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26Al from massive-star clusters: 
theory and observations

with work from (a.o.)
Martin Krause, Karsten Kretschmer, Moritz Pleintinger, 
Thomas Siegert, Rasmus Voss, Wei Wang, Christoph Weinberger



Roland DiehlTOSCA massive-star clusters workshop, Siena (I),  28 Oct  2024

Nuclear reactions to produce 26Al
p capture during H burning in stellar core, + H shell in AGB stars,…novae...)

¶ The Na-Al-Mg cycle: production versus destruction reactions...

Fstellar
interiors,
supernovae 
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Publications of the Astronomical Society of Australia 5

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

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

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

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

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

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

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

FccSNe dominate for lower-mass range, 
winds dominate over explosive ejecta for more-massive stars
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• We model the “outputs” 
of a massive star ensemble and 
their supernovae from theory
– Winds and Explosions
– Nucleosynthesis Ejecta
– Ionizing Radiation

• We get observational 
constraints from
– Star Counts
– ISM Cavities
– Free-Electron Emission
– Radioactive Ejecta
è obtain cluster / model validation

with adjusted parameters to match observational constraints

Studying Massive-Star Groups (including nucleosynthesis)
Voss R., et al., 2009

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)
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Nuclear 26Al Gamma-Ray Line Telescopes
INTEGRAL

2002-2025 (..2029)

ESA
high E resolution
Ge detectors
15-8000 keV

CGRO-COMPTEL
1991-2000 
NASA
Compton
Telescope
800-30000 keV
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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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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

26Al γ-rays from the Galaxy
SPI on INTEGRAL

COMPTEL on CGRO

SPI/INTEGRAL
2016

8

HEAO-C
1978

τ~1 My
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Inner Galaxy

Cygnus

Orion

Vela

Sco-Cen

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

Cumulative from Massive-Stars & ccSNe 

SPI on INTEGRAL

COMPTEL on CGRO

γ-ray flux à cc-SN Rate = 1.3 (± 0.6) per Century
Diehl+2006;20189

SPI/INTEGRAL
2023
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Massive-Star Groups: Population Synthesis
Voss R., et al., 2009

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

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)
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Massive-Star Groups: Population Synthesis

Pleintinger M. 2020

• Re-written PopSyn code 
(Voss+2009 à Python)

– IMF variants 
& sampling

– Nucleosynthesis yield 
alternatives

– Explodability variants

Voss R. et al. 2009

540 R. Voss et al.: The interstellar medium around OB associations

Fig. 12. The Pearson correlation coefficient between the 26Al and 60Fe
γ-ray emission (solid line), the 26Al γ-ray and the UV emission (dashed
line) and the 60Fe γ-ray and the UV emission (dotted line), as a function
of time for our default model.

to zero implies that the two associated quantities do not contain
information about each other. There is no strong correlation be-
tween the γ-rays from 60Fe and UV radiation, and therefore the
overall UV radiation does not know anything about the 60Fe pro-
duction. The strong correlation between the 26Al γ-ray emission
(from the 26Al ejected in the stellar winds) and the UV radia-
tion at young ages refects that both components are produced by
related sources: note that there is a time delay between the UV
and the 26Al emission, so the sources that produce both quan-
tities are not the same. The 26Al-UV correlation decreases with
time, since the stars that produce the UV emission are unrelated
to the stars that explode as SN and produce most of the 26Al
at ages later than 6 Myr. Finally, the γ-rays from 60Fe and 26Al
are highly correlated but the correlation does not reach a value
of 1, reflecting the fact that the overall production comes from
similar, but not the same, stellar sub-populations.

4. Discussion

The outflow (energy and matter) from young stars into the ISM
determines the interplay between star formation and galaxy evo-
lution. Our population synthesis code predicts important stellar
outputs necessary to study these processes in more detail. The
emission of radioactive isotopes is important for such studies,
as they are a unique way of tracing the output from the massive
stars directly, globally (Milky Way wide) as well as the spatial
distribution of the ejecta around young stellar clusters. Many as-
pects of stellar evolution of massive stars are quite uncertain, and
often the effects of these on the properties of a stellar cluster are
not directly apparent. Population synthesis studies allow to test
the impact of changes in specific ingredients and processes of
stellar evolution models.

