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Spiral galaxies

Face-to-face with PHANGS
Spiral galaxies like the Milky Way 
are perhaps the poster children 
of isolated galaxies, with their 
sweeping arms arrayed in a 
whirlpool-like structure. The 
high spatial resolution image 
presented here is one of 19 
recently released by the PHANGS 
(Physics at High Angular 
resolution in Nearby GalaxieS) 
team that combines JWST 
and HST data of face-on spiral 
galaxies. JWST/NIRCam and MIRI 
provide infrared views, and HST/
WFC3 and UVIS provide optical 
and UV observations of this 
barred spiral galaxy NGC 1512.

The multiwavelength 
views present different, but 
complementary, impressions 
of the galaxy. The JWST 
observations in the top left 
corner show bright spiral 
arms composed of stars, gas 
and dust, whereas in the HST 
image, bottom right, the spiral 
arms are dark. That is because 
dust absorbs UV and visible 
light, re-emitting it at infrared 
wavelengths. In the JWST image, 
the spiral arm material appears 
more defined, often clumped 
into short filaments, while in the 
HST image, the filaments are 
more hazy.

The galaxy’s central 
barred region appears blue 
and transparent in JWST 

observations and yellow 
and more opaque in HST 
observations. The emission 
originates from the same old 
stars however: it is coloured blue 
in JWST observations because 
it is at the shorter-wavelength 
end (~300–350 nm) of the 
NIRCam detector range and 
red/green for HST since it is 
at the longer-wavelength end 
(~530–800 nm) of the WFC3 
instrument’s bandpass. Star 
formation in galaxies likely 
originates in their centres, so 

younger stars can be found 
towards the outer parts of these 
galaxies. In the JWST image, 
the tiny blue points appearing 
through the red/yellow 
interstellar clouds are young, 
massive stars that have just 
blown away their natal cloaks.

A key advantage of the 
infrared over the optical is that 
star-forming regions are more 
visible. Several are seen in the 
JWST portion of the image on 
the outer edge of the spiral arms 
as bright yellow clumps. Also 

within the arms, perhaps best 
seen in the JWST image, are 
large, spherical shells in the gas 
and dust, probably created by 
core-collapse supernovae.

The other galaxies in the 
PHANGS image release feature 
a range of morphologies from 
extremely flocculent spirals to 
virtually unrecognizable spirals. 
More than half of the sample 
features a galactic bar in a 
similar way to NGC 1512.

Paul Woods
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Figure: ChETEC 2021

Cosmic radioactivities 
and Galactic gas dynamics

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



Roland Diehl"OMEG conference", Chengdu, China,  07—13 Sep  2024

The cycle of matter through star formation

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

2

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y
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Stars: formation, & their impact on ISM (My..Gy): "Feedback"*

Stars form from Giant Molecular Cloud Cores (~1% efficiency)
Most-massive stars evolve most rapidly and interact on surroundings within few Myrs
UV radiation from most-massive stars provides early feedback, winds form cavities
Overlapping wind cavities are energized by supernovae
Star-forming clouds are eroded within few Myrs
Star formation is quenched, but some is triggered 
   in shocked-gas regions by such feedback
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Figure 9

Time dependence of emission and mechanical feedback from a simple stellar population (SSP). Top: Ionizing photon
production Q0 (red), the driver of H↵ emission, and bolometric luminosity Lbol (blue) (left) and power output by stellar
winds Pwind (green) and supernovae PSN(purple) (right) versus time. All curves are normalized in amplitude to their
values on the ZAMS (or shortly after the first SN for PSN) to emphasize the time behavior. Solid lines are calculated via
Starburst99 (SB99), while lighter lines use the BPASS models with and without binaries. Bottom: The range of timescales
over which 50% and 90% of the total emission occurs for each quantity with the time for the first SN explosions of
di↵erently massive stars marked, see also Table 6.

processes govern the internal state and evolution of these regions. Contrasting the inferred

evolutionary and physical timescales with the time-averaged rate of star formation per unit

gas, accessed via large-scale average measurements of ⌧dep, also reveals the e�ciency with

which the gas forms stars, with the e�ciency per free-fall time, ✏↵ , being of particular

theoretical interest.

