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ABSTRACT

Context. While Tycho’s supernova remnant (SNR) is one of the most studied type Ia Galactic SNRs, a global view of the physical
properties of its ejecta is lacking to be able to understand its mysteries. In particular, the spatial distribution of the Si-rich ejecta line-
of-sight velocity presents a unexplained large-scale asymmetry, with the north dominantly blueshifted and the south redshifted.

Aims. To investigate the origin of this line-of-sight velocity asymmetry in the ejecta and its current dynamics, we carried out a detailed
X-ray spatially resolved spectral analysis of the entire shocked ejecta in Tycho’s SNR to determine the physical properties of its various
components. This study is based on the archival deep X-ray observations from the Chandra space telescope.

Methods. The spatially resolved spectral analysis in 211 regions over the entire SNR is based on a tessellation method applied to
the line-of-sight velocity map. We modelled the ejecta emission with two thermal non-equilibrium ionisation components of different
compositions for intermediate-mass elements (IME) and iron-rich ejecta. We included Doppler shift and line broadening and added
a power law for the synchrotron emission, and additional constraints. A Bayesian tool was used to conduct the fitting, using a nested
sampling algorithm. This allowed us to us to obtain a complete view of the statistical landscape.

Results. We provide maps of the physical parameters of the various components across the SNR ejecta. The Doppler shift map
spectrally confirms the large-scale north-south asymmetry in the line-of-sight velocity that was obtained from a general morphological
component analysis. We reveal different spatial distributions of temperature and ionisation time for IMEs and for iron-rich ejecta, but
none of these maps shows a structure associated with the large-scale north-south asymmetry in the line-of-sight velocity distribution.
In the IME component, we observed an overall anti-correlation between the temperature and ionisation time that could arise from
different ionisation histories. The abundance maps show spatial variations, depending on the element, perhaps due to an origin in
different layers during the explosion. We compare these abundances with some nucleosynthesis models. In addition, we observe for
the first time an emission line at 0.654 keV possibly related to oxygen. Its spatial distribution differs from the other elements, so this

line may arise in the ambient medium.

Key words. methods: data analysis — ISM: supernova remnants — ISM: individual objects: Tycho’s SNR

1. Introduction

In the past 500 years, only two Galactic supernovae (SNe) have
been witnessed by eye on Earth. They occured in November 1572
(Tycho’s supernova; SN 1572) and in October 1604 (Kepler’s
supernova; SN 1064). Both supernovae are known to be asso-
ciated with the type Ia thermonuclear supernova class, but the
exact mechanism leading to the explosion is still unclear (see
e.g. Liu et al. 2023, for a review). In the single degenerate sce-
nario (SD scenario), a degenerate carbon-oxygen white dwarf
accretes matter from a stellar companion. During its life, this
companion produces winds that will create a dense circumstel-
lar medium (CSM) in which the remnant of the supernova will
evolve. After the explosion, this non-degenerate second star is
expected to survive and be observable centuries after. The alter-
native scenario is the double degenerate (DD scenario), where
the progenitor system consists of two degenerate white dwarfs.
In this case, the CSM is less dense, and there is no surviving
donor, in contrast to the SD channel. It is expected that the SD or
DD scenarios will leave different fingerprints on the supernova
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remnant (SNR) that can be studied centuries after the explosion.
For example, the different explosion channels will lead to con-
trasting nucleosynthesis yields, impacting the ejecta abundances
that can be measured using X-ray observations of the remnant.
The explosion mechanism can also produce asymmetries in the
ejecta velocity distribution. We note that the observable veloc-
ity asymmetry can also be acquired due to interaction with an
inhomogeneous CSM or interstellar medium (ISM).

In the case of Tycho’s SNR, the precise type Ia scenario
of explosion has not been clarified yet. X-ray observations of
Tycho’s SNR have provided constraints on the abundance and
spatial distribution of elements in the ejecta and revealed signifi-
cant abundance variations, in particular in the southeastern knots
(e.g. Decourchelle et al. 2001; Williams et al. 2020; Yamaguchi
et al. 2017). By modelling the global X-ray spectrum, Badenes
et al. (2006) favoured a ‘normal’ SN Ia event, which was later
confirmed by optical spectroscopy of light echoes from SN1572
(Krause et al. 2008). Its ambient medium is not very dense but
remains complex. A gradient of external density from west to
east has been derived from infrared observations (Williams et al.
2013). An SD scenario is suggested, but there is still no con-
sensus since no surviving donor has been identified (Kerzendorf
et al. 2018; Godinaud et al. 2023).
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Studies of the dynamical properties of the ejecta were per-
formed in Tycho’s SNR and highlighted azimuthal variations of
the velocity in the plane of the sky. A fast iron-rich knot has
been studied by Yamaguchi et al. (2017) interpreted as being a
dense ejecta bullet produced during the explosion. A slowdown
in the north-eastern rim has been revealed by Godinaud et al.
(2023), which is probably due to an interaction with a potential
molecular cloud observed in radio (Zhou et al. 2016). A gradi-
ent of external density has also been observed (Williams et al.
2017) from west to east, and it is correlated with the dynamics.
For the velocity in the line of sight (hereafter V,), a large-scale
asymmetry has also been observed, with the ejecta in the north
being blueshifted and the ejecta in the south being dominantly
redshifted (Millard et al. 2022; Godinaud et al. 2023; Uchida
et al. 2024). The origin of this asymmetry is not yet understood.
It can be innate, due to the explosion, or acquired after the inter-
action with the CSM or interstellar clouds. Such interactions are
expected to impact the ejecta’s physical parameters, such as the
temperature or the ionisation time. To understand this large-scale
asymmetry in the line-of-sight velocity distribution of Si-rich
ejecta and investigate the origin of Tycho’s SNR, we performed
a detailed spatially resolved spectroscopic analysis of the whole
ejecta material in the X-ray band.

In the past two decades, deep observations (>100 ks) of the
brightest SNRs have provided enough photon counts to obtain
detailed physical parameter maps of entire young SNRs through
spatially resolved spectroscopy. This work has been carried out,
for example, to study the ejecta properties of type Ia SNR candi-
dates. From the mapping of Kepler’s SNR, Sun & Chen (2019)
highlighted the properties of the ejecta and ambient medium, in
particular their abundances. The properties of the thermal and
non-thermal components of the SN 1006 remnant were measured
by Li et al. (2015). The mapping of the W49B SNR by Zhou &
Vink (2018) indicates a gradient in physical properties, therefore
an inhomogeneous environment.

The goal of this study is to perform a detailed parameter
mapping of the ejecta properties through a complete spatially
resolved spectral study to better understand the observed asym-
metries and abundances in order to shed light on the explosion
mechanisms. In parallel to this work, Uchida et al. (2024) have
performed a parameter mapping of Tycho’s SNR with XMM-
Newton data. They mostly focus on the interpretation of V,
ejecta dynamics on the rim of the SNR. By using a hydrody-
namical simulation, they conclude that Tycho’s SNR is likely
interacting with a dense circumstellar wall, which supports an
SD origin.

To perform a mapping of the SNR parameters, a segmen-
tation of the extended source into a large number of spectral
extraction regions is the first step. As presented in Sect. 2, we
chose to base our tessellation on the V, map derived in Godinaud
et al. (2023) to have regions homogeneous in velocity. The differ-
ent steps and choices leading to our spectral model are presented
in Sect. 3. Given the large dimensionality of such a model and
possible resulting degeneracies, traditional fitting methods based
on gradient descent lack robustness, and we ended up using a
nested sampling algorithm to fit our high dimension spectral
model. We used the Bayesian X-ray analysis framework (here-
after BXA; see Buchner et al. 2014). Though it has recently been
applied in a study of Tycho’s SNR by Ellien et al. (2023) to study
the surrounding medium in a few regions, this is the first time
that a nested sampling algorithm has been used on a large scale
for parameter mapping in an SNR. We describe the results of our
parameter maps in Sect. 4. The origin of the V, asymmetry is dis-
cussed in Sect. 5 as are a selection of scientific results obtained

A234, page 2 of 20

for the first time with this mapping. Finally, Sect. 6 summarises
this study.