Our study of the ejection of the radioactive elements 26Al
and 60Fe shows considerable theoretical uncertainties on the
ejection rates and time profiles. Especially the amount of 60Fe
ejected from the most massive stars is sensitive to the structure
of the stars in the final evolutionary stages. The emission of 26Al
varies by less than a factor ∼2, and the ratio of these two el-
ements is therefore an important diagnostic for the late stages
of stellar evolution of very massive stars. An important ingre-
dient is mass loss from the massive stars. Despite recently im-
proved understanding of this process, the rate of mass loss is
still subject of debate, with proposed downward changes of up
to an order of magnitude. One effect of lower mass loss rates
is an increase of the stellar core sizes at late burning stages.

Fig. 13. The time profiles of the kinetic power, 26Al, 60Fe and UV, with
the contributions from 4 mass ranges. The solid lines are for the full
range of masses (same as the solid lines in Figs. 3 and 7.

The 60Fe production is correspondingly enhanced, and the wind
ejection of 26Al is decreased. For non-rotating stellar models,
with the currently preferred mass-loss rates (Limongi & Chieffi
2006) the Galactic 60Fe/26Al ratio is overpredicted with respect
to measurements (Wang et al. 2007), leading Limongi & Chieffi
(2006) to suggest changes in the IMF or a relatively low upper
integration limit. For lower mass-loss rates this problem would
be enhanced and this is a strong argument against very low mass-
loss rates for non-rotating stellar tracks (although it is impor-
tant to note that the uncertainties in the nucleosynthesis of 60Fe
and 26Al are too large for the argument to be definitive at this
time). Stellar rotation can strongly enhance the mass lost from
stars, mainly from increasing the duration of the WR-phases.
However, rotation also tends to increase the size of the stellar
core, and without calculations of the later evolutionary stages
of such stars, it is difficult to predict the explosively ejected nu-
cleosynthetic yields. The observed average Galactic 60Fe/26Al
ratio provides interesting constraints on the models, but obser-
vations of specific regions are also important, as the time profile
and the statistical variability can improve our understanding of
massive star evolution considerably. While the study of the ra-
tio in individual star-forming regions will not be possible for

536 R. Voss et al.: The interstellar medium around OB associations

Fig. 2. Average time profiles of 26Al and 60Fe for a coeval population
of stars, for the three different sets of stellar models available. The lines
show the amount of the elements present in the ISM per star in the
8−120 M⊙ range. The 26Al yields are divided between the wind and
the supernova contributions, whereas the wind contribution of 60Fe is
negligible. The black lines indicate the results using the yieldsLC2006
supernova yields, whereas the grey lines indicates the results using the
yieldsWW95 yields.

with the very large theoretical uncertainties, observations of 26Al
and 60Fe thus have the potential to place interesting constraints
on the final evolutionary state of very heavy stars, although in an
indirect way, since only the integrated effect of different sources
can be observed.

In Fig. 3, the average time profiles of 26Al (including both the
wind and the supernova contributions) and 60Fe are shown for
different models, together with the statistical variance. Shown
are the 1σ and 2σ statistical deviations (the intervals contain-
ing 68% and 95% of the Monte Carlo simulations) for a popu-
lation of 100 stars in the 8−120 M⊙ range2, corresponding to a
typical nearby star forming region (for example the number of
massive stars formed within the last 15 Myr in the Orion OB1
association is estimated to be close to 100 Brown et al. 1994).
We note that the 8–120 M⊙ range includes more massive stars
than are observed in many nearby regions. However, when a
probabilistic description (such as our Monte Carlo simulations)
is assumed, the limit should be the most massive star theoret-
ically possible in the cluster. Observed clusters correspond to
random realizations of the IMF and the most massive stars in
these can therefore have much lower masses than the upper limit
of 120 M⊙ (see also Sect. 4 where the contributions of various
initial mass ranges to the observables are shown).

2 1 star in this range corresponds to 381, 140 and 188 stars in the
0.1−120 M⊙ range for the Salpeter (Salpeter 1955), Kroupa (Kroupa
2001) and the Scalo (Scalo 1986) mass functions, respectively, and
to 13%, 18% and 5% of the stellar mass.

