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Cosmic nucleosynthesis

• Big-bang nucleosynthesis

• Stellar-interior nucleosynthesis 
(hydrostatic)

• Stellar-explosion nucleosynthesis 
(explosive)

• High-energy collisions (spallation)
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Cosmic nucleosynthesis

• Big-bang nucleosynthesis

• Stellar-interior nucleosynthesis 
(hydrostatic)

• Stellar-explosion nucleosynthesis 
(explosive)

• High-energy collisions (spallation)

 
in all cases: 
rearrangement of bound nucleons (p,n) in nuclei by nuclear reactions
towards tighter binding 3

binding energy
per nucleon
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Nuclear reactions in cosmic environments
major challenge:

¶ plasma in the Universe is very different 
from the conditions in terrestrial 
laboratory experiments

¶ quantum tunnelling 
dominates in 
cosmic-environment 
reactions

~20 keV
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Cosmic nucleosynthesis sources
o Nuclear fusion reactions 

power all stars

o Many stars explode as a supernova at 
the end of their evolution

o Some binary systems including white 
dwarf stellar remnants explode as a 
supernova

o Some binary systems including neutron 
stars eventually merge to form a black 
hole

ØHow many new nuclei in ejecta??

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

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

MERGING
NEUTRON STARS
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The composition of cosmic matter evolves over time

... a coarse picture of cosmic nucleosynthesis.
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On-going Enrichments from Nucleosynthesis Sources

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

7

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y
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The Messages from Cosmic Elemental Abundances

These signatures are a result from the characteristic physical processes within…
... atomic nuclei (which of these can be produced more-easily/more abundantly?)

... cosmic sources (which nuclear-fusion environments occur more often/abundantly?)
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Decomposing abundances towards "processes"
neutron capture physics may be the easier problem: basic physics and cosmic extremes 

à use n capt / β decay & stellar evolution to predict s-process parts
à subtract from observed abundances to study the r-process parts 

9

1846 N. Prantzos et al.

Figure 6. Top: Absolute r-residuals, i.e. contribution by number of r-process Nr to pre-solar composition compared to Sneden et al. (2008) and Goriely (1999).
Number abundances are expressed in the meteoritic scale of NSi ≡ 106. Bottom: s- and r-contributions to Solar system isotopic composition according to this
work. The open circles represent s-only or r-only nuclei (see the text).

of an ‘adjustable’ (through our iteration procedure) r-component
further improves the situation for the heavies.

The true magnitude of the deviation of the model from the
observed solar composition is also understood in terms of the
uncertainties in the measured solar abundances. We notice here that
measured uncertainties in Lodders et al. (2009) concern elemental
abundances, not isotopic ones, and we assume here that they apply
to all the isotopes of a given element. In the top panel of Fig. 5
these uncertainties are displayed as vertical error bars for the s-only
nuclei. The bottom panel of the same figure displays the situation for
all the heavy nuclei in a different way: over- (or under-) abundances
are presented in units of the corresponding 1σ uncertainty. Now
120 isotopes are found within ±1σ , 18 within ±2σ , and 7 within
±3σ of their solar values, whether the two isotopes of A = 176 (Lu
and Hf) are at almost 4σ .

All values within ±1σ of the observed ones, i.e. the vast majority
of heavy nuclei, can be considered as perfectly reproduced by the
model, to the present level of our knowledge. The majority of
the remaining ones (16 out of 28) are s-only nuclei. As already
discussed, it seems difficult to further reduce the dispersion of those
nuclei around their solar values in the framework of present-day
stellar nucleosynthesis and GCE models. Further developments
(e.g. concerning nuclear inputs, improved treatment of the 13C
pocket in LIM stars or of the rotational mixing in massive stars,
a better understanding of the contribution of rotating stars to the
chemical evolution of the Galaxy, etc.) will certainly help to reduce
that dispersion. The method presented here will allow us then to
determine completely and accurately the contribution of the s- and r-
processes to the solar composition in a realistic global astrophysical
framework.

4.4 The r-component

Our r-residuals, i.e. the isotopic Solar system abundances of Lodders
et al. (2009) multiplied with the r-fractions derived in this work (as

presented in Table 3) are displayed in Fig. 6. They are compared
(top panel) to those derived by Goriely (1999) and Sneden et al.
(2008). The former study includes the model uncertainties, resulting
from the corresponding uncertainties in the observed Solar system
composition, the neutron radiative capture rates (n,γ ) and the β-
decay rates. The uncertainties in those quantities date back to more
than 20 yr ago and some of them have been reduced in the meantime.
However, the work of Goriely (1999) is the only one up to now
to include a systematic evaluation of those uncertainties and we
chose to display them here in order to provide some idea of their
importance.

A first glance at the top panel of Fig. 6 (and a quantitative one in
Table 3) shows that there is a fairly good overall agreement between
the three studies for the region 100 <A < 200: a simple χ2 test
for the N = 85 isotopes (excluding the s-only) gives χ2/N ∼ 0.03
when comparing our results to both Goriely (1999) and Sneden
et al. (2008). This is also the region with the smallest number of
uncertain r-residuals in the study of Goriely (1999).

