processes at
multiscales from star formation to galaxy evolution. A study
on the formation, evolution, and composition of dust is a
fundamental research area of ISM physics, but has not been
fully understood. Dust was previously considered to be mainly
produced by stellar winds from low-mass stars during their
Asymptotic Giant Branch phase (Gehrz 1989). Later, the
evidences of extinction features in the spectra of some high-
redshift quasars reveal that dust grains existed in galaxies
before a significant number of low-mass stars had evolved
sufficiently to inject dust into the ISM (Pei et al. 1991; Dwek
et al. 2007). Supernova (SN) explosions have been increas-
ingly recognized as playing a vital role in producing and
injecting dust into the ISM, especially in the early universe
(Nozawa et al. 2003; Schneider et al. 2004; Cherchneff &
Dwek 2010) for multiple reasons. First, elements such as C, Si,
Ca, and Fe ejected by SN explosions could be crucial
constituents of dust grains. Second, the dust production
efficiency of SNe is considerable, with an average dust
injection mass of 21M. per SN in high-redshift galaxies

(Dwek et al. 2007). It has also been shown that SNe in quasars
and submillimeter galaxies at z=4 collectively produced
about ~7 x 10’ M, of dust within their host galaxies over
approximately 2 Gyr (Rho et al. 2008).

The Fe K« fluorescence emission line observed in the X-ray
band can be a probe for investigating supernova remnant
(SNR) dust. Strong Fe Ko lines are commonly detected in
SNRs and play important roles in various aspects of SNR
science, such as distinguishing progenitor types (Yamaguchi
et al. 2014a; Siegel et al. 2021), and constraining the ionization
age and electron temperature of the plasma (Yamaguchi et al.
2014b). Borkowski & Szymkowiak (1997) demonstrate that
interstellar dust grains in hot plasmas can produce X-ray
emission lines via fluorescence. Energetic electrons penetrat-
ing dust grains create inner-shell vacancies in atoms like iron,
which then emit Ka photons (e.g., Fe Ka around 6.4 keV) in
addition to the lines from collisional ionization. In addition to
shifting the centroid, dust produces a characteristic line profile
shape. The neutral Fe Ka photons from dust appear as an
“asymmetric, redshifted shoulder” on the low-energy side of
the overall Fe Ka line. In other words, the Fe Ka complex in a
dusty plasma should be skewed, with an extended low-energy
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wing due to the 6.4keV component. This effect would be
especially noticeable when the dust line is well-separated in
energy from the ionized Fe lines (e.g., in a plasma where most
Fe is He-like /H-like, ~6.7 keV). Such a red wing in the Fe Ka
profile is an important observational clue: its presence would
strongly indicate fluorescent Fe emission from dust grains.
Borkowski & Szymkowiak (1997) conclude that fluorescent Fe
Ko lines from dust likely occur in young SNRs’ spectra,
meaning that one cannot successfully model the X-ray lines
without accounting for iron depleted into dust and its
fluorescent emission. Incorporating these effects not only
improves spectral fits but also provides a novel way to gauge
the amount of iron residing in dust grains in objects like
Cassiopeia A (Cas A) by comparing the dust-origin Fe Ko
emission to that from ionized iron. Low-energy cosmic rays
(CRs)—e.g., keV electrons or MeV protons—can ionize the Fe
K-shell in neutral or weakly ionized gas, producing 6.4 keV
Ka lines (Tatischeff et al. 2012; Saji et al. 2018; Nobukawa
et al. 2019). In Cas A, the fast shocks can accelerate particles,
and if those CRs encounter Fe-rich ejecta or clumps they could
yield 6.4 keV. However, there is no firm evidence that Cas A is
interacting with dense gas (Zhou et al. 2018), so the target for
CRs would be the ejecta itself in gas or dust form.