2. Segmentation and spectral extraction

The first step of our study was to define a method for the seg-
mentation of the whole SNR into small regions from which
the spectra will be extracted. The typical method used is adap-
tive binning with the Voronoi (Diehl & Statler 2006) or contour
(Sanders 2006) binning algorithm in order to adapt the size of the
region to reach an equivalent number of photons in each region.
Nevertheless, the flux map is not necessarily indicative of the
underlying physical structures of the SNR. These structures are
further complicated by the integration along the line of sight that
mixes the front and rear of the SNR shell.

As one of the motivations of this work is to explore whether
the large-scale north-south line-of-sight velocity asymmetry is
linked to other physical properties of the ejecta plasma, we
chose to base our segmentation on the map of integrated veloc-
ity in the line of sight V;, obtained in Godinaud et al. (2023).
Figure 1 presents this map and the segmentation for the extrac-
tion regions, showing zones dominated at small scale by one side
or another of the SNR.

In practice, we used the Slic algorithm from the scikit-image
python package', which has two main parameters: the number
of regions and a compactness factor. The number of regions
is a compromise between two elements. With a high number
of regions, the map will be more spatially resolved and each
region will be more homogeneous in terms of physical param-
eters. However the spectrum from each region will have lower
statistics reducing our physical constraints on each parameter.
For the compactness, we aim for a good homogeneity of V, but
each region must also be compact enough to correspond to the
same spatial structure. We found a good compromise with a com-
pactness factor at 1000 and with 211 regions, as shown in Fig. 1.

With this segmentation, the regions correspond to homo-
geneous line-of-sight velocities, which will help the spectral
modelling. We note that the V, map of Godinaud et al. (2023)
is restricted to Si-emitting ejecta regions and excludes the thin
regions along the rim lying between the outermost ejecta and
the forward shock. To place this region definition in a broader
context, the segmentation is overlaid on the flux image in two
different energy bands in Appendix A.

We then extracted the X-ray spectra from Chandra’s archival
data of the nine deep observations> from 2009 (734 ks in total)
as summarised in Godinaud et al. (2023). The tool specextract
was used to obtain for each region and each observation, the
spectra and responses files. The median value of the region sur-
face is 900 arcsec?. In the energy band [0.5, 7] keV, there are on
average around 2x10° photons in each region. The minimum is
around 4x10* photons in region 93, which is located at the center
of the CCD gaps of Chandra ACIS-1. The extraction procedure
resulted in 211x9 (1899) spectra. For each region, a joint fit of
all observations was performed.

3. Spectral modelling and parameter fitting

The global X-ray spectrum of Tycho’s SNR shows prominent
K-shell line emission of Si, S, Ar, Ca and Fe, as well as Fe
L-shell line emission (Decourchelle et al. 2001). Non-thermal

! Tutorial on the Skimage website
2 Obsld in the Chandra’s archive: 10093, 10094, 10095, 10096, 10097,
10902, 10903, 10904, 10906.
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Fig. 1. Map of the integrated Si line velocity in the line of sight V, (obtained in Godinaud et al. 2023) and the segmentation of the SNR for spectral
extraction used in this study. The segmentation is optimised to achieve V, homogeneity in each region. The region number is a convention which
goes from south to north. The forward shock, seen in X-ray synchrotron emission, is shown in green contours.

emission is associated with the forward shock (Hwang et al.
2002), whose synchrotron emission arises from TeV acceler-
ated electrons (Ballet 2006). The thermal emission is dominated
by the shocked ejecta. The emission from the shocked ambient
medium is expected to be much fainter and has proven to be dif-
ficult to detect even by detailed X-ray spectral studies of selected
post-shock regions along the shock wave (Cassam-Chenai et al.
2007). Constraints have been obtained recently by Ellien et al.
(2023), who estimated a mean temperature of ~1 keV and a den-
sity of ~0.3 cm™3 for this component. As previously explained,
these thin regions along the shock (see Fig. 1) are by construction
excluded from our study of the ejecta properties.

Constructing a model that is sufficiently detailed to account
for all the plasma components and observed spectral features in
spectra with such a high statistics, and at the same time general
enough to cope with the diversity of behaviors observed across
the SNR, is a challenging task. This section first presents the
different steps that led us to our final spectral model, then intro-
duces the necessary parameter constraints, and then the method
used to optimize all our parameters.

3.1. Construction of the model

In the X-ray spectrum of Tycho’s SNR, we expect the contri-
butions of at least three different physical entities: the shocked
ejecta, the high-energy shock-accelerated electrons, and the
shocked ambient medium. The last is deemed to be negligi-
ble. The shocked ejecta contribution potentially contains various
components, associated to regions of different supernova com-
position and history. The intermediate mass elements (IME) and
the iron-rich ejecta are known to have different conditions, with
iron at a higher temperature and lower ionisation than Si (Hwang
& Gotthelf 1997).

In our model, we thus consider two non-equilibrium ioni-
sation collisional plasma models with variable abundances, one
for the IME ejecta (VNEII) and one for the iron group ejecta
(VNEI2). To take into account the ejecta dynamics in the line
of sight, we use the redshift parameter. In addition, we include
a power-law component to account for the synchrotron emission
of the TeV accelerated electrons, whose emission is dominant
between 4 and 6 keV. All these components undergo a certain
level of absorption Ny at low energy due to the intervening inter-
stellar material in the line of sight, modelled by TBABS. We
perform the spectral analysis over the energy band between 0.5
and 7 keV.

The first objective of this paper is to determine the Doppler
shift map of the Si line from a spatially resolved spectral analysis
of Tycho’s SNR and to compare the results to the map obtained
with a general morphological component analysis (Godinaud
et al. 2023). The second objective is to study the properties of
the IME:s to investigate the origin of the observed V, asymmetry
in the Si-line Doppler shift map shown in Fig. 1. This asym-
metry can be innate due to the explosion or acquired during the
expansion in a circumstellar or inhomogenous ambient medium.
By mapping the properties of the ejecta, and specifically those of
the Si element, we search for potential signatures associated with
this asymmetry and for traces of large scale interactions with the
surrounding medium.

In this first attempt to model the 211 spectra, some impor-
tant spectral residual structures were observed with some wings
around the silicon line (the observed Si line being larger than
what our model predicts). These residuals were observed to be
more prominent at the center of the SNR. We interpreted this
line broadening due to the opposite dynamics of the two half-
shells in the line of sight (two Si lines ; a blue and redshifted
one). An additional broadening in each shell caused by variations
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Table 1. Xspec model used in this study.

Component Parameter Units Status Value Prior Median  STD
TBabs Nu 10?2 cm™2 Thawed - G(0.6, 0.1) 0.70 0.06
gsmooth Sige kev keV Thawed - LU(6e-3,0.15) 0.08 0.02
Index Frozen 1 - - -
kT keV Thawed - LU0.4, 10) 1.3 0.7
H, He, C, N, O, Ne Frozen 1 - - -
Mg Thawed - LU0.1, 500) 49 13
Si Frozen 1000 - - -
S Thawed - LU50, 9999) 762 82
VNEI 1 Ar Thawed - LU(50,9999) 772 182
Ca Thawed - LU0, 9999) 1754 690
Fe, Ni Frozen 1 - - -
Tau cm™ s Thawed - LU5e9, 5e12) 4.7¢10  1.3el10
Redshift z1 Thawed - U(-6e-2, 6e-2) 0 5e-3
normalisation cm™ Thawed - LU(1e-T7, 1e-3)
kT keV Thawed - G(10, 2) 9.0 1.5
H, He, C,N Frozen 1 - - -
0O, Ne, Mg, Si, S, Ar, Ca Frozen 1 — — —
Fe, Ni Frozen 1000 - - -
VNEL2 Tau cm™ s Thawed - LU(5e8, 5ell) 9.0e9 1.9¢9
Redshift z2 Linked to z1 - - - -
Normalisation cm™ Thawed - LU(1e-8, 1e—4)
soauss G1 LineE keV Frozen 1.24 - - -
& Normalisation phcm™2s7! Thawed - LU(le-7, 1e-3)
soauss G2 LineE keV Frozen 0.72 - - -
& Normalisation ph cm™2s7! Thawed - LU(1e-8, 1e-3)
zoauss G3 LineE keV Frozen 0.654 - - -
& Normalisation phcm™2s7! Thawed - LU(1e-8, 1e-3)
oauss G4 LineE keV Frozen 0.570 - - -
& Normalisation phcm™2s7! Thawed - LU(1e-8, 1e-3)
Pholndex Thawed - G(2.6,0.5) 2.5 0.2
power law . 2 1
Normalisation at 1 keV ~ phcm™s™ keV Thawed - LU(1e-T7, 2e-3)