In the regions A < 100 (N = 30) and 200 <A < 210 (N = 9) we ob-
tain clearly better agreement with Sneden et al. (2008) (χ2/N ∼ 0.06
for A < 100 and χ2/N ∼ 0.02 for A < 200) than with Goriely
(1999) (χ2/N ∼ 0.30 for A < 100 and χ2/N ∼ 0.22 for A < 200).
Our discrepancies are produced essentially for nuclei with fairly
small r-fractions, like 88Sr, 91, 94Zr (where we obtain r-fractions
of a few per cent whereas Goriely 1999 obtains ∼20 per cent on
average). In all those cases, however, the uncertainties quoted in
Goriely (1999) are quite large, making our results compatible with
his. For 75As and 77Se, our r-residuals are lower than in both
Goriely (1999) and Sneden et al. (2008), lying below the quoted
uncertainties of the former. This is due to our enhanced s-component
from rotating massive stars, leading to a low r-component for those
nuclei. As already discussed, 86Kr and 96Zr are cases apart, since
Goriely (1999) finds a zero r-contribution while all other studies in
Table 3 find a substantial r-fraction, lying even outside his quoted
uncertainties.
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Associating different “processes” with nuclide groups – what we teach…
…. and know it to be superficial (or even wrong)

cmp. Burbidge,
Burbidge, Fowler, and
Hoyle, RMP 1959 

Cosmic origins of the variety of nuclides

neutrons

pr
ot

on
s

rp process

r process

Mass known
Half-life known
nothing known

s process

stellar burning

Big Bang

p process

Supernovae

Cosmic Rays
H(1)

Fe (26)

Sn (50)

Pb (82)

Courtesy: Hendrik Schatz

"processes" assume 
environmental conditions,
equilibria, source homogeneity, ...
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Understanding cosmic nucleosynthesis sources
o How much matter is in winds?
o How are fusion products mixed?
o What is the composition of remnant star?

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

o Which white dwarfs explode?
o How is the explosion triggered?
o Which burnings can occur?

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

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

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

MERGING
NEUTRON STARS
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Modeling Compositional Evolution

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

Fgas which is ejected from stars:    when?

Fnewly-contributed ashes from nucleosynthesis:    what?

¶ Ingredients:
FSources: How fast do they evolve to return (new) gas?

FSources: How much of species i do they eject (and/or bury)?

F... (locations and environments of star formation, gas flows, ...)

see, e.g., Diehl& Prantzos, NuclPhys.Hndbk 2023
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Helmi 2020

Chemical Evolution: ...there are issues ...
¶ model description fails for several elements

– even for elements from same source type...
– even using (unrealistic?) models/parameters

¶ inconsistencies with modeled vs observed 
nucleosynthesis event rates

– ~350 radio+X SNR (~10000y) vs. ccSN rate 1/70y

¶ unclear impacts from rare sources with 
rich specific contributions 

– neutron star mergers?
– jet supernovae?
– hypernovae?

¶ mixing with stars & gas from galaxy collisions in the past

¶ early evolution: very massive stars & ccSNe
¶ but also something else (binaries!)...

Coté+2019

Rozwadowska+ 2021

Kobayashi+ 2020
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Different Complementing Observing Methods
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Astronomical Messengers

15
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Gamma-ray lines from cosmic radioactivity
Radioactive trace isotopes are by-products of  nucleosynthesis reactions 
Released into circum-source ISM, we can observe gamma-ray afterglows:

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

16

plus: 

nuclear excitation lines

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

om CRs)
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Current Nuclear Gamma-Ray Line Telescopes
INTEGRAL

2002-(2023+..2029)

ESA
high E resolution
Ge detectors
15-8000 keV

NuSTAR (only <80 keV!)
2012-(2022+) … 
NASA
hard X ray
imaging <80 keV

17
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Imaging principles for a  MeV-range γ-ray telescope 

l Compton Telescopes  and Coded-Mask Telescopes

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

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

Coded Mask Telescope:
Casting a Shadow

19
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
20
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Jochen GreinerINTEGRAL User Group Meeting, May 2023

Present status

¾ SPI annealing: very good

INTEGRAL/SPI Performance Monitoring
Spectral Resolution in Detail: regular annealings are essential

21
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Discriminating Background and Sky Signals in SPI Data
• Tracking the relative count rate ratios among detectors

Fcharacteristic signatures from celestial sources withcoded mask, and from background events

Coded Mask Telescope:
Casting a Shadow

22
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Gamma ray spectroscopy with SPI

…it works!  example:

26Al line 1808.6 keV
instrumental lines

1810 keV
1779 keV
1764 keV

1760 1780 1800 1820 1840

0

1
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4

5

1760 1780 1800 1820 1840
Energy [keV]
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h 

cm
−2

 s
−1

 (0
.5

 k
eV

)−1
]

Background × 1/5
Effective Area: ~44 cm2

Exposure Time: ~200 Ms
χ2 = 200.3 (184 dof)
I = (2.83±0.07)×10−4 ph cm−2 s−1

FWHM = 3.46±0.12 keV
E0 = 1809.03±0.06 keV
C0 = (1.95±0.30)×10−6 ph cm−2 s−1 keV−1 (@1792.5 keV)

instrumental bgd *0.2

26Al Galaxy

23
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Lessons from radioactive isotopes 

¶Trace the flows of cosmic matter

¶Understand the sources of new nuclei

24
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56Ni radioactivity à γ-Rays, e+ à leakage/deposit evolution

F

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

56Ni

56Fe

e--capture (98%)

γ 750 keV (50%)

τ =8.8 d

56Co

γ 847 keV (100%)

τ = 111.3 d

γ 812 keV (86%)

0+

1+

2+

4+

2+

0+

4+ 

γ 1238 keV (68%) 

e- - capture (81%)
γ 158 keV (100%)

3+

0+
γ 270+480 

keV
(36%)

3,4+ 
β+  - decay
(19%,E~0.6MeV)