Fig. 3. Time profiles of 26Al (top) and 60Fe (bottom) for a coeval pop-
ulation of stars. The solid lines indicate the average profiles for the
geneva05 stellar models with the yieldsLC2006 supernova yields.
The the dark and light grey regions show the 1σ and the 2σ devia-
tions for a population of 100 stars between 8 and 120 M⊙, based on
Monte Carlo simulations. The dashed and dotted lines show our main
alternative models. Dashed: geneva97 stellar tracks with yieldsWW95
supernova yields. Dotted: LC06 stellar tracks with yieldsLC2006 su-
pernova yields.

From Fig. 3 it is obvious that for relatively small popula-
tions, it is essential that these statistical effects are taken into
account, when interpreting observations. Also very interesting
is the ratio between the observable strengths of the 60Fe and
26Al γ-ray lines. This is shown in Fig. 4 for the same models
as in Fig. 3. For much of the time, this ratio places stronger con-
straints on the stellar models than the individual observations of
26Al and 60Fe. This is due to the fact that the emissions of these
two elements are correlated. The strong increase in the 60Fe/26Al
ratio seen around the lifetime of an 8 M⊙ star (∼35−50 Myr, de-
pending on the stellar model) is simply an effect of the longer
lifetime of 60Fe, when the elements are not being replenished
(non-steady state situation).

Recent results (Rugel, in preparation) indicate that the life-
time of 60Fe is significantly (∼3.8 Myr) longer than the com-
monly used lifetime of ∼2 Myr. It is unclear if a different life-
time would have any significant impact on the nucleosynthesis
of 60Fe, and a study of this is beyond the scope of this paper.
In Fig. 5 we show the effect on the time profile of 60Fe for
our default model, assuming that the amount of 60Fe released
in the supernova explosions is unchanged. Due to the longer de-
cay timescale, the build-up of the isotope is larger, and in the
period after the main peak (5−15 Myr after the star formation),
the amount of 60Fe present in the ISM is approximately twice
as large as for the shorter 60Fe lifetime. Note that the effect on
the observed flux is different. While there is more 60Fe present
in the ISM, the γ-ray emission per unit mass is decreased due to
the longer decay timescale. This is illustrated by the grey dashed
line in Fig. 5: the integrated amount of γ-ray emission is un-
changed (since the amount of 60Fe released from the stars is un-
changed), but the distribution is slightly shifted to later times.
The only significant effect is the lower peak at ∼5 Myr. It should
be noted that in a constant star-formation scenario (steady-state),
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Massive-Star Groups: Population Synthesis
Pleintinger M. 2020

• Re-written PopSyn code

•
– IMF variants & sampling

104 M⊙

104 M⊙ massive stars
enhanced
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Pleintinger 2020

Population synthesis: impact of different inputs

Pleintinger 2020

with basic yields 
from 
Limongi & Chieffi 2006

from Brinkman + 2019

variation of explodability

                           adding binaries
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Our use of star clusters throughout the Galaxy

14

Pleintinger 2020

Gaia-supported nearby clusters expected to be 26Al sources

after Mel'nik & Dambis 2017
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Our use of star clusters throughout the Galaxy

15

Pleintinger 2020
Gaia-supported nearby clusters expected to be 26Al sources

after Mel'nik & Dambis 2017

sampling distant clusters
from a large scale model
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Diffuse radioactivity throughout the Galaxy

16

Pleintinger PhD thesis 2020
and Siegert+ A&A 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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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;201817

SPI/INTEGRAL
2023

Pleintinger+2023
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Diffuse radioactivity throughout the Galaxy

18

(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 !!