Notes. This model consists of two thermal non-equilibrium ionisation collisional components and a power law. The first represents the IMEs
(VNEI 1) and the latter the iron-rich plasma (VNEI 2). Four Gaussians are added to account for line features in the residuals. Their sigma is frozen
to 0 and the redshift is linked to that of the ejecta VNEI (z1). The status of the parameter during the fit is indicated and its value if it is frozen. If
the parameter is free to vary, we indicate the type of prior: logarithmic uniform (LU), linearly uniform (2) or Gaussian (G). The last two columns
are the median and standard deviation (STD) of each parameter over all regions.

of plasma properties may also play a role. As it is difficult to
disentangle these components at Chandra’s spectral resolution,
we chose to account for this effect with a convolutional Gaus-
sian smoothing on the ejecta components using Xspec’s gsmooth
model with the parameter Siggi.v free to vary as it has been done
in previous studies (Kasuga et al. 2021; Ellien et al. 2023).
Additional excesses in the residuals are observed at 1.24 keV
and 0.72 keV in most spectra. In Yamaguchi et al. (2011), this
was interpreted as iron lines missing from the atomic model.
We thus add a Gaussian centered at 1.24 keV (hereafter G/) and
another at 0.72 keV (hereafter G2). At low energy, some resid-
uals were also observed around 0.57 and 0.65 keV but there is
not enough information in this low energy band to introduce and
constrain such an additional physical component. So we add two
Gaussian components at 0.654 keV (hereafter G3) and 0.57 keV
(hereafter G4) where oxygen lines are expected if this element
emits. For all four gaussian lines, their sigma is equal to zero and
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their redshift is linked to the ejecta using the zgauss model. Only
their normalisations are allowed to vary.

The final model, presented in Table 1, has 19 free parame-
ters and is summarised by: Tbabs(gsmooth(VNEI 1+ VNEI 2 +
zgauss (Gl + G2+ G3 + G4)) + powerlaw).

The abundance table that was used is wilm (Wilms
et al. 2000).

3.2. Additional parameter constraints

At this level of statistics, the combined spectra in each region are
very rich in spectral information even up to 7 keV, nevertheless,
some additional constraints (shown in Table 1) are necessary.
For the ejecta (negligible hydrogen), there is an important
degeneracy between abundances and the normalisation of the
thermal components. To solve it, we fixed the abundance of the
silicon for VNEI 1 to a value of 1000, as well as that of the iron
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for VNEI 2. The other abundances in the ejecta component are
interpreted with respect to Si and Fe, respectively. The values
are set to 1000 to represent a plasma in the pure ejecta regime as
shown in Greco et al. (2020). We tested to fit the abundance of
O and Ne, but they were not constrained in most of the regions.
We thus fixed H, He, C, N, O, Ne, Fe and Nito 1 in VNEI 1; H,
He, C, N, O, Ne, Mg, Si, S, Ar, Cato 1 in VNEI 2. This amounts
to neglecting them.

As the redshift of the hot Fe component is not well con-
strained, we linked it to the redshift of the Si component. We
suppose that the two components have the same dynamics, which
is not always true (for example for the known iron knot in the
South-East).

As all the components are not necessarily present in each
of the 211 regions, several parameters are found to be difficult
to constrain in some regions and can introduce degeneracies.
This is in particular the case for the synchrotron component, for
which the spectral index cannot be constrained in regions where
non-thermal emission is nearly absent. Similarly, when the Fe—K
emission line is not observed, the temperature of the iron VNEI
component is poorly constrained using only the Fe-L informa-
tion. To mitigate this effect, we introduce Gaussian priors for
some specific parameters in the Bayesian fit (presented in the
next section). The absorption parameter Ny and the photon index
of the power law are relatively uniform (Williams et al. 2017), so
we use Gaussian priors centered respectively on 0.6 x 10?2 cm™2
with a sigma of 0.1 x 10%> cm~2 for Ny and on 2.6 with a sigma of
0.5 for the photon index of the power law. A similar approach was
used in Mayer et al. (2023) to constrain the power law index. We
add also a Gaussian prior on the temperature of the iron VNEI to
help the fit in low Fe—K line emission regions. Indeed, if there is
very faint emission in the Fe—K line, which happens near the bor-
der of the SNR, the iron temperature is artificially biased towards
lower values and not well constrained, resulting in biases on the
ionisation time as well. So we used the mean k7, values found
in the rest of the SNR to set a Gaussian prior centered on 10 keV
with a sigma of 2 keV.

3.3. Parameter estimation with nested sampling

The model described in the previous section, which is designed
to reproduce the diversity of spectral components in Tycho’s
SNR, has a high number of dimensions (19 degrees of freedom;
d.o.f.) and is thus very challenging to optimize. In addition to
the dimensionality of the model, we also face the challenge of
analysing a large number of spectra with 211 regions, each with
a set of nine observations. While a model with a high number of
dimensions can be optimized manually with human intervention
(freezing or thawing some parameters, investigating the residu-
als and iterating), this procedure is not suitable for analysing a
large number of regions.

We first attempted to perform a spectral fit of each region
with Xspec, but we realised that the convergence of the models
was not robust. In other words, for a given spectrum, different
starting points resulted in very different best fits. The Xspec
error and steppar commands were used to try to shake the fit
out of its local minimum without success. Xspec’s different fit-
ting methods Levenberg-Marquardt, Minuit2 (migrad method),
or Minuit2 (simplex method) all showed similar issues. We inter-
pret this issue as the minimizer falling in a local minimum and
not being able to find the true minimum. We note that this issue is
particularly critical in our case due to the following challenges:
1) the high dimensionality of our problems (19 d.o.f.), 2) due
to the very high statistics in each region (~10° counts), the

likelihood minimum peak is very sharp and can easily be missed,
and 3) several parameters (such as kT and 7, see Sect. 5.2) are
strongly correlated.

To overcome these issues, we turned to the nested sampling
(NS) algorithm, which is a Monte Carlo algorithm for computing
an integral of the likelihood function over the model parameter
space. The method performs this integral by evolving a collec-
tion of points through the parameter space (see Ashton et al.
2022; Buchner 2023, for a recent review).

Without going into too many details, one important speci-
ficity of the NS method is that it starts from the entire parameter
space and evolves a collection of live points to map all minima
(including multiple modes if any), whereas Markov chain Monte
Carlo methods require an initialisation point, and the walkers
will explore the local likelihood. The ability of these walkers
to escape a local minimum or to accurately describe a complex
likelihood space is not guaranteed.

To apply the NS method to our X-ray spectral analysis,
we used the Bayesian X-ray analysis framework (BXA v4.1.1,
Buchner et al. 2014), which connects the nested sampling algo-
rithm UltraNest (v3.6.3, Buchner 2021) with the X-ray fitting
environment CIAO/Sherpa (Fruscione et al. 2006). The spec-
tral analysis using this framework is more CPU time consuming
than a standard classical fit but turned out to be more robust as
shown in Appendix B and required less human intervention. In
addition it is insensitive to the initialisation point as there is no
such concept in nested sampling and provides the full posterior
distribution for all parameters, which is out of reach with tradi-
tional fitting techniques. In practice, the sampling for a given set
of spectra (joint fit of 9 spectra for a given region) takes about
3 hours on 32 cores for a model with 19 degrees of freedom.

