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Cosmic Nucleosynthesis:
Different Complementing Observing Methods
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Astronomy of Cosmic Abundances : a Multi-Messenger Enterprise
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Gamma-Ray Astronomical Telescopes:
Interaction of high-energy photons with matter

Photon interaction with matter (Pb)

à Secondary Particles     …    à e.m. cascade

Seconday photons / electrons
à multi-element & tracking 

detector assemblies
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Imaging principles for a  MeV-range γ-ray telescope 

l Compton Telescopes  and Coded-Mask Telescopes

Achievable Sensitivity: ~10-5 ph cm-2 s-1, Angular Resolution ³ deg
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INTEGRAL Cosmic Photon Measurements: The SPI Ge γ-Spectrometer

Coded-Mask Telescope 
Energy Range 15-8000 keV
Energy Resolution ~2.2 keV @ 662 keV
Spatial Precision 2.6o / ~2 arcmin
Field-of-View 16x16o

Coded Mask Telescope:
Casting a Shadow

6
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
7
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The Challenges

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other

¶Understand the sources of new nuclei

¶Trace the flows of cosmic matter
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Supernovae of type Ia 

 ...also from γ-ray observations:
à SN Ia are a variety

(the "standardizable candles"??)
9
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56Ni radioactivity à γ-Rays, e+ à leakage/deposit evolution

F

FNuclear BE release from 0.6M¤ [C,O  à 56Ni]  = ~1.1 1051 erg (>2*BEWD)
FDeposit of γ rays and e+ in expanding/diluting envelope
FRe-radiation of deposited energy in low-energy (thermal) radiation

56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)

τ =8.8 d

56Co

γ 847 keV (100%)

τ = 111.3 d

γ 812 keV (86%)

0+

1+

2+

4+

2+

0+

4+ 

γ 1238 keV (68%) 

e- - capture (81%)
γ 158 keV (100%)

3+

0+
γ 270+480 

keV
(36%)

3,4+ 
β+  - decay
(19%,E~0.6MeV)

γ’s 3.253(8%),2.598(17%),
1.038(14%),
1.4,1.771(16%)  MeV  optical

γ rays

SN Ia
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Spectra from the SN  at ~20 days after explosion
Clear detections of the two strongest lines expected from 56Ni (should be embedded!)

56Ni mass estimate (backscaled to explosion): ~0.06 M¤ (~10%) 

SNIa and SN2014J: Early 56Ni (τ~8.8d)

3.9 σ 3.1 σ

158 keV 812 keV

Diehl et al., Science (2014)

i.e.: not the single-degenerate Mchandrasekhar model, 
       but rather a 'double detonation, i.e.
         either 2 WDs (double-degenerate)
         or a He accretor (He star companion)

    à SN 2014J looks "normal", but is not
11
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SN2014J data Jan – Jun 2014: 56Co lines
Doppler broadened ✓

Split into 4 time bins

25d

50d

85d

150d

847 keV line 1238 keV line

847 keV line

847 keV line

847 keV line

1238 keV line

1238 keV line

1238 keV line

12

W7 SD delDet
WD-WD merger

Diehl+ 2015

¶ 56Ni mass: 
0.49 +/-0.09 M¤

(cmp from bol. Light 

0.42 +/-0.05 M¤
from models    

0.5    +/-0.3 M¤
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SN2014J data Jan – Jun 2014: 56Co lines
¶ Doppler broadened ✓

¶ Split into 4 time bins
¶ Coarse & fine spectral 

binning
à Observe a structured and

evolving spectrum
– expected: 

gradual appearance 
of  broadened 56Co lines

FDiehl et al., A&A (2015)

¶ note: normally, we do not see such
fluctuations in 'empty-source' spectra!

25d

50d

85d

150d

847 keV line

847 keV line

847 keV line

847 keV line 847 keV line 1238 keV line

847 keV line

847 keV line

847 keV line

1238 keV line

1238 keV line

1238 keV line

13

clumpsat different
bulk velocities?
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Positron annihilation in SN2014J

• The 511 keV line is marginally 
detected
¶ Red-shifted by 10-15 keV
¶ Flux consistent with 

~56Co line fluxes
à ~all e+ annihilating

• Model study
Fpositron escape is ~%

Sonnberger+, in prep.

Brahe, Hoeflich, & Diehl 2022
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SN1987A
• Witnessing the final core collapse of a 

massive star of mass 22 M⊙ in Feb 1987

• Witness neutrino burst
 from core collapse

• Witness radioactively-
powered SN afterglow
and
γ rays
as its
source

15

bolometric light afterglow

Matz+1988

SMM-GRS
Aug-Oct'87

6 CIGAN ET AL.

Figure 2. ALMA 315 GHz (with beam) and 2014 HST 625W band image (Fransson et al. 2015), which includes H↵. The yellow contours
display 315 GHz emission at 0.2 mJy/beam. The 315 GHz continuum in the inner ejecta originates from thermal dust emission, while in the
ring it is due to synchrotron emission. The 18 mas uncertainty on the relative alignment due to Band–7 astrometric error (12 mas) and HST
image registration based on fitting the ring (6 mas) is of order 1 pixel in these images.

dle panel of Fig. 3) does not show the hole clearly in the
same manner as SiO J=5!4 and CO J=2!1, the hole is
also visible in the central channels (v = 0� 300 km s�1) of
the velocity map (Fig. A.2). Because of the additional �600–
0 km s�1 components located within the same line of sight as
the hole (Fig. A.2) in the integrated maps, the hole is not clear
in the SiO J=6!5 map. The CO and SiO molecular hole is
just to the south of the ‘keyhole’ that is seen in H↵ (Fig. 8 of
Fransson et al. (2015); top right panel of our Fig. 3), though
the molecular hole appears to be slightly smaller in scale and
located on the southern edge of the hole in H↵ emission. The
centers of the holes are offset by ⇠50 mas, or ⇠4⇥ the astro-
metric and alignment errors.

CO J=2!1 and SiO J=5!4 have similar structures in
the integrated images, however the spatial distributions of
the higher transitions of each species have some differences.
SiO J=6!5 is more evenly distributed in a shell pattern
while the lower S/N image of CO J=6!5 appears clumpy
(Fig. 3), though this is likely affected by the noise.

CO J=6!5 has emission coincident with the CO J=2!1
hole, in that its channel maps (Fig. A.1) show emission
around the hole location, albeit at low S/N. However,
the integrated spatial distribution appears different from
CO J=2!1. The brightness peaks are distributed differ-
ently, and the hole is not visible in the integrated CO J=6!5

map due to some emission at those coordinates in the 600–
900 km s�1 channels (the far side). The presence of a molec-
ular hole in SiO J=7!6 cannot be confirmed in these data,
as the systemic line center (vLSRK ⇠300 km s�1) falls at the
edges of two sidebands observed separately, which were con-
catenated during reduction, and suffers from roll-off at the
edge of the spectral window; the resulting S/N is poor in that
channel. The other molecular lines do not share this limita-
tion as they fell well within the sideband spectral windows.
We do note a peak of SiO J=7!6 emission, however – the
brightest source of emission in the entire cube – overlapping
with the spatial location of the hole and the dust blob but
offset from the systemic velocity by ⇠ �400 km s�1 (this
corresponds to the 0 km s�1 channel of Fig. A.2).

