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ABSTRACT

There have been several recent detections of candidate Keplerian discs around massive young
protostars. Given the relatively large disc-to-star mass ratios in these systems, and their young
ages, it is worth investigating their propensity to becoming self-gravitating. To this end,
we compute self-consistent, semi-analytic models of putative self-gravitating discs for five
candidate disc systems. Our aim is not to fit exactly the observations, but to demonstrate that
the expected dust continuum emission from marginally unstable self-gravitating discs can
be quite weak, due to high optical depth at the mid-plane even at millimetre wavelengths.
In the best cases, the models produce ‘observable’ disc masses within a factor of <1.5 of
those observed, with mid-plane dust temperatures comparable to measured temperatures from
molecular line emission. We find in two cases that a self-gravitating disc model compares
well with observations. If these discs are self-gravitating, they satisfy the conditions for disc
fragmentation in their outer regions. These systems may hence have as-yet-unresolved low-
mass stellar companions, and are thus promising targets for future high angular resolution
observations.
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1 INTRODUCTION

Massive stars have a large impact on the evolution of the interstellar
medium, not only on their immediate vicinity due to energetic stellar
winds, ionizing radiation and outflows, but also on galactic scales
via the continual processing of heavy elements released when they
die as supernovae. Therefore, a good understanding of the formation
of massive stars is crucial for many areas of astrophysics. However,
despite low-mass star formation being relatively well understood
(e.g. Shu, Adams & Lizano 1987), there is little consensus on how
exactly high-mass (M, > 8 M) stars form.

Observationally, difficulties arise from the fact that the pre-main-
sequence phase of massive stars is very short (~10* — a few x
10° yr; e.g. Davies et al. 2011) thus providing little opportunity to
directly observe massive young stellar objects (MYSOs) due to high
extinctions and the small number of candidate objects. However,
despite these difficulties, recent years have seen a steady rise in the
number of detections of candidate Keplerian discs around massive
young protostars (see e.g. Hunter et al. 2014; Johnston et al. 2015;
Zapata et al. 2015; Chen et al. 2016; Ilee et al. 2016).

From a theoretical perspective, circumstellar discs provide a
mechanism for accretion that overcomes the feedback from the cen-
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tral protostar, via channelling material along the equatorial plane
(see the models of, e.g. Krumholz et al. 2009; Kuiper et al. 2011;
Klassen et al. 2016). A common feature of these models is the pre-
diction of disc instability (Vaidya, Fendt & Beuther 2009) leading
to significant non-axisymmetric structure, caused by high accretion
rates through the disc, large disc-to-star mass ratios and self-gravity
(see e.g. Vorobyov & Basu 2010). However, such details have been
below the spatial resolution limits of previous observational cam-
paigns, due in part to the high angular resolution required to observe
such structure, even for nearby low-mass systems (e.g. Douglas et al.
2013; Dipierro et al. 2014).

The inferred physical parameters of disc candidates around mas-
sive stars, in particular the estimated masses, suggest that they are in
fact self-gravitating discs. Simulations of low-mass star formation
suggest that during the very earliest epochs, protostars are likely to
be surrounded by discs of comparable mass, and hence disc self-
gravity is important. In the first-core second-core paradigm of low-
mass star formation (Larson 1969; Masunaga & Inutsuka 2000), it
seems that for protostellar collapse in the presence of rotation, the
first-core is in fact the disc, with the second-core forming the pro-
tostar (Bate 2010). If massive star formation proceeds in a similar
format to low-mass star formation, albeit in a scaled-up manner,
then we should expect similar behaviour.

Self-gravitating discs can produce highly effective angular mo-
mentum transport through low mode spiral density waves at very
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high masses (Laughlin & Rozyczka 1996) and through gravito-
turbulence, which produces a relatively strong turbulent viscosity at
a range of disc masses (Gammie 2001). The self-gravitating phase
is likely to be relatively brief, but provides an attractive means for
loading mass on to the central massive star, and may have signifi-
cant impact on the subsequent dynamical and chemical evolution of
the disc (e.g. Ilee et al. 2011; Evans et al. 2015). As self-gravitating
discs can be described in a pseudo-viscous manner under certain
conditions (Forgan et al. 2011), it is relatively simple to compute
quasi-steady disc models given the observed accretion rate, stellar
mass and the disc inner and outer radii.