19
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spread out…

Roland Diehl

Krause & Diehl (2014)

Illustration by M. Pleintinger (2020)

Kretschmer+(2013)
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à ejecta with excess velocities appear naturally within a spiral galaxy 

Simulations of (inhomogeneous) galactic evolution

3D SPH simulation: analyze velocities of 26Al-enriched matter from star formation activity
Wehmeyer & Kobayashi 2022
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Studying Massive-Star Groups: Models versus Observations
Voss R., et al., 2009

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

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

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)

Cygnus: Martin P.., et al., 2010
Orion: Voss R., et al., 2010
Carina: Voss R., et al., 2012
Sco-Cen: Diehl R., et al., 2010
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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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I = (3.65±1.19)×10−5 ph cm−2 s−1
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FWHM = 3.20 (−0.03/+0.43) keV
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Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

Population Synthesis
Voss+ 2010
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Star and stellar clusters in Orion and the Eridanus shell
ISM is driven by stars and supernovae 
à Use stellar census for estimation of driving energy & nucleosynthesis (26Al)

»

24

Krause+ 2014, Fierlinger+ 2016,
Voss+ 2010, Diehl+2003

Population Synthesis
Voss+ 2010

Chen+2020

Gaia parallax analyses
à 22 stellar groups 
-150pc<MCs<50pc

to be renewed...
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Distance ~300 pc (Per OB2); 
location (l,b)= 165o,-15o); age ~6 My
26Al signal 3.6 10-4 ph cm-2 s-1 (>8σ), 

~3 10-3 M¤

 26Al flux offset 
  from OB groups (l,b)= 149o,-8o

The Perseus OB Association

25

Pleintinger 2020

paper entitled “Are the Taurus and IC 348 (a prominent part of
Perseus) Clouds Connected?” In velocity space, the CO data show
a smooth connecting bridge between Taurus and Perseus,
suggesting that a physically continuous bridge of gas connecting
the clouds is possible. But, as UT87 wisely suggested, velocity
connection is not enough, and the plane-of-the-sky “connection”
of Taurus and Perseus could be a chance superposition.

We show that the connection between Taurus and Perseus is
neither one of a physical bridge of gas or a “chance
superposition.” Instead, Taurus and Perseus mark regions of
compressed gas on opposite sides of an extended 3D SB, blown
by SNe over the past ∼10Myr.

2. Observational Data

We utilize the 3D dust extinction map recently published
by L20. The data cover a region (740 pc)2 wide in xy, and 570
pc tall in the z direction, where xyz are the Heliocentric
Cartesian Galactic coordinates with the Sun at the origin. For
each voxel in the data cube, L20 provide the opacity density
per parsec: sx≡ (ΔτG)/(ΔL/pc), where τG is the dust opacity
in the Gaia G-band, and ΔτG/ΔL is the difference in the Gaia
G-band dust opacity per unit length. The opacity density is
proportional to the gas number density. Assuming a standard
extinction curve, AG/N= 4× 10−22 mag cm2 (Draine 2011),
where AG is Gaia’s G-band extinction and N is the hydrogen
nuclei column density, we obtain

( )= -n s880 cm . 1x
3

Here n is the number density of hydrogen nuclei, including
both atomic and molecular phases. Applying this conversion
factor to L20ʼs 3D dust data, we get n as a function of the 3D
position, (x, y, z) throughout the cube. In this Letter we focus
on a subcube of the full map, spanning x= [−340, −40] pc,

y= [−83, 217] pc, z= [−238, 62] pc and centered on the mid-
distance of Perseus and Taurus.
In addition to the 3D data, we also make use of various 2D

and PPV observations. We use Planck’s E(B− V ) dust
(Abergel et al. 2014) and 12CO from Dame et al. (2001) to
explore the link between the 3D dust map and 2D observations.
To trace past SN activity, we explore H I observations from
HI4PI (Bekhti et al. 2016), Hα observations from Finkbeiner
(2003), 26Al observations from COMPTEL (Diehl et al. 1995),
and X-ray observations from ROSAT (Snowden et al. 1997)
and from eROSITA’s public release image (see Appendix D).
All this observational data, as well as our 3D models

(Section 3), are publicly available on Harvard’s DataVerse.7

3. Results

In this section we explore the 3D structure of the Perseus-
Taurus region, identifying the Per-Tau Shell and the so-called
“Tau Ring” (Sections 3.1–3.3, and Table 1). In Section 3.4 we
compare these structures with 2D observations, and explore
observational tracers of past SN activity that may have led to
the formation of the Per-Tau Shell.

