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Abstract An observational review is provided of the properties of accretion disks
around young stars. It concerns the primordial disks of intermediate- and high-mass
young stellar objects in embedded and optically revealed phases. The properties were
derived from spatially resolved observations and, therefore, predominantly obtained
with interferometric means, either in the radio/(sub)millimeter or in the optical/infrared
wavelength regions. We make summaries and comparisons of the physical properties,
kinematics, and dynamics of these circumstellar structures and delineate trends where
possible. Amongst others, we report on a quadratic trend of mass accretion rates with
mass from T Tauri stars to the highest mass young stellar objects and on the systematic
difference in mass infall and accretion rates.

Keywords Accretion: accretion disks · Techniques: high angular resolution ·
Techniques: interferometric · Stars: formation

1 Introduction

Circumstellar disks are an essential ingredient of the star and planet formation process.
They are found around young stars associated with molecular clouds at a high incidence
rate (Hernández et al. 2007). A disk forms naturally from centrally infalling material
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SUMMARY 

Beltrán & de Wit (2016) 



A-TYPE STARS 

•  Disks found near PMS stars up 
8 M⦿ , and in Keplerian 
rotation (e.g., HD163296: de 
Gregorio-Monsalvo+ 2013)  
  

•  ALMA shows discontinuous 
radial and azimuthal dust 
distributions (Isella+ 2016, 
Fedele+ 2017) and dissimilar 
distributions of dust and gas: 
signatures of protoplanets 

•   Near-IR scattered light images 
(with VLT/SPHERE or NACO, 
dust scattering) in HAeBe stars 
indicate large disk cavities 
(>5AU) which are at the base 
of the differences in IR SEDs 
(Garufi+ 2017).  

Fedele+ (2017) 

HD 169142 (A5) 



B-TYPE STARS 

Lbol < 105 L⦿ ➪ M ≲ 25 M⦿ 

Kraus+ (2010) 

13 x 19 au 

IRAS 13481-6214 : ~ 20 M⦿  

NIR VLTI/AMBER  

de Wit+ (2011) 

CRL 2136: ~ 20 M⦿  

200 au 

MIR VLTI/MIDI  

IRAS 17216-3801: 20 and 18 M⦿  
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B-TYPE STARS 

ALMA 

Sánchez-Monge+ (2014) 
G35.03+0.35 

Beltrán+ (2014) 

Lbol < 105 L⦿ ➪ M ≲ 25 M⦿ 

Sánchez-Monge+ (2013) 

Beltrán+ (2014) 

Lbol= 3 x 104 L⦿   

Lbol= 6 x 103 L⦿   

G35.20-0.74N 

(B1) 
9 M⦿ 

18 M⦿ 



B-TYPE STARS 

•  Lbol < 105 L⨀  ➪ M  = 7-25 M⨀ 

•  Rdisk a few 100 - 103 au 
•  Mdisk ∼ a few  M⨀ ➪ Mdisk ≲ M  

“DISKS” 1

Table 1. List of rotating disks around B-type (proto)stars

d Lbol MOH94 b
gas R Vrot Mc

⋆Lyman Mc
⋆ cluster ∆V Ṁout

Core (kpc) (L⊙) (M⊙) (au) (km s−1) (M⊙) (M⊙) (km s−1) (M⊙/yr)
IRAS 20126+4104 1.7 1×104 0.9 3600 1.3 7 12 3.0 1.3×10−3
Cepheus A HW2 0.725 2.5×104 2.2 360 3.5 15 15 4.0 1.7×10−3
GH2O 92.67+3.07 0.80 4.7×103 12 7200 1.2 6 9 3.0 2.7×10−4
G35.20+0.74 N A 2.19 3×104 1.0 1500 1.5 — 16 4.5 —
G35.20+0.74 N B 2.19 3×104 0.9 2600 1.0 18 16 2.8 —
G35.03+0.35 A 3.2 6.3×103 0.75 2200 2.0 11 10 8.5 —
AFGL 2591 VLA3 1.0 2×105 0.41 400 2.2 16 32 1.5 —
AFGL 490 1.0 2×103 4.1 1600 1.3 8 7 3.0 —
IRAS 18162−2048 MM1 1.7 2×104 4.9 800 2.0 — 14 5.5 —
IRAS 18089−1732 3.6 3.2×104 68 3600 3.0 — 16.6 6.0n —
NGC7538S MM2 2.7 1.5×104 5.0 1000 1.0 — 13 4.0 —
NGC7538IRS1 2.7 8×104 18.0 1000 3.0 30 23 10.0 —
G192.16−3.82 2.0 3×103 11 2100 3.0 8 8 1.5 3.8×10−4
IRAS 16547−4247 2.9 6.2×104 22 1500 1.7 — 21 7.6 —
IRAS 16562−3959 1.7 7×104 7.6 3000 2.2 15 22 5.0 —
NGC6334I SMA1 Main 1.7 1×105 37 280 5.1 — 25 8.0 —
NGC6334 I(N) SMA1b 1.3 1×103 4.3 800 3.5 — 5.5 8.8 —
IRAS 04579+4703 2.5 4×103 8 5000 1.0 7 8.5 3.6 1.7×10−4
IRAS 18151−1208 3.0 2×104 43 5000 2.0 15 14 1.9 —
G23.01−0.41 4.6 1×104 41 6000 0.6 18 12 8.3 2.0×10−4
IRDC 18223−1243 3.7 1×102 47 14000 1.5 — — 1.8 5.5×10−3
G240.31+0.07 5.3 3.2×104 133 10000 2.5 — 16.6 1.7 6.4×10−3



