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Open Questions
• Causation: external triggering or spontaneous gravitational instability?
• Initial conditions: how close to equilibrium?
• Accretion mechanism: [turbulent/magnetic/thermal-pressure]-regulated
fragmentation to form cores vs competitive accretion / mergers
• Timescale: fast or slow (# of dynamical times)?
Salpeter (1955)
• End result
dN*/dm* = A m*-2.35
– Initial mass function (IMF)
– Binary fraction and properties

N*

m*max?

m*

How do these properties vary with environment?
Subgrid model of SF? Threshold nH*? Efficiency εf?

Massive Star Formation Theories
Core Accretion:
wide range of dm*/dt ~10-5 - 10-2 M! yr-1

Competitive (Clump-fed) Accretion:

(Bonnell, Clarke, Bate, Pringle 2001; Bonnell, Vine, & Bate
2004; Schmeja & Klessen 2004; Wang, Li, Abel, Nakamura
(e.g. Myers & Fuller 1992; Caselli & Myers 1995; McLaughlin & Pudritz 1997;
2010; Padoan et al. 2020 [Turbulence-fed]; Grudić et al. 2022)
Osorio+ 1999; Nakano+ 2000; Behrend & Maeder 2001)

Massive stars gain most mass by BondiHoyle accretion of ambient clump gas

Turbulent Core Model:
(McKee & Tan 2002, 2003)

Stars form from “cores” that fragment from
the “clump”

Originally based on
simulations
including only
thermal pressure.


Σ ~ 1 g cm-2
If in equilibrium,

then self-gravity
is balanced by 

internal pressure:

B-field, turbulence,

radiation pressure

(thermal P is small)
Cores form from this

turbulent/magnetized medium: at any instant
there is a small mass fraction in cores. 

These cores collapse quickly to feed a central disk
to form individual stars or binaries.

Massive stars form
on the timescale of
the star cluster,
with relatively low
accretion rates.

Violent
interactions?
Mergers?
(Bonnell, Bate &
Zinnecker 1998;
Bally & Zinnecker 2005
Bally et al. 2011; 2021)

Shu (1977), Shu, Adams & Lizano (1987)

Low-Mass Prestellar and Protostellar Gas Cores
1987ARA&A..25...23S
1987ARA&A..25...23S

1987ARA&A..25...23S
1987ARA&A..25...23S

1987ARA&A..25...23S

1987ARA&A..25...23S

Core Accretion

Observed order in low-mass star formation
A&A proofs: manuscript no. DGtauB_final

details in Appendix D). Although the model is idealized, it allows one to visualize the key 3D projection e↵ects expected at
i = 63 in such a geometry. The predicted locus of the shell in
each channel map is shown as white contours, for a centrifugal
radius Rd =700 au and an initial polar angle from the disk axis
✓0 =70 . The e↵ect of varying Rd and ✓0 is illustrated in Fig. D.1.
No combination of infall parameters Rd and ✓0 can reproduce
both the large extent and the apparent acceleration of the wide
redshifted component. The match would be even worse if infall
is slown down by pressure gradients, as in the Class I source
TMC1A (Aso et al. 2015). The only feature indicative of infall
in the receding lobe of the system is the blueshifted arc opening
toward the northwest from z ' 2.200 , which is suggestive of the
back side of an infalling shell from ✓0 > 70 (see leftmost panel
of Fig. 4). Therefore, we conclude that residual infall in the receding lobe is confined to equatorial regions, and the wide angle
redshifted component surrounding the inner cone traces mostly
outflowing material.

4. Discussion
12

g. 2. Summary of the various CO(2-1) kinematical components in
G Tau B: The inner conical flow (integrated from (V Vsys ) = +2.15
+8 km s 1 ) is shown in purple to yellow shades (floor at
mJy/beam km s 1 ). The individual low-velocity 12 CO(2-1) chanmaps at (V Vsys ) = 1.19 km s 1 (resp. -1.03 km s 1 ) are
own in red (resp. blue) shades (floor at 3 with = 2 mJy/beam).
ide the white contours, the 13 CO(2-1) channel maps are shown at
Vsys ) = 1.45 km s 1 in red and (V Vsys ) = 1.55 km s 1 in
ue, highlighting the upper and lower disk surfaces (floor at 3 with
= 5 mJy/beam).