3.1. Per-Tau Shell

In Figure 2 (see also the interactive figure(8); for an
augmented reality (AR) experience scan the QR code in
Figure 2 with a smartphone or a tablet) we present iso-surfaces
of gas at n= 5 cm−3 (gray) and 25 cm−3 (color), for different
viewing angles (see also Figure 5). The color shows the

Figure 1. Finding Chart. Left panel: the Perseus-Taurus region as seen with Planck E(B-V) dust (Abergel et al. 2014). The Taurus and Perseus molecular clouds are
indicated (as defined in Zucker et al. 2021). Right panel: 2D projection of 3D density structures (densities n > 15 cm−3) based on L20ʼs 3D dust map. While on the
plane of the sky (as well as in velocity space; see Figure 4(a)), the Perseus and Taurus clouds seem to connect, in practice they are separated by ≈150 pc along the
LOS. As we discuss in this Letter, the two clouds are still related, as they both lie on two opposing ends of a large 3D shell, the so-called “Per-Tau Shell.”

7 https://doi.org/10.7910/DVN/6ODS8M. Also included is the original
glue session, which can be used to reproduce the figures as well as for further
exploration.
8 URL for the interactive figure: https://faun.rc.fas.harvard.edu/czucker/
Paper_Figures/sbialy/pertau_superbubble.html.

2

The Astrophysical Journal Letters, 919:L5 (12pp), 2021 September 20 Bialy et al.Bialy+ 2021Molecular clouds in the Per-Tau region

Stellar groups and 26Al emission
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The Sco-Cen Association: Identifying the entire stellar population
FNearest OB Association (~120pc)

F~ 15000 member stars now identified

26

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)
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structures. Only a single optimal configuration of the input data
was found at a cutoff parallax of 2.0 mas that did not result in
this overmerging. It was added as a supplement to the runs
performed with the leaf method, which had a significantly more
consistent performance in preserving distinct structures.

The Galactic coordinate grid is discontinuous at l=
0=360°. Thus, some of the structures that cross that boundary
are artificially split (e.g., Figure 1). Thus multiple runs are
performed for each parallax cut, spanning from 0°<l<360°,
and from −180°<l<180° up to 2 mas. Because of the
number of sources necessary to process, for computational
efficiency, runs at 1.5 and 1 mas are split to run from
0°<l<190° and from −180°<l<10°.
Merging outputs of different runs with the same cutoff

parallax (i.e., to stitch up the discontinuities in l) is largely a
trivial process. In some of the overlapping clusters, a handful of
sources might be absent in one run compared to another due to
slight inconsistencies in the weights given by HDBSCAN with
different input matrices. But they are tracing the same
underlying structures, and most of them are identical, with
primary differences occurring at the location of the split in l.

On the other hand, merging outputs from different parallax
runs is somewhat more complex. With different density
sensitivity, it is possible that in a particular run, some sources
in neighboring structures might be clustered into one group,
whereas these structures might be split in into distinct
structures in a run sampling a different volume. All of the
outputs from different cutoff parallax runs were examined for
self-consistency of their position on the sky, proper motions,
parallaxes, and the shape of the H-R diagram. They were
merged manually, and split by hand if there were natural
divides in any of the aforementioned spaces. Some of the
obvious contamination in individual groups was also removed
—this was most noticeable in young clusters located far above

the main sequence on the H-R diagram that had a small fraction
of more evolved stars that appeared to be uniformly distributed
in all of the position–velocity parameter spaces. This amounted
to ∼3000 stars, ∼1% of the total sample.
It should be reiterated, however that there is a great degree of

complexity in the physical and kinematical structure even in the
young star-forming regions. While they can be roughly broken
apart into smaller components of varying densities that may
evolve separately over time, they are fundamentally formed
from the same parental cloud complex, and many of these
divisions may be somewhat arbitrary. In Orion, for example,
the complex can be subdivided into individual clouds, each
cloud can then be subdivided into individual clusters and
diffuse regions; the clusters themselves may be subdivided into
subclusters and other notable features (Kounkel et al. 2018).
There is no unique method with which all of the different scales
of structure could be split into individual components, and the
boundaries between them are fuzzy (e.g., Beccari et al. 2017;
Zari et al. 2017; Großschedl et al. 2018; Chen et al. 2019; Kuhn
et al. 2019; Getman et al. 2019). This may also the case for
many of the individual groups identified in this work, as will be
discussed in later sections.