The resolved dust peak (small 5� contour in Fig. 3) is co-
located with the molecular hole in the low transitions of CO
and SiO, and slightly extends to the north and east into the
relative depression visible in the SiO J=5!4 channels near
the systemic velocity. The brightest points of dust emission
tend to coincide with relative depressions in the CO J=6!5
brightness, giving the appearance of an anti-correlation be-
tween the main dust and CO J=6!5 features. This is more
clearly demonstrated in Fig. 4, where the dust (red) and
CO J=6!5 (blue) images are overlaid. The individual im-
ages were normalized independently to emphasize the main

CSM, dust, 
ejecta

(ALMA)
Cigan+2019

originally measured for the 56Co lines (9, 10).
Although the limit on broadening itself is not
surprising, the measured redshift is both statis-
tically significant and large compared to the up-
per limit on Doppler broadening, indicative of
an asymmetric ejection of 44Ti in the initial ex-
plosion. The 56Co gamma-ray lines also showed
redshifts (∼500 km s−1), but the significance was
marginal. The 56Co detection also stands con-
trary to predictions of spherically symmetric
explosion models that would produce blue-
shifted gamma-ray lines due to increased absorp-
tion of the receding redshifted emission. The
redshifted 56Co lines suggest large-scale asym-
metry in the explosion.
There has been growing evidence for asym-

metries in supernovae explosions over the past
decades (25). In SN1987A itself, asymmetry was
initially supported by extensive evidence for
mixing and polarized optical emission as re-
viewed in (26, 27), and later by spatially resolved
images of the ejecta (27, 28). NuSTAR observa-
tions of the spatial distribution of 44Ti in the Cas
A supernova remnant shows direct evidence of
asymmetry (29). Our results here suggest an even
higher level of asymmetry for SN1987A. For com-
parison, NuSTAR measured a redshift for the in-
tegrated Cas A spectrum of (2100 T 900) km s−1

and a line broadening corresponding to a fastest
ejection velocity of ∼5000 km s−1. Given that ejec-
tionvelocity and theageof the remnant (340years),
the estimated “look-back” redshift velocity for
Cas A is ∼1400 km s−1, consistent with the mea-
sured redshift. From the spatially integrated 44Ti
spectrum alone, Cas A would not appear to have
a statistically significant asymmetry: The spatial
brightness distribution in Cas A revealed the
asymmetries.
In the 44Ti-powered phase, the dominant en-

ergy input to the ejecta comes through the sub-
sequent positron emission of 44Sc, when most
of the gamma rays escape the ejecta without
interacting. These positrons are produced deep
in the ejecta, and both simple estimates and de-
tailed models suggest that they are locally ab-
sorbed and instantaneously thermalized (20, 22).
The implication is that the UVOIR emission of
SN1987A during the 44Ti-powered phase should
be dominated by the ejecta spatially coinci-

dent with the 44Ti ejecta. In principle, UVOIR
spectral imaging in the 44Ti-powered phase
can yield direct evidence for asymmetries. Hub-
ble Space Telescope (HST) obtained resolved
spectral images of the SN1987A ejecta (28)
from June 2000 (4857 days after explosion), near
the end of the phase when the UVOIR emis-
sion was truly dominated by 44Ti decay (21).
They reveal a bipolar structure elongated along
the north-south direction. There is a clear gra-
dient in velocity across ejecta, with the north-
ern component showing a redshift of about
500 km s−1 in the [Ca II] l7300 emission line,
whereas the southern component showed a
larger redshift of about 1700 km s−1. The ejecta
exhibit an overall redshift of ~1000 km s−1. At
the time, this asymmetry and overall redshift
were noted but not emphasized, as they could
be the result of blending of the [Ca II] l7300
line with a [O II] l7320 line. This shifted vel-
ocity distribution is consistent with our mea-
sured redshift of the 44Ti lines. On the basis of
our 44Ti line profile, we might naïvely imagine
the picture of a bright, redshifted clump or jet
of 44Ti, with the UVOIR emission tracing the
spatial and velocity distribution of this clump.
However, the spatial distribution of the ejecta
in this HST observation does not immediately
reveal such a large spatial asymmetry.
A single-lobe (i.e., very asymmetric) explosion

model for SN1987A (30) could explain the ob-
served evidence that 56Ni was mixed to speeds
exceeding 3000 km s−1 and redshifted, as evi-
denced by both the gamma-ray emission and the
infrared forbidden line profiles of [Fe II] (mainly
produced through 56Ni decay) around 400 days
after the explosion (31, 32). In this model, the
single lobe is oriented at an angle pointing away
from us, producing the redshifted lines (30). The
NuSTARobservations appear consistentwith these
single-lobe models. One consequence of such a
highly asymmetric explosion is that the compact
object produced by SN1987A would, presumably,
receive a kick velocity opposite the direction of
the ejecta (33).
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Fig. 1. SN1987A 55- to 80-keV
background-subtracted spectrum
measured with NuSTAR. Data from
both telescopes are combined (for
presentation only) and shown with
1s error bars. Both of the 44Ti lines are
clearly measured. The vertical green
lines are the rest-frame energies of the
44Ti lines (67.87 and 78.32 keV). The
redshift is evident in both lines, indi-
cating the asymmetry of the explosion.
Also shown is the best-fit model, con-
volved through the NuSTAR instrument
response, for case (1), where the fitting
parameters for the two lines are tied
together (supplementary materials).
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Gravitational Collapse and SN
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Cas A with JWST
• The Cas A SNR displays a 

great variety of features that 
reflect the ccSN explosion 
history and dynamics
¶ interaction of the SN shock with 

surrounding CSM
Fshock and dust
Fsynchrotron emission
Fdestruction of ISM clouds 

¶ internal dynamics of the 
expanding remnant
FCSM structure remains
Fexplosion asymmetry remains
FRT lobes
Fjets 
Freverse-shocked ejecta

¶ light echoes

17

6 Milisavljevic, Temim, De Looze, et al.

Figure 3. Important features of Cas A identified in our survey and discussed in this paper. The composite image in the center
panel combines NIRCam and MIRI filters as indicated. Large boxes outlined with dashed white lines show areas of interest
enlarged in the surrounding panels that use the same filters and color scheme, with the exception of panels 1b and 6 that only
use NIRCam filters. Small boxes outlined with solid white lines show the positions of the four regions of MIRI/MRS IFU
spectroscopy.

Milisavljevic+2023
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Cas A in X rays
• Cas A SNR composition and 

dynamics is reflected in X rays
¶ interaction of the SN shock with 

surrounding CSM
Fshock acceleration (e-)
Fsynchrotron emission,

non-thermal Bremsstrahlung 

¶ composition of remnant 
Freverse-shocked ejecta
Fcharacteristic lines from 

highly-ionised species

18

Vink+2022
8 Vink et al.

Figure 3. Same image as Fig. 1 but now with a spider
diagram overlayed that visualises the expansion rate as a
function of position angle. For the forward shock (green)
the radial extent of the spider diagram is linearly propor-
tional to the expansion rate. For the reverse shock (red)
the radial coordinate provides the expansion relative to the
dashed circle–inside the circle indicates a motion toward the
interior.

Figure 4. Residual images for ObsID 19903, which con-
sists of the masked data image with subtracted the combined
model image, and then divided by the squareroot values of
the model image (the expected error per pixel). The residual
images were smoothed with a gaussian with � = 3 pixels to
bring out features. On the left: the model is uncorrected
for expansion, i.e. using the uncorrected VLP image as a
model. On the right: the model was a composite of all in-
dividual models for each sector. The gray scales for both
residuals images are identical.

In the appendix the profiles of�L are shown as a func-
tion of a— and for the forward shock b—which shows
that the best-fit values are well-defined; although some
local minima indicate that there are some ambiguities,
possibly due to substructure in some sectors.

Figure 5. The measured deceleration rates (defined here
as deceleration⌘ �b) as a function of position angle.

3.1. The forward shock region

For determining the proper motion of the forward
shock expansion we used two methods, one with solving
also for the deceleration of the shock—b in Equation 3—
and one with assuming b = 0. The best-fit parameters
including the measurement of the deceleration rate are
summarised in Table 3.
For the best-fit values of a, fitting also for b does not

make much of a di↵erence for the expansion rates. For
example, solving for b gives an average expansion rate of
0.218± 0.029% yr�1, compared to 0.219± 0.030% yr�1

when keeping b = 0—the errors indicate the rms of the
variations. These values correspond to expansion time
scales of ⌧exp = 457±60 yr, orm = t0/⌧exp = 0.73±0.10.
There is quite some variation in the expansion param-

eter as a function of PA, with for a PA of 30� an expan-
sion parameter of m = 0.919± 0.003, which approaches
free expansion (m = 1). The slowest expansion is mea-
sured for a PA of 190�(South) with m = 0.506 ± 0.05.
As illustrated in Figure 11 (see appendix), the expan-
sion rates are relatively robust to the choice of pointing
corrections.
Fitting for b does significantly improve the fitting re-

sults for each PA, with the exception of PA = 270�for
which the best fit value is anyway b ⇡ 0. For the
other PAs the improvement ranges from �L = �4.7
for PA= 50� to �L = �400 for PA= 250�. For the sum
of L over all 18 sectors of the forward shock region, we
have �

P
PA L = �1155.