4. Results

Based on a detailed Bayesian spectral study of 211 regions and
homogeneous line-of-sight velocities, we obtain detailed maps
of 19 physical parameters of the thermal ejecta and non-thermal
emission in Tycho’s SNR. We provide the thermodynamic state
of both the shocked intermediate mass elements and shocked
iron-group ejecta. Some of these physical parameters have never
been mapped before for Tycho. For each map, an indicative
uncertainty is given. It is the median of the uncertainties over
all regions for the parameter. Maps of relative error for each
parameters are given in Appendix D. We note that these uncer-
tainties are statistical, the total uncertainties are dominated by
the systematical ones.

After discussing the quality of the fits, this section presents
the complete ejecta mapping of Tycho’s SNR ejecta. We will
describe in details these maps and their implications in the next
subsections, each dedicated to a given quantity or component.

4.1. Examples of spectra and their fitting

To illustrate the variety of spectra and physical properties in
Tycho’s SNR, we show in Fig. 2 the spectra of nine regions,
with their model components in different colours, highlighting
distinctive characteristics depending on their locations (indi-
cated in Fig. 1). For visual clarity, the spectra of all 2009
observations have been merged. Uncertainties for each model
component are provided. They are derived from the posterior
distribution obtained from the Bayesian analysis framework. The
corresponding corner plots of some posterior distributions are
provided in Appendix C.
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Fig. 2. Examples for nine regions of spectra and best fits obtained with the Bayesian analysis framework BXA. Each component has its associated
uncertainty band at 90% confidence level (hardly visible for the dominant components). The VNEI for the IMEs is in red, the hotter VNEI for the
iron-rich ejecta in green, and the power law for the synchrotron emission in grey. The four Gaussian components are shown in blue (G1 at 1.24 keV),
in yellow (G2 at 0.72 keV), in violet (G3 at 0.654 keV), and in cyan (G4 at 0.57 keV). The expected emission lines of elements are indicated on the
first spectrum. The spectra of the nine Chandra observations are merged for visualisation purposes. The associated posterior corner plots for some

of these regions are shown in Appendix C.

Region 59, located in the southeast, is an example of an iron-
rich region, in which the iron (VNEI2) temperature (hereafter
kT») is high (11.6 keV). Region 89 is a region in the south-
west with stripes of non-thermal emission (Matsuda et al. 2020;
Okuno et al. 2020). Region 93, near the center, is the segmen-
tation region with the fewer number of photons (4x10* photons,
partly due to its position on the detector gap), the thermal com-
ponents are nevertheless well constrained. Region 99 is located
in the eastern rim, near the Balmer filaments observed in the
optical band, and includes a synchrotron filament. There, the
velocity of the forward shock is slower (Williams et al. 2016),
probably due to the interaction with a dense clump. Region
156 is located in the western border, where the density of the
ambient medium is low (Williams et al. 2013) and the forward
shock velocity fast (Williams et al. 2016). It includes another
synchrotron filament. Region 174, in the northeast, is an exam-
ple of a zone with oxygen line emission. In the northwestern
rim, we choose region 184 where the temperature of the inter-
mediate mass elements is high (k7'; =~ 4.5 keV) and the photon
index of the power law steep (2.95). Region 187 is located in
the bright emission arc of iron and IMEs in the north. Finally,
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region 203 is located in the north, with a lower iron temperature
(kT, ~ 7.6 keV). This selection highlights some particular zones
in Tycho’s SNR that we discuss in more detail in Sect. 5.

As shown in Fig. 2, our model reproduces well a range of
spectral properties with good fitting results for most of the spec-
tra. The corner plots of the posterior distributions for some of
these nine regions are provided in Appendix C and show that
the parameters are very well constrained, without multimodal
distribution. We verified that the priors are in general wide
enough that they do not influence the posteriors. We have thus
no notion of initialisation. The maps of relative errors reduced
Cstat (see Appendix D) have low values and their spatial distri-
butions are decorrelated from the physical structures observed in
the parameter maps in the following sections.

However, we note that in several regions, some spectral resid-
ual features are observed. This is the case in the Si—S inter-lines
energy band for regions in the northeast. In their Appendix,
Uchida et al. (2024) raise the issue of the sacrificial charge
effect in Chandra data. During the readout of a chip (a column
of a CCD camera), the transfer of photons suffers a loss. This
Charge Transfer Inefficiency (CTI) is known and corrected in
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Fig. 3. Obtained maps related to the dynamics of the SNR. Left: shocked ejecta velocity V, from our Bayesian spectral study. The uncertainty
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the standard reduction process of Chandra. However when sev-
eral photons fall in the same column during the same temporal
frame, the first photon leaves some charge in the trap during read-
out and the transfer of the second photon will be more efficient
because of to the residual charge. As the second photon suffered
less loss than the first one, the CTI will over-correct the charge.
This process is named the sacrificial charge effect. We investi-
gate this problem in the deep observation 10095 used in this
study. In total, 6% of the photons are in this case, in a column
with several events during the same frame. The effect is more
important for the high-count-rate regions: around 11% of the
photons are concerned in the zone corresponding to our regions
187, 173, 179, 161, 165, 149, 139, 131, 156, 146. By comparing
spectra with only the “first” photons arriving in the column dur-
ing each frame and the total events, we observe that the profiles
of the silicon and sulfur lines are slightly modified. They become
asymmetrical, wider on the blueshifted side, as we can see in
Fig. 2. Thus it might partially explain the Si-S interline spec-
tral residuals that we observe, which might affect the measured
parameters in the listed regions. Nevertheless, this effect seems
to affect only 10 regions out of the 211 studied here and does not
affect the general conclusions of this study.

There is also a second problem concerning the NW area. In
their article on the 3D dynamics of Tycho, Williams et al. (2017)
discuss the systematic uncertainties due to gain calibration for
Chandra. This uncertainty is generally very low, below 0.3%,
but in some areas indicated in the left figure, it can vary up to
3%. The area where uncertainties in gain calibration coinciden-
tally align with the sacrificial charge issue is in the regions on
the NW edges. Therefore, caution is needed when interpreting
this zone.

4.2. Line-of-sight velocity and dispersion of the shocked
ejecta

The line-of-sight velocity is obtained from the redshift parame-
ter of our model, which is assumed to be the same for the two
thermal components and the four Gaussians. We note that the
silicon line has the largest impact on the redshift determination.

Figure 3 presents the V, map (left panel) obtained from
our Bayesian spectral study. The large-scale north-south velocity

asymmetry is recovered. The local V, structures, not only the
north-south dipole, seem to be rather robust as a very similar
spatial distribution has been observed in five different ways : on
bright knots with Chandra CCDs (Williams et al. 2017; Sato &
Hughes 2017) and gratings (Millard et al. 2022), with the GMCA
reconstruction on Chandra data (Godinaud et al. 2023), a param-
eter mapping with XMM-Newton data (Uchida et al. 2024), and
this study. However we note that the XMM-Newton V, map has a
smaller spread with maximum values of 2000 km s~'. To further
quantify the correlation between the V, map in this study and that
in Fig. 1, we compare the median value for each region of the V,
obtained with the GMCA method with the V, obtained in this
spectral study through the redshift parameter. The correlation is
very good, as seen in Fig. 3 (middle panel).

The line-of-sight velocity dispersion of the shocked ejecta is
derived from the parameter Sigg.v, Which describes the spectral
Gaussian smoothing that is applied to the thermal components
and four Gaussian lines. Figure 3 (right panel) provides this
parameter map, expressed in keV, with the correspondence to
the line-of-sight equivalent velocity dispersion in km s~!. The
line-of-sight ejecta velocity dispersion appears larger in the cen-
ter than along the edge. It is expected as this parameter represents
the broadening of the lines, which is mainly due to the opposite
velocities between the front and rear shells in the line of sight.
To a smaller extent, the line-of-sight dispersion of the physical
quantities in each shell causes also a widening, as well as the
effect of the thermal broadening. The highest values, found in
the center of the SNR, correspond to a velocity dispersion of
~6000 km s~!. This is consistent with the maximal values of the
line-of-sight velocity V, obtained in this study and in Godinaud
et al. (2023).