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

γ rays

SN Ia

25
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SN2014J light evolution in the 847 keV 56Co line

¶ 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¤

FDiehl et al., A&A 2015

W7 SD delDet
WD-WD merger

26

INTEGRAL/SPI γ ray measurements
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SN2014J data Jan – Jun 2014: 56Co lines
¶ Doppler broadened ✓

¶ Split into 4 time bins
¶ Coarse & fine spectral 

binning
à Observe a structured and

evolving spectrum
– expected: 

gradual appearance 
of  broadened 56Co lines

FDiehl et al., A&A (2015)

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

25d

50d

85d

150d

847 keV line

847 keV line

847 keV line

847 keV line 847 keV line 1238 keV line

847 keV line

847 keV line

847 keV line

1238 keV line

1238 keV line

1238 keV line

27

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

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

SNIa and SN2014J: Early 56Ni (τ~8.8d)

3.9 σ 3.1 σ

158 keV 812 keV

Diehl et al., Science (2014)

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

    à SN Ia are a variety
28
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Supernovae of type Ia 

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

(the "standardizable candles"??)
29
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Gravitational Collapse and SN

30
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SN1987A
• Witnessing the final core collapse of a 

massive star of mass 22 M⊙ in Feb 1987

• Witness neutrino burst
 from core collapse

• Witness radioactively-
powered SN afterglow
and
γ rays

31

bolometric light afterglow

Matz+1988

SMM-GRS
Aug-Oct'87

6 CIGAN ET AL.

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

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

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

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

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

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

CSM, dust, ejecta
(ALMA)

Cigan+2019



Roland DiehlGSI Colloquium, 13 Jun 2023

"Explodability" of core collapses

• successful explosion (and mass ejection) depends on subtle 
balances of internal processes and their kinematic implications
¶ turbulence from gravitational accretion and neutrino energy deposits

enhanced by instabilities in flows (Rayleigh-Taylor etc)

32
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Complexities of Gravitational Collapse and SN

¶ Basic processes are more complex 
than the 'standard model' says:
Fpre-SN structure is complex
Fcollapse, ignition, and outflows all occur 

simultaneously
Fcollapse and accretion continue long after 

ignition of nuclear burning
Flate accretion and fallback make explosion 

fail for more massive stars

33
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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



Roland DiehlGSI Colloquium, 13 Jun 2023
“For each region only certain reactions affect the yields of 44Ti”

NuGrid collaboration (Magkotsios et al., ApJ 2011) 

Nucleosynthesis in cc-SN : 
Density/Temperature Regimes

typical ccSNparameter regions
(Jerkstrand et al., ApJ 2015) 

Final
Mass 
fraction

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 reaction network
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44Ti from SN1987A

¶ ab-initio models 
à M44Ti ≈ 0.x 10-5 M⊙ (spherical)
                     to 0.x 10-4 M⊙ (aspherical)

¶ UVOIR LC + energy deposition models 
à M44Ti ≈ 0.5...5 10-4 M⊙

36

Seitenzahl+2014

Boggs+2015

NuSTAR
Observation

opacity-
modelled
from 
UVOIR LC

M44Ti=1.5 ±0.3 M⊙

¶ 44Ti X-ray result NuSTAR
à M44Ti ≈ 1.5 ±0.3 10-4 M⊙

¶ 44Ti line measurements INTEGRAL
à M44Ti < 3.1 ±0.8 10-4 M⊙ (2σ) (IBIS)

¶à M44Ti < 7.5 10-4 M⊙ (2σ) (SPI)
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44Ti radioactivity in Cas A: Locating the inner Ejecta
NuSTAR Imaging in hard X-rays (3-79 keV; 44Ti lines at 68,78 keV) à

Ffirst mapping of  radioactivity in a SNR

– Both 44Ti lines detected clearly
– redshift ~0.5 keV

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

earlier measurements
– Doppler broadening: 

(5350 ±1610) km s-1

– Image differs from Fe!!

F44Tià TRUE locations of ejecta from the inner supernova
FFe-line X-rays are biased from ionization of shocked plasma 

Grefenstette+ 2014; 2017
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NuSTAR update: 44Ti in Cas A
¶ Imaging resolution allows to spatially resolve Cas A's 44Ti:

à motion away
from us,
and in clumps

2.4 Msec NuSTAR campaign
Grefenstette et al. 2017
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NuSTAR details of 44Ti in Cas A
¶ Imaging resolution allows to spatially resolve Cas A's 44Ti:

à motion away
from us,
and in clumps

2.4 Msec NuSTAR campaign
Grefenstette et al. 2017

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

2484 A. Jerkstrand et al.

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

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

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

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

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

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

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

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

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

MNRAS 494, 2471–2497 (2020)
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Jerkstrand+ 2020
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The 44Ti decay chain with INTEGRAL/SPI:

41

Tycho

Cas A

SPI    78 & 1156 keV    

Weinberger+ 2021

44Ti

44Ca

τ =85y, EC

44Sc

τ = 5.4 h, β+

à clear Doppler shift of 44Ti (1800 ±800 km s-1 away from observer)

44Ti Cas A: INTEGRAL/SPI confirmations of bulk redshift

1157 keV line from 44Ca68/78 keV lines from 44Sc
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¶Trace the flows of cosmic matter

¶Understand the sources of new nuclei

43

Lessons from radioactive isotopes 
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays from the Galaxy
SPI on INTEGRAL