2.2. Outer low-velocity wide-angle outflow

ur ALMA maps reveal that the inner conical outflow is nested
side a wider component (R ⇡ 1000 at Z = 1500 ) observed at low
dshifted velocities (V Vsys = 1 2 km s 1 ). This structure
shown in Figs. 2 and 4 and can also be seen on transverse PV

4.1. DG Tau B disk: Evolutionary stage and origin of structure

DG Tau B has been traditionally classified as a Class I source
based on the slope of its near-infrared spectral energy distribution (Luhman et al. 2010). However, Crapsi et al. (2008) showed
that strongly inclined Class II disks (i 65 ) could be misclassified as Class I with the spectral slope method, and Kruger
et al. (2011) attribute ice absorptions toward DG Tau B to a thick
edge-on disk. Our ALMA observations show that while DG Tau
B’s disk is indeed very large and flared, residual infall onto the
disk is still present at large polar angles ✓0 > 70 in both lobes
of the system (see Sects. 3.1 and 3.2.2). However, by extrapolating the single-dish fluxes obtained by Mottram et al. (2017)
at 450µm and 850µm, we find that the extended dust envelope
around DG Tau B contributes only 300+400
300 mJy at 1.3mm, that
is, at most comparable to the disk flux itself. Following Eq. 1 of
Motte & André (2001), we would infer an envelope mass < 0.37

de Valon et al. (2020)

Massive Prestellar and Protostellar Cores

Exist? Dynamical state? SFE (CMF ➞ IMF)? Multiplicity?

Analytic Theory: e.g. Turbulent Core Model

McKee & Tan (2002, 2003)

Outflow-

confined 

HII Region

t=0
protostar
formation

m*=8M!

Massive Prestellar Cores

Do they exist? How to find them? Close to virial equilibrium?

Analytic Theory: e.g. Turbulent Core Model
McKee & Tan (2002, 2003)

clump
core

t=0
protostar
formation

nH,s → 1.1×106 cm-3

Numerical Simulations - MHD + Astrochemistry
Filaments, Clumps and Cores
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N2H+ and N2D+ as key tracers of prestellar cores
Goodson et al. 2016; Hsu et al. 2021
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Wu et al. 2015, 2017
Hsu et al., in prep.
García-Alvarado et al., in prep.
Drechsler et al., in prep.

IRDC G28.37+00.07
5kpc, ~70,000 M⦿
(Butler et al. 2014;
NASA/JPL/Spitzer)

Comparison to Turbulent Core Model

Tan et al. (2013)

C1, ΣMIREX, N2D+(3-2) contours
core

Σcl

Mc

clump

3.6”
0.09pc
Core masses inside 3σ
N2D+ contour:

Σcl = 0.36 g cm-2
Mc,MIREX = 55.2 ± 25 M!
Mc,mm = 62.5 129 26.9 M!
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Liu et al. (2018)
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Need hires T maps!

Figure 10. The blue histogram is the true CMF derived
from the G286 protocluster in Paper I. The purple histogram
is the combined true CMF derived from the seven IRDCs
in Paper II. The red histogram is the combined true CMF
from this sample of massive clumps. The three histograms
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Massive Protostellar Cores

Exist? Dynamical state? SFE (CMF->IMF)? Multiplicity?

Analytic Theory: e.g. Turbulent Core Model

McKee & Tan (2002, 2003)
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HII Region

t=0
protostar
formation

m*=8M!