4.3. Absorption parameter Ny

Figure 4 presents the map of X-ray column density Ny towards
Tycho’s SNR, derived from our spatially resolved spectral analy-
sis. The absorption was assumed to be the same for all our model
components (IME, Fe, Gaussian lines, power law, see Table 1).
We find a median value of the absorption parameter Ny of
~7 x 10! cm~? with a standard deviation between the regions of

~0.6 x 10?! cm~2 and a median uncertainty of 0.17 x 10*! cm~2.
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Fig. 4. Map of the X-ray column density Ny. The value in the upper-left
indicates the mean uncertainty (the median of the uncertainties over all
regions).

These values are in good agreement with previous estimates for
Tycho’s SNR (Hwang et al. 2002; Sato & Hughes 2017).

Larger absorption is globally observed on the eastern shell
(and marginally in the southwest) than elsewhere. This map does
not show any correlation with the V, map asymmetry.

4.4. Thermal components

Figure 5 presents the electronic temperature k7', ionisation time
7 and normalisation norm of the thermal non-ionisation equi-
librium components for the IME (top panels) and the Fe-rich
(bottom panels) ejecta, derived from the Bayesian spatially
resolved spectral analysis.

The normalisation map of the IME shocked ejecta is very
similar to the X-ray flux map in the energy band 1.6-4.2 keV,
where the emission from Si, S, Ar and Ca lines dominates (see
Fig. A.1, left panel, in Appendix A). A bright emission arc
extending from the northeast to the southwest of the remnant
is visible, with the brightest emission peaking in the north-
western rim. Patchy emission is observed as well in the inner
region and in the south-eastern ejecta fast knots. A silicon-rich
knot is observed in this region (region C1 in Figs. 2 and 3
of Decourchelle et al. 2001 with XMM-Newton observations,
or zone B in Fig. 8 of Yamaguchi et al. 2017 with Chandra).
This south-east Si-rich knot corresponds to our region 86 and is
visible in violet color in the norm; map of Fig. 5.

The normalisation map for the shocked iron-rich ejecta also
displays a bright ring of emission from the northeast to the
south-west rim, which lies slightly inner to the IME emission
(Decourchelle et al. 2001) as can be seen from the flux maps (see
Fig. A.l in Appendix A). The inner regions appear fainter and
rather uniform, compared to the IME normalisation map. The
known iron-dominated fast knots in the south-east are clearly
visible.

Focusing on the IME component, the temperature (k7';) map
is mostly homogeneous in the inner and eastern regions with val-
ues between 0.9 and 1.5 keV. The regions along the rim in the
western half are hotter, typically more than 2 keV with some
extremes in the northwest. Conversely, the ionisation time 7| has
a smaller value along this western edge, of about 3 x10'© cm™ s
and becomes patchy in the inner regions with values up to
8 x10'° cm=3 s.

For the iron-rich ejecta component, we introduced a
Gaussian prior on the temperature parameter to overcome the
degeneracy between temperature k7, and ionisation time 75,
observed along the rim in the corner plots of the posterior dis-
tributions due to faint (or absence of) Fe-K line emission. The
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final map of k7, is complex: along the rim, the temperature is
around 6-8 keV and becomes higher in the center (8—12 keV).
In particular, there is an eastern arc with values up to 12 keV.
The ionisation time map 7, appears rather homogeneous with
low values in the inner regions, around 0.7-1 x 10'© cm™ s.
The ionisation time is higher along the rim, from 1.2 up to
1.8 x10'% cm™3 s.

Figure 6 presents the histograms of the temperature and ioni-
sation time for both components of the shocked ejecta (IME and
iron) in Tycho’s SNR. The spread in temperatures and ionisation
times for the 57 bright knots fitted by Williams et al. (2017) in the
IME energy band, is similar to that obtained for the IME ejecta
component from our global study. It was not obvious that bright
individual knots would have similar properties to the global
IME ejecta.

4.5. Spatial distribution of the abundances

Figure 7 presents the IME abundance maps of Mg, S, Ar and
Ca, relative to Si. Their spatial distributions are relatively uni-
form, with some enhanced abundances in specific locations. The
Mg/Si map shows weak abundance of Mg relative to Si (below
10%) and variations by less than a factor two over the remnant.
The higher values are located in the southeastern sector and
around the known iron-rich knot. The maps of S/Si and Ar/Si
indicate S and Ar abundances similar to Si, with variations of
less than a factor two for S and up to a factor of about 4 for
Ar. The highest values are observed in the southwestern, eastern
and northeastern edges of the SNR. For Ca/Si, the map indicates
values of Ca ranging from half to a few that of Si. The highest
values are observed in the south-eastern region, with a possible
structure extending through the center to the south-western rim.

We remark that the S, Ar and Ca maps seem to be corre-
lated, and the Mg map much less. The first ones are clearly
associated to the ejecta, but the question is open for Mg, which
can also arise from circumstellar material, coming from the pro-
genitor system. This is discussed in Sect. 5.3 in relation with
nucleosynthesis model expectations.

The low abundances found at the north-western edge in the
S/Si, Ar/Si and especially the Ca/Si maps must be interpreted
with caution. In these regions, the IME temperature is found to
be very high and it may impact the abundance determination of
the heaviest IMEs as we use only one temperature for the four
elements.

4.6. On the origin of the additional Gaussians

Figure 8 presents the normalisation maps of the four Gaussian
lines added to account for features in the residuals, which were
not reproduced by the two VNEI components: G1 at 1.24 keV,
G2 at 0.72 keV, G3 at 0.654 keV, and G4 at 0.57 keV. The
Gaussian components G1 and G2 are well constrained and con-
tribute in almost all regions. This is also the case for the G3
component, except in certain predominantly central regions,
while the G4 component is only present in the brightest regions.
Their respective contributions are illustrated in Fig. 2, with
examples of spectra from different regions and properties. Maps
of G1, G2 and G4 have a similar morphology, which is very close
to the distribution of iron-rich ejecta (VNEI2 norm, see Fig. 5),
while component G3 shows a completely different morphology.

To quantify the level of correlation between the Gaussian line
maps and the iron-rich and IME components, we present in Fig. 9
the scatter plots between all component normalisations related to
thermal emission. We illustrate the level of constraints on these
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Fig. 6. Histograms of the temperature and ionisation time for the
shocked IME (blue, VNEI 1) and iron-rich (red, VNEI 2) ejecta in
Tycho’s SNR from this study. In green, for comparison the histogram
for 57 bright individual ejecta knots fitted in the IME energy band in
Williams et al. (2017).

normalisations, by including uncertainty contours for the nine
regions whose spectra are shown in Fig. 2.

The good correlations between the normalisations of the
Gaussian components G1 and G2 (and G4 to some extent) and
that of the iron-rich VNEI confirm that these lines might be
associated with iron emission. Indeed, iron lines are expected
at 1.24 keV, such as Fe XXV for a 8 keV plasma temperature (or
Fe XXI for a 1 keV plasma temperature), and at 0.72 keV, such
as Fe XXIV for a plasma temperature of 8 keV (or Fe XVII for
a 1 keV temperature plasma). The component G4 was initially
expected to represent the O VII line at 0.57 keV (for a plasma of
1 keV) but its cartography and normalisation scatter plot seem
instead well associated with that of the Gaussian G2 and Fe.

In AtomDB, there are possible iron lines at this energy (e.g.,
a Fe XXIV line for a temperature of 8 keV). The intensities of
those lines might be underestimated in the AtomDB database, or
they could come from colder iron ejecta that we did not model,
explaining why these lines do not appear in our the iron-rich
VNEL

The Gaussian G3 component at 0.654 keV shows a mor-
phology clearly different from that of the three other Gaussian
components and from that of IME and iron-rich ejecta. Its emis-
sion peaks in the northeastern rim and extends towards the south
and the west, with little emission in the northwestern rim, where
all other components are the brightest. There is also no correla-
tion between its normalisation and that of the others in Fig. 9. At
this energy, oxygen is clearly the dominant emission, whatever
the plasma temperature (see AtomDB). We therefore attribute
this G3 component to oxygen emission, and interpret this as the
first detection and mapping of oxygen in Tycho’s SNR. The ques-
tion of its origin (ejecta, CSM or ISM) is discussed in more detail
in Sect. 5.3.

