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What is a Supernova?
¶ Nuclear-physics aspect: Rapid release of nuclear binding energy

– Making the Eghtest-bound nuclei: 56Fe: 8.8 MeV/nucl     versus    (13α+4n): 6.6 MeV/nucl 
à 2.2 MeV/nucl,      = 1 1018 erg/g      > 1051 erg/M¤

– H burning too slow; He, C, O, ... fuels are "explosive"

¶ Astrophysics aspect: Explosions from stellar ma7er
– Implosion – explosion: 

heat from collapse, FeàHe prevents thermal stabilizaMon of star, explosive light nuclei à SNII
– Explosive light nuclei under degenerate condiMons à SN I   à C,O White Dwarf!
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the curve of Figure 1 gives the appropriate transition strip in the log p, r9 plane. To the 
immediate left of this strip the material is essentially all iron-group nuclei, while on the 
right it is essentially a mixture of alpha particles and free neutrons in the ratio 13:4. 
Since the material is completely ionized, we have referred, in the above, to nuclei rather 
than atoms. It will be clear that the 26 electrons per initial Fe nucleus keep the material 
neutral throughout the transition, so we can speak of a helium-neutron mixture if we 
wish. 

Now the mean binding energy of the nucleons in Fe56 is 8.79 Mev, whereas tjie average 
binding of the nucleons in a mixture of 13 alpha particles and 4 neutrons is only 6.57 
Mev. Energy must therefore be supplied, in order that Fe56 —> 13a + 4^, the amount 
being 2.22 Mev per nucleon or ^2 X 1018 ergs/gm. This is greater than the thermal 
energy of the material, even at the highest temperature given in Table 1. At Tg = 12 the 
thermal energy of the helium-neutron mixture amounts to ^ 1.2 Mev per nucleon (this 

Fig. 1.—The right-hand curve illustrates eqs. (2) and (2') (approximately), which relate the density 
and temperature at equilibrium when the material of a supernova core is hah iron-group elements by 
mass and half helium plus neutrons. The upper left-hand curve shows p versus T (eq. [20]) throughout 
the interior of a star with M — 1.28 Mq prior to exploding as a Type I supernova. The lower left-hand 
curve shows p versus T (eq. [24]) throughout the interior of a star with M ^ 30 Mq prior to exploding 
as a Type II supernova. The central left-hand curve separates relativistically degenerate matter from 
non-degenerate matter. 
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ccSN progenitors, classifications, and frequencies

• surface composi4on ↔ mass loss history
• light curve shape       ↔ envelope role
• narrow lines               ↔ CSM role
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Fig. 1: Left: Progenitors and classification scheme of CCSNe. Right: Observed fractions of CCSN types in a volume-limited sample. Data
from Li et al. (2011) and rates from Shivvers et al. (2017). Stars in the blue-tinted classes (about 2/3 of the total) have lost relatively little
material over their lives, by winds and binary mass transfer, whereas those in the the red-tinted (about 1/3 of the total) have lost significant.

large-scale mass motions and regulating star formation (Colling et al., 2018).
One can estimate that about one CCSN occurs per second somewhere in the Universe, with a relatively good match between star for-

mation rates for massive stars and CCSN rates (Botticella et al., 2012). CCSN progenitors live short lives and these SNe therefore occur in
star-forming galaxies (Schulze et al., 2021). We currently (2025) discover about about one in every thousand CCSN, or 10,000 per year. The
discovery rate has dramatically increased over the past two decades thanks to automated wide-field transient surveys such as Pan-STARRS,
The Lick Observatory Supernova Survey, The Supernova SkyMapper, and the Zwicky Transient Facility (ZTF), and will soon take another
major leap with the development of the Vera C. Rubin Observatory. Thanks to their immense brightness (⇠ 109 L� at peak) we can observe
SNe to large distances (hundreds of Mpc), but they are also common enough (about 2 per century in a Milky Way-like galaxy) that we can
regularly study them in nearby galaxies (to several tens of Mpc, and sometimes yet further), and up-close in spatially resolved remnants in
the Milky Way (typical distance a few kpc).

Classification system. The empirical classification of CCSNe (see Filippenko, 1997; Gal-Yam, 2017; Modjaz et al., 2019, for overviews)
initially divides into the branches of Type I (hydrogen lines absent) and Type II (hydrogen lines present) - with Minkowski (1941) generally
being credited with taking this first step for the taxonomy. The Type I class subdivides into Type Ib (helium lines present), and Type Ic
(helium lines absent). Some Type Ic SNe have very broad lines, defining a specific Type Ic-BL class. There is also a Type Ia class, which
are not CCSNe but thermonuclear explosions of white dwarfs. The distinction between the di↵erent Type I SN classes emerged in the mid
1980s (e.g. Wheeler and Levreault, 1985). The Type II branch subdivides into Type IIP (the light curve shows a plateau), Type IIL (the light
curve shows a linear decline), Type II-pec (the light curve has a long initial rise) and Type IIb (spectra show weak H lines only, that later
disappear). If narrow lines are seen, produced by the surrounding, slow circumstellar gas rather than the SN ejecta (which emit broad lines
due to the high expansion velocity), the classification becomes Type IIn (Schlegel, 1990), Ibn (Pastorello et al., 2008), and Icn (Gal-Yam
et al., 2021; Perley et al., 2022) respectively, depending on the composition of the circumstellar material (CSM). Figure 1 summarizes the
classification system (left), and shows observationally inferred rates of the di↵erent classes (right). The most common type of supernova
can be seen to be Type IIP, which make up just over half of all CCSNe by unit volume. An example of the light curves and spectra of a
typical Type IIP SN (SN 2004et) is shown in Figure 2. Note the pronounced plateaus on the optical (V,R, I) bands, whereas UV/blue bands
(U, B) decline and the infrared bands (J,H,K) increase over the di↵usion phase (⇠ 0 � 100d).

It is today understood that the Type IIP/L-IIb-Ib-Ic di↵erentiation arises due to di↵erent degrees of mass loss experienced by the star
over its life up to explosion. Type IIb/Ib/Ic SNe are collectively called stripped-envelope supernovae (SESNe). This mass loss may occur
both by stellar winds and by gravitational mass transfer to a companion star. Both these processes are mainly important in the post-main
sequence phase when massive stars expand significantly, boosting their wind mass loss rates due to reduced surface gravity, as well as the
chances of making Roche lobe contact with a binary companion. For a long time were Wolf-Rayet stars seen as the plausible progenitors of
Type Ib/c SNe - however evidence has accumulated that most of these SNe instead appear to arise from lower-mass binary-stripped stars.
There has historically been few known observational counterparts of these progenitors stars, as their bright companion stars tend to mask
their light, but recently new discoveries have been reported (Drout et al., 2023). One should also note that many Type II SN progenitors may
have gained mass from a companion (Zapartas et al., 2019). Mass loss again manifests itself for the Type IIn, Ibn and Icn classes, believed
to arise when the SN ejecta collide with (unusually) dense circumstellar material.
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large-scale mass motions and regulating star formation (Colling et al., 2018).
One can estimate that about one CCSN occurs per second somewhere in the Universe, with a relatively good match between star for-

mation rates for massive stars and CCSN rates (Botticella et al., 2012). CCSN progenitors live short lives and these SNe therefore occur in
star-forming galaxies (Schulze et al., 2021). We currently (2025) discover about about one in every thousand CCSN, or 10,000 per year. The
discovery rate has dramatically increased over the past two decades thanks to automated wide-field transient surveys such as Pan-STARRS,
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regularly study them in nearby galaxies (to several tens of Mpc, and sometimes yet further), and up-close in spatially resolved remnants in
the Milky Way (typical distance a few kpc).

Classification system. The empirical classification of CCSNe (see Filippenko, 1997; Gal-Yam, 2017; Modjaz et al., 2019, for overviews)
initially divides into the branches of Type I (hydrogen lines absent) and Type II (hydrogen lines present) - with Minkowski (1941) generally
being credited with taking this first step for the taxonomy. The Type I class subdivides into Type Ib (helium lines present), and Type Ic
(helium lines absent). Some Type Ic SNe have very broad lines, defining a specific Type Ic-BL class. There is also a Type Ia class, which
are not CCSNe but thermonuclear explosions of white dwarfs. The distinction between the di↵erent Type I SN classes emerged in the mid
1980s (e.g. Wheeler and Levreault, 1985). The Type II branch subdivides into Type IIP (the light curve shows a plateau), Type IIL (the light
curve shows a linear decline), Type II-pec (the light curve has a long initial rise) and Type IIb (spectra show weak H lines only, that later
disappear). If narrow lines are seen, produced by the surrounding, slow circumstellar gas rather than the SN ejecta (which emit broad lines
due to the high expansion velocity), the classification becomes Type IIn (Schlegel, 1990), Ibn (Pastorello et al., 2008), and Icn (Gal-Yam
et al., 2021; Perley et al., 2022) respectively, depending on the composition of the circumstellar material (CSM). Figure 1 summarizes the
classification system (left), and shows observationally inferred rates of the di↵erent classes (right). The most common type of supernova
can be seen to be Type IIP, which make up just over half of all CCSNe by unit volume. An example of the light curves and spectra of a
typical Type IIP SN (SN 2004et) is shown in Figure 2. Note the pronounced plateaus on the optical (V,R, I) bands, whereas UV/blue bands
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It is today understood that the Type IIP/L-IIb-Ib-Ic di↵erentiation arises due to di↵erent degrees of mass loss experienced by the star
over its life up to explosion. Type IIb/Ib/Ic SNe are collectively called stripped-envelope supernovae (SESNe). This mass loss may occur
both by stellar winds and by gravitational mass transfer to a companion star. Both these processes are mainly important in the post-main
sequence phase when massive stars expand significantly, boosting their wind mass loss rates due to reduced surface gravity, as well as the
chances of making Roche lobe contact with a binary companion. For a long time were Wolf-Rayet stars seen as the plausible progenitors of
Type Ib/c SNe - however evidence has accumulated that most of these SNe instead appear to arise from lower-mass binary-stripped stars.
There has historically been few known observational counterparts of these progenitors stars, as their bright companion stars tend to mask
their light, but recently new discoveries have been reported (Drout et al., 2023). One should also note that many Type II SN progenitors may
have gained mass from a companion (Zapartas et al., 2019). Mass loss again manifests itself for the Type IIn, Ibn and Icn classes, believed
to arise when the SN ejecta collide with (unusually) dense circumstellar material.

Jerkstrand+2025
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SN Classification
• Spectra: Type I (without H) and Type II (with H)

+ long GRB

Broad lines -> large expansion 
velocities (~20,000 kms-1 )
large Ekinetic(0.X -Y x1052 erg)

+  Explosive Exotica

Modjaz, Gutierrez, & Arcavi (2019, Invited Nature Review)
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ccSNe and their (exo=c) variants
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Modjaz+2019
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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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Complexi=es of Gravita=onal 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- creaEon
Fcollapse, igniEon, and ouOlows all occur 

simultaneously
Fcollapse and accreEon conEnue long aPer 

igniEon of nuclear burning
Flate accreEon and fallback make explosion fail 

for more massive stars
5
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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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¶Nuclear energy release in core and shell regions
¶Energy transport and constraints from gradients in gravity & composi4on

How stars evolve

6
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The Evolu*on of Massive Stars 7...15 M¤
Limongi+2024

Evolution of stars in the range 7-15 M� 41

Figure 40. Schematic view of some of the evolutionary properties and expected final fate.

