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1. Introduction

4. Discussion

  To measure the expansion rate of Tycho’s SNR, we generated 4.1–
6.1 keV band flux images for each of the 2003, 2009, 2009, and 2015 
data obtained with Chandra. The image taken in 2009 is presented in 
Figure 1a.  The emission in this energy band is dominated by 
synchrotron emission from accelerated electrons, and is selected here 
since the rim structures are most clearly visible in this band.   
  We measured expansion rate of the remnant in 13 regions  indicated 
in Figure 2a. In Figure 2b, we show projection along the shock front 
in Region 8 obtained in 2003 and 2009, where expansion is clearly 
visible. We shifted one dataset at some step,  and, at each step, we 
calculated chi-squared values between the two datasets. From the 
obtained chi-squared as a function of shift, we obtained the shift 
which gives the minimum chi-squared and thus is the best estimated 
value.  
  The top panel of Figure 2c shows the expansion velocities measured 
in each of the 13 regions in three different time intervals. In the 
bottom panel, we plot acceleration under an assumption that it is 
constant between 2003 and 2015. In earlier times, expansion is faster 
in the southern and western regions (see the velocities measured in 
2003–2007). The expansion in these regions decelerated over the 
years. The measurement in the 2009–2015 interval indicates that the 
expansion of the 13 regions reach almost a common velocity. The 
result suggest that the blast wave recently hit a dense gas wall. 
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   Tycho's supernova (SN) or SN 1592 is known to be a standard type Ia explosion based on the X-ray spectroscopy of its supernova remnant 
(SNR) (Badenes et al. 2006) and on the observations of light echoes. One of the burning questions about type Ia supernovae is what kind of 
progenitor systems lead to explosions. Two scenarios are discussed in the literature. One is the single-degenerate (SD) scenario, in which mass 
accretion from a non-degenerate companion onto a white dwarf leads to an explosion. In the other scenario, called the double-degenerate (DD) 
scenario, a merger of two white dwarfs forming a binary system triggers an explosion. The environment of supernova remnants, e.g., ambient 
density structure, is one of the keys to answering this question. In the SD scenario, a strong wind is expected to blow from the progenitor system 
in the pre-SN phase (e.g., Hachisu et al. 1996), which may leave a cavity-like structure. In the DD scenario, on the other hand, such an outflow 
generally is not anticipated. We here report on our X-ray imaging ad spectral analyses of Tycho's SNR (Figure 1), aiming to probe its ambient gas 
environment. 

Figure 1. Three color image of 
Tycho’s SNR obtained with 
Chandra ACIS. 

Figure 2. (a) Chandra ACIS flux image in the energy band 
between 4.1 keV and 6.1 keV. The red squares are regions 
used for expansion velocity measurements. (b) Projection 
along the shock front in Region 8. The black and red 
points indicate profiles obtained in 2003 and 2009, 
respectively. (c) Velocity (top) and acceleration (bottom) 
measured in each of the 13 regions. The acceleration is 
estimated assuming it is constant between 2003 and 2015. 
The horizontal axis represents angle from the north in 
counterclockwise. The distance to Tycho’s SNR is 
assumed to be 2.5 kpc in converting arcsec to km. 

(c)

2. Imaging Analysis with Chandra

3. Spectral Analysis with XMM-Newton

confirmed that the velocity of the decelerated region is typically
∼1000 km s−1 during ∼20 yr after the collision.

As our simulation predicts, the generated reflection shock
will move backward and converge onto the RS within a few
tens of years. It provides important constraints on when (and
where) Tycho’s SNR reached the cavity wall. Notably, this
timescale is fairly in agreement with the previous proper
motion measurements (Tanaka et al. 2021), in which the
authors observed a shock deceleration during the last ∼15 yr in

the southwest. We also infer that the cavity was nearly
spherically symmetric around the SN explosion. We further
found that the reflection shock forms a positive velocity
gradient to the outside (R= 4.5–4.7 pc in Figure 11); the trend
is suggestively similar to the vIME profiles shown in Figure 10
(for example, θ= 180°–225°). We thus conclude that our result
provides further evidence of the cavity formed by a wind from
the WD during mass accretion in the SD progenitor system
(Hachisu et al. 1996).
Although there remain large uncertainties in the measure-

ment of the CCDs, future observations with higher energy
resolution will provide a more detailed velocity structure,
which hints at the environment of Tycho’s SNR and its
progenitor system. Our method with high-angular resolution
microcalorimeters such as Athena (Barret et al. 2018) and Lynx
(Gaskin et al. 2019) will provide a new way to distinguish
between the SD and DD progenitor scenarios for Type
Ia SNRs.