COMPTEL on CGRO

SPI/INTEGRAL
2016

44

HEAO-C
1978



Roland DiehlGSI Colloquium, 13 Jun 2023

Massive stars and 26Al radioactivity: co-spatial distribution

45

Zari+ 2021

Plüschke+ 2001

Xu+ 2021

OBA stars

26Al

Gaia clusters
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Radioactivities from massive stars: 60Fe, 26Al

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

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

48
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The Al Isotope Ratio 26Al/27Al
27Al is enriched with Galactic Evolution, i.e. ~time
26Al decays, so from current/recent nucleosynthesis only

Early solar system meteorites measure ESS environment 4.6Gy ago  (à 26Al enriched?)
Pre-solar grains measure nucleosynthesis in dust-producing sources (à much larger)

‘canonical’ value
for ESS of  ~5 10-5

(McPhersson+1995)

‘supra-canonical’
up to 6.5 10-5 ??
(Krot+2012, Makide+ 2013 …)
Consolidated ESS
(5.23±0.13) 10-5
(Jacobsen+2013)
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

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

Cumulative from Massive-Stars & ccSNe 

SPI on INTEGRAL

COMPTEL on CGRO

γ-ray flux à cc-SN Rate = 1.3 (± 0.6) per Century
Diehl+2006;201851

SPI/INTEGRAL
2023
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Recently: Improved Sensitivity

52

Pleintinger+ 2023

single events

double events

Using also multiple-detector events in SPI
 building a model for instrumental background in detail:
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Improved Sensitivity
26Al results from SE and DE:    >58σ
 

54

Pleintinger+ 2023

Siegert 2016
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Diffuse radioactivity throughout the Galaxy

57

Pleintinger PhD thesis 2020
(see also Siegert+ 2023)

time (My)

output of
a single group

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

à bottom-up model for the 26Al observations

locations
of nearby
groups

ray tracing

population
synthesis

MC sampling
of distant
groups
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Diffuse radioactivity throughout the Galaxy

58

Pleintinger 2020
Siegert+ 2023

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

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

Article number, page 34 of 36

COMPTEL (&SPI)

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

Galactic Population Synthesis Modelling versus observations

FPSYCO modeling: (30000 sample optimisation)

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

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

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

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

Kretschmer et al., A&A (2013)

Velocity precision 
~few 10 km/s !!

59
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spread out…

Roland Diehl

Krause & Diehl, ApJ (2014)

Illustration by M. Pleintinger (2020)
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Orion-Eridanus: A superbubble blown by stars & supernovae
ISM is driven by stars and supernovae à Ejecta commonly in (super-)bubbles

»
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χ2 = 39.11 (45 dof)

Detection significance: 3.3σ (LR−test)

I = (3.65±1.19)×10−5 ph cm−2 s−1

E0 = 1809.16±0.47 keV

FWHM = 3.20 (−0.03/+0.43) keV

C0 = (0.02±0.77)×10−6 ph cm−2 s−1 keV−1

HI

CO

X-rays

gamma-rays
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Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

3D MHD sim, 0.1..0.005 pc resolution
Krause+ 2013ff
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Stellar feedback in the nearerst massive-star region (Sco-Cen)
The stellar population covers a wide age range

no clear coeval subgroups, SF ongoing for ~15+ My; distance~140pc)

The interstellar medium holds 
a network of cavities

ISM dynamics is not easy to unravel

26Al (t~1My) covers a large solid angle; 
can we measure the flow?

à “surround & squish”
rather than "triggered" star formation

Sco-Cen
26Al γ-rays

Zucker, Alves, Goodman, Meingast, Galli The Solar Neighborhood in the Age of Gaia

Fig. 9.— Cartesian 3D distribution of the newly identified stellar population in Sco-Cen. There are 34 coeval and co-moving clusters
inside the Sco-Cen association. The color of the surfaces containing the different clusters encodes age, from dark blue (2 Myr) to dark
red (21 Myr). All the star-forming regions in the vicinity of Sco-Cen, namely, Ophiuchus, L134/L183, Pipe Nebula, Corona Australis,
Lupus, and Chamaeleon are part of Sco-Cen and are included in this figure. The central part of the association (UCL) is the oldest.
Several systematic age gradients can be seen. Figure from Ratzenböck et al. (2023) based on the methodology of Ratzenböck et al.
(2022). An interactive version of this figure is available here .

if confirmed, would be remarkable because they are near-
perfect circles of young stars centered on the Sun. One
challenge to the double-ring interpretation is how 20-Myr
and 40-Myr old rings with radii on the order of a few hun-
dred parsecs could remain immune to the differential rota-
tion of the Galaxy, which would naturally transform these
rings into ellipses. Also, the 40-Myr ring does not match
the age of the Local Bubble (about 14 Myr, see §4.1.1) by
at least a factor of two, so the Upper Centaurus Lupus and
Lupus Centaurus Crux populations (most likely responsible
for the formation of the Local Bubble; Breitschwerdt et al.
2016; Zucker et al. 2022b) could not have caused the for-
mation of the 40-Myr old ring. The fact that the larger of
the two concentric rings is the youngest also complicates
formation scenarios. Further exploration of the dynamics
of these rings, potentially with Gaia DR3 radial velocities,
should not only provide insight into the plausibility of these
formation scenarios, but should also settle the larger ques-
tion of whether these rings are true physical structures.

Ultimately, there is still much to gain from applying ad-
vanced machine learning tools to Gaia data and extracting
young stellar populations, but also much to learn about their
limitations and the artifacts these tools might create. Still,
particularly in the context of the next Gaia Data Releases,
constructing a high-spatial- resolution age map for the local
Milky Way, as in Figure 9, is within reach.