All the stars in the mass range studied here evolve through the core H and core He burning stages.
Stars with the initial mass M < 7.50 M� develop a degenerate CO core in which the temperature

remains below the threshold value for the ignition of the C burning reactions. These stars, then,
evolve through the TP-AGB phase and eventually end their evolution forming a CO-WD surrounded
by material ejected during the previous evolutionary phases, i.e., a planetary nebula.
In stars with the initial mass M � 7.50 M�, on the contrary, the temperature in the CO core

becomes high enough to allow the ignition of the C burning reactions. In particular, stars with the
initial mass in the range 7.50 � 9.50 M� ignite C o↵-center, the C ignition point decreasing from
0.588 M� for the 7.50 M� to 0.022 M� for the 9.50 M�. Stars with the initial mass M > 9.50 M�
ignite C centrally. This feature is mainly due to the fact the degree of degeneracy in the CO core
decreases progressively as the initial mass increases. In all the stars, the result of the C burning is
the production of an ONeMg core with the exception of the 7.50 M� in which the C burning front
quenches before reaching the center and therefore a sizable amount of 12C is left unburnt in the inner
⇠ 0.3 M�. In this case a hybrid CO core is formed, i.e., a CO core in which the central part is
enriched by a mixture of O and Ne, resulting from the quenching of the o↵-center C burning.
After core He depletion, in stars with the initial mass M < 11.00 M� the convective envelope

penetrates into the He layer and the second dredge up (2nd-dup) takes place. The evolutionary stage
at which this phenomenon begins and goes to completion (i.e., when the convective envelope reaches
the maximum depth) depends on the initial mass. In particular it begins (1) after core He depletion
for the 7.00 M� star; (2) before C ignition for the 7.50 � 8.00 M� stars and (3) after C ignition for
the 8.50� 10.00 M� stars. The convective envelope reaches its maximum depth during the 2nd-dup
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Late burning stages

Shell burning stages are intermi7ent
Shells may ignite off-core, merge, ... proceed inwards

à pre-SN structure is ~uncertain!

Jones+ 2013
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degenerate-maDer explosion dynamics could be a variety

– C Igni6on: at MCh limit / triggered 
(possibly not in WD center)

– Turbulent thin-flame propaga6on
– WD expansion à flame ex6nc6on

– Issues: Rapid 6me scale, 
Large spa6al dynamic cange

» Nuclear burning C+Oà56Ni…
» Expansion, unburnt C,O
» Mixing, non-sphericiEes

Meakin+2009

Roepke+ 2007

1 sec
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a SN Ia could arise from variants of progenitors

10

et al. (1984). The W7 model is a one-dimensional (1D) pure
deflagration explosion of a Chandrasekhar-mass WD, in which
a parameterized description was used for the turbulent burning
process. To avoid free parameters in the model, multi-
dimensional simulations (for an example, see top panels of
Figure 4) have been carried out (e.g., Reinecke et al. 2002;
Gamezo et al. 2003; García-Senz & Bravo 2005; Röpke et al.
2006b, 2006a, 2007a; Jordan et al. 2012a; Ma et al. 2013; Long
et al. 2014; Fink et al. 2014; Lach et al. 2022). The result of
these simulations is that pure deflagrations are not able to
reproduce the majority of normal SNe Ia (Sim et al. 2013;
Kromer et al. 2013a). In the framework of the Chandrasekhar-
mass deflagration model, it is difficult to produce the canonical
0.5M☉

56Ni for normal SNe Ia because the flame ultimately
cannot catch up with the expansion of the WD and much of its
material remains unburned. Enhancing the burning efficiency
with multi-spot ignitions had only limited success (Röpke et al.
2006b, 2006a; Long et al. 2014; Fink et al. 2014; Lach et al.
2022). Moreover, the ignition process itself is rather uncertain

and multi-spot ignition does not seem very likely according to
the simulations of Nonaka et al. (2012).
However, off-center ignited weak deflagration models have

been suggested to explain the particular subclass of SNe Iax
(Kromer et al. 2013a, 2015; Magee et al. 2016; Kawabata et al.
2021; McCully et al. 2022; Dutta et al. 2022). Figure 4 presents
an example of a three-dimensional (3D) explosion simulation
for a Chandrasekhar-mass pure deflagration model from Lach
et al. (2022c). In the weak pure deflagration model of
Chandrasekhar-mass WDs (sometimes known as “failed
detonation model”), an off-center ignited pure deflagration of
a Chandrasekhar-mass CO WD (or hybrid CONe WD) fails to
completely unbind the entire WD, leaving behind a bound WD
remnant (Jordan et al. 2012b; Kromer et al. 2013a; Ma et al.
2013; Long et al. 2014; Fink et al. 2014). It has been shown
that pure deflagrations in near-Chandrasekhar-mass CO WDs
and hybrid CONe WDs can respectively reproduce the
observational light curves and spectra of brighter SNe Iax
such as SN 2005hk (Kromer et al. 2013a) and, less confidently,

Figure 3. Different explosion models of SNe Ia in the context of either Chandrasekhar-mass or sub-Chandrasekhar-mass explosion (see also Hillebrandt et al. 2013,
and referencestherein). Note that the models presented here are not complete.
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Energy and radia=on in and aGer an explosion
• Op4cal spectra are a result of complex radia4on transport
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While SNe have been observed and scientifically studied for over a century, kilono-
vae were discovered only in 2017. These transients involve the merger of two neutron
stars, or a neutron star and a black hole — a much more rare phenomenon than the
death of a massive star or a white dwarf. While most of the mass in the merging
bodies will form a black hole, about 1% or so (⇠ 0.05 M�) will be ejected from the
gravitation potential. This material has gone through the r-process — rapid capture of
neutrons forming heavier and heavier elements. The composition is therefore trans-iron
elements. Many of the isotopes formed are radioactive, which provides an important
power source to generate a bright transient from the ejected material. Because the
mass is low, but the velocity high (about 10% the speed of light), KNe rise and decline
over just a few days, compared to weeks or months for SNe. With only one solid
detection, and a handful of candidates, no classification system yet exists for them.

1.3 Motivation and goals of supernova and kilonova spectral

synthesis

Explosive transient evolution
Di↵usion phase Early tail phase Late tail phase

Optially thick and long
escape time for radiation

Optically thick and short
escape time for radiation

Optically thin and short
escape time for radiation

Spectra probe
surface layers

Spectra probe
intermediate layers

Spectra probe
inner layers

Many lines
excited and signi-

ficant optical depth !
scattering spectra

Fluorescence can be important
for optical and NIR

Few lines excited and
reduced optical depth !
emission line spectra

Simple microphysics (LTE),

complex transfer

Complex microphysics (NLTE),

simpler transfer

Fig. 2 Characteristic evolution of SNe and KNe over the three phases of di↵usion phase, early tail
phase, and late tail phase.
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Modeling radia=on transfer in SN Ia
Assuming spherical symmetry 
and local 56Ni energy deposits, 
LTE is adopted to determine& 
trace atomic transitions in the 
expanding SN
à light curve in different bands
à spectra as they evolve

Challenges (wrt ccSNe):
• small e opacity by mass
• multitude of metal lines

à ~reasonable agreement 
        up to ~40+ days

Critical components:
• SN model (density, 

velocities, composition)
• 56Ni escape (γ, e+)
• atomic data (NLTE!)
• non-thermal processes
Less critical
• non-sphericities
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but by mistake did not have entries for Ti, Cr and Co. This was cor-
rected in model DDC10_A4D1 using additional cross-sections from
Mazzotta et al. (1998), to complement those provided by Arnaud &
Rothenflug (1985).

The flexibility in CMFGEN permits the testing of numerous effects,
in particular the influence of model atoms whose characteristics
can be easily adjusted (e.g. number of levels, number of transitions,
superlevel assignments, source of atomic data; see Appendix A). In
our simulations, we include C I–IV, O I–IV, Ne I–III, Na I, Mg II–III,
Al II–III, Si II–IV, S II–IV, Ar I–III, Ca II–IV, Sc II–III, Ti II–III, V I, Cl IV,
K III, Cr II–IV, Mn II–III, Fe I–VII, Co II–VII and Ni II–VII. When a given
ion becomes sub-dominant at all depths because of recombination,
its impact on the radiative transfer becomes negligible and it is
conveniently excluded from the computation at all subsequent times.

Species V, Cl, K are only included if/because they belong to decay
routes that we wanted to incorporate in the calculation (see below).
However, because we are not attempting to describe accurately their
potential impact on the transfer (and also because we do not have
a satisfactory set of model atoms for the corresponding ions), we
only include the ground state of a single ionization state for each of
these species (i.e. V I, Cl IV and K III).

We discuss the properties of SN Ia radiation at times that en-
compass the initial brightening of the object (from day one to the
light-curve peak), the maximum light properties (see also Blondin
et al. 2013) and the transition to the nebular phase until 60 d after ex-
plosion. This bridges very diverse conditions – from optically thick
to optically thin and with different processes dominant in different
density regimes. The code handles this evolution in a smooth fash-
ion. In practice, the inner boundary for the radiative transfer is the
same as the inner boundary of the ejecta, i.e. we do time-dependent
simulations for the full ejecta at all times. In model DDC10, this
inner boundary is at a velocity V0 of 490 km s−1. Because there is
no dynamics in our simulations, the velocity distribution in mass
space is fixed throughout a CMFGEN sequence. When the ejecta is
optically thick, we impose a zero-flux condition at V0, i.e. Hν = 0 at
all frequencies ν, and the incoming intensity I+

ν is set equal to the
local Planck function at ν. When the ejecta turns thin, we impose a
nebular condition at V0, i.e. I+

ν = I−
ν′ , where ν and ν ′ are shifted to

account for the Doppler shift along the ray (see Hillier & Dessart
2012 for details). It is important to realize that, in this approach,
the entire ejecta is modelled at all times by CMFGEN, i.e. that the
radiative transfer is solved at all depths with merely a change in
inner boundary condition at V0 when the ejecta turns nebular. This
transition occurs earlier in the near-IR than in the UV, so we tend to
switch to the nebular condition when the Rosseland-mean optical
depth is still well above unity.

To begin a sequence, we map the explosion structure into CMFGEN

although we needed to impose a floor temperature of ∼6000 K.1

This artificially stores energy in the corresponding layers. Hence,
in all time sequences, the ejecta needs to first relax by radiating
away this excess energy. This usually takes only a few time steps
since these layers have a relatively low optical depth. We generally
exclude such results from the presentation and focus on times suf-
ficiently advanced that this initial tinkering bears no impact on the
ejecta and radiation properties. The general lack of SN Ia observa-
tions prior to !1 d and computational tractability motivates a start
time at about 1 d after explosion, which is our standard choice here.
This time is early enough so that the initial evolution until 1 d after
explosion can be done assuming no diffusion (we do this with a

1 Newer models can use a substantially lower floor temperature.

Figure 1. Top: illustration of the ejecta chemical stratification in velocity
and mass space (top axis) for model DDC10 and for representative species
including C/O/Ne, and representative IMEs and IGEs. We also overplot the
56Ni distribution as a dotted line. Note the absence of 56Ni in the inner ejecta
layers. The time is 29 s after explosion. Middle: ejecta gas temperature at
1 d after explosion. Note the enforced floor temperature in the outer ejecta,
which is necessary for the initial relaxation of the first model in any time
sequence. Bottom: same as middle, but now for the mass density.

separate program; see Dessart et al. 2011). The standard procedure
in CMFGEN is to adopt a time step equal to 10 per cent of the current
time.

