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How does Milky Way 
(local group) Star Formation 
talk to high-z?
(are there) Very Massive Stars in the Galaxy?

Actually in the schedule:
How do the most massive stars form? (What bounds the IMF?)



Context: Very Massive Star elemental feedback
Na-O anticorrelation is 

observed in globular clusters


(Bastian & Lardo 2018)

Na-N correlation

Nitrogen-enhanced gas is seen in the z=2.37 “Sunburst Arc”

Pascale+ 2023



Cartoon by Pascale & Dai 2024

VMS have surface N-enrichment

Vink 2024



So what’s really happening in their 1 pixel?


We don’t have  forming clusters in the 
Galaxy, but we have some big and dense ones.


Do we have any VMS?  How do we check?

106 M⊙

W49A 
de Pree+ 2021

W51 Yoo+ subm

Sgr B2 
Budaiev+ 2024



Sgr B2: Our Galaxy’s densest clusters

HII regions are pressure-bound (Meng+ 2022)

VLA Q + ALMA B3/B6



Ionizing Stars & still-growing MYSOs live together

VLA Q + ALMA B3/B6

Accreting 
>20 M  YSO⊙

HCHII region: 
Not Accreting

HII regions

Inflow

HMYSOsW51

Sgr B2

ALMA CO outflow, continuum



Fed-back material 
does not all escape

Sgr B2N (right):  
Budaiev+ in prep 
Schwörer+ 2019  
 
Elsewhere:  
Towner+ 2024

Water Masers show 
where the SiO outflow 
impacts the infalling 
material


(the outflow is low-ish velocity)



Towner+ 2024: 
ALMA-IMF low-velocity SiO is common



So (where) are there VMS?

 Car’s explosion 
includes some 
nuclear-burnt 
products


…but it blew up into 
a vacuum.


Enriched wind only 
matters if it goes into 
star-forming gas.

η

( )M* > 90 M⊙



Beuther, Kuiper, Tafalla 2025

Thomas Henning, EPoS 2018, 2022, 
2024, paraphrased: “But what 
about the really massive stars?”



A&A 627, L6 (2019)

Fig. 2. Panel a: integrated intensity (zero-moment) map of the H2O 55,0�64,3 ⌫2 = 1 (232.68670 GHz) molecular line emission. The contours trace
emission at the 3, 5, 7, 9, and 11� levels, where 1� = 7.13 mJy beam�1 km s�1. Panel b: velocity-weighted integrated intensity (first-moment)
map overlaid with the contours of the continuum emission from Fig.1a in grey. The outer extent of the H2O emission matches that of the dust
continuum. Panel c: PV diagram for the H2O emission extracted from a 5 pixel wide slice along the dashed line at PA = 25.9� as indicated in (a)
and (b). The contours of the data are plotted at the 20–80% levels in steps of 10%, where 10% corresponds to ⇠1� (0.65 mJy beam�1). Panel d:
same as (c), but the contours indicate the best representative model using inner and outer disc radii of 30 and 120 au, respectively, a stellar mass of
45 M�, and a disc inclination angle of 40�. The spatial (28 mas) and velocity resolution (1.3 km s�1) are indicated by the black cross at the bottom
right.

outer radius and temperature of a 45 M� main-sequence O star
from Hosokawa & Omukai (2009), where for G17.64 we esti-
mated R0 ⇠ 9.3 R�, L ⇠ 1.9 ⇥ 105 L� and T ⇠ 60 000 K. At radii
<150 au the disk temperature is >150 K.

The ring-like enhancement between radii 65 and 97 au has
the lowest Toomre Q values, between 2 and 4. There is little
di↵erence between the data with the minimum and maximum
free–free contamination removed, respectively, because the low-
est Q regions are away from the central peak where the free–
free contamination occurs. No instabilities are identified in the
substructures (cf. Fig. 1b). When we used a steeper temperature
profile (e.g. �0.5, Brinch & Hogerheijde 2010), the temperature
in the disc was below 150 K, and the overall cooler disc could
become unstable, Q < 1. Additionally, in an optically thick case
as suggested by the continuum average brightness temperatures
(see the appendix), the surface density will increase when we
correct for opacity and Q would decrease. If we were to consider

a highly flared disc, the Toomre criterion would be met where
Q < 1.7 (Durisen et al. 2007), thus a proxy of the dust and
gas disc scale heights and temperature estimation from radia-
tive transfer are required to better constrain the stability. The
presented Toomre Q analysis suggests that unless the dust is
cold and significantly shielded, the disc can remain stable against
fragmentation. This does not preclude that the existing substruc-
tures may have formed from fragmentation. During formation,
a more massive, cooler, and potentially largely flared disc com-
bined with a reduced stellar mass would have yielded conditions
where Q < 1.7.