4.3. Stellar streams and cluster coronae as the link be-
tween embedded systems and the Galactic field

Traditionally, the identification of physically connected
stellar aggregates relied on locating spatial (2D) over-
densities in the galactic field population (Kapteyn 1914).
The Hipparcos catalog (Perryman et al. 1997) offered the
first possibility of kinematic profiling of stellar systems
with a profound impact on our knowledge of co-moving
groups of stars (Piskunov et al. 2006). The Gaia mission
elevated these prospects to a new level by enabling the iden-
tification of co-moving systems in velocity space, thereby
mitigating the principal challenge of separating genuine
members of an association or cluster from the often over-
whelmingly abundant unrelated field stars.

Using mainly kinematic data, Meingast et al. (2019)
were able to identify a massive new type of stellar aggre-
gate in the immediate vicinity of the Sun. The authors
discovered a co-moving population of stars that — despite
being located at a distance of 100 pc and having a total
mass greater than the Pleiades star cluster — eluded discov-
ery due to its sparseness in spatial density. Figure 10 dis-
plays the member selection of the system called Meingast-1
(sometimes referred to as the Pisces-Eridanus stream) by
Ratzenböck et al. (2020) and reveals its nature as a sev-
eral hundred parsec-long elongated streams of stars (Röser
and Schilbach 2020). Building on the original (kinematic)

23

Zucker+2023

Krause+2018

Snowden+1997

Krause+2018
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Diffuse gamma-ray emission from 60Fe in the Galaxy

64

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

                                                                   60Fe emission too faint for imaging etc

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

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

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

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

What are its sources?
How did these traces of nucleosynthesis get here?

Wallner+ 2015, 2016, 2021

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

+ lunar material probes; + antarctic snow

65

NUCLEAR ASTROPHYSICS

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

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

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

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

large ISM structure [the Local Superbubble

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

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

RESEARCH
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Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

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

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

gas density

sun

nearby
stars

Schulreich+ 2017
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see also Zucker+ 2022 
for a recent update on the Local Bubble and the Sco-Cen SN activity,
confirming this local superbubble interpretation with dust cloud maps
and Gaia data
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Recent nearby supernovae and the Local Bubble
The Sun is (now) located inside a hot cavity (the "Local Bubble")
SN explosions created the Local Bubble
Sun entered Local Bubble ~10 My ago

ISM dynamics and trajectory of the Sun lead to wall encounters
and heliosphere quenching from cloud encounters

à nucleosynthesis ejecta flows can reach the Solar System

Zucker, Alvez,+ 
2022,2023
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Zucker, Alves, Goodman, Meingast, Galli The Solar Neighborhood in the Age of Gaia

Taurus

Cepheus

Orion A

Perseus

Chamaeleon/
Musca

Lupus

Ophiuchus/Pipe
Corona 

Australis

Orion B

Orion !

Taurus Perseus

Orion A

Fig. 3.— A top-down view of the solar neighborhood within 400 pc of the Sun. Background grayscale shows the integrated dust
distribution from Leike et al. (2020). Blue “skeletons” show the dense spines of nearby molecular clouds, labeled by name (Zucker et al.
2021). In the zoom-ins, we show detailed views of the cloud topology for the Taurus, Perseus, and Orion A molecular clouds, with
stellar catalogs obtained from both Gaia and VLBI overlaid on the 3D dust distribution, as stated in the legends. 3D interactive versions
of the zoom-in panels are available here for Taurus, here for Perseus, and here for Orion A.

forming regions, and compact radio emission caused by the
gyration of electrons near magnetically active, lower-mass
young stars.

The BeSSeL survey has determined accurate distances
to around 200 high-mass star-forming regions to date, in-
cluding about thirty in the nearest 2 kpc, with typical un-
certainties < 10%. The nearest major star-forming region
with a BeSSeL measurement is associated with the Orion
Nebula Cluster. Similarly, the first release of the VERA as-
trometry catalog has constrained the distances to 99 masers
with similar uncertainties, approximately half of which lie

within 2 kpc. To complement both BeSSeL and VERA,
the GOBELINS survey has targeted low-mass star-forming
regions throughout the Taurus (Galli et al. 2018), Orion
(Kounkel et al. 2017), Perseus (Ortiz-León et al. 2018), Ser-
pens (Ortiz-León et al. 2017b), and Ophiuchus molecular
clouds (Ortiz-León et al. 2017a), with distance uncertain-
ties to individual clumps on the order of ⇡ 1� 2 pc. GOB-
ELINS and BeSSeL data for the Taurus, Perseus, and Orion
regions (Galli et al. 2018; Kounkel et al. 2018; Ortiz-León
et al. 2018; Reid et al. 2019) are shown alongside the Gaia-
visible YSOs in the Figure 3 zoom-in panels and overlaid
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Spectral details of positron annihilation line

¶ Derive/discriminate spectra 
from different regions

Bulge

Disk

Siegert et al., A&A (2015)

INTEGRAL/SPI
Siegert et al., (2015)

GC
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Galactic Messengers

• Radioactivity provides a 
clock

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

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

• Positron annihilation 
~traces CR propagation

electrons in the ISM

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

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

positrons in the ISM

(511 keV γ-ray emission)
(INTEGRAL/SPI, Siegert+2015)

nucleosynthesis ejecta in the ISM

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

cosmic rays exciting ISM

(GeV gamma-ray emission)
(Fermi-LAT, Selig+2014/Acero+2015)
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Perspectives: New/better observations?
We can do now >one o.o.m. better now

Compton Telescope most promising 
eAstrogam ETCC

Galloway+2017

Tanimori+2015DeAngelis+2017, 2018

CAST/CNSA
Peng+2020

COSI

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).

