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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M!–
0.05M! and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29.

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3 | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

GW170817 and its kilonova
E. Pian et al. (2017)

NASA/Swift
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4830 A. Slemer et al.

Figure 10. O–Na anticorrelation in stars of GGCs. Observed data are the same as in Fig. 9. In each panel, the sequence of filled squares (from right to left)
corresponds to the elemental ratios [Na/Fe] and [O/Fe] in the TP-AGB ejecta of stars with initial composition Zi = 0.0005, [α/Fe] = 0.4 and masses from 3.0
to 5.0 M! in steps of 0.2 M!. Few selected values of the mass (in M!) are indicated nearby the corresponding model. Panels of the left row: all models share
the same AGB phase prescriptions (our reference case M13), but for the rate of 22Ne(p, γ )23Na (see Table 1). Panels of the right row (from top to bottom):
results obtained with the LUNA rate, but varying other model assumptions, as described in Table 2 and marked by the corresponding capital letter on the
top-left. See the text for more explanation.

bend over the populated region is to invoke a dilution process with
gas of pristine composition that basically shares the same chemical
pattern as the field stars of the same [Fe/H].

According to a present-day scenario, the observed anticorrela-
tion would be the result of multiple star formation episodes within
GGCs, in which the ejecta of AGB stars from a first genera-
tion polluted the gas involved in the subsequent secondary star

formation events (Ventura & D’Antona 2008). In this framework,
GGC stars that populate the upper region of the anticorrelation (high
Na, low O) would exhibit the chemical abundances of pure AGB
ejecta, while stars on the opposite extreme (low Na, high O) would
sample a pristine composition, typical of the first generation. In
between are all the GGC stars born out of a mixture in which the
AGB ejecta were partially diluted into a pristine gas.

MNRAS 465, 4817–4837 (2017)
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COST action ChETEK [ketek] on Nuclear Astrophysics
http://www.chetec.eu

u ~160 k€/year 2017-2021
u 30 European countries

Chair: 
u Raphael Hirschi, Keele/UK
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ChETEC COST action CA16117, supported meetings in calendar year 2019

Support for working group meetings

1. EC-initiated stellar collapse, Leiden/NL 20.-24.05.2019 

2. Nuclear and astrophysics aspects of the rapid neutron capture process, Trento/IT, 01.-05.07.2019

3. Microphysics in Computational Relativistic Astrophysics, Jena/DE, 12.-16.08.2019

4. CEMP stars as probes of first-star nucleosynthesis, the IMF, and Galactic Assembly, Geneva/CH, 
09.-13.09.2019

5. Management Committee and WG meeting co-hosted with Nuclear Physics in Astrophysics IX 
conference, Mainz/DE 19.09.2019

6. Toward a comprehensive and statistically meaningful 18F(p,a)15N reaction rate, Orsay/FR 14.-
15.10.2019

7. ChETEC follow-up in H2020 and HORIZON Europe programs, Dresden/DE 11.-12.2019

8. Lithium in the Universe: To Be or not to Be, Rome/IT 18.-22.11.2019

Support for Training schools

1. 55th Karpacz Winter School of Theoretical Physics and ChETEC Training School „Nuclear
Astrophysics in the Multi-Messenger Area“, Karpacz/PL 24.02. – 02.03.2019

2. Direct nuclear reaction measurements (Training School), Paris/FR 08.-10.12.2019
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Nuclear astrophysics, the three types of infrastructures needed for progress

4830 A. Slemer et al.

Figure 10. O–Na anticorrelation in stars of GGCs. Observed data are the same as in Fig. 9. In each panel, the sequence of filled squares (from right to left)
corresponds to the elemental ratios [Na/Fe] and [O/Fe] in the TP-AGB ejecta of stars with initial composition Zi = 0.0005, [α/Fe] = 0.4 and masses from 3.0
to 5.0 M! in steps of 0.2 M!. Few selected values of the mass (in M!) are indicated nearby the corresponding model. Panels of the left row: all models share
the same AGB phase prescriptions (our reference case M13), but for the rate of 22Ne(p, γ )23Na (see Table 1). Panels of the right row (from top to bottom):
results obtained with the LUNA rate, but varying other model assumptions, as described in Table 2 and marked by the corresponding capital letter on the
top-left. See the text for more explanation.

bend over the populated region is to invoke a dilution process with
gas of pristine composition that basically shares the same chemical
pattern as the field stars of the same [Fe/H].