The average of the best-fit values for the expansion
rate derivative is b = (�0.21± 4.94)⇥ 10�5 yr�2, which
shows there is a larger spread in b than the average value.
Contrary to expectations, there appear to be portions of
the forward shock that are accelerating—in particular

0.9- 9 keV,
 Chandra

To demonstrate the inversion between the complete and
incomplete Si burning layers, we measured the abundances of
Cr and Fe in region A and B by fitting the spectra in
3.7–7.1 keV. Since the magnitude of the Cr/Fe ratio changes
between the complete Si burning regime and incomplete Si
burning regime (e.g., Yamaguchi et al. 2017; Sato et al.
2020a, 2021), we chose Cr and Fe to quantify their mass ratio
and identify the Si burning regime. The spectra were fitted with
tbabs, a model for interstellar absorption, and vvpshock, a
nonequilibrium ionized plasma model. We also used a
gsmooth model for expressing the thermal broadening and
the Doppler effects. As a result, we found that the Cr/Fe mass
ratio in region B is significantly higher than that in region
A (Figure 5 and Table 3), which implies that they were

synthesized in different burning regimes (see Section 4.2 for a
detailed discussion). The best-fit parameters and the signifi-
cance of the Cr detection are summarized in Table 3.
In the spectral analysis, the hydrogen column density was

fixed at 1.2× 1022 cm−2, which is a typical value for the
southeast region (Hwang & Laming 2003; Sato et al. 2021;
Ikeda et al. 2022), while kTe, net, and normalization and
abundances of Ca, Ti, Cr, Mn, and Fe are treated as free
parameters and the other abundances of elements are frozen to

Table 2
Velocity Measurements in the Regions Shown in Figure 3 from Chandra Data

Regiona (R.A., Decl.) Angular LoS Total Expansion Free Expansion
Velocity Velocityc index, md Velocityd

(arcsec yr−1) (km s−1)b (km s−1) (km s−1) (km s−1)

Blob 1 n a ´23 23 48. 89, 58 49 05. 59h m s 0.415 ± 0.026 6700 ± 410 L L 0.859 ± 0.053 7790
Blob 2 n a ´23 23 46. 38, 58 48 29. 94h m s 0.282 ± 0.026 4540 ± 410 L L 0.666 ± 0.060 6820
Blob 3 n a ´23 23 46. 85, 58 47 36. 06h m s 0.342 ± 0.026 5520 ± 410 L L 0.722 ± 0.054 7640
Blob 4 n a ´23 23 43. 16, 58 47 32. 19h m s 0.311 ± 0.026 5020 ± 410 L L 0.769 ± 0.063 6520
Blob 5 n a ´23 23 44. 77, 58 49 13. 00h m s 0.308 ± 0.026 4970 ± 410 −1710 5260 0.781 ± 0.065 6370
Blob 6 n a ´23 23 42. 71, 58 48 59. 48h m s 0.266 ± 0.026 4290 ± 410 −1360 4500 0.781 ± 0.075 5500
Blob 7 n a ´23 23 39. 41, 58 48 11. 28h m s 0.128 ± 0.026 2060 ± 410 −540 2130 0.460 ± 0.092 4480
Blob 8 n a ´23 23 35. 74, 58 47 33. 40h m s 0.163 ± 0.026 2630 ± 410 −880 2780 0.607 ± 0.095 4340
Blob 9 n a ´23 23 35. 74, 58 47 33. 40h m s 0.163 ± 0.026 2630 ± 410 −810 2750 0.607 ± 0.095 4340
Blob 10 n a ´23 23 33. 21, 58 47 48. 17h m s 0.108 ± 0.026 1750 ± 410 −2340 2920 0.542 ± 0.128 3220
Blob 11 n a ´23 23 32. 45, 58 47 47. 18h m s 0.105 ± 0.026 1700 ± 410 −2300 2860 0.548 ± 0.133 3100
Blob 12 n a ´23 23 31. 62, 58 47 45. 71h m s 0.130 ± 0.026 2100 ± 410 −1360 2500 0.698 ± 0.137 3010

Notes. All errors listed in the table represent statistical errors.
a See Figure 3 for the regions. Each feature corresponds to the three regions in Figure 1: blobs 1–6 correspond to region A (Fe-rich), blobs 7–9 to region B (Fe/Si-
rich), and blobs 10–12 to region C (Si/O-rich).
b The distance to Cas A is assumed to be 3.4 kpc (Reed et al. 1995).
c The LoS velocities were measured with Chandra High Energy Transmission Grating in Rutherford et al. (2013).
d Only the values of angular velocity were used.

Figure 4. The Chandra spectra of Cas A in 0.5–9.0 keV extracted from the
regions defined in Figure 1 (red: region A; blue: region B; green: region C).

Figure 5. (Left row) X-ray spectra and best-fit models for regions A (top) and
B (bottom). Right row: the same as the left row, but the abundances of Cr in the
models are fixed at zero. At about 5.5–5.9 keV, the Cr-Kα line emission can be
seen in large residuals.
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in the 0.5–1.7 keV band, which includes the Fe-L and O
emissions, taken in 2000 and 2019.

To visualize expansions of local structures in Cas A, we used
a technique called “optical flow” (Farnebäck 2003), which has
been first applied to the remnant in Sato et al. (2018). We used
the calcOpticalFlowFarneback function in OpenCV
with the following arguments: pyr_scale= 0.5, which
specifies the image scale to build pyramids for each image;
levels= 3; the number of pyramid layers; winsize= 15;
averaging window size; and poly_n= 5, which is the size of
the pixel neighborhood used for the polynomial approximation.
Assuming the distance of 3.4 kpc (Reed et al. 1995), the
velocity vectors were calculated as shown in Figure 2. The
moving structures at outer regions of the remnant have higher
velocities, where the tip of the southeast region shows the
velocities of >6000 km s−1.

We also measured the proper motions of 11 blob regions
shown in Figure 3 using the maximum-likelihood method (e.g.,
Sato & Hughes 2017; Sato et al. 2018; Tsuchioka et al. 2021)
to obtain the directions and magnitudes of the motions of each
structure. Blobs 5–12 in Figure 3 show the regions where the
Doppler velocity measurements using High Energy Transmis-
sion Grating Spectrometer were performed in Rutherford et al.
(2013). The regions from blob 1 to blob 4 were defined as the
outermost regions where Fe is abundant. As a result, the best-fit
velocities in the plane of the sky (see third and fourth rows in
Table 2) were estimated to be ∼4000–7000 km s−1 for the Fe-
rich structures (blobs 1–6), ∼2000–3000 km s−1 for the Fe/Si-
rich structures (Blob 7–9), and ∼1500–2500 km s−1 for the Si/
O-rich structures (blobs 10–12). The estimated velocities agree
with those with the optical flow measurements. We found that
the velocities of the Fe-rich structures in the plane of the sky
are higher than those of the Si/O-rich structures. Even if we
considered the line-of-sight (LoS) velocities obtained in
Rutherford et al. (2013), the velocities of the Fe-rich structures
are higher than those of the Si/O-rich structures (see the fifth
and sixth rows in Table 2). On the other hand, the expansion
index m (r∝ t m, where r and t are the radius and age of the
remnant, respectively) in the Si/O-rich structures estimated
from the proper motion measurements is lower than that in the
Fe-rich structures, which means that the Si/O-rich structures

were subjected to stronger deceleration. In Section 4.1, we
discuss the deceleration in more detail.

3.2. Spectral Analysis

In Figure 4, we showed X-ray spectra extracted from regions
A (Fe-rich region), B (Fe/Si-rich region), and C (Si/O-rich
region). The comparison of the spectra shows that abundant
elements are different from region to region, where elements
that are prominent in the image appear as strong features in the
spectra. We here focus on the fact that the Si/Fe-rich structure
(region B) is located just inside the Fe-rich structure (region A).
In general, Si/Fe-rich ejecta (i.e., the production in the
incomplete Si burning layer) should be produced at the outside
of Fe-rich ejecta (i.e., the production in the complete Si burning
layer) in the SN explosion. Therefore, the positional relation-
ship between region A and region B may indicate an inversion
that has not been reported yet.