4.3. Disc enhancements

The star G17.64 is the first massive O-type source in which sub-
structure has been observed in the disc. Interestingly, recent IR
interferometry and models by Frost et al. (2019) suggest that
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Fig. 1. Panel a: ALMA band 6 (1.3 mm) long-baseline continuum image of G17.64 made at a resolution of 20⇥ 15 mas, PA �88.4�. The enhanced
emission is clearest in the north and south between 65 and 97 au in the radial direction from G17.64. Panel b: same as (a), but with a point source of
peak flux 25.12 mJy beam�1 removed from the visibilities, representing the strongest free–free contamination in G17.64. Additional substructures
now become clear. Note the change in the scale of the colour bar. All contours are drawn at 30, 50, 70, 80, 95, 110, 150, and 250� of the respective
images, where 1� = 40.4 µJy beam�1. The beam and scale bar are indicated at the bottom.

The source G17.64+0.16 (hereafter G17.64, also AFGL
2136, G017.6380+00.1566, CRL 2136, and IRAS 18196�1331)
is a well-known massive young stellar object (MYSO) that
we originally targeted with ALMA along with five other
luminous O-type (proto-)stars in search for evidence of discs
(Cesaroni et al. 2017). Located at 2.2 kpc and with a bolometric
luminosity of 1 ⇥ 105 L�1 (Lumsden et al. 2013), G17.64 is one
of the closest O-type (proto-)stars. It is a bright source at near-
to mid-IR wavelengths (Kastner et al. 1992; Holbrook & Temi
1998; de Wit et al. 2009; Murakawa et al. 2013) and is detected
through to the centimeter regime (e.g. van der Tak et al. 2000;
Menten & van der Tak 2004; Lu et al. 2014). It drives an outflow
(position angle, PA ⇠ 135�), illuminates a reflection nebulae,
and excites H2O masers (Menten & van der Tak 2004). Interfer-
ometric IR observations indicated that G17.64 is a candidate
compact (<100 au) disc source (Boley et al. 2013). Maud et al.
(2018) presented 0.200 resolution ALMA data probing scales
down to ⇠400 au. They did not resolve the continuum emission,
but marginally resolved the SiO emission that is thought to trace
a rotating disc and disc wind. Modelling the position-velocity
(PV) profile, they estimated a central source mass between 20
and 30 M�.

In this Letter we report on the observations of G17.64 using
the ALMA long-baselines at band 6. Achieving a resolution of
20⇥ 15 mas (44⇥ 33 au), which is ten times higher than our pre-
vious study, we now fully resolve the dust and molecular line
emission and for the first time uncover clear enhanced substruc-
tures in the disc around this massive forming O-star.

2. Observations

The ALMA 12 m observations consist of one execution block
(EB) conducted during Cycle 5 on 4 October 2017 (project ID:
2017.1.00098.S – PI: Maud) in configuration C43-10, with 43
antennas. The on-source time was 30.6 min. The spectral setup
covered the frequency range of our previous observations (see