Cas A, a ~350 yr old core-collapse SNR (Fesen et al. 2006),
provides an especially compelling case for this phenomenon.
The observed Fe Ka feature in Cas A appears to have a slight
asymmetry or tail toward lower energies that cannot be
explained by ionized Fe emission alone. This is motivation to
search for a 6.4 keV fluorescent line that emerges underneath
the dominant 6.6-6.7 keV line. Cas A also contains substantial
dust (detected via its infrared thermal emission), so it is
plausible that some fraction of its Fe remains in grain form and
produces this fluorescent Ka component. The implication is
that the ionization timescale of Cas A’s Fe-rich plasma might
be even higher than one would infer without dust, since a small
6.4keV contribution can make the centroid appear slightly
lower (younger) than the true state. More generally, the Cas A
data reinforce that fluorescent Fe Ko lines from dust are likely
present in young SNRs and should be considered when
interpreting their spectra. Ignoring dust can lead to inaccurate
modeling of Fe lines, whereas including a dust-origin 6.4 keV
component can improve fits and yield more physically realistic
parameters (e.g., higher 7 for Cas A’s shocked ejecta). Cas A’s
Fe Ka characteristics—a high 6.6 keV centroid with a faint red
wing (Borkowski & Szymkowiak 1997)—are consistent with a
mostly ionized plasma that still harbors a minor but detectable
contribution from Fe in dust grains.

In this study, we aim to use Chandra’s high spatial
resolution to conduct a region-by-region spectral search for
significant 6.4 keV emission. By isolating specific areas within
Cas A that may contain relatively unprocessed ejecta or
enhanced dust content, we can better assess the spatial
distribution of neutral Fe fluorescence and identify sites where

Lu et al.
Table 1
Observation Information
Obs 1D Instrument Start Date Exposure PI Name®
(ks)

4634 ACIS-S 2004-04-28 05:43:26 148.62 Hwang
4635 ACIS-S 2004-05-01 00:44:20 135.04 Hwang
4636 ACIS-S 2004-04-20 08:41:03 143.48 Hwang
4637 ACIS-S 2004-04-22 18:22:53 163.50 Hwang
4638 ACIS-S 2004-04-14 19:47:55 164.53 Hwang
4639 ACIS-S 2004-04-25 09:37:41 079.05 Hwang
5196 ACIS-S 2004-02-08 17:41:35 049.52 Hwang
5319 ACIS-S 2004-04-18 21:18:33 042.26 Hwang
5320 ACIS-S 2004-05-05 22:59:36 054.37 Hwang
Total 980.37
Note.

? PI Name refers to the Principal Investigator of each observation.

dust grains may still survive and contribute to the X-ray
spectrum. We present a spectral analysis of Fe—K rich regions
in Cas A. We use an empirical model of power-law of for
continuum to detect emissions at 6.4keV. The regions
showing significant 6.4 keV emission were further analyzed
using a two-temperature plasma model to identify evidence of
emission from dust. This paper is organized as follows: we
briefly describe the data of Chandra Advanced CCD Imaging
Spectrometer (ACIS) observations of Cas A and data reduction
methods in Section 2; present the results of our spectral fits
using the empirical model and the two-temperature plasma
models in Section 3; and provide a summary and conclusion in
Sections 4 and 5.

2. Data and Data Reduction

We use the 980ks ACIS observation obtained by the
Chandra X-ray Observatory in 2004, detected by the ACIS-S3
detector, which contains nine observation segments, observed
by Hwang & Laming (2003) and Laming & Hwang (2003).
We list the observation information in Table 1. We select
observations having as many segments as possible within the
same year to reduce fitting errors and improve the S/N.

The software we used includes: Chandra Interactive
Analysis of Observation (version 4.14, with the CALDB
version 4.9.6) for data analysis; XSPEC (version 12.12.0,
Arnaud 1996; with AtomDB v3.0.9; Smith et al. 2001; Foster
et al. 2012) for fit spectrum. Here, the cstat is selected as the
fitting statistic. In addition, we fit the source and background
spectra simultaneously in XSPEC, instead of subtracting the
background spectra. The spectra are rebinned and grouped for
plotting purposes.

3. Spectral Analysis

We divided Fe-K rich regions in Cas A (DeLaney et al.
2010) into directional sectors and radial shells as shown in
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Figure 1. (a) Spectral tomographic image of the Fe K emission as positive brightness (DeLaney et al. 2010). The light area represents strong Fe K emission (6—7
keV) relative to the continuum emission (4—6 keV). (b) The radial pie shell spectrum extraction regions marked on a normal Chandra ACIS-S image (0.1-10.0 keV)
with nw_I, nw_II, se_I, se_II, sw corresponding to five big pie sections. Each section is split into several small shells. The purple circle marked out the current
location of the RS in Cas A (Orlando et al. 2022). The small purple grids split the dusty shell radially. The yellow grids denote the dusty cells for which the extracted

example spectrum is shown in Figure 4.