We show various ejecta properties in Fig. 1. In the top panel,
we plot the chemical stratification versus velocity and Lagrangian
mass at the end of the hydrodynamical simulation – the time is
then 29 s after the start of the combustion in the WD. We only
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consequently stronger in model DDC10_A4 than in DDC10_A3,
implying that the differences we discuss with model DDC10_A3T
are in reality even larger. We do not show that specific comparison
because model DDC10_A4 differs with model DDC10_A3T in
more ways than the non-thermal treatment alone. For historical
reasons, the sequence using model atom A4 also included all two-
step decay chains, so this model is called DDC10_A4D1.

2.5 Comparison to observations

Throughout this paper, we test the compatibility of our syn-
thetic spectra and multiband light curves against the well observed
SN 2005cf. We use the optical spectra published in Garavini et al.
(2007) and Bufano et al. (2009). We use near-IR spectra published in
Gall et al. (2012), from which we also adopt the B-band maximum
time of JD 245 3534.0. We also use photometry from Pastorello
et al. (2007). As in Blondin et al. (2013), we adopt a distance modu-
lus of 32.17 mag and a total reddening (Milky Way and host galaxy)
E(B − V) of 0.22 mag (Wang et al. 2009). We use RV = 3.1 and the
extinction law of Cardelli, Clayton & Mathis (1989).

We use SN 2005cf primarily to test how our model DDC10, which
has a 56Ni mass similar to that inferred for SN 2005cf (Blondin
et al. 2013), compares with its multi-epoch multiwavelength obser-
vations. For each comparison, we take the model that is the closest
to the observation time, implying an offset of !1 d around bolo-
metric maximum and ∼2 d at late times. A detailed discussion of
the match to specific line features, line identifications, line widths,
colours, decline rates, etc. is left to a future paper on the specific
modelling of SN 2005cf.

Throughout this paper, we use a single ejecta model, i.e. DDC10,
without altering any of its properties. In this sense, it would be for-
tuitous if our synthetic spectra matched every spectral feature and if
our multiband light curves matched all the photometric properties of
this SN. A corollary is that model DDC10, with its 0.65 M⊙ of 56Ni,
cannot be used to compare with any sub-luminous or superluminous
SN Ia, for obvious reasons.

3 R E P RO D U C I N G T H E FU N DA M E N TA L
PROPERTIE S OF A N SN Ia

In this section, we present in a chronological way the work we
have done. For a number of years, we failed to reproduce the most
fundamental colour properties of SNe Ia beyond the peak of the
light curve, for reasons that became clear only recently.

3.1 Statement of the problem

Previous studies have emphasized the difficulty of modelling SNe
Ia – the ejecta are rich in metals and the problem is time dependent
(Pinto & Eastman 2000a,b). While some invoke the need for mil-
lions to billions of lines to model the transport adequately (Kasen
et al. 2008), some attempts in the mid-1990s, which obtained a sat-
isfactory match to observations, employed not even a million lines
(Hoflich 1995). Although Baron et al. (1996) emphasized the im-
portance of non-LTE effects, many SN Ia simulations assume either
full LTE for the gas state (populations, ionization) or use a nebular
approximation for the ionization together with LTE for the level
populations. Since reasonable fits have been obtained with a variety
of techniques, it is still unclear what are the critical ingredients for
modelling SNe Ia.

Over the years, we have explored the influence of model atoms
on our results in the context of core-collapse SNe (Dessart &

Figure 2. Top: bolometric light curve for model DDC10_A0. Middle: same
as top, but now showing the evolution of the fractional luminosity falling
over the photometric passbands UBVRI. For comparison, we show the cor-
responding luminosity for SN 2005cf inferred from its UBVRI photometry.
Bottom: same as in middle panel, but now showing a comparison of model
DDC10_A0 photometry and counterparts for SN 2005cf – the size of filled-
dots is ∼0.25 mag. While the V band is matched at all epochs, there is very
poor agreement beyond maximum for the UBJHK bands. We use a distance
modulus of 32.17 mag, an E(B − V) of 0.22 mag, and an RV of 3.1.

Hillier 2010, 2011; Dessart et al. 2011, 2013a; Li et al. 2012). This
revealed the critical importance of including large model atoms for
iron, primarily Fe I and Fe II in the low-ionization conditions of
SNe II/Ib/Ic. The ionization conditions in SN Ia ejecta are typically
much larger, so we started with large model atoms for Fe II– IV. The
complete model atom for model DDC10_A0 is given in Table A1.
Starting at day one, we evolved the ejecta up until 60 d after explo-
sion and show the resulting bolometric light curve in the top panel
of Fig. 2. We obtain a rise time of 17.43 d to a maximum bolometric
luminosity of 1.45 × 1043 erg s−1.

Since it is not possible to directly compare the bolometric lumi-
nosity to observations, we confront the fractional luminosity falling
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Figure 3. Comparison between the spectral evolution of model DDC10_A0
(red) and the observations of SN 2005cf (black) – we show Fλ on a linear
scale. Times are given with respect to B-band maximum. Synthetic spec-
tra have been reddened, redshifted and scaled to match the distance to
SN 2005cf. Spectra are also scaled vertically for better visibility; the label
on the right gives the true B-band magnitude offset between model and ob-
servations at each date. After good agreement up to bolometric maximum,
models DDC10_A0 and SN 2005cf eventually disagree, the model retaining
a blue colour becomes more and more discrepant.

over the bands UBVRI in model DDC10_A0 and infer the corre-
sponding quantity for SN 2005cf. The agreement is satisfactory
around the peak of the light curve, but the agreement becomes
poorer as time progresses into the nebular phase (middle panel of
Fig. 2). This disagreement could arise in two ways – we have too
much late time energy deposition in the model, or alternatively,
there is too much model flux coming out in the UBVRI bands. In
model DDC10_A0, the bulk of the flux comes out in the range
3000 Å–1 µm. This fraction rises steadily from 70 per cent at 1 d to
90 per cent at the peak of the light curve, and it stays at 90 per cent
until the end of the simulation at 60 d. The flux falling shortward of
3000 Å is typically a few per cent, and that falling in the near-IR is
typically half that.

To understand the colour evolution, we compare the multi-
band light curves of model DDC10_A0 with those observed for
SN 2005cf (bottom panel of Fig. 2). While we obtain a good match
to the V-band light curve at all times, the match to other bands is
satisfactory only up to the peak. Beyond the peak, the model is
obviously too blue, showing excess flux in the U and B bands, and
a flux deficit in the near-IR.

Spectroscopically, the mismatch between model DDC10_A0 and
the observations of SN 2005cf is striking (Fig. 3). Up to the peak,
the model shows the very standard SN Ia signatures, although the

spectral energy distribution (SED) is somewhat too red initially. The
basic morphology of line profiles is also well matched. However, as
time proceeds beyond bolometric maximum, our synthetic spectra
are systematically too blue. This occurs in spite of the strong fading
of the SN (well reproduced by our model), which is due to both
the decreasing radioactive decay energy that is released and the
increasing fraction of γ -rays that escape the ejecta.

So, the problem with model DDC10_A0 is not with the bolomet-
ric luminosity, or the rate at which radiant energy leaks out of the
ejecta, but instead with the computed colour evolution. Although
a very basic property, SN colour is one of the hardest property to
get right because it is sensitive to temperature, ionization, opac-
ity, etc. For example, increasing the size of the Fe I model atom
in an SN II-P simulation yielded a fading of 2 mag of our syn-
thetic U-band magnitude (Dessart & Hillier 2011; Dessart et al.
2013a). Such a sensitivity is very problematic for the convergence
of radiative-transfer results.

The present problem is not limited to model DDC10_A0. Ear-
lier calculations with CMFGEN, using the hydrodynamical inputs of
Kasen & Woosley (2007), yielded the same discrepancy. We also ex-
plored whether other delayed-detonation models showed the same
discrepancy. We tried a new version of model N32 of Hoeflich &
Khokhlov (1996), as well as the full series of models of Blondin
et al. (2013) which cover a factor of >5 in 56Ni mass, and found that
all resulting time sequences eventually develop this colour problem
after the peak. The issue is probably related to the extraordinary
conditions existing in SN Ia ejecta. In the following sections, we
explore various routes to solve the problem.

3.2 An opacity problem?

A fundamental property of SN Ia ejecta that sets them aside from
other SN ejecta is their unique composition, split between IMEs
and IGEs. For once ionized atoms, the number of free electrons per
nucleon goes from 1 for hydrogen, to 1/4 for helium, to only 1/56
for 56Fe. Thus, the electron scattering opacity per unit mass is much
lower, by typically more than an order of magnitude, than in SN II
ejecta.

SNe Ia also have a representative ejecta kinetic energy of 1 B for
about a tenth of the ejecta mass of SNe II. Compared to SNe II, SN
Ia ejecta have faster expansion rates and are characterized by lower
densities early on. Consequently, because of the weakening of the
electron scattering opacity per unit mass and the low ejecta density,
the continuum mass absorption coefficient is reduced in Type Ia
compared to Type II SNe. However, in SNe Ia, metals, with their
large mass fraction, are a strong source of additional opacity. The
complex atomic structures of metals, with their unfilled 3d/4s shell,
leads to the presence of millions of lines, with those from iron and
cobalt (e.g. Fe II, Fe III, Co II and Co III) being of greater importance.

In model DDC10_A0, we include all metal line transitions with
a gf value greater than 0.002 (but also limited by our adopted model
atom).3 This cut only applies to elements whose atomic-mass num-
ber is greater than 20 (i.e. Ne), does not apply to the lowest n levels
(n is typically 9) and a transition is omitted only when there
are at least m (m is typically 9) stronger downward transitions
from the level. Thus, this procedure does not cut important transi-
tions to ground levels, and forbidden and semiforbidden transitions
among low-lying states. With the model atoms employed in model

3 There is no cut in the gf value when we compute the final spectrum.
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¶ 56Ni decay energy is deposited beneath the photosphere
¶ deposited energy diffuses through the SN; some γ rays escape
¶ deposited energy appears at the photosphere, as the SN evolves
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luminosity, duration, and decline rate. Some of the recently
discovered super-luminous supernovae (SLSNe) are classified
as SN IIn events, mainly due to the spectroscopic signatures of
ejecta–circumstellar-matter (CSM) interaction (Schlegel 1996).

Although there are numerical simulations of the interaction
of SN ejecta with the CSM and model LCs under optically thin
conditions (Falk & Arnett 1977; Van Marle et al. 2010), the
only attempt made so far to incorporate the effects of radiative
diffusion of shock-deposited energy in an optically thick CSM
envelope was done in the case of RSG progenitors surrounded by
a CSM with a limited set of density profiles (ρCSM ∼ r−2, r−1.5;
Moriya et al. 2011). The work done by Moriya et al. (2011) using
the one-dimensional radiation hydrodynamics code STELLA
(Blinnikov & Bartunov 1993; Blinnikov et al. 1998; Blinnikov
et al. 2006) reproduced the LC of ultraviolet-rich SN IIP SN
2009kf reasonably well and provided a tool to study the LCs
of low-luminosity SN IIn powered by the interaction of the SN
ejecta with a circumstellar (CS) wind. For higher luminosity
events in the regime of SLSNe, Moriya et al. (2011) find that
extraordinary mass-loss rates are required that are inconsistent
with an RSG progenitor. This and other factors motivate us
to update the analytical models of A80, 82 and determine
approximate LCs for SLSNe powered by optically thick SN
ejecta–CSM interaction for a variety of CSM and progenitor
characteristics. This is important in order to produce a physically
acceptable model for an SLSN IIn LC for which there is a smooth
rise to maximum light; a simplified model of instantaneous
shock heating yields an LC that increases steeply to maximum
in a very short timescale. The large parameter space that is
connected with SN IIn (properties of the SN progenitor, the SN
ejecta, and of the CSM envelope) provide a natural explanation
for the observed diversity of SN IIn LCs. Another motivation
for developing an efficient approximate analytical model is to
perform a qualitative study of this large parameter space. Given
that many of the recently discovered SLSNe have been classified
as SN IIL or SN IIn events, a “unified” model is sought in order
to explain their properties; at least the properties of their CSM
environments and ideally of their progenitors as well.