Figure 1. Comparison of HDBSCAN outputs using different clustering methods and different cutoff parallaxes. Left: Orion, sources shown only up to π=2 mas.
Right: Upper Sco and CrA, sources shown only up to π=5 mas. Both panels are shown in Galactic coordinates. Different symbols indicate different products of
different clustering runs. The structures they trace vary depending on the cutoff parallax, including the persistence of various structures and their specific membership.
Note the edge effects at l=0° in the runs shown in the right panel.

Table 1
Clustered Sources

Gaia DR2 α δ Theia
ID (deg) (deg) Group ID

2172342682494385024 320.57220379 52.07733956 1
2170224782576556672 315.65202897 52.20035062 1
2168760576695182208 315.71659886 50.22889438 1

(This table is available in its entirety in machine-readable form.)
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nearly 9,000 stars distributed in dense and diffuse 
groups. Upper Scorpius-Lupus and Lower 
Centaurus-Crux are split into two parts.

2. Each of the components has an independently-fit 
kinematic age that is consistent with the 
isochronal age from the literature. This is the first 
time the kinematic age in a complex association is 
determined reliably. The kinematic age of the two 
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13±8 Myr. Lower Centaurus-Crux with 7±5 Myr and 
9±4 Myr appears to be kinematically younger.

3. An exoplanetary host PDS 70 is found to have a 
97% membership probability in component T of 
Upper Scorpius-Lupus. The kinematic age of this 
component with only a small spread in luminosity 
is 15±3 Myr.
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Scorpius-Centaurus association (Sco-Cen) as the nearest 
massive star formation site is a local laboratory ideally 
suited to the study of a wide range of astrophysical 
phenomena. However, its vastness and complex structure 
make kinematic analysis of its traditional three regions, 
Upper Scorpius (USCO), Upper Centaurus-Lupus (UCL) and 
Lower Centaurus-Crux (LCC), challenging.

We use Chronostar - a robust Bayesian method for 
kinematic age determination of young stellar associations 
- and Gaia DR2 data to construct a 6-dimensional 
kinematic model of the Sco-Cen association. Membership 
selection relies purely on the kinematics and completely 
neglects stellar age, location in the colour-magnitude 
diagram, or any other youth indicators.
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Stellar feedback in the nearerst massive-star region (Sco-Cen)
The nearby ISM holds a variety

of cavities and shells
SF in Sco-Cen has been 

ongoing for ~15+ My;
distance~140pc
Hot gas and 26Al seen from SF
à “surround & squish”

rather than "triggered" star formation
Krause+2018

Snowden+1997

Sco-Cen
26Al γ-rays Krause+2018

Kröll 2023

dust

hot gas
atomic gas
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60Fe on Earth from recent nearby massive-star activity?
The Sun is (now) located inside a hot cavity (the "Local Bubble")
created by massive-star winds and SN explosions, recent SNe adding ejecta flows

gas density

sun

nearby
stars

Schulreich+ 2017
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ß Ocean crusts show 
60Fe deposition history 
(Wallner+ 2015,2016,2021)

recent updates on 
the solar vicinity
with superbubbles, clusters, 
molecular gas... 
(Zucker+ 2022, O'Neill+2024)

O'Neill+ 2024
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26Al from massive-star clusters - Summary
¶ 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

FSuperbubbles around clusters change ISM dynamics (mixing)
FDifferent clusters allow testing stellar/supernova yields
FKinematics of 26Al supports superbubble model

¶ Massive-star clusters are dominant sources of 26Al 
FThe large-scale galactic bottom-up model provides

a convincing model (morphology parameters)
FSource yields insufficient to explain observations
FNearby cluster contributions need a realistic (?!) model

for the diffuse extent from their superbubble morphology
F26Al observations constrain cluster ages / magnitudes

for nearby clusters
FNew (Gaia DR3) results suggest re-analysis of nearby clusters
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