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Astronomical Messengers
from the Galaxy

The MeV region appears 
different to other familiar 
energy windows of 
astronomy

• Radioactivity gamma 
rays trace 
nucleosynthesis ejecta 

• Positron annihilation 
~traces CR propagation

H. Yoneda et al.: 511 keV map using 20-yr INTEGRAL/SPI data

Fig. 3. Reconstructed image of the 511 keV line emission from the 20-year INTEGRAL/SPI data. The image is shown in Galactic coordinates.
Note that several dark spots appearing around the Galactic center, such as the one at (l, b) ⇡ (353�,�4�), are artifacts often seen in the image
deconvolution.

Table 3. Measured fluxes of the 511 keV line emission for di↵erent regions and their comparison with thin and thick disk models.

Name Region Flux Thick Disk Thin Disk
l (deg.) b (deg.) (⇥10�3 ph cm�2 s�1)

Bulge [�20, 20] [�20, 20] 1.36 ±stat 0.04 ±sys 0.05 1.46 1.39
Bulge + Disk [�180, 180] [�20, 20] 2.09 ±stat 0.08 ±sys 0.23 2.62 2.51
Eastern Disk [310, 340] [�20, 20] 0.26 ±stat 0.04 ±sys 0.03 0.27 0.18
Western Disk [20, 50] [�20, 20] 0.19 ±stat 0.03 ±sys 0.03 0.27 0.18

All 2.63 ±stat 0.08 ±sys 0.33 2.72 2.52

Bulge Eastern diskWestern disk

Disk + Bulge

Fig. 4. Same as Figure 3 but with annotations showing the regions used
for the flux measurements in Table 3.

as a chimney-like structure, and above it, a blob-like structure
can be seen around (l, b) ⇡ (�10�, 30�). To discuss this further,
we also present the longitude profile with di↵erent integration
ranges in Appendix E.

4.3. Individual regions

4.3.1. Search for the 511 keV from the star-forming regions

Here, we investigate the 511 keV emission from individ-
ual regions, particularly the Cygnus region and the Scor-
pius–Centaurus OB association (see Figure 8). Including other
star-forming regions, we evaluate the fluxes and their chance
probabilities using the bootstrap samples with only the back-
ground.

The Cygnus region, one of the nearest complexes of mas-
sive star formation, shows a flux of (4.2 ±stat 2.0 ±sys 2.0) ⇥ 10�5

ph cm�2 s�1 at a chance probability of 6.4 ⇥ 10�2. Here, the re-
gion is defined as l = 60� to 80� and b = �15� to 15�. Since
the significance is about a 2� level only considering statistical
uncertainties, it should be interpreted as a hint of the 511 keV
emission from the Cygnus region. Thus, we also show the 99%
upper limit of the flux value in Table 4. Appendix G shows the
flux distribution derived from the bootstrap samples. We note
that this emission could be attributed to either enhanced positron
production from stellar activity in the Cygnus region or detec-
tion of the Galactic disk component due to deep exposure in
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electrons in the ISM

(free free radio emission, WMAP)
(Bennett+2003)

positrons in the ISM

(511 keV γ-ray emission, INTEGRAL/SPI) 
(Yoneda+2025)

nucleosynthesis ejecta in the ISM

(1809 keV 26Al γ-ray  emission, CGRO/COMPTEL) 
(Diehl+1995)

cosmic rays exciting the ISM

(GeV gamma-ray emission, Fermi-LAT) 
(Acero+2015)
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hot gas (plasma)

(keV X-ray emission, eRosita) 
(Predehl+2020)

starlight

(optical emission, Gaia) 
(ESO 2018)
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Varieties of astronomical messengers | Characteristics | ~MeV energies
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Relativistic particles: spectral signatures in gamma rays
- continuum science in the MeV region -

What accelerates cosmic
relativistic particles? 
¶ leptonic or hadronic emission?

à
Fe- and p distinguishable 

at MeV energies

4

Selected Topics in Gamma-Ray Astronomy … 119

Fig. 8 Top panel The spectral energy distribution of gamma-ray emission of RX J1713.7−3946.
The Fermi and HESS γ-ray data are shown together with the theoretical spectra calculated within
the “hadronic” and “leptonic” scenarios of γ-ray production (V. Zabalza, private communication)

of electrons, are tightly linked to synchrotron X-ray emission of the same electrons,
in the left panel of Fig. 8 are shown also the Susaku [85] X-ray data. The theoretical
curves are obtained under the simplifying assumption that the GeV and TeV γ-ray
production regions fully overlap and represent a homogeneous emitter within the
shell. In both models, the γ-ray points at low energies require hard distributions
of the parent particles, namely, power-law indices !p = 1.5 and !e = 1.7 for the
relativistic protons and electrons, respectively. At higher energies one should require
a significant steepening of the electron and proton spectra with a break around 1 TeV
for protons and 2.5 TeV for electrons; the power-law indices in this region should
be close to !p = 1.9 and !p = 3. And, finally, both the proton and electron spectra
should have a sharp, exponential type cutoff at energies below 100 TeV to match the
highest energy γ-ray points.

These features can be clearly seen in the energy distributions of the parent elec-
trons and protons directly derived from the γ-ray data using the naima package
[93]. Remarkably, these distributions can be derived model-independently under the
assumption that γ-rays are fully contributed either by the IC component of radi-
ation (the “leptonic” scenario) or by the inelastic pp interactions (the “hadronic”
scenario). Moreover, if the target photons for the IC scatterings are provided by pho-
tons of 2.7 K CMB, the detected γ-ray flux also allows precise measurement of the
total energy contained in relativistic electrons in the relevant energy band without
any additional model assumption. In the case of hadronic (“π0-decay”) γ-rays, the
estimate of the total energy in relativistic protons requires an information about the
gas density (Wp ∝ 1/n). The accuracy of these estimates is determined only by the
uncertainty in the distance to the source (Wp,We ∝ d2).

A remarkable (and quite unexpected!) feature seen in Fig.9 is the break in the
distributions of both electrons and protons around 1 TeV. It could have different
implications for the leptonic and hadronic models of γ-ray production.

RX J1713.7−3946 
Aharonian+2018 

Fig. 15: Modelling of the SED derived from Fermi-LAT observations of the middle-
aged supernova remnant W44 [180]. On the left, two possible scenarios are compared
as the origin of the emission: hadronic (pion decay) or leptonic (bremsstrahlung).
On the right, the emission is modelled with a dominant hadronic component, and a
sub-dominant leptonic component, which derives from bremsstrahlung of electrons.
The normalization of the electron population varies with di↵erent Kep, while the
injection slope is the same as for protons. The sensitivity curves of newASTROGAM
and Amego-X are the same as in Fig. 8

information is not always available and is often subject to degeneracy between di↵er-
ent parameters, as one is required to model the pion emission, that depends on the
gas density and on the number of nuclei, along with the synchrotron emission, which
in turn depends on the magnetic field and on the number of electrons. In addition,
being synchrotron radiation and pion emission probed by di↵erent experiments, one
can hardly find the two components being completely co-spatial. The availability of
MeV observations, instead, would allow us to directly probe the fraction of electrons-
to-protons accelerated in a source. The MeV range, in fact, has the great advantage
of hosting the transition between pion and bremsstrahlung emission, with the former
dominating above a few tens of MeV and the latter below. Both processes are propor-
tional to the target column density, therefore their ratio is directly connected to the
ratio of electrons to protons. The right panel of Fig.15 shows the prediction for the
bremsstrahlung component in W44, assuming di↵erent values of Kep and the same
injection slope for electrons and protons. The two components are well separated in
the MeV regime, where the future MeV detectors will operate. This will provide strong
constraints on the Kep ratio.

4.3 Synchrotron and bremsstrahlung emission from secondary

electrons and acceleration e�ciency

Hadronic interactions produce, along with gamma-ray photons, also electrons and
positrons, that, in turn, produce leptonic radiation. The electrons generated as sec-
ondary products of proton-proton interactions take on approximately 5% of the energy
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HE γ-ray emission from our Galaxy
- different emission processes from relativistic particles -

5
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ü Cosmic-Ray Nuclear Reactions
¶ e.g. 12C(p,pn)11C(β+), or 16O(p,α)13N(β+)

¶ Pion production in HE collisions p + p à π+ + X

üHot-Plasma Pair Production
¶ 'kT>MeV'-Plasma γ+γà e++e-

F Accretion columns & disks
FBase of relativistic jets

ü E.M.-Cascade Pair Production
¶ Strong Magnetic Fields γ+B à e++e-

FPulsars
FJets  

üNucleosynthesis
¶ e.g. 56Ni(β+), 44Ti(β+), 26Al(β+), 22Na(β+),

13N(β+), 14O(β+), 15O(β+), 18F(β+)

Known Positron Production Processes

b-

a

p

b+ , EC
Table of Isotopes

# neutrons
# 
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see also Ruffini+2010 for more
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Positrons in the Galaxy: 
INTEGRAL/SPI results from >20 years 

7

à (alternative)Image of 
Annihilation emission 
bright extended central emission,   
disk extended in latitude width
à unlike any candidate source map

à Line spectroscopy
and PS continuum emission
slightly-broadened line
significant continuum
à annihilation medium ~partly ionised"

H. Yoneda et al.: 511 keV map using 20-yr INTEGRAL/SPI data

Fig. 3. Reconstructed image of the 511 keV line emission from the 20-year INTEGRAL/SPI data. The image is shown in Galactic coordinates.
Note that several dark spots appearing around the Galactic center, such as the one at (l, b) ⇡ (353�,�4�), are artifacts often seen in the image
deconvolution.

Table 3. Measured fluxes of the 511 keV line emission for di↵erent regions and their comparison with thin and thick disk models.

Name Region Flux Thick Disk Thin Disk
l (deg.) b (deg.) (⇥10�3 ph cm�2 s�1)

Bulge [�20, 20] [�20, 20] 1.36 ±stat 0.04 ±sys 0.05 1.46 1.39
Bulge + Disk [�180, 180] [�20, 20] 2.09 ±stat 0.08 ±sys 0.23 2.62 2.51
Eastern Disk [310, 340] [�20, 20] 0.26 ±stat 0.04 ±sys 0.03 0.27 0.18
Western Disk [20, 50] [�20, 20] 0.19 ±stat 0.03 ±sys 0.03 0.27 0.18

All 2.63 ±stat 0.08 ±sys 0.33 2.72 2.52

Bulge Eastern diskWestern disk

Disk + Bulge

Fig. 4. Same as Figure 3 but with annotations showing the regions used
for the flux measurements in Table 3.

as a chimney-like structure, and above it, a blob-like structure
can be seen around (l, b) ⇡ (�10�, 30�). To discuss this further,
we also present the longitude profile with di↵erent integration
ranges in Appendix E.

4.3. Individual regions

4.3.1. Search for the 511 keV from the star-forming regions

Here, we investigate the 511 keV emission from individ-
ual regions, particularly the Cygnus region and the Scor-
pius–Centaurus OB association (see Figure 8). Including other
star-forming regions, we evaluate the fluxes and their chance
probabilities using the bootstrap samples with only the back-
ground.

The Cygnus region, one of the nearest complexes of mas-
sive star formation, shows a flux of (4.2 ±stat 2.0 ±sys 2.0) ⇥ 10�5

ph cm�2 s�1 at a chance probability of 6.4 ⇥ 10�2. Here, the re-
gion is defined as l = 60� to 80� and b = �15� to 15�. Since
the significance is about a 2� level only considering statistical
uncertainties, it should be interpreted as a hint of the 511 keV
emission from the Cygnus region. Thus, we also show the 99%
upper limit of the flux value in Table 4. Appendix G shows the
flux distribution derived from the bootstrap samples. We note
that this emission could be attributed to either enhanced positron
production from stellar activity in the Cygnus region or detec-
tion of the Galactic disk component due to deep exposure in
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Yoneda+2025
511 keV, INTEGRAL/SPI, 20yrs
RL deconvolution

A&A 627, A126 (2019)
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(a) Integrated 511 keV line flux IL.
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(b) Line of sight Doppler-velocity vlos.
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(c) Astrophysical FWHM �L.
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(d) Positronium fraction fPs.

Fig. B.2. Derived and fitted spectral parameters (1� uncertainties) from three different analysis methods. The individual data points for each
method are shifted in longitude for illustration purpose. The absolute flux values are almost identical. The annihilation parameters, vlos, �L, and fPs
are consistent within uncertainties, and show the same trends.

Appendix A. The difference between the methods are the con-
straints on the imaging information: while a blind search for
spectral variability may also assume ignorance of the emission
morphology, an already understood image on large scale can be
used to exploit as much spectral information as possible. Like-
wise, the instrumental �-ray background (BG) could also be
pre-determined from a large-scale fit, and then fixed, to only
allow the ROIs to vary within the data-given variations. We name
these three approaches for the data analysis:

– “free BG”, according to Sect. 2.2 in a simultaneous fit of all
ROIs plus the remaining Galaxy;

– “fixed BG”, again performing a simultaneous fit, but with
fixed background from the all-sky model fit, Fig. 1;

– “sliding window”, according to Appendix A, using only two
input map – the ROI and its complement – evaluating the
ROIs in sequence.

The resulting spectra from the three methods described above are
shown in Fig. B.1. The spectra are consistent, and the uncertain-
ties on the individual data points from the “free BG” and “fixed
BG” case are between 1 and 2 times larger than for the “sliding
window” method.

The base-line method from Sect. 2.2 tends to ask too many
questions to too little data in the correlated simultaneous fit of
five small ROIs. As we use the same data set and emission model

as Siegert et al. (2016), already describing the SPI data correctly,
we can set imaging constraints to allow for more spectral vari-
ability, with less parameters, which possibly over-parametrise
the model. Therefore, the “sliding window” method can be less
correlated in individual cases.

From the sliding window method, we estimate the signifi-
cance of galactic rotation in 511 keV to 1.6–2.0�. This is done
by comparing two empirical models describing the velocity dis-
tribution along galactic longitudes. By fitting a straight line to the
data (cf. Figs. 4 and 5b), we estimate the velocity gradient and
bulk velocity, and obtain a measure for the goodness of fit, �2

rot.
Alternatively, we fit a constant to the data points to obtain a fit
quality measure for the null-hypothesis, i.e. no rotation, �2

flat. As
these models are nested, we can perform a Pearson �2-test with
��2 = �2

flat � �2
rot and one degree of freedom difference. As we

define four different, partially overlapping ROI sets, we estimate
our systematic uncertainties in this way, and provide individual
results in Table B.1.

Similar to Figs. 5a–d, we show the spectral parameters
derived from the spectra above in Figs. B.2a–d. A slight
difference is found in the Doppler-broadening, as the line
widths in the simultaneous fits appear broader. In general, the
parameters coincide and show the same trends along galactic
longitudes.
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Siegert+2019
T. Siegert et al.: Constraints on positron annihilation kinematics in the inner Galaxy

longitude, are presented in Sect. 3. We discuss the 511 keV
kinematics and their implications to annihilation conditions in
Sect. 4.1, and provide a summary in Sect. 4.2.

2. Data analysis

2.1. Data and general method

We use the INTEGRAL/SPI data set from Siegert et al. (2016), in
which the large-scale diffuse annihilation emission was investi-
gated. This comprises 73 590 pointings, targeting predominantly
the bulge and the disk of the Milky Way, for a total exposure of
189 Ms. This exposure is reduced to 160 Ms due to failures and
processing time of the detectors (“dead time”). In total, the num-
ber of spectra in the data set is 1 214 799, taking into account
dead detectors.

In general, SPI data are analysed by comparing measured
counts dk per energy bin k over the time of the exposure, this
means time sequences, with predicted time sequences of celes-
tial emission plus background models. These components add up
to the total model mk, with

mk =
X

j

R jk

NSX

i=1

✓iMi j +
X

tB

NS+NBX

i=NS+1

✓i,tB
Bik. (1)

Here NS is the number of sky models, Mi j for each image ele-
ment j, to which the imaging response function (coded mask
pattern) Rjk is applied. The NB background models Bik are added
to the celestial emission, and can in general be time-dependent.
The expected detector patterns for sky and background are
known (see e.g. Siegert et al. 2016; Siegert 2017), and only the
amplitudes ✓i,(tB) are determined in a maximum likelihood fit.
The background model has also been adopted from Siegert et al.
(2016). As photon counting obeys the Poisson statistics, we make
use of the Cash statistics,

C(D|✓i) = 2
X

k

[mk � dk ln mk] , (2)

one version of the log-likelihood of the Poisson statistics (Cash
1979), to optimise the fit and to find the intensity scaling parame-
ters ✓i,(tB). In particular, we consider complementary sky models,
described in Sect. 2.2.2 (see also Appendix A), one or more
defining the regions for which the spectrum is to be extracted,
and one describing the remaining 511 keV sky. Siegert et al.
(2016) used four smooth Gaussian-shaped components to model
the galactic-wide annihilation emission. Because this model may
not represent the true morphology, but may vary on smaller
angular scales, the intensity scaling parameters per energy bin,
✓i,(tB), are re-determined for each sky region and the background.