According to a present-day scenario, the observed anticorrela-
tion would be the result of multiple star formation episodes within
GGCs, in which the ejecta of AGB stars from a first genera-
tion polluted the gas involved in the subsequent secondary star

formation events (Ventura & D’Antona 2008). In this framework,
GGC stars that populate the upper region of the anticorrelation (high
Na, low O) would exhibit the chemical abundances of pure AGB
ejecta, while stars on the opposite extreme (low Na, high O) would
sample a pristine composition, typical of the first generation. In
between are all the GGC stars born out of a mixture in which the
AGB ejecta were partially diluted into a pristine gas.

MNRAS 465, 4817–4837 (2017)

 at Forschungszentrum
 D

resden-Rossendorf (M
itglied der Leibniz-G

em
einschaft), B on January 4, 2017

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

0 2 4 6 8 10 12 14 16 18

10

210

310

410

510

610

710

C
ou

nt
s 

/ 0
.0

5 
M

eV  = 156.2 keV, add-backpE
Signal
Background (rescaled)

Singles sum, gated
Exp., bg. sub.
Simulation

0 2 4 6 8 10 12 14 16 18
 [MeV]γE

10

210

310

410

510

610

710  = 189.5 keV, add-backpE
Signal
Background (rescaled)

Singles sum, gated
Exp., bg. sub.
Simulation

0 2 4 6 8 10 12 14 16 18

10

210

310

410

510

610

710  = 259.7 keV, add-backpE
Signal
Background (rescaled)

Singles sum, gated
Exp., bg. sub.
Simulation

Nuclear Physics: 
Rate of the 22Ne(p,g)23Na 
nuclear reaction 10 times 
higher
Ferraro+ 2018Astronomy: 

Observed 23Na and oxygen 
abundances in 
globular cluster stars
Carretta+ 2009

Astrophysics: 
Models of asymptotic giant branch stars 
including 22Ne(p,g)23Na nuclear reaction rate
Slemer+ 2017
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Nuclear astrophysics as an emerging field in Europe

u COST Action ChETEC 
Chemical Elements as Tracers of the Evolution of the Cosmos
30 European countries represented
April 2017 – October 2021
Forerunner of ChETEC-INFRA

u Nuclear Physics in Astrophysics Conference series, since 2002 
Sponsored by the Nuclear Physics Division of the European Physical Society
200+ participants
2019 Mainz / Germany 
next: CERN Geneva
Partner with ChETEC-INFRA to support NPA conference schools

u Nuclei in the Cosmos conference series, every even year since 1990
International conference alternates between Europe and non-European countries
200+ participants
2021 (!!) Chengdu / China
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Nuclear astrophysics – challenges
u Many small university groups, often just one or two PIs per institution
u Nuclear astrophysicists are embedded in larger disciplines with their own agenda

u Nuclear physics
u Astronomy
u Astrophysics

u Many EU countries have only a small or even no nuclear astrophysics community, 
with limited access to resources for researchers

How to address these challenges of nuclear astrophysics?

u Start at the crucial intersection of researchers, the research infrastructures
u Provide EU-funded access to a set of key national and regional infrastructures

u Improve coherence and networking inside the field
u Address outreach inside and beyond the field
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ChETEC-INFRA, an EU-supported Starting Community of 
Research Infrastructures for Nuclear Astrophysics 

5.0 M€ EU HORIZON2020 support (2021-2025)

TNA
Transnational Access

JRA
Joint Research Activities

NA
Networking Activities

Infrastructure access
• 8 nuclear labs
• 4 telescopes
• 1 computer

Infrastructure usability
• Targets
• Neutron detectors
• Abundance corrections
• Analysis pipelines

Infrastructure networking
• Complementary Experiments
• Solar fusion+model
• Geochemistry/Astrophysics
• Nuclear astrophysics schools
• Outreach

32 partners, 17 countries, largest EU project for nuclear astrophysics yet
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« Astronuclear High Performance Computing 
§ 8 million cpu hours access
§ University of Hull (UHULL) viper HPC, United Kingdom

« Astronuclear Laboratories
§ 3763 beam hours access
§ HZDR Felsenkeller underground ion beam, Germany
§ HZDR Accelerator Mass Spectrometry, Germany
§ Vienna VERA Accelerator Mass Spectrometer, Austria
§ Frankfurt Van de Graaff neutron beam, Germany
§ PTB PIAF neutron and ion beam, Germany
§ University of Cologne 10MV Tandem accelerator, Germany
§ ATOMKI Cyclotron, Hungary
§ IFIN-HH 3MV Tandetron, Romania

« Astronuclear Telescopes
§ 172 observation nights access
§ IANAO Rozhen NAO 2m telescope, Bulgaria
§ ASU Perek 2m Telescope, Czech Republic
§ Aarhus University NOT Telescope La Palma, Spain
§ Vilnius University Molėtai Observatory, Lithuania