One of the interesting aspects of the SLSN events that
seem to be surrounded by dense, optically thick shells is that
the nature of the underlying SN is hidden and thus remains
obscure. There seems to be too much mass to be associated
with any underlying white dwarf thermonuclear explosion,
but that leaves many unanswered questions. What are the
progenitor mass and radius, the ejecta composition, and energy?
What is the explosion mechanism, core collapse, or something
else? The collective enigmatic nature of these super-luminous
events means that we have to return to rudimentary studies
to explore the parameter space that may be appropriate. For
this reason we have generalized the basic LC models of A80,
82 using the first law of thermodynamics and the diffusion
approximation. Where Arnett first proposed his models in the
context of radioactive decay, we have adapted his technique
for an arbitrary prescription of the power input. This allows
us to explore radioactive decay, shell-shocks, magnetars, and,
within some limitations, combinations of these power inputs.
These basic models allow us to address questions such as:
what is needed to make the LC rise have a certain shape,
and, independently, what shapes the decline; what is needed
to generate a nearly symmetric LC or a very asymmetric one;
what is the effect of the initial radius of the SN progenitor;
what are the constraints on the density profiles in the SN
ejecta and the CSM? The most general question we propose

to explore is whether or not the heterogeneity of the current
sample of SLSN requires very different progenitors and physics,
or whether there is some common theme expressed in different
ways. The goal of this study is not to compete with more realistic
radiation hydrodynamics simulations but rather complement
them by providing approximate solutions that will help us
understand the importance of the parameters involved in the
case of SLSNe. Benchmarking against more accurate, numerical
results is discussed in this work as a means to illustrate the
uncertainties and the limitations of our model.

We organize the paper as follows. In Section 2, we present
the general physical assumptions of the basic LC model and
we provide solutions in the cases of homologously expanding
material and fixed SN photosphere. In Section 3, we present
a variety of physically motivated luminosity inputs and we
develop model LCs for shock energy deposition resulting
from SN ejecta–CSM interaction incorporating the effects of
radiative diffusion. We also develop a hybrid LC model with
ejecta–CSM interaction plus 56Ni and 56Co radioactive decay.
In Section 4, we provide a characteristic fit of the hybrid
ejecta–CSM interaction radioactive decay input to the LC of
the SLSN 2006gy and discuss the implications of this model
for the nature of the event. Applications to other SLSNe will
be presented in a subsequent paper. Finally, in Section 5 we
summarize our conclusions. Details of the derivations of the
analytical models are given in Appendices A and B.

2. GENERAL LIGHT CURVE MODEL

Following the prescriptions of A80, 82 for Type I SN
LCs, we present a solution for a general heating input. The
initial assumptions for our model remain the same as in A80,
82, those being (1) homologous expansion of the ejecta, (2)
centrally located power input source, and (3) radiation pressure
dominant. Under these assumptions we consider the first law of
thermodynamics

Ė + P V̇ = ϵinp − ∂L

∂m
, (1)

where E = aV T 4 is the specific internal energy, P =
(1/3)aT 4V is the pressure, V = ρ−1 is the specific volume
where ρ is density, ϵinp is the specific input energy generation
rate, L is the output radiated luminosity, and m is the mass
coordinate of the fluid element. In general, the temperature
profile of the diffusion mass, T, ϵinp, and L are functions of
position, x = r/R, and time, t, where x is the dimensionless
position coordinate for a fluid element relative to a fiducial
radius taken to be the radius of the photosphere. For homologous
expansion R = R0 + vt, where R0 is the initial radius of the
ejecta at the moment of shock breakout and v is the characteristic
expansion velocity of the ejecta. The velocity v is not necessarily
the photospheric expansion velocity, vph, as measured from SN
spectra, but we can use v = vph as an approximation in some
cases.

For the output luminosity we use the radiation diffusion
approximation

L = −4πr2λca

3
∂T 4(x, t)

∂r
, (2)

where λ = 1/κρ is the mean free path with κ being the mean
opacity that we take to be a constant, ρ the density, and c the
speed of light. In the following analysis we alter the two first
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obscure. There seems to be too much mass to be associated
with any underlying white dwarf thermonuclear explosion,
but that leaves many unanswered questions. What are the
progenitor mass and radius, the ejecta composition, and energy?
What is the explosion mechanism, core collapse, or something
else? The collective enigmatic nature of these super-luminous
events means that we have to return to rudimentary studies
to explore the parameter space that may be appropriate. For
this reason we have generalized the basic LC models of A80,
82 using the first law of thermodynamics and the diffusion
approximation. Where Arnett first proposed his models in the
context of radioactive decay, we have adapted his technique
for an arbitrary prescription of the power input. This allows
us to explore radioactive decay, shell-shocks, magnetars, and,
within some limitations, combinations of these power inputs.
These basic models allow us to address questions such as:
what is needed to make the LC rise have a certain shape,
and, independently, what shapes the decline; what is needed
to generate a nearly symmetric LC or a very asymmetric one;
what is the effect of the initial radius of the SN progenitor;
what are the constraints on the density profiles in the SN
ejecta and the CSM? The most general question we propose

to explore is whether or not the heterogeneity of the current
sample of SLSN requires very different progenitors and physics,
or whether there is some common theme expressed in different
ways. The goal of this study is not to compete with more realistic
radiation hydrodynamics simulations but rather complement
them by providing approximate solutions that will help us
understand the importance of the parameters involved in the
case of SLSNe. Benchmarking against more accurate, numerical
results is discussed in this work as a means to illustrate the
uncertainties and the limitations of our model.

We organize the paper as follows. In Section 2, we present
the general physical assumptions of the basic LC model and
we provide solutions in the cases of homologously expanding
material and fixed SN photosphere. In Section 3, we present
a variety of physically motivated luminosity inputs and we
develop model LCs for shock energy deposition resulting
from SN ejecta–CSM interaction incorporating the effects of
radiative diffusion. We also develop a hybrid LC model with
ejecta–CSM interaction plus 56Ni and 56Co radioactive decay.
In Section 4, we provide a characteristic fit of the hybrid
ejecta–CSM interaction radioactive decay input to the LC of
the SLSN 2006gy and discuss the implications of this model
for the nature of the event. Applications to other SLSNe will
be presented in a subsequent paper. Finally, in Section 5 we
summarize our conclusions. Details of the derivations of the
analytical models are given in Appendices A and B.

2. GENERAL LIGHT CURVE MODEL

Following the prescriptions of A80, 82 for Type I SN
LCs, we present a solution for a general heating input. The
initial assumptions for our model remain the same as in A80,
82, those being (1) homologous expansion of the ejecta, (2)
centrally located power input source, and (3) radiation pressure
dominant. Under these assumptions we consider the first law of
thermodynamics

Ė + P V̇ = ϵinp − ∂L

∂m
, (1)

where E = aV T 4 is the specific internal energy, P =
(1/3)aT 4V is the pressure, V = ρ−1 is the specific volume
where ρ is density, ϵinp is the specific input energy generation
rate, L is the output radiated luminosity, and m is the mass
coordinate of the fluid element. In general, the temperature
profile of the diffusion mass, T, ϵinp, and L are functions of
position, x = r/R, and time, t, where x is the dimensionless
position coordinate for a fluid element relative to a fiducial
radius taken to be the radius of the photosphere. For homologous
expansion R = R0 + vt, where R0 is the initial radius of the
ejecta at the moment of shock breakout and v is the characteristic
expansion velocity of the ejecta. The velocity v is not necessarily
the photospheric expansion velocity, vph, as measured from SN
spectra, but we can use v = vph as an approximation in some
cases.

For the output luminosity we use the radiation diffusion
approximation

L = −4πr2λca

3
∂T 4(x, t)

∂r
, (2)

where λ = 1/κρ is the mean free path with κ being the mean
opacity that we take to be a constant, ρ the density, and c the
speed of light. In the following analysis we alter the two first
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Figure 2. Example of LC models for a terminated constant luminosity input
(“top-hat,” dotted curve) in the cases of homologously expanding matter (solid
curve) and fixed photosphere (dashed curve). See Section 3.2.1 for details. The
models shown are for total input energy 2 × 1051 erg that terminates at tsh =
50 days and for the choice of diffusion time t0 = 100 days. For the homologously
expanding case, the initial radius is R0 = 1012 cm and the photospheric velocity
v = 10,000 km s−1. For the fixed photosphere, R0 = 1012 cm = constant. For
this choice of parameters the diffusion mass is determined to be 11.6 M⊙.

considered in previous work. In the following subsections, we
summarize those past results in order to use them for comparison
with the models that we will introduce.

3.2.1. Terminated Constant CS Shock Luminosity

Motivated by the fact that an instantaneous shock luminosity
input does not provide an output SN LC with a smooth rise
to maximum light, we consider a “top-hat” model in which
a constant input is provided for a finite time and then shuts
off. To be specific, we consider the input to be a shock
with constant luminosity, Lsh lasting for time, tsh, and thus
producing total energy Esh = Lshtsh. Therefore, the input shock
luminosity that is provided to the expanding diffusion mass is
Lsh = Esh/tsh for t < tsh and Lsh = 0 otherwise. This is the
input luminosity function that we insert into Equations (3) and
(4) to calculate the output LC in the cases of homologously
expanding matter and stationary matter with a photosphere
of fixed radius, respectively. We also assume that the shock
luminosity deposition takes place deep within the diffusion
mass, therefore we neglect any corrections attributable to
the movement of the shock toward the photosphere. Direct
integration yields

L(t) =

⎧
⎨

⎩

Esh
tsh

[1 − e−(t2/2t2
d +2R0t/vt2

d )], t < tsh,

Esh
tsh

e−(t2/2t2
d +2R0t/vt2

d )[e(t2
sh/2t2

d +R0tsh/vt2
d ) − 1], t > tsh,

(7)
in the case of homologously expanding matter and

L(t) =

⎧
⎨

⎩

Esh
tsh

[1 − e−t/t0 ], t < tsh,

Esh
tsh

e−t/t0 [etsh/t0 − 1], t > tsh,

(8)

in the case of fixed photospheric radius. Examples of model LCs
for those two cases within the context of this type of luminosity
input are shown in Figure 2.

In this type of model the energy that powers the SN LC is
produced by the diffusion of shock-generated energy through
an optically thick CSM shell of large initial radius. Smith &

McCray (2007) adopted an L ∝ r2 rise for their model of SN
2006gy based on the early portion of the diffusion models of
A82. They did not self-consistently consider the input necessary
to drive such a rise. This constant power model is related to the
“top-hat” magnetar-input model that is considered in Kasen &
Bildsten (2010) with the exception that we solve for the general
case of large initial radius and the diffusion time is defined
somewhat differently (see Appendix A). We note that in the
case where R0 is small, the Kasen & Bildsten result for small
initial radius is recovered. While not especially realistic, this
“top-hat” model captures the essence of the shell-shock model
on both the rise and decline.