The celestial emission in this energy range is dominated by
the bright 511 keV line emission from the Galaxy’s centre, mod-
elled by a narrow bulge, a broad bulge, and a point-like source
centred at (l/b) = (0�/0�). To this, a Gaussian-shaped disk is
added to capture the faint and low surface-brightness emission
beyond the bulge. The details of the spatial emission models are
found in Siegert et al. (2016), and in Appendix E.

The instrumental background is modelled in a self-consistent
way, using long-term knowledge about the detector behaviours,
space-craft conditions, and physical origins of �-ray emissions in
the satellite (Siegert et al. 2016). Based on the INTEGRAL/SPI
BackGround and Reponse Data Base (BGRDB, Diehl et al.
2018), the background detector patterns (relative counts of the
detectors to each other) are predicted as a function of energy and
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Fig. 1. Positron annihilation spectrum of the Galaxy using the best-
fit morphology model of Siegert et al. (2016). Shown are the SPI
data points in black (�3�-bins), and four model components: narrow
511 keV line (red), broad 511 keV line (orange), ortho-positronium con-
tinuum (blue), galatic �-ray continuum (green). The total model is
shown as solid black line. The fitted parameters are shown in the leg-
end. The units are 10�5 ph cm�2 s�1 keV�1 for the continuum amplitude
AC , 10�3 ph cm�2 s�1 for the line fluxes IN and IB, and the positronium
continuum IoPs, and keV for the lines centroids EN and EB, and widths
�N and �B. The positronium fraction fPs is measured to be between 0.97
and 1.00.

time. This data base includes spectral information of hundreds
of instrumental �-ray lines which are associated to different
isotopes in the satellite, being excited by cosmic rays and de-
exciting either promptly or delayed. The continuum background,
mainly due to bremsstrahlung inside the spacecraft, is modelled
in the same manner. Long-term trends of detector degradation
from this cosmic-ray bombardment and radioactive build-ups
are individually traced by this technique. In this energy range,
eight instrumental �-ray lines, on top of a power-law shaped
instrumental continuum is used to model these background pat-
terns (Siegert 2017), to be distinguished from the expected sky
emission patterns. The background scaling parameters are deter-
mined on a three-day interval (see also Siegert et al. 2019),
corresponding to one INTEGRAL orbit. This amounts to 1083
background scaling parameters for each, the continuum and
line backgrounds as a whole, for a total of 2166 background
parameters.

In summary, 6 (2) parameters are fitted for the celestial emis-
sion in a simultaneous (consecutive) fit of the regions of interest
and the remaining Galaxy, and 2166 parameters for the instru-
mental background. The number of degrees of freedom in each
individual energy bin thus amounts to 1 212 627 (1 212 631).

2.2. Spectral extraction

2.2.1. Full sky 511 keV signal

The total spectrum of the 511 keV template map (Fig. 2, top two
panels) is shown in Fig. 1, together with a multi-component fit.
We identify four spectral components: a narrow and a broad
511 keV line, an ortho-positronium (o-Ps) continuum, and the
galactic diffuse �-ray continuum. The derived spectral param-
eters are consistent with previous studies, although both, the
broad and the narrow annihilation line, appear to be broader than
previously measured (Jean et al. 2006). This may arise from dif-
ferent line shapes in the disk and the bulge (Siegert et al. 2016).

A126, page 3 of 15
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The Cas A Supernova Remnant
Combining radiation data from IR through X rays to gamma rays

                           à what can nuclear γ rays add / provide??
8

JWST Survey of Cassiopeia A 15

Figure 6. Top: The NIRCam F356W image compared to a VLA S-band image from 2012 (courtesy of T. DeLaney). Bottom:
Left panel shows a composite image made using the NuSTAR

44Ti map (Grefenstette et al. 2014), the Chandra 1Msec X-ray
image of Cas A (Hwang et al. 2004), and our MIRI F1280W image. The location of the NS (Fesen et al. 2006a) is marked
with a black circle. The right panel shows a composite image combining our unshocked ejecta map (see Section 4.2), with the
NuSTAR

44Ti map, and a Chandra Fe–K map (energy ⇠ 6.7 keV). The locations of the center of expansion (COE; Thorstensen
et al. 2001) and the NS are marked with white and black circles, respectively.

circular region with radius ⇠ 10000 is associated with
the reverse shock propagating into the expanding ejecta.
Weaker radio emission associated with synchrotron ra-
diation (Ginzburg & Syrovatskii 1965) is seen at some
azimuths extending out ⇠ 15000 to the location of the
main forward shock, traveling at 4200 – 5200 km s�1

(DeLaney & Rudnick 2003; Patnaude & Fesen 2009).
Infrared emission shortward of about 5 µm is known

to be largely synchrotron emission from electrons accel-
erated in shocked regions (Rho et al. 2003; Jones et al.
2003). Earlier Spitzer observations with IRAC at 3.6
µm were observed to resemble radio synchrotron images
(Ennis et al. 2006). A more recent study involving radio
and Spitzer IRAC data revealed evidence for spectral

flattening from a spectral index of ↵ ⇡ 0.77 in the radio
to ↵ ⇡ 0.55 for the radio to infrared comparison, in par-
ticular for those regions close to shock regions (Domček
et al. 2021). However, in the southeast region the syn-
chrotron spectra are relatively steep ↵ ⇡ 0.67, perhaps
indicating the onset of synchrotron cooling. Synchrotron
cooling should a↵ect the synchrotron spectrum for fre-
quencies ⌫ & 7.2⇥1013 B�3

mGt
�2
100 Hz, with BmG being the

magnetic-field strength in milliGauss (mG) and t100 the
age of the shocked plasma in units of 100 yr. The F356W
filter corresponds to ⌫ ⇡ 8.4⇥1013 Hz. This implies that
signatures of synchrotron cooling can be present for the
plasma containing relativistic electrons that have been
accelerated early on (t100 ⇡ 3), and/or for B & 1 mG.

Milisavljevich+ 2024
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Locating the inner Ejecta in Cas A: Nuclear astronomy
NuSTAR Imaging in hard X-rays (3-79 keV; 44Ti lines at 68,78 keV) à

Ffirst mapping 
of radioactivity
in a young SNR
(core origin)

F44Ti radioactive decay à TRUE locations of inner-SN ejecta 
FFe-line X-rays are biased from ionization of  plasma by reverse shock (shock did not reach interior yet)

Grefenstette+ 2014; 2017

9

X rays: CHANDRA & NuSTAR

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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X rays: CHANDRA only

Tsuchioka+2022
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The challenges of cosmic nucleosynthesis sources
o How much mass is lost in which winds?
o How are fusion fuels & products mixed?
o What is the composition of remnant star?

o Which stars explode as a supernova?
o Which parts of collapsing star are ejected?

o Which white dwarfs explode (DD/SD)?
o How is the explosion triggered?
o Which burnings can occur?

o Which compact stars merge, and when?
o How is the black hole formed?
o Which materials may escape?

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
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...a fundamental question...

11

what are our origins?

The answers include: models of the sources and the nuclear rates 
within, and of cosmic evolution including transport and recycling

Nuclear Astrophysics
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Iterative enrichments of stellar gas from nucleosynthesis

¶ Changes in the forms of cosmic matter:
Fstars and gas flows:

12

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y
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chemical-evolution models: how to capture ejecta in a star...

¶ Changes in the forms of cosmic matter:
Fstars and gas flows:

13

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y
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Nuclear reactions in cosmic environments
¶ plasma in the Universe is very different 

from the conditions in terrestrial 
laboratory experiments

¶ quantum tunneling 
dominates in 
cosmic-environment 
reactions

~20 keV
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Cosmic Nuclear Reactions

15

C/Ne shell 
burning

• charged-particle reactions
Fovercome Coulomb repulsion

• neutron capture reactions
Fneutron binding by nuclear force

• radioactive decays (&EC)
Fproton ßà neutron 

conversions
from weak force

• photon reactions
Fnuclear levels from

nucleon configurations

Lunney, Pearson, & Thibault (2003)

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  

complex 
nuclear networks
are composites of

a few reaction 
types
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Stellar abundances versus chemical-evolution models
elemental abundances throughout Galaxy
         

à agreements for many elements, serious issues for several elements

16

Kobayashi+ 2020

the O–Na anticorrelation observed in globular cluster stars with
a smooth star formation history as in the solar neighborhood.
Although AGB stars produce significant amounts of Mg
isotopes (see Section 3.3), their inclusion does not affect the
[Mg/Fe]–[Fe/H] relation. The contribution from super-AGB
stars (red solid lines) is very small; with super-AGB stars, C
abundances slightly decrease, while N abundances slightly
increase. It would be very difficult to put a constraint on super-
AGB stars from the average evolutionary trends of elemental
abundance ratios, but it might be possible to see some
signatures of super-AGB stars in the scatters of elemental
abundance ratios. With ECSNe (magenta long-dashed lines),
Ni, Cu, and Zn are slightly increased. These yields are in
reasonable agreement with the high Ni/Fe ratio in the Crab
Nebula (Nomoto 1987; Wanajo et al. 2009). No difference is
seen with/without SNe Iax (cyan dotted–dashed lines) in the
solar neighborhood because of the narrow mass range of hybrid
WDs. As noted before (Section 2.1), this mass range depends
on convective overshooting, mass-loss, and reaction rates.
Even with the wider mass range in Kobayashi et al. (2015;

:% _M M1 ), however, the SN Iax contribution is negligible in

the solar neighborhood; but it can be important at lower
metallicities such as in dwarf spheroidal galaxies with
stochastic chemical enrichment (Cescutti & Kobayashi 2017).
With failed SNe, our fiducial model (red solid lines in Figure 6)

is in good agreement with observations of most of the major
elements. Strictly speaking, the predicted Mg, Si, and S abundances
are slightly higher, and the Ca, Co, and Ni abundances are slightly
lower than in the observations. Compared with the K11 model
(cyan dotted–dashed lines), the match is improved for most of
elements, except for Ca at [Fe/H]−1 and Co at all [Fe/H],
which implies higher energies or a larger HN contribution. The
improvement is due to the inclusion of failed SNe (i.e., the
exclusion of massive SNe II) and/or the updated solar abundances
(see below for more details). With the metal-dependent HN fraction
(blue short-dashed line), Cu and Zn are also underproduced at
[Fe/H]−1 in the model, and this is why we use a constant HN
fraction for our fiducial model (Section 2.1). It is possible to keep
the agreement without failed SNe (green dotted lines) if we change
the upper limit of the IMF (i.e., of both SNe II and HNe) as
discussed above. This gives slightly better matching for Al and Cu,
but not Na, at [Fe/H]−1. Finally, the VK18 model (magenta

Figure 5. Evolution of the elemental abundances [X/Fe] from C to Zn against [Fe/H] for the models in the solar neighborhood, with only supernovae (without AGB
and super-AGB stars, blue short-dashed line), with AGB without super-AGB stars (green dotted lines), with AGB and super-AGB stars (red solid line, fiducial model),
with ECSNe (magenta long-dashed lines), and with SNe Iax (cyan dotted–dashed lines). The observational data sources are: filled diamonds with error bars, Zhao et al.
(2016), Mashonkina et al. (2017, 2019) with NLTE for C, O, Na, Mg, Al, Si, Ca, and Cu; open diamonds with error bars, Reggiani et al. (2017) with differential
analysis for Na, Mg, Al, Si, Ca, Cr II, Mn, Co, Ni, and Zn; stars, Amarsi et al. (2019b) with 3D/NLTE C, O, and 3D Fe; filled circles, Spite et al. (2006) for C, N, and
O (unmixed stars only); asterisks, Israelian et al. (2004) for N; diamonds, Carretta et al. (2000) for N (unmixed stars only); small filled and open circles, Reddy et al.
(2003, 2006), Reddy & Lambert (2008) for N, Mn, Co, Ni, and Zn of thin and thick/halo stars, respectively; filled circles, Spite et al. (2011) for S; filled pentagons,
Takada-Hidai et al. (2005) for S; filled squares, Chen et al. (2002) for S; crosses, Costa Silva et al. (2020) for S; open diamonds, Nissen et al. (2007) for S and Zn;
filled pentagons, Honda et al. (2004) for C, Cr II, Mn, Co, Ni, Cu, and Zn; filled triangles, Bensby et al. (2004a) for Cr II; Cayrel et al. (2004) for Mn, Co, Ni, and Zn;
Feltzing et al. (2007) for Mn; crosses, Fulbright (2000) for Ni; filled and opened triangles, and three-pointed stars, Bensby et al. (2014) for Ni and Zn of thin and thick
disks, and intermediate stars, respectively; asterisks, Primas et al. (2000) for Cu and Zn; and filled pentagons, Saito et al. (2009) for Zn. All observational data are
shifted for our adopted solar abundances if necessary.
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Observing Nucleosynthesis: Complementing Methods
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Gamma-ray line spectroscopy: the science potential
Radioactive trace isotopes from nucleosynthesis reactions and released in source's ejecta: 

• Only the most-plausible candidates per source type are listed
(abundance; decay time (weeks<τ<108y) long enough to survive ejection/not too long to be bright)18

plus: 

nuclear excitation lines

           
(2.2; 12C, 16O, ...) (fr

om CRs)

Isotope Decay 
Time 

Decay Chain g -Ray Energy 
[keV] 

Detected 
Source 

Source Type 

208Tl 4 min 208Tl ® 208Pb 511, 722, 861, 
2615 

(none) NSMs 

128Sb 13 h 128Sb ® 128Te 75, 404, 482 (none) White Dwarf AIC, NSMs 

132I 4.6 d 132Te® 132I ® 132Xe 506, 523, 630, 668, 
773, 1318 

(none) White Dwarf AIC, NSMs 

89Sr 50 d 89Sr®89Y 909 (none) accr White Dwarf, AGB 

7Be   77 d 7Be ® 7Li* 478 (none) Novae 

56Ni 8.8 d; 111 d 56Ni ® 56Co* ®56Fe*+e+ 158, 812;  
847, 1238 

SN2014J; 
SN1987A, 

SN1991T(?) 

Supernovae 

57Ni 390 d 57Co® 57Fe* 122 SN1987A Supernovae 

22Na 3.8 y 22Na ® 22Ne* + e+ 1275 (none) Novae 

44Ti 85 y 44Ti®44Sc*®44Ca*+e+ 78, 68; 1157 SNR Cas A Supernovae 

229/230Th ~1.0 105 y 229/230Th ®…..®206Pb 352… 609…2615 (none) NSMs, SNe 

126Sn 3.3 105 y 126Sn ®126Sb*®126Te 666; 695; 87; 64 (none) NSMs, SNe 

26Al 1.04 106 y 26Al ® 26Mg* + e+ 1809 Massive-Star 
Groups Cyg, Ori… 

Stars, Novae Supernovae 

60Fe 3.5 106 y 60Fe ® 60Co* ® 60Ni* 59,  
1173, 1332 

Galaxy (?) Supernovae, Stars 

e+ 105… 107 y e++e- ® Ps  ® gg.. 511, <511 Galactic Bulge, 
Disk 

Supernovae, Novae, Pulsars, 
Microquasars… 

 

radioactive by-products of nuclear reactions

provide a new/different observational window

on interiors of cosmic nuclear reactors 
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Nuclear Gamma-Ray Line Telescopes / Missions
¶ Compton Gamma-Ray Observatory

1991-2000  
NASA

¶ INTEGRAL Observatory
2002-2025 (2029)

ESA

¶ NuSTAR (<80 keV) (2012- today)

¶ Earlier  Balloone-Borne 
Experiments

¶ SMM;  HEAO-C  1978   ...
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à     γ-ray lessons for the astrophysical source models 

20

The answers include: models of the sources and the nuclear rates 
within, and of cosmic evolution including transport and recycling
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X rays and beyond: Locating the inner Ejecta in Cas A
NuSTAR Imaging in hard X-rays (3-79 keV; 44Ti lines at 68,78 keV) à

Ffirst mapping of  radioactivity in a SNR                  cmp. X-ray line image
– Both 44Ti lines detected clearly
– redshift ~0.5 keV

à 2000 km/s asymmetry
– 44Ti flux consistent with 

earlier measurements
– Doppler broadening: 

(5350 ±1610) km s-1

– Image differs from Fe!!