6

COSI/NASA
Tomsick+2021

SPI
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PoS(ICRC2021)652

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.
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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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The Compton Spectrometer and Imager John A. Tomsick

3. COSI Instrument

The COSI instrument utilizes Compton imaging of gamma-ray photons [2, 26]. An incoming
photon of energy ⇢W undergoes a Compton scatter at a polar angle \ with respect to its initial
direction at the position A1, creating a recoil electron of energy ⇢1 that induces the signal measured
in the detector (see Figure 3). The scattered photon then undergoes a series of one or more
interactions, which are also measured. The Compton formula relates the initial photon direction to
the scatter direction (measured direction from A1 to A2) and the energies of the incident and scattered
gamma-rays.

COSI employs a novel Compton telescope design using a compact array of cross-strip germa-
nium detectors (GeDs) to resolve individual gamma-ray interactions with high spectral and spatial
resolution. No other technology thus far tested exceeds COSI’s spectral resolution and polarization
capability in this energy range. The COSI array of 16 GeDs is housed in a common vacuum cryostat
cooled by a CryoTel CT mechanical cryocooler. The GeDs are read out by a custom ASIC, which is
integrated into the full data acquisition system. An active BGO shield encloses the cryostat on the
sides and bottom to veto events from outside the FOV. The COSI instrument is shown in Figure 4.

Figure 3: Schematic of interactions for a single
gamma-ray in a Compton telescope.

We have developed the COSI instrument
through NASA’s Astrophysics Research and
Analysis (APRA) program, including high-
altitude balloon flights in 2005, 2009, 2014,
and 2016, providing a very important proof of
concept. During a 46-day flight in 2016, the
COSI imaging, spectroscopy, polarization, and
real-time localization capabilities were demon-
strated. We were able to detect, localize, and re-
port GRB 160530A in real time [25]. An analy-
sis of the GRB 160530A data resulted in an up-
per limit on the polarization of <46% [16], and
new techniques were developed for polarization
studies [17] and for calibrating the instrument
[15, 29]. The detection of the 0.511 MeV emis-
sion and information about the line shape and spatial extent is reported in Kierans et al. ([12]). We
have also used calibration measurements to benchmark the detector e�ects engine [23].

The data from the 2016 flight have also been vital for completing the software pipeline for the
COSI imaging technique. We have demonstrated the modeling of extended source distributions,
such as the 0.511 MeV emission from the Galactic bulge [20], and also used the Crab nebula and
pulsar as a point source for testing the technique [31]. The software allows for model fitting of
the image, which can be used for testing between physically-motivated spatial sky distributions and
measuring fluxes, extents, and significances of the emission that is detected.

COSI provides major improvements in capabilities over previous MeV instruments. Compared
to COSI-APRA, the number of detectors is increased from 12 to 16, and they have 2 times better
position resolution due to the strip pitch being decreased from 2 mm to 1.16 mm, which translates
into a similar improvement in angular resolution. Also, being above the atmosphere provides
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Compton Telescopes:
à Compton Spectrometer and Imager   (COSI) 

Ge detector based 
Compton Telescope

¶ 18 Ge detectors 8x8x1.5 cm
(cross-stripped)

¶ BGO anticoincidence shield

¶ Measure multiple interactions
within Ge detector array

¶ COSI-APRA balloon flights 
2005, 2009, 2014, 2016
Fdetection of 511 keV and 26Al lines

¶ COSI-SMEX Mission scheduled for 2026+ 
¶ Support in Germany by DLR, T. Siegert et al. U Würzburg

Tomsick+ 2021

Beechert+ 2022

26Al line
(3.7σ)
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Learning from Gamma-Ray Spectroscopy - Summary

¶ Supernova explosions are not entirely spherically symmetric
F 56Ni and how it reveals its radiation in SN2014J 

à SN Ia diversity; sub-Chandra models?
F 44Ti image and line redshift in CasA; SN87A

à ccSupernovae are fundamentally 3D/asymmetric

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

à massive-star ingestions rarely due to single WR stars or SNe
Fthe current Galactic SN rate is ~1/70 years
F60Fe is a SN/wind ejecta diagnostic (SBs older than for 26Al)

¶ Varied messengers complement each other 
with essential diagnostics
FRadioactivity provides a unique and different view 

on cosmic isotopes (via gamma rays, stardust, CRs, sediments)
FA next gamma-ray telescope (light-weight Compton telescope) 

in 2040+??; INTEGRAL ends 2029; COSI (2027) is a great first step ...
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Neutron star collisions: explosive nucleosynthesis

great enthusiasm...
     
very 
rare 
events!

disk wind

Thielemann+2018
Elemental yields reminiscent of r-process pattern

Sm
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tt+
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radioactivity??

The expected "kilonova" was seen
after a unique gravitational-wave signal

GW 170817
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GW170817 / AT2017gfo
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gravitational-wave & γ-ray burst triggered multi-band follow-up of NSM

r process 
synthesis (Sr)?