Figure 1. To search for dust emission, we apply a two-step
analysis of the spectra. First, we fit the spectra with an
empirical method to identify the region with a significant
6.4keV neutral Fe line. The empirical model comprises a
power-law for the continuum and three Gaussian emission
lines. The Gaussian line fixed at 6.4keV (representing the
neutral iron Ko line from dust) had zero intrinsic width, while
the other two lines represent iron Ko and K@ (or a blend of
iron Kf and nickel Ka) from shocked gas, with free centroid
energies and widths. Shells with significant 6.4 keV Fe line
detection, which has the flux ratio R; = fo 4 /fsas deviating from
0 at 30 significance level, were further divided into smaller
boxes (5" x 5"), fs4 is the flux of the first Gaussian line
representing the neutral iron Ko line, fy,s is the second
Gaussian line which is the collisional ionized Fe ko«
component. Each spectrum (0.5-8 keV) from the box region
was fitted using a physical two-temperature non-equilibrium
ionizing (NEI) plasma model (tbabs(vpshock + vnei)), with
abundances and redshifts free. Finally, a Gaussian line,
representing emission from the dust, was added, and correla-
tions between its centroid energy and plasma redshift were
analyzed.

3.1. Empirical Model

Spectra from each shell were extracted in the Fe-K band
(5.0-8.0keV) and fitted with an empirical model composed of
a power-law continuum plus three Gaussian lines. The first
Gaussian component (gaul), representing neutral Fe Ko
emission from dust, was fixed at 6.4 keV with zero intrinsic
width. The second and third Gaussian components (gau2 and

gau3), accounting for the Fe Ko and Fe K (or a mixture of Fe
K@ and Ni Ka) emission from shocked ejecta or ISM, had
freely varying centroid energies, widths, and normalizations.

We calculated the flux ratio gaul to gau2, Ry = fo 4/feas for
each shell and selected those with dust emission above a 30
significance threshold for further analysis in Section 3.2. The
radial profiles of the gau2 centroid and R, for each sector from
the empirical model fitting are shown in Figure 3. An increase
in the centroid energy near the reverse shock (RS) reflects the
recent RS interaction and heating of Fe-rich ejecta. Each sector
contains about five shells meeting the 3¢ threshold, identifying
them as potential regions where dust has survived. Spectra
from these dust-rich shells typically show either a red wing at
Fe Ka, consistent with the scenario described by Borkowski &
Szymkowiak (1997), or a distinct hump near 6.4 keV if the gas
emission centroid energy is sufficiently high. An example
spectrum from one of these Fe—K-rich dusty shells is presented
in Figure 2.

3.2. Physical Model

Shells selected from the empirical model fitting were
subdivided into 5” x 5” box regions. The box size was chosen
to ensure sufficient photon statistics while minimizing
contamination from plasma components with varying tem-
peratures and ionization states. We then fitted the extracted
spectra from these box regions using a physically motivated
model. Given that the plasma in Cas A is in an NEI state
(Hwang & Laming 2012; Rutherford et al. 2013), we fit the
spectra in 0.5-8.0 keV with an absorbed two-temperature
plasma model tbabs(vpshock + vnei). The low-temperature
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Figure 2. Example spectrum which contains Fe Ka red wing feature from our pie regions: best fit result from the 19th shell (from the outermost to inside) in sector
se_II. Data points have been rebinned for a significance of 30 on every 15 counts in plotting. The green is the source spectrum, and the black one is the total flux
curve. Three Gaussian hump components are gaul, gau2, gau3 from left to right, respectively. Red hump (gaul) is regarded as the dust component. Black humps
(gau2, gau3) near 6.6 and 7.8 keV correspond to the Fe Ka and Fe K complex contributed by gas (maybe Fe K73 is a mixture signal of Fe K3 and Ni Ka),

respectively.

component vpshock represents shocked, iron-poor NEI mat-
erial, while the high-temperature component vnei describes the
hot, iron-rich NEI plasma. A similar modeling approach was
previously applied to spectra from iron-rich ejecta regions
(Hwang & Laming 2009, 2012). We used the solar abundances
from Wilms et al. (2000).