F44Tià TRUE locations of inner-SN ejecta 
FFe-line X-rays are biased from 

ionization of plasma by reverse shock

Grefenstette+ 2014; 2017

21

X rays: CHANDRA & NuSTAR

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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X rays and beyond: Locating the inner Ejecta in Cas A
NuSTAR Imaging in hard X-rays (3-79 keV; 44Ti lines at 68,78 keV) à

Ffirst mapping of  radioactivity in a SNR                  
– Both 44Ti lines detected clearly
– redshift ~0.5 keV

à 2000 km/s asymmetry
– 44Ti flux consistent with 

earlier measurements
– Doppler broadening: 

(5350 ±1610) km s-1

– Image differs from Fe!!

F44Tià TRUE locations of inner-SN ejecta 
FFe-line X-rays are biased from 

ionization of plasma by reverse shock

Grefenstette+ 2014; 2017
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X rays: CHANDRA & NuSTAR
44Ti

44Ca

τ =85y, EC

44Sc

τ = 5.4 h, β+

1157 keV line 
from 44Ca

INTEGRAL/SPIà clear Doppler shift of 44Ti 
(1800 ±800 km s-1 away from observer)
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NuSTAR details of 44Ti in Cas A, radiation-transport fitting, XRISM hi-res spectra...

¶ 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

MNRAS 494, 2471–2497 (2020)
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Fig. 13. Fitting results of NW pixel h with two Gaussian components. This 
pixel covers part of the center of Cas A. It shows that there is a narrow 
component ( σv ≈ 300 km s−1 ) with a small redshift corresponding to vrad ≈
500 km s−1 , which results in unusual, “spiky”, line profiles for all four lines. 
the result is very solid, as all four lines show the same spiky 
profile. 

In figure 14 , we show a cartoon illustrating the ejecta and 
CSM morphology of Cas A inspired by the X-ray and optical 
Doppler mapping. It shows a situation in which the central 
regions are dominated by shocked CSM, but it should result 
in a combination of highly redshifted and highly blueshifted 
plasma. It is not clear what could be the location of low ra- 
dial velocity plasma. A possible explanation could be that it 
originates from very dense material, which is overrun by the 
shock, which then rapidly slows down. But this should give 
rise to either bright clumps or regions, with shocks rapidly 
evolving into radiative shocks. There is no X-ray or optical 
evidence for such a component. 

The Doppler velocities and broadening confirm the notion 
that the ejecta shell is patchy. It is tempting to consider the 
SE/NW velocity dichotomy as evidence of a bipolar explo- 
sion, but the detailed Resolve line fits, as well as the 3D dis- 
tribution of FMKs, rather indicate an irregular shell of ejecta. 
The current XRISM pointing does not cover the locations that 
are likely connected with a bipolar explosion component: the 
“jets.” We do note, however, that some of the highest line 
broadening off-center is found at the base of the NE jet ( SE 
pixel 11, or a) for the H-like ions. We speculate that this may 
be related to a very hot ion temperature, caused by having 
been shocked with a very high shock velocity, associated with 
the passage of the NE jet. 

In conclusion, although the XRISM/Resolve radial velocity 
measurements confirmed the overall SE/NW blueshift/redshift 
dichotomy, the detailed line fits show an unexpected feature 
that for now defies an easy explanation. 
4 Conclusions 
With the launch of XRISM, the era of high-spectral-resolution 
imaging X-ray spectroscopy has finally arrived. This allows 
us to make accurate radial velocity maps of extended X-ray 
sources. We have reported here a radial velocity study of the 
young core-collapse SNR Cas A, using the Si and S lines in 
the 2–3 keV range. With the high spectral resolution of the 
Resolve instrument of "E ≈ 5 eV, individual He-like and H- 
like lines can be fitted, and their line shapes can be modeled. 

Fig. 14. Cartoon of a “sideways” look at Cas A. The reverse shock ( dotted 
line) is displaced with respect to the explosion center ( yellow star) , ac- 
counting for the higher ejecta velocity at the back side of the shell. The 
line emission comes mostly from the shocked ejecta ( magenta) , but also 
from the shocked CSM ( light green) . Shocked CSM dominates the X-ray 
emission toward the center of the SNR. 

Although the radial velocity maps that we have re- 
ported here agree in general with the overall redshifted and 
blueshifted structure determined through CCD X-ray spec- 
troscopy, the high-resolution spectra from XRISM have re- 
vealed many more details in these complicated spectra. The 
spectral analysis results in many interesting and puzzling find- 
ings: ! With CCD spectra one cannot make a distinction be- 

tween a mix of blueshifted and redshifted spectra. De- 
tailed line models of the Resolve spectra show that only 
in a few cases does the line of sight encounter a combi- 
nation of blueshifted and redshifted plasmas, and only 
in the NW region. ! Decomposing the line shapes in two components in most 
cases results in two components that are both redshifted, 
or both blueshifted. ! The radial velocity distribution reinforces the idea from 
optical imaging spectroscopy that the ejecta shell is very 
patchy, with no back-side component present in the SE, 
and only a small front-side component present in the 
NW. ! The intrinsic line broadening suggests an average ther- 
mal line broadening of σv ≈ 1000 km s−1 , but with some 
variation consistent with different reverse-shock veloci- 
ties, and partial equilibration. ! There are puzzling velocity components projected to- 
ward the center of Cas A with a very low line broaden- 
ing σv ! 500 km s−1 and small radial velocity of | vrad | ! 
500 km s−1 . These components are likely associated with 
shocked CSM, but the low radial velocities in combina- 
tion with a location projected toward the center of Cas 
A cannot be easily interpreted. 

The analysis presented here shows the power of high- 
resolution imaging spectroscopy, and for Cas A reveals the 
importance of modeling both the ejecta and the CSM com- 
ponents. For a better understanding of Cas A it is also im- 
portant to cover the rest of Cas A with Resolve. In particu- 
lar, not observed yet is the SW region, which covers a region 
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Fig. 2. Two examples of the spectral fits obtained with the automated spectral fitting method. The individual spectral components are indicated with 
dotted lines. Left: SE region pixel 35. Right: NW region pixel 32. Line identifications are given. 
ward the edges, the intrinsic line broadening, i.e., thermal line 
broadening, should be more dominant. In that light it is in- 
teresting that toward the edge of the FoV in the SE pointing 
we still measure σv ≈ 1700 km s−1 at the base of the NE jet 
( pixels 11 and 9) . 

Figure 4 shows the histograms of the measured Doppler ve- 
locities and broadenings. The histogram of the radial velocities 
shows that for the SE region the range of velocities is much 
more limited, −1678 to 79 km s−1 , or "v ≈ 1750 km s−1 , 
than for the NW region, −303 to 2604 km s−1 , or "v ≈
2900 km s−1 . We indeed find a clear distinction in radial ve- 
locities for the He-like and H-like lines. But in the SE region 
the H-like lines show the highest absolute radial velocities, 
whereas for the NW region the He-like lines show the highest 
absolute radial velocities. 

For comparison we also show the Doppler measurements 
based on modeling the Fe K emission from Cas A with Resolve 
( solid lines, Bamba et al. 2025 ) . Compared to Si, S, the Fe 
K lines show a much wider range in vrad and σv . This was 
also reported by Willingale et al. ( 2002 ) . This likely hints that 
there are more iron protrusions in Cas A than just in the SE 
corner, where the protrusions are more conspicuous as they 
are projected beyond the Si-rich main shell. 

2.2 Decomposing line shapes into two Gaussian 
components 

The Doppler measurements reported in subsection 2.1 reveal 
with much more confidence and reliability the SE/NW asym- 
metry in the X-ray Doppler velocities of Cas A, as well as pro- 
viding measurements of the line broadening. With X-ray line 
centroiding measurements one could still wonder if variations 
in the He α line triplet ratios, or mixes of blueshifts and red- 
shifts, left the impression of an overall blueshift/redshfift in 
Cas A, rather than a real kinematic difference. However, fits 
with a single Gaussian component could still leave room for 
blends of truly redshifted and truly blueshifted components, 
corresponding for the SE to emission from the near side of the 
shell and a less prominent redshifted component from the far 
side of the shell, and vice versa for the NW. 

In order to investigate this, we analyzed in more spectral 
detail the Si and S Ly α and He β lines, as these are single lines 
( as fine structure lines are not resolved at XRISM resolution, 
Gunasekera et al. 2025 ) rather than complexes ( like He α) . 
In order to measure whether the single lines can be decom- 
posed into relatively blueshifted and redshifted components, 
we used two Gaussian components per line, again assuming 
similar Doppler velocity and broadening parameters for the 
He-like and H-like emission. 

These two-component Gaussian models should be regarded 
as a tool to approximate radial velocity gradients and/or two 
or more distinct radial velocity components. As detailed in- 
frared and optical radial velocity maps show ( e.g., DeLaney 
et al. 2010 ; Milisavljevic & Fesen 2013 ; Alarie et al. 2014 ) , 
the three-dimensional distribution of ejecta knots is complex, 
which is likely to be also true for the more tenuous X-ray emit- 
ting ejecta. A priori one would expect for each pixel to see 
both a redshifted and a blueshifted component from the far 
side and the near side of the shell. 

We heuristically model the continuum using a power-law 
spectrum along with two Gaussians to capture Si and S He β
satellite lines, which can be present toward the low-energy tail 
of the He β lines. 

We found that an automated fitting procedure using simi- 
lar scripts as used in subsection 2.1 does not lead to reliable 
results with two Gaussians. Instead we turned to the Bayesian 
X-ray Analysis scheme ( BXA v4.1.1, Buchner et al. 2014 ) with 
the Ultranest ( v4.3.2) parameter sampling scheme ( Buchner 
2021 ) for reliable results. As BXA samples the entire parame- 
ter space, the procedure is slow, given that the high-resolution 
Resolve spectra require very large response files ( ∼0.8 GB) . 
Moreover, for spectra from individual Resolve pixels, some re- 
gions of the remnant lack sufficient photon counts to reliably 
decompose the lines into two Gaussians. In order to overcome 
these problems, we applied BXA to the 2 × 9 “superpixels”a –i 
for each pointing, and we used the SPEX v3.08.01 spectral 
fitting package ( Kaastra et al. 1996 ) with a spectral file for- 
mat, allowing us to optimize the spectral binning ( Kaastra & 
Bleeker 2016 ) and reducing the size of the spectral response 
files. For more details on Bayesian-based spectral fitting us- 
ing SPEX we refer to M. Agarwal et al. ( in preparation) . The 

D
ow

nloaded from
 academ

ic.oup.com
/pasj/article/77/Supplem

ent_1/S154/8157906 by guest on 22 Septem
ber 2026

XRISM



Roland DiehlColumbia-DIAS-Heidelberg-Yale High-Energy Science Seminar Series 2026, 23Sep2026

'Nuclear' Astronomy and SN1987A

Neutrino burst
from collapsing core

Radioactively-powered 
SN afterglow
with  nuclear-decay γ rays

24

bolometric light afterglow

Matz+1988

SMM-GRS
Aug-Oct'87

Matsuura+2024
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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Figure 1. NIRCam five-colour image (blue: F150W , cyan: F164N , cyan: F200W , yellow: F323N , orange: F405N , and red: F444W ), capturing the bright 
equatorial ring, shocked gas beyond the equatorial ring, and the very faint outer rings. The inner ejecta stands out in cyan as it has strong F164N emission. 
Within the inner ejecta, a bar crosses across approximately from the east to west. Two crescents are found in very faint blue/cyan emission between the inner 
ejecta and the equatorial ring. The hotspots are bright spots in the NIRCam/SW images within the equatorial ring, while the outer spots are found exterior of 
the equatorial ring. North is towards the top and east is to the left. The original image was created by Alyssa Pagan (STScI), and the image credits belong to 
NASA, ESA, CSA, Mikako Matsuura (Cardif f Uni versity), Richard Arendt (NASA-GSFC, UMBC), Claes Fransson (Stockholm University), and Josefin Larsson 
(KTH). 

The outer ejecta expand with a speed exceeding 10 000 km s −1 
(Phillips et al. 1988 ; McCray 1993 ), triggering shocks within 
the circumstellar material. Shocks brightened the equatorial ring 
(labelled in Fig. 1 ) in about 1995 (Sonneborn et al. 1998 ; Lawrence 
et al. 2000 ), and the brightness increased in X-ray, optical, infrared 
(IR) and radio until about 2010 (Dwek et al. 2010 ; Fransson et al. 
2015 ; Frank et al. 2016 ). Approximately in 2010, the shocks passed 
the equatorial ring, and material outside of the equatorial ring is now 
detected as faint outer spots (labelled in Fig. 1 ) in the optical images 
(Fransson et al. 2015 ; Larsson, Fransson & Alp 2019 ). Around this 

time, the light curves in different bands started to diverge. The hard 
X-ray and radio brightness continued to increase (Frank et al. 2016 ; 
Cendes et al. 2018 ), though at a slower rate than before 2003. 
Meanwhile, the near-infrared (NIR) brightness, as observed using 
Spitzer , peaked around 2010 and started declining thereafter (Arendt 
et al. 2016 , 2020 ). The cause of diverged light curves at different 
w avelengths w as unkno wn. The mid-IR emission is kno wn to be 
from silicate dust in the equatorial ring (Bouchet et al. 2006 ; Dwek 
et al. 2010 ; Arendt et al. 2016 ; Matsuura et al. 2022 ). Although it 
has been suggested to be ‘hot’ ( ∼500 K) dust (Bouchet et al. 2006 ; 
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Fig. 6. Evolution of central conditions for all models. Left: Evolution of the central temperature with respect to central density for all models. The
GENEC models are shown as solid lined and the MESA models as dashed. The 15 M� models are in green, 20 M� in blue, and 25 M� in black.
The magenta dash-dotted line is a 15 M� MESA model run without the acceleration term for comparison (only the very end of the evolution is
shown because the prior evolution is identical to the other MESA model). The grey dash-dotted line shows the limit between non-degenerate and
degenerate electron gas. The red dotted lines seperate the regime where the D-EoS is applied and when the T-EoS is used, as given by Eq. (1).
The beginning of each burning phase is indicated. Right: Zoommed-in image for the same models. In the inset we further zoom in on the very
final evolution phase, post-silicon core burning; for the MESA models markers indicate the central conditions at times of 1000 s (circles), 100 s
(squares), 10 s (crosses), and 1 s (stars) before collapse.

Cloud (LMC) metallicity. To compare the results with the cur-
rent state of the art, we also run the same models with MESA
(Paxton et al. 2011, 2013, 2018, 2019) using version 10398. The
physics of the GENEC models not explicitly mentioned in this
paper are the same as in Ekström et al. (2012). We point out, for
example, the mass loss prescription and the mixing as two major
physical ingredients that are unchanged. For the MESA mod-
els, we use convective boundary mixing (CBM) with a value
of f = 0.02 at the top of the convective layer and f = 0.004
below. This induces slightly more mixing than the prescription
of GENEC. Thus, the MESA models are expected to behave as
slightly more massive stars than the GENEC models with the
same initial mass. The Schwarzschild criterion defines the con-
vective boundaries in our model, and as such, we did not need
to implement semi-convective mixing. The MESA models are
run until the pre-SN link, defined as the point where the maxi-
mum infall velocity reaches 108 cm s�1. For the GENEC models
the acceleration term required to track the in-fall velocity is not
implemented yet and, thereby, we do not share a similar defi-
nition of the stopping point. To maintain a consistent stopping
point, however, we use the central temperature of the MESA
model one second before core collapse, and take the GENEC
model that first reaches the same core temperature and define
this as our pre-supernova model. This ensures that we do not
evolve the GENEC models further than they should go due to
the lack of core contraction (supplied by the acceleration term),
and also that the defined pre-SN GENEC model is extremely

close to core collapse. Hence, this model can be followed up by
hydrodynamic codes with ease.