5. Conclusions

We revealed a global three-dimensional velocity structure of
Tycho’s SNR using XMM-Newton data, and investigated the
presence of a wind bubble that was suggested by a recent
proper motion observation (Tanaka et al. 2021). We performed
a spatially resolved spectroscopy of the remnant (845 grid cells
in total) and found that emission lines of the ejecta such as Si
Heα can be explained by a blue/redshifted thermal model in
almost all regions. While the obtained velocity structure
approximately indicates a spherically symmetric expansion,
the radial profile drops down far inside the edge in almost all
directions, which implies a significant deceleration of blast
waves around the remnant.
We converted the obtained line-of-sight velocities v∥ to

expansion velocities vIME and found possible evidence that
ejecta just behind the CD was slowed down to
vIME∼ 1000 km s−1, whereas global expansion velocity is
vIME= 3870± 40 km s−1. We also confirmed that average
radii of RS and ejecta are rRS= 175″± 3″ and rejecta=
210″± 1″, respectively, which are in good agreement with
other estimations. Our result strongly suggests a recent

Figure 10. Radial profiles of vIME for each octant.

Figure 11. Results of a hydrodynamical simulation. The top and middle panels
display the density and velocity profiles with radius, respectively. The bottom
panel shows the zoom-in view of the velocity profile near the outer edge, where
the reflection shock is generated.
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confirmed that the velocity of the decelerated region is typically
∼1000 km s−1 during ∼20 yr after the collision.

As our simulation predicts, the generated reflection shock
will move backward and converge onto the RS within a few
tens of years. It provides important constraints on when (and
where) Tycho’s SNR reached the cavity wall. Notably, this
timescale is fairly in agreement with the previous proper
motion measurements (Tanaka et al. 2021), in which the
authors observed a shock deceleration during the last ∼15 yr in

the southwest. We also infer that the cavity was nearly
spherically symmetric around the SN explosion. We further
found that the reflection shock forms a positive velocity
gradient to the outside (R= 4.5–4.7 pc in Figure 11); the trend
is suggestively similar to the vIME profiles shown in Figure 10
(for example, θ= 180°–225°). We thus conclude that our result
provides further evidence of the cavity formed by a wind from
the WD during mass accretion in the SD progenitor system
(Hachisu et al. 1996).
Although there remain large uncertainties in the measure-

ment of the CCDs, future observations with higher energy
resolution will provide a more detailed velocity structure,
which hints at the environment of Tycho’s SNR and its
progenitor system. Our method with high-angular resolution
microcalorimeters such as Athena (Barret et al. 2018) and Lynx
(Gaskin et al. 2019) will provide a new way to distinguish
between the SD and DD progenitor scenarios for Type
Ia SNRs.

5. Conclusions

We revealed a global three-dimensional velocity structure of
Tycho’s SNR using XMM-Newton data, and investigated the
presence of a wind bubble that was suggested by a recent
proper motion observation (Tanaka et al. 2021). We performed
a spatially resolved spectroscopy of the remnant (845 grid cells
in total) and found that emission lines of the ejecta such as Si
Heα can be explained by a blue/redshifted thermal model in
almost all regions. While the obtained velocity structure
approximately indicates a spherically symmetric expansion,
the radial profile drops down far inside the edge in almost all
directions, which implies a significant deceleration of blast
waves around the remnant.
We converted the obtained line-of-sight velocities v∥ to

expansion velocities vIME and found possible evidence that
ejecta just behind the CD was slowed down to
vIME∼ 1000 km s−1, whereas global expansion velocity is
vIME= 3870± 40 km s−1. We also confirmed that average
radii of RS and ejecta are rRS= 175″± 3″ and rejecta=
210″± 1″, respectively, which are in good agreement with
other estimations. Our result strongly suggests a recent

Figure 10. Radial profiles of vIME for each octant.