In this paper, we compute such models for five massive stars
with reported observations of relatively massive circumstellar disc-
like structures. We show that in several cases, the observational
constraints on disc properties strongly suggest that self-gravity is
playing a key role in mediating angular momentum transport in
these discs. Further to this, some of the discs display accretion rates
sufficiently high to prevent quasi-steady self-gravitating disc solu-
tions. Our models therefore predict these systems could be undergo-
ing disc fragmentation into bound objects, with expected fragment
masses above the hydrogen burning limit, i.e. low-mass stars. The
paper is structured as follows: we outline the self-gravitating disc
model in Section 2. We apply this model to the observations on
an object-by-object basis in Section 3. Finally, our conclusions are
presented in Section 4.

2 METHOD

2.1 Quasi-steady self-gravitating disc models

Discs are gravitationally unstable if the Toomre Parameter (Toomre
1964):

CsKepi

0=6x

~1, €))
where c; is the local sound speed, ¥ is the local surface density and
K epi 18 the epicyclic frequency (in Keplerian discs, this is equal to
the angular frequency €2). This criterion is sufficient to produce ax-
isymmetric instabilities in the disc. Numerical simulations indicate
that non-axisymmetric instabilities proceed when Q ~ 1.5-1.7 (see
e.g. Durisen et al. 2007; Kratter & Lodato 2016).

We can construct a simple one-dimensional self-gravitating disc
model assuming that the angular momentum transport is pseudo-
viscous (Clarke 2009; Rice & Armitage 2009). We use the «-
prescription (Shakura & Sunyaev 1973):

v=acH, )

where v is the turbulent viscosity, and H is the disc scale height:

H=-_r~_—3_, 3)
Q nGX
We are in the limit that the non-self-gravitating and self-
gravitating expressions for the scale height are approximately equal
thanks to equation (1). This pseudo-viscous approach is acceptable
if the angular momentum transport is locally determined, and the
disc aspect ratio H/r remains low (of the order of 0.1), or equiva-
lently the disc-to-star mass ratio is below 0.5 (Forgan et al. 2011).
We shall see that the disc masses derived for the five massive stars
we study are sufficiently low to justify assuming local angular mo-
mentum transport.

MNRAS 463, 957-964 (2016)

We construct our disc model in the same manner as Forgan & Rice
(2011, 2013a,b). We assume a fixed Q = 2, and that the accretion
rate, M, is constant across all radii:

. 3rac’y
M =3nv¥ = —"—.
Q

The value of « at each radius is determined assuming local thermo-
dynamic equilibrium:
4
A= —-"
(v — DB

where we assume y = 5/3. We obtain the dimensionless cooling
parameter

“

&)

:B(‘ = tco(le_l (6)
by assuming the disc cools according to
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where u is the local internal energy per unit mass, o sp is the Stefan—
Boltzmann constant, T = X« is the local optical depth (from a grey
opacity «), T is the disc temperature and T, is the temperature of
the local environment due to irradiation from the central star. We
calculate €2 from the standard Keplerian expression:

GMeHC
o) = 1 ) ®)

where we account for the disc self-gravity by replacing M, with
the total mass within a radius r, M.,.(r). The system of equations
is hence closed, and we solve via iteration of the surface density at
each radius. Therefore, for a given value of the star mass M, and
accretion rate M, we deliver a self-consistent self-gravitating disc
model for a given inner and outer radius, and we can obtain the disc
mass by integrating the surface density.

2.2 Stellar irradiation

The local irradiation temperature is dominated by the massive cen-
tral protostar. We assume a standard Stefan—Boltzmann relationship
between equilibrium temperature and distance from the star (cf.
Hayashi 1981):

M ro\-12
Tirr(i’)=280<%> (=) ©)

The above assumes a standard main-sequence mass luminosity
relation. However, such a simple prescription vastly overestimates
the stellar irradiation from massive young protostars. Hosokawa &
Omukai (2009) determine that at the large accretion rates measured
in MYSOs, the entropy generated at the accretion shock cannot
be radiated away efficiently due to long cooling times, resulting
in a swelling of the stellar radius and a corresponding reduction
in the effective temperature T.4. As such, we determine stellar
radii and effective temperatures for each object from the models of
Hosokawa & Omukai (2009), based on the stellar mass, and rescale
the above equation to ensure that 7j,(r = R,) = T.. The star
and disc properties assumed for each object are listed in Table 1;
however we note from test simulations that our results are only
sensitive to these parameters at low disc radii. At large distances
from the star where fragmentation can occur, we find little effect on
the resulting disc structure.
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Table 1. Star and disc parameters adopted in the models.