4.7. Synchrotron emission

Figure 10 presents the maps of parameters related to the non-
thermal component (modelled as a power law), which is inter-
preted as synchrotron emission. Both its photon index and
normalisation are well constrained in all regions. In most pre-
vious studies, the analyses of the non-thermal emission were
focused on the rims. For the first time, we present a complete
mapping of the diffuse synchrotron emission within the SNR.

The power law normalisation map, seen in Fig. 10 (left
panel), is well correlated with the X-ray emission between 4
and 6 keV (right panel) where the non-thermal emission dom-
inates, with the brightest regions at the rim. It also has a morp-
hology reminiscent of the radio emission (see Fig. 1 of Dickel
et al. 1991).
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Fig. 9. Correlation between the normalisations, divided by the surface
of the region, of the two thermal components and the four Gaussian
components. We add in red the contours of uncertainty at 1 sigma for
the nine example regions of Fig. 2.

Figure 10 (right panel) shows the photon index map of the
power law (in color), superimposed on the 4-6 keV emission
(black-and-white background). The photon index varies from
values of about 2 to above 3 in the north-western rim, with a
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median value of 2.5 which is consistent with the bibliography
(Cassam-Chenai et al. 2007; Tran et al. 2015). It shows various
regimes in different regions of the SNR that we bring to the fore
with letters in Fig. 10.

The non-thermal stripes (denoted a) in the southwest have
a low photon index, between 2.1 and 2.6, in agreement with
Matsuda et al. (2020), who found values between 2.06 and 2.55.
They interpret these values as an effect of an amplified magnetic
field and/or some peculiar regime of particle acceleration. The
non-thermal arc in the southeastern quarter (denoted b) was fit-
ted by Lu et al. (2011) and they found a photon index of 2.47.
The equivalent regions in our segmentation (48 and 45) have
values around 2.2. In that article, this structure is proposed to
be due to the interaction between the ejecta and the envelope of
the companion star. The filament marked ¢ at the shock, near
the iron-rich knot, was fitted by Yamaguchi et al. (2017). They
found photon indices of 2.58 and 2.68 in agreement with our
regions 62 and 43, with respectively 2.77 and 2.67. The region
in the north-western edge (denoted d) is again notable with pho-
ton index between 2.8 and 3.1. This region is more discussed
in Sect 5.2. Finally, we observed several faint vertical filamen-
tary non-thermal structures in the SNR, marked as e, f and g.
It is hard to study their non-thermal properties, the ejecta emis-
sion being dominant in these regions. With this study, we have
evaluated for the first time the photon index of several of these
sub-dominant filaments in the center of the remnant, at values
around 2.5.

5. Discussion

Using the deep (~700 ks) Chandra observation combined with
our Bayesian analysis of 211 regions, the parameter maps
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obtained for Tycho’s SNR contain a wealth of information on
the emitting conditions in the IME and iron ejecta, as well as on
the non-thermal plasma. We highlight in the following sections
a selection of scientific results.

5.1. Large-scale V, asymmetry

A large-scale V, asymmetry is observed between the north and
south in Tycho’s SNR, the north being dominated by blueshifted
ejecta and the south dominantly redshifted as presented in Fig. 3.
The V, map shows an integrated velocity along the line of sight,
weighted by luminosity. Therefore, this dipole can be an asym-
metry of velocity or/and luminosity. As we do not see flux
differences between the north and south (for example in the map
of IME normalisation in Fig. 8), the hypothesis of an asymme-
try of velocity is favoured. Either it can be innate, due to an
anisotropy during the explosion that causes large-scale jets, or it
can be acquired during the expansion, due to circumstellar struc-
tures. An asymmetric slowdown may be due to inhomogeneities
in the ambient medium, which can have a torus structure. In both
cases we can probe the progenitor history thanks to SNR obser-
vations as studied by numerical simulations (Chiotellis et al.
2013; Ferrand et al. 2019).

A large-scale interaction with the ambient medium would
leave a fingerprint, even centuries later. However, in the maps
of temperature and ionisation time of the IME ejecta in Fig. 5,
there is no clear north-south asymmetry. These parameters are
not correlated with our map of integrated velocity along the
line of sight. However, an interaction with a symmetrical titled
overdensity, such as an annulus, could explain an asymmetry in
velocity but not for the over physical properties. So, based on the
cartography shown here, the origin of this large-scale V, asym-
metry seems related to early properties either in the explosion or
in the immediate CSM.

5.2. Anti-correlation kT—r

An interesting result that we obtain is the relation between the
temperature and ionisation time, as shown in Fig. 11. For the
IMESs, we obtain a banana anti-correlation between k7; and 7.
For the iron-rich ejecta, no particular correlation is observed.
This is not the first time that this banana anti-correlation
between k7 and 7 appears in studies related to supernova

remnants. For Tycho’s SNR, if we use the values in Table 2 of
Williams et al. (2017), a similar relation is observed (not shown
in the original article). With the Chandra data, they fitted 57
bright knots with an absorbed model with a VNEI and a power
law in the [1.2, 2.8] keV band, which corresponds to our IME
component. Sun & Chen (2019) did a complete cartography of
Kepler SNR also with the Chandra data, with a VNEI + srcut +
missing lines, between 0.3 and 8 keV (with little statistics
above 3 keV) and also revealed this correlation. A similar result
was found by Li et al. (2015) for SN1006 with the analysis of
XMM-Newton data in the [0.3, 8] keV band (with little statistics
above 2 keV). They used a model VNEI + srcut + wabs + a few
missing lines.

So this banana anti-correlation has been observed for mul-
tiple SNRs, with different telescopes, and spectral models. The
question is to understand whether there is a true physical relation
(due to the SNR plasma properties) between the temperature and
ionisation time or a degeneracy between these parameters.

To constrain k7 and 7 by fitting a spectrum, the centroids
of the lines, the ratios of lines associated with different levels
of ionisation, and the continuum are used. There could be some
degeneracy with other parameters (e.g. the redshift and the nor-
malisation) but also between k7' and 7. In the Appendix B of
Godinaud et al. (2023), the centroid energy of the Si line (at the
Chandra resolution) is shown as a function of these two param-
eters and we find a similar banana anti-correlation. There is a
similar effect in the Appendix of Millard et al. (2020) where fig-
ure Al shows some line-emission ratios according to k7' and 7.
However, there is other information in the spectrum that allows
to constrain these parameters. In the corner plots obtained with
BXA in Appendix C, we have for the first time a general view
of the statistical landscape of our fitting model and correlation
between all parameters. In each corner plot, we find this anti-
correlation between temperature and ionisation time. Using the
information from the ellipse of uncertainties for nine regions
with different properties in Fig. 11 (left panel), we can see that
most regions are well constrained and that the spread in the
banana shape arises from various conditions in the 211 regions,
and is likely not solely due to the degeneracy of each region.