B-TYPE STARS  à  LATE O-TYPE STARS  
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H. Beuther et al.: The high-mass core G351.77-0.54 resolved by ALMA at 0.0600 resolution

Fig. 9. Position-velocity diagrams for the nine CH3CN(37k � 36k) transitions toward source #1 along the axis marked in the top-
middle panel of Fig. 8. The vertical line shows the approximate velocity of rest and the two full-line curves present a Keplerian
rotation curve for a 10(4.5) M� star at distances of 2.2(1) kpc, respectively. The dashed curves correspond to masses of 5(2.3) and
20(9) M� (inner and outer curves, respectively) at 2.2(1) kpc distance.

3.4. Temperature structure

The CH3CN(37k � 36k) k�ladder allows a detailed derivation
of the gas temperature of the central rotating core/disk structure
associated with source #1. With energy levels between 588 and
1300 K (Table 2) we are tracing the hot component of the gas.
Since the same spectral setup also covers the CH13

3 CN(37k�36k)
isotopologue (Fig. 2 and Table 2), high optical depth can also be
taken into account. In addition to this, at the given very high
spatial resolution, we do not get just an average temperature, but
we can derive the temperature structure pixel by pixel over the
full extent of the CH3CN emission. Figure 10 shows in the top
panel the integrated 0th moment map of the CH3CN(372 � 362)
to outline the extent of the CH3CN emission in comparison to
the submm continuum.

For the pixel-by-pixel fitting of the CH3CN(37k � 36k) data
we used the XCLASS (eXtended CASA Line Analysis Software
Suite) tool implemented in CASA (Möller et al. 2015). This tool
models the data by solving the radiative transfer equation for an
isothermal homogeneous object in local thermodynamic equilib-
rium (LTE) in one dimension, relying on the molecular databases
VAMDC and CDMS (http://www.vamdc.org and Müller et al.
2001). It furthermore uses the model optimizer package MAGIX
(Modeling and Analysis Generic Interface for eXternal numer-
ical codes), which helps to find the best description of the data
using a certain model (Möller et al. 2013). To fit our data we
used the XCLASS version 1.2.0 with CASA version 4.6.

To fit the data, we explored a broad parameter space and also
investigated whether single-component or double-component
modeling were more appropriate. The source structure with a
central luminous source implies that the temperature structure is
more complicated, with temperature gradients, and even shocks
may contribute to the gas temperature structure. However, in-
creasing the fit complexity did not improve the fit quality signif-
icantly. Temperature results for the central area of interest varied
by less than 10% between the single- and double-component fits.

Nevertheless, to account at least partly for the complexity, we
resorted to a two-component fit. Figure 11 shows one example
spectrum and the corresponding XCLASS fit. While this fit itself
does not appear great at first look, the di↵erences can largely
be attributed to additional spectral lines from other molecular
species within the same spectral area.

In the following, we will continue our analysis with the
warmer of the two components because that resembles the in-
nermost region best. Figure 10 (middle panel) presents the de-
rived hot component temperature map for our central core/disk
rotating structure. The hole in the center of the map is caused
by the absorption against the strong continuum where no rea-
sonable CH3CN fits are possible. We find very warm gas with
temperatures largely around 1000 K with no steep gradient.