Self-gravitating discs around massive stars 959

Object Stellar mass Stellar radius Effective temperature Disc inner radius Disc outer radius
M, M@) R. Re) Tefi (K) Rin (au) Rou (au)

G11.92—-0.61 MM1¢ 34 9 6300 21 1200

NGC 6334 I(N) SMA1b® 20 15 6100 22 800

AFGL 4176 mm1¢ 25 10 6200 31 2000

IRAS 16547—42474 20 15 6100 20 800

IRAS 20126+4104¢ 12 35 6000 20 1200

“Tlee et al. (2016); *Hunter et al. (2014); “Johnston et al. (2015); Zapata et al. (2015); *Chen et al. (2016).
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Figure 1. Self-gravitating disc models for MM1, assuming a central object mass of 34 M. The inner disc radius is fixed at 21 au. Each accretion rate and
outer radius point represents a self-gravitating disc model, with colours representing the value of a given variable for that model [top left — disc mass interior
to Foue; top right — disc mass measured from dust continuum flux; bottom left — mid-plane temperature; bottom right — local Jeans mass inside a spiral density
wave, i.e. the local mass of fragments (where fragmentation occurs)]. Hashed regions in the lower right plot indicate disc models that do not produce fragments.

2.3 Fragmentation and fragment masses

‘We test for the propensity of the disc to fragment into bound objects
using the Jeans mass formalism of Forgan & Rice (2011, 2013a).
The local Jeans mass inside a spiral density wave in a self-gravitating
disc is given by:

427 Q'2H

'S5 (1) (o

where we use the empirical relation from Rice et al. (2011, see also
Cossins, Lodato & Clarke 2009):

<AET‘“> =447 /a. (11)

We compute the time derivative M, and identify regions where
this quantity is large and negative. In these regions, surface den-
sity perturbations produced by the gravitational instability are most
likely to result in a parcel of disc material that is Jeans unstable and
will begin collapsing into a disc fragment.

MNRAS 463, 957-964 (2016)
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Figure 2. As Fig. 1, but for the SMA1b system.

2.4 Observed dust-derived mass

We can compare the disc mass obtained from the model to obser-
vations by computing the predicted dust continuum emission. We
estimate the observed flux density at frequency v using (cf. Forgan
& Rice 2013b):

2k V2 (W)S()T(r)2mrdr T < 1
Fu(r)drz{”zz’lf2 WEMT(r)2rdr T <

12)
mvz%’fmtrdr T>1, (

where the optical depth T = X« and D is the system distance. This
approach reflects the fact that self-gravitating discs can become
optically thick even at quite long wavelengths, and as such only the
dust mass above the photosphere (with temperature Tphot = %) is
measurable (Greaves & Rice 2010).

The greatest source of uncertainty in these calculations is the
opacity. Where possible, we adopt the opacity used by the observers
(assuming a gas-to-dust mass ratio R, = 100 where necessary). We
then convert this into an observed disc mass using

D*F,c?

My = ———— o,
T 2 (ke T

(13)
where «(v) is a frequency-dependent opacity law, and Ty, is the
inferred dust temperature. We adopt the same opacity law and dust
temperature as used for each observation, and we also adopt a
common observer assumption that the disc is optically thin, which
is unlikely to be the case for massive self-gravitating discs. Note
also that assuming a single dust opacity, a common practice when

MNRAS 463, 957-964 (2016)

recovering disc masses, is also problematic when it is evident that
opacities will be radially dependent. Equations (12) and (13) assume
the frequency is sufficiently short (or wavelength sufficiently long)
that the radiation is emitted from the Rayleigh-Jeans tail of the
blackbody spectrum. Some observers do instead use the full Planck
function in equation (13), but this has a negligible effect on Mis.