4.1. Inferring star formation activity

At large, & kpc, scales observations average together many individual regions and as a

result a continuous star formation rate (SFR) can be a reasonable approximation. Exten-

sive work has established robust observational approaches to estimate SFR and ⌃SFR on

these scales (see Kennicutt & Evans 2012, Sánchez 2020). At cloud-scales, the idea of an

ensemble-average SFR breaks down as observations isolate individual regions in particular

evolutionary states. It becomes increasingly appropriate to describe recently formed stars

in terms of a single coeval population, often termed a simple stellar population (SSP). In

this case, star formation activity can be characterized via the mass of stars that has been

formed, M?, and the age of the stellar population, ⌧?, measured relative to the zero age

main sequence (ZAMS).

34 Schinnerer & Leroy

Schinnerer & Leroy 2024

Pineda et al. From Bubbles and Filaments to Cores and Disks
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Fig. 20.— Sketch of the star-formation process on various scales, emphasizing the anisotropic growth of dense structures in the cold
ISM leading to the formation of stars and planetary systems. It highlights the role of large-scale expanding bubbles in compressing
interstellar matter in flattened gas layers and producing molecular filaments, which themselves form rotating dense cores through axial
gravo-turbulent fragmentation (top row, see Sects. 2 and 3). The sketch also emphasizes the role of angular momentum and non-
axisymmetric streamers at core/disk scales (bottom row based from D. Segura-Cox, private communication); the classical dense core
and these streamers coexist at different evolutionary stages of protoplanetary disk formation (see Sects. 4 and 5). The orientation of the
streamers is not necessarily aligned with the rotation axis of the dense core, but it does follow a trajectory consistent with free-fall and
rotation.

Observed core spacings do not generally follow the simple
periodic predictions of gravitational fragmentation models
within near-equilibrium cylindrical filaments. Filamentary
fragmentation likely unfolds over multiple scales where ei-
ther gravitational fragmentation of supercritical filaments,
or gravity-induced turbulence dominate.

Prestellar cores are primarily found within thermally
transcritical or supercritical filaments. One of the key prop-
erties of cores is the amount of rotation present, which is
directly related to the origin of the angular momentum. The
total angular momentum seen in cores is consistent with
being dominated by the turbulent motions injected at the
largest scales and may be partly inherited from the forma-
tion and fragmentation process of the parent filaments (e.g.
Sect 4.3.3 and Fig. 13). While resolved observations of
cores reveal clear differential rotation, the scale on which

specific angular momentum is constant (and gravity domi-
nates) is just being resolved at smaller radii than previously
suggested (<1,000 au). Therefore, magnetic braking must
be quite important to explain the small disk radii observed
around Class 0 objects.

With the spatial resolution in nearby regions made possi-
ble with interferometers, we can now measure infall and ro-
tation within cores and follow the gas from core to disk. Ob-
servations on these scales have revealed a new component:
streamers. The detection of streamers has modified our
view of the mass delivery at core/disk scales. The sketch
at the bottom of Fig. 20 starts with a prestellar core, which
has begun gravitational collapse. The next stage shows the
classical picture of the dense core feeding the disk with the
addition of possible multiple streamers. Later on, once most
of the surrounding envelope is gone, some late accretion
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The DR21 ridge and its subfilaments An MHD model (NH2
 and velocity field) of a ridge

Figure 9
(a) The DR21 ridge and its feeding subfilaments network compared with (b) numerical simulations of the collapse of a massive elongated
clump. (a) The Herschel column density map is used to outline the DR21 ridge by the ∼1023cm−2 contour and delineate subfilaments
found by Schneider et al. (2010) with dots. (b) Simulated velocity streams (arrows) are overplotted on the modeled column density image.
Adapted from Hennemann et al. (2012) and Schneider et al. (2010) with permission. Abbreviation: MHD, magnetohydrodynamic.

(e.g., Hill et al. 2011, Nguy˜̂en Lu’o’ng et al. 2011a, Tigé et al. 2017). The so-called ridges are
high-density filaments (>105 cm−3 over ∼5 pc3) forming clusters of high-mass stars (e.g., Schnei-
der et al. 2010, Hennemann et al. 2012, Nguy˜̂en Lu’o’ng et al. 2013), whereas hubs are more
spherical with smaller clumps forming at most a couple of high-mass stars (e.g., Peretto et al.
2013, Rivera-Ingraham et al. 2013, Didelon et al. 2015; see Figure 1). The most extreme IRDCs
qualify as ridges or hubs, and the densest ridges coincide with the precursors of young massive
clusters (e.g., Nguy˜̂en Lu’o’ng et al. 2011a, 2013, Ginsburg et al. 2012; see also Section 3.2). The
existence of ridges/hubs is predicted by dynamical models of cloud formation such as colliding flow
simulations (e.g., Heitsch & Hartmann 2008, Federrath et al. 2010) and some analytical theories
of filament collapse (Myers 2009).