Figure 1. X-ray image of Cas A taken by Chandra. The red and blue colors
highlight Fe-rich (6.3–6.9 keV) and O-rich (0.5–0.7 keV/0.9–1.0 keV)
emission regions, respectively. The ratio map of the Si/Mg band
(1.8–2.1 keV/1.2–1.6 keV) is shown in green. Solid yellow contours show
the regions used for the spectral analysis. Figure 2. The X-ray image of Cas A in 0.5–1.7 keV observed in 2000 overlaid

with the velocity vectors obtained by optical flow. The scale bar indicates the
2D space velocity of 4000 km s−1 at the distance of 3.4 kpc.

Figure 3. Enlarged image of the southeast area of Cas A. The color scheme is
the same as in Figure 1. White boxes show the regions used for the proper
motion analysis. White arrows indicate the direction and magnitude of the
proper motion.
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Figure 3. Color composite of 2004 images of Cas A. The optical image (red) is a 2004 March HST ACS WFC broadband red image (F625W+F775W) while the X-ray
image is a 2004 Chandra continuum subtracted Si xiii image.
(A color version of this figure is available in the online journal.)

these clumpy X-ray features do not coincide with the remnant’s
high-velocity optical ejecta knots and concluded that they either
represent only mildly overdense regions rather than true, high-
density ejecta knots, or represent regions of higher metallicity
superposed against the diffuse ejecta.

However, there are a number of small-scale features where
optical and X-ray emissions do appear to positionally coincide,
especially in cases of recently brightened optical and X-ray
ejecta clumps. Below, we present and discuss a few of these
cases where it appears that the remnant’s advancing reverse
shock has resulted in correlated optical and X-ray changes and
we explore both the spatial and temporal properties of such
features.

Figure 6 shows the locations of five small-scale features that
have exhibited significant brightening in both X-rays and in the
optical within the last few decades. These features, marked as
A–E on the 2004 Chandra image, appear to be either absent or
weak on earlier Einstein or ROSAT images, yet currently rank
among the remnant’s brightest small-scale X-ray features. The
X-ray flux evolution of these five regions are listed in Table 2,
shown in Figures 7–11, and briefly discussed below.

Feature A: the upper row of panels in Figure 7 show 1979,
1995, 2000, and 2011 X-ray images of a region, marked
by 10′′ diameter red circles in the remnant’s north–central
regions which brightened in X-rays between 1995 and 2000
(see Table 2). Similar circles in the lower panels mark the
coincident optical ejecta knot seen in images taken between
1976 and 2011. Whereas by 2000 this feature was one of Cas A’s
brightest X-ray emission knots, the coincident optical emission
is weak and unremarkable in its optical emission from 1992 up
to 2011. While virtually absent in the Palomar image prior to
1972 and greatly complicated by the presence of a nearby and

stationary QSF in the earliest images, the knot had an estimated
R2 magnitude of 20.9 in 1976 but 20.1 and 19.4 in 1996 and
1999 respectively, in line with its brightening in X-rays.

Feature B: considerable clumpy emission is seen in the 2004
Chandra image of the remnant’s north–central region (Figure 6).
Enlargements of four Chandra X-ray images taken between
2000 and 2013 centered on one of these emission knots labeled
Feature B are shown in the upper panels of Figure 8, along with
corresponding optical images covering the epochs 1999–2011.
Like that seen for Feature A, this region exhibited a significant
X-ray and optical brightening after 2004 and will be discussed
further in Section 3.3.1 below.

Feature C: Figure 9 shows a comparison of an X-ray and an
optical emission for the extended Feature “C” located along the
remnant’s northernmost rim. These images reveal a dramatic
increase in X-ray brightness between 2000 and 2013 preceded
by a sharp increase in coincident optical emission between 1992
and 1999. The feature’s X-ray emission was relatively weak
in 2000 but by 2011 was one of Cas A’s brightest emission
knots. However, unlike the two previous cases, its coincident
optical emission is relatively bright, though not ranking among
the remnant’s brightest optical features. Also, the evolution of
the X-ray emission in this feature appears to follow that seen
in the optical but, delayed by several years. For example, the
feature’s X-ray emission was only apparent in 2000 whereas
optically it became detectable by the late 1980s, showed marked
increases in 1992 and 1999 mirrored later in the X-rays between
2004 and 2007.

Feature D: this southern limb X-ray emission clump, shown
in Figure 10 consists of a small complex of knots which became
bright in both X-rays and optically after 2000. By 2004, this
feature was one of the brightest X-ray knot complexes along the
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Beyond X rays: Locating the inner Ejecta in Cas A
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Figure 20. Schematic representation of the structure of dense ejecta clumps. Dense clumps with density nc embedded in a more diffuse component with density nej
cross the reverse shock from left to right. The diffuse ejecta is decelerated to three quarters the unshocked velocity, and a slow shock is driven into the clumps. While a
shock is driven into the clumps, they remain largely undecelerated by the reverse shock, due to their small cross-section, and behave in a ballistic fashion until they are
destroyed by hydrodynamical instabilities. At later times, the clumps have moved away from the reverse shock, and while they begin to fade, the diffuse component
becomes bright in X-rays. These knots differ from those in Figure 21 possibly due to the structure of the envelope that they are embedded in.

Figure 15 shows a curved line of optical emission along with
displaced associated X-ray emission. These optical knots lie on
the facing hemisphere of the remnant (DeLaney et al. 2010;
Milisavljevic & Fesen 2013). We have drawn in the apparent
direction of motion in which the reverse shock is traveling for
the line of emission knots. The morphology of the line of optical
emission knots would suggest that the reverse shock has recently
passed over them but their associated X-ray emission lies to the
right (west) and behind the optical emission and thus closer
to the reverse shock’s current location than the line of optical
emission knots.

We propose that such X-ray/optical offsets is, in some cases,
generated by shock-induced mass ablation from dense optically
emitting ejecta knots. In Figure 21, we present a schematic of
how this X-ray/optical offset morphology can be produced. In
the first frame, the reverse shock and the ejecta are seen to
be separate. In the second frame, the reverse shock encounters
dense ejecta knots, which are shocked and become bright in
optical emission. Some of the knot material is ablated by the
reverse shock, and advects away from the knots, remaining
closer to the reverse shock (third frame of Figure 21). This
material is of a lower density than in the knots and shock is

heated to higher temperatures where it can become visible in
X-rays.

The separation between X-ray and optical emission in
Figures 14 and 15 is ≈2.′′5. This corresponds to an advection
timescale of 10 yr for the dense knots. It is likely that in these
scenarios, the X-ray emission seen at the reverse shock is not
directly associated with material from the knots that is observed
at the same epoch—but possibly from previously shocked and
ablated knots. In any event, the low-density component at the
reverse shock can be “refreshed” by recently ablated material.

A similar set of mass ablation phenomena appears to occur
in the NE “jet” of Cas A. Here, there is substantial evidence for
high velocity ejecta bullets with space velocities between 8000
and 14,000 km s−1 (Fesen et al. 2006). As they move away from
the remnant’s expansion center, they are shock heated via their
interaction with the surrounding CSM. Some mass is stripped off
these ejecta clumps due to Kelvin–Helmholtz instabilities along
the sides of the bullets leading to faint optical emission trails
seen in HST images (Fesen et al. 2011). This stripped material
will be of lower density and consequently shock heated to high
temperatures, and becoming X-ray bright (Hwang et al. 2004;
Laming et al. 2006) while lagging behind the optically bright
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Fe is produced in close physical proximity to the 44Ti. Some correlation
would therefore be expected. The simplest explanation for the lack of
correlation is that much of the Fe-rich ejecta have not yet been pene-
trated by the reverse shock and therefore do not radiate in the X-ray
band. Whereas X-rays from 44Ti decay are produced by a nuclear
transition and directly trace the distribution of synthesized material,
the Fe X-ray emission results from an atomic transition and traces the
(mathematical) product of the Fe density and the density of shock-
heated electrons; without the hot electrons, the Fe will not be visible in
the X-rays. A possible explanation of our observations is that the bulk
of the Fe ejecta in Cas A have not yet been shock-heated, further
constraining models18–20 of the remnant as well as the total amount

of Fe. An alternative explanation is that most of the Fe is already
shocked and visible, and that some mechanism decouples the produc-
tion of 44Ti and Fe and produces the observed uncorrelated spatial map.

