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ABSTRACT
Simulations of massive star formation predict the formation of discs with significant substruc-
ture, such as spiral arms and clumps due to fragmentation. Here, we present a semi-analytic
framework for producing synthetic observations of discs with substructure, in order to deter-
mine their observability in interferometric observations. Unlike post-processing of hydrody-
namical models, the speed inherent to our approach permits us to explore a large parameter
space of star and disc parameters, and thus constrain properties for real observations. We com-
pute synthetic dust continuum and molecular line observations probing different disc masses,
distances, inclinations, thermal structures, dust distributions, and number and orientation of
spirals and fragments. With appropriate spatial and kinematic filtering applied, our models
predict that Atacama Large Millimetre Array observations of massive young stellar objects at
<5 kpc distances should detect spirals in both gas and dust in strongly self-gravitating discs
(i.e. discs with up to two spiral arms and strong kinematic perturbations). Detecting spirals
will be possible in discs of arbitrary inclination, either by directly spatially resolving them for
more face-on discs (inclinations up to ∼50 deg), or through a kinematic signature otherwise.
Clumps resulting from disc fragmentation should be detectable in the continuum, if the clump
is sufficiently hotter than the surrounding disc material.

Key words: accretion, accretion discs – radiative transfer – circumstellar matter – stars: for-
mation – stars: massive.

1 IN T RO D U C T I O N

Circumstellar discs have long been detected around low- to
intermediate-mass (M∗ � 8 M�) young stars. These discs are
known to accrete material on to the star, and are of increasing in-
terest as the sites of planet formation (e.g. Williams & Cieza 2011;
Armitage 2015; Casassus 2016; Morbidelli & Raymond 2016). In
the higher mass regime (M∗ � 8 M�), the very short pre-main-
sequence lifetime (<10 Myr), coupled with the embedded, distant
(≥kpc) and relatively scarce nature of such stars, makes the detec-
tion of discs more difficult. Nevertheless, there is growing obser-
vational evidence for the presence of discs around massive young
stellar objects (MYSOs; Hunter et al. 2014a; Johnston et al. 2015;
Zapata et al. 2015; Chen et al. 2016; Ilee et al. 2016).

� E-mail: m.jankovic16@imperial.ac.uk

Investigating the nature and properties of discs around mas-
sive stars is important for a number of reasons. First, as a star
gains mass, radiative and kinematic (i.e. stellar wind) feedback
drives ambient material away and could effectively shut off ac-
cretion and hence limit the potential stellar mass (Kahn 1974;
Nakano 1989; Edgar & Clarke 2004). The fact that we observe
very massive stars (e.g. Massey, DeGioia-Eastwood & Waterhouse
2001) requires some mechanism that permits the star to continue
to accrete. Numerical simulations have demonstrated that feed-
back can be overcome by accretion through a disc (e.g. Kuiper
et al. 2010, 2011; Klassen et al. 2016; Rosen et al. 2016; Harries,
Douglas & Ali 2017), with the feedback energy escaping through
the poles. Therefore, circumstellar discs are pivotal in allowing
massive stars to grow, and so characterizing them observationally
is key.

Secondly, if gravitationally unstable, a circumstellar disc can
produce substructure that can affect the accretion on to the star, and
even fragment into gravitationally bound objects (discussed further
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below). A Keplerian disc will be gravitationally unstable when the
Toomre (1964) Q parameter satisfies

Q ≡ cs�

πG�
< 1 (1)

where cs, �, and � are the sound speed, angular frequency,
(GM∗/R3)1/2, and surface density at a distance R from a star of
mass M∗. If we assume that the disc mass scales linearly with the
stellar mass and the temperature in the deeper layers of the outer
disc is roughly constant at ∼10 K (i.e. is independent of stellar
mass), we would hence expect from equation (1) that Q ∝ M−1/2

∗ .
Under this simple argument, discs around more massive YSOs are
more susceptible to becoming gravitationally unstable (though in-
stability in discs around lower mass stars certainly can arise; Pérez
et al. 2016). Gravitational instability is therefore something that is
important to consider in the study of discs around MYSOs.

Numerical models of gravitationally unstable discs predict spi-
ral overdensities and fragmentation of the disc to form clumps
(Kratter & Matzner 2006; Hall, Forgan & Rice 2017). This instabil-
ity of the disc may drive up the accretion rate compared to regular
viscous evolution (Laughlin & Bodenheimer 1994). Such an ef-
fect may provide an explanation for recent outbursting behaviour
detected towards several MYSOs (Caratti o Garatti et al. 2017;
Hunter et al. 2017). Furthermore, the resulting clumps may be the
seeds of additional gravitationally bound objects such as stars or
planets (Forgan et al. 2018b). If bound to the massive primary, fu-
ture interaction (i.e. accretion) of such secondary objects can have
consequences for the later stages of massive stellar evolution (for a
review, see De Marco & Izzard 2017).