When imaged with molecular lines, column density, or extinction, ridges/hubs seem to be the
focus points of large amounts of gas structured in filaments (see Figures 1 and 3). These massive
filament networks have a more spherical/elliptical geometry (see Figure 9a) than the prototypical
Taurus filament, which is perpendicularly crossed by subcritical filaments called striations
(B211/3; Palmeirim et al. 2013). Density-wise subfilaments are reminiscent of the most massive
low-mass star-forming filaments. It would take the merging of tens of them to form ridges, and that
could then be considered a second generation of supercritical (gravitationally bound) filamentary
structures (Hennemann et al. 2012). Velocity drifts of one to a few km s−1 are observed along
subfilaments, which converge toward ridges/hubs, suggesting drifts feed subfilaments by funneling
the surrounding gas (e.g., Schneider et al. 2010, Peretto et al. 2013). Ridges and hubs would there-
fore be large gravity potentials attracting filaments, sometimes following a fan-shaped structure.
Numerical simulations of high-density collapsing clumps agree with such a picture (Hartmann
& Burkert 2007, Schneider et al. 2010, Gómez & Vázquez-Semadeni 2014; see Figure 9b).

66 Motte · Bontemps · Louvet

Motte+2018

Krause+2018

Pineda+2022

SNR, HII regions à                                        26Al                       à

*main issue in ISM sim last 10 years
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The cycle of matter through star formation

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

4

1 My...xx Gy

~0.1 Gy

~0.1 Gy

~50 y

radioactivity from
freshly-produced isotopes
is a new tracer of feedback

(often overlooked!)
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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

5

HEAO-C
1978

τ~1 My
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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

6
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INTEGRAL/SPI Ge detector spectra
Dominance of instrumental background 

Modelled/understood at high precision
7 raw data for 26Al analysis: ~100000 such spectra
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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;20188

SPI/INTEGRAL
2023

Pleintinger+2023
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Radioactivities from massive stars: 60Fe, 26Al
à Messengers from Massive-Star Interiors!

…complementing neutrinos and asteroseismology!

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

9

26Al radioactive luminosity ~1 My à cumulative from many sources
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Massive-Star Groups: Modelling long-term phenomenae
Voss R., et al., 2009

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

• Get observational constraints from
– Star Counts
– ISM Cavities
– Free-Electron Emission
– Radioactive Ejecta
è multi-wavelength studies!

Ekin

Ejecta (26Al)

Ejecta (60Fe)

ionizing
light

à time (My)
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Diffuse radioactivity throughout the entire Galaxy to SPI data

11

Pleintinger PhD thesis 2020
(see also Siegert+ 2023)

time (My)

output of
a single group

Galactic Bottom-Up Modelling
FUse stellar evolution times and yields (wind, SN) à PopSyn
FInclude knowledge about sources (known stellar groups, model)
Fmodel spatial spreading, ray-trace gamma rays

à model for 26Al data, with astrophysical parameters

locations
of nearby
groups

ray tracing

population
synthesis

MC sampling
of distant
groups
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Diffuse radioactivity throughout the Galaxy

12

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 

– Massive-star yields: see disc. in Diehl+2021; Battino+2024 à astro
– Contributions from AGB stars and novae??

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 !!

13
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• 26Al shows apparently higher galactocentric rotation (?)
How massive-star ejecta are spreading…

Roland Diehl

Kretschmer+(2013)

SPI/INTEGRAL
data

CO data
(~normal
 kinematics')
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Superbubbles extended away
from massive-star groups

How massive-star ejecta are spreading…

Roland Diehl

Krause & Diehl, ApJ (2014)

Illustration by M. Pleintinger (2020)
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26Al trajectories in simulations
3D hydrodynamical simulations on kpc scales have become feasible 
(with sufficient resolution to trace nucleosynthesis events):

¶  1283 cells, cell size 7.8 pc  (more-precise than cosmological simulations, but still crude)
¶  starting fom 'current galaxy' model (Tasker&Tan 2009), no bulge nor spiral arms initially
¶  star formation by Toomre criterion on single cells, efficiency set tp 1%

à 'map' of a simulated galaxy in radioactive 26Al (and 60Fe)

16

Fujimoto+ 2018

observations
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Comparing Observations with Simulations
Biases on both ends:

¶ Simulations adopt an idealised Galaxy from a general viewpoint
¶ Observations are from the Solar-system viewpoint, nearby environment may 

be special

Use projections that eliminate those biases and focus on general 
characteristics of the large-scale ISM

à differences are significant: larger 'chimneys' (SBs) in observations 

17

no. of occurrence 
of scale heights,
from all longitude bins

scale heights
versus longitude bins

Pleintinger+ 2019

100010010
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Superbubbles in the dynamic interstellar medium: Simulations

18

15

Figure 11: Line mass along the two filaments (first panel) within the 200 pc active subregion Fig. 10b; and the radial density
profiles at the sampling locations (multi-colored lines) for filament 1 (second panel) and 2 (third panel), for the time frame at
3.2 Myr after the zoom-in restart. The shaded region in the density profile represents the standard deviation of the density spread.