Unshocked or cool, dense material (material that either was never
heated or has already cooled after being shock-heated) might still be
visible in the optical or infrared spectral band. The Spitzer space tele-
scope observes line emission from interior ejecta primarily in [Si II] but
it seems that there is not a significant amount of Fe present in these
regions21. However, if unshocked ejecta are of sufficiently low density
or have the wrong ionization states, then they will be invisible in the
infrared and optical. Low-density Fe-rich regions may in fact exist
interior to the reverse-shock radius as a result of inflation of the emit-
ting material by radioactivity (the ‘nickel bubble’ effect22).

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where it is synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J23. The presence of a signifi-
cant fraction of the 44Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.
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Figure 1 | The broadband hard-X-ray spectrum
of Cas A. Data from both telescopes over all
epochs are combined and shown as black data
points with 1s error bars. The spectra are shown
combined and rebinned for plotting purposes only.
Also shown are the best-fit continuum models for
a power law (blue) and a model that describes
electron cooling due to synchrotron losses (red).
The continuum fits were obtained using the
10–60-keV data and extrapolated to 79 keV with
the best-fit values for the continuum models
provided in Extended Data Table 2, although the
choice of continuum model does not significantly
affect the measurement of the lines (Methods).
When the continuum is extrapolated to 79 keV,
clearly visible line features (Extended Data Fig. 5)
appear near the 44Ti line energies. Inset: zoomed
region around the 44Ti lines showing the data and
the two models on a linear scale. The vertical green
lines are the rest-frame energies of the 44Ti lines
(67.86 and 78.36 keV). A significant shift of
,0.5 keV to lower energy is evident for both lines,
indicating a bulk line-of-sight velocity away from
the observer. Details of the data analysis, including
a discussion of the NuSTAR background features
(Extended Data Fig. 4), are given in Methods.
Extended Data Table 3 lists the parameters of the
best-fit Gaussian models of these features with
the error estimates described in Methods.
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Figure 2 | A comparison of the spatial distribution of the 44Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as shown by the compass in the lower left and spans just over 59 on
a side. The 44Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The 44Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 10099
(Methods and Extended Data Fig. 2). Shown for context in green is the Chandra
ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet–counterjet structure, the centre
of the expansion of the explosion2 (yellow cross) and the direction of motion of
the compact object (white arrow). In contrast to the bipolar feature seen in the
spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of 44Ti is much less elongated and contains knots of
emission away from the jet axis. A reason for this may be that the Si originates in
the outer stellar layers and is probably highly influenced by asymmetries in the
circumstellar medium, unlike the 44Ti, which is produced in the innermost
layers near the collapsing core.
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NuSTAR details of 44Ti in Cas A
¶ Imaging resolution allows to spatially resolve Cas A's 44Ti:

à motion away
from us,
and in clumps

2.4 Msec NuSTAR campaign
Grefenstette et al. 2017

à bulk red-shifted 44Ti (away from observer)

2484 A. Jerkstrand et al.

Figure 7. Left: Centroid shift as function of viewing angle (units of NS kick = 719 km s−1), for 44Ti in model W15-IIb in the optically thin limit. Right: Line
width (in km s−1, unconvolved) as function of viewing angle for the same model. The direction of the NS (where it is moving straight towards us) is marked
with a white star.

Figure 8. Left: Comparison between the observed 44Ti line profile of Cas A (G14) and the best-fitting line profile from model W15-IIb (using the X
distribution), both normalized. We use convolved models (4000 km s−1 Gaussian) for the fitting, but the unconvolved line is also shown (dashed). Right: χ2

map. The χ2 minimum is marked with a cyan star and the NS motion by a white star.

(1990) which give "Vredshift ! 500 km s−1. This can be related to
the inferred distribution of NS kicks from pulsar proper motions,
X-ray binary eccentricities, and NS-SNR offsets, that have revealed
a relatively broad distribution between ∼10 and 1000 km s−1, with
a mean value of about 400 km s−1 (e.g. Lyne & Lorimer 1994;
Hobbs et al. 2005). Thus, 500 km s−1 would be a relatively typical
kick velocity, although likely in the upper half of the distribution.

The ‘blob’ identified by Cigan et al. (2019) as possibly heated
by the NS would imply a transversal velocity component of either
220 or 700 km s−1, depending on which of two methods to identify
the remnant centre is used. For the first case, if the NS 3D speed
is at least 500 km s−1 as inferred here, that means a line-of-sight
velocity of at least 450 km s−1 and an angle between the NS motion
and the direction to Earth smaller than 25◦. For the second case of
a 700 km s−1 transversal velocity no constraint on the angle can be
put.

Most models show a rise and decline behaviour with time of the
ratio between NS kick and maximum redshift (Fig. 9). One should
note that each epoch has its own viewing angle picked out (that

gives the most extreme line redshift), so this is not a behaviour for
a fixed viewing angle. It is nevertheless interesting that viewing
angles with larger line redshifts can be found at 200–500 d than
at 500–1000 d. This is not an apparent property and the relatively
similar morphology of the curves from different models suggests
that this may a generic property of the 3D morphologies.

In the optically thin limit (t ! 3000 d), the model grid gives
maximum centroid shifts for the 56Co lines of 0.7−1.6 times
the NS kick. Thus, for observations in this phase one could
estimate VNS = (0.6−1.4)Vshift (inverting the 0.7−1.6 range), for
either blue or redshifted lines (without Compton scattering there
is no distinction). Therefore, VNS > 0.6Vshift becomes the radiative
transfer-independent limit.

In principle such curves can be derived using also 44Ti. As
discussed in the introduction there is, however, more uncertainty
in the morphology of the 44Ti, and these model curves would
therefore be more uncertain. The maximum 44Ti redshifts in the
model grid at 27 yr span 1.1−1.8 times the NS kick. As such,
44Ti line observations could also be used to infer a NS kick of at least
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The 44Ti decay chain with INTEGRAL/SPI:
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Understanding the filamentary detail of JWST image

SN explosion seeds a bubble structure that evolves into filaments

  à "forget about the "onion shell" (Raph Hix)
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S. Orlando et al.: Filamentary Ejecta Network in Cassiopeia A Reveals Fingerprints of the Explosion Mechanism

Fig. 1. Left panel: Composite image (adapted from Fig. 6 in Milisavljevic et al. 2024), combining the NuSTAR 44Ti map (blue), a Chandra Fe-K
map (energy ⇠ 6.7 keV; green) with the unshocked ejecta map derived from JWST observations (red). The center of expansion (COE; Thorstensen
et al. 2001) and the neutron star are indicated by white and black circles, respectively. Right panel: Composite image based on model W15-IIb-sh-
HD+dec-hr (see Table 1), showing 3D volumetric renderings of the distributions of 44Ti (blue), shocked 56Fe (green), and unshocked 16O (red). The
center of explosion is marked with a white circle. While the model-derived image illustrates the overall geometry of the ejecta, it is not intended
to replicate the exact observational appearance.

match Cas A exactly, the estimated mass of unshocked ejecta
is in reasonable agreement with values inferred from X-ray ob-
servations (⇡ 0.30 M�; Hwang & Laming 2012), low-frequency
radio observations (< 100 MHz, ⇡ 0.39 M�; DeLaney et al.
2014), and recent infrared observations (0.47+0.47

�0.24 M�; Laming &
Temim 2020), as well as with the value estimated from previous
modeling studies (⇠ 0.34 M�; Orlando et al. 2016). In our model,
most of the ejecta rich in helium (He) and carbon (C) have been
shocked. The unshocked ejecta are predominantly composed of
O (43%) and He (14%), with smaller fractions of C, calcium
(Ca), magnesium (Mg), neon (Ne), and silicon (Si) (see Table 2).
The iron (Fe) content, estimated at 0.064 M�, is consistent with
the upper limit derived from Spitzer data (< 0.07 M�; Laming
& Temim 2020). Titanium (Ti) was found in minimal amounts,
showing the lowest mass fractions among the elements consid-
ered. This is particularly notable given that the model overesti-
mates Ti by a factor of 10�20 due to the simplified reaction net-
work employed in the original SN model (Wongwathanarat et al.
2017). When this overestimation is accounted for, the Ti/Fe ra-
tio derived from the model aligns closely with the ratio inferred
from observations (e.g., Sato et al. 2021).