Massive Protostellar Cores: simulations
Seifried et al. (2012)
Mc = 100M!, Rc=0.25pc,
nH = 4.4x104cm-3, B~1mG

Myers et al. (2013)
Mc = 300M!, Rc=0.1pc,
6cm-3, B>~1mG
nH =Disc
2.4x10
formation
in turbulent massive cores
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Figure 3. Mass-to-flux ratio µ (left) and inclination of the mean
magnetic field to the angular momentum vector of the disc (right)
in spheres with a radius of 500 AU around the CoM of the discs
found in run 2.6-4-A.

purpose we calculate the volume-weighted, mean magnetic
field hBi in a sphere with a radius of r = 500 AU around
the CoM of each disc. In combination with the sphere mass
M we obtain the mass-to-flux ratio

Figure 2. Column density in logarithmic scaling for the top-on
view of disc 1 (top left) and disc 2 (top right) of run 2.6-4-A and
of the disc in run 2.6-4 without turbulence (bottom). The figures
are 800 AU in size.

lines. This is a remarkable result since for previous simulations of low- and high-mass cores with mass-to-flux ratios
µ . 10 only sub-Keplerian discs were found (e.g. Allen et al.
2003; Price & Bate 2007; Mellon & Li 2008; Hennebelle &
Fromang 2008; Duffin & Pudritz 2009; Seifried et al. 2011).
We emphasise that for the other runs we find qualitatively similar results, i.e. discs with sizes of up to ⇠ 100 AU
and masses of the order of 0.1 M . The number of discs per
run varies between 2 and 5. We briefly note that the discs
presented here drive molecular outflows. Furthermore, in all
discs v scatters around vkep , indicating that this is neither
a consequence of the specific turbulence seed (runs 2.6-4-B
and 2.6-4-C) nor of the adopted cooling function (run 2.6-4-

µ=

M
0.13
/p .
⇡r2 | hBi |
G

(1)

We plot the time variation of µ in the left panel of Fig. 3
for the same four discs as in Fig. 1. As can be seen, µ varies
around a mean of 2 - 3. Hence, the values of µ roughly
agree with the overall value of 2.6 and are comparable to
the value of ⇠ 2 found in run 2.6-4. Moreover, µ is well in
the range where simulations without turbulent motions have
found sub-Keplerian discs only. We therefore conclude that
turbulent reconnection is not responsible for the build-up of
Keplerian discs in our runs.
Another way of reducing the magnetic braking efficiency
was investigated by Hennebelle & Ciardi (2009) and Ciardi
& Hennebelle (2010). These authors found that even for a
small misalignment of the overall magnetic field and the rotation axis Keplerian discs can form. As we consider a turbulent flow, it is very likely that the magnetic field and the
rotation axis are misaligned. In the right panel of Fig. 3 we

Massive Protostellar Cores: semi-analytic
protostellar evolution & radiative transfer models
Zhang & Tan (2011), Zhang, Tan & McKee (2013), Zhang, Tan & Hosokawa (2014), Zhang & Tan (2018)

Three primary parameters of Turbulent Core Model: Σclump, Mcore, m*

Massive Protostellar Cores: MHD outflow feedback
Staff, Tanaka, Tan (2019)

Σclump = 1 g cm-2
Mcore = 60 M⊙
m* = 1M⊙

Semi-analytic model (Zhang, Tan & Hosokawa 2014)

following Matzner & McKee (2000)

m* = 8M⊙
Simulations with and without pre-clearing

(Staff, Tanaka & Tan 2019)

m* = 24M⊙

Massive Protostar
Observations

The SOFIA Massive (SOMA)
Star Formation Survey

ibution Fitting Results
Telkamp et al., in prep.

Massive protostars can form where Σcl < 1 g cm-2
m* > 25 M⦿ generally favors high Σcl >1 g cm-2

cKee (2

008)

Favoured physical interpretation: internal protostellar
feedback limiting core SFE (Tanaka et al. 2017)

olz & M

e
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SOMA Survey results for ~40 massive protostars + IRDC protostars

282

Krumh

e

Liu, Tan et al. (2020) (SOMA III) + Fedriani et al., in prep. (SOMA IV)

e

Conditions for Massive Star Formation?