Figure 12: Time evolution of the filaments in the active
region. The domain is about 3 kpc in size.

and 54=E = 1. From the plots of both these and smaller scale
filaments in our simulations, an average value is < ? >= 1.75.
We also find typical values of G 5 ' 10 for filaments on both
kpc and 100pc scales; all of which gives 54=E = .076.

The ratio of the aligned flow rate through some section of a
filament, to the filamentary accretion rate is from Equations
8 and 11:

§"
5 ,k
§" 5

=
54=E

2
d 5 .�E k .A 5
d4 .EA .!

(16)

In steady state (md/mC = 0), if a filament were merely a "river"
- a conduit of everything that was pushed into it by accretion -
then this ratio would be unity; a simple consequence of mass
conservation.

We evaluate this ratio from our data. Due to the density
profile of the envelope, we have 54=E ' 0.08. We also found
that the ratio of the width to the length of the kpc filaments is
at least 10 A 5 /! ' 100?2/1000?2 = 0.1. From the density
profiles we compare the value of d 5 in the flat region of
the filament to that at the edge d4, where it merges with the
surroundings, and fin d 5 /d4 ' 30. Finally, the velocity flows
had �E k/EA  1. From Equation 16 we then deduce that
§"
5 , k/ §" 5  0.12. In other words, the accretion rates onto

the filament is roughly 10 times greater than the mass flow rate
along it. This is in agreement with the observations of relative
accretion vs longitudinal flow rates for larger filaments (Hacar
et al. 2022). It is interesting that this is also observed for flows
associated with filaments in which a low mass star cluster is
forming, as discussed in §5 (Kirk et al. 2013).

The density and the column density profiles of filaments
that become self gravitating build with time, as we clearly see
in Fig. 12. When line mass of a filament exceeds the criti-
cal value, it becomes prone to gravitational fragmentation. At
that point, a periodic contribution to the parallel velocity field
appears that is a consequence of gravitational fragmentation.

Pudritz+ 2024

deAvillez+ 2004

snapshots in 3My steps
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The Astronomical Journal, 141:23 (35pp), 2011 January Bagetakos et al.

Figure 30. Position of the H i holes in NGC 628. The colors illustrate the different type of the holes: red—type 1, white—type 2, and black—type 3.

(A color version and the complete figure set (26 images) are available in the online journal.)

to detect holes down to ∼80 pc which led to the detection of a
wealth of small holes; almost 90% of the total holes detected
have a size less than 200 pc. Only a handful of supershells were
detected. The mean kinetic age is 7.8 Myr with 80% of the holes
being younger than 9 Myr. Several features detected (holes nos.:
34, 72, 88, 93, 94, 97, 99, 102, 106, 109, 113, 114, 170, 255,
and 273) are probably not genuine holes but the result of the
warp in the H i disk. Due to its large angular size, M 81 was
divided into six areas (panels (C9)–(C15) in the online version
of Figure 30) to be able to show all detected holes.

A.10. NGC 3184

NGC 3184 is a spiral galaxy located at D = 11.1 Mpc and
is viewed almost face-on. Its analysis revealed 40 H i holes,
the majority of those being supershells (80%). This could be
attributed to the large distance of this galaxy which only allowed
us to detect holes with diameters larger than 400 pc. We failed
to detect any type 3 holes something which is expected since
the scale height of the disk was found to be 250 pc, significantly
smaller than our spatial resolution. Nevertheless, this is the
largest number of supershells detected in any one galaxy. The
mean kinetic age of the holes is also high (≈64 Myr). Note that
hole number 13 is a superposition of two holes.