Although discrepancies exist between the model and obser-
vations, particularly in element abundances, the comparison is
satisfactory given the uncertainties in observational measure-
ments and the use of a very small network in the original
SN model, which led to an under- or overproduction of some
species, for example the already mentioned overestimation of the
abundance of 44Ti by a factor of 10 � 20 (see Wongwathanarat
et al. 2017). Furthermore, our Cas A model was not optimized
for the explosion energy (1.5 ⇥ 1051 erg; Wongwathanarat et al.
2017). A slightly higher explosion energy, closer to the observa-
tionally deduced value (⇠ 2 ⇥ 1051 erg; e.g., Laming & Hwang
2003; Sato et al. 2020), could drive the reverse shock deeper
into the ejecta, reducing the amount of unshocked material at the
present epoch.

The left panel of Fig. 1 presents a composite image adapted
from Fig. 6 in Milisavljevic et al. (2024), combining NuSTAR,
Chandra, and JWST observations to show the location of the

O-rich filamentary network observed with JWST relative to the
entire remnant. The right panel displays an analogous compos-
ite image derived from model W15-IIb-sh-HD+dec-hr, illustrat-
ing the distribution of unshocked O-rich ejecta (red) alongside
shocked Fe-rich ejecta (green) and both shocked and unshocked
Ti-rich ejecta (blue). To enable a meaningful comparison with
the left panel, the Fe and Ti distributions in the model-derived
image have been smoothed to approximate the spatial resolution
of NuSTAR and Chandra observations shown in that panel.

It is worth noting that, while the model-derived image com-
bines the distributions of O, Ti, and Fe to have an analog of the
composite image on the left panel of the figure, it does not at-
tempt to replicate the observational data. Achieving such a match
would require a detailed synthesis of emissions in the specific
bands observed by JWST, Chandra, and NuSTAR. Instead, the
composite image from the model serves to illustrate the geom-
etry of the three chemical components relative to each other
and emphasize key morphological features. Indeed, a particu-
larly striking feature in the model is the presence of a network
of unshocked O-rich ejecta filaments, displaying general charac-
teristics and location that are reminiscent of those observed with
JWST. This similarity highlights the model’s capability to ex-
plore the origin and evolution of this filamentary structure. Con-
sequently, in the following we focused on examining the struc-
ture and dynamics of the unshocked ejecta, with a particular em-
phasis on the O-rich filaments and their physical origin.

Figures 2 and 3 present 3D volumetric renderings of the dis-
tributions of unshocked ejecta across di↵erent species, observed
from two distinct viewing angles. These figures reveal that the
intermediate-mass and light elements (He, C, O, Ne, Mg, Si)
form an interconnected, web-like network of filaments. As an-
ticipated by Fig. 1, this structure closely resembles the intricate,
filamentary ejecta patterns observed by JWST in Cas A, espe-
cially for O-rich ejecta (see Fig. 2). In contrast, the filamentary
network is notably less pronounced in the distributions of heav-
ier elements such as Ca, Ti, and Fe. We note that normalizing
the figures to the maximum value results in more saturated im-
ages for Fe compared to O. This suggests that Fe filaments are
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The Challenges

Dynamics and Equation of State Dependencies of Relevance for Nucleosynthesis. . . 3

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other

¶Understand the sources of new nuclei

¶Trace the flows of cosmic matter
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays from the Galaxy
SPI on INTEGRAL

COMPTEL on CGRO

SPI/INTEGRAL
2016

26

HEAO-C
1978

τ~1 My
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays and the galaxy-wide massive star census

Cumulative from Massive-Stars & ccSNe 

SPI on INTEGRAL

COMPTEL on CGRO

γ-ray flux à cc-SN Rate = 1.3 (± 0.6) per Century
Diehl+2006;201827

SPI/INTEGRAL
2023
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Radioactivities from massive stars: 60Fe, 26Al

à Messengers from Massive-Star Interiors!
…complementing neutrinos and asteroseismology!

Processes:
¶ Hydrostatic fusion
¶ WR wind release
¶ Late Shell burning
¶ Explosive fusion
¶ Explosive release

28
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Massive-Star Groups: Population Synthesis
Voss R., et al., 2009

• We model the “outputs” 
of massive stars and their 
supernovae from theory
– Winds and Explosions
– Nucleosynthesis Ejecta
– Ionizing Radiation

• We get observational constraints from
– Star Counts
– ISM Cavities
– Free-Electron Emission
– Radioactive Ejecta

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)
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Diffuse radioactivity throughout the Galaxy

30

Pleintinger PhD thesis 2020
(see also Siegert+ 2023)

time (My)

output of
a single group

Galactic Population Synthesis Modelling
FUse stellar / SN yields and evolution times
FInclude knowledge about sources (stellar groups)
FInclude known groups; sample unknown groups

à bottom-up model for the 26Al observations

locations
of nearby
groups

ray tracing

population
synthesis

MC sampling
of distant
groups
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Diffuse radioactivity throughout the Galaxy

31

Pleintinger 2020
Siegert+ 2023

Thomas Siegert et al.: Galactic Population Synthesis of Nucleosynthesis Ejecta

Fig. 12: Compilation of observational maps (top: COMPTEL; middle: SPI) compared to our best-
fitting PSYCO simulation, adopted to match the instrument resolution of 3�. The minimum inten-
sity in the maps is set to 5 ⇥ 10�5 ph s�1 cm�2 sr�1 to mimic potentially observable structures.

Article number, page 34 of 36

COMPTEL (&SPI)

cmp. Gaia/2MASS: ~3.3 M⊙ y-1 (Zari+2022)

Galactic Population Synthesis Modelling versus observations

FPSYCO modeling: (30000 sample optimisation)

à best: 4-arm spiral 700 pc, LC06 yields,
SN explosions up to 25 M⊙

FSPI observation: à full sky flux
(1.84 ±0.03) 10-3 ph cm-2 s-1  

Fflux from model-predicted 26Al:
à (0.5..13) 10-4 ph cm-2 s-1 à too low 

F Best-fit details (yield, explodability)
depend on superbubble modelling
(here: sphere only)
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Massive Star Groups in our Galaxy: 26Al γ-rays
FLarge-scale Galactic rotation

Kretschmer et al., A&A (2013)

Velocity precision 
~few 10 km/s !!

32
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• 26Al shows apparently higher galactocentric rotation (?)
How massive-star ejecta are spreading…

Roland Diehl

Kretschmer+(2013)

SPI/INTEGRAL
data

CO data
(~normal
 kinematics')
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• 26Al shows apparently higher galactocentric rotation (?)
• ..blown into cavities that are asymmetric wrt sources 

How massive-star ejecta are spreading…

Roland Diehl

Krause & Diehl, ApJ (2014)

simple
geometry
model

SPI/INTEGRAL
data

CO data
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spread out…

Roland Diehl

Krause & Diehl (2014)

Illustration by M. Pleintinger (2020)

Kretschmer+(2013)
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The Phantom Void

Figure 14

JWST observations of the neutral ISM (via its PAH emission) of nearby galaxies reveal abundant
bubble-like structures which are likely caused by stellar feedback and might have even triggered
new star-forming events at their rims. Panels show the PAH distribution in contrast to other star
formation tracers in the inner star-forming disk of NGC628. Left : RGB image showing the
distribution of PAH 7.7µm emission from JWST/MIRI (red), H↵ emission from VLT/MUSE
(green), and HST B-band continuum tracing young stars (taken from Watkins et al. 2023a).
Middle & right (taken from Barnes et al. 2023): The central 11 kpc⇥6 kpc map and a zoom-in on
the largest cavity dubbed ’Phantom Void’ show the PAH distribution from JWST (MIRI filters:
F1130W in red, F1000W in green, F770W in blue) with continuum-subtracted HST H↵ imaging
overlaid in orange and identified star-forming bubbles from Watkins et al. (2023a) as white ellipses.

5.4. Location and impact of supernovae

SNe deposit large amounts of energy and momentum into the ISM. They stir turbulence,

support the galactic disk, launch winds, and add new elements to the ISM. Numerical

simulations show that the location where SNe explode determines their impact on ISM

morphology and sets which ISM phase feels the brunt of the feedback (e.g., Walch et al.