Fig. 6.20.— Star formation efficiency as a function of clump mass surface density,
⌃cl , from model calculations of Tanaka et al. (2017). Models for initial core masses
of Mc = 30, 100, and 300 M are shown, as labelled.
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[OI] 63 μm

NGC 7538 IRS9
Marta Obolentseva (St. Petersburg)

Bisbas, Staff, Ramsey, Tan et al.
(Mc = 60 M⦿; Σcl = 1 g cm-2; m* = 8 M⦿)

CH3 OH A vt
CH3 OH A vt
13
CH3 OH A vt
HC3 N v7
HC3 N v7

= 2 336.60589
71 61
3.79
747.4
JPL
= 0 335.56021
12 1 –120
3.40 192.65
CDMS
= 0 347.18828
14 1 –140
3.39 254.25
CDMS
= 0 336.52008
37–36
2.52 306.91
CDMS
= 1 346.45573
38–37, l=1e
-2.48 645.13
CDMS
3
CO 345.79599
3 2
3.61
33.20 2.05 ⇥ 10
CDMS
SO2 v = 0 334.67335
8( 2, 6)- 7( 1, 7)
-3.25580
JPL
SO2 v = 0 348.63335
5( 3, 3)- 6( 0, 6)
-6.33390
a
Notes: : Calculated at T = 100 K using collisional rate coefficients from the LAMDA database for the species available. F
HC3 N the molecular datafile lists cross sections up to Jup = 21, and T = 80 K.
T. Csengeri
T. Csengeri and: The search for high-mass protostars with ALMA up to

c

b)

a)

G328.3-0.5, Csengeri et al. 2018

“Ordered”
Massive Star
Formation

G339.88-1.26, Zhang, Tan et al. 2019

13

T. Csengeri et al.: The search for high-mass

Fig. 2. Left: Same as Fig. 1 zooming on the central protostar at a position of 2.2”, 2.7”. Sc
and blue dashed lines show the direction of the CO outflow. Dark gray dotted ellipse shows t
emission after removing the Gaussian fit to the envelope component. Color scale goes linearly f
linearly by 10 . White ellipse shows the FWHM of the fitted 2D Gaussian to the residual, the b
to the outflow. The beam is shown in the lower left corner.

e)

Table 1. Dust continuum measurements.

Component
MDC
Envelopeb
Residual b

core+envelope+disk
envelope+disk
disk

Peak flux
[Jy/beam]
2.10 8.32
0.10
0.063

Integrated flux
[Jy]
4 8.32
2.10
0.068

FWHM, p.a
[00 ⇥00 , ]
⇠500 to 19.200
0.96"⇥0.56" 10
0.25"⇥0.12" 7

Notes. Three components based on the decomposition of the dust emission. We indicate the cor
that were measured on the maps. We show the beam convolved angular scales for the adopted
size-scales (envelope and residual). We include the mass estimate for each component adoptin
range for the FWHM axis. (b) Obtained with a 2D Gaussian fit. (c) Corresponds to R90 , see the t

Fig. 5. Rotational diagram of the CH3 OH (and isotopologue) transitions
from Table 3. The left and right CH3 OH peak positions are marked in
Fig. 3 a. Filled circles show the CH3 OH lines, squares the 13 CH3 OH
lines, and triangles the optically thick lines that are not used for the
fit. Error bars show the linearly propagated errors from given by the
Gaussian fit to the line area.

ity of low-mass protostars. These indicate the shock front of the
outflowing gas impacting the ambient medium.
Assuming that the maximum velocity observed in the CO (3–
2) line corresponds to the speed at which the material has been
ejected, we can estimate when this material has been ejected. We
measure an angular separation of ⇠10" between the central ob-