For comparison, in the bottom panel of Fig. 10 we show
also the 438 µm continuum map, this time converted to Planck
brightness temperatures Tb. Since we see all spectral lines in ab-
sorption against the main peak, the central position may be op-
tically thick and thus could give an estimate of the dust temper-
ature. The highest value we find this way is 201 K, significantly
below the gas temperatures estimated above from the CH3CN
data. With the unknown exact optical depth, this dust tempera-
ture should be considered a lower limit to the actual dust temper-
ature. Since the optical depth decreases going further out, this as-
sumption breaks down soon after leaving the main peak position.
This can also be tested by fitting profiles to the dust continuum
map. We explored this by fitting brightness temperatures to the
west and east from the center (�O↵set / T↵b ), and we derived
profile values ↵ of �1.7 and �1.6, respectively. This is far too
steep for any reasonable disk or core profile (usually ↵ ⇠ �0.4,
e.g., Kenyon & Hartmann 1987)) and hence shows that the dust
continuum map cannot be optically thick away from the central
position.

9

H. Beuther et al.: The high-mass core G351.77-0.54 resolved by ALMA at 0.0600 resolution

Fig. 4. 438 µm continuum image with CO(6–5) red-shifted emis-
sion in red contours. The continuum contours are in 4� steps
(1� = 7 mJy beam�1. The blue-dotted contours show the cor-
responding negative features. The CO emission was integrated
from 25 to 42 km s�1 and is shown in contours from 15 to 95%
(step 10%) of the peak emission. The center coordinates are
those of the phase center presented in section 2.

tically thin emission from thermally emitting dust grains we can
estimate lower limits of the column densities and masses follow-
ing the outline of Hildebrand (1983) or Schuller et al. (2009). For
these estimates we use a dust opacity 438µm = 6.3 cm2 g�1, ex-
trapolated for densities of 106 cm�3 from Ossenkopf & Henning
(1994), and a conservative hot core temperature of 200 K is used
for all calculations here (measured continuum peak brightness
temperatures are ⇠201 K, see also temperature discussion be-
low, section 3.4). Furthermore, we use a gas-to-dust mass ratio
of 150 (Draine 2011). The derived column densities are all above
1024 cm�2 showing that we are dealing with extremely high ex-
tinction regions in excess of 1000 magnitudes of visual extinc-
tion. In comparison, the mass estimates are rather low around
0.49(0.1) M� assuming a distance of 2.2(1.0) kpc. The main rea-
son for that is the large amount of spatial filtering because of the
missing baselines below 40 m (section 2). Although no single-
dish 438 µm measurement exists to exactly estimate the amount
of missing flux, a comparison of the single-dish mass reservoir
estimated by Leurini et al. (2011b) of 664 M� (@1 kpc) indi-
cates that more than 99% of the extended flux is filtered out
by our extended baseline ALMA data. This is expected since
the single-dish data trace the larger-scale less dense envelope
structure. Even on smaller scales (4.900 ⇥ 1.800), Leurini et al.
(2011a) measure a peak flux of 2.09 Jy beam�1 at 1.3 mm wave-
length. Assuming a spectrum / ⌫3.5 in the Rayleigh-Jeans limit
(with 3.5 = 2 + � and the dust opacity index � = 1.5) this
would correspond to ⇠ 98 Jy beam at our wavelength of 438 µm.
Even in the optically thick case with beta = 0 a flux density of
18.9 Jy beam�1 would be expected at 438 µm. So, even on these
smaller scales, our ALMA data recover only a small fraction of
the core flux. Additionally, at 438 µm the assumption of opti-
cally thin emission breaks down (also visible in the absorption
spectra presented in the section 3.3), and one underestimates the
masses and column densities as well. The 0.49 M� measured to-

Fig. 5. Spectra extracted toward all four submm peaks in spectral
win spw1 averaged over 0.0600 diameter (units Jy beam�1).

ward source #1 may be considered as a lower limit to the mass
associated with that source (see section 3.3). Nevertheless, as
outlined in the introduction, the region has a very large mass
reservoir on the order of 1000 M� capable of forming high-mass
stars.
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CH3CN (37-36) 

θ = 0.06” = 60 – 130 au 

Comparable to NIR -MIR  

G351.77-0.54 (104-105 L⨀) 

•  Keplerian rotation?  
•  M ~ 4.5 -10 M⨀  
•  Disk of R ~ 250-500 au and Mdisk ~0.1-0.5 M⨀  
•  Mdisk ≾ M  
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AFGL 4176: ~ 25 M⦿ (O7)  

•  Keplerian flared disk of R ~ 2000 au and Mdisk ~8 M⨀ 
•  Mdisk ≾ M  
•  2.3 μm CO bandhead emission suggests a Keplerian disk 

of 10 au (Ilee+  2013)  

Ø  See Poster #71 on G23.01-0.41 (Alberto Sanna) 

Ø  Ilee+ (2016): G11.92-0.61 



(EARLY) O-TYPE STARS 

•  Rtoroid  several 1000 au 
•  Mtoroid ∼ a few 100 M⨀ ➪ Mtoroid ≫ M  

•  Mtoroid >> M  : No Keplerian rotation on scales 
of 104 au. The gravitational potential of the 
system is dominated by the massive toroid not 
by central star.  