3.2.2. Radioactive Decays of 56Ni and 56Co

Diffusion of the radioactive decay energy of newly synthe-
sized 56Ni and 56Co has long been considered the source for
powering the LCs of SN Ia, SN Ib/c, and some SN II. A79, A80,
A82 were the first to analytically solve this problem and later
works by Valenti et al. (2008) and Chatzopoulos et al. (2009)
provide the generalized mathematical expressions for the output
LC including the contribution due to nickel decay and positron
heating (assuming the same deposition function) as well as the
effects of gamma-ray leakage. The output luminosity in this
case is found to be

L(t) = 2MNi

td
e
−
[

t2

t2
d

+ 2R0 t

vt2
d

] [
(ϵNi − ϵCo)

∫ t

0

×
[

R0

vtd
+

t ′

td

]
e

[
t ′2
t2
d

+ 2R0 t ′

vt2
d

]
e−t ′/tNidt ′

+ ϵCo

∫ t

0

[
R0

vtd
+

t ′

td

]
e

[ t ′2
t2
d

+ 2R0 t ′

vt2
d

]
e−t ′/tCodt ′

]

(1 − e−At−2
),

(9)

here R0 is the initial radius of the progenitor, MNi is the
initial nickel mass, tNi = 8.8 days, tCo = 111.3 days, ϵNi =
3.9 × 1010 erg s−1 g−1, and ϵCo = 6.8 × 109 erg s−1 g−1 are the
energy generation rates due to Ni and Co decays, respectively
(Valenti et al. 2008). The factor (1 − e−At−2

) accounts for the
gamma-ray leakage, where large A means that practically all
gamma rays and positrons are trapped. The gamma-ray optical
depth of the ejecta is taken to be τγ = κγ ρR = At−2, where κγ

is the gamma-ray opacity of the SN ejecta.
Within this model, for which the timescales of the power

inputs are known, the following expression for the mass of the
SN ejecta can be obtained:

Mej = βcR(0)t0
κ

= 3
10

βc

κ
vt2

d , (10)

where Mej is the mass of the SN ejecta and β is an integration
constant equal to about 13.8. This equation for the diffusion
mass (the mass of the SN ejecta in this case) holds for both
homologously expanding matter and fixed photosphere, but only
under the assumption of a centrally located power input. If the
power input source moves within the diffusion mass, t0 is itself
time dependent and the diffusion mass also changes with time,
depending on the position of the source relative to the that of
the photosphere. Although this model can provide good formal
fits to observed LCs of some SLSNe, it cannot be adopted as
a general explanation due to the fact that in many cases the
derived MNi is greater than Mej for reasonable choices of κ .
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Figure 2. Example of LC models for a terminated constant luminosity input
(“top-hat,” dotted curve) in the cases of homologously expanding matter (solid
curve) and fixed photosphere (dashed curve). See Section 3.2.1 for details. The
models shown are for total input energy 2 × 1051 erg that terminates at tsh =
50 days and for the choice of diffusion time t0 = 100 days. For the homologously
expanding case, the initial radius is R0 = 1012 cm and the photospheric velocity
v = 10,000 km s−1. For the fixed photosphere, R0 = 1012 cm = constant. For
this choice of parameters the diffusion mass is determined to be 11.6 M⊙.

considered in previous work. In the following subsections, we
summarize those past results in order to use them for comparison
with the models that we will introduce.

3.2.1. Terminated Constant CS Shock Luminosity

Motivated by the fact that an instantaneous shock luminosity
input does not provide an output SN LC with a smooth rise
to maximum light, we consider a “top-hat” model in which
a constant input is provided for a finite time and then shuts
off. To be specific, we consider the input to be a shock
with constant luminosity, Lsh lasting for time, tsh, and thus
producing total energy Esh = Lshtsh. Therefore, the input shock
luminosity that is provided to the expanding diffusion mass is
Lsh = Esh/tsh for t < tsh and Lsh = 0 otherwise. This is the
input luminosity function that we insert into Equations (3) and
(4) to calculate the output LC in the cases of homologously
expanding matter and stationary matter with a photosphere
of fixed radius, respectively. We also assume that the shock
luminosity deposition takes place deep within the diffusion
mass, therefore we neglect any corrections attributable to
the movement of the shock toward the photosphere. Direct
integration yields

L(t) =

⎧
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Esh
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[1 − e−t/t0 ], t < tsh,

Esh
tsh

e−t/t0 [etsh/t0 − 1], t > tsh,

(8)

in the case of fixed photospheric radius. Examples of model LCs
for those two cases within the context of this type of luminosity
input are shown in Figure 2.

In this type of model the energy that powers the SN LC is
produced by the diffusion of shock-generated energy through
an optically thick CSM shell of large initial radius. Smith &

McCray (2007) adopted an L ∝ r2 rise for their model of SN
2006gy based on the early portion of the diffusion models of
A82. They did not self-consistently consider the input necessary
to drive such a rise. This constant power model is related to the
“top-hat” magnetar-input model that is considered in Kasen &
Bildsten (2010) with the exception that we solve for the general
case of large initial radius and the diffusion time is defined
somewhat differently (see Appendix A). We note that in the
case where R0 is small, the Kasen & Bildsten result for small
initial radius is recovered. While not especially realistic, this
“top-hat” model captures the essence of the shell-shock model
on both the rise and decline.

3.2.2. Radioactive Decays of 56Ni and 56Co

Diffusion of the radioactive decay energy of newly synthe-
sized 56Ni and 56Co has long been considered the source for
powering the LCs of SN Ia, SN Ib/c, and some SN II. A79, A80,
A82 were the first to analytically solve this problem and later
works by Valenti et al. (2008) and Chatzopoulos et al. (2009)
provide the generalized mathematical expressions for the output
LC including the contribution due to nickel decay and positron
heating (assuming the same deposition function) as well as the
effects of gamma-ray leakage. The output luminosity in this
case is found to be

L(t) = 2MNi
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here R0 is the initial radius of the progenitor, MNi is the
initial nickel mass, tNi = 8.8 days, tCo = 111.3 days, ϵNi =
3.9 × 1010 erg s−1 g−1, and ϵCo = 6.8 × 109 erg s−1 g−1 are the
energy generation rates due to Ni and Co decays, respectively
(Valenti et al. 2008). The factor (1 − e−At−2

) accounts for the
gamma-ray leakage, where large A means that practically all
gamma rays and positrons are trapped. The gamma-ray optical
depth of the ejecta is taken to be τγ = κγ ρR = At−2, where κγ

is the gamma-ray opacity of the SN ejecta.
Within this model, for which the timescales of the power

inputs are known, the following expression for the mass of the
SN ejecta can be obtained:

Mej = βcR(0)t0
κ

= 3
10

βc

κ
vt2

d , (10)

where Mej is the mass of the SN ejecta and β is an integration
constant equal to about 13.8. This equation for the diffusion
mass (the mass of the SN ejecta in this case) holds for both
homologously expanding matter and fixed photosphere, but only
under the assumption of a centrally located power input. If the
power input source moves within the diffusion mass, t0 is itself
time dependent and the diffusion mass also changes with time,
depending on the position of the source relative to the that of
the photosphere. Although this model can provide good formal
fits to observed LCs of some SLSNe, it cannot be adopted as
a general explanation due to the fact that in many cases the
derived MNi is greater than Mej for reasonable choices of κ .
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criteria of A80, 82 by considering v → 0 (fixed photospheric
radius instead of homologous expansion) and input sources that
terminate due to their movement through the diffusion mass such
as a forward shock that breaks out from an optically thick CSM
envelope. The assumption of constant opacity is a weakness of
our analytical approach, but it was necessary in order to obtain
a separable partial differential equation (PDE). In more realistic
situations that are accounted for in radiation hydrodynamics
models, opacity is depth and time dependent. We note that while
Moriya et al. (2011) use their radiation hydrodynamics code to
compute the ionization state and opacities of the underlying
explosion, they adopt a Thomson electron scattering opacity
for fully ionized solar metallicity material (κ ∼ 0.33 cm2 g−1)
within the ionization front of the CSM. We will use the same
value for the optical opacity throughout this work. This general
LC model has been considered and expanded by Blinnikov &
Popov (1993) for the case of a piecewise constant opacity in
power-law density distributions for the SN ejecta. As pointed
out in their paper, the correct approach to the subject belongs
to the class of moving boundary problems and not the usual
eigenvalue formulation that has been considered so far for the
analytical models. A different approach has also been considered
by Popov (1995) where he adopts a mixed boundary condition
for radiation (not the radiative zero solution that is considered
in the A80, A82, A96 models) and obtains solutions for general
heating terms in the form of Green’s functions but specifically
focusing attention on radioactive heating.

2.1. Solution for Homologously Expanding Photosphere

As shown in Appendix A, the general full solution for the
output luminosity from the photosphere of the SN ejecta can be
written as

L(t) = 2L0

td
e
−
[

t2

t2
d

+ 2R0 t

vt2
d

] ∫ t

0
e

[
t ′2
t2
d

+ 2R0 t ′

vt2
d

]
f (t ′)

[
R0

vtd
+

t ′

td

]
dt ′

+
Eth,0

t0
e−(t2/t2

d +2R0t/vt2
d ), (3)

where we have introduced the effective LC timescale, td =√
2t0th, and where t0 = 3κR2

0/V00αc = κM/βcR0 is the
diffusion timescale, V00 is the initial central specific volume
of the ejecta, α is a constant arising from the separation of
variables of the LC PDE, th = R0/v is the expansion timescale,
L0 is the initial luminosity input (see Appendix A), Eth,0 is the
total SN explosion energy, and β is a constant that accounts for
the density profile of the diffusion mass. A80, 82 adopt β = 13.8
as a good approximation for a variety of diffusion mass density
profiles. The term R(t)/R0t0 (see Equation (A9) in Appendix A)
can be written as (R0 + vt)/R0t0 or (2R0/vtd + 2t/td )/td (as we
have done in Equation (3)) as convenient. For R0 → 0 the
additive term R0t/vt2

d that appears in Equation (3) vanishes and
the solution for small initial radius is recovered, as presented in
A80, 82. Arnett & Fu (1989) and A96 also implicitly present this
general solution and apply it to the case of the LC of SN 1987A
for several power inputs (pulsar heating, swept-up luminosity,
and fallback). The second term in Equation (3) is an initial value
term related to the internal energy, Eth,0 that the SN possesses
at a given time. In Equation (3), this term is governed by the
energy the ejecta have at time t = 0 that they gained from the SN
blast wave that subsequently diffuses from the optically thick
expanding envelope. In A80, this term is used to explain SN IIP
LCs, for which the CSM shock input energy from radioactive
56Ni and 56Co decay is small compared with the total energy of

the ejecta at early times. Due to the fast exponential decay this
“fireball” term may be ignored for our purposes since it affects
the LC only at very early times. We note that this term does
play a role in models for which the input ceases and diffusion
controls the luminous output. In this context, the coefficient
of the exponential term becomes L0, the initial value of the
luminosity at the time the power input ceases, after which
the luminosity decays according to the exponential diffusion
term (Sections 3.1 and 3.2.1). In Section 3, we will explore
several physical luminosity inputs to obtain the final generalized
model LCs.