For vpshock, abundances of O, Ne, Mg, Si, S, Ar, Ca, and Fe
were allowed to vary freely, while only Fe abundance was free
in the vnei component. Given the radial velocities of
~10°kms™" according to Hwang et al. (2001), DeLaney
et al. (2010), the redshift parameter of each component was
allowed to vary during fitting.

After obtaining the best fit result from the model tbabs
(vpshock+vnei), we introduced an additional Gaussian line to
model possible dust emission. The energy of the Gaussian line
was initially set to 6.4keV and allowed to vary, with its
intrinsic width fixed at zero and normalization free. After
fitting the full dataset, we examined the correlation between
the fitted Gaussian line centroid energy (lineE) and the redshift
of the high-temperature component.

In our two-temperature model fitting, most box regions
yielded reduced x* < 1.3. However, several regions exhibited
relatively poor fits, with reduced x*>1.5. These regions
shared a common feature of significantly higher brightness

compared to others, indicating more complex temperature
structures. This finding is consistent with results reported by
Hwang & Laming (2012), the reduced x* map (first subfigure
in their Figure 1) similarly shows small, bright regions with
large reduced x> (about 2-9), and their spatial distributions are
highly consistent with bright regions. Additionally, some of
these bright regions displayed strong Ti—K or Cr-K emission,
resulting in large residuals (up to 5 o) near the Ti Ko or Cr Ko
lines.

Spectral analysis revealed that the lower-energy band
(<4keV) is predominantly described by the vpshock comp-
onent vpshock, whereas the vnei component contributes mainly
at higher energies (24 keV). Comparison of fitting results
before and after adding the Gaussian component indicated no
significant changes in the derived parameters, k7., 7, normal-
ization of vnei component, unless the parameter cannot be well
restricted.

3.2.1. Fe Ko Feature

As shown in Figure 4, features near the lower energy end of
Fe Ka complexes appear more distinctly in some individual
cells compared to the shell spectra they belong to, exhibiting
three main characteristics in the extracted spectra. The first
feature is an overly broad Fe Ka complex, which cannot be
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Figure 3. The gau2 centroid and profile of R, at five pie regions in the empirical model. Faint red points mark R, values with <30 significance in fitting. All error
bars show the 90% confidence range. The purple vertical line marks the current RS radius.

fully described by the vnei model alone. The second feature is
a distinct plateau or “platform” at the lower energy edge of the
Fe Ka complex, indicating that the flux density decreases
more slowly toward the lower energy end, whereas the higher
energy end declines more sharply. The third feature manifests
as a double-humped structure separated by a gap of
approximately 200-300eV hump gap. Collectively, these
features suggest the presence of an additional ionization
component characterized by a lower ionization age in Fe ejecta
across numerous dusty cells. We provide the spectral fitting
results in Tables 2 and 3 for the regions in Figure 4. Our results
are largely consistent with previous studies. For instance, the
velocity range of Fe ejecta derived from our analysis is within
+4000 km s~ ', which agrees with earlier observations and 3D
Doppler reconstructions (DeLaney et al. 2010; Milisavljevic &
Fesen 2013). Additionally, the derived ionization ages for the
vpshock component fall within the range of 10''-10"* cm s,
consistent with values reported by Hwang & Laming (2012).

We generated distribution diagrams showing the relation-
ship between lineE (6.4) and the redshift of the vnei
component. Cells were filtered based on several customized
conditions relevant to the fitting scenario. The first constraint
was the component significance, requiring the 6.4keV
component to exceed a statistical significance of 3o. This
was the most important constraint. The second constraint
involved the centroid energy lineE(6.4). Due to its freedom
during fitting, in some cells the best fit value exceeded the
centroid of the Fe Ko emission from the vnei component, a
scenario that cannot be explained by our dust model. We
empirically filtered out cells where the fitted lineE(6.4) was

greater than 6.55 keV. The third constraint concerned normal-
ization, specifically ensuring the ratio of the normalization of
vpshock component to that of the vnei component should be no
less than 1/10. Otherwise, spectra from these cells would
unphysically show a minor vpshock contribution and a
disproportionately large vnei contribution to the Fe Ka band.
After applying these constraints, 121 spectra remained.