A.11. IC 2574

Another nearby (D = 4.0 Mpc) dwarf galaxy member of the
M 81 group, IC 2574 hosts a relatively large number of H i holes
(Walter & Brinks 1999). One particular hole (our hole no 21) has
been extensively studied at different wavelengths from radio to
X-ray (Stewart & Walter 2000; Cannon et al. 2005; Weisz et al.
2009b). These studies showed that there is a remnant star cluster
in the center of this hole and revealed evidence of propagating

SF along its rim. Here, we report on 29 H i holes compared to
48 holes detected by Walter & Brinks (1999) and 22 detected
by Rich et al. (2008) the largest one being larger than 2 kpc in
diameter. Almost all of the 29 holes we present here have been
detected by Walter & Brinks (1999). The difference in the total
number of holes detected is due to the strict criteria we used to
classify a structure as a genuine hole. Almost half of the holes
(45%) show signs of expansion.

A.12. NGC 3521

Another distant galaxy in our sample, NGC 3521 is a spiral
galaxy with a prominent bar located at a distance of 10.7 Mpc
and viewed almost edge-on (i = 72.◦7). The analysis of
NGC 3521 revealed 13 holes in the H i distribution. The small
number of holes detected and the lack of type 3 holes can be
attributed to the large distance of this galaxy as well as its
high inclination. All of the holes detected were consequently
classified as supershells.

A.13. NGC 3627

NGC 3627 is a spiral galaxy at an adopted distance of
D = 9.3 Mpc and is a member of the Leo Triplet. Its high
inclination (i = 61.◦8) meant we were only able to detect
18 holes in NGC 3627, two of them being type 3. One holes
worth noting is 7 which has unusually high expansion velocities
of 65 km s−1 respectively the highest observed in the entire
sample.

A.14. NGC 4214

NGC 4214 is a nearby (D = 2.9 Mpc) dwarf irregular
galaxy classified as a starburst galaxy. We found 56 H i holes

33

Superbubbles observed in other galaxies

• all SF-galaxies show such large 
cavities (superbubbles)

19

E. J. Watkins et al.: Quantifying the energetics of molecular superbubbles in PHANGS galaxies

Fig. 1. Illustrating bubble identification and elimination criteria in section of NGC 1566. 1. CO Tpeak (red), H↵ (green), and HST B-band (blue)
combined into a false-colour image at their original resolution to identify superbubbles using multi-wavelength information. 2. Manually fitting
radii and their centres using the CO Tpeak map. The cyan and dashed white circles show catalogued bubbles that were analysed or ignored,
respectively. The blue box outlines the bubble examined in all remaining panels (Bubble 36 in Table 2). 3. Investigating the emission across three
neighbouring channels in CO to confirm if bubble emission is significant in multiple consecutive velocity bands. If not, the bubble is removed from
the sample. 4. Horizontal and vertical PV diagrams to confirm that expansion signature is present. The grey ellipse shows the present expansion
signature. If unconfirmed, the bubble is removed. 5. Illustrating average spectra around the bubble. If identifiable background or foreground
emission is found, the bubble is removed. All spectra shown here are free of contaminating emission. Article number, page 5 of 21

Watkins+ 2023
PHANGS

Bagetakos+ 2011
HI  'holes'

complete panchromatic, multiphase picture of the gas, stars,
and dust in these bubbles.

2. Observations

2.1. PHANGS–JWST Observations

The PHANGS–JWST observations were taken as part of the
Cycle 1 treasury project ID 02107 (Lee et al. 2023), which
targets 19 nearby, star-forming galaxies with the Near Infrared
Camera (F200W, F300M, F335M, and F360M) and MIRI
(F770W, F1000W, F1130W, and F2100W) imaging. The
observations targeting NGC 628 cover the main star-forming
disk (containing 50% of the total star formation of the galaxy),
which is matched to coverage from Hubble (Lee et al. 2022),
VLT-MUSE (Emsellem et al. 2022), and the Atacama Large
Millimeter/submillimeter Array (ALMA; Leroy et al. 2021a).
We primarily make use of the F770W filter observations in this
work, which have a point-spread function (PSF) FWHM of
∼0 25 (∼12 pc at the galaxy distance). A detailed description
of the complete data reduction is presented in Lee et al. (2023).

2.2. Hubble Space Telescope Observations

We make use of near-UV (NUV) UBVI-band HST
observations taken from the LEGUS survey (Calzetti et al.
2015) and reduced using the PHANGS–HST survey pipeline

Figure 1. The prominent bubble structures across the Phantom Galaxy (Messier 74 or NGC 628). In all panels, we show an image produced from the 770W (blue),
1000W (green), and 1130W (red) band filters from the JWST (Lee et al. 2023), and overlaid in orange is the continuum-subtracted HST Hα. The faded circles and
ellipses show the positions of the bubbles from Watkins et al. (2023).