2.2. Solution for Fixed Photosphere

Next, rather than homologous expansion, we assume v = 0,
R = R0 = Rph (and thus R(t)/R0t0 = 1/t0) for a fixed
photosphere radius. The motivation for this is the fact that
around massive SN progenitors there can be an optically
thick CSM shell, so that when the SN ejecta collide with
that surrounding medium, a forward shock is formed that
propagates into the nearly stationary CSM and a reverse shock
propagates into the ejecta, both depositing kinetic energy
and heating the interacting media. These shocks provide a
natural source for the output luminosity of the event (Chevalier
1982; Chevalier & Fransson 1994; Chugai & Danziger 1994).
Although the diffusion problem that we solved above involves an
homologously expanding SN photosphere, we assume that the
same principles hold for a stationary photosphere and diffusion
mass. This assumption modifies the final PDE that we solve (see
Appendix A) and leads to the following general solution:

L(t) = 1
t0

e
− t

t0

∫ t

0
e

t ′
t0 Linp(t ′)dt ′ +

Eth,0

t0
e−t/t0 , (4)

where Eth,0 is, again, the initial internal energy from the SN
blast wave that affects the LC at early times and that we ignore
in our analysis. For small initial radius (R0 → 0) that term also
goes to zero.

3. POWER INPUTS

Having the general solutions for the output SN LCs provided
by Equations (3) and (4) for homologously expanding and fixed
photosphere, respectively, we now consider several physical
heat inputs as the “source functions” for the integrals of these
expressions in order to obtain the final output LC models. From
the form of these general solutions it follows that, in order
to obtain a physical LC that rises smoothly to maximum and
subsequently declines, the luminosity deposition function must
be a smooth continuous function that does not monotonically
increase. For a constant or monotonically rising power input,
the output luminosity will always increase with time with a
monotonically increasing slope until the heat input vanishes at
some point. For a monotonically declining input, the luminosity
will increase to a maximum value and then decline, dominated
by diffusion and cooling. As shown in Section 3.3, plausible
input sources can rise and then decline. At very late times, the
output luminosity will be the same as the input luminosity as the
diffusion time becomes short compared with the total elapsed
time. This property is used as a diagnostic for radioactive decay
of 56Ni and 56Co for some SN LCs where late-time photometric
observations indicate a decline rate consistent with that of 56Co
(Colgate & McKee 1969; Colgate et al. 1980). The same is
expected to be the case for other continuous power inputs.
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Gamma-ray line spectroscopy: the science poten3al
Radioac6ve trace isotopes from nucleosynthesis reac6ons and released in source's ejecta: 

• Only the most-plausible candidates per source type are listed
(abundance; decay Ime (weeks<τ<108y) long enough to survive ejecIon/not too long to be bright)14

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… 

 

radioac've by-products of nuclear reac'ons

provide a new/different observa'onal window

on interiors of supernova explosions and stars 
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The Challenge of Finding SN2014J Gamma-Rays

¶Current Gamma-Ray Telescopes Have Large Intrinsic Background
FCosmic Ray AcJvaJon of SpacecraK and Instrument

expected signal from SN2014J

typical background intensity

from Churazov et al., 2014
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
16
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SN1991T: 56Ni decay gamma rays

SN 1991T:
¶ ~10 Apr 1991 in NGC4527 (d~13±2 Mpc)
¶ unusually bright

FmaxV~11.5 ~20 Apr 1991; high reddening, slow decline 

¶ spectroscopy à clear Fe enrichments 

COMPTEL observa4on results:
F~28 days of observaEon (t=66-79, t=176-190)
Fmodeling instrumental background; likelihood analysis
Fspectroscopy:  56Co line detecEon (3.6 σ)
Fimaging:  3.1 σ point source excess @ SN91T posiEon
F56Co line fluxes (847/1238 keV) (7±2) (4±1) / 10-5 ph cm-2 s-1

¶ M56Ni ~1.5 M⊙ (>0.6)

¶ other esJmates of M56Ni :
FopEcal spectra model: 0.9-1 M⊙

FNIR Fe lines: 0.4-1.2 M⊙

17

Morris+ 1995; 1997; 2002

count excess over bgd

typical bgd spectrum

significance map

flux (t)
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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 evolu=on in std spectral bands
Brown+ 2014, Foley+ 2014, … è

Consistent with a 
“normal SN Ia”

SN2014J
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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 verifica=on 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



Roland DiehlNuclear Physics in Astrophysics XII', Cluj (Romania), Sep 7-11, 2026

SNIa model verifica=on through 56Ni decay lines
InvesJgaJng the potenJal of gamma-ray lines for SN Ia parameter esJmates à

Fsimulate SNIa model gamma-ray spectra vs. Eme aPer 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 propagaEon assumpEons: 

– single sca_ering shell 
à determine 56Ni mass and gamma-ray leakage Mme

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

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

– next-generaMon instrument; 
several SNe/y

¶ ApplicaJon 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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Positron annihila=on in SN2014J

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

~56Co line fluxes
à ~all e+ annihilaJng

¶ Blue-shiKed by 10-15 keV (??)

• Model study
Fpositron escape is ~1052/SNIa 

(<2% of all GalacEc e+)

Sonnberger 2019

Figure 3. Escape probability of positrons as a function of time for all dipole
models. Panel (A) shows different totals for 56Ni production (upper left), panel
(B) shows different central densities (lower left), panel (C) shows different
helium detonation masses (upper right), and panel (D) shows the difference
between a merger and a helium detonation (lower right). The nomenclature
used is described in Section 3.

Figure 4. Same as Figure 3, but with turbulent models. Note that the highest B-
fields are close to the time axis.

Figure 5. Positron flux per day from day 0 to day 1000 for all dipole models.
Panel (A) shows differences in total 56Ni production (upper left), panel (B)
shows differences in central density (lower left), panel (C) shows differences in
helium detonation mass (upper right), and panel (D) shows the difference
between a merger and a helium detonation (lower right). The nomenclature
used is described in Section 3.

Figure 6. Same as Figure 5, but with turbulent models. Note that the highest B-
fields are close to the time axis.

Figure 7. Total integrated escaped positron energy spectrum from day 0 to day
2000 for each explosion dipole model. Panel (A) shows differences in total
56Ni production (upper left), panel (B) shows differences in central density
(lower left), panel (C) shows differences in helium detonation mass (upper
right), and panel (D) shows the difference between a merger and a helium
detonation (lower right). These models are normalized to unity. The
nomenclature used is described in Section 3.

Figure 8. Same as Figure 7, but with turbulent models.

6

The Astrophysical Journal, 930:107 (12pp), 2022 May 10 Mera Evans, Hoeflich, & Diehl

Mera Evans+ 2022

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.
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SN2014J: Early 56Ni (τ~8.8d)

Spectra from the SN  at ~20 days a`er explosion
¶ Clear detecJons of the two strongest lines expected from 56Ni

¶ IntensiJes:
(1.14 ±0.43) 10-4 ph cm-2 s-1 (158 keV line) 

and (1.91 ±0.67) 10-4 ph cm-2 s-1 (812 keV line)
à 56Ni mass esJmate (backscaled to explosion): ~0.06 M¤ (~10%) 

3.9 σ 3.1 σ158 keV 812 keV

Diehl+2014
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56Ni radioac)vity à γ-Rays, e+ à leakage/deposit evolu)on

F

Nuclear BE release from 0.6M¤ [C,O  à 56Ni]  
56Ni decay γ rays and e+ in expanding/dilu6ng envelope à

HeaEng of envelope material by absorbed γ,e+

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

à Escaping γ,e+ lead to γ ray signals

Light curves in op6cal & γ rays complement each other

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  

opJcal

γ rays

SN Ia
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SN1987A
• Witnessing the final core collapse of a 

massive star of mass 22 M⊙ in Feb 1987

• Witness neutrino burst
 from core collapse

• Witness radioac4vely-
powered SN a`erglow
and
γ rays
as its
source

26

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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X rays and beyond: Loca=ng 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  radioac4vity in a SNR                  
– Both 44Ti lines detected clearly
– redshii ~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 loca4ons of inner-SN ejecta 
FFe-line X-rays are biased from 

ioniza4on of plasma by reverse shock

GrefensteZe+ 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 shiP of 44Ti 
(1800 ±800 km s-1 away from observer)
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“For each specific region,
only certain reactions 

affect the yields of 44Ti”

NuGrid collaboration (Magkotsios et al., ApJ 2011) 

Nucleosynthesis in (3D!) cc-SN : 
Density/Temperature Regimes in INNER Regions

typical ccSNparameter regions Jerkstrand+2015 

Final
Mass 
fracMon

The Astrophysical Journal, 741:78 (16pp), 2011 November 10 Magkotsios, Timmes, & Wiescher

Figure 3. QSE cluster motion in the chart of nuclides for an α-rich freeze-out.
The QSE cluster remnant condenses near the magic number 28. Each colored
line corresponds to a nuclear reaction and indicates the level of nuclear flow
transferred between the isotopes connected. Normalized flows φ are colored
black for 0 ! φ < 0.01, navy for 0.01 ! φ < 0.05, blue for 0.05 ! φ < 0.1,
cyan for 0.1 ! φ < 0.4, green for 0.4 ! φ < 0.8, red for 0.8 ! φ < 1.0, and
yellow for φ = 1.0. Small φ values indicate reactions in equilibrium, while φ =
1.0 implies pure one-way nuclear flow transfer.
(A color version of this figure is available in the online journal.)

Figure 3 illustrates the upward shifting in mass of the QSE
cluster (Meyer et al. 1998). The QSE cluster remnant condenses
around the magic number 28, and nuclei in this small group

Table 2
Isotopes of the Second Family Near the Magic Number 28

Z Amin Amax

Fe 56 57
Co 56 57
Ni 56 62
Cu 59 63
Zn 60 65
Ga 63 67
Ge 62 69
As 68 71

tend to dominate the final composition. The isotopes of the
first family which are gradually left outside the QSE cluster
form chains of (p, γ ) reactions in equilibrium along the isotone
lines. The first EST related to these isotopes’ exit from the QSE
cluster is signaled at the microscopic level by the equilibrium
break of the α-capture reactions linking the (p, γ ) equilibrium
chains. During the αp-rich freeze-out, isotopes of the first family
sustain a second EST when certain (p, γ ) reactions in the isotone
chain break equilibrium. These small-scale equilibrium patterns
are responsible for producing eventually the isotopes of the first
family from 12C to the iron peak. On the contrary, the formation
of the chasm for each isotope of the first family results from the
dissolution of the large-scale QSE cluster to two smaller ones.
The first cluster encompasses the silicon group elements and the
second cluster encompasses the iron group elements. The cluster
breakage results in massive flow transfer from the silicon and
most of the iron group isotopes toward a small group of nuclides
near the magic number 28. The flow transfer proceeds until all
mass fractions are depleted, excluding the mass fractions of
nuclei around the magic number 28. These nuclei are produced
in large amounts and dominate the final composition.

The types of freeze-out discussed so far (normal, α-rich, αp-
rich, and the chasm) tend to favor the production of nuclei
with proton and neutron numbers in the locality of the magic
number 28. Figure 4 shows a sample of such nuclei, and Table 2
provides the complete list. These isotopes tend to dominate
the final composition for most initial electron fraction values.
The final mass fractions in Figure 4 demonstrate homogeneous
structures within the temperature–density plane, implying that
these isotopes do not sustain any EST during the evolution. The
restriction of the remnant QSE cluster and the accumulation
of nuclear flow among these isotopes are responsible for the
absence of ESTs. The accumulation of flow stems from the
fact that nuclei with proton or neutron numbers near the magic
number 28 tend to maximize their binding energy per nucleon.
As a result, such nuclei are relatively more bound compared to
nuclei with nucleon numbers far from the magic number values,
and their production within a network of reactions is favored.
We classify isotopes that do not sustain any EST during freeze-
out expansions and tend to dominate the final composition into a
“second family” of isotopes. We have demonstrated that nuclei
whose neutron or proton number is near the magic number 28
belong to the second family. Below, we show that nuclei with
neutron numbers near the magic numbers 50 and 82 also belong
to the second family.