1 Red MSX Survey: http://rms.leeds.ac.uk/cgi-bin/
public/RMS_DATABASE.cgi

also Cesaroni et al. 2017). To provide maximum sensitivity to
the dust continuum, all four spectral windows (SPWs) were con-
figured with the widest bandwidth of 1.875 GHz but covered pre-
viously detected lines, such as SiO (5-4) and H30↵. The result-
ing velocity resolution was of the order 1.3 km s�1, except in
the SPW covering SiO, which was 0.8 km s�1. We also covered
the H2O 55,0�64,3 line in the same SPW as H30↵. The maxi-
mum angular resolution of 20 ⇥ 15 mas at a PA of �88.4� in
the continuum was achieved using a robust parameter of 0.0
(Briggs 1995). Data calibration used the CASA pipeline, ver-
sion 5.1.1 (McMullin et al. 2007), while subsequent imaging and
self-calibration used version 5.4.0. Because G17.64 is relatively
line weak (Cesaroni et al. 2017), all line-free regions were eas-
ily identifiable and continuum subtraction was undertaken in the
u, v domain. Self-calibration was possible down to a solution
time of 6 s in phase and 54 s for amplitude, which improved the
dynamic range from 405 to 640. The final continuum noise level
we achieved was 40.4 µJy beam�1. For the H2O images, a robust
value of 1.5 was used to boost the surface brightness sensitiv-
ity. The resulting resolution was 28 ⇥ 23 mas at a PA of 65.8�
and achieved a sensitivity of 0.76 mJy bm�1 ch�1 (1.3 km s�1).
We detected SiO (5-4) and the H30↵ radio-recombination line,
which are mentioned in the appendix. During self-calibration we
shifted the phase centre of G17.64 to the position of peak emis-
sion, J2000 18h22m26.3862s �13�30011.971700, to centralise our
images. All imaging and self-calibration steps were performed
with and without shifting the phase centre to ensure that the
detected features were real and not interferometric side-lobe
artefacts. No notable di↵erences were seen in any of our images.

3. Results

3.1. Continuum emission

Figure 1a shows our image of the continuum emission from
G17.64 in a logarithmic colour scaling to highlight the fainter
emission. The continuum dust disc is well resolved and has a
clear, enhanced, ring-like structure that is most readily visible to
the north and south between 65 and 97 au in the radial direction.
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G17.64+0.16  
45+/-10 M☉ star 

1-4 M☉ disk 
Maud+ 201{8,9} 

(ionized disk, relatively isolated)

Highest-mass star dynamically measured  
(VMS = 80+ )M⊙
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Fig. 1.— Histogram of the 19,009 ZAMS stellar masses re-
sulting from the stacked 100 star cluster formation simulations.
For comparison we plot estimated ±� probable ranges of the
Kroupa (2001) and Chabrier (2005) Milky Way field IMFs, us-
ing parameter uncertainties quoted in Kroupa (2001) and assum-
ing logmc/M� = log 0.2 ± 0.1dex and � = 0.55 ± 0.10dex for
the Chabrier (2005) form, controlling all IMFs for the number of
> 0.1M� stars. The dashed line plots the best-fit / M

�2 power-
law, and the shaded region plots the ±3� confidence region of a
modified Schechter function fit, sampled from the posterior distri-
bution of the model parameters given the > 1M� sample. The
two lower histograms show the IMF obtained from one 2⇥ 104M�
cloud run with the same physics model, and a run with the same
initial conditions but no feedback.

is shallower than the normally-assumed -2.35, but well
within the variation measured between individual clus-
ters and within the uncertain range quoted for the Milky
Way field population (Kroupa 2001).

3.1. The high-mass IMF truncation

Stacking 100 realizations unveils a new feature of the
IMF: a high-mass truncation. Figure 1 shows that there
is an unambiguous high-mass break around the sample
maximum stellar mass of 28M�, for the 100 low-mass
clusters2. To assess this statistically, note that if the /
M

�2 power-law portion extrapolated to Mup = 150M�,
we would expect ⇠75 stars more massive than 28M�
in our sample. The probability of obtaining zero stars
above the cuto↵ is 2 ⇥ 10�33 assuming Poisson statis-
tics. Even a steeper / M

�2.35 power-law up to 150M�
can be discarded with p = 5 ⇥ 10�12 by this argument.
The maximum stellar mass found in these simulations
is confidently inconsistent with the size-of-sample e↵ect
from sampling a pure power-law extending to the largest-
known stellar masses (e.g. Crowther et al. 2016), a stan-

2 For our average cluster mass of Mecl = 126M�, our maximum
stellar mass Mmax = 28M� lies a factor of ⇠ 2 above the observed
data points in the Mecl�Mmax compilation presented in Yan et al.
(2023).

dard model assumption. The sample maximum is also
significantly smaller than even the smallest cluster mass
in the sample (⇠ 80M�), so it is not directly explained
by the limited mass budget.