3 RESULTS

3.1 G11.92—-0.61 MM1

This system (hereafter MM1) has been shown by Ilee et al. (2016)
to fit a Keplerian rotation profile, with an enclosed mass of approxi-
mately 30-60 M) within ~1200 au (at a distance of 3.37 kpc). The
disc mass is around 2—3 My, estimated from the continuum dust
emission. The dust is assumed to be optically thin but with an opacity
correction based on the observed millimetre continuum brightness
temperature, which has an effect of the order of 10 per cent on the
mass estimate. MM 1 drives a bipolar molecular outflow with a rel-
atively short dynamical time of <10 000 years (Cyganowski et al.
2011), suggesting this is a particularly young system. Along with
its high disc-to-star mass ratio of 20.035, this suggests that MM1
could be a self-gravitating disc system.

We display outputs from the self-gravitating disc models for
MM1 in Fig. 1 assuming a central star mass of 34 M. The inner
disc radius is set to 21 au, i.e. at the boundary of the source’s hyper-
compact H 11 region, and we neglect the ionized material within.
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Figure 3. As Fig. 1, but for the AFGL 4176 mm1 system. The grey hatched regions denote parameter spaces which do not produce viable self-gravitating disc
solutions, due to irradiation preventing Q from reaching the instability regime. Johnston et al. (2015)’s derived accretion rate places AFGL4176 in the hashed

region, hence we conclude that AFGL4176 is not gravitationally unstable.

The top left panel of Fig. 1 shows that for the disc parameters
derived from this model, the true disc mass is between 5 and 8 M,
depending on the accretion rate. By assuming the dust temperature
is 150 K, we derive an ‘observed’ disc mass (from equation 13)
of around 1.5-2 My, (right panel of Fig. 1), which is close to that
measured by Ilee et al. (2016) and Cyganowski et al. (2014). This
temperature is determined from the cool component of the CH;CN
emission, and is reasonably consistent with mid-plane temperatures
in the self-gravitating disc model, which are of the order of a few
hundred kelvin (bottom left panel of Fig. 1). Our estimate excludes
the mass of any surrounding envelope, which may explain why our
model’s ‘observed’ mass is a slight underestimate.

If our model is correct, we predict the disc should also be
in the process of fragmenting. The Jeans mass criterion is eas-
ily satisfied for accretion rates above around 3 x 107° M@yr‘l.
The bottom right panel of Fig. 1 shows the fragment mass in
solar masses (for disc parameters where fragmentation occurs).
Generally, the Jeans mass exceeds the hydrogen burning limit of
0.08 M, and it is expected that fragments can accrete further
mass from the surrounding disc shortly after birth. We would there-
fore expect the system to be forming low-mass protostars in the
outer regions of the disc, presumably containing their own sub-
disc systems (see e.g. Forgan 2016). These objects are beyond
the resolution of our observations at this time, but may be de-
tectable with future high angular resolution campaigns (Cossins,

Lodato & Testi 2010; Vorobyov, Zakhozhay & Dunham 2013; Dong
et al. 2016).

The formation of protostars is likely to launch jets. It is tempting
to speculate that the water maser emission observed in the outer
regions of the MM1 disc (Moscadelli et al. 2016) could be indica-
tive of fragmentation, with the masers tracing the base of a disc
fragment’s jet column, but such masers are sufficiently common
that their presence is at best circumstantial evidence.

3.2 NGC 6334 I(N)-SMA1b

NGC 6334 I(N)-SMA1b (hereafter SMAI1Db) is a candidate disc
system with enclosed mass of 10-30 M, within 800 au (depending
on the system inclination), at a distance of 1.3 kpc (Hunter et al.
2014). A velocity gradient traced by multiple species, perpendicular
to an outflow traced by SiO(5—4) emission, is strong evidence for a
disc configuration (Brogan et al. 2009; Hunter et al. 2014).