5.1. Core evolution

In this section, we focus on the evolution of central conditions
for all models, as most of the novel improvements in GENEC
a↵ect the high-temperature and high-density conditions gener-
ally reached in the inner core.

In Fig. 6 we compare the evolution of central temperature
versus central density for our di↵erent models. In the left panel,
we separate by the red dotted lines the region where the D-EoS is
applied and where the T-EoS is applied, as defined by Eq. (1). We
note that the transition across the boundary between the two seg-
ments of the EoS in Fig. 6 is free of numerical artifacts, reflecting
the smoothness of the connection between the D-EoS and T-EoS
under the prescribed matching conditions, we detail further the
matching point in Appendix C. In the right panel, we zoom in
on the later stages of evolution, where the di↵erences between
models are largest. The general aspect of the tracks looks qual-
itatively (and quantitatively) like the ones shown in Fig. 1 of
Heger et al. (2001a), computed with the KEPLER stellar evolu-
tion code. Comparing the GENEC models to the MESA ones,
here we see that most of the same aspects are present in each
track, like the various loops and bends occurring at the start of
consecutive burning stages in the core. However, the size of the
loops and position of bends are not exactly the same from code
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Fig. 6. Evolution of central conditions for all models. Left: Evolution of the central temperature with respect to central density for all models. The
GENEC models are shown as solid lined and the MESA models as dashed. The 15 M� models are in green, 20 M� in blue, and 25 M� in black.
The magenta dash-dotted line is a 15 M� MESA model run without the acceleration term for comparison (only the very end of the evolution is
shown because the prior evolution is identical to the other MESA model). The grey dash-dotted line shows the limit between non-degenerate and
degenerate electron gas. The red dotted lines seperate the regime where the D-EoS is applied and when the T-EoS is used, as given by Eq. (1).
The beginning of each burning phase is indicated. Right: Zoommed-in image for the same models. In the inset we further zoom in on the very
final evolution phase, post-silicon core burning; for the MESA models markers indicate the central conditions at times of 1000 s (circles), 100 s
(squares), 10 s (crosses), and 1 s (stars) before collapse.
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evolve the GENEC models further than they should go due to
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ally reached in the inner core.
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we separate by the red dotted lines the region where the D-EoS is
applied and where the T-EoS is applied, as defined by Eq. (1). We
note that the transition across the boundary between the two seg-
ments of the EoS in Fig. 6 is free of numerical artifacts, reflecting
the smoothness of the connection between the D-EoS and T-EoS
under the prescribed matching conditions, we detail further the
matching point in Appendix C. In the right panel, we zoom in
on the later stages of evolution, where the di↵erences between
models are largest. The general aspect of the tracks looks qual-
itatively (and quantitatively) like the ones shown in Fig. 1 of
Heger et al. (2001a), computed with the KEPLER stellar evolu-
tion code. Comparing the GENEC models to the MESA ones,
here we see that most of the same aspects are present in each
track, like the various loops and bends occurring at the start of
consecutive burning stages in the core. However, the size of the
loops and position of bends are not exactly the same from code
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Complexities of Gravitational Collapse and SN

¶ Basic processes are more complex than 
the 'standard model' says:
Fpre-SN structure is complex à the trigger

of collapse can be EC, fuel exhaust, e+e- creation
Fcollapse, ignition, and outflows all occur 

simultaneously
Fcollapse and accretion continue long after 

ignition of nuclear burning
Flate accretion and fallback make explosion fail 

for more massive stars
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Figure 1. Time sequence for multi-messenger signals pre- (left panel) and post-
(right panel) core collapse of a non-rotating 17M� progenitor star. Neutrinos (⌫e,
⌫̄e, and ⌫x are shown by red, thick red, and magenta lines, respectively, where ⌫x
represents heavy-lepton neutrinos: ⌫µ, ⌫⌧ , ⌫̄µ, and ⌫̄⌧ ), gravitational waves (blue line),
and electromagnetic signals (black line) are shown. Solid lines are predictions from
a hydro-dynamical simulation with axis-symmetric radiation, while dashed lines are
approximate predictions. Neutrino emission prior to collapse arises from the last
moments of stellar evolution, but is quickly overtaken during collapse by the neutrino
burst. The electromagnetic signal exhibits the shock breakout (SBO), plateau, and
decay components. Note that the height of the curves does not reflect the energy
output in each messenger; the total energy emitted after the bounce in the form of ⌫̄e,
photons, and gravitational waves are ⇠6 ⇥ 1052 erg, ⇠4 ⇥ 1049 erg, and ⇠7 ⇥ 1046 erg,
respectively. The focus of SNEWS 2.0 is to establish the neutrino burst as an alert for
gravitational waves and electromagnetic followup, as shown by arrows. Adapted from
(Nakamura et al., 2016).

2.1. Neutrinos from Supernovae

The neutrino emission from a core collapse supernova in our Galaxy cannot be hidden in

any way. The neutrinos are not obscured by dust as electromagnetic signals may be, nor

would failure of the explosion mean the supernova would evade our detection: a large

burst of neutrinos would still be emitted prior the formation of a black hole. Finally,

the present detection horizon for neutrinos reaches out beyond the edge of the Milky

Way. For all these reasons, neutrinos are a unique messenger to provide a compelling

trigger for an alert. Coupled with gravitational waves (whose detection will also be

enhanced by the precise timing information provided by neutrinos) and electromagnetic

observations, the neutrinos will allow us to piece together a comprehensive picture of the

supernova from the moment of core collapse to supernova shock breakout and beyond.

Expected features in the neutrino signal will permit us to probe a long list of topics,

including: key aspects of the supernova explosion mechanism (e.g., fluid instabilities vs.

Kharoussi+ 2020

Raph Hix 2016

Ugliano+2012, Sukhbold+ 2016, Couch+2020
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pair instability supernovae
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4 Pair-instability evolution and explosions in massive stars

Pair Instability 
supernova with 
complete disruption

Fig. 2 Cartoon representing the core evolution through (P)PISN, from Renzo et al. (2020b). Step 4 represents the trifurcation point
depending on the mass of the core: 4a represents the full disruption in a PISN occurring when the energy release by the thermonuclear
explosion exceeds the binding energy of the star. For lower masses, the energy release can only unbind the outer layers, resulting in a
pulse, and the cycle can repeat, producing a P-PISN (4b). For higher masses, the energy released is used to photo-disintegrate nuclei
instead of accelerating gas, resulting in collapse to a BH (4c).

Nagele, 2024) occurs when the nuclear burning releases more energy than the entire binding energy of the star. In these cases, the explosions
leaves no compact remnant and all the stellar material is returned to the host galaxy: PISN lead to full disruption of the star and no BH
formation.

For slightly lower masses, the central temperature reached (and consequently, the nuclear burning rate) are lower: this results in less
energetic explosions that fail to completely unbind the star. In these cases, the energy deposition from explosive burning triggers a pulse
that propagates through the star, steepens into a shock wave as it propagates through the lower-density outer layers. This pulse may unbind
some material, in a so-called pulsational pair-instability SN (P-PISN, Barkat et al. 1967; Woosley et al. 2007; Chatzopoulos and Wheeler
2012; Chatzopoulos et al. 2013; Yoshida et al. 2016; Woosley 2017; Leung et al. 2019; Marchant et al. 2019; Farmer et al. 2019, 2020;
Renzo et al. 2020b,c; Farag et al. 2022), at step 4b. These are not terminal events in the life of a star, but can appear as bright transients
(e.g., Woosley et al., 2007; Woosley, 2017; Lunnan et al., 2018; Gomez et al., 2019; Woosley and Smith, 2022, see also Section 3.2). Even
if not unbinding the entire star, the explosion causes an expansion of the core, lowering its temperature and density and pulling it out of
the instability region (cf. Figure 1). The star then relaxes on a thermal timescale, which in this regime is typically determined by neutrino
cooling (e.g., Barkat et al., 1967; Fraley, 1968), although the most energetic pulses may drive the core to su�ciently low densities such that
neutrino cooling is shut o↵, and photons (and convection) return to be the main energy carriers (e.g., Woosley, 2017; Marchant et al., 2019;
Renzo et al., 2020b). This relaxation timescale can vary widely from days to 105 yrs (e.g., Woosley, 2017; Renzo et al., 2020b). After this
relaxation phase, the star may encounter the instability again, looping through the cycle, until (i) the consumption of viable nuclear fuel at
step 3, (ii) the loss of mass at step 4b, and (iii) the loss of entropy during the cooling phase at step 5 stabilize the core, making it avoid the
pair-production instability. At this point, normal stellar evolution resumes, finishing to burn in hydrostatic equilibrium what nuclear fuel is
left in the core, ultimately producing an Fe core-collapse event (which may or may not be associated to an electromagnetic transient). In
the mass regime of interest here, it is expected that such core-collapse would result in BH formation – but its final mass is limited by the
amount of mass previously lost during pulses (e.g., Woosley et al., 2002; Woosley, 2017; Marchant et al., 2019; Farmer et al., 2019, 2020;
Renzo et al., 2020b; Woosley and Heger, 2021; Farag et al., 2022) and possibly in an explosion associated to the final core-collapse (though
the ejecta are expected to be . 3.5 M�, Powell et al. 2021; Rahman et al. 2022 but is, however, sensitive to uncertainties in core-collapse
physics, see also Hendriks et al. 2023).

For stars even more massive than PISN progenitors, a second instability occurs, re↵ered to as the photodisintegration instability (e.g.,
Bond et al., 1984; Fryer et al., 2001; Heger et al., 2003). In fact, the rate of photodisintegration, when su�ciently energetic photons are

Renzo+2020

6 Pair-instability evolution and explosions in massive stars

massive He and CO cores to trigger (P)PISN (e.g., Woosley et al., 2002, 2007; Woosley, 2019; Yusof et al., 2013; Umeda et al., 2020; Yusof
et al., 2022). Stars with lower CO core masses (MCO & 30 M�) can also experience “mild” P-PISN which does not result in large mass
ejections (e.g., Barkat et al., 1967; Woosley, 2017, 2019; Renzo et al., 2020b) but may still be detectable (see Section 3.1).

In terms of metallicity, because of the requirement of retaining a large He and CO core until the end of the evolution, (P)PISN is often
discussed in the context of metal-free population III stars (e.g., Heger et al., 2003; Whalen et al., 2013; Umeda et al., 2020; Nagele et al.,
2022). Based on hydrostatic models, Langer et al. (2007) inferred an upper-limit of Z . Z�/3 for the maximum metallicity allowing for
(P)PISN. This may need to be adjusted to somewhat higher metallicity, however, due to modern reductions in mass-loss rate prescriptions
(e.g., Smith, 2014). This upper-limit may also be exceeded by stellar mergers producing large CO cores late in the evolution, leaving no
time for the star to lose mass enough mass post-merger (e.g., Vigna-Gómez et al., 2019; Renzo et al., 2020a; Costa et al., 2022), or because
of magnetic fields funneling back the stellar wind onto the star, preventing e�cient wind mass loss (e.g., Georgy et al., 2017; Keszthelyi et
al., 2019).

2.4 The theorized PISN BH mass gap
While the idea that no BHs of a certain mass would form from the collapse of stars because of PISN was already proposed in the 1960s,
until the 21st century, stellar evolution calculations of the entire mass-range of interest remained challenging. This is because during P-PISN
the stars experience dynamical phases of evolution (step 4b in Figure 2) with hydrostatic phases in between (steps 5-1-2 post-pulse) – two
regimes that require di↵erent approximations and numerical treatments, therefore posing numerical challenges. With the exception of the
closed-source code KEPLER (Weaver et al. 1978 with the relevant updates described in Woosley et al. 2002, 2007; Woosley 2017, 2019;
Woosley and Heger 2021), the typical approach was to combine stellar evolution calculations (e.g., with codes such as MESA, Paxton et al.
2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023 – or HOSHI, Yamada 1997) with analytic considerations or hydrodynamical calculations
with a di↵erent code (e.g., FLASH, Fryxell et al. 2000 – or v1D Livne 1993) for the dynamical phase of the pulses (e.g., Chatzopoulos and
Wheeler, 2012; Chatzopoulos et al., 2013; Dessart et al., 2013; Takahashi et al., 2016; Kozyreva et al., 2017; Takahashi, 2018; Umeda et al.,
2020; Nagele et al., 2022; Umeda and Nagele, 2024). While this approach allows for the study of the hydrodynamics of one pulse, and is
thus suitable for studying PISN, it makes it hard to follow the evolution through multiple pulses. Nevertheless, following a model through
multiple pulses is needed to estimate the final, post-P-PISN, BH masses. Other stellar evolution codes (like PARSEC, see e.g., Costa et al.
2021, 2022, 2023, and GENEC, see e.g., Eggenberger et al. 2008; Yusof et al. 2013; Kozyreva et al. 2017; Yusof et al. 2022) only evolve

Fig. 4 Schematic illustration of the BH mass gap modified from Renzo et al. (2020b). The BH mass gap is on the y-axis (black hatch),
subject to large uncertainties (see Section 7). The most up-to-date values based on the evolution of He cores are from Farag et al.
(2022) and Mehta et al. (2022), with the lower edge at masses higher than ⇠ 45 M�, which is an old value that should be disfavored
based on more recent predictions – see also Figure 8 and text. The background colors indicate the predicted fate of stars: blue for
core-collapse (CC), green for P-PISN followed by core-collapse (PPI+CC), yellow for PISN. The bottom x-axis shows the initial He core
mass for the stellar models, and the top x-axis shows the maximum CO core mass throughout the evolution, which is a more direct
parameter to determine the fate of a star. Models from Renzo et al. (2020b) only include the He core.

For photon energies (in c.o.m.) > 1.022 MeV à e+e- production
à loss of radiative pressur support à collapse and ...

¶ explosive O ignition à SN with complete disruption (PISN)
      or
¶ pulse with mass ejection

à PPISN

BH masses: gap [Mlim1,Mlim2]
¶ mass loss with pulses àM<Mlim1

¶ photodisintegration at M>Mlim2
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Binary Evolution: the Current Puzzle in Stellar Evolution
A significant fraction of stellar multiples interact à mass transfers+...

Fstellar merger variants

Fdifferent core evolution, SN, BH formation

28

Schneider+2025

The evolution of binary-stripped stars 597

Figure 1. Core structure and nuclear energy generation rate of a single (left half-circle) and
binary-stripped (right half-circle) star with the same reference helium core mass, shown at the
end of core carbon burning (see also Laplace et al. 2021). Even for the same core mass, the
location and strength of the nuclear burning shells is different, ultimately leading to changes in
the chemical composition and final fate. The diagram was created with the TULIPS software
(Laplace 2022).

1. Introduction

Understanding the final fate of massive stars is a pressing question in the era of
GW sources. GW detectors have now detected almost a hundred compact objects,
and yet their stellar progenitors remain uncertain (LIGO Scientific Collaboration and
Virgo Collaboration et al. 2019). It is now established that most massive stars live in
close multiple systems, with short enough separations to interact during their lifetime
(Sana et al. 2012). Isolated binary systems are promising candidates for the progenitors
of GW sources. Here, we investigate the impact of binary mass transfer on the final fate
of massive stars and on the resulting population of compact objects.

2. Methods

We compute one-dimensional single and binary evolutionary models at solar metallic-
ity using the MESA stellar evolution code (Paxton et al. 2011; 2013; 2015; 2018; 2019).
In the calculations presented in Laplace et al. (2021) we focus on post main sequence
mass transfer (case B) from primary stars with initial masses between 11 and 21M⊙,
following a similar approach as Laplace et al. (2020). In (Vartanyan et al. 2021), the super-
nova explosion of these models is simulated self-consistently with the two-dimensional
FORNAX code. To understand the effects of binary stripping on a stellar population,
Schneider et al. (2021) explores a larger range of periods and initial masses and simulates
the outcome of neutrino-driven supernova explosions of these progenitors based on an
improved version of the parametric supernova code by Müller et al. (2016).