•  Mtoroid > Mdyn suggests that toroids are not 
centrifugally supported, may be unstable and 
undergoing fragmentation and collapse. 

Lbol > 105 L⦿ ➪ M > 25 M⦿ 

Beltrán+ (2004, 2011), Furuya+(2008), Keto & Klaassen (2008), Sollins
+ (2005), Zapata+(2008) 

G19.61G10.62 G29.96

G24 C

G24 A1G23.01

G24 A2 W51 North

W51e2

G31.41

G28.20

G28.87



(EARLY) O-TYPE STARS 

0.2” ALMA 

Lbol > 105 L⦿ ➪ M > 25 M⦿ 

Cesaroni+ (2017) 

(400 au – 1600 au resolution) 



(EARLY) O-TYPE STARS 

0.2” ALMA 

Lbol > 105 L⦿ ➪ M > 25 M⦿ 

Keplerian-like rotation 

Rotation, but Keplerian? 

Cesaroni+ (2017) 

Cesaroni+ (2017) 

? 

? ? 
CH3CN 

CH3CN 

(400 au – 1600 au resolution) 



(EARLY) O-TYPE STARS 

0.2” ALMA 

Lbol > 105 L⦿ ➪ M > 25 M⦿ 

Cesaroni+ (2017) 

Cesaroni+ (2017) 

? 

? ? 

•  Disks found at intermediate evolutionary stage 

•  At later evolutionary stage, the molecular  gas is 
dispersed 

•  For the younger sources, emission of disks difficult 
to disentangle from that of the envelopes. Disks 
might start small and grow up with time 

(400 au – 1600 au resolution) 



DISKS VERSUS TOROIDS 

STABILITY 

Beltrán & de Wit (2016) 

Herbig Ae M  (M⦿) 

M  (M⦿) 

•  41 rotating structures around O and B-type 

•  30 rotating structures around IMs 

•  Mdisk < 0.3 M  and Toomre’s stability 
parameter Q > 1 ➜  accretion disks are 
gravitationally stable (Shu+ 1990; Laughlin & 
Bodenheimer 1994; Yorke 1995; Toomre 
1964) 

•  Herbig Ae + IRAS 20126+4104 (Cesaroni+ 
2005), Cepheus A HW2 (Patel+ 2005), 
G35.20-0.74N (Sánchez-Monge+ 2013), 
G35.03+0.35 (Beltrán+ 2014), AFGL 2591 
VLA3 (Wang+ 2012) accretion disks are stable 
against collapse + G351.77-0.54 (Beuther+ 
2017) + AFGL 4176 (Johnston+ 2015) 

•  Toroids are unstable against axisymmetric 
instabilities 

Mgas = M  

intermediate-mass YSOs 
high-mass YSOs 



DISKS VERSUS TOROIDS 

STABILITY 

Beltrán & de Wit (2016) 

Herbig Ae M  (M⦿) 

M  (M⦿) 

Mgas = M  

•  41 rotating structures around O and B-type 

•  30 rotating structures around IMs 

•  Mdisk < 0.3 M  and Toomre’s stability 
parameter Q > 1 ➜  accretion disks are 
gravitationally stable (Shu+ 1990; Laughlin & 
Bodenheimer 1994; Yorke 1995; Toomre 
1964) 

•  Herbig Ae + IRAS 20126+4104 (Cesaroni+ 
2005), Cepheus A HW2 (Patel+ 2005), 
G35.20-0.74N (Sánchez-Monge+ 2013), 
G35.03+0.35 (Beltrán+ 2014), AFGL 2591 
VLA3 (Wang+ 2012) accretion disks are stable 
against collapse + G351.77-0.54 (Beuther+ 
2017) + AFGL 4176 (Johnston+ 2015) 

•  Toroids are unstable against axisymmetric 
instabilities 

intermediate-mass YSOs 
high-mass YSOs 



DISKS VERSUS TOROIDS 

•  Toroids (Mgas >> M ) and disks are also dynamically 
different 

•  M < 25 M⨀ + bona fide B-type Keplerian disks: 
Mdyn/Mgas > 1 ➔ centrifugally supported    