An anti-correlation between lineE(6.4) and the vnei redshift
is apparent in each pie region, and even within some shell
groups, particularly in the NW and SW regions as shown in
Figure 5. Although a global anti-correlation in the SE sector is
less evident, it is locally clear, for example, in three cells from
sector SE_II. These results support the dust drag effect
hypothesis. After the explosion, dust embedded in shocked gas
is forced to co-move with the gas, as suggested by trajectory
and dynamical analyses of shocked dust by Nozawa et al.
(2006). This process leads to an additional dust sputtering
mechanism known as non-thermal sputtering. We calculated
the timescale for non-thermal sputtering (as well as dust
deceleration due to drag) in Cas A using the method described
by Nozawa et al. (2006) and found that it is shorter than the
age of the remnant.

4. Discussion

Iron dust observed in the X-ray band is used to trace dust
enclosed by hot ejecta (>10° K) in SNR, as well as the clumps
and diffuse X-ray gas surrounding them. The positions of the
dusty cells marked in Figure 1 are well consistent with the
dusty regions observed in infrared in previous works (De
Looze et al. 2017; Niculescu-Duvaz et al. 2021), especially in
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Figure 4. Example spectra showing Fe Ko emission with two apparent ionization components. Data points are rebinned for 3o significance every 15 counts. Dark

blue lines show the vpshock component, light blue the vrei component, and red the zgauss component. Black and green lines are the fitted total and source spectra,
respectively. Insets zoom in on the Fe-K band, highlighting the Fe Ko complex structure.

sector SE_II. A large amount of cold dust(<10°K) can be
found in the southeast of the SNR image from the infrared
band, as well as in the northwest and southwest regions. This
indicates that these low-ionization Fe Ka components can be
produced by dust embedded in hot gas. It also indicates that

the ejecta and clumps in these regions are multi-phase,
consistent with previous conclusions (Rho et al. 2019).

After being swept by the RS, it is difficult for dust to survive
in diffuse X-ray gas. The enormous power and high dust
destruction efficiency of the RS in Cas A can destroy 92%-—
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98% of dust near the shock (Priestley et al. 2022). Therefore,
the dust-to-gas mass ratio (<107%) in X-rays will be much
lower than in the pre-shock gas, post-shock gas, and clumps
(Priestley et al. 2019, 2022). However, estimates from Nath
et al. (2008) and Micelotta et al. (2016) indicate that only 1%-—
20% of dust grains will be sputtered in the SNR ejecta. They
also suggest that dust cooling is effective in metal-rich ejecta.

Our dust sputtering model assumes a power-law distribution
for dust grain radius (Mathis et al. 1977, hereafter MRN).
However, this assumption is a simple and natural mathematical
model since it is currently impossible to observationally verify
the real-time radius distribution of SNR dust grains. Another
widely accepted hypothetical distribution is the log-normal
distribution, which has been applied in studies of dust and its
interaction with shocks in Cas A (Kirchschlager et al.
2019, 2020; Slavin et al. 2020; Niculescu-Duvaz et al.
2021). If we adopt an initial grain radius distribution as a
log-normal, the dust sputtering rate function with respect to 7
will change. However, we predict that this will only slightly
impact the MRN-based model, because as time progresses, the
distribution will rapidly become dominated by a power-law,
accompanied by a weak log-normal component (Kirchschlager
et al. 2019). Furthermore, the smaller the initial peak radius of
the log-normal, the lower the relative proportion of the log-
normal component in the final distribution. The power-law
distribution itself does not transform into another type of
distribution over time. Naturally, this is simply one possible
way to improve our dust model; it does not imply that the
MRN distribution is incorrect in this scenario. Indeed, MRN
has also been widely used in dust studies of Cas A (De Looze
et al. 2017; Priestley et al. 2019, 2022).