Fig. 2 shows the resulting disc models for a 20 M, star with
an inner radius of 22 au (based on the reported radius of the
hyper-compact H 11 region). The true disc masses derived in this
case are approximately 4 M, although the mass derived from
the dust continuum (assuming a dust temperature of 150 K) is
around 1.3-1.7 M. Given Hunter et al. (2014)’s estimate of ~3—
5 Mg from dust continuum emission (assuming optically thin emis-
sion, corrected for opacity according to the system’s brightness

MNRAS 463, 957-964 (2016)
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Figure 4. As Fig. 1, but for the IRAS 16547—4247 system. The disc model (and predicted mass for continuum dust emission) underestimates the observed
mass of ~6 M(; significantly. The observed disc temperatures beyond ~100 au are also much higher than suggested by our model, suggesting that this disc is

kept gravitationally stable by external irradiation.

temperature), our prediction lies just below their lower limit. Again,
extra mass in the surrounding envelope may explain the small dis-
crepancy between our prediction and the observations, again sug-
gesting that SMA 1b may be a self-gravitating disc system, with the
potential to form low-mass stars via fragmentation.

3.3 AFGL 4176-mm1

This forming O-star has a Keplerian-like disc, with mass measured
to be ~8 M, assuming isothermal dust emission, and 12 M when
detailed radiative transfer modelling is employed (Johnston et al.
2015).

Our models (Fig. 3), assuming a 25 M, central star and an inner
radius of 31 au, suggest that this system is probably not completely
self-gravitating. If the infall rate from the envelope modelled by
Johnston et al. (2015) is correct, and the disc accretes at a similar rate
(M = 4.6 x 107*Mgyr™'), then even relatively weak irradiation
prevents the Toomre Q parameter from reaching low values, and
as such the optically thin outer disc is stable against self-gravity.
This is shown by the grey hatched regions in Fig. 3, which indicate
that a consistent self-gravitating solution cannot be found. Our true
disc masses are slightly lower than Johnston et al. (2015)’s model
fit to their data. Our estimates of disc masses from optically thin
continuum dust emission are lower still. If we assume Johnston

MNRAS 463, 957-964 (2016)

et al. (2015)’s adopted dust temperature of 190 K, and opacity law
(Draine 2011), we derive an observed mass of around 3 M.

This discrepancy highlights the dangers of assuming dust emis-
sion is always optically thin. If we assume that the full continuum
radiative transfer modelling carried out by Johnston et al. (2015)
gives a faithful disc mass estimate, then we can compare their results
to the true disc mass generated by the self-gravitating disc model,
and we see that our true disc mass estimates are lower. We can
therefore conclude that the data for AFGL 4176 mm1 are consistent
with a system that is sufficiently irradiated by external sources to
prevent the gravitational instability activating, and has possibly just
left the self-gravitating phase.

3.4 IRAS 16547—-4247

Zapataetal. (2015) presented observations of this system, indicating
an enclosed mass of around 20-30 M within 1000 au, and an
upper limit on the disc mass of around 6 M, from dust emission,
assuming the dust is optically thin.

If the disc is self-gravitating, then it is unlikely to satisfy this
assumption (Fig. 4). For the assumed stellar mass of 20 M (and
assumed inner radius of 20 au), our models indicate self-gravitating
discs will possess a true mass of 3—5 M) depending on accretion
rate. Dust thermal emission (at their assumed dust temperature of
250 K) will only reveal approximately 15 per cent of this mass, with
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Figure 5. As Fig. 1, but for the IRAS 20126+4104 system.

any other observed emission originating in the envelope and other
optically thin components. If we were to attempt to construct a disc
model with around 6 M, of observable material, it is likely that the
true underlying disc mass would exceed the star mass by a factor of
2 — an unlikely scenario.

Our model temperatures are slightly lower than measured by
Zapata et al. (2015), who measure molecular lines with excita-
tion temperatures above 500 K within the disc extent. The inner
regions of our disc model reach approximately 500 K, but fail
to exceed 100 K beyond approximately 100 au, i.e. we are un-
able to reproduce the temperatures consistent with such extensive
emission at temperatures above 100 K. It seems that this disc is
significantly hotter than predicted from models where the star is
the principal irradiation source. We conclude that external irra-
diation is permitting this disc to be massive and gravitationally
stable, and we are therefore reasonably assured that marginally un-
stable self-gravitating disc models do not present a good fit to IRAS
16547—-4247.

3.5 IRAS 2012644104

This system (composed of a 12 M, star surrounded by a 1.5 M
disc) has been intensively modelled to explicitly check for grav-
itational instability (Chen et al. 2016). Rather than relying on a
simple dust mass calculation from the continuum, the aforemen-
tioned authors fit their data (continuum, CH;CN and CH;0H) to a
thin flared Keplerian disc plus envelope model, and find their best

fit corresponds to a hot, gravitationally stable disc with Q > 3 at all
radii.