ΔtGW-�

Figure 2

With significantly lower E�,iso but comparable Epk, the observed properties of GRB170817A (red
star) clearly deviate from SGRBs (blue circles, from Salafia et al. 2019). Inset: The Fermi-GBM
light-curve of GRB170817A shows a peculiar morphology, with a short hard main pulse of
⇠ 0.5 s (red shaded area) followed by a softer tail of emission with duration ⇠ 1.12 s (yellow shaded
area). The onset of the �-ray emission is delayed compared to the merger time of �tGW�� .

multimessenger astrophysics with GWs. The key observational properties of the �-ray coun-

terpart to GW170817 are as follows (Goldstein et al. 2017; see also Pozanenko et al. 2018,

Fraija et al. 2019). The Fermi-GBM light-curve of GRB170817A showed a peculiar mor-

phology consisting of a spike of emission of ⇠ 0.5 s (also detected by INTEGRAL) followed

by a lower-significance tail of softer emission, with total duration of T90 =2.0±0.5 s (Figure

2). The spectrum of the short spike is well fit by a power-law with exponential cuto↵ (i.e., a

Comptonized model) with peak energy of the ⌫F⌫ spectrum Epk =185±62 keV and isotropic

equivalent energy release E�,iso =(3.6± 0.9)⇥ 1046erg (10–1000 keV). The spectrum of the

softer tail can be fit with a blackbody model with temperature T =10.3 ± 1.5 keV and

E�,iso =(1.2 ± 0.3) ⇥ 1046erg , even if the limited photon statistics prevent any conclusive

statement about the nature of the intrinsic spectrum. GRB170817A showed no evidence

for a �-ray precursor or extended emission (EE).

Extended Emission
(EE): Period of up to
⇠ 100 s of enhanced
�-ray activity after
the short �-ray spike
that can be
energetically
dominant (as in
SGRB080503).

The fact that GRB170817A is significantly less energetic than cosmological SGRBs

(Fig. 2) is not surprising, as the most likely scenario of GW-detected BNS mergers is that

of an o↵-axis configuration (typical observer angle ✓obs ⇠ 30�; Schutz 2011), for which the

observed emission is significantly depressed and e↵ectively undetectable (Goldstein et al.

2017, Abbott et al. 2017b) at the typical distances and jet-collimation angles of SGRBs

(z ⇡ 0.5, ✓jet ⇠ 4� � 15�, Berger 2014, Fong et al. 2015). The true surprise is that the first

GW-detected BNS merger was also accompanied by the independent detection of �-rays.

3.1. Relationship to the �-ray emission from short GRBs

With E�,iso =(4.8±0.9)⇥1046erg and a peak luminosity Lpk,iso =(1.4±0.5)⇥1047erg s�1 ,

GRB170817A is orders of magnitude less energetic and luminous than SGRBs, yet with

similar duration of ⇠ 2 s. This opens two possibilities: (i) GRB170817A is intrinsically sub-
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AT2017gfo contains more than 600 individual datapoints from 46 instruments (as compiled

by Villar et al. 2017).

For clarity, in Figure 4 we select four representative filters with high temporal sampling

to demonstrate the photometric behavior of AT2017gfo from the near-UV (Swift-UVM2),

blue optical (g), red optical (i), through the NIR (Ks). The UV light curves exhibit

fading behavior from the first observations at �t=0.65 d (Evans et al. 2017). At the other

extreme, the Ks light curve rose to a broad peak around �t⇡3.5 d. In between, the optical

emission started fading within a day after the merger (Arcavi et al. 2017, Coulter et al.

2017, Cowperthwaite et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt et al. 2017,

Soares-Santos et al. 2017).

Drout+17

Waxman+18
Arcavi+18

Coughlin+18

S S S

Figure 4

Light curves of AT2017gfo in four representative filters: Swift-UVM2 (�e↵ = 2231 Å); g (�e↵ = 4671 Å); i
(�e↵ = 7458 Å); Ks (�e↵ = 2.14 µm). Data and best-fitting three-component model from Villar et al. (2017), with original
data presented in the references cited in §4. Vertical arrows indicate the times of the spectra displayed in Figure 5. Inset,
upper panel: Bolometric luminosity from Coughlin et al. (2018) (black circles with uncertainties). The shaded gray area
marks the range of best-fitting bolometric light curves from the literature (Cowperthwaite et al. 2017, Drout et al. 2017,
Arcavi 2018, Waxman et al. 2018). The solid gray line shows a slope of Lbol / t

�1.3, the expected slope of energy input
from r-process radioactive decay. Inset, lower panel: Best fitting blackbody temperatures TBB (Drout et al. 2017, Arcavi
2018, Waxman et al. 2018). Note that Drout et al. (2017) fixed TBB =2500 K after �t=8.5 d.

Optical spectroscopy in the first week after the merger was presented by a number of

groups (Andreoni et al. 2017, Kasliwal et al. 2017b, Levan et al. 2017, McCully et al. 2017,

Nicholl et al. 2017, Pian et al. 2017, Shappee et al. 2017, Smartt et al. 2017, Troja et al.

2017, Valenti et al. 2017), with the first spectrum acquired at �t = 0.5 d after merger. The

spectra were unlike those of known supernovae and only developed weak features before the

transient became too faint at �t ⇡ 10 d. NIR spectroscopy was obtained from a few sources

starting at �t=1.5 d (Chornock et al. 2017, Kasliwal et al. 2017b, Pian et al. 2017, Smartt

et al. 2017, Tanvir et al. 2017, Troja et al. 2017), and resulted in the detection of a number

of broad features between 1–2 µm.