One possible explanation for the additional Fe ejecta
component manifested from the Fe Ko structure is a two-redshift
mixed ejecta. The first two features we mentioned in
Section 3.2.1 both consist of a main component accompanied

by a relatively weak component at the red wing. Without
additional factors, the intensities of these two components should
not systematically appear as a strong-weak intensity pair, as
described above. Thus, this explanation might only account for
the double-hump structure. The gap between the two humps
varies from about 200-300 eV in spectra exhibiting this feature
(see Figure 4), while the Fe Ka complex centroid typically ranges
from approximately 6400 to 6700 eV. If we include the Fe XXVI
Lya line in the complex, the upper limit of the centroid increases
to about 6800 eV. The Doppler velocity difference depends on
AE/E. If we choose the lower limit of its possible value range,
200/6800, this corresponds to a velocity difference of
~8800km s~ '. This implies that if these line gaps entirely result
from two redshifted components, the minimum velocity
difference should be >9000kms '. However, if we separate
the radii shown in Figure 10 from DeLaney et al. (2010) into
several discrete bins with widths of 5”, we find the maximum
velocity difference among the three main blocks of Fe-K rich
regions is ~4000km s~ " across all 5” radial bins. Additionally,
since each spectrum extraction region is restricted within a
5" x 5"box, only a portion of points from each radius bin in
Figure 10 (DeLaney et al. 2010) is included in our analysis. This
indicates that the velocity difference described above is certainly
less than 4000 km s~ ', meaning that the actual line centroid gap is
less than 100 eV. This gap is smaller than half of the centroid gap
observed in our spectra and is challenging to resolve clearly with
Chandra ACIS-S3.

The lower-energy Fe Ka line, the Gaussian line component
in our spectral model and the Ko emission from iron-high
ejecta, have an energy gap of 200-300 eV. Based on the dust
sputtering model (Borkowski & Szymkowiak 1997), which
thermal sputtering by hot plasma erodes dust grains and
releases refractory elements such as Fe into the gas phase, we
find that the Fe Ko centroid shift is about 150-250 eV when 7
is ~10'" em s and kT, is 2-10keV. This result aligns well
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Figure 5. Scatter plots showing the relationship between the fitted line energy of Fe Ka (6.4 keV) and the redshift of the high-temperature spectral component in
extraction cells from five pie regions. All error bars represent the 90% confidence intervals. Legend labels follow the format: [pie] [shelll] [shell2].

Table 2
Examples of Spectral Fitting Results Before and After Adding the Dust Line (I)
Component Parameter se 1174 sw_13_6
No Dust Line With Dust Line No Dust Line With Dust Line
thabs Ny (10 cm ™) 1.537003 1.49%00) 322 + 0.03 3201997
KT, (keV) 1.3450:92 1.4230:92 0.83759} 0.8750%
(vpshock) [0] 1.3559% 123 + 0.07 1.421934 0.72+93
[Ne] 0.7379%8 0.72 + 0.04 0.82+932 0.94+048
Mg] 0.9679%2 1017303 0.47+996 0.5274%
[Si] 6.4170%0 6.72 + 0.08 3.04750%8 2.841012
[S] 4.57+0% 4724043 2837922 2.641512
[Ar] 484 + 037 4.887040 434703 391 + 0.29
[Ca] 7.99583 8.057 088 8.1370% 7195073
[Fe] 0.0150:02 0.00-0:02 114402 1.16 + 0.06
7, (10" cm ™ s) 1.49+041 1.347008 56.467292 18.521724
redshift (1073 —8.0240:58 —8.02+3:58 —3.4070% —3.40°0%4
norm® (1074 13.30709%% 11987912 38007933 37.207944
Fe ejecta KT, (keV) 2,839 24109 6.137937 5.86194¢
(vnei) [Fe] 2827914 2.64+913 462793 3.687047
7 (10" em™3 5) 2.55+098 3424039 0.50391 0.58+9:93
redshift (1072) —3.361042 —6.99758 —5.0270:49 —6.0870%
norm® (104 2.8910% 3.324010 336 + 0.16 3.3310%
dust line lineE (keV) - 6.5007 0013 6.497+99%3
(gauss) norm (1077 7967338 12.081374
x?/d.of. 1.172 1.165 1.114 1.111
Note.