Figure 11. Results of a hydrodynamical simulation. The top and middle panels
display the density and velocity profiles with radius, respectively. The bottom
panel shows the zoom-in view of the velocity profile near the outer edge, where
the reflection shock is generated.
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  We performed spatially resolved X-ray spectroscopy with XMM-
Newton. We extracted spectra from each square region in Figure 3a. 
An example of the spectra are presented in Figure 3b. To measure 
the line-of-sight velocities of the ejecta ( ), we fitted the spectra 
with a model consisting of two components with different velocities 

 and , representing the red- and blue-shifted 
components of the ejecta of intermediate mass elements (IMEs: Si, 
S, S, Ar, and Ca) . From the obtained , we can estimate the 
expansion velocities of the ejecta , by solving the inverse 
problem of Equation (1), which assumes that the SNR is spherically 
symmetric and the ejecta is filled between the reverse shock (RS) 
and the contact discontinuity (CD) with an expansion velocity of 

. The estimated velocities  are plotted in Figure 4.  
    The obtained  keeps constant at  within and 

 and then suddenly drops to . This is 
explained if the blast wave collided a dense gas wall, which is, in 
fact, demonstrated by our hydrodynamical simulation shown in 
Figure 6. The reflection shock generated by the collision is 
responsible for the low-velocity ( ) component.  
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We fitted the model ¢( )v x described by Equation (1) to the v∥
profiles obtained by the Doppler model applied to the XMM-
Newton data as shown in Figure 8. From the best-fit results, we
found a significant discrepancy between the model and the data
except for the southeast direction (θ= 90°–135°, 135°–180°)
where the Fe knot is located (Yamaguchi et al. 2017). In
Figure 8, we also show the locations of the contact
discontinuity rCD, which is estimated as the average radius of
the outer boundary of the ejecta in each sector. If the ejecta is
expanding in a uniform and low-density environment without
deceleration, rejecta should coincide with the contact disconti-
nuity (rCD), i.e., rejecta= rCD. This assumption, however, fails
to reproduce the observed v∥ profiles, leading us to favor a
nonuniform expanding structure of the ejecta.

4.2. Velocity Structure of Tycho’s SNR

From the best-fit v∥ profiles (Figure 8), we obtained vIME,
rRS, and rejecta as the fitting parameters, for each direction as
summarized in Table 2. The averaged ejecta velocity
vIME∼ 3900 km s−1 is between the predicted value
(∼2000 km s−1; Badenes et al. 2006) and the past measurement
with Suzaku (4700± 100 km s−1; Hayato et al. 2010), and in
good agreement with the previous proper motion measurement
with Chandra (Katsuda et al. 2010); 0 21–0 31 yr−1

(3000–4400 km s−1 for a distance of 3 kpc). We also found that
vIME at θ= 180°–270° (southwest region) is larger than those at
the other directions. It is roughly aligned with previous studies
suggesting encountering dense gas toward the northeast
direction in the past (Lee et al. 2004; Williams et al. 2016;
Zhou et al. 2016; Godinaud et al. 2023), and more recent
deceleration of blast waves in the southwest (Tanaka et al.
2021). The average position of the RS rRS= 175″± 3″ is also
fairly consistent with the previous estimations, i.e., 183″
(Warren et al. 2005) or 158″ (Yamaguchi et al. 2014). These
results indicate that the velocity structure and the ejecta
morphology are naturally explained by the standard SNR

Figure 6. Radial profiles of the line width from the center to the outside for each octant. The x-axis corresponds to the projection position x defined in the text and
Figure 9.