Our disc models (Fig. 5), with an inner radius of 20 au, are
broadly consistent with this picture. Our models fix Q = 2 at all
radii, and as a result produce more massive discs. For their estab-
lished accretion rate of 3 x 107> M@yrfl, our models derive a true
disc mass of approximately 3 M), of which 1.5Mg is observ-
able in the dust continuum at 870 um. A gravitationally unstable
disc is hence a poor description of the data, but this result is of
course sensitive to uncertainties in the opacity, and to the accretion
luminosity of the star, which we do not explicitly model and is
likely to be the cause of our lower disc temperatures [Chen et al.
(2016) compute temperatures of approximately 300 K at 200 au;
see Fig. 5]. Chen et al. (2016) calculate a 27 per cent error in their
estimation of Q, but it is unclear how they incorporate systematic ef-
fects due to opacity uncertainties into this estimate. Changes to the
opacity modify the derived equilibrium disc structure, and hence
the derived Q. That being said, we would agree with their state-
ment that this system is just above the marginally unstable regime
of O < 2.

4 CONCLUSIONS

We have constructed one-dimensional self-gravitating disc mod-
els for five disc candidates around massive stars: G11.92—0.61
MM1 (Ilee et al. 2016), NGC 6334 I(N) SMA1b (Hunter et al.
2014), AFGL 4176 mm1 (Johnston et al. 2015), IRAS 16547—4247
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(Zapata et al. 2015) and IRAS 2012644104 (Chen et al. 2016). We
show that while in general observed disc masses from continuum
dust emission may be quite low, suggesting the systems are not in
fact self-gravitating, much of the true disc mass can be masked by
the high optical depth of self-gravitating discs even at relatively
long (i.e. millimetre) wavelengths.

Indeed, we find that our disc models indicate that systems with
a star mass of tens of solar masses and an observed disc-to-star
mass ratio of ~0.05 or less can possess true disc-to-star mass ratios
of ~0.2, placing them in the self-gravitating regime, and indeed
potentially fragmenting into low-mass protostars.

We find two broad categories of disc. In the first category, the
disc is sufficiently massive and cool that marginally stable self-
gravitating disc models make accurate predictions for the observed
continuum dust emission, while masking a significantly larger true
disc mass, potentially prone to fragmentation [G11.92—0.61 MM1
and NGC 6334 I(N) SMA1b]. The other three objects belong to the
other category, where fragmentation (and gravitational instability
generally) is forestalled by sufficient irradiation from the central
star and/or external sources. Our model temperatures at large radii
are slightly lower than the observed values for these three sources,
which suggests external irradiation or extra sources of luminosity
may be important.

Our models exclude the envelope and inner H 11 regions in these
systems, and hence our true disc masses will underestimate observed
total enclosed masses. Our intent is not to precisely fit each system,
but to illustrate how self-gravitating discs can mask a large fraction
of their mass even at millimetre wavelengths.

If the mass (and hence the stability) of a self-gravitating disc
is to be correctly characterized by observations, then one must
be cautious when calculating masses using thermal dust emission.
If one assumes the dust is optically thin, then one is at risk of
dramatically underestimating the total disc mass. A fuller analysis of
the complete disc structure, ideally with radiative transfer modelling
of both the dust and gas emission, is necessary (see e.g. Johnston
et al. 2015; Chen et al. 2016).

In light of this, we suggest that disc candidates around mas-
sive stars that have measured Toomre Q values <3-5, or measured
disc-to-star mass ratios of order 0.05 or higher, should be modelled
carefully to ensure that disc masses have been correctly inferred,
and studied for signs of fragmentation. We note that G11.92—0.61
MM1 and NGC 6334 I(N) SMAT1b are perhaps the most promis-
ing candidates for self-gravitating discs, given the apparent youth
of the objects, and the fact a simple self-gravitating disc model
agrees well with observations. As such, we recommend they be
studied at higher resolution and sensitivity (such as with ALMA
or NOEMA) to search for substructure that is indicative of gravita-
tional instability, and perhaps even low-mass star formation via disc
fragmentation.
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