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SNe are typed based on light weeks after
an explosion.

Ways to classify explosions of SNRs 
(Type Ia versus core-collapse): 

1. Identification of a central neutron star
2. Light echoes (Rest+2005, 2008; Krause+2008)
3. Metal abundances (e.g., O/Fe)
4. Environment (e.g., nearby molecular clouds, CSM)
5. Nearby stellar populations (young or old stars) 
6. X-ray morphologies (Type Ia SNRs are more symmetric; 
Lopez+2009b, 2011)

7. Fe line centroid energy (Type Ia SNRs have lower Fe 
ionization state; Yamaguchi+2014)

Tying SNRs to Their Explosions



Nucleosynthetic yields of CC SNe depend on progenitor 
mass (e.g., Sukhbold et al. 2016).

Katsuda et al. 2018b, using models of Sukhbold et al. 2016
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Figure 2. Left: CO core mass as a function of a progenitor mass, MZAMS (Sukhbold et al. 2016). The vertical and horizontal
dotted lines indicate ZAMS masses of 15M⊙ and 22.5M⊙ corresponding to CO core masses of 3M⊙ and 6M⊙, respectively.
Right: Fe/Si abundance ratios as a function of the progenitor mass (MZAMS), based on nucleosynthesis models by Sukhbold et al.
(2016). The progenitor classes (A), (B), and (C) are shown in the same manner as in panel (g) of Fig. 1. The solid curve shows

the best-fit exponential model, (Fe/Si)/(Fe/Si)⊙ = 1.13× exp
(

4.8−MZAMS
10.6

)
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Progenitor mass, M ZAMS (Msun)

M31&M33 SNR progenitors’ IMF
Salpeter IMF
Revised data (young SNRs)
Revised data (all SNRs)
Original data (all SNRs)

SNe IIP progenitors’ IMF

Figure 3. Cumulative distributions of progenitor masses (MZAMS) for six different cases. The black lines with open box, open
circle, and filled circle are responsible for Galactic and Magellanic Clouds SNRs that are simply taken from the literature (the
third column in Table 1), revised based on Fe/Si ratios (the sixth column in Table 1), and the revised data restricted to the
young (t < 5000 yr) SNRs, respectively. The dashed lines in red, green, and blue are responsible for the standard Salpeter IMF,
the up-to-date progenitors’ IMF for CCSNRs in M31 and M33 (Dı́az-Rodŕıguez et al. 2018), and progenitors’ IMF for SNe IIP
(Smartt et al. 2009).

MW/MC SNRs:
A: 47%
B: 32%
C: 21%

Tying SNRs to Progenitors 
Using Nucleosynthesis



Neutron Star Proper Motions
Typical velocities of neutron stars are ~400 km/s, corresponding 
to proper motions of 0.03”/yr (0.45”/15 yrs) at a distance of 3 kpc. 

After 25 years, Chandra has sufficient spatial resolution to map 
changes in neutron star positions. 

~20 neutron stars have velocity measurements within SNRs, with 
direct proper motion measurements (~7) or measuring distances 
from explosion sites to current NS position (~13)

X. Long+ 2022

G292.0+1.8:
612+-152 km/s
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Fig. 4.— Images of the six SNRs for which we have robust measures of their explosion sites. From left to right, top to bottom: CTB 109,
Cas A, Puppis A, G292.0+1.8, PKS 1209�51, RCW 103. The green arrow points from the explosion site to the direction of the dipole
moment. The white arrow points in the direction of NS motion.

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

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

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

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

Neutron Star direction; X-ray Emission
Neutron stars are ‘kicked’ by the SN explosion opposite 
to the bulk of the X-ray emission / ejecta, consistent with 
NS kicks originating from hydrodynamical instabilities
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NS Kicks in Supernova Remnants



Elemental Spatial Distributions Vary

Holland-Ashford, Lopez, & Auchettl 2020
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Figure 2. Continuum-subtracted element maps of Cas A. The green star is the explosion site (Thorstensen et al. 2001), the
white ‘X’ is the full-band (0.5–8.0 keV) center-of-emission, and the blue circle is the center-of-emission for the element displayed.
The white scale bar at the bottom-left of each image is 20 in length. See Grefenstette et al. (2017) for the narrow-band Ti image
we used.

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

2.5. Titanium Data

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

3. METHODS

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

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

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

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

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

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

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

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

4.2. Comparison of NS Kicks to Ejecta Distributions

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

Burning processes from Woosley, Heger, 
Weaver 2002; Curtis+2019

NS motion is more directly opposed to heavier elements 
(Ar, Ca, Fe, Ti) than lighter elements (O, Mg, Si)



Use techniques (general morphological component 
analysis) to separate the red- and blue shifted components 
in the Chandra X-ray images of Cas A

Redshifted ejecta is more 
symmetric/circular and 
dominates the emission

Picquenot+2021 

2D to 3D with Chandra CCD Data



Future
Follow-up Chandra 
observations to get 
expansion velocities, 
neutron star kicks, 
variability of emission 
to probe shock 
heating and particle 
acceleration

New Chandra 
observations of 
SNRs discovered 
with eROSITA or at 
other wavelengths

Zangrandi+24

Known SNRs
Radio candidate SNRs
Optical candidate SNRs

eROSITA candidate SNRs



Future with AXIS
AXIS Galactic Plane Survey (cyan) will include dozens of 
known SNRs. Will discover new neutron stars, measure 
proper motions/expansions, get chemical abundances

Safi-Harb+24



Conclusions
Chandra has given detailed view of SNRs in Milky Way and nearby 
galaxies, probing metal distribution, dynamics, nucleosynthesis, and 
their connection to progenitors and neutron star kicks.