To investigate the origin of this correlation, and whether it
is linked to some particular physical conditions or underlying
physics, we add some spatial information to the k7-7 diagram. In
Fig. 11 (middle panel), we have selected four groups of regions,
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each presenting specific physical features in the parameter maps.
In red, we have grouped the regions where the normalisation of
the power law component is high. Although our study focuses on
the thermal ejecta emission, some synchrotron filaments remain,
both at the edge of the remnant and in the south-western inte-
rior, where numerous non-thermal stripes are observed (see
Sect. 4.7). The bright arc in the north, where the normalisa-
tion of the two thermal components is maximum, is shown in
blue. We have marked in orange an arc in the east, where the
temperature of the iron-rich component is particularly high (see
Fig. 5). This is the first time that this structure is highlighted.
Finally, in green, we have identified a feature in the north east
where the IME thermal component is the hottest and the value
of Sigerev is also abnormally high for an edge (see Fig. 5). A
correlation appears between these groups of regions and their
physical properties in Fig. 11 right panel). For example, the iron
arc in the north (in blue) and the arc in the east with a higher
kT, (in orange) form two different branches in the k7-7 plot. In
mapping Kepler’s SNR, Sun & Chen (2019) also observed two
different branches of k77, interpreted as originating from ejecta
and CSM emission. This banana-shape anti-correlation therefore
seems to stem from different conditions in the supernova rem-
nant, possibly related to different initial conditions, composition
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or/and evolution history. However the mechanism leading to this
anti-correlation remains unexplained. Indeed, a combination of
various effects enters into play, in addition to the hydrodynamic
profile set by the explosion: the electron temperature and elec-
tron density depend on the ionic fractions of IME elements, and
the electron temperature depends on the level of electron heat-
ing at the shock and subsequent Coulomb equilibration with the
enriched plasma. The radial pressure profile is not expected to
be flat in the ejecta, and the electron pressure is only a small
and varying fraction of it, as T, can differ very significantly
from the ion IME temperature. The lower ionisation age for the
hot iron component is consistent with a lower electron density
and/or time elapsed since shock than the IME component. The
IME emission is more widespread in the remnant than the hot
iron one. It arises from different regions whose density and/or
time elapsed since shock can vary. This is indeed observed when
looking at different regions.

5.3. Abundances and nucleosynthesis

We provided in Fig. 7 the abundance ratio maps of several ele-
ments relative to silicon. Figure 12 (left panel) presents the
correlation scatter plots between these abundances. We observe
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a good abundance correlation between S/Si, Ar/Si and Ca/Si, so
they come probably from the same layers during their produc-
tion. Their abundance maps are indeed similar. Mg is sometimes
associated to the circumstellar medium but it can be also found
in the ejecta, it is what we suppose by modelling the Mg line in
the IME VNEI. The Mg/Si abundance map is relatively uniform
in most of the remnant with values around 0.05, except in the
eastern and south-eastern regions, where a few values of up to
0.08 are observed. In Fig. 12 (left panel), Mg/Si does not corre-
late with S/Si, Ar/Si and Ca/Si, possibly suggesting a production
during the explosion in a different layer.

We can also compare our measurements with nucleosynthe-
sis models of SN Type Ia. Figure 12 (right panel) summarizes
our global abundance measurements and compares them with
the bibliography from Williams et al. (2020). They gathered
four nucleosynthesis models of various explosion mechanisms.
Our measurements agree in general with their predictions. We
exclude the violent merger model that would produce too much
Mg, but it would be difficult to differentiate from the three oth-
ers with only the IMEs. We note that we have more Ca and less
Mg than expected. The resolved mappings of abundances of this
study open the door to two or three-dimensional simulations of
expected yields to add more constraints on various nucleosyn-
thesis models. For example, Seitenzahl et al. (2013) predict a
spatial distribution of elements becoming more homogeneous
for an increasing number of ignition points in a 3D delayed
detonation model. Numerical simulations of the distributions of
these elements and their emissions within the remnant would be
interesting to compare with our maps. The position of the Mg
region around the iron-rich knot is surprising, and it could possi-
bly be related to a stratification around an iron bullet during the
explosion.

In Sect. 4, we interpret the normalisation of the Gaussian G3
as the emission of the O VIII line, mapped for the first time in
the Tycho’s SNR. This increased level of oxygen is mostly in
the North-East part of the SNR. We do not measure the oxygen
abundance here and an additional study to retrieve the physi-
cal parameters of this component would be needed but we can
speculate about its origin. This oxygen can be of ejecta origin
heated by the reverse shock. Seitenzahl et al. (2013) predict some
production of oxygen in the outer regions during the explosion
with an asymmetry level depending on the number of ignition
points. The second option is the heating of the oxygen from
the surrounding environment by the forward shock. In this case,
there is an emission of oxygen lines in the X-ray band but it is
very faint, especially in comparison with the ejecta emission.
However, it is a zone with a lot of synchrotron filaments that
trace the forward shock. If there is some oxygen in the sur-
rounding medium, it is expected to emit just after the forward
shock, as filamentary thermal structure. Perhaps we measure the
accumulation of these thin structures in these regions.

5.4. Prospective for high-resolution spectroscopy

The spatially resolved spectroscopic study presented in the
previous sections will be very useful to prepare observations
at high spectral resolution in the X-ray band with XRISM
(X-Ray Imaging and Spectroscopy Mission, launched in 2023)
and Athena (Advanced Telescope for High ENergy Astrophysics,
scheduled for 2037). This new generation of telescopes opens
the door to high-resolution spectroscopy XRISM/Resolve and
Athenal/X-1FU (compared to ~100 eV for Chandra/ACIS). Both
instruments have spectral resolution under 5 eV but differ in
number of pixels and telescope performances (effective area and
spatial resolution).

We used the SIXTE software package (Dauser et al. 2019)
provided by ECAP/Remeis observatory® to simulate obser-
vations of Tycho’s SNR as seen by XRISM/Resolve and
Athena/X-IFU. For this high-resolution spectroscopy simula-
tion, the observed line broadening modelled by the gsmooth
component (sufficient for the Chandra lower spectral resolu-
tion) had to be replaced by the contributions from the front
and rear halves of the remnant shell. We assign each half a
model whose line-of-sight velocity is derived from the maps of
averaged line-of-sight velocity captured by z,,, and line broad-
ening Siggkev (shown in Fig. 3) assuming the following relation:
Zfront, rear = ZavgE Sigekev/6. Bach front and rear models share the
same plasma characteristics (temperature, ionisation time, abun-
dances, ...) derived from our parameter maps but with their
normalisation halved. With the tool simputfile we simulated a
Simput object with the aforementioned model for each of our
211 regions. After merging all these Simput objects, we simu-
lated XRISM/Resolve and Athena/X-IFU observations with the
tool xifupipeline. Figure 13 presents simulations for the cen-
ter of Tycho’s SNR for 150 ks of XRISM/Resolve and 50 ks
of Athena/X-IFU. The spectra are extracted from a region of
4x4 pixels respectively for each instrument and are compared
with Chandra spectra extracted in the same regions.

These simulations reveal that what we call lines in Fig. 2
will appear as multiple lines mainly associated with one element.
Some of the aims of XRISM will be to study the front and rear
ejecta of the SNRs, thanks to the Doppler effect that will sep-
arate the two sides. It will be also possible to measure the V,
velocity of different elements. These individual lines will also
allow to study the temperature of ions (in this article we measure
the temperatures of electrons) by measuring the broadening of
these lines (Williams et al. 2020).

However, the spatial resolution of XRISM will not be as good
as Chandra’s, which will bring new challenges to the X-ray anal-
ysis, such as the spatial-spectral mixing (contamination of the
spectra from neighbouring regions). About four of our regions
can be included in its Point Spread Function (PSF), so the mixing
of zones with various physical properties is expected. For exam-
ple, a broadening of the lines will happen due to the variations of
redshift, and the temperature of the ions will be very challenging
to evaluate. In Fig. 5, the temperature of the IMEs is more or less
homogeneous in the center but the ionisation time has some vari-
ability, which could change also the line ratios when averaging
with the PSF. This spatial-spectral mixing is expected to be less
important for Athena/XIFU as shown in the simulated image in
Fig. 13.

The mapping presented in this study will help evaluate these
side effects and give keys to understanding the line forest that
will be observed. This overview of the simulations that we can
produce shows the incredible potential of XRISM/Resolve and
Athena/X-IFU. More realistic simulations are beyond the scope
of this paper as more hypotheses are needed.