Table 1
Properties of the Phantom Void and the Precursor Phantom Void

Property The Phantom Void Precursor

Bubble Shell Bubble Shell

R.A. (deg) 24.1866 24.1864 24.1863 24.1863
Decl. (deg) 15.7719 15.7719 15.7784 15.7782
rmajor (arcsec) 10.8 17.6 1.7 4.9
rminor (arcsec) 4.5 16.0 1.3 4.3
rpa (deg) 126 126 30 30
rmean (pc) 364 801 69 219
MH2 (M e/10

5) 12.8 379.9 3.1 38.0
MH I (M e/10

5) 7.0 56.4 0.2 3.5
M * (M e/10

5) 1.8 7.8 1.4 1.4
ΣH2 (M e pc−2) 3.7 22.8 20.6 28.1
ΣHi (M e pc−2) 2.1 3.4 2.4 2.6
vexp (km s−1) ∼20 ∼6

Note. Tabulated are the properties of the bubble (i.e., the ellipsoid central
cavity) and shell (i.e., the ellipsoid annullus around the cavity) of each source
(shown in Figure 2). We present the central position, the semimajor and
semiminor axis length, and the position angle of the ellipse used to define the
outer boundary of the bubbles and shells, and, also, the mean radius of these
ellipses in units of parsec. We also present the total molecular (Section 3.2.1)
and atomic (Section 3.2.2) hydrogen masses and mass surface densities, and
total stellar mass in young stellar associations (derived from the association
catalog of Deger et al. 2020 and Larson et al.2023; see Section 3.3). Lastly, we
show an estimate of the expansion velocity (Section 3.2).
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Orion-Eridanus: A superbubble blown by stars & supernovae

Shells driven by 
stars & SNe 
à Ejecta kinematics

in a (super-)bubble
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throughout the larger Orion region (see blue features in
Figure 1 and the filament located at 180° < l< 200°,
30° < b< 40°). The Hα filaments and shells belong to a
system of nested shells known as the Orion–Eridanus superb-
ubble, which is believed to have been created by stellar
feedback from the Orion OB1 association (Goudis 1982;
Burrows et al. 1993; Bally 2008). Treating Barnard’s Loop and
the Hα filaments as a single shell yields a H II mass of roughly
8× 104 Me d400

2 and kinetic energy >1.7× 1050 d400
5 2 ergs,

where d400 is the distance in units of 400 pc (Reynolds &
Ogden 1979; Cowie et al. 1979; Burrows et al. 1993;
Bally 2008). The temperature of Barnard’s Loop itself is
T≈ 6000 K with an electron density of ne≈ 2.0 cm−3, similar
to, though somewhat cooler than, other H II regions near the
Sun (Heiles et al. 2000; O’Dell et al. 2011).

The exact origin of Barnard’s Loop is still debated nearly
130 yr after its discovery. Originally, the Loop was thought to
be collisionally ionized due to its high relative motion with
respect to the ambient ISM (Menon 1958). Subsequent studies
showed that ionization instead is dominated by photoionization
from the Orion OB1 association, producing a warm, optically
thin, thermal source (O’dell et al. 1967; O’Dell et al. 2011;
Ochsendorf et al. 2015). The formation of Barnard’s Loop is
also connected with the Orion OB1 association, though it

remains debated whether stellar winds and radiation pressure or
past supernovae played the dominant role. Recent work has
suggested that Barnard’s Loop may be distinct from the larger
Orion–Eridanus superbubble and extended Hα filaments in the
region (Ochsendorf et al. 2015; Pon et al. 2016; Soler et al.
2018), meaning it is one of a number of nested feedback events
in the region. Consequently, recent studies have favored the
interpretation that Barnard’s Loop was produced by an
independent supernova that heavily affected the Orion region
(e.g., Ochsendorf et al. 2015; Kounkel 2020, hereafter K20).
Such an event may also have been the cause of coherent
expansion observed in stellar groups (Zari et al. 2019; K20) and
gas throughout the Orion complex (Großschedl et al. 2021,
hereafter G21). However, it is important to recall that many
supernovae are believed to have exploded throughout the Orion
region in the past 12Myr (Bally 2008). Supernovae may help
replenish both the energy in a bubble associated with Barnard’s
Loop and nested shells throughout the Orion–Eridanus superb-
ubble (Joubaud et al. 2019).