2015). For example, the cooling radius Rc for a SN in a simulated turbulent medium is

approximately Rc ⇠ 6.3 (n/100 cm�3)�0.4 pc (Martizzi et al. 2015).

5.4.1. Location of supernova explosions. The results discussed in § 5.2 suggest that pre-SN

feedback often clears the cold gas before the first core-collapse SNe occur. Thus, many

SNe should occur in lower density regions and so impact a large physical volume. SN

locations should also be clustered, so that later core-collapse SNe at ⌧? ⇠ 20�30 Myr

should explode into regions where previous SNe have already occurred. Even allowing for

a prompt component, white-dwarf SNe will generally trace an older stellar population and

so statistically sample the overall distribution of ISM densities in a region.

These expectations can be tested by observations, and this represents an area of rapid

growth for understanding stellar feedback. Most simply, the locations where SN explode

can be observed using high resolution CO imaging. Because recent (. 100 yr) SN explosions

52 Schinnerer & Leroy

The Astronomical Journal, 141:23 (35pp), 2011 January Bagetakos et al.

Figure 30. Position of the H i holes in NGC 628. The colors illustrate the different type of the holes: red—type 1, white—type 2, and black—type 3.

(A color version and the complete figure set (26 images) are available in the online journal.)

to detect holes down to ∼80 pc which led to the detection of a
wealth of small holes; almost 90% of the total holes detected
have a size less than 200 pc. Only a handful of supershells were
detected. The mean kinetic age is 7.8 Myr with 80% of the holes
being younger than 9 Myr. Several features detected (holes nos.:
34, 72, 88, 93, 94, 97, 99, 102, 106, 109, 113, 114, 170, 255,
and 273) are probably not genuine holes but the result of the
warp in the H i disk. Due to its large angular size, M 81 was
divided into six areas (panels (C9)–(C15) in the online version
of Figure 30) to be able to show all detected holes.

A.10. NGC 3184

NGC 3184 is a spiral galaxy located at D = 11.1 Mpc and
is viewed almost face-on. Its analysis revealed 40 H i holes,
the majority of those being supershells (80%). This could be
attributed to the large distance of this galaxy which only allowed
us to detect holes with diameters larger than 400 pc. We failed
to detect any type 3 holes something which is expected since
the scale height of the disk was found to be 250 pc, significantly
smaller than our spatial resolution. Nevertheless, this is the
largest number of supershells detected in any one galaxy. The
mean kinetic age of the holes is also high (≈64 Myr). Note that
hole number 13 is a superposition of two holes.

A.11. IC 2574

Another nearby (D = 4.0 Mpc) dwarf galaxy member of the
M 81 group, IC 2574 hosts a relatively large number of H i holes
(Walter & Brinks 1999). One particular hole (our hole no 21) has
been extensively studied at different wavelengths from radio to
X-ray (Stewart & Walter 2000; Cannon et al. 2005; Weisz et al.
2009b). These studies showed that there is a remnant star cluster
in the center of this hole and revealed evidence of propagating

SF along its rim. Here, we report on 29 H i holes compared to
48 holes detected by Walter & Brinks (1999) and 22 detected
by Rich et al. (2008) the largest one being larger than 2 kpc in
diameter. Almost all of the 29 holes we present here have been
detected by Walter & Brinks (1999). The difference in the total
number of holes detected is due to the strict criteria we used to
classify a structure as a genuine hole. Almost half of the holes
(45%) show signs of expansion.

A.12. NGC 3521

Another distant galaxy in our sample, NGC 3521 is a spiral
galaxy with a prominent bar located at a distance of 10.7 Mpc
and viewed almost edge-on (i = 72.◦7). The analysis of
NGC 3521 revealed 13 holes in the H i distribution. The small
number of holes detected and the lack of type 3 holes can be
attributed to the large distance of this galaxy as well as its
high inclination. All of the holes detected were consequently
classified as supershells.

A.13. NGC 3627

NGC 3627 is a spiral galaxy at an adopted distance of
D = 9.3 Mpc and is a member of the Leo Triplet. Its high
inclination (i = 61.◦8) meant we were only able to detect
18 holes in NGC 3627, two of them being type 3. One holes
worth noting is 7 which has unusually high expansion velocities
of 65 km s−1 respectively the highest observed in the entire
sample.

A.14. NGC 4214

NGC 4214 is a nearby (D = 2.9 Mpc) dwarf irregular
galaxy classified as a starburst galaxy. We found 56 H i holes

33

Superbubbles observations in other galaxies

36

E. J. Watkins et al.: Quantifying the energetics of molecular superbubbles in PHANGS galaxies

Fig. 1. Illustrating bubble identification and elimination criteria in section of NGC 1566. 1. CO Tpeak (red), H↵ (green), and HST B-band (blue)
combined into a false-colour image at their original resolution to identify superbubbles using multi-wavelength information. 2. Manually fitting
radii and their centres using the CO Tpeak map. The cyan and dashed white circles show catalogued bubbles that were analysed or ignored,
respectively. The blue box outlines the bubble examined in all remaining panels (Bubble 36 in Table 2). 3. Investigating the emission across three
neighbouring channels in CO to confirm if bubble emission is significant in multiple consecutive velocity bands. If not, the bubble is removed from
the sample. 4. Horizontal and vertical PV diagrams to confirm that expansion signature is present. The grey ellipse shows the present expansion
signature. If unconfirmed, the bubble is removed. 5. Illustrating average spectra around the bubble. If identifiable background or foreground
emission is found, the bubble is removed. All spectra shown here are free of contaminating emission. Article number, page 5 of 21

Watkins+ 2023

NGC1566
PHANGS

Bagetakos+ 2011HI  'holes'
PAH 7.7μm
JWST

Schinnerer&Leroy2024

NGC628

complete panchromatic, multiphase picture of the gas, stars,
and dust in these bubbles.

2. Observations

2.1. PHANGS–JWST Observations

The PHANGS–JWST observations were taken as part of the
Cycle 1 treasury project ID 02107 (Lee et al. 2023), which
targets 19 nearby, star-forming galaxies with the Near Infrared
Camera (F200W, F300M, F335M, and F360M) and MIRI
(F770W, F1000W, F1130W, and F2100W) imaging. The
observations targeting NGC 628 cover the main star-forming
disk (containing 50% of the total star formation of the galaxy),
which is matched to coverage from Hubble (Lee et al. 2022),
VLT-MUSE (Emsellem et al. 2022), and the Atacama Large
Millimeter/submillimeter Array (ALMA; Leroy et al. 2021a).
We primarily make use of the F770W filter observations in this
work, which have a point-spread function (PSF) FWHM of
∼0 25 (∼12 pc at the galaxy distance). A detailed description
of the complete data reduction is presented in Lee et al. (2023).

2.2. Hubble Space Telescope Observations

We make use of near-UV (NUV) UBVI-band HST
observations taken from the LEGUS survey (Calzetti et al.
2015) and reduced using the PHANGS–HST survey pipeline

Figure 1. The prominent bubble structures across the Phantom Galaxy (Messier 74 or NGC 628). In all panels, we show an image produced from the 770W (blue),
1000W (green), and 1130W (red) band filters from the JWST (Lee et al. 2023), and overlaid in orange is the continuum-subtracted HST Hα. The faded circles and
ellipses show the positions of the bubbles from Watkins et al. (2023).

Table 1
Properties of the Phantom Void and the Precursor Phantom Void

Property The Phantom Void Precursor

Bubble Shell Bubble Shell

R.A. (deg) 24.1866 24.1864 24.1863 24.1863
Decl. (deg) 15.7719 15.7719 15.7784 15.7782
rmajor (arcsec) 10.8 17.6 1.7 4.9
rminor (arcsec) 4.5 16.0 1.3 4.3
rpa (deg) 126 126 30 30
rmean (pc) 364 801 69 219
MH2 (M e/10

5) 12.8 379.9 3.1 38.0
MH I (M e/10

5) 7.0 56.4 0.2 3.5
M * (M e/10

5) 1.8 7.8 1.4 1.4
ΣH2 (M e pc−2) 3.7 22.8 20.6 28.1
ΣHi (M e pc−2) 2.1 3.4 2.4 2.6
vexp (km s−1) ∼20 ∼6

Note. Tabulated are the properties of the bubble (i.e., the ellipsoid central
cavity) and shell (i.e., the ellipsoid annullus around the cavity) of each source
(shown in Figure 2). We present the central position, the semimajor and
semiminor axis length, and the position angle of the ellipse used to define the
outer boundary of the bubbles and shells, and, also, the mean radius of these
ellipses in units of parsec. We also present the total molecular (Section 3.2.1)
and atomic (Section 3.2.2) hydrogen masses and mass surface densities, and
total stellar mass in young stellar associations (derived from the association
catalog of Deger et al. 2020 and Larson et al.2023; see Section 3.3). Lastly, we
show an estimate of the expansion velocity (Section 3.2).