Future Chandra studies are critical for longer dynamics baselines 
and to probe explosions & progenitors of newly-discovered SNRs. 
AXIS will offer even more detail on larger populations of SNRs.



NGC 6334

M17 W3 W51A

Galactic Star-Forming Regions

Townsley+14

Chandra has revealed diffuse, shock-heated gas from 
stellar winds & SNe in Milky Way and MC HII regions.

NGC 6357 M16



T-ReX: The Tarantula Revealed in X-rays

Chandra observed 30 Doradus for 2 Ms, revealing 
detailed view of complex hot gas distribution.

Townsley, Broos, & 
Povich+24
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Compare hot gas properties (Lx, kT, ne) with warm gas 
and dust to explore wind and SN energy loss channels — 
test to see how stellar feedback couples to the ISM.

T-ReX: The Tarantula Revealed in X-rays



A Proto-30 Dor: N79

N79 has an accelerating star-formation rate for the last 
0.5 Myr, Ochsendorf posited that the possible super-star 
cluster could be a proto-30 Doradus of age 0.1-0.5 Myr.

Ochsendorf+17



Webb, Rodriguez, 
Lopez+24

Observed with 
Chandra for 100 ks. 

Diffuse X-rays extend 
10” ~ 2.4 pc; peak is 
offset from YSOs 
identified with JWST.

Stellar winds do 
produce hot gas at 
earliest stages.

A Proto-30 Dor: N79



Webb, Rodriguez, 
Lopez+24

X-rays fill the cavities 
seen in 13CO from 
ALMA.

X-ray luminosity is 20x 
below predictions if hot 
gas was fully confined.

Wind energy lost via 
turbulent mixing, 
radiative cooling, 
leakage.

A Proto-30 Dor: N79



Hot ISM on Galactic Scales

Tyler+04

Mineo+12

X-ray morphology traces spiral 
arms (similar to H-alpha and mid-
IR; Tyler+04) and correlates with
SFR (Mineo+12)

To date, limited work on diffuse hot gas on a subgalactic 
scale in nearby galaxies (though see posters of Erik 
Monson, Luan Luan, Junfeng Wang, Ryder Smith)



XMM-Newton Chandra

Hot ISM on Sub-Galactic Scales: M51



Hot ISM on Sub-Galactic Scales: M101
R = 1’ - 3’

x R = 3’ - 4’
R = 4’ - 5’

x FUV knots
X-ray knots

Kuntz & Snowden10

X-rays and FUV are correlated but are non-linear. Spatial 
relationship between wavelengths can reveal insights about 
stellar population ages.



Hot ISM on Sub-Galactic Scales: M51
Many nearby galaxies have been observed deeply by 
Chandra to study X-ray binaries, and Chandra spatial 
resolution enables removal of point sources to map diffuse 
hot gas. We are examining the relationship of the hot gas 
to other ISM tracers, stars, environment. 

Rodriguez, Lopez+25 in prep



Nearby 
Galaxies 

- PHANGS
Physics at High 
Angular Resolution In 
Nearby Galaxies 
(PHANGS)
has surveyed 74 star-
forming, face-on 
galaxies <30 Mpc at 
~100 pc resolution.

ALMA, MUSE, HST, 
JWST, Chandra - 
complete view of ISM

Watkins+23



Identifying SNRs in the Optical

Jing Li+24

Identified ~2200 new SNRs in PHANGS-MUSE galaxies using 
optical line diagnostics + kinematics. 35% overlap with HII regions.

Jing Li+24



PHANGS-Chandra

ALMA CO Halpha XRBsXRBs Diffuse Hot Gas

33 of the 74 PHANGS galaxies have been observed 
already or will be this year with Chandra, including all of 
the PHANGS-JWST “first 19” (PIs: Lehmer, Lopez) 

~Half of emission is from X-ray binaries, other half is 
diffuse hot gas. Must remove XRBs to see diffuse gas.

NGC 4321



NGC 628

XRBs
7.7um JWST
Halpha

7.7um JWST

Diffuse Hot Gas

NGC 628



Future: PHANGS-Chandra
Awarded 3 Ms Chandra Legacy Program to observe the 
other ~40 PHANGS galaxies (PIs: Mathur, Lehmer, Lopez), 
down to Lx ~ 3x1037 erg/s

NGC 4303

Data will be taken 2025-2026.



Future: AXIS

AXIS, with 1.5” PSF and 24’ field of view, will be much 
more sensitive than Chandra.
Feedback in/out of galaxies is an important part of science 
plan: will cover 5000 star clusters in galaxies  <7 Mpc 
away and will detect Lx >3x1034 erg/s, create the first X-
ray luminosity function of star clusters/HII regions.



Conclusions

Hot ISM from stellar winds and SNe fill star-forming regions; 
Chandra resolution key to separate point sources from diffuse ISM. 
Most studies have focused on Milky Way and Magellanic Clouds; 
need larger samples to explore how feedback is deposited to ISM.

Little done on hot ISM within galaxies. PHANGS-Chandra will be first 
to look on sub-galactic scales across a large sample to get complete 
ISM topology across many galaxies.

AXIS will enable first statistical sample of hot ISM around star 
clusters in nearby galaxies.

Chandra has given detailed view of SNRs in Milky Way and nearby 
galaxies, probing metal distribution, dynamics, nucleosynthesis, and 
their connection to progenitors and neutron star kicks.

Future Chandra studies are critical for longer dynamics baselines 
and to probe explosions & progenitors of newly-discovered SNRs. 
AXIS will offer even more detail on larger populations of SNRs.