# Normalization is defined as: (10~'4/ [47rD§(1 + 22 f n.nydV, where D, is the angular diameter distance to the source (cm), and n,, ny are electron and hydrogen

number densities (cm™>).

with our spectral fitting results, especially the observed
centroid gap range of the two hump structures of Fe Ko
complex. This consistency provides a reason to consider dust-
originated Fe K« as a plausible explanation for this additional
ionization component. Otherwise, alternative mechanisms
must be explored to explain the low-ionization states of Fe.
Bamba et al. (2025) also observed and found that Fe K« line

profile is highly asymmetric, with a clear low-energy tail and
blending of multiple lines from XRISM/Resolve data. This
blending cannot be treated as a single line for Doppler
measurements. This asymmetry is a clear spectral signature of
incomplete ionization; some fraction of the Fe remains at
lower charge states, emitting slightly lower-energy Ko line
and thus skewing the complex line shape. Although a larger
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Table 3
Examples of Spectral Fitting Results Before and After Adding the Dust Line (II)
Component Parameter se_I1_19_2 se_IL_19_3
No Dust Line With Dust Line No Dust Line With Dust Line
thabs Ny (102 cm™?) 1.05 £+ 0.01 1.047001 1.80 + 0.01 1.78 + 0.01
KT, (keV) 1.635003 1.697041 0.94 + 0.01 1.00 + 0.04
(vpshock) [0] 0.007982 0.00 £+ 0.00 17.05°5% 22,9694
[Ne] 0.12:0% 0.12 + 0.04 3.3350% 5115041
Mg] 0.52+9% 0.5379%2 2.1379% 3.525013
[Si] 5.8010% 5.8140%7 15.56919 2273799
[S] 492793 4.9073% 12.61492 17.847739
[Ar] 5724032 5.66939 14.09+113 19.1741%
[Ca] 5.83+03%8 5.847033 19.31439 2625443
[Fe] 0.00 + 0.00 0.00 + 0.00 0.5954 0.7550%
7, (10" cm ™3 s) 17059 1.60+0:12 3.8750% 3.13 + 0.07
redshift (1073 —13.3579%4 —133115 —11.8079% —11.7979%
norm® (10™%) 14407343 13.99%9%7 740799 467738
Fe ejecta KT, (keV) 10.00+5%, 10.0075%; 5.3050% 3.1250%8
(vnei) [Fe] 3.2375040 3.4610% 3.337013 2.84 + 0.14
(10" em™3 s) 0.67+5%3 0.63 + 0.03 0.97+50 1681597
redshift (1073) —3.547022 —10.54799% —3.401019 —10.57+94
norm® (107%) 114112 0.975519 1.80 + 0.15 2.7350%8
dust line lineE (keV) 6.469+0.528 6.46510913
(gauss) norm (10~7) 10304343 - 14517218
*/d.of. 1.156 1.144 1.205 1.184
Note.

 Table notes are the same as in Table 2.

extraction region, 30” x 307, could include plasma with a
range of temperatures and ionization ages, we restrict our
spectral extraction to a smaller region, 5” x 5”, to minimize
contamination by multiple components. With its anticipated
spectral resolution of 2.5 eV up to 7 keV and spatial resolution
of ~ 5" (in-focus at 1 keV) provided by the X-IFU instrument,
Advanced Telescope for High-ENergy Astrophysics (Athena;
Barret et al. 2023) will enable precise separation of the 6.4 keV
Fe Ka fluorescence line from neutral or low-ionization iron
and the adjacent lines from He-like and H-like Fe. This
capability will facilitate the direct detection of dust-originated
Ko emission.

5. Conclusion

We present a Chandra 980ks exposure analysis of the
Galactic SNR Cas A. This is a new attempt for the connection
of SNR dust model to X-ray observations. Our analysis
supports the presence of neutral or low-ionization Fe Ko
emission likely associated with dust surviving in the hot,
metal-rich ejecta of Cas A. We discover a low-ionization
component in Fe ejecta by Fe Ka line analysis from Chandra
ACIS-S3 X-ray spectra in Cas A, which is possibly contributed

from Fe atoms locked in the dust. The observed double-hump
structures in the Fe K line profile cannot be fully explained
by Doppler shifts from redshifted or mixed-ionization ejecta
alone. Instead, the centroid gap between components aligns
well with theoretical predictions of dust-origin Fe Ko
emission, providing compelling evidence that dust contributes
to the spectral complexity. These results highlight the need to
incorporate dust into spectral models of Cas A and similar
SNRs. Athena’s X-IFU will enable precise separation of the
6.4keV Fe Ka fluorescence line from neutral or low-
ionization Fe and nearby lines, enabling direct detection of
Ko emission originating from dust.
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