There is no physical reason to expect a perfectly-sharp
truncation, so we model the high-mass (> 1M�) IMF as
a power-law with a smooth truncation factor. A modified
Schechter function with varying sharpness

dN/dM / M
↵ exp (� (M/M

⇤)p) (1)

provides a better fit than the standard Schechter (1976)
form with p = 1, e.g., its additional parameter is strongly
preferred by the Schwarz (1978) information criterion
(�BIC = �17.5). Assuming flat priors with ↵ 2 [0, �4],
log M

⇤ 2 [0, 4], and p 2 [0, 10] the posterior distribu-
tion gives marginalized parameters ↵ = �2.00 ± 0.02,
M

⇤ = 24 ± 4M�, and p = 7 ± 2, and we plot the 3� con-
fidence interval of the parameter distribution in Figure
1.

This sample IMF is also statistically distinct from
those found in various previous simulations using the
same setup with di↵erent initial conditions (Grudić et al.
2022; Guszejnov et al. 2022). Most of those exhibited the
same high-mass slope of -2 but produced more-massive
stars in clusters with fewer members. For example, in
Figure 1 we also plot the IMF from a cloud run with an
identical physics setup, surface density, virial parame-
ter, and mass-to-flux ratio, but 10 times greater mass
(2 ⇥ 104

M�). This single cloud produces about 10⇥
fewer stars than the 100 smaller clouds. Despite this,
the massive cloud produces 3 stars more massive than
the 28M� maximum of the smaller clouds, with a max-
imum of 44M�. This strongly suggests that the upper
cuto↵ predicted by the STARFORGE models scales in
some way on the properties of the host GMC, in agree-
ment with other recent simulations (Smith et al. 2023).
We do emphasize that our model space can still account
for the existence of & 100M� stars - e.g. the 10⇥ higher
surface-density cloud in Guszejnov et al. (2022) formed
a 107M� star.

Figure 1 also shows the IMF from a 2000M� cloud
with the same bulk properties as the others, but evolved
without any stellar feedback physics. Despite forming
only 69 stars, this cloud produced 8 stars more massive
than the most massive star in the feedback simulations,
with a maximum stellar mass of 224M�. Clearly then
the upper cuto↵ is highly sensitive to feedback. And
because feedback generally operates with variable e↵ec-
tiveness depending on the environment (Fall et al. 2010),
the upper cuto↵ is naturally sensitive to cloud properties.

Due to this variation in the upper truncation in the
IMF, no sampling model employing the usual constant
⇠ 100 � 150M� upper cuto↵ – stochastic or not – ade-
quately describes the statistics of the simulated star clus-
ters. Instead, a model in which the truncation depends
on the environment is required.

3.2. Sequence of massive star formation versus random
sampling

We will now compare the number of massive (> 8M�)
stars in the clusters at a given time with the mean num-
ber expected, hNmassivei = fmassiveNcl, where fmassive =
0.012 the overall fraction of > 8M� stars in the sample

Grudic & Hopkins 2023 

100 simulations of 2000 
 events -> M⊙

Mmax ∼ 30 M⊙

(Hosek+ -> shallow 
IMF in clusters)



e2

cm continuum

Q: Can high-mass cores form “on their own”, or do 
they need help from neighbors?

Is star formation in dense, massive 
clusters qualitatively different from 

“distributed” star formation?
(I think so)

“Cooperative accretion” scenario: 
Ionizing star grew an unfragmented 
core, then moved away or hit .   

The leftover core forms a big(ger?) star. 

Do VMS (M>50) form (only) this way?

LEdd



Is star formation in dense, massive 
clusters qualitatively different from 

“distributed” star formation?

Collisions 
Many stars.  Small volume. 

Smash, boom. 
This definitely happens. 

Do VMS (M>50) form (only) this way? 
What nuclear products get spread?

The KL nebula may have been 
caused by a merger



Are there chemical signatures of VMS?

or are they always confused with mergers?

salted disk (outflow) gallery

Figure from Arnould+ 1999 
via https://arxiv.org/pdf/
1611.08855 via Liang Dai

http://1999A&A...347..572A
https://arxiv.org/pdf/1611.08855
https://arxiv.org/pdf/1611.08855
https://arxiv.org/pdf/1611.08855


Many observational & theoretical questions

• Overarching: Is Mmax environmentally dependent?


• Do VMS feed nuclear-processed material to their neighbors?


• Are there observable [not UV/optical] chemical tags for VMS?


• Do YSO mergers make those same tags?


• Are mergers needed for VMS formation?