•  M > 25-30 M⨀ ➜ Mdyn/Mgas << 1 
•  Toroids could never reach equilibrium and be 

transient entities with timescales of the order of tff 
~104 yr      

DYNAMICS 

Beltrán & de Wit (2016) 

Herbig Ae M  (M⦿) 

M  (M⦿) 

•  If structure rotates fast and tff/trot high ➔ infalling 
material that incorporates into the fast rotating 
structure has enough time to settle into a 
centrifugally supported disk  

•   If structure rotates slowly and tff/trot low ➔ infalling 
material does not have enough time to reach 
centrifugal equilibrium and the rotating structure is 
a transient toroid (rotation plays no role in their 
support) 

intermediate-mass YSOs 
high-mass YSOs 
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~104 yr      

DYNAMICS 
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Herbig Ae M  (M⦿) 

•  If structure rotates fast and tff/trot high ➔ infalling 
material that incorporates into the fast rotating 
structure has enough time to settle into a 
centrifugally supported disk  

•   If structure rotates slowly and tff/trot low ➔ infalling 
material does not have enough time to reach 
centrifugal equilibrium and the rotating structure is 
a transient toroid (rotation plays no role in their 
support) 

M  (M⦿) 

intermediate-mass YSOs 
high-mass YSOs 



INFALL RATES VS. ACCRETION RATES 

INFALL VS. ACCRETION 

1. Red-shifted absorption 
2.  vinf=vrot  
3. Free-fall ➞  Ṁinf = Mgas tff 
4. Mass loss rate ➞  Ṁout = 20 Ṁjet= 6 Ṁacc 

(Tomisaka 1998; Shu+ 1999) 

red-shifted absorption 

free-fall 

M  (M⦿) M  (M⦿) 

M  (M⦿) M  (M⦿) 
from outflow mass loss rate 

vinf = vrot 

Beltrán & de Wit (2016) 

intermediate-mass YSOs 

high-mass YSOs 



INFALL RATES VS. ACCRETION RATES 

INFALL VS. ACCRETION 

1. Red-shifted absorption 
2.  vinf=vrot  
3. Free-fall ➞  Ṁinf = Mgas tff 
4. Mass loss rate ➞  Ṁout = 20 Ṁjet= 6 Ṁacc 

(Tomisaka 1998; Shu+ 1999) 

•  Infall rate increases with mass of 
central star 

•   Ṁinf > Ṁacc independently of method 
used 

red-shifted absorption 

free-fall 

M  (M⦿) M  (M⦿) 

M  (M⦿) M  (M⦿) 
from outflow mass loss rate 

vinf = vrot 

Beltrán & de Wit (2016) 

Ṁacc = 10-4 - 10-3 (M⨀/yr)  

intermediate-mass YSOs 

high-mass YSOs 



INFALL RATES VS. ACCRETION RATES 

INFALL VS. ACCRETION 

•  Ṁinf > Ṁacc independently of method used 

•  Stellar multiplicity 

•  Infalling rate onto the disk different from 
accretion onto star ➞ material piles up and 
results in disk masses which are tens to 
hundreds of solar masses. This is massive 
and suggests a gravitationally unstable disk-
inducing variable, “FUOri-like” accretion 
events onto the central object. 

M  (M⦿) 

Beltrán & de Wit (2016) 

Ṁinf ≫ Ṁacc 

IM YSOs 

vinf = vrot 

free-fall 

red-shifted absorption 



INFALL RATES VS. ACCRETION RATES 

FIRST DISK-MEDIATED ACCRETION 
BURST FROM A HMYSO 
 •  S255 NIR 3: 2.4 x104 L⨀  (~15 M⨀)  

•  NIR photometry reveals an increase in 
brightness of 2.5-3.5 magnitudes and NIR 
spectroscopy reveals emission lines typical 
of accretion bursts in low-mass protostars, 
but orders of magnitude more luminous.  

•  The energy released and the inferred mass-
accretion rate are also orders of magnitude 
larger.  

•  Ṁacc ~ 5 x 10-3 M⨀/yr  (for 20 M⨀ and 10 R⨀) 

Caratti o Garatti+ (2016) 
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S255 NIR 3 

outburst  

Ø  See also Kumar+ (2016)  

Ø  Also NGC 6334I-MMI shows bursts at 
submm λ’s (Hunter+ 2017) 

 

Ø  See Poster #36 (Caratti o Garatti) 



SUMMARY 

Beltrán & de Wit (2016) 