6. Summary

This study proposes a detailed parameter mapping of Tycho’s
SNR to investigate its origin. The tessellation of the SNR in 211
regions, from which we extract the spectra, is based on the map
of velocity along the line of sight V, obtained in Godinaud et al.
(2023). Each region is then relatively homogeneous in velocity.
Tycho’s SNR contains a large variety of physical conditions
across different regions and finding a unique spectral model to
fit them is very challenging. We use an absorbed model with a

3 https://github.com/thdauser/sixte
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Fig. 13. SIXTE simulations of the center of Tycho’s SNR based on the parameter mapping presented in this study. Left panel: flux image of Tycho’s
SNR as observed by Chandra, corrected by the exposure map. We overlay the fields of view of the instruments XRISM/Resolve and Athena/X-IFU.
Right upper panel: corresponding SIXTE image and spectrum simulation with XRISM/Resolve for 150 ks and the gate valve closed. The spectrum
in blue is extracted from a region of 4x4 Resolve pixels (large green square in the XRISM image). Right lower panel: SIXTE image and spectrum
simulation with Athena/X-IFU for 50 ks. The spectrum in blue is extracted from a 4x4 X-IFU pixels region (small green square in the Athena
image). The XRISM/Resolve and Athena/X-IFU spectra have an adaptive rebinning to have at least 5 photons in each energy bin. We compare them
with Chandra spectra (observations of 2009, 734 ks in total) extracted from the respective green regions.

thermal component for the IMEs, a hotter one for the iron-rich
ejecta, a power law representing the synchrotron emission, and
some additional Gaussians to improve the residuals. A spectral
Gaussian smoothing is applied on the thermal components to
mitigate the line broadening (mostly Si and S) due to the opposite
dynamics on the two sides of the SNR.

The traditional methods of fitting such as XSPEC showed
their limits in front of the high dimensionality of our problem
(19 degrees of freedom here). The results were not stable with
respect to the initialisation point and the computational time
exploded during the estimation of the uncertainties. We used
instead a Bayesian approach based on the nested sampling algo-
rithm. The Bayesian X-ray analysis framework (BXA) allowed
us to obtain for the first time the full posterior distribution for
all 211 regions and so the uncertainties for all parameters. We
obtained good spectral fits with few residuals and very good
constraints on each parameter. The resulting parameter maps,
obtained for the first time for some parameters, contain a wealth
of information and our main results are emphasised below.

— The initial objective of this paper was to investigate the large-
scale asymmetry of V,, where the north ejecta of Tycho’s
SNR are more blueshifted and the south dominantly red-
shifted. This asymmetry can be innate (from an anisotropic
explosion) or acquired (due to the interaction of the ejecta
with some large structures in the ambient medium). We do
not observe a similar dipole in our maps of temperature and
ionisation time.Thus, we cannot conclude about the origin
of this asymmetry : a dipole during the explosion or a tilted
equatorial overdensity will produce a velocity asymmetry
but nothing similar on the other physical properties;

— We map for the first time the photon index of the power law
associated with non-thermal emission across the interior of
the whole SNR. Our values concord with the bibliography
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for some special features but we measure also this parameter
for some very faint filaments in the center of the SNR;

— A banana-shaped anti-correlation between the temperature
and ionisation time was observed in several SNRs, different
telescopes, and spectral models. Despite the fact that there
exists an underlying degeneracy due to the limited spectral
resolution between k7 and 7, the anti-correlation that we
observe in our analysis is statistically significant. In addition,
different regions of the SNR correspond to different sectors
of the anti-correlation. It seems to indicate a physical ori-
gin of this relation associated to the history of the shocked
ejecta;

— We compare the abundances of Mg, S, Ar, and Ca (with
respect to Si), obtained in this study with some nucle-
osynthesis models. The values are coherent with the yields
expected for a thermonuclear supernova explosion. To dis-
criminate the models, it will be interesting to compare our
maps of abundances with the spatial production of the ele-
ments during the explosion. It could explain the differences
between the spatial distributions of Mg and the other IMEs
that we observe;

— Finally, we detect and map for the first time the oxygen emis-
sion with a Gaussian component at 0.654 keV. It reveals
an enhancement in the northeast. This oxygen can be some
ejecta heated by the reverse shock but coming from a differ-
ent layer than the IMEs and iron group, hence their different
morphology. Or it can be some surrounding medium heated
by the forward shock, a feature whose presence in the
Tycho’s SNR has not yet found a consensus in the literature.
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Appendix A: Segmentation

For further information, in Fig. A.1, we compare our tesselation
of 211 regions with maps of the flux of Tycho’s SNR in two
energy bands : [1.6, 4.2] keV dominated by IME emission and
[5.8, 7.1] keV for the Fe-K line. These maps allow to check if
there are bright knots in a region. They could have different prop-
erties from the global ejecta emission and explain an anomaly in
comparison to the surrounding regions.

Appendix B: Xspec versus BXA results

We fitted the spectra from the 211 regions using Xspec for com-
parison via two robustness tests. First, we tested the stability of
the BXA results in Xspec by initialising the fit at the BXA solu-
tion. The results are extremely stable as the measured parameters
are not altered by this Xspec fit. In a second time, to conduct a
less biased test, we refitted all our spectra with Xspec but with
a common initialisation point for all regions (the average value
across the entire remnant).

The vulnerability of Xspec to the initialisation parameters is
then evident, as shown in Fig. B.1. Xspec has trouble to retrieve
the values obtained with BXA in our study (for example here
with the temperature of the IMEs ejecta), and the Cstat is sys-
tematically worse with the Xspec fit when initialised far from
the solution (see right panel of Fig. B.1). This means that the
Xspec minimisation struggles to find the global minimum. We
note that in the latter test, we performed only a single fit without
manual inspections. While a better fit could be reached "by hand"
for a few regions, this approach is biased and does not scale to
hundreds of regions.

Appendix C: Examples of posterior distribution

We present in this appendix examples of the posterior distri-
bution obtained with the tool BXA (see Sect 3.3). The spectra
associated with these regions are shown in Fig. 2. We can see in
Fig. C.1 the complete posterior distribution for region 59. This
corner plot shows that each parameter is well-constrained. It was
a true challenge to check by eye all this information for the 211
regions. A challenge also of visualisation in an article, in Fig.
C.2, we choose to present four other examples (regions 89, 99,
174 and 184) but reduced to only the main parameters.

In these five examples, we observe some notable correla-
tions: within the group k71—1; — norm of the IME component
(N in the corner plot), between N and the norm of the iron-rich
VNEI (N, in the corner plot) and between the photon index (I')
and the norm of the power law (N3 in the corner plot). These are
expected because the same part of the spectrum is used to con-
strain these parameters. However, we can see that uncertainties
are small as we have a lot of statistics in each region.

Appendix D: Maps of relative errors and reduced
Cstat

To have a more precise view of the uncertainties for each param-
eter, we map in Fig. D.1 the relative error in each region, defined
as the standard deviation of the posterior distribution divided by
its median. For the redshift map, we plot the standard deviation
map of Vz, as the absolute error is the relevant quantity. Most
of the parameters have a relative error less than 10%. Neverthe-
less the norm of the additional Gaussians, in particular G3 and
G4 are poorly constrained in a lot of regions as observed also in
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Fig2. The regions of scientific interest highlighted in this study
are uncorrelated with the features visible in these error maps.
In general, the regions with bigger uncertainties are located in
the gap between the CCDs of Chandra and in the southeast of
Tycho’s SNR, where the statistics are lower.

We present also in this appendix the reduced Cstat map as
shown in Fig. D.2 (left panel). To obtain this map, we retrieved
the Cstat value from each region using the best model from our
BXA analysis. We do not rely on this Cstat map to derive the
quality of the fitting, because it is correlated with the number of
counts within the region as shown in Fig. D.2 (right), meaning
a Cstat map is difficult to use quantitatively. This overall cor-
relation corresponds to the fact that a model is never perfect.
The points significantly above the correlation are indicative of
regions with poorer fit quality than average

These areas correspond to regions on the northern edges,
likely due to inaccurate instrument calibration and/or additional
component coming from interactions between the remnant and a
denser medium. A more detailed study such as handling of the
systematics in calibration or the addition of new thermal compo-
nent in these few zones is beyond the scope of this paper (15 out
of 211 regions with a reduced Cstat greater than 1.5).
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