We display three epochs of spectroscopy in Figure 5 to sample the evolution of the
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lucky coincidence: seeing a weak sGRB from a large aspect angle

Nuclear uncertainties and r-process in NS mergers 19

Figure 20. (Color online) Time evolution of the radioactive heating rate Q (before thermalization) for the combined dynamical and
secular ejecta for model sfho-135-135 plus M3A8m1a5 (top), sfho-125-145 plus M3A8m3a5-v2 (middle) and sfho-11-23 plus M3A8m3a5-v2
(bottom) when varying the nuclear input between all models listed in Table 2. The columns displays the heating generated by �-decay
(Q�), ↵-decay (Q↵), fission (Qfis) and the total heat from all or the decay modes (Q = Q� +Q↵+Qfis). The gray dashed line corresponds
to the approximation Q0 = 1010[t/1 day]�1.3 erg/g/s The ratio Q/Q0 is also shown as an insert in the right column, where the line y = 1
is indicated by the gray dashed line. See Figs. 13, 14, 15 and 16 for the color labels for each nuclear input combination.

son of Figs. 22 and 185 shows that uncertainty studies based
on a single or a few trajectories may artificially exacerbate
the impact of nuclear physics uncertainties, particularly in
cases of Ye ⇠ 0.2 � 0.3 close to the threshold of lanthanide
production. One should consequently be careful when draw-
ing conclusions regarding the total r-process yields of a given
site or ejecta component from single-trajectory studies.
Another critical point in the comparison of sensitivity anal-

yses concerns the way nuclear uncertainties are propagated
to the nucleosynthesis calculations. A popular technique used
to propagate the nuclear uncertainties to the final r-process
results is to increase or decrease, for example, the nuclear
mass or the neutron capture rate of a single nucleus by a
given factor (e.g., see Surman & Mumpower 2018; Bliss et al.
2017, who applied factors of 5, 10, 50 or 100 to the (n, �) or
(↵, n) rates). Then, for each variation or change of, for exam-
ple, the nuclear mass of a given nucleus, the r-process abun-
dances are re-calculated and compared to a base calculation
with fixed nuclear (and astrophysical) input. After multiple
variations, i.e. r-process calculations, the nuclei for which the
abundances are the most sensitive with respect to changes of
a given nuclear property are revealed. This technique can be
seen as a variant of the MC method (see Mumpower et al.
2016; Rauscher 2020, for details about various implementa-

5 Similar trends can also be seen in Figs. 2a and b in Zhu et al.
(2021).

tions) since it applies random variations of quantities, such as
mass, �-decay half lives, neutron capture rates or �-delayed
neutron emission, pulled from a distribution which represents
the assumed nuclear uncertainty of the property investigated.
When considering uncertainties arising from (theoretical) nu-
clear physics inputs like for example the nuclear mass or
neutron capture rates, there are two sources of uncertainty,
namely statistical and systematic errors, where the latter is
often referred to as model errors. MC studies adopt a given
nuclear model for the baseline calculation (i.e. they have to
choose the mean of the uncertainty distribution) and consider
uncorrelated variations around that baseline. Therefore MC
methods and similar techniques can, by design, only probe
uncorrelated statistical errors. The claim that the indepen-
dent and random variations of the nuclear properties of in-
dividual nuclei can probe all nuclear uncertainties, including
the systematic model uncertainties (Mumpower et al. 2016,
and references therein) would only be correct if the nuclear
properties addressed by the MC studies were uncorrelated,
which they are not. As discussed in Sect. 1, theoretical phys-
ical models considered to estimate all nuclear inputs of rel-
evance for the r-process calculations are responsible for the
nuclear correlations between the various nuclei involved as
well as the between the various properties of interest. For the
neutron-rich nuclei relevant to the r-process, for which no ex-
perimental information is available, the statistical errors due
to variations of model parameters have been shown to be
much smaller than the systematic (or model) uncertainties

MNRAS 000, 1–?? (2021)
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to variations of model parameters have been shown to be
much smaller than the systematic (or model) uncertainties
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Fig. 1 Summary of the electromagnetic counterparts of NS–NS and BH–NS mergers and their dependence
on the viewing angle with respect to the axis of the GRB jet. The kilonova, in contrast to the GRB and
its afterglow, is relatively isotropic and thus represents the most promising counterpart for the majority of
GW-detected mergers. Image reproduced with permission from Metzger and Berger (2012), copyright by
AAS

compact BH or NS remnant following the merger (e.g., Narayan et al. 1992). This
is expected to occur within seconds of the merger, making their temporal association
with the termination of the GW chirp unambiguous (the gamma-ray sky is otherwise
quiet). Once a GRB is detected, its associated afterglow can in many cases be iden-
tified by promptly slewing a sensitive X-ray telescope to the location of the burst.
This exercise is now routine with Swift, but may become less so in the future without
a suitable replacement mission. Although gamma-ray detectors themselves typically
provide poor sky localization, the higher angular resolution of the X-ray telescope
allows for the discovery of the optical or radio afterglow; this in turn provides an even
more precise position, which can help to identify the host galaxy.

A prompt burst of gamma-ray emissionwas detected fromGW170817 by the Fermi
and Integral satellites with a delay of≈ 1.7s from the end of the inspiral (Abbott et al.
2017d; Goldstein et al. 2017; Savchenko et al. 2017). However, rapid localization of
the eventwas not possible, for two reasons: (1) themergerwas outside the field-of-view
of the Swift BAT gamma-ray detector and therefore a relatively precise sky position
was not immediately available; (2) even if rapidly slewing of the X-ray telescope had
been made, the X-ray afterglow may not have been detectable at such early times.
Deep upper limits on the X-ray luminosity of GW170817 at t = 2.3 days (Margutti
et al. 2017) reveal a much dimmer event than expected for a cosmological GRB placed
at the same distance at a similar epoch. As we discuss below, the delayed rise and low
luminosity of the synchrotron afterglow were the result of our viewing angle being far
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