3. Results

As illustrated in Fig. 1, we find that binary-stripped stars that lose their outer
layers before the end of core helium burning develop systematically different core struc-
tures compared to single stars, even for similar core masses (Laplace et al. 2021,

2���:�  /73�791 ������	 ��	��
���������
��
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90::

Laplace+2024(Villaseñor et al. 2021) that followed O- and B-type binaries from the VFTS, respectively.

The exponent of the period distribution, which is defined as f(log P[days]) ⇠ (log P)⇡, is

reported to vary between ⇡ = �0.45±0.39 for the Milky Way O stars (Sana et al. 2012) and

⇡ ⇠ �0.2 for the LMC O stars (Almeida et al. 2017), which is close to flat on logP (see e.g.,

Banyard et al. 2022). The eccentricity distribution follows f(e) ⇠ e⌘ with ⌘ = �0.4 ± 0.2

(Sana et al. 2012). Covering a large range of mass ratios, Shenar et al. (2022b) reported that

the mass-ratio distribution of VFTS binaries is also consistent with a flat distribution, that

is f(q) ⇠ q with  = �0.2± 0.2. Comparing the observed orbital parameter distributions

derived from detected binaries in di↵erent spectroscopic works implies them to be universal

across metallicity and the considered stellar mass range (for a compilation, see figures 8 and

10 in Banyard et al. 2022). The orbital properties of close, eclipsing binaries in the Milky

Way, LMC and SMC further corroborate that there are no statistically significant trends

with metallicity (Moe & Di Stefano 2013).

Observations have unambiguously shown that a large majority of O- and B-type MS

stars are in binary or higher-order multiple systems. While the binary fraction seems to

increase with stellar mass also outside the here considered mass range (for an overview, see

e.g., Moe & Di Stefano 2017), the uncertainties are still large. The orbital parameter distri-

butions seem universal across masses and metallicity, but more observations are required to

further test this. The measured binary properties in young clusters and environments are

thought to reflect the initial conditions, but their link to the outcome of star formation is

not well understood (Duchêne & Kraus 2013). Early processes such as inward migration or

binary hardening seem to also play a role (e.g., Ramı́rez-Tannus et al. 2021, Bordier et al.

2022). The picture is further complicated by occurring interactions and post-interaction

products polluting older populations and field stars (see e.g., Wang et al. 2020).

2.2. OBe stars

OBe stars appear on average cooler and redder than their OB counterparts because of their

rapid rotation and the IR excess from the disk (see Rivinius et al. 2013, for a recent re-

view). While the formation mechanism of the OBe disk remains debated, di↵erent channels

explaining the rapid rotation have been proposed. Those include their interpretation as

single stars that approach critical rotation towards the end of the MS (e.g., Granada et al.

2013, Hastings et al. 2020b), or as mass gainers in previous binary interactions (e.g., Pols

et al. 1991, Hastings et al. 2021). A potential way to distinguish those is to constrain OBe

multiplicity properties: according to the single-star channel, OBe stars should have similar

binary properties as OB stars. According to the binary channel, there should be a lack of

MS companions and a significant number of stripped companions or compact objects.

Classical OBe:

Classical OBe stars
are rapidly rotating,
non-radially
pulsating late-O and
B-type stars whose
spectra show, or
have previously
shown, emission
lines that are formed
in a gaseous
circumstellar
decretion disk.

Unfortunately, multi-epoch spectroscopic surveys constraining close binary properties of

large samples of classical OBe stars are lacking, in particular in comparison to works on OB

stars (see Section 2.1). Additionally, OBe star spectra are complex and exhibit variability

both in their disk emission and through stellar pulsations (e.g., Barnsley & Steele 2013,

Baade et al. 2016, Labadie-Bartz et al. 2022). This complicates binary detections through

spectroscopic and photometric techniques.

Abt & Levy (1978) studied a small sample of B and Be stars, reporting similar binary

properties, however based on low-quality data. High-angular resolution imaging and speckle

interferometry studies reported a similar result, but their observations are not sensitive to

short periods relevant for binary interactions (Oudmaijer & Parr 2010, Horch et al. 2020).

www.annualreviews.org • Massive Binary Stars 7
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Collapse of a magnetized plasma à jet supernovae

Magnetic-field compression as a significant energy component

Frelease of magnetic-field torsion launches jet outflow 
and a supernova explosion

Fwinding up magnetic fields during core collapse 
à ejection of inner material

Mösta+2014

4 M. Bugli et al.

Figure 2. Volume rendering of the specific entropy for models H (upper left panel), L1-0 (upper right panel), L1-90 (lower left panel) and L2-0A (lower right
panel).

quadrupoles (respectively 1051 and 0.8 ⇥ 1051 erg for models L2-
0A and L2-0B). Model H produces the weakest explosion among
all simulations, showing a monotonic increase of the ejecta energy
for its entire duration (although quite slow, compared to the other
models).

A comparison between axisymmetric and three-dimensional
models clearly shows a systematically higher energy produced in
three-dimensional simulations. The only (temporary) exceptions
seem to be the aligned dipole, for which model L1-0_2d has a
slightly higher energy than L1-0 until ⇠ 300 ms p.b., during which
time the two models show a similar growth for the ejecta energy.
However, at later times the three-dimensional model’s energy takes
over and keeps increasing at a faster rate. Neutrinos play a more

relevant (although still not dominant) role in our models with a
quadrupolar field, with respect to model L1-0, as they do not pro-
duce a prompt magnetorotational explosion. Instead, between 50
and 170 ms p.b. the shock front slowly increases, and it even re-
cedes by a few tens of kilometers in the axisymmetric case. The
di�erent behaviour between 2D and 3D models with a quadrupolar
magnetic field can be explained by looking at the internal energy
contained in their gain region (bottom panel of Fig. 3), which starts
to significantly deviate around the same time the explosion energy
does, remaining then systematically higher for models L2-0A and
L2-0B than for their axisymmetric counterparts. This scenario is
consistent with the results presented in Müller (2015), which show
that the more e�cient growth of the Kelvin-Helmholtz instability

MNRAS 000, 1–12 (2021)

Bugli+2021
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Nuclear fusion near a newly-forming BH?
GRB emission model:

¶ jet converging shocks particle acceleration
à broad continuum, reaching high energies
    (GeV... TeV if efficient)

¶ pair plasma at jet base à annihilation?
¶ nucleosynthesis in BH accretion disk à 56Ni?
each of these may only appear under special aspects,
and requires entrenchment into jet near its base
¶ jet launched by neutrinos à lepton fireball, or by BH rotation coupling to accretion disk
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Figure 2: The E2dN/dE spectrum of GRB 221009A observed by Fermi-GBM (NaI7+BGO1).
The spectrum is integrated from 290 s to 300 s and the data are represented by the black points.
Error bars represent 1 σ errors. This time interval (290–300 s) is when the second line significance
reaches maximal, resulting in smaller statistical errors than in the broader, data-driven time inter-
vals selected by Zhang et al [14], and Ravasio et al. (2024) [15]. The solid blue line shows a model
comprising a Band function plus two Gaussian components centered at 12.28 MeV (dotted) and
at 24.24 MeV (dashed). The lower panel displays the residuals (data - model) in units of standard
deviation (σ).

value of 270/158 ≈ 1.71 by approximately 16%. While a complete model of nuclear processes131

in a relativistic jet remains uncertain, ionization or intrinsic nuclear physics is unlikely to explain132

the mismatch because they do not shift the comoving rest energies obviously, a more direct expla-133

nation is energy-dependent radiative transfer, where Klein–Nishina suppression lowers the opacity134

at 270 keV so those photons decouple at a smaller radius than the 158 keV photons, inducing a135

modest Doppler factor difference and/or a small change in the effective last-scattering angle (see136

Methods).137

We emphasize that this behavior is not a defect of the model but a direct consequence of138

its predictive nature: the same physical framework that explains the observed time-evolving MeV139

emission line as the Doppler-boosted manifestation of the 56Ni 158 keV decay branch generically140

predicts additional decay branches whose observability depends on energy-dependent opacity, out-141

In the time intervals 7 and 8, extending
from 320 to 360 s, the prompt emission has
substantially faded, and modeling the spec-
trum requires an additional power-law com-
ponent, which we attribute to the rising GRB
afterglow, as seen in previous mega–electron
volt observations of other bursts (10, 17–19).
Although there is tentative evidence for the
Gaussian emission feature in intervals 7 and 8,
at energies 7:22þ1:63

"1:72 and 6:12þ0:74
"0:59 MeV, re-

spectively (Fig. 2C and fig. S9), the additional
free parameters required to model the after-
glowand the apparentlyweakerGaussianmean
that the AIC test does not favor its inclusion
(DAIC values of −2 and 0) (Table 1) (13). We
set 2s upper limits on the line’s luminosity of
< 0:49# 1050 erg s"1 and< 0:43# 1050 erg s"1

in those time intervals.
If we do include the Gaussian feature in the

models of intervals 7 and 8, the best-fitting
parameters are well constrained (13) and con-
sistent with the trend of shifting toward lower
energies and lower fluxes over time (figs. S1
and S9). The peak energy of the Gaussianmodel
component decreases over time, from an initial
12:56 T 0:30 MeV in interval 5 to 6:12þ0:74

"0:59 MeV
in interval 8. In the 80 s between time intervals 5
and 8, the luminosity of the emission feature
must have decreased by at least a factor of 2.
There isno change in thebest-fittingwidth of the
emission feature. Table 1 lists the best-fitting
parameters for the Gaussian emission compo-
nent in our models of the time intervals 5 to 8.

Analysis of subintervals

To investigate the evolution of the emission
feature at higher time resolution, we further
divided intervals 5 and 6 (280 to 300 s and 300
to 320 s, respectively) into several subinter-
vals and then repeated our modeling. Interval
5 (280 to 300 s) has the higher signal-to-noise
ratio, so we subdivided it into four bins of 5 s,
whereas interval 6 (300 to 320 s) was subdi-
vided into two 10-s bins.We detect the emission
feature in each of the six finer time intervals
and find that it shifts from 14:40þ0:86

"0:87 to
9:77þ0:42

"0:49 MeV (Table 1). With the exception
of subintervals 5.1 and 5.2 (Table 1), inclusion
of the Gaussian component in the model is
favored by the AIC test, which indicates statis-
tical significance in the subintervals 5.3, 5.4,
6.1, and 6.2 (DAIC ¼ 42; 5; 45; and 36, respec-
tively). Figure 1, A and C, shows the spectrum
during subinterval 5.3. The model and the
spectral data in the other subintervals are
shown in fig. S10.

Comparison with other studies

The narrow feature is found in data outside
the periods flagged as BTI (Fig. 2A) (12). An
independent analysis of the same GBM spec-
tral data in a similar time interval, from 277
to 324 s, found no evidence of instrumental
problems at those times (10). Their analysis

Table 1. Spectral parameters of the Gaussian feature. The best-fitting parameters of the
Gaussian emission feature in our models are listed for time intervals 5 to 8. For intervals 5 and 6, we
also list results for shorter subintervals (see text). Lgauss is the feature’s luminosity, Egauss its
central photon energy, and sgauss its width. Uncertainties are 1s, and upper limits are 2s. DAIC is the
change in AIC when adding the Gaussian component to the model. The corresponding best-fitting
parameters for the continua in each model are listed in table S1.

Time interval (s) Interval number Lgauss (10
50 erg s−1) Egauss (MeV) sgauss (MeV) DAIC

280 to 300 5 1:12þ0:19
"0:19 12:56þ0:30

"0:31 1:31þ0:31
"0:30 49

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

280 to 285 5.1 <1.5 14:4þ0:86
"0:87 0:99þ0:66

"0:57 2.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

285 to 290 5.2 <0.99 13:2þ6:4
"1:5 1:14þ0:59

"0:62
"1.2

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

290 to 295 5.3 1:84þ0:36
"0:33 12:2þ0:3

"0:3 1:08þ0:34
"0:30

42
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

295 to 300 5.4 0:63þ0:28
"0:27 12:55þ0:47

"1:4 0:79þ0:81
"0:45

5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

300 to 320 6 1:14þ0:20
"0:18 10:19þ0:29

"0:28 1:70þ0:52
"0:42

141
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

300 to 310 6.1 1:08þ0:19
"0:17 10:42þ0:31

"0:30 1:14þ0:36
"0:29

45
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

310 to 320 6.2* 0:75þ0:21
"0:19 9:77þ0:42

"0:49 1:24þ0:25
"0:21

30
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

320 to 340 7* <0.49 7:2þ1:6
"1:7 2:38þ0:45

"0:83
"2

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

340 to 360 8* <0.43 6:12þ0:74
"0:59 1:35þ1:1

"0:74
0

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

*These spectra require an extra power-law component, representing the afterglow (see text).

A

C

B

D

Fig. 1. GBM spectra of GRB 221009A in the time intervals 290 to 295 s and 300 to 320 s. (A and B) GBM
spectra in the time intervals 290 to 295 s (interval 5.3) (A) and 300 to 320 s (interval 6) (B) overlain
with an SBPL model fitted to the data. The narrow feature appears as an excess at ~10 to ~12 MeV. Data
are from GBM’s three sodium iodide (NaI) detectors (light blue, yellow, and purple crosses; see legend)
and one BGO detector (orange crosses). Flux is shown in nFn representation, where n is the photon frequency
and Fn is spectral flux as a function of frequency. (C and D) Same as (A) and (B), but with a model consisting
of the SBPL (black dotted line) and an additional Gaussian emission component (black dashed lines).
In all panels, data points have been rebinned at 3s or grouped in sets of five bins for display. Error bars indicate
the 1 s uncertainty on data points, and arrows indicate upper limits at 3s. Black lines show the best-fitting
model, and gray shading represents its 1 s uncertainty intervals. Residuals between the data and model are
shown below each panel.
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Figure 1. Illustration showing the basic ingredients of the GRB “fireball” model. (1) The source of
energy is the collapse of a massive star (or binary merger, not shown here). (2) Part of this energy
is used in producing the relativistic jet. This could be mediated by hot photons (“fireball”), or by a
magnetic field. (3) The thermal photons decouple at the photosphere. (4) Part of the jet kinetic energy
is dissipated (by internal collisions, in this picture) to produce the observed g rays. (5) The remaining
kinetic energy is deposited into the surrounding medium, heating it and producing the observed
afterglow. Figure is taken from [44].

The question of the role played by the magnetic field is related to the nature of the
explosion that triggers this chain of events. Indeed, the nature of the explosion itself is
also somewhat uncertain. The two leading models are the collapse of a massive star (the
so-called “collapsar” model; [45–47]), and the merger of binary stars [48,49], e.g., a neutron
star (NS) and a black hole (BH). Evidence for the connection of massive star collapse with
GRBs has existed for 20 years, since the discovery of absorption lines in the afterglow of
GRB030329 [50,51]. However, as I discuss below, in recent years several outliers were found
to this seemingly clear picture.

As for the origin of short GRBs, for many years only indirect evidence connected them
with the merging of binaries. Such evidence included their observed occurrence location in
the outskirts of their host galaxies [52–55], their existence in both star forming and elliptical
galaxies, lack of association with supernovae, and their tendency to trace under-luminous
locations within their host galaxies [56]; see, e.g., [57] for a review. This changed in 2017
with the discovery of gravitational waves associated with GRB170817 [58–60]. Such a
gravitational wave signal, which preceded this GRB by 1.7 s, could only originate from the
merging of two neutron stars. This discovery, thus, served as a smoking gun proving the
merger origin of this GRB. This light-shedding event triggered an enormous amount of
observations as well as theoretical modeling, significantly promoting our knowledge of
both GRB progenitors and their jet properties, as is discussed below. I point out, however,
that this GRB was peculiar in several ways, including being 102–104 times less luminous
than typical short GRBs. This may challenge the claim of universality.