Figure 7. Same as Figure 3, but with an example best-fit result of the Doppler-
broadening model. The red and blue curves indicate the red- and blueshifted
IME components, respectively.
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profiles obtained by the Doppler model applied to the XMM-
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the other directions. It is roughly aligned with previous studies
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direction in the past (Lee et al. 2004; Williams et al. 2016;
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deceleration of blast waves in the southwest (Tanaka et al.
2021). The average position of the RS rRS= 175″± 3″ is also
fairly consistent with the previous estimations, i.e., 183″
(Warren et al. 2005) or 158″ (Yamaguchi et al. 2014). These
results indicate that the velocity structure and the ejecta
morphology are naturally explained by the standard SNR
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Figure 7. Same as Figure 3, but with an example best-fit result of the Doppler-
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profiles obtained by the Doppler model applied to the XMM-
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Figure 2. (a) Chandra ACIS flux image in the Si Kα band (1.80–1.92 keV) 
overlaid with the grids used for the spatially resolved spectroscopy. The 
definitions of the region number (X, Y) and the azimuthal angle θ (from 
the north counterclockwise) are also displayed. (b) Spectrum extracted 
from region (22, 15), which is indicated as a red square in the left figure. 
The red and blue curves represent red- and blue-shifted components, 
respectively. The green curve indicates their sum. 

synchrotron emission (Fink et al. 1994). Two Gaussians are
also included at ∼0.7 and ∼1.2 keV to compensate for the
known uncertainty of the plasma code (see the discussion in
Okon et al. 2020). The absorption column density NH using the
Tübingen–Boulder model (Wilms et al. 2000) was fixed at
7.5× 1021 cm−2, derived from an average of previous
measurements (e.g., Yamaguchi et al. 2017; Okuno et al.
2020).

Given that the ejecta consists of pure metals stratified into
layers in the shell of the remnant (Hayato et al. 2010), we
applied several NEI components for a thermal emission
corresponding to different element groups, namely, ONeMg,
IME, and IGE. For the ONeMg component, O is fixed to 105,
whereas Ne and Mg are free; we confirmed that these
abundances do not affect the following analysis and results
since the ONeMg component is almost negligible in the
middle-energy band that we focus on. For the IME component,
Si is fixed to 105, whereas S, Ar, and Ca are free. The IGE
component is further divided into two components (IGE1 and
IGE2) with different plasma temperatures. For these compo-
nents, Fe is fixed to 105 and linked to the abundances between
IGE1 and IGE2. We tied the electron temperature kTe among
the ONeMg, IME, and IGE1 components and varied only the
ionization timescale τ for simplicity under an assumption that
in each grid the temperature gradient is negligible along the line
of sight. The IGE2 component has a different set of kTe and τ
from the IGE1 component since the ionization state of Fe
derived from the line centroid of Fe Kα seems different from
that estimated from the Fe–L complex.

The thermal components required for our analysis are then a
combination of the low-kTe ONeMg, IME, and IGE1 plus the
high-kTe IGE2 (hereafter, multi-NEI component). We however
found that the above model (with a power law) still cannot

reproduce spectra well, particularly for regions near the center.
This seems reasonable because the ejecta of Tycho’s SNR has a
velocity structure as reported by several studies (e.g., Hayato
et al. 2010; Sato & Hughes 2017). We thus applied the two
convolution models (vmshift and gsmooth in XSPEC) to
all the components for representing a Doppler shift and line-
broadening effect of each element group (hereafter, we call this
modified multi-NEI model). Note that we set the index
parameter in gsmooth to be 1 so that the line width is
proportional to the photon energy.

3.1. Parameter Distributions

In Figure 3, we show spectra and best-fit results of example
regions. All the spectra are well reproduced by the modified
multi-NEI model. Parameters of the IGE1 and IGE2 compo-
nents are especially well constrained even in regions near the
outer rim where the nonthermal emission is dominant (for
instance, region (3, 20) displayed in Figure 3). The results
enable us to investigate the spatial distributions of the
parameters for all the thermal components, as displayed in
Figures 4 and 5.