Observationally, however, it is extremely difficult to detect the
immediate circumstellar environments of massive young stars due
to their embedded nature, their relative scarcity, and their corre-
spondingly large distances. Infrared (IR) interferometry and high-
resolution near-infrared spectroscopy have revealed discs on scales
of less than 1000 au around MYSOs (Bik & Thi 2004; Kraus et al.
2010; Wheelwright et al. 2010; Boley et al. 2013; Ilee et al. 2013;
Ramı́rez-Tannus et al. 2017), but these techniques are limited to trac-
ing only the inner regions of discs, and provide little information on
the bulk of the circumstellar environment. Longer-wavelength in-
terferometric observations allow access to the circum(proto)stellar
environments of less evolved, more embedded MYSOs, but of-
ten probe larger spatial scales. In many cases, velocity gradi-
ents detected in millimetre and centimetre-wavelength molecular
line observations trace large-scale (1000 s to �10 000 au), mas-
sive (M toroid ≥ M∗), non-equilibrium rotating structures known as
‘toroids’ (e.g. Cesaroni 2005; Cesaroni et al. 2006, 2007; Beuther &
Walsh 2008; Beltrán et al. 2011; Cesaroni et al. 2011; Johnston et al.
2014; and references therein). Nevertheless, high angular resolution
observations are beginning to provide tantalizing evidence for Ke-
plerian discs around massive protostars (e.g. Hunter et al. 2014a;
Johnston et al. 2015; Zapata et al. 2015; Chen et al. 2016; Ilee et al.
2016).

It is therefore imperative to develop a robust framework within
which we are able to extrapolate a robust physical interpretation
from such observations. Synthetic observations, where the appear-
ance of a model to an observer is computed (ideally including the
instrumentation response), are particularly valuable in this regard
(for a review, see Haworth et al. 2018). To date, some synthetic
observations have been computed from dynamical simulations of
massive star formation/disc evolution, and are generally very opti-
mistic about the detection of substructure in discs (e.g. Krumholz,
Klein & McKee 2007; Harries et al. 2017; Meyer et al. 2018).

However, these studies typically place objects at nearby distances
(≤1 kpc), do not always account for the full instrumentational (e.g.
interferometric) effects, and are typically concerned with predict-
ing the dust continuum emission from these objects, rather than
observations of molecular lines that can trace the gas emission and
kinematics. In addition, approaches involving full two-dimensional
(2D) or three-dimensional (3D) (radiation-)hydrodynamics are ex-
tremely computationally expensive, and thus only permit a small
region of parameter space to be explored. The main caveat of ex-
isting synthetic observations of discs around MYSOs is that they
are only able to focus on a small number of scenarios, owing to the
cost of the dynamical simulations. Given the huge range of star-disc
parameters, such as the stellar and disc mass, thermal and chemical
structure, and number of spirals/clumps, a less expensive means of
producing models from which to generate synthetic observations is
extremely valuable.

In this paper, we combine semi-analytic models of self-
gravitating discs with radiative transfer models to provide forward
modelling predictions for upcoming Atacama Large Millimetre Ar-
ray (ALMA) observations, in order to gauge the impact of different
physical conditions on the observability of massive discs and their
substructure. We note that the framework we present can be eas-
ily adapted to perform retrieval modelling of observations. This
paper is organized as follows. In Section 2, we describe how we
construct the semi-analytic models of self-gravitating discs, our
radiative transfer calculations and how we account for the instru-
mentational interferometric effects. In Section 3, we present an
overview of the challenges that arise in the spatial and kinematic
detection of substructure in our fiducial disc model, and how we
use fast and efficient filtering techniques in order to enhance this
substructure. In Section 4, we explore and discuss critical effects
on substructure observability and make recommendations for future
observational campaigns. Finally, in Section 5, we summarize our
main conclusions.

2 ME T H O D O L O G Y

We begin by describing how we construct our discs and process
them to produce synthetic ALMA observations. There are three
phases to this process. First, we set up the semi-analytic disc struc-
ture (as detailed in Section 2.1). Next, we compute the properties of
the dust and the abundance of the molecule, and a radiative transfer
calculation is used to compute the flux received by an observer (Sec-
tion 2.2). Finally, we account for instrumentational effects inherent
to interferometry and produce simulated observations of the models
in both continuum and molecular line emissions (Section 2.3).