A unique observational consequence of this binary merger scenario is the rapid pro-
duction of heavy nuclei. The very high temperature during the merger event, &1013 �K,
implies the release of a huge number of neutrons and protons. These recombine into
a-particles, which merge with free neutrons to assemble heavy seed nuclei (with nuclei
larger than an iron nucleus). These heavy nuclei then radioactively decay very rapidly,
producing bright emission on a time scale of about a day, which became known as “kilo-
nova”. The origin of the name is that the events are approximately 1000 times brighter than

GRB201009A
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56Ni radioactivity à γ-Rays, e+ à leakage/deposit evolution

F

Nuclear BE release from 0.6M¤ [C,O  à 56Ni]  
56Ni decay γ rays and e+ in expanding/diluting envelope à

Heating of envelope material by absorbed γ,e+

à Re-radiation of deposited energy in opt...IR radiation
Leakage as envelope expands

à Escaping γ,e+ lead to γ ray signals

Light curves in optical & γ rays complement each other
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SN2014J

• SN2014J in M82 
(Starburst Galaxy)

FDiscovered 22 Jan 2014 
FLikely Explosion Date: 

14 Jan 2014 (14.75  +/-0.3d)

FDistance 3.3….3.53 Mpc,           
l=141.41o, b=40.56o

FClosest SN Ia in 40 y!
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SN2014J: SNIa model verification through 56Ni decay lines
¶ 56Ni decay chain line spectroscopy: 847 and 1238 keV lines clearly detected

>40 years after its proposal

Churazov+ 2014

LETTER
doi:10.1038/nature13672

Cobalt-56 c-ray emission lines from the type Ia
supernova 2014J
E. Churazov1,2, R. Sunyaev1,2, J. Isern3, J. Knödlseder4,5, P. Jean4,5, F. Lebrun6, N. Chugai7, S. Grebenev1, E. Bravo8, S. Sazonov1,9

& M. Renaud10

A type Ia supernova is thought to be a thermonuclear explosion
of either a single carbon–oxygen white dwarf or a pair of merging
white dwarfs. The explosion fuses a large amount of radioactive 56Ni
(refs 1–3). After the explosion, the decay chain from 56Ni to 56Co to
56Fe generates c-ray photons, which are reprocessed in the expand-
ing ejecta and give rise to powerful optical emission. Here we report
the detection of 56Co lines at energies of 847 and 1,238 kiloelectron-
volts and a c-ray continuum in the 200–400 kiloelectronvolt band
from the type Ia supernova 2014J in the nearby galaxy M82. The line
fluxes suggest that about 0.6 6 0.1 solar masses of radioactive 56Ni
were synthesized during the explosion. The line broadening gives a
characteristic mass-weighted ejecta expansion velocity of 10,000 6
3,000 kilometres per second. The observed c-ray properties are in
broad agreement with the canonical model of an explosion of a white
dwarf just massive enough to be unstable to gravitational collapse,
but do not exclude merger scenarios that fuse comparable amounts
of 56Ni.

The detailed physics of the explosion of type Ia supernovae (for exam-
ple deflagration or detonation) and the evolution4,5 of a compact object
towards explosion remain a matter of debate6–9. In a majority of models,
the ejecta are opaque to c-ray lines during first 10–20 days after the ex-
plosion (because of Compton scattering). At later times, the ejecta become
progressively more transparent and a large fraction of c-rays escapes.
This leads to a robust prediction10 ofc-ray emission from type Ia super-
novae after few tens of days, dominated by the c-ray lines of 56Co. Such
emission has been observed before: the down-scattered hard X-ray con-
tinuum from supernova (SN) 1987A in the Large Magellanic Cloud was
seen half a year after the explosion11,12, andc-ray lines of 56Co were detected
several months later13,14. That was a core-collapse (type II) supernova,
in which the cause of the explosion is completely different from that of
type Ia supernovae. Type Ia events, despite being intrinsically brighter,
are more rare than core-collapse supernovae, and before SN 2014J there
was not one close enough to detect. The recent type Ia SN 2011fe at a dis-
tance of D < 6.4 Mpc yielded only an upper limit on the 56Co line flux15.

SN 2014J in M82 was discovered16 on January 21, 2014. The recon-
structed17 date of the explosion is January 14.75 UT. This is the nearest
type Ia supernova to be detected in at least four decades, at the M82
distance of D < 3.5 Mpc (ref. 18). The European Space Agency satellite
INTEGRAL19 started observing SN 2014J in 2014, from January 31 to
April 24 and from May 27 to June 26. We use the INTEGRAL data taken
between days 50 and 100 after the explosion, the period when the ex-
pected flux fromc-ray lines of 56Co is close to the maximum10. This set of
observations by the SPI and ISGRI/IBIS instruments on board INTEGRAL
has been analysed, excluding periods of strong solar flares, which cause
large variations in the instrumental background (Methods and Extended
Data Fig. 1). The spectrum derived assuming a point source at the
position of SN 2014J is shown in Fig. 1 using red and blue points for
SPI and ISGRI, respectively.

The model spectrum is binned similarly to the observed supernova
spectrum. The signatures of the 847 and 1,238 keV lines are clearly seen
in the spectrum (along with tracers of weaker lines of 56Co at 511 and
1,038 keV). The low-energy (,400 keV) part of the SPI spectrum is not
shown because of possible contamination due to off-diagonal response
of the instrument to higher-energy lines. At these energies, we use ISGRI/
IBIS data instead (Methods).

By varying the assumed position of the source and repeating the flux-
fitting procedure using SPI data (Methods) we construct a 40u3 40u
image of the signal-to-noise ratio in the 800–880 and 1,200–1,300 keV
energy bands (Fig. 2). SN 2014J is detected at 3.9 s.d. and 4.3 s.d. in these
two bands, respectively. These are the highest peaks in both images.

The images obtained by ISGRI at lower energies (100–600 keV) dur-
ing the observations of SN 2014J and in October–December 2013, that
is, a few months before the SN 2014J explosion (see Methods for the
details of the earlier observation), are shown in Fig. 3. An inspection of
images in the 25–50 keV band shows that the fluxes observed in 2013
and 2014 are similar, whereas at higher energies (.100 keV) there is
excess at the position of SN 2014J only in the 2014 data. Previous ISGRI
observations of this field in 2009–2012, with a total exposure of about
6 3106 s, revealed no significant signal at energies .50 keV from M8220.

A combination of imaging and spectral analysis provides robust evi-
dence of c-ray emission from SN 2014J. As expected, much of the sig-
nal comes from the 800–900 and 1,200–1,300 keV bands, where two

1Space Research Institute (IKI), Profsouznaya 84/32, Moscow 117997, Russia. 2Max Planck Institute for Astrophysics, Karl-Schwarzschild-Strasse 1, 85741 Garching, Germany. 3Institute for Space
Sciences (ICE-CSIC/IEEC), 08193 Bellaterra, Spain. 4Université de Toulouse, UPS-OMP, IRAP, Toulouse, France. 5CNRS, IRAP, 9 Avenue colonel Roche, BP 44346, F-31028 Toulouse Cedex 4, France. 6APC,
Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris, Sorbonne Paris Cité, 75205 Paris Cedex 13, France. 7Institute of Astronomy of the Russian Academy of Sciences, 48 Pyatnitskaya
Street, 119017Moscow, Russia. 8ETSAV, Universitat Politecnicade Catalunya,Carrer Pere Serra 1-15, 08173 Sant Cugat del Valles, Spain. 9Moscow Institute of Physics and Technology, Institutsky pereulok
9, 141700 Dolgoprudny, Russia. 10LUPM, Université Montpellier 2, CNRS/IN2P3, CC 72, Place Eugène Bataillon, F-34095 Montpellier Cedex 5, France.
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Figure 1 | Gamma-ray lines from Co decay at 847 and 1,238 keV in the
spectrum of SN 2014J. The spectrum was obtained by INTEGRAL between
days 50 and 100 after the outburst. Red and blue points show SPI and
ISGRI/IBIS data, respectively. The flux below 60 keV is dominated by the
emission of M82. The black curve shows a fiducial model of the supernova
spectrum for day 75 after the explosion. Inset, lower-energy part of the
spectrum (black). The expected contributions of three-photon positronium
annihilation (magenta) and Compton down-scattered emission from 847
and 1,238 keV lines (green) are also shown. All error bars, 1 s.d.
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SN2014J: SNIa model verification through 56Ni decay lines
Tracing the light curve of gamma-ray lines à
¶ 56Ni mass: 0.49 +/-0.09 M¤

(cmp from bol. Light à 0.42 +/-0.05 M¤

from models      à 0.5    +/-0.3 M¤

W7 SD delDet
WD-WD merger

Diehl+ 2015
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SNIa model verification through 56Ni decay lines
Investigating the potential of gamma-ray lines for SN Ia parameter estimates à

Fsimulate SNIa model gamma-ray spectra vs. time after explosion
Fuse an adopted instrument for a gamma-ray measurement
Fuse derived line fluxes & spectra to constrain SN Ia parameters
Fvary gamma-ray source and propagation assumptions: 

– single scattering shell 
à determine 56Ni mass and gamma-ray leakage time

– adding spectral shape constraints though multiple shells of homologous expansion 
à determine also the  ejecta mass

¶ 56Ni mass can be determined 
to ±0.02 M¤ (4%)

– next-generation instrument; 
several SNe/y

¶ Application to SN2014J: 
(with current data)
56Ni mass: 0.4 +/-0.1 M¤
(cmp 0.49 +/-0.09 M¤ by Diehl+2015)

Leising 2022

goal here is not to perfect the fit to this supernova model, but to
estimate the precision of this method of determining the
physical properties of the supernovae.

Summing the histograms around their peaks give 1σ
uncertainties for the ejecta mass and kinetic energy of 0.05 Me
and 0.07× 1051 erg, respectively. Repeating this exercise for the
other supernova models gives similar results. Some other
information can be derived from such fits. For example, the outer
velocity at which X(56Ni) falls to 0.5 is recovered well, to within
2,000–3,000 km s−1, in this case. This depends on the
appropriateness of the fit functions; this is the case for for
7p0z22d07_27 and MWD, but not the supernova model HeD8.

Of course, the precision with which supernova properties can
be determined depends on the signal to noise of the
measurements, i.e., on the distance and instrument sensitivity.
We test this dependence by changing either one. For example,
at larger distance, the systematic effects of the imperfect fit
model are reduced, but the 56Ni mass determined in the first
step is less precise, and therefore the prior constraint is less
effective. This latter effect dominates and the result is that the
precision of the determinations of all of 56Ni mass, total ejecta
mass, and kinetic energy vary with the signal to noise of the
line flux measurements. We would expect that the uncertainty
in the total ejected mass, for example, goes as

s = s
- - -

M
D F

0.05
20 Mpc 10 cm s

, 3ej

2
3

6 2 1
⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠ ( )

where F3σ is the sensitivity to each of the three lines used here. We
find a somewhat shallower variation. For lower signal-to-noise

data, more fits fail to converge, and the results are improved by
fixing or tightly constraining, some parameters. For example, at
60Mpc, we fix the parameters a and b at typical values, 1.0 and
3.2, respectively. For a rare, much nearer supernova, the fits here
are statistically quite poor, and systematic effects dominate the
precision of the measurements. The success of this method will
then depend on finding density and radioactivity distributions that
fit the data well.

4.2. Nonparametric 56Ni distributions

While models often indicate, and some observations are
consistent with, roughly exponential density decline with
velocity, the 56Ni radial distributions are comparatively
unconstrained. Because the line fluxes are linear in the zonal
56Ni masses, we can in principle derive their profiles from the
data using linear inversion techniques. We still must fit the
mass density using techniques of the previous section. We use
the variable projection method (e.g., Golub & Pereyra 2003) to
solve this problem, where the linear parameters are solved for
in each iteration of the nonlinear parameters, which are found
using the Levenberg-Marquardt method in nonlinear least
squares. In order to avoid introducing too many additional,
albeit linear, parameters, we use coarse radial zoning of the
ejecta. For the solution of the linear problem, we use either
singular value decomposition (SVD; Press et al. 2002) or
bounded variable least squares (BVLS; Stark 1995). In either
case, the mass of 56Ni of each zone is a parameter bounded by
zero and the total zone mass.

Figure 7. Histograms of derived quantities from 300 fits of the functions of Equation (2) to simulated line flux data derived from the model 7p0z22d20_27 at 20 Mpc.
Only the statistical fluctuations corresponding to the line sensitivities of 1.0 × 10−6 cm−2 s−1 were varied. The 56Ni masses are constrained by a prior derived from fits
as described in Section 3. The blue vertical bars show the values of these quantities for the model 7p0z22d20_27.

9

The Astrophysical Journal, 932:63 (18pp), 2022 June 10 Leising
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SN2014J: SNIa model verification measuring 56Ni decay lines
¶ 56Ni mass: 0.49 +/-0.09 M¤

(cmp from bol. Light à 0.42 +/-0.05 M¤

from models      à 0.5    +/-0.3 M¤

¶ Irregular appearance of 56Co lines

¶ 56Ni lines (τ 9 days) seen at day 20
F à 0.06  M¤ near surface

W7 SD delDet
WD-WD merger
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Positron annihilation in SN2014J

• 511 keV line emission 
suggested (1.7σ)
¶ Flux consistent with 

~56Co line fluxes
à ~all e+ annihilating

¶ Blue-shifted by 10-15 keV (??)

Sonnberger 2019

5. SN2014J

velocities than the corresponding velocities of their parent isotope. Either they are capable of mi-
gration inside the ejecta, before annihilating in areas with higher expansion velocities, or they do
not completely thermalize and annihilate with some residual kinetic energy of a few keV. However,
the low statistical significances of the positron annihilation line indicate that the derived escape
fractions and spread velocities should be handled with caution.

5.7.1. Mission-integrated e+ escape fraction for SN2014J

One way to circumvent the low statistics and derive the positron escape fraction of SN2014J with
a smaller error is to use the mission integrated spectra. The first step is to fit the spectra with
free Gaussian lines. Consequently, the mission-averaged positron production rate is calculated

for the 847keV and the 1238keV lines N
56Co
e+ and the mission-averaged positron annihilation rate

N
511keV
e+ for the 511keV line. The derived rates should have the lowest possible error bars, due to

the excellent exposure time of 2.8Ms. Last but not least, the averaged positron escape fraction of
SN2014J during the time t=16.6-162.6 after the explosion is derived.

(a) 847keV line, entire mission spectrum (b) 1238keV line, entire mission spectrum

(c) 511keV line, entire mission spectrum

Figure 5.32.: Gamma-ray spectra of SN2014J in the energy band near the three major 56Co lines
at 847keV, 1238keV and 511keV band. The spectra are determined over the entire
observing period. Every data points corresponds to an energy bin of 10keV.

The fluxes depicted in Fig. 5.32 are determined over the entire observing period and should have
the lowest possible error bars. The spectra show significant flux excess in all three energy bands
that can be associated with the �-emission of 56Co.

130
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Nucleosynthesis around 44Ti
¶ 44Ti is the first unstable nucleus on the "a line”

¶ The 44Ca Isotope is almost-exclusively from 44Ti Decay
Fsome minor admixture from s-process of 40Ca



Roland DiehlColumbia-DIAS-Heidelberg-Yale High-Energy Science Seminar Series 2026, 23Sep2026

The case for asymmetries in ccSNe that eject 44Ti

ð Only Non-Spherical Models Seem to Reproduce Observed 56Ni/44Ti Ratios
ð The et al. 2006; Dufour&Kaspi 2013 39
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Does 44Ti ejection happen in a supernova?

40

Weinberger 2021

expectation
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COMPTEL (Dupraz+1997; Iyudin+1999)

The et al. 2006; see also Dufour & Kaspi 2013

see also Tsygankov+2016

• α capture sequences
may occur from
¶ decomposed matter

after a core collapse
¶ main matter (He, C, O)

in white dwarf stars

FHow many sources would we expect in our Galaxy?
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Nova explosions: nucleosynthesis on the p-rich side

• H-burning in a runaway on WD surface
FAccretion of H from companion star
FH ignition à H burning at T~few 108K
Fenvelope expansion & cooling

41
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Sulfur Observed !
(proof of rp process)
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¶ Brief flash due to e+ annihilations, 
with 511 keV line and β+ decay continuum
(before optical nova!)