3.1.1. Electron Temperature and Ionization Timescale

The electron temperature distributions shown in Figure 4
indicate that kTe of the ejecta is nearly uniform (∼2 keV),
whereas that of the IGE2 (i.e., the hot component of Fe) is
significantly higher (>7 keV) in the southeastern knot (Fe knot;
Yamaguchi et al. 2017) than those in the other regions. These
results imply that the origin of the IGE2 is different from the
low-kTe components, as pointed out by Yamaguchi et al.
(2017). The overall spatial trend of each component is

Figure 2. Chandra ACIS image (734 ks in total) of Tycho’s SNR (1.80–1.92 keV; Si Kα line band) overlaid with the grids we used for our analysis. The definitions of
the region number (X, Y) and the azimuthal angle θ (from the north counterclockwise) are also displayed. The square regions enclosed by the thick lines are those from
which we obtained example spectra shown in Figure 3.
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We fitted the model ¢( )v x described by Equation (1) to the v∥
profiles obtained by the Doppler model applied to the XMM-
Newton data as shown in Figure 8. From the best-fit results, we
found a significant discrepancy between the model and the data
except for the southeast direction (θ= 90°–135°, 135°–180°)
where the Fe knot is located (Yamaguchi et al. 2017). In
Figure 8, we also show the locations of the contact
discontinuity rCD, which is estimated as the average radius of
the outer boundary of the ejecta in each sector. If the ejecta is
expanding in a uniform and low-density environment without
deceleration, rejecta should coincide with the contact disconti-
nuity (rCD), i.e., rejecta= rCD. This assumption, however, fails
to reproduce the observed v∥ profiles, leading us to favor a
nonuniform expanding structure of the ejecta.

4.2. Velocity Structure of Tycho’s SNR

From the best-fit v∥ profiles (Figure 8), we obtained vIME,
rRS, and rejecta as the fitting parameters, for each direction as
summarized in Table 2. The averaged ejecta velocity
vIME∼ 3900 km s−1 is between the predicted value
(∼2000 km s−1; Badenes et al. 2006) and the past measurement
with Suzaku (4700± 100 km s−1; Hayato et al. 2010), and in
good agreement with the previous proper motion measurement
with Chandra (Katsuda et al. 2010); 0 21–0 31 yr−1

(3000–4400 km s−1 for a distance of 3 kpc). We also found that
vIME at θ= 180°–270° (southwest region) is larger than those at
the other directions. It is roughly aligned with previous studies
suggesting encountering dense gas toward the northeast
direction in the past (Lee et al. 2004; Williams et al. 2016;
Zhou et al. 2016; Godinaud et al. 2023), and more recent
deceleration of blast waves in the southwest (Tanaka et al.
2021). The average position of the RS rRS= 175″± 3″ is also
fairly consistent with the previous estimations, i.e., 183″
(Warren et al. 2005) or 158″ (Yamaguchi et al. 2014). These
results indicate that the velocity structure and the ejecta
morphology are naturally explained by the standard SNR

Figure 6. Radial profiles of the line width from the center to the outside for each octant. The x-axis corresponds to the projection position x defined in the text and
Figure 9.

Figure 7. Same as Figure 3, but with an example best-fit result of the Doppler-
broadening model. The red and blue curves indicate the red- and blueshifted
IME components, respectively.
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(a) (b)

Figure 3. Radial profile of  for each octant of the remnant. v̄IME

Figure 4. Results of our hydrodynamical 
simulation. The top and middle panels display the 
density and velocity profiles with radius, 
respectively. The bottom panel shows the zoom-in 
view of the velocity profile near the outer edge, 
where the reflection shock is generated.

˙ :~ - -M M10 yr6 1 has been suggested to occur when a
carbon/oxygen WD accretes matter from a main-sequence or
(slightly) evolved companion star. The wind may have a
velocity vw larger than a few hundred kilometer per second
(Kato & Hachisu 1999).

The fast wind from the accretion disk can evacuate a low-
density cavity in which radiative losses are not important

(Badenes et al. 2007; Koo & McKee 1992a, 1992b). The
structure of the interaction of a strong wind with the interstellar
medium is described by four zones: (1) freely expanding wind,
(2) shocked stellar wind, (3) a shell of shocked interstellar gas,
and (4) ambient gas (Weaver et al. 1977). The expanding
molecular bubble surrounding Tycho has an inner radius