2.1 Disc construction

The circumstellar matter surrounding our MYSOs is constructed
using a simple semi-analytic approach, following Clarke (2009),
Rice & Armitage (2009), and Forgan et al. (2016). In this frame-
work, we set up a radial profile of an axisymmetric quasi-steady
self-gravitating disc. Upon this we then impose a spiral structure as
a perturbation (following the procedure of Hall et al. 2016), and in
some models include the presence of a fragment within the disc.

2.1.1 Underlying axisymmetric radial structure of the disc

From the inner (rin = 50 au) to the outer (rout = 1000 au) boundary
of the disc, at each radius we iteratively solve a system of equations

MNRAS 482, 4673–4686 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/4/4673/5173064 by U
niversity of C

am
bridge user on 08 D

ecem
ber 2023



Observing substructure in discs around MYSOs 4675

that determines the disc structure. Solutions are determined by the
stellar mass M∗ and the accretion rate Ṁ . We fix the stellar mass
to M∗ = 20 M� in this paper, but the accretion rate Ṁ is varied
to produce a set of corresponding quasi-steady state disc solutions
(i.e. Ṁ is constant at all radii).

Starting with an initial estimate for the surface density �, we
calculate the angular velocity � at radius r

� =
√

G(M∗ + ∫ r

rin
2πr�dr)

r3
. (2)

Numerical simulations predict that self-gravitating discs set-
tle into a marginally stable state where the Toomre Q parameter
(Toomre 1964) is roughly constant throughout the disc and close
to ∼1.7 (Durisen et al. 2007). Thus, following Rice & Armitage
(2009), Forgan et al. (2016), and Hall et al. (2016), we impose a
constant value of the Toomre parameter

Q = csκepi

πG�
= 2, (3)

where κepi is the epicyclic frequency and cs is the local sound speed.
For Keplerian discs κepi = �, and we assume the same here. From
the last expression, we then find the sound speed cs and from it the
disc scale height H, where

H = cs

�
, (4)

and mid-plane density

ρ0 = �

2H
. (5)

Given the sound speed cs and mid-plane density ρ0, we use the
equations of state table (Black & Bodenheimer 1975; Stamatellos
et al. 2007) to find the temperature. We use the temperature T and
the density ρ0 to find the mass-mean opacity κ (Stamatellos et al.
2007), and the optical depth from the surface of the disc to the disc
mid-plane, at the given radius,

τ = 1

2
κ�. (6)

The mass-mean opacity κ is obtained by averaging the Rosseland-
mean opacity from Bell & Lin (1994) over a spherically symmetric
polytropic pseudo-cloud. This takes into account effects of the sur-
rounding warmer/colder matter.

Following Rice & Armitage (2009) and Forgan et al. (2016), we
assume that angular momentum transport can be approximated as
local and pseudo-viscous. The accretion rate Ṁ is then given by

Ṁ = 3πν� = 3παc2
s �

�
, (7)

where ν is the viscosity and α is the pseudo-viscous parameter
(Shakura & Sunyaev 1973). The two are related by ν = αcsH. In
quasi-steady state Ṁ is constant at all radii.

The unknown pseudo-viscous parameter α is found by assuming
that the strength of the angular momentum transport is set by the
cooling rate. The cooling rate is given by (Rice & Armitage 2009)


 = 16σSB

3

(T 4 − T 4
irr)

τ + τ−1
, (8)

where σ SB is the Stefan–Boltzmann constant and Tirr is the temper-
ature in the disc due to irradiation from the star, and we assume that
gas and dust temperatures are the same. We find that using the stan-
dard Stefan–Boltzmann relationship between the stellar luminosity
(L∗ ∼ 7.5 × 104 L� for the stellar mass M∗ = 20 M�, Hosokawa &

Omukai 2009), distance from the star, and the equilibrium irradia-
tion temperature, Tirr, yields unrealistically high disc temperatures
compared to results from hydrodynamical simulations with detailed
radiative transfer (T. Douglas, T. Harries, private communication).
This is possibly due to the stellar irradiation being heavily repro-
cessed in the outer disc. Thus, we follow Rice & Armitage (2009)
and assume a constant Tirr = 10 K throughout the disc, bringing
our results into agreement with the detailed simulations. The stellar
irradiation should become much more important in the innermost
disc (r � 50 au), where the line-of-sight optical depth from the star
to the disc mid-plane is much smaller than in the outer disc. How-
ever, given the observational parameters that we probe in this work,
the innermost disc is not resolved in our synthetic observations.
Thus, we do not model the highly irradiated inner disc and artifi-
cially set the inner boundary of the disc to rin = 50 au. Finally, if the
irradiation dominates over the pseudo-viscous heating (Tirr > T),
we set T = Tirr. For our fiducial accretion rate Ṁ = 10−3 M� yr−1,
T > Tirr throughout the disc.