First pillar: TA Transnational Access to Research Infrastructures
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« Astronuclear High Performance Computing 
« Astronuclear Laboratories
« Astronuclear Telescopes

Who can apply?
« Any scientist, from inside or outside the EU, from 

inside or outside the project, can apply
« Evaluation by an independent User Selection 

Panel, based on scientific excellence only
« Users must promise to publish their results

Support given
« EU funds the beam time / observation time / 

computational effort 
« Limited support for travel to the infrastructure

When and where to apply
« Four deadlines per year, next one 17 August
« Evaluation takes 2-3 months
« https://www.chetec-infra.eu

First pillar: TA Transnational Access to Research Infrastructures
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ChETEC-INFRA: all work packages at a glance
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WP3/JRA1 Astronuclear Lab (Marco La Cognata, INFN) 

Task 3.1 Solid Targets for Astrophysics Research
• Roberta Spartà (INFN LNS Catania)
• ultra-pure material targets 
• Implanted noble-gas targets

Task 3.2 Gas Targets for Astrophysics Research 
• Tamás Szücs (ATOMKI Debrecen)
• Windowless gas target
• Gas cell targets

Task 3.3 Neutron Detector Development
• JJ Valiente Dobón (INFN LNL Legnaro)
• Scintillator-based neutron detector materials, detectors, and readout

Task 3.4 Chemical Element Sensitive Accelerator Mass Spectrometry
• Robin Golser (Vienna University, VERA AMS)
• access the nuclear charge of the isotope to be provided for AMS, e.g. by ion-

gas or ion-laser-interaction
• Example case 182Hf 

TA nuclear labs
• HZDR, UNIVIE, GUF, PTB, 

UoC, ATOMKI, IFIN-HH
JRA1 Astronuclear Lab
• INFN, HZDR, UNIVIE, 

CNRS, GUF, PTB, TUD, 
UoC, ATOMKI, UKE, UMIL, 
UNIPD, NCBJ, IFIN-HH
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WP4/JRA2 Astronuclear HPC (Marco Pignatari, Hull/UK) 

Task 4.1 Stellar Nucleosynthesis Software Tools for Access to HPC
• Raphael Hirschi (Keele University, UK)
• Enable users who have stellar evolution code but 

are new to nucleosynthesis

Task 4.2 Nuclear Astrophysics Software Pipeline
• Marco Pignatari, Hull/UK
• Link from nuclear data to stellar nucleosynthesis
• Sensitivity studies 

Task 4.3 EXNUC Explosive Nucleosynthesis Codes
• Jordi José (UPC Barcelona)
• Make stellar evolution & stellar hydro codes accessible
• Tutorials for new users, shorten training period to one month

TA HPC
• UHULL
JRA2 Astronuclear
HPC
• UHULL, ULB, 

GUF, CSFK, 
CSIC, UPC, 
KEELE
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WP5/JRA3 Astronuclear Abundances (Arunas Kucinskas, Vilnius/LT) 

Task 5.1 Database of 3D NLTE Abundance Corrections
• Arunas Kucinskas (Vilnius University/LT)
• Enable analyses of stellar spectra to determine abundances
• Compute ready to use corrections using 3D hydro, relaxing

assumption on local thermal equilibrium (NLTE)

Task 5.2 Homogeneous Open-Source Stellar Pipeline
• Andreas Korn (Uppsala/SE)
• Make Gaia DR2/DR3 accessible for nuclear astrophysics
• Stellar evolution corrections standardized

TA telescopes
• ASU, AU-NOT, 

VU, IANAO
JRA3 Astronuclear
Abundances
• VU, IANAO, ASU, 

AU-NOT, AIP, 
MPG,  INAF, UU
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Networking Activities (WP6 – WP9)
WP6/NA1 Comprehensive Nuclear Astrophysics (UPC Barcelona)
• 6.1 Binary Star Database (MPIA)
• 6.2 Cross-collaboration examples between disciplines (UPC)
• 6.3 Galactic chemical evolution (Hull)

WP7/NA2 Dissemination, Outreach, Innovation (TU Dresden)
• 7.1 Nuclear Astro Masterclasses (TU Dresden)
• 7.2 Nuclear Astro Scientific Schools (GANIL)
• 7.3 Conference Outreach (HZDR)
• 7.4 Research – Industry Days (Uni Padova)

WP8/NA3 Astronuclear Library (CSIC Barcelona)
• 8.1 “Big Three” nuclear reactions: 12C(α,γ), 