vations, the 12 m and 7 m array combined data, and the total flux
density from the single dish observations from ATLASGAL. We
recover a total flux density of 2.9 Jy in the field with the 12 m
array observations only, which is a significant fraction (73%) of
the ⇠4.0 Jy measured in the 7 m and 12 m array combined data.
The 870 µm single-dish flux density measured by ATLASGAL
is 10.26 Jy on this position, from which 8.32 Jy have been assigned to the clump in the catalog of Csengeri et al. (2014). This
means that the 12m and 7m array combined observations recover
⇠50% of the total dust emission from the clump. Clearly, most
of the emission is concentrated on the smallest scales, there is,
however, considerable amount of extended emission distributed
in the field.
We estimate the mass of the core, envelope and disk component, adopting a simple isothermal model for each component
that allows us to account for the increasing temperatures on the
smallest scales due to the radiation of the protostar. The largescale dust temperature for the Massive Dense Core (MDC) at
0.06 pc scales is constrained by a greybody fit to the far-infrared
spectral energy distribution (SED), and gives a dust temperature
of T d = 30.7 ± 0.1 K (see App. A), suggesting that the bulk of the
gas is still at a low temperature1 . The core mass determines the
mass reservoir available for accretion onto the central protostar
beyond the spiral structure seen in the envelope.

It is not straig
from the cold gas o
mated by the minim
and hence mass fo
density is given b
position of 8.32 Jy
subtract the emissi
to be at a somewha
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on the 12 m and 7 m
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gives Mcore = 79.5
uncertainty of the
di↵erent dust emis
to-dust ratio of 150
corresponding rad
to 0.24 pc.
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1
4. a)Fig.
Color
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indicate the pos
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s 1 and
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thela
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respectively.
1

In Csengeri et al. (2017a) we used T d =25 K for all cores.

2
We used Eq. 2 from
for the dust (dust emi
(1994) accounting fo
30.7 K.

contours and m
transition at 33
fit to the spectr
both in its vibrational ground and excited state in↵ Fig.
7, as
axis and
av
as the molecular outflow traced by the CO (3–2)position
line. These
of the

(e) 7 mm continuum

(f) Spectral index map

R

Figure 1. (a) (d): ALMA 1.3 mm continuum map of G45 observed in the C3+C6 configuration (panel a), C9 configuration
(panel b), C6+C9 configuration (panel c), and C3+C6+C9 configuration (panel d). The synthesized beams in these images are
0.2800 ⇥ 0.2100 (P.A. = 6.6 , panel a), 0.03800 ⇥ 0.02600 (P.A. = 53.9 , panel b), 0.04200 ⇥ 0.02800 (P.A. = 53.6 , panel c), and
0.04300 ⇥0.02900 (P.A. = 53.4 , panel d). The contour levels are 5 ⇥2n (n = 0, 1, ...), with 1 = 0.13 K (0.33 mJy beam 1 , pane
a), 1 = 1.1 K (0.049 mJy beam 1 , panel b), 1 = 0.91 K (0.047 mJy beam 1 , panel c), and 1 = 0.94 K (0.052 mJy beam 1
panel d). (e): VLA 7 mm continuum map with solid contours at 5 ⇥ 2n (n = 0, 1, ..., 6, 1 = 25 K or 0.067 mJy beam 1 )
and dashed contours at 5 and 10 . The synthesized beam is 0.04500 ⇥ 0.03800 with P.A. = 24.2 . (f ): Map of continuum
spectral index between 1.3 mm (C3+C6+C9) and 7 mm, ↵⌫ = log(I⌫1 /I⌫2 )/ log(⌫1 /⌫2 ), where ⌫1 = 44 GHz and ⌫2 = 234 GHz
Only regions where both 1.3 and 7 mm emissions are > 5 are included. Here the 1.3 mm image is restored with the same beam
size as the 7 mm image. The red rectange in panel a marks the region shown in panels b f. In panels b f, the black dashed
lines indicate the outflow axis (P.A. = 3 ) and projected opening angle (40 ), and the red dashed line indicates a possible jet
(P.A. = 15 ). The R.A. and Dec. o↵sets in all the panels are relative to the continuum peak position from the ALMA C9
Outflow-

configuration data, (↵2000 , 2000 ) = (19h 14m 25s .678, +11 090 2500 .567).
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Massive Protostellar Cores: ionization
(feedback & diagnostics; outflow-confined HII regions)
Tan & McKee (2003); Tanaka, Tan & Zhang (2016); Tanaka, Tan, Staff & Zhang (2017); Rosero+ (2019).
The Astrophysical Journal, 818:52 (22pp), 2016 February 10
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Photoionization models:

The Astrophysical Journal, 818:52 (22pp), 2016 February 10

Tanaka, Tan, & Zhang

temperature were calculated by ZTH14, while the evaluation of
ionizing ﬂux will be described in Section 2.2.1. In the ﬁducial
case with Mc = 60 M and Scl = 1 g cm-2 , the stellar radius
reaches a maximum at m* 5 M when the Kelvin–Helmholz
time becomes as short as the accretion time, after which the
protostar is able to begin contraction toward the zero-age main
sequence (ZAMS; Hosokawa & Omukai 2009). Due to this
variation in radius, the effective temperature increases strongly
for m* 5M . Comparing to the ﬁducial case, the mass at
which the stellar radius has a maximum is larger in the higher
Scl case and smaller in the lower Scl case. This is because a
higher Scl causes higher accretion rates (Equation (1)), which
make the accretion timescale shorter and also lead to increased
swelling of the protostar.

Radio+IR SEDs
Rosero+ (2019)

Tanaka, Tan, & Zhang
Tanaka, Staff,
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Figure 1. Multi-scale views of the G28.20-0.05 massive protostar. (a) Top left: Spitzer 8 µm intensity map of the0.00
⇠ 20-pc
scale region. A filamentary IRDC, from which the massive protostar appears to have formed, is visible as a dark shadow. The
R.A.
Spitzer spatial resolution is 200 . (b) Top middle: Herschel 70 µm continuum image of the ⇠ 5 pc
scale region. The Herschel PACS
00
spatial resolution is 5 . (c) Top right: ALMA 1.3 mm compact (C) configuration only continuum map, with color stretch such
that the lower edge is 0.1 ( = 1.29 mJy bm 1 ) and upper limit is about 316 mJy bm 1 . The dashed circle represents the
ALMA 12m primary beam. The beam size for ALMA C configuration is 0.81300 ⇥ 0.73500 . (d) Bottom left: The same field
of view as (c), but now showing the ALMA 1.3 mm compact + intermediate (C+I) configurations continuum map. The solid
circle shows the extent of a 500 radius aperture that encloses the main continuum structures and is one scale used for flux
measurements. The lower edge of the colorbar extends down to 0.1 ( = 0.358 mJy bm 1 ) intensity level (Section 2). The
beam size for ALMA C+I configurations combined is 0.20100 ⇥ 0.21700 . (e) Bottom middle: The same field of view as (c), but
now showing the ALMA 1.3 mm compact + intermediate + extended (C+I+E) configurations continuum map. The lower edge
of the colorbar in extends down to 0.1 ( ⇠ 0.170 mJy bm 1 ) intensity level. The beam size is 0.06000 ⇥ 0.03600 . (f ) Bottom
right: A zoom in of panel (e) to the inner region of G28.20-0.05, which shows a ring-like structure. The solid circle shows a 0.500
radius aperture, which is adopted to measure the flux of the ring. The beam size of 0.06000 ⇥ 0.03600 is more clearly visible than
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spirit of Occam, let us consider the latter possibility. If, as
argued elsewhere by Elmegreen (2000a), star formation
essentially happens in a crossing time, then we may indeed
see only one generation of stars being produced at each
scale, rather than the repeated process implied by scaling
with the local dynamical time. The picture thus is one where
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Theory: “Turbulent Core Model”:
- trans-Alfvénic turbulence in global clump
- core surface set by clump pressure, which
then controls accretion rate
- core supported by B-fields & turbulence
- core interacts with a comparable mass
from clump during collapse
- accretion streamers
- atomic & ionized outflows in later stages

Need for
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- Dfrac via N2H+, N2D+
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Figure 5. Input density and converged temperature profiles for the fiducial model (Mc =
12, 16, and 24 M! . At each stage (each row), these profiles are shown on three different s
the protostar is at the (0,0) point, the x-axis lies on the disk midplane, and the y-axis along
black arrows for the outflow have a much larger scale than the blue arrows for the infallin
(A color version of this figure is available in the online journal.)
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