¶ 7Be radioactivity (CO novae)
¶ 22Na radioactivity (O-Ne novae)

Nova Diagnostics Prospect with Nuclear Lines

CO Nova 
(1 kpc; 0.8 Mo)

O-Ne Nova 
(1 kpc; 1.2 Mo)

e.g. Jose & Hernanz 1998; 2007

42

Siegert+2018à not seen (yet?)
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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;201843

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

44

8 Limongi et al.

Figure 1. Convective (green shaded areas) and chemical (color codes reported in the color bar) internal
history of selected models from the main sequence phase up to the an advanced stage of TP-SAGB phase
(upper and middle left panels) or up to the the onset of the iron core collapse prior to the core collapse
supernova explosion (middle right and lower panels). The dashed line in the upper and middle left panels
marks the onset of the thermally pulsing phase. In the x-axis is reported the logarithm of the time till the
end of the evolution (tfin � t) in units of yr.

breathing pulses is still highly uncertain, they have been suppressed as already mentioned in section
2.
During core He burning, models with mass lower than 9.20 M� perform an extended blue loop in

the HR diagram (Figure 2) that is accompanied by a temporary recession and disappearance of the
convective envelope when the stars cross the blue side of the HR diagram (Figure 1). The H shell
during core He burning is active and advances in mass increasing progressively the size of the He core.
At core He depletion all the models are red giants and their He core mass is increased by ⇠ 50%,
with respect to the one at core H depletion (Figure 3). The CO core at core He depletion increases

Limongi+2024

after Heger+2002
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Nuclear reactions to produce 26Al , 60Fe

The Na-Al-Mg cycle: p captures (H burning in stars, +…)
¶ production versus destruction reactions... 

Neutron capture on Fe 
in massive-star shells 

¶ What are the n capture rates?
¶ What are the β decay lifetimes?

45

Publications of the Astronomical Society of Australia 5

Figure 3. The nuclear level and decay scheme of 26Al (simplified). γ rays are listed as they arise from decay of 26Al, including annihilation of the positrons from β+-decay.

Figure 4. The Na-Mg-Al cycle encompasses production and destruction reactions, and
describes 26Al in stellar environments.

Recently, four direct measurements of 23Na(α, p)26Mg have
been performed (Almaraz-Calderon et al. 2014; Howard et al.
2015; Tomlinson et al. 2015; Avila et al. 2016). The reaction rate
in the key temperature region, around 1.4 GK, was found to be
consistent within 30% with that predicted by the statistical model
(Rauscher & Thielemann 2000, NON-SMOKER). This level of
precision in the 23Na(α, p)26Mg reaction rate should allow useful
comparisons between observed and simulated astrophysical 26Al
production.

The determination of the 26Alt(n, p)26Mg reaction rate actu-
ally requires the independent measurements of two reactions:

Figure 5. Integrated reaction flow for the hydrostatic C/Ne shell burning calculated
with theNUCNET nuclear network code. The thickness of the arrows correspond to the
intensities of the flows; red and black arrows show β interactions and nuclear reac-
tions, respectively. Here 26Al is at its thermal equilibrium. Only a fraction of the flows
of Na, Mg, Al and Si are displayed. The neutron source reactions, such as 12C+12C and
22Ne(α, n), are not shown.

26Alg(n, p)26Mg and 26Alm(n, p)26Mg. Two direct measurements of
26Alg(n, p)26Mg have been published up to now, using 26Alg targets
(Trautvetter et al. 1986; Koehler et al. 1997). Their results differ
by a factor of 2, calling for more experimental work. The prelim-
inary result of a new measurement of 26Al(n, p)26Mg performed
by the n_TOF collaboration is a promising advance (Tagliente
et al. 2019). Production of a 26Alm target is not feasible due to the
short lifetime of 26Alm. So, indirect measurement methods appear
promising, such as the Trojan Horse Method (Tribble et al. 2014).

On top of the main reactions discussed above, the 12C+12C
fusion reaction drives C/Ne burning and therefore the produc-
tion of 26Al there. Herein, 12C(12C,α)20Ne and 12C(12C,p)23Ne are
two major reaction channels. Measurements of these have been
performed at energies above Ec.m. = 2.1 MeV, and three different

�$$!#���� �� "����������!�#���������
� '�� ������" ���$$!#���'''�����"����� "��� "���������"�##��
�����������
�� ���
�����������$����	���	��#%����$�$ �$�������"������ "��$�"�#� ��%#����&���������$��$$!#���'''�����"����� "��� "��$�"�#�



Roland DiehlColumbia-DIAS-Heidelberg-Yale High-Energy Science Seminar Series 2026, 23Sep2026

   ('Kippenhahn' diagrams)
15 M⊙          2 codes/models (1D)                      
   GENEC                                            MESA

• the challenge of properly treating the 3D nature of mixing, specifically near shell boundaries

The Evolution of Massive Star Structure

Griffiths+2025

Gri�ths, A., et al.: A&A, 693, A93 (2025)

Fig. 11. Properties of the 20 M� GENEC model before and then during a silicon-oxygen shell merger event occurring very shortly before collapse.
The time gap between the two models shown is 15 s. On the left we show the convective Mach number, i.e. the ratio of the velocity predicted by
mixing length theory to the sound speed, and also the energy produced by nuclear burning. On the right is shown the density and entropy structure
of the shell in question.

Fig. 12. Space-time diagrams, or Kippenhahn diagrams, of the 15 M� model for GENEC (left) and MESA (right). The grey zones show convective
regions. The plot background shade displays the total energy input, the nuclear energy subtracted by the loss of thermal neutrinos in log scale.
Blue represents negative energy contributions and red positive contributions. On the right axis is shown the central abundance of a given selection
of species to help identify the various burning phases. The black dashed line delimits the total mass of the model.

whereas the GENEC model is more within the range of uncer-
tainty. It is noteworthy that ⇠2.5 is rising steadily prior to collapse,
but reaches a lower value than the MESA model. The 15 M�
mass model, for both codes, seems much more likely to produce
a neutron star and finally the 20 M� reaches similar values for
both GENEC and MESA at the end of the evolution and lies
within the uncertain range for this one parameter criterion. We
notice that the compactness at the pre-SN link grows with mass,
at least in the three cases at hand (though there is no monotonic
dependence of ⇠2.5 on ZAMS mass; cf. Ertl et al. 2016, Fig. 4).

GENEC models with 20 M� and 25 M� show very similar values
of ⇠2.5 close to collapse. To see the compactness evolution around
the contracting core we also plot in Fig. 13 the quantity ⇠Mr=M4 .
The location where the entropy equals 4kB/baryon defines quite
well the boundary of the iron core (e.g. Baron & Cooperstein
1990). We see that this compactness rises for all models during
the final hours of evolution, where the value of ⇠Mr=M4 almost
doubles for all models.

Following Ertl et al. (2016), we apply the two parameter cri-
terion separating unsuccessfully explosions from explosions as

A93, page 14 of 21
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Modelling a Massive-Star Group 
Extract massive-star properties (as a function of their mass)

¶ Stellar-evolution phases and their durations
¶ Characteristic emissions in radiation, winds, and ccSN energy
¶ Characteristic yield in nucleosynthesis

Create a sample for a group of stars 
¶ Exploit the mass distribution (IMF)

Accumulate the group outputs versus time
Floop over the star sample in small time steps

and summing up outputs
FTime profiles of 

characteristic emissions
FStatistical variations

4 Modelling Radioactivity in the Galaxy 123

Figure 4.3: Optimally sampled (cf. Eq. 4.8) stellar association with a total mass of Mtot = 104 M� for three different
IMFs. Shown are the slopes of the stellar IMF following Chabrier (2005, C05, purple), Kroupa (2001,
K01, green), and Salpeter (1955, S55, blue) as dashed lines. The accordingly sampled sets of individual
stellar masses, for which only masses above Mcutoff = 3M� (grey solid line) have been taken into
account, are shown as histograms. The cutoff is chosen for computational reasons in order to speed
up the sampling process while at the same time taking all physically relevant stars for nucleosynthesis
feedback into account.

tening for low-mass stars, about 95% of the total mass accumulates in stars below
the cutoff mass. For this reason, fewer massive stars are formed according to this
function than following K01 or C05. The latter two assign a significantly larger
fraction of the total mass to more massive stars, i.e. respectively about 33% and
38% to stars above Mcutoff = 3M�, and 20% and 24% to stars above 8M�. This
underlines the importance of integrating a correct shape of the IMF in studies with
respect to massive star physics. For that reason, it is implemented as test parameter
in PSYCO.

Random Sampling In order to obtain a stochastic and non-deterministic sample from
the above mentioned distribution function, random sampling can be applied. Such
algorithms are generally based on pseudo random number generators, which gen-
erate a sequence of numbers that follow approximately the behaviour of uniformly
distributed true random numbers based on some initial random seed value. In or-
der to translate uniformly distributed random numbers into a sample following the
specific probability distribution of a simple power-law shaped IMF ⇠(M) / M�↵,
the inverse transform sampling technique is applied. This is based on the cumula-
tive distribution function (CDF), which is a non-decreasing function that gives the
probability of a random variable u 2 [0, 1] being less or equal a certain value. The
CDF of the IMF in a certain mass range M 2 [Ml,Mu] is given by the integral

FIMF(u) =
1

M1�↵
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Pleintinger 2020

Population synthesis: impact of different inputs

Pleintinger 2020

with basic yields 
from 
Limongi & Chieffi 2006

from Brinkman + 2019

variation of explodability

                           adding binaries
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Measurements of 26Al from different massive-star regions

Fdifferent groups (ages)
test the 
massive-star group 
evolution model

49

Siegert+2026
A&A proofs: manuscript no. output

Fig. 12: Spectra (top panels) and residuals (bottom panels) for
Orion (top), Cygnus (middle), and the Milky Way (bottom).
Shown are the 68% percentiles of the continuum o↵set (green)
and the skewed Gaussian line (cyan). Red residuals show the
spectral fit without a line, black with.

ues are summarised in Tab. 3, including statistical uncertainties
from the best-performing model, and systematic uncertainties
from the di↵erent tested scenarios described above. We can con-
strain the 1809 keV line flux to (3.5 ± 0.8) for Orion, (8.4 ± 1.0)
for Cygnus, and (196.8 ± 4.6) ⇥ 10�5 ph cm�2 s�1 for the Milky
Way as a whole, respectively. In Fig. 13, we show the posterior540

distributions for the Orion spectrum. The Doppler shift appears
positive at v? = 81 ± 64 km s�1, suggesting that the ejecta are
approaching us. This is reasonable as the elongated superbub-
ble and the location of the stars suggest a preferred direction.
Taking into account the systematics by assuming di↵erent mod-
els, the line shift may also be consistent with zero. The Doppler
broadening of the astrophysical line is constrained to < 2.9 keV

(2�). Interpreting this with a Gaussian velocity distribution, an
upper limit of 200 km s�1 can be derived. This also appears rea-
sonable as the estimated ejecta velocity is on the order of 50– 550

100 km s�1. Depending on which extracted spectrum is fitted, the
significance of the 1809 keV line in Orion is between 3 and 5�.

Fig. 13: Posterior distribution for the 26Al line from the Orion
region. Shown are the 1809 keV line flux F26 in units of
10�5 ph cm�2 s�1, the Doppler velocity to the line of sight, v?,
in units of km s�1 with respect to a lab energy of Elab =
1808.63 keV, and the FWHM of the astrophysical line in units
of keV.

6.3. Comparisons to population synthesis

We convert the resulting fluxes into mass estimates, either em-
pirically using Eq. (2) or by the physical models’ conversion of
luminosity and flux. The empirical 1809 keV line fluxes are typi-
cally larger than the ones assuming astrophysical emission mod-
els, reaching up to (5–6) ⇥ 10�5 ph cm�2 s�1. This results in a
typically large persistent 26Al mass of several 10�4 M�. If we use
the lower fluxes extracted from models A and T with their best- 560

fitting ejecta velocities, we obtain 4⇥ 10�5 M� and 1⇥ 10�5 M�,
respectively.

We compare these mass estimates to di↵erent population
synthesis predictions in Fig. 14. It is evident that models with a
high explodability, that is, all or most massive stars do explode,
would prefer the higher mass from the empirical fits, whereas
the eplodability model LC18 where all stars above 25 M� di-
rectly collapse into a black hole, would prefer the astrophysical
models.

With the future COSI telescope (Tomsick et al. 2024), both 570

the 1809 keV line can be measured with a higher sensitivity,
and the 1173 and 1332 keV lines from the 60Fe decay could
be measured for the first time from individual stellar groups.
We perform the same population synthesis calculation also for
60Fe where no wind yields are expected, and compare it to
the projected COSI point-source sensitivity after 2 yr of 2 ⇥
10�6 ph cm�2 s�1. Clearly, 60Fe could be measured in Orion if the

Article number, page 10

Orion

Cygnus

Galaxy

(3.5±0.8) 10-5 ph cm-2 s-1

(8.4±1.0) 10-5 ph cm-2 s-1

(196.8±4.6) 10-5 ph cm-2 s-1

(81±64) km s-1

(36±40) km s-1

(160±7) km s-1

A&A proofs: manuscript no. output

have already been implemented in the code, and test di↵erent
combinations of explodabilities. In particular, we use the evolu-430

tion models by Limongi & Chie� (2006, hereafter LC06) and
Limongi & Chie� (2018, hereafter LC18), the corresponding
IMF slopes for each subgroup (Tab. 1), and explodabilities ac-
cording to Smartt (2009, S09), Janka (2012, J12), Sukhbold et al.
(2016, S16), and Limongi & Chie� (2018), respectively. This
means, in total we compute five di↵erent combinations, named,
LC06S09, LC06J12, LC06S16, LC06LC18, and LC18LC18, re-
spectively. The integration over the time profiles gives the total
persistent abundance of 26Al, produced by the sampled stellar
group, considering the onset of star formation can vary for each440

subgroup. For the exploded stars, we use the average number
of stars for each subgroup that we obtained from sampling the
missing massive star population (Sec. 2.2) and allow this num-
ber to vary within the found limits in each PSYCO run. The
wind yields are also considered by using the missing stars and
the present stars accordingly. The typical duration for 26Al be-
ing present from a stellar association is about 30 Myr. We shift
the onset of each subgroup with respect to today, T = 0, by its
age, and allow the variation of this onset according to the un-
certainties given in Tab. 1. For each subgroup, we perform 1000450

Monte Carlo runs to estimate a 68% percentile as sampling un-
certainty. We show the population synthesis for the model com-
bination LC06J12 in Fig. 7 for all subgroups and the total persis-
tent 26Al, together with its 68% percentile band. In this particu-
lar model, the total 26Al mass in Orion OB1 seen today would
be (2.61+2.48

�2.58)⇥ 10�4 M�. We discuss the comparison of di↵erent
model combinations to our flux and corresponding mass esti-
mates in Sec. 6.3.

Fig. 7: Population synthesis of 26Al inside Orion-Eridanus as a
function of time from the model combination LC06J12 (high ex-
plodability). Shown are the Orion OB1 subgroups, a–d, the to-
tal persistent 26Al mass, and a 68% percentile from resampling
the missing, that is, exploded stars. Note that optimal sampling
would then result in the median.

6. Results

6.1. Spatial variations460

In Fig. 8, we show the 1809 keV line flux, corresponding likeli-
hood, and Galactic background contributions to cut-outs in the

Orion region. The largest significance above instrumental back-
ground is found at a radius of 20� with 5.0� and a flux of
(6.3 ± 1.3) ⇥ 10�5 ph cm�2 s�1. Given the centres of these cut-
outs at (`, b) = (168�,�24�), some part of the 20� region might
already take flux from the Perseus or Taurus region (Pleintinger
2020), but which have never been studied in detail. The Galactic
contribution here is at most ⇠ 40% (2�), so that an OB asso-
ciation flux of (5.2 ± 1.4) ⇥ 10�5 ph cm�2 s�1 can be extracted. 470

Considering the still rising absolute likelihood values, we con-
sider this the absolute maximum 26Al flux from Orion.

Fig. 8: Likelihood values of di↵erently-sized cut-outs from the
INTEGRAL/SPI 1809 keV map (blue, left y-axis). The corre-
sponding significances above instrumental background are given
for each tested cut-out. On the right y-axis, we show the ex-
tracted 26Al flux values and compare them to the Galactic dif-
fuse background, modelled by a doubly exponential disk with
a scale height of zE = 0.8 ± 0.2 kpc and a scale radius of
RE = 5.8 ± 0.6 kpc (orange 1 and 2� bands). PLACEHOLDER;
NEED TO REDO FOR BETTER READBILITY;

The likelihood profile plateaus between radii of 5�–10�,
which can be interpreted as a confined region of 26Al in such
a cut-out. The significance above instrumental background then
reaches between 3.1–4.0�, with fluxes from (2.3 ± 0.6) to
(3.5 ± 0.8) ⇥ 10�5 ph cm�2 s�1. As shown below, also the em-
pirical and astrophysical models suggest a flux around (3–4) ⇥
10�5 ph cm�2 s�1 so that the values here appear reasonable. The
Galactic contribution is typically less than 0.3⇥10�5 ph cm�2 s�1, 480

so that the extracted flux values hardly change, and also corrob-
orating a signal from Orion.