12C+12C, 22Ne(α,n) (Catania)
• 8.2 Solar fusion and solar models (CSIC)
• 8.3 Reaction rate library (Frankfurt)
• 8.4 Web page, data, metadata (Frankfurt)

WP9/NA4 Mass Spectrometry (Konkoly Budapest)
• Network nuclear astrophysics and geochemistry 

communities
• Mass spectrometry (without and with accelerator)

NA1 Comprehensive Nucl. 
Astro.
• UPC, HZDR, ULB, MPG, 

HUJI, INAF, VU, CSIC, 
UU, UHULL

NA3 Astronuclear Library
• CSIC, HZDR, CNRS, 

IPGP, GUF, ATOMKI, 
INFN, UKE, UMIL

NA2 
Dissemination/Outreach/Innova
tion
• TUD, HZDR, CNRS, 

GANIL, GUF, INFN, 
UNIPD, VU, IFIN-HH, UU, 
KEELE, UHULL

NA4 Mass Spectrometry 
Network
• CSFK, HZDR, UNIVIE, 

IPGP, ETHZ, UHULL
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Cross-cutting goals
Educate the next generation of scientists
u Start with high school students
u SNAQs for PhD students running since February 2021, 

reach+activate several 100 partipants

Increase participation across Europe+, across genders, nationalities, …
u Conference outreach, web page, …
u Top-level Gender and Inclusiveness Coordinator

Synergies and coherence with neighboring communities
u Large telescopes, labs, and supercomputers
u Links between astro and planetary sciences
u Links to US IRENA, China, Japan, …
u Links to COST actions ChETEC, GAIA-MW, PHAROS, ...

Interdisciplinary approaches
u TNA proposals using more than one type of infrastructure are encouraged
u Education of one PhD student in all three disciplines (observation, nuclear, astro)
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ChETEC-INFRA and other EU infrastructure initiatives
ChETEC-INFRA   Part B sections 1 – 3 , page 6 / 99 

 

Figure 1.1a: ChETEC-INFRA in the context of neighbouring Advanced Communities and 
ESFRI landmarks. 

Several ESFRI landmarks relate to the ChETEC-INFRA science case. First, the FAIR project will allow 
to approach (but may not quite reach), in the laboratory the path of the astrophysical r-process, which is 
responsible for the production of the heaviest elements [2] Complementary capabilities for very exotic 
beams and for γ-induced reactions will be available at ESFRI Landmarks SPIRAL2 and ELI-NP, 
respectively. The ESFRI landmark European XFEL and more precisely its HIBEF beam line will allow 
to re-measure the radiative opacity of elements in the Sun [3, 4], which is synergetic to the solar fusion 
studies pursued in ChETEC-INFRA [5]. Together, opacity and fusion data may solve the solar 
abundance problem [6]. Finally, E-ELT and PRACE are ESFRI landmarks for very large optical 
telescopes and very large HPC infrastructures, respectively. 

Using the ChETEC-INFRA infrastructures and the competence and network developed here, the 
following current, burning questions for nuclear astrophysics will be addressed: 

x Calibrated Sun: Can we understand solar fusion nuclear reactions and solar elemental 
abundances as precisely as helioseismology? 

x Life elements: How exactly and in which relative proportions was all carbon and oxygen 
produced in stellar helium burning? 

x Ubiquitous s-nuclides: What do slow neutron-capture nucleosynthesis (the s-process) and the s-
nuclides produced in it teach us about the world we inhabit, from laboratory experiments on s-
process neutron sources and neutron captures, to astronomical observations of s-process 
enhanced stars, to multi-D astrophysical simulations of stellar evolution and nucleosynthesis, to 
meteoritic data on the distribution of the s-process isotopes in the Solar System? 

x Carbon and explosions: What is the true rate of stellar carbon burning, and will a carbon-burning 
star evolve into a core-collapse supernova or a cosmological standard-candle thermonuclear 
supernova? 

To conclude this tour d'horizon, we review the history of this field. Even though the question of 
nucleosynthesis in stars was first discussed in the 1930s [7, 8], and more formally in the 1950s [9], until 
now most nuclear astrophysics research was carried out as an aside to a larger effort to study nuclear 
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ChETEC-INFRA, 32 partners in 17 countries
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ChETEC-INFRA, takeaway messages
Basic facts
u 32 partners in 17 EU+ countries 
u ChETEC-INFRA runs 01 May 2021 – 30 April 2025
u 5.0 M€ support from EU research infrastructure networking budget
u We are a starting community, meaning we are meant to learn

What does it already mean for you?
u Network of research infrastructures to serve nuclear astrophysics 
u ChETEC-INFRA access to research infrastructures is open to all

scientists, selection based on scientific merit