~R d3b 2.5 pc and an expansion velocity ~ -V 4.5 km sb
1. In

Figure 3. Position–velocity diagrams of 12CO J = 2–1 emission across the SNRs along six cuts (equivalent to optical long-slit spectra; the directions of the cuts with a
n30 decrement are displayed in the bottom right panel of Figure 1). (a) The diagram is obtained along the ´10. 6-wide cut “a” with PA = n287 , and the data are

smoothed with a Gaussian kernel of ( ´16 , -0.6 km s 1). (b–f) The diagrams are for 2′-wide cuts “b”–“f.” The data with signal-to-noise ratio .3 are displayed. The
dashed ellipses indicate the sphere centered at (00 25 20h m s, n ¢ ´64 08 14 , -61 km s 1), with a radius of 4′, and expanding with a velocity of 4.5 km s−1.
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12CO J = 2–1 to J = 1–0 ratio and 12CO-to-13CO ratios are
present in the northeast of the remnant. This can be interpreted
as the shocked clumps remaining unresolved with current
observations (low brightness temperature; see Section 3) and
the shock front having just reached the molecular medium in
the recent past (within a few tens of years; Reynoso et al. 1999)
and swept up a small amount of gas.

This molecular gas can be the dense target of collision by the
cosmic-ray protons accelerated by Tycho’s blast shock, which
gives rise to γ-ray emission due to hadronic interaction. A high
ambient gas density provides a possibility of the relatively low
fraction of energy deposited to the shock-accelerated protons in
the young Tycho SNR (Zhang et al. 2013).

The suggested distance of Tycho varies between 1.7 and
5 kpc according to different methods (Albinson et al. 1986;
Schwarz et al. 1995; Krause et al. 2008; Hayato et al. 2010). As
suggested in Zhang et al. (2013; see also Lee et al. 2004), the
system velocity of- -62 km s 1 of the MC allows the alternative
distances of 4.0 and 2.5 kpc, and the absence of an
H I absorption feature at -46 to - -41 km s 1 (Tian &
Leahy 2011) is suggestive of the nearer distance. Hence, we
adopt a distance of ~2.5 kpc for Tycho.
The column density of the molecular gas at the six positions

at the northeastern boundary of the SNR is estimated with the
13CO line detected at = -V 67LSR to- -60 km s 1. Assuming
that the rotational levels of the 13COmolecules are in local

Figure 1. Upper left panel: average spectrum of 12CO J = 2–1 in the field of view. Bottom right panel: velocity-integrated intensity in the velocity range −68.1 to
−54.1 km s−1 with a maximum intensity scale of 13.5 K. The six plus signs label the positions where the 3 mm line survey observations were made. The data used in
the position–velocity diagrams (in Figure 3) are selected along the red lines. Other panels reveal the 12CO J = 2–1 intensity channel maps with a step of 1 km s−1,
overlaid with contours of the 1.4 GHz continuum of the NRAO VLA Sky Survey. The color bar shows the intensity scale of the channel maps.
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Figure 5. (Left) 12CO (J = 2–1) 
intensity map in the velocity range 
−69.1 km s−1 to −54.1 km s−1 by 
Zhou et al. (2016). (Right) Position-
velocity diagram along the red 
arrow “c” in the left panel. A 
bubble-like structure is clearly 
visible. Note that similar structures 
are found also along the other 
directions (adopted from Zhou et al. 
2016). 

  Both our imaging and spectral analyses implies that the blast wave of Tycho’s SNR recently 
hit dense gas distributed in a wide range of azimuthal angle. A gas structure like cavity wall 
would be able to explain the result. Such a molecular gas structure is indeed found by Zhou et 
al. (2016), who analyzed data from IRAM 30 m telescope. (Figure 5).  
  A detection of such circumstellar materials has been regarded as a smoking gun for an SD 
progenitor of a SN Ia. The circumstellar materials strongly indicate that the progenitor should 
be a young system, making the DD scenario unlikely. In the SD scenario, a strong wind from 
the progenitor white dwarf during mass accretion (Hachisu et al. 1996) is one of the plausible 
mechanisms responsible for the formation of the cavity. 

See our papers for details of what is presented here.  
Tanaka, T., Okuno, T., Uchida, H., Yamaguchi, H. Lee, S.-H., Maeda, K., Williams, B. J., 2021, ApJL, 906, L3 (Imaging Analysis with Chandra) 
Uchida, H., Kasuga T.  Maeda, K., Lee, S.-H., Tanaka, T., Bamba, A., 2024, ApJ, 962, 159 (Spectral Analysis with XMM-Newton)