Figures 5 and 6 show the temperature–density planes of se-
lect radioactivities up to mass A = 97 that have non-negligible
yields for the corresponding initial Ye values. The regions of
the αn-rich freeze-out and (p, γ )-leakage regime are labeled.
These two types of freeze-out expansions are not manifested for

6

nuclear reacMon network

Fryer+2008
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Late stellar evolu=on: shell merging
¶ merging shells affect pre-SN structure and late nucleosynthesis

¶ pre-explosive 44Ti producJon is possible

29

Rober[+2025

Issa&Herwig 2025
J. Issa and F. Herwig: O-C Mergers and 44Ti

Fig. 3. Predicted yields of 44
Ti compared to the 15 M� Z = 0.02

pre-explosive yields (OPR15). The lower x-axis has the entrain-
ment rates in M�s

�1 and the upper x-axis has the quenched
mixing cases summarized as (location of dip in Mm, maximum
extent of the dip in cm

2
s
�1). Colour indicates magnitude and

size indicates distance from OPR15 = 1. The explosive produc-
tion of the 15 M� Z = 0.02 model is OPR15 = 0.49 dex.

speed increases, the location of the reaction peak for
43Ca(p, �)44Sc and 44Sc(p, n)44Ti move from 1.65 M� [T =
2.23⇥109 K] in the MLT case to 1.59 M� [T = 2.56⇥109 K]
in the 50 ⇥ D3D�insp. case. The location of peak burning
shifting is a feature of the convective-reactive nucleosyn-
thesis explored in Issa et al. (2025a,b). This demonstrates
the importance of both the entrainment rate and mixing
speed in for pre-explosive nucleosynthesis of 44Ti during an
O-C shell merger.

3.2. Mixing and explosive yields of radioactive species

Mixing potentially impacts the estimated pre-explosive
yields of a broader range of radioactive isotopes produced
in the O shell, beyond 44Ti. Fig. 4 shows the maximum
and minimum yields for radioactive isotopes from our pre-
explosive mixing scenarios and explosive yields from models
and observations for 44Ti.

Fig. 4 shows that all radioactive isotopes considered in
this work except 26Al feature a multi-dex spread in their
predicted yields, with an average spread of 2.14 dex (ex-
cluding 26Al as it is not exclusive to the O-C merger as
shown in Fig. 1). Considering only the 15 M�, Z = 0.02
model, Depending on the mixing conditions, the yields of
22Na, 44Ti, 51Cr, and 65Zn could be dominated by pre-
explosive merger nucleosynthesis rather than the explosion.
59Fe and 60Fe are not dominated but could be significantly
contributed to by the merger. Among the radioactive iso-
topes considered, 44Ti is the most sensitive to the mixing
conditions with a spread of 4.78 dex.

The range of predicted pre-explosive yields in our mix-
ing scenarios for 22Na, 44Ti, and 51Cr are comparable or
larger than the explosive yields of all massive star models
in the NuGrid data set. Our pre-explosive yields of 59Fe,
60Fe, and 65Zn are also comparable or larger than many
of the explosive yields in the NuGrid data set. Table A.2
in Appendix A shows that explosive nucleosynthesis dom-
inates 44Ti yields in the NuGrid data set except for the
15 M�, Z = 0.02 model and the 20 M�, Z = 0.01 model

Fig. 4. OPR15 for (1) inferred yields of 44
Ti from supernova rem-

nants observations (triangles with error bars) (2) explosive 44
Ti

yields of non-NuGrid models (blue circles) (3) explosive yields
of all considered radioactive species from NuGrid models (small
black stars) (4) explosive yields of the 15 M� Z = 0.02 Nu-
Grid model (large black stars) (5) the maximum and minimum
predicted pre-explosive yields for all scenarios (purple bars). Ap-
pendix A provides the full list of citations.

as the only two models where pre-explosive yields of 44Ti
are comparable to the explosion. Notably the other two
models with O-C shell mergers do not show significant pre-
explosive production of 44Ti, but could do so if 3D mixing
effects were included as in this work.

We have also compared our results to a number of 1D,
2D, and 3D models of massive star yields of 44Ti from the
literature, some of which include rotation. Fig. 4 shows
that the range of predicted pre-explosive yields for 44Ti can
dominate regardless of the different modelling assumptions
and dimensionality of the explosion. Additionally, our pre-
dicted range does not exceed the inferred yields of 44Ti from
observed supernova remnants, although the largest upper
limit comes from Vela Junior which has large uncertain-
ties in its distance and age (Weinberger et al. 2020). Even
so, our results are not inconsistent with observational evi-
dence. For instance, according to Weinberger et al. (2020)
Cassiopeia A ejected (2.6±0.6)⇥10�4 M� of 44Ti which is
between our 3⇥ and 10 ⇥ D3D�insp. cases with the fastest
entrainment rate of 4 ⇥ 10�3 M�s�1. If the progenitor of
Cassiopeia A underwent an O-C shell merger prior to ex-
plosion (Sato et al. 2025; Audard et al. 2025), the mixing
profile of its O shell having a convective downturn and mix-
ing speeds boosted by 3�10 compared to MLT would ex-
plain the 44Ti yield without much synthesis in the explo-
sion. These results demonstrate the critical importance of
understanding the mixing conditions during the O-C shell
merger for predicting the yields of radioactive isotopes for
pre-supernova models, especially 44Ti.

4. Conclusions
This work highlights the need to understand the 3D macro
physics of mixing in the O shell during a merger. We
have shown how 44Ti can be significantly produced by
pre-explosive nucleosynthesis during an O-C shell merger
in massive stars by 44Sc(p, n)44Ti and its sensitivity to
both entrainment and mixing speed. We have also found
that 22Na, 51Cr, 59,60Fe, and 65Zn also have relevant pre-
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els have an O-C shell merger shortly before core collapse:
15 M� Z = 0.02, 12 M� Z = 0.01, 15 M� Z = 0.01, and
20 M� Z = 0.02.

We have post-processed the O shell of the 15 M�
Z = 0.02 NuGrid multi-zone code mppnp (Pignatari et al.
2016) to study how nucleosynthesis of the light odd-Z iso-
topes and p nuclei are changed by 3D-inspired mixing sce-
narios (Issa et al. 2025a,b). This stellar model produces a
number of radioactive species in the O-C merger prior to
the explosion as shown in Fig. 1.

Fig. 1. Mass fractions of radioactive isotopes in the 15 M�
Z = 0.02 model from Ritter et al. (2018) at the final time step
before explosion. Both the O shell and O-C region are shaded
to indicate their extent.

The mixing scenarios inspired by 3D hydrodynamic
simulations (Figures 4 and 5, Issa et al. 2025a) include
a downturn in the mixing efficiency profile at the bot-
tom of the O shell (Meakin & Arnett 2006; Jones et al.
2017), increased convective velocities compared to mixing
length theory (MLT) of factors 3, 10, and 50 (a range
seen in the simulations of Jones et al. 2017; Andrassy et al.
2020; Rizzuti et al. 2024), and quenching effects due
to possibly strong energy feedback and partial merging
(Andrassy et al. 2020). They also have a range of C-shell
entrainment rates into the O shell from no entrainment to
a full merger of the convective O and C shells, as the sim-
ulations of Andrassy et al. (2020) show that entrainment
depends on the luminosity of 12C+ 12C burning.

We provide results in terms of an overproduction factor
defined as
OPR15 = Xmodel/XPre�Explosive 15 M� Z=0.02

where Xmodel is the ejected yield for a species from a
given model and XPre�Explosive 15 M� Z=0.02 is the unde-
cayed pre-explosive yield from the 15 M�, Z = 0.02 model
from Ritter et al. (2018). The simulations from Issa et al.
(2025a,b) simulate the O shell alone for 110 s, and so
the yields for these models are estimated according to the
method described by §2.3 of Issa et al. (2025b). Further
simulation details can be found in Issa et al. (2025a,b).

3. Results
3.1. Nuclear production of

44Ti during O-C shell mergers

All mixing cases considered in this work share a single,
common reaction chain that produces 44Ti during the O-C

shell merger: 38Ar(↵, �)42Ca(n, �)43Ca(p, �)44Sc(p, n)44Ti.
The importance of 44Sc is not seen in explosive nucleosyn-
thesis, but it is clearly shown in Fig. 2 for our pre-explosive
conditions. All mixing conditions also share 44Ti(�,↵)40Ca
as the dominant destruction channel at the base of the shell
where T = 2.77�2.83 ⇥ 109 K. 44Ti(n, �)45Ti is also a de-
struction channel, but to a lesser extent.

Fig. 2. Chart of reactions between isotopes at m = 1.6 M�
[T = 2.494 ⇥ 10

9
K] for the 50 ⇥ D3D�insp. mixing case with

an ingestion rate of 4 ⇥ 10
�3

M�s
�1 at t = 110 s. Both arrow

colour and size indicate log10(fij), the reaction flux as defined
in Issa et al. (2025a), and arrows point in the direction of the
reaction.

The mixing cases with a 50 ⇥ D3D�insp. profile
have some exceptions to the 38Ar and 42Ca contribu-
tions to 44Ti. These cases feature significant contribu-
tions of 39K(↵, p)42Ca and 43Sc(�, p)42Ca along with
38Ar(↵, �)42Ca. The contribution of 43Sc to 42Ca may seem
counter-intuitive as Fig. 2 shows 42Ca(p, �)43Sc as a de-
struction channel for 42Ca. However, it is because the O
shell is a convective-reactive enviornment where species can
advect on a similar timescale to their reactions. Fig. 2
shows a build-up of 43Sc which is mixed deeper in the
O and undergoes 43Sc(�, p)42Ca at those hotter temper-
atures. For 38Ar, in all other cases it is produced by
30Si(↵, �)34S(↵, �)38Ar, but in the 50 ⇥ D3D�insp. mixing
cases it is also produced by 35Cl(�, p)34S(↵, �)38Ar and
39K(�, p)38Ar. How 30Si and the light odd-Z isotopes 35Cl
and 39K are produced in the O-C shell merger is discussed
in Issa et al. (2025b). The importance of the (↵, �) chan-
nels of 34S and 38Ar for 44Ti production are interesting as
their (p, �) channels may dominate energy production in
the O-C shell (Roberti & Pignatari 2025).

Despite the shared chain of production, Fig. 3 shows
44Ti production is dependent on the mixing conditions
of the merger. Only models with the highest entrainment
rate of 4⇥ 10�3 M�s�1 and a boosted 3D-inspired mixing
profile show significant increase to the production of 44Ti
compared to the pre-explosive production of the 15 M�,
Z = 0.02 model from Ritter et al. (2018). 44Ti production
is also monotonic with mixing speed for the 3D-inspired
mixing profiles. Despite having the same entrainment rate,
the MLT and quenched mixing cases show a decrease in
44Ti production compared to the pre-explosive model.

Entrainment of C-shell material supplies a significant
source of 43Ca which boosts the 44Sc. As the mixing
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Fig. 2. Comparison between the abundances before (dashed lines) and
after the C-O shell merger (solid lines) in the RIT 15 M� model at so-
lar metallicity (see Ritter et al. 2018b, for a detailed description of the
model). The upper panel shows the e↵ect of the merger on the major fu-
els. The lower panels show instead the e↵ect of the merger on some key
C- and O-burning products and selected odd-Z isotopes (see text). The
vertical dotted lines represent the location of the edges of the shells be-
fore the C-O shell merger. The light grey area is the region modified by
the merger, the dark grey area represents instead the untouched deeper
layers of the star after the merger, i.e., the Fe core and the Si shell.

dius of the mixed convective zone created by the merger (see
Fig. 3, Roberti, L. et al. 2023; Roberti et al. 2024b, and refer-
ences therein)2.