1.2. Orion Stars

Stellar feedback throughout the Orion region is believed to
have played an important role in previous and ongoing star

Figure 1. Left: three-color figure of the Orion region. Blue corresponds to Hα emission from Finkbeiner (2003), yellow is extinction measured by Planck
Collaboration et al. (2011), and purple is 26Al emission from Diehl et al. (1995). Spines of the major molecular clouds in the region from Z21 are shown with purple,
green, and cyan dots corresponding to Orion λ, Orion A, and Orion B, respectively. White dots correspond to the stars in OBP-Near/Briceño-1 (OBP-B1). The blue
star corresponds to the flux center of Barnard’s Loop (Reynolds & Ogden 1979), and the orange star indicates the center of expansion of OBP-B1 from S21.
Right: two-color combinations of the three main observables. Top right: Hα and extinction. Middle right: Hα & 26Al. Lower right: 26Al and extinction. Subsequent
2D visualizations in this work are different combinations of observables from this figure.
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Ochsendorf et al. (2015), who estimate that a supernova
producing Barnard’s Loop bubble would have needed to
explode around 0.3 Myr ago. As a result, we find that either the
6Myr age estimates for supernova timing suggested by G21
and K20 are overestimates, or, more probably, those large-scale
analysis are also tracing the effects of older feedback events in
the Orion complex that did not originate in OBP-B1.

6.3. Could Supernovae from OBP-B1 Have Produced the
Orion Shell?

Let us consider the momentum needed to create the Orion
Shell observed around OBP-B1. We estimate the total gas mass
of the Orion Shell, based on the 3D dust observations, as
follows:

( )M dm n dV , 10
i

i
i

i
1 1

å åm= =
= =

where μ is the mean molecular weight, ni is the number density
per voxel, and dV= 1pc3 is the volume of each voxel. Fixing
μ= 1.37×mp, we find that the Orion Shell has a mass of
M= 1.4× 105Me. However, we note that the Orion Shell
includes Orion B, Orion Lam, and most of Orion A, clouds that
lie on the edge of the L20 map. Our calculation of 1.4× 105

Me is a rudimentary mass estimate of the entire shell, but it
may in fact be a significant underestimate due to a different
dust-to-gas ratio or additional gas not traced in the dust map.

Each supernova involved in producing a superbubble can be
expected to inject, on average, roughly 3× 105 Me km s−1 of
momentum (El-Badry et al. 2019). The expansion velocity of
the Orion Shell remains uncertain, but tracers from G21 lying
on the edge of the shell are moving radially outwards (in the
reference from of OBP-B1) with velocities of 3–8 km s−1.
Tracers closest to the molecular clouds are moving with
velocities of 5–7 km s−1, while L1622 is expanding into low-
density material at a velocity of 8.4 km s−1.
These velocities are all relatively close to the turbulent

velocity dispersion of the ISM. The Milky Way is known to
have a velocity dispersion of ∼7 km s−1 in the cold neutral
medium (Heiles & Troland 2003). Extragalactic measurements
find a very similar result. The PHANGS-Atacama Large
Millimeter/submillimeter Array survey analyzed CO (2–1)
data from 80 galaxies, finding that the average mass-weighted
velocity dispersion in the disks at 150 pc scales is 5.8 1.5

1.9
-
+ km

s−1 (Sun et al. 2022). With an expansion velocity close to the
turbulent velocity dispersion of the ISM, the denser parts of the
Orion Shell appear close to dissolving into the surround-
ing ISM.
Consequently, we use 7 km s−1 as a reasonable value for the

expansion velocity of the Orion Shell and the turbulent velocity
dispersion of the cold neutral medium. Multiplying the mass in
the Orion Shell by this velocity yields a total momentum of
p∼ 8.4× 105 Me km s−1. Ignoring the momentum contribu-
tions from stellar winds and other types of stellar feedback, two

Figure 6. Contour map of 26Al emission in the Orion region; see Diehl (2002) for further discussion of 26Al in Orion. The strongest enhancement of 26Al is found in
very close proximity to the expansion center of OBP-B1. Molecular cloud spines are shown in green, cyan, and magenta for Orion A, B, and λ, respectively. The
orange star denotes the expansion center of OBP-B1. Our model for the extent of OBP-B1 is shown in purple; see Figure 1 for overlays of Hα and dust extinction on
top of the 26Al emission.
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Stellar feedback in the nearerst massive-star region (Sco-Cen)
The stellar groups and population known (kinematics)

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) is detected (distributed) 

à can we measure the flow?