The cooling rate, given by equation (8), is balanced against (equal
to) the viscous dissipation rate

D = 9

4
ν��2 = 9

4
αc2

s ��, (9)

which we use to find the pseudo-viscous parameter α. Next, we can
find the accretion rate Ṁ from equation (7) and compare it to the
value for which we want to solve the structure of the steady-state
disc, based on which we iteratively improve the value of the surface
density �.

2.1.2 Spiral substructure

The radial model described above gives us an axisymmetric disc.
We impose a spiral structure on that disc by adding perturbations
to it. The surface density is perturbed as in Hall et al. (2016), using
results of Cossins, Lodato & Clarke (2009)

�′ = � − α1/2� cos(m(�(r) − φ + θ )), (10)

where φ = tan (y/x), m is the number of spiral arms, and �(r)
determines how tightly the spirals are wrapped. We set �(r) =
1
b

log( r
a

), a = 13.5 and b = 0.38, the same as Hall et al. (2016). The
angle θ is the phase offset of the spiral, which we introduce in order
to investigate how the angular orientation of the spirals with respect
to the observer, at the time of the observation, might influence the
ability to resolve the spiral arms.

In this work, we also vary the number of spiral arms m. Numerical
simulations show that lower-mass (Md/M∗ < 0.1) self-gravitating
discs develop a large number of spiral arms (m > 10; Cossins
et al. 2009), while higher-mass discs (Md/M∗ > 0.25) develop fewer
(m ∼ 2; Lodato & Rice 2004, 2005; Forgan et al. 2011). For our
fiducial disc accretion rate Ṁ = 10−3 M� yr−1 the semi-analytic
one-dimensional (1D) disc model yields a disc-to-star mass ratio
of ∼ 0.3, placing it in the regime of massive discs with few spiral
arms. We thus set m = 2 in our fiducial disc model, and also run a
model with m = 4 spiral arms to probe how the spatial separation
between the spirals affects the possibility of their detection.

Finally, if α obtained from the 1D model is above a certain value
αsat = 0.1, at which gravitational torque saturates (Gammie 2001;
Rice, Lodato & Armitage 2005; Deng, Mayer & Meru 2017), here
we set it to α = αsat.

Here, we are also interested in kinematic effects, so we also
perturb the angular velocity of matter in the disc. If we assume that
the radial velocity of matter is negligible compared to the angular
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component, we can use the angular projection of the continuity
equation to show that the velocity perturbation is proportional to
the density perturbation. We neglect the radial velocity Ṁ/(2πr�)
in our models, although we note that it can be up to a few tenths
of the Keplerian velocity in the outermost disc. The sign of the
angular velocity perturbation then depends on the velocity of the
spiral pattern compared to the local Keplerian velocity – it is positive
if the spiral pattern is rotating faster than the unperturbed velocity,
and negative in the opposite case. Therefore, we perturb the angular
velocity via

�′ = � − η� cos(m(�(r) − φ + θ )), (11)

where η is a free parameter that controls the magnitude of the
perturbation. The η parameter is determined by the rotation velocity
of the spiral pattern that is roughly proportional to the disc-to-star
mass ratio (Cossins et al. 2009; Forgan et al. 2011). We set η = 0.2
in our fiducial disc model, appropriate given the disc-to-star mass
ratio in the model, but also vary η to probe the observational effect
of weaker perturbations.

Furthermore, we set the perturbed sound speed to the value of
the local fluid velocity relative to the unperturbed speed c′

s = |�′ −
�|r (with a lower limit of the unperturbed sound speed, cs). This
accounts for the higher temperatures expected in the spirals due to
heating from shocks (Cossins et al. 2009).

An illustration of our semi-analytic discs is given in Fig. 1, which
compares the surface density, sound speed and local bulk speed of
axisymmetric, two-arm spiral and four-arm spiral discs.

2.1.3 Prescription for fragments

In addition to discs with spiral structure, we also explore the obser-
vational characteristics of discs undergoing fragmentation. To that
end, we insert clumps within the disc to represent the presence of
a fragment within our disc models. The clump is modelled as an
isothermal Gaussian within a sphere of radius RC

ρ = ρC exp

(
−|r − rC|2

2R2
C

)
, (12)

where �r is the vector relative to the clump centre. We assign the
clump temperature TC, central density