4. Stellar Archaeology

As demonstrated above, the occurrence of C-O shell mergers is
independent from the metallicity. Therefore we can use the ob-
servations of the earliest generation of low-mass stars to look for
traces of pollution from C-O merger events in primordial mas-
sive stars. This is allowed because the interstellar cloud where
most of the metal poor stars that we can still observe today were
born, are thought to have experienced pollution by one or very
few core-collapse supernova explosions. Therefore the observa-
tion of their surface abundances still reflect the pristine compo-
sition of the gas enriched by the first supernovae.

We explore here the use of [K/Mg] and [Sc/Mg]3 as tracers
for C-O mergers. As mentioned above, K and Sc are two odd-Z
elements abundantly produced in a C-O shell merger, and which
can be observed even at extremely low metallicity Ritter et al.
(2018a). Mg, an ↵ element typically produced by massive stars,
can also be observed at low metallicity, but is not significantly
a↵ected by the C-O merger. Figure 4 presents the [K/Mg] and
[Sc/Mg] ratios as a function of the initial metallicity for most
of the models shown in Fig. 1, i.e., those that provided CCSN
yields. We furthermore included two other sets of models (NOM

2 Note that the peak temperature of the shock scales as Tpeak / R�3/4
⇤ ,

with R⇤ radial coordinate of the star.
3 [X/Y] = log10(X/Y)-log10(X/Y)�.

Fig. 3. As Fig. 2, but for the pre-supernova (dashed lines) and post-
supernova (solid lines) stages, with the inclusion of 56Ni. The super-
nova explosion was modelled with a semi-analytical approach, using
the Sedov blast wave (SBW) solution for the determination of the peak
velocity of the shock throughout the stellar structure and the remnant
mass prescription from Fryer et al. (2012) (see Pignatari et al. 2016;
Ritter et al. 2018b; Roberti et al. 2024c, for a detailed description of
the explosion method). The gray bands in the plots mark each explosive
burning stage in the corresponding mass coordinate (i.e., complete and
incomplete Si burning, explosive O, Ne, and C burning). The vertical
dotted line represent the mass-cut that divides the supernova ejecta from
the remnant mass. The variation of 24Mg and 32S in the He shell repre-
sents the activation of the ↵ capture chain in the explosive He burning
(Pignatari et al. 2023).

Nomoto et al. (2013) and PUSH Curtis et al. (2019); Ebinger
et al. (2020)), which, conversely, did not appear in Fig. 1 be-
cause the MCO and XC12 values are not available. In most of the
models with C-O shell mergers, both the [K/Mg] and [Sc/Mg]
are positive (i.e., their absolute ratios have from solar to super-
solar values), while in most of the models without C-O shell
mergers, they are negative instead (i.e., their absolute ratios have
sub-solar values), especially at low metallicity, where the initial
abundances of these elements are negligible. The only excep-
tions are the [Sc/Mg] ratios of the PUSH models, which include
neutrino interactions in the explosion. The impact of neutrinos
is particularly important for the ↵-rich freeze out and explosive
Si burning and allows these models to reach [Sc/Mg]& 0 with-
out a C-O shell merger. For further discussion of this dataset see
Appendix B.

Figure 5 shows a comparison between the model predic-
tions and the observations at extremely low metallicity (with
[Fe/H] �3, taken from JINAbase (Abohalima & Frebel 2018),
see the Appendix C). To ensure a meaningful comparison be-
tween the observations and progenitor candidates from the sam-
ple presented in Fig. 4, we included only models with a C-O
shell merger (in which the nucleosynthesis of Mg, K, and Sc is
primary) and models with an initial metallicity lower than 10�5

(corresponding to [Fe/H] ⇡ �3). In other words, we did not in-
clude higher metallicity models without a merger, as their ratios
would be close to solar primarily due to their initial composi-
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Fig. 2. Comparison between the abundances before (dashed lines) and
after the C-O shell merger (solid lines) in the RIT 15 M� model at so-
lar metallicity (see Ritter et al. 2018b, for a detailed description of the
model). The upper panel shows the e↵ect of the merger on the major fu-
els. The lower panels show instead the e↵ect of the merger on some key
C- and O-burning products and selected odd-Z isotopes (see text). The
vertical dotted lines represent the location of the edges of the shells be-
fore the C-O shell merger. The light grey area is the region modified by
the merger, the dark grey area represents instead the untouched deeper
layers of the star after the merger, i.e., the Fe core and the Si shell.

dius of the mixed convective zone created by the merger (see
Fig. 3, Roberti, L. et al. 2023; Roberti et al. 2024b, and refer-
ences therein)2.

4. Stellar Archaeology

As demonstrated above, the occurrence of C-O shell mergers is
independent from the metallicity. Therefore we can use the ob-
servations of the earliest generation of low-mass stars to look for
traces of pollution from C-O merger events in primordial mas-
sive stars. This is allowed because the interstellar cloud where
most of the metal poor stars that we can still observe today were
born, are thought to have experienced pollution by one or very
few core-collapse supernova explosions. Therefore the observa-
tion of their surface abundances still reflect the pristine compo-
sition of the gas enriched by the first supernovae.

We explore here the use of [K/Mg] and [Sc/Mg]3 as tracers
for C-O mergers. As mentioned above, K and Sc are two odd-Z
elements abundantly produced in a C-O shell merger, and which
can be observed even at extremely low metallicity Ritter et al.
(2018a). Mg, an ↵ element typically produced by massive stars,
can also be observed at low metallicity, but is not significantly
a↵ected by the C-O merger. Figure 4 presents the [K/Mg] and
[Sc/Mg] ratios as a function of the initial metallicity for most
of the models shown in Fig. 1, i.e., those that provided CCSN
yields. We furthermore included two other sets of models (NOM

2 Note that the peak temperature of the shock scales as Tpeak / R�3/4
⇤ ,

with R⇤ radial coordinate of the star.
3 [X/Y] = log10(X/Y)-log10(X/Y)�.

Fig. 3. As Fig. 2, but for the pre-supernova (dashed lines) and post-
supernova (solid lines) stages, with the inclusion of 56Ni. The super-
nova explosion was modelled with a semi-analytical approach, using
the Sedov blast wave (SBW) solution for the determination of the peak
velocity of the shock throughout the stellar structure and the remnant
mass prescription from Fryer et al. (2012) (see Pignatari et al. 2016;
Ritter et al. 2018b; Roberti et al. 2024c, for a detailed description of
the explosion method). The gray bands in the plots mark each explosive
burning stage in the corresponding mass coordinate (i.e., complete and
incomplete Si burning, explosive O, Ne, and C burning). The vertical
dotted line represent the mass-cut that divides the supernova ejecta from
the remnant mass. The variation of 24Mg and 32S in the He shell repre-
sents the activation of the ↵ capture chain in the explosive He burning
(Pignatari et al. 2023).

Nomoto et al. (2013) and PUSH Curtis et al. (2019); Ebinger
et al. (2020)), which, conversely, did not appear in Fig. 1 be-
cause the MCO and XC12 values are not available. In most of the
models with C-O shell mergers, both the [K/Mg] and [Sc/Mg]
are positive (i.e., their absolute ratios have from solar to super-
solar values), while in most of the models without C-O shell
mergers, they are negative instead (i.e., their absolute ratios have
sub-solar values), especially at low metallicity, where the initial
abundances of these elements are negligible. The only excep-
tions are the [Sc/Mg] ratios of the PUSH models, which include
neutrino interactions in the explosion. The impact of neutrinos
is particularly important for the ↵-rich freeze out and explosive
Si burning and allows these models to reach [Sc/Mg]& 0 with-
out a C-O shell merger. For further discussion of this dataset see
Appendix B.

Figure 5 shows a comparison between the model predic-
tions and the observations at extremely low metallicity (with
[Fe/H] �3, taken from JINAbase (Abohalima & Frebel 2018),
see the Appendix C). To ensure a meaningful comparison be-
tween the observations and progenitor candidates from the sam-
ple presented in Fig. 4, we included only models with a C-O
shell merger (in which the nucleosynthesis of Mg, K, and Sc is
primary) and models with an initial metallicity lower than 10�5

(corresponding to [Fe/H] ⇡ �3). In other words, we did not in-
clude higher metallicity models without a merger, as their ratios
would be close to solar primarily due to their initial composi-
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

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

Cumula4ve 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;201830

SPI/INTEGRAL
2023
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Radioac=vi=es from massive stars:
60Fe, 26Al

à Messengers from Massive-Star Interiors!
…complemen4ng neutrinos and asteroseismology!

Processes:
¶ Hydrosta4c fusion
¶ WR wind release
¶ Late Shell burning
¶ Explosive fusion
¶ Explosive release

31

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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Modelling a Massive-Star Group 
Extract massive-star proper4es (as a funcEon of their mass)

¶ Stellar-evolu6on phases and their dura6ons
¶ Characteris6c emissions in radia6on, winds, and ccSN energy
¶ Characteris6c yield in nucleosynthesis

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

Accumulate the group outputs versus 4me
Floop over the star sample in small Jme steps

and summing up outputs
FTime profiles of 

characterisJc emissions
FStaJsJcal variaJons

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�↵
l �M1�↵

u

Z u

Ml

M�↵ dM

=
M1�↵
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Pleintinger 2020

Popula=on synthesis: impact of different inputs

Plein[nger 2020

with basic yields 
from 
Limongi & Chieffi 2006

varia4on of explodability

                           adding binaries

from Brinkman + 2019
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Measuring 26Al from massive-star regions

34

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
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Orion

Cygnus

Galaxy

(3.5±0.8) 10-5 ph cm-2 s-1
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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-
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Gamma-Ray Spectroscopy  - Summary

¶ 56Ni mass has been determined to 20% precision (SN2014J),
~4% precision as a near-future perspecJve

¶ (even) SN Ia explosions appear not spherically symmetric:
56Ni  'clumps' (SN2014J)    à igniJon off-center ?

¶ cc SNe reveal their inner asymmetries through 44Ti ejecta:
Doppler shiK reflects global asymmetry (Cas A)

¶ 26Al (and 60Fe) ejecta reflect shell-burning histories:
different massive-star groups provide probes at different ages;
ejecta can be traced flowing into circum-group (super-)bubbles

¶ Messengers complement each other with essenJal diagnosJcs:
Let us exploit nuclear physics exper6se!
FRadioac6vity provides a different view independent of T,ρ

on supernovae (explosion trigger; asphericity; pre-SN evolu6on)
FA next gamma-ray telescope (Laue lens / Compton telescope) 

in 2040+??; INTEGRAL ended 2025; COSI (2027) is a great first step ...
35

need more 

observed sources

The 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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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 theoreEcal consideraEons: 'new'!)
We can do now >one o.o.m. be7er 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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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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Low-energy gamma rays: 
Complementary Messengers

• 56Ni, 44Ti, ... provide 
diagnos4cs of stellar 
explosions

• 26Al radioac4vity 
gamma rays trace 
nucleosynthesis ejecta 
over ~few Myrs

• Radioac4ve emission is 
independent of density, 
ionisa4on states, … , 
and provides a clock

• Positrons, when 
annihila4ng, produce a 
bright 511 keV line

electrons in the ISM

(free free radio emission, WMAP) (Benne%+2003)

starlight

(2 μm IR emission, 2MASS) (Skrutskie+2006)

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 exci4ng ISM

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