Star formation is seen (Lupus)
à colliding shell boundaries

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

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)
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26Al and 60Fe in the Local Bubble
3D hydro simulations of Local Bubble evolution

26Al predominantly in hot bubble interiors, 60Fe deposition at bubble walls
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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
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NUCLEAR ASTROPHYSICS

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

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

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

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

large ISM structure [the Local Superbubble

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

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

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

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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èDifferent environments for nucleosynthesis ejecta
¶Massive stars and ccSNe

Ftypical tevolution ~ 1-100 My
Fmolecular-cloud and 

superbubble environment

¶Supernovae type Ia
Ftypical tevolution ~ 0.x-1 Gy
Foutside star forming regions

¶Compact-binary mergers
Ftypical tevolution ~ 1-x Gy
Faway from galactic disk

¶Note: ISM is mixed by SNe!
24

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

Fig. 1 Evolution paths from collapsing massive stars to NSs and stellar-mass BHs. The gravita-
tional instability of the degenerate core (mostly composed of iron-group elements) of a massive
star can either lead to the “direct” formation of a BH by continuous accretion of matter onto
the transiently formed proto-NS (PNS) without any concomitant CCSN explosion. If a successful
explosion is launched, an initially hot PNS cools by intense emission of neutrinos and antineutrinos
of all flavors. On the way to an old, cold NS, a phase transition in the high-density EoS, spin-down
by angular momentum loss (e.g., through magnetic fields), or late accretion of matter that does
not achieve to get unbound in the CCSN explosion can lead to the delayed collapse of the PNS
or young NS to a BH. In close binary systems, the compact remnants spiral towards each other
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¶ Cycling of cosmic gas through sources and ISM is a challenge
FSource afterglows reach aut to ~years (SNe) or few 10,000 y (SNR)
F26Al is a new useful tracer with radioactive lifetime Myrs 

¶ 26Al gamma-ray spectroscopy shows new aspects
F26Al preferentially appears in superbubbles 
à massive-star ejecta are rarely due to single WR stars or SNe

Fseveral massive-star groups are consistent with this view
Fthe local cavities around the Sun reflect the Sco-Cen group

and its activities
Fbottom-up modelling suggests 26Al γ rays from large sky area

(~Sco-Cen history)
F60Fe is a second radio-isotope for such study

seen in γ rays, found on Earth from nearby nucleosynthesis 
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Galactic Dynamics and Nucleosynthesis Ejecta - Summary

Pineda et al. From Bubbles and Filaments to Cores and Disks
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Fig. 20.— Sketch of the star-formation process on various scales, emphasizing the anisotropic growth of dense structures in the cold
ISM leading to the formation of stars and planetary systems. It highlights the role of large-scale expanding bubbles in compressing
interstellar matter in flattened gas layers and producing molecular filaments, which themselves form rotating dense cores through axial
gravo-turbulent fragmentation (top row, see Sects. 2 and 3). The sketch also emphasizes the role of angular momentum and non-
axisymmetric streamers at core/disk scales (bottom row based from D. Segura-Cox, private communication); the classical dense core
and these streamers coexist at different evolutionary stages of protoplanetary disk formation (see Sects. 4 and 5). The orientation of the
streamers is not necessarily aligned with the rotation axis of the dense core, but it does follow a trajectory consistent with free-fall and
rotation.

Observed core spacings do not generally follow the simple
periodic predictions of gravitational fragmentation models
within near-equilibrium cylindrical filaments. Filamentary
fragmentation likely unfolds over multiple scales where ei-
ther gravitational fragmentation of supercritical filaments,
or gravity-induced turbulence dominate.

Prestellar cores are primarily found within thermally
transcritical or supercritical filaments. One of the key prop-
erties of cores is the amount of rotation present, which is
directly related to the origin of the angular momentum. The
total angular momentum seen in cores is consistent with
being dominated by the turbulent motions injected at the
largest scales and may be partly inherited from the forma-
tion and fragmentation process of the parent filaments (e.g.
Sect 4.3.3 and Fig. 13). While resolved observations of
cores reveal clear differential rotation, the scale on which

specific angular momentum is constant (and gravity domi-
nates) is just being resolved at smaller radii than previously
suggested (<1,000 au). Therefore, magnetic braking must
be quite important to explain the small disk radii observed
around Class 0 objects.

With the spatial resolution in nearby regions made possi-
ble with interferometers, we can now measure infall and ro-
tation within cores and follow the gas from core to disk. Ob-
servations on these scales have revealed a new component:
streamers. The detection of streamers has modified our
view of the mass delivery at core/disk scales. The sketch
at the bottom of Fig. 20 starts with a prestellar core, which
has begun gravitational collapse. The next stage shows the
classical picture of the dense core feeding the disk with the
addition of possible multiple streamers. Later on, once most
of the surrounding envelope is gone, some late accretion
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