In Fig. 9, we show the TS maps for tested point source loca-
tions, 2� Gaussians on a sphere, and 5� Gaussians on a sphere.
The result for the 8� Gaussians are very similar to the 5� case.
We compare the resulting maps to the COMPTEL 26Al map
in the same region to check whether the same hotspots in the
maps appear. It becomes clear that the Orion region cannot
be explained by point sources as no coherent structure is es-
tablished and the resulting fluxes appear negative. Increasing 490

the emission size immediately results in positive flux values
all around the Eridanus bubble, with the largest TS-value close
to the COMPTEL emission hotspot. The corresponding flux is
about 2.4 ⇥ 10�5 ph cm�2 s�1. The 5� Gaussians have a TS-map
maximum slightly closer to the COMPTEL hotspots and with a
higher flux of 3.2⇥10�5 ph cm�2 s�1, however also with a slightly
smaller TS value. This appears reasonable, as shown later, be-
cause the emission is expected to be elongated and not spheri-

Article number, page 8

1.8 MeV flux 
(obs. 2026) 
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26Al shows apparently higher galactocentric rotation (?)
..isotropically blown into cavities that are non-symmetric wrt sources

Fradioactive decay: more 26Al signal while moving to leading edge 

How radioactive massive-star ejecta trace the spreading…

Roland Diehl

Krause & Diehl, ApJ (2014)

simple
geometry
model

SPI/INTEGRAL
data

CO data
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Diffuse gamma-ray emission from 60Fe in the Galaxy

51

26Al and 60Fe analysis with same INTEGRAL dataset (15+ years) and models

                                                                   60Fe emission too faint for imaging etc

Variability study on 60Fe/26Al ratio
(systematics!) 

è 60Fe/26Al < 0.4 in Galaxy
cmp  theory:                     0.2...1, 
          and oceancrusts:   >0.2

Wang+ 2020
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60Fe and 244Pu from nucleosynthesis found on Earth

peak of radioactivity influx
≈3 & 6-8 My ago!

How did these traces of nucleosynthesis get here?

Wallner+ 2015, 2016, 2021

Knie+ 2004, Fimiani+ 2016, Ludwig+ 2016, Koll+ 2019, ....

+ lunar material probes; + antarctic snow

52

NUCLEAR ASTROPHYSICS

60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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60Fe on Earth from recent nearby supernovae?
The Sun is (now) located inside a hot cavity (the "Local Bubble")
SN explosions within LB à ejecta flows reach the Solar System

60Fe nuclei are observed in (today's) cosmic rays
Nearby OB associations and their 
nucleosynthesis reach the SolarSystem 

gas density

sun

nearby
stars

Schulreich+ 2017
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Figure 1. Illustration of our bottom-up CR source model. The population 
synthesis of a massive star cluster (left) evaluates stellar evolution and SN 
models to determine the abundance of particular isotopes within the cluster 
gas and its superbubble. This gas is accelerated to CRs, which are transported 
through galactic ISM towards the Sun (right). 
Tatischeff et al. 2021 , and references therein). Here, we study the 
contribution of primary 26 Al CRs originating together with 60 Fe from 
local OB associations. 

ACE /CRIS measured ( 26 Al/ 27 Al) CRIS = 0.042 ± 0.002 between 
125 and 300 MeV nucleon −1 , corresponding to the LISM energy 
range 190–560 MeV nucleon −1 (Yanasak et al. 2001 ). From the Al 
spectrum in the LISM computed by Boschini et al. ( 2022 ), we find 
the mean energy of Al CRs in the LISM to be 355 MeV nucleon −1 
( v = 0.690 c ) and the LISM density of Al CRs between 190 and 
560 MeV nucleon −1 to be n LISM (Al) = 1.0 × 10 −14 CR cm −3 . 
The 26 Al CRs density in this energy range is then n LISM ( 26 Al) = 
(4.2 ± 0.2) × 10 −16 CR cm −3 . 
3  C R  POPULATION  SYNTHESIS  A N D  
TRANSPORT  
We developed a bottom-up model (Fig. 1 ) for the CR flux at the 
Solar system, integrating contributions from the presumed sources of 
radioactive nuclei within massive star clusters. The basic ingredients 
are the yields of ejecta from stars and SNe. For each cluster, its age 
and richness are used together with a generic initial mass distribution 
to determine proper weighting, thus building a time profile of 
interstellar nuclide abundances for and within each specific cluster. 
With plausible assumptions about CR acceleration efficiency within 
such a massive star group and the likely superbubble configuration 
resulting from the clustered stellar and SN activity, we derive a CR 
source density for each star cluster, as it varies with time. Propagation 
of these CRs towards the Solar system requires a CR transport model 
that accounts for the location of the source within the Galaxy and 
its distance from the Solar system, accounting for specifics of CR 
transport in the solar neighbourhood. Integrating contributions of all 
sources from which CRs could have reached instruments near Earth 
in our present epoch, we thus obtain a bottom-up determination of 
the local CR flux in terms of model parameters based on stars and 
SNe. 

Our model is similar to and builds on those of Gounelle et al. 
( 2009 ), Voss et al. ( 2009 ), and Young ( 2014 ) for example, and 
we focus on the activity of massive stars ( M ≥ 8 M ⊙) in OB 
associations. The no v elty of our work is to couple the nucleosyn- 
thesis output of a massive star group to a CR transport model, 
which then allows the prediction of the flux of CRs near Earth. 
Adjusting the parameters of our model to best match CR data 

taken near Earth, we can therefore constrain the origins of locally 
observed CRs, backtracing them to the contributing massive star 
groups. 
3.1 Radioisotope production at CR sources 
We aim to know the production of radioactive isotopes from the 
ensemble of stars and SNe in the nearby Galaxy. Population synthesis 
is the tool commonly used to predict the integrated outcome and 
properties of stellar populations (Cervi ̃ no & Luridiana 2006 ; Cervi ̃ no 
2013 ). This approach has been used in particular to predict the 
radionuclide enrichment of the ISM near OB associations using such 
a bottom-up approach that implements our knowledge about stars, 
their evolution, and their nucleosynthesis yields (Voss et al. 2009 ). 
In the following, we describe key aspects of the stellar population 
synthesis part of our model. 
3.1.1 Population synthesis ingredients 
Initial mass function (IMF) . A population of stars that formed 
simultaneously and within the same environment, such as in a cluster, 
is characterized by the distribution in mass of the stars after having 
been formed, the IMF. Observationally, the stellar population seen 
within a cluster reflects the current mass distribution . From this, one 
may estimate an initial mass distribution by corrections for the stars 
of high mass that already may have disappeared, when the cluster age 
is known, or can reliably be estimated. There is considerable debate 
about how generic the initial mass distribution may be, or how it 
may depend on the feedback properties for different stellar density 
and interstellar gas density (e.g. Kroupa 2020 ).Ho we ver, the widely 
observed similarity of the power-law shape of the mass distribution 
(Kroupa 2001 ) suggests that the mass distribution of newly formed 
stars is a result of the physical processes during star formation, 
as it may be inhibited or modified by energetic feedback from the 
newly formed stars. The IMF was initially described for intermediate 
to large stellar masses by a single power-law function by Salpeter 
( 1955 ). To ward the lo w-mass end do wn to the brown dwarf limit the 
IMF flattens and can be described by a lognormal shape (Miller & 
Scalo 1979 ), or a broken power law (Kroupa 2001 ). Our model 
implements any IMF described by a multipart power law, and we use 
as default the parameters given by Kroupa ( 2001 , equation 6); this 
gives an average mass of the association members of 0.21 M ⊙ and 
a fraction of stars having a mass greater than 8 M ⊙ of 1.6 × 10 −3 . 
The stellar content of specific known OB associations is mostly 
derived from a census of bright stars such as O and B stars ( M ≥
2.8 M ⊙; Habets & Heintze 1981 ), thus only the high-mass end of the 
IMF is rele v ant. The upper end of the mass distribution for massive 
stars is debated (e.g. Heger et al. 2003 ; Vanbeveren 2009 ; Schneider 
et al. 2018 ). Theoretical uncertainties derive from the star formation 
processes for very massive stars as nuclear burning sets in during 
the mass accretion phase, but also from the late evolution of massive 
stars towards core collapse that may be inhibited by pair instability. 
Observationally, stars with masses up to 300 M ⊙ have been claimed 
to exist in the Large Magellanic Cloud’s 30 Dor region (Schneider 
et al. 2018 ). In our model, we consider an upper limit of 120 M ⊙, 
which seems reasonable compared to the observational upper limit 
for single stars in our Galaxy of ∼150 M ⊙ (Ma ́ız Apell ́aniz et al. 
2007 ). This allows us to use the full range of the mass grid for stellar 
yields from Limongi & Chieffi ( 2018 ). 

Stellar yields . Massive stars contribute significantly to the enrich- 
ment of the ISM by releasing nuclear-processed material through 
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Predehl+2020eROSITA

Stellar feedback in the nearest massive-star region (Sco-Cen)
The nearby ISM holds a variety

of cavities and shells
SF in Sco-Cen has been 
ongoing for ~15+ My;

distance~140pc
Hot gas and 26Al seen from SF
à “surround & squish”

rather than "triggered" star formation
Krause+2018

Sco-Cen
26Al γ-rays Krause+2018

Kröll 2023

dust

hot gas

atomic gas
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Nuclear Astrophysics with γ-ray lines - Summary
¶ Cosmic nuclear-reaction sites are occulted: no direct observations

FStellar photospheric abundances of elements: established,
large databases from Gaia and spectrographs led to insights
on chemical evolution history of the Galaxy, and anomalies

FStardust, terrestrial deposits, CRs...: isotopic details, but bias
FNear-direct messengers (ν's, γ's) are difficult, but unique

¶ Gamma ray results have led to major advances
FSupernova interiors show new & 3D characteristics in γ rays
FComplex radiation transfer is complemented/verified
FCurrent galactic nucleosynthesis is being explored, and

tested against massive-star modelings, and feedback theory
FSuperbubbles have been established as major ejecta locations

¶ The next  level for deeper γ-ray observations is ready
FCOSI will provide an important validation and systematics test
FLab experiments are ready to provide a major sensitivity advance

¶ The different disciplines of nuclear/astro/astronomy studies
all complement each other in the lively  field of 'nuclear astrophysics'
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Galactic Messengers

• Radioactivity provides a 
clock

• 26Al radioactivity 
gamma rays trace 
nucleosynthesis ejecta 
over ~few Myrs

• Radioactive emission is 
independent of density, 
ionisation states, …

• Positron annihilation 
~traces CR propagation

H. Yoneda et al.: 511 keV map using 20-yr INTEGRAL/SPI data

Fig. 3. Reconstructed image of the 511 keV line emission from the 20-year INTEGRAL/SPI data. The image is shown in Galactic coordinates.
Note that several dark spots appearing around the Galactic center, such as the one at (l, b) ⇡ (353�,�4�), are artifacts often seen in the image
deconvolution.

Table 3. Measured fluxes of the 511 keV line emission for di↵erent regions and their comparison with thin and thick disk models.

Name Region Flux Thick Disk Thin Disk
l (deg.) b (deg.) (⇥10�3 ph cm�2 s�1)

Bulge [�20, 20] [�20, 20] 1.36 ±stat 0.04 ±sys 0.05 1.46 1.39
Bulge + Disk [�180, 180] [�20, 20] 2.09 ±stat 0.08 ±sys 0.23 2.62 2.51
Eastern Disk [310, 340] [�20, 20] 0.26 ±stat 0.04 ±sys 0.03 0.27 0.18
Western Disk [20, 50] [�20, 20] 0.19 ±stat 0.03 ±sys 0.03 0.27 0.18

All 2.63 ±stat 0.08 ±sys 0.33 2.72 2.52

Bulge Eastern diskWestern disk

Disk + Bulge

Fig. 4. Same as Figure 3 but with annotations showing the regions used
for the flux measurements in Table 3.

as a chimney-like structure, and above it, a blob-like structure
can be seen around (l, b) ⇡ (�10�, 30�). To discuss this further,
we also present the longitude profile with di↵erent integration
ranges in Appendix E.

4.3. Individual regions

4.3.1. Search for the 511 keV from the star-forming regions

Here, we investigate the 511 keV emission from individ-
ual regions, particularly the Cygnus region and the Scor-
pius–Centaurus OB association (see Figure 8). Including other
star-forming regions, we evaluate the fluxes and their chance
probabilities using the bootstrap samples with only the back-
ground.

The Cygnus region, one of the nearest complexes of mas-
sive star formation, shows a flux of (4.2 ±stat 2.0 ±sys 2.0) ⇥ 10�5

ph cm�2 s�1 at a chance probability of 6.4 ⇥ 10�2. Here, the re-
gion is defined as l = 60� to 80� and b = �15� to 15�. Since
the significance is about a 2� level only considering statistical
uncertainties, it should be interpreted as a hint of the 511 keV
emission from the Cygnus region. Thus, we also show the 99%
upper limit of the flux value in Table 4. Appendix G shows the
flux distribution derived from the bootstrap samples. We note
that this emission could be attributed to either enhanced positron
production from stellar activity in the Cygnus region or detec-
tion of the Galactic disk component due to deep exposure in

Article number, page 7

electrons in the ISM

(free free radio emission, WMAP)
(Bennett+2003)

positrons in the ISM

(511 keV γ-ray emission, INTEGRAL/SPI) 
(Yoneda+2025)

nucleosynthesis ejecta in the ISM

(1809 keV 26Al γ-ray  emission, CGRO/COMPTEL) 
(Diehl+1995)

cosmic rays exciting the ISM

(GeV gamma-ray emission, Fermi-LAT) 
(Acero+2015)
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hot gas (plasma)

(keV X-ray emission, eRosita) 
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starlight

(optical emission, Gaia) 
(ESO 2018)
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SN2014J

26Al
e+

CasA

CasA

= SPI, achieved

the 'MeV gap' challenge: significant astrophysics with new instruments
We can build on achievements for brightest sources

(and prospects from theoretical considerations: 'new'!)
We can do  >one o.o.m. better now
Compton Telescopes+.. are being developed in labs

eAstrogam ETCC

Galloway+2017

Tanimori+2015DeAngelis+2017, 2018

CAST/CNSA
Peng+2020The Compton Spectrometer and Imager John A. Tomsick

Figure 4: Cutaway view of the COSI instrument. Each germanium detector is 8 ⇥ 8 ⇥ 1.5 cm3. The BGO
shield box is 42 ⇥ 46 ⇥ 20 cm3.

enormous improvements. The simple removal of atmospheric attenuation improves sensitivity
by 3-4 times, depending on energy, and being above the atmosphere reduces background. Even
compared to much larger current and previous satellite missions, COSI will provide an order of
magnitude improvement in narrow line sensitivity (see Figure 2).

4. COSI Requirements

Table 1 shows a sample of the requirements for COSI to achieve the science goals outlined
above. A key requirement for COSI is having excellent spectral resolution for making images of line
emission over the entire Galaxy. The spectral resolution is important for being able to make images
in narrow energy bands around the lines of interest to minimize background. In addition, spectral
resolution is used to measure line profiles in order to study the width of the 0.511 MeV line as well
as the 44Ti line, which provides information about SN explosions. The required sensitivities and
angular resolution allow for COSI to distinguish between di�erent physically-motivated Galactic
bulge 0.511 MeV emission models. Also, these requirements provide the first images of Galactic
60Fe, a sensitive search for young 44Ti-emitting SN remnants, and the ability to isolate 26Al emission
from individual massive star clusters. While the large FOV requirement allows for the full Galaxy
to be covered, the main driver for covering >25% of the sky is to detect enough GRBs to achieve
COSI’s polarization and short GRB localization goals.

5. Data Challenge Project

To improve the user-friendliness of the COSI analysis software and to prepare the high-energy
community for analyzing COSI data, the COSI group is carrying out a Data Challenge project.
For this project, the COSI team will publicly release a set of astrophysical source simulations, the
full COSI imaging response, and documentation of our python-based analysis software (COSIpy).
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COSI/NASA
Tomsick+2021
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