3

The Astrophysical Journal Letters, 944:L22 (13pp), 2023 February 20 Barnes et al.

3band JWST
Hα HST

Barnes+2023

NGC628
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à ejecta with excess velocities appear naturally within a spiral galaxy 

Simulations of (inhomogeneous) galactic evolution

3D SPH simulation: analyze velocities of 26Al-enriched matter from star formation activity
Wehmeyer + 2025
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26Al content

A&A proofs: manuscript no. output

Name Symbol Components/Calculation Usage
Location �!x [x:y:z]
Velocity �!v [vx:vy:vz]
Location of the Solar System (observer) �!x� [0:0:0] Section 3
Velocity of the Solar System (observer) �!v� [+251 Km/s:0:0] Section 3
Location of the galactic center ��!xGC [0:+8.5 Kpc:0] Section 3

Line-of-sight (LOS) velocity vLOS
(vx�251Km/s) x+ vy y+ vz zp

x2+y2+z2
Figs. 2, 3, 4

Rotational velocity component vrot
�vx (y�8.5Kpc)+ vy xp

x2+(y�8.5Kpc)2+z2
p

(v2
x+v2

y+v2
z

vrot/� > 0.9 determines if
Velocity dispersion �

m [�vx (y�8.5Kpc)+ vy x]p
x2+(y�8.5Kpc)2+z2

the particle is a disk particle

Table 1. Overview of the di↵erent locations and velocities used in the text and figures.

Fig. 2. The 26Al distribution in our simulated galaxy. The dots repre-
sent disk gas particles at present-day, color-coded to represent the mass
of 26Al (in log(gram) unit). The red circle at coordinates [0:0:0] de-
notes the location of the observer (Solar System) at R� = 8.5 kpc from
the galactic center. The black dashed lines indicate a viewing angle of
�40  �  �14, corresponding to the viewing angle highlighted by the
black dashed vertical lines in Figure 3. The contour plots represent the
LOS velocity to the observer. The outer (inner) black contour represents
the ±100km/s (±200km/s) threshold. The single particles in the external
regions with velocities higher than ±100km/s originate from an earlier
dwarf galaxy disruption event.

26Al sources would then lead to a much more uniform 26Al dis-
tribution in the galaxy.

3.2.
26

Al-longitude-LOS velocity diagram

Figure 3 shows the 26Al content and line-of-sight (LOS) veloc-
ity of the simulated disk gas particles. We define the LOS ve-
locity as the velocity of a simulated particle relative to the Solar
System following the rotation of the simulated galaxy (counter-
clockwise in the framework of Figure 2).

The simulated particles are compared to the data from the
SPI detector on the INTEGRAL spacecraft, which was designed
to detect the 1809 keV line from the decay of 26Al with an energy
resolution of 3 keV. We plotted the 26Al decay �-ray detection
data by the INTEGRAL/SPI spacecraft (Kretschmer et al. 2013)

as black error bars in Figure 3. Contrary to Kretschmer et al.
(2013), we plot the full distribution of detection angles (Karsten
Kretschmer, personal comm.) to highlight the small deviation
from the main detected trend between �40  �  �14, which
we discuss in more detail below. (NB: This choice results in two
neighboring detections not being statistically independent, be-
cause each detection overlaps the neighboring one by 75%.)

It can be seen that, generally, the particles in the simulation
that feature the highest 26Al mass (brightest colors) overlap with
the Kretschmer et al. (2013) observations in that they also ap-
pear to have the highest LOS velocities (except for the few bright
spots discussed below). Instead, the particles that feature lower
26Al mass do not overlap with the observations, as expected,
since the low 26Al abundances are more di�cult to detect and
generally show lower LOS velocities. The 26Al-rich particles in
the outer regions of the simulated galaxy do not strongly a↵ect
the diagram of Figure 3, as they are located in areas that do not
feature high relative velocity to the observer (see Figure 2). The
26Al-rich areas within the high-velocity contours are instead lo-
cated close-by.

We note that our cosmological initial conditions result in a
galaxy overall rotating faster than the Milky Way (Scannapieco
et al. 2012). Although molecular clouds are not well resolved
with the resolution of our simulation, the cold gas is rotating
faster than the CO observation (e.g., Sofue et al. 2009). We do
not see a significant correlation between gas temperature, rota-
tional velocity, and 26Al content, at any given radius. Our sim-
ulation self-consistently produces the formation of the Galactic
bulge. This greatly a↵ects the shape of the rotational velocity, re-
sulting in a fast increase of the rotational velocity from the center
to a few kpc outwards, before showing a flat rotation curve. The
shape of the observed 26Al-longitude-LOS velocity diagram is
strongly determined by the velocity and 26Al content of the ma-
terial near the bulge (Figure 2), which is self-consistently mod-
elled in our simulation.

Figure 3 also shows a few 26Al-rich spots at low LOS ve-
locities. The origin of these 26Al-rich spots can be identified by
correspondence to the transient 26Al-rich spots seen in Figure 2.
One of such 26Al-rich spots reproduces the observed distinct
deviation in the INTEGRAL/SPI detections at a viewing angle
�40  �  �14. In Figure 2 the corresponding 26Al-rich spot is
that closest to the observer in this viewing angle, at the edge of
the �200 km/s contour. This 26Al-rich spot, which matches the
observed deviation is located at the edge of the �200km/s con-
tour in Figure 2. Inside the contour there are particles that rotate

Article number, page 4 of 6

locations of 26Al
within Galaxy

Sun
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Orion-Eridanus: A superbubble blown by stars & supernovae
ISM is driven by stars and supernovae à Ejecta commonly in (super-)bubbles

»
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χ2 = 39.11 (45 dof)

Detection significance: 3.3σ (LR−test)

I = (3.65±1.19)×10−5 ph cm−2 s−1
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Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003, Siegert 2016

3D MHD sim, 0.1..0.005 pc resolution
Krause+ 2013ff
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60Fe on Earth from recent nearby supernovae?
The Sun is (now) located inside a hot cavity (the "Local Bubble")
created by SN explosions, recent ones adding ejecta flows

gas density

sun

nearby
stars

Schulreich+ 2017

39

see also Zucker+ 2022 and O'Neill+2024
for updates on the solar vicinity
with superbubbles, clusters, molecular gas... 

ocean crusts show 
60Fe deposition history 
(Wallner+ 2015,2016,2021)
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26Al and 60Fe in the Local Bubble
3D hydro simulations of Local Bubble evolution

26Al predominantly in hot bubble interiors, 60Fe deposition at bubble walls

40

Siegert, Schulreich+,2024
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Nuclear Astrophysics & Gamma-Ray Spectroscopy - Summary
¶ (even) supernova explosions are not spherically symmetric

F 56Ni and how it reveals its radiation in SN2014J 
à SN Ia diversity; sub-Chandra models?

F 44Ti image and line redshift in CasA; SN87A
à ccSupernovae interiors are fundamentally 3D/asymmetric

FNSMs/kilonovae are fundamentally very asymmetric, & rare
FNovae are good candidates, no gamma rays seen yet

¶ Cycling of cosmic gas through sources and ISM is a challenge
F26Al preferentially appears in superbubbles 

à massive-star ingestions rarely due to single WR stars or SNe
FWhat is the role of SNe & superbubbles in mixing of ISM??
FHow are gas flows in and above/below the disk linked?

¶ Different messengers complement each other 
FRadioactivity provides a unique and different view 

on cosmic isotopes (via gamma rays, stardust, CRs, sediments)
F INTEGRAL was ended; a next gamma-ray telescope (light-weight 

Compton telescope) in 2040+??; COSI (2027) is a great first step ...
41

Thank you!

need more 

observed sources
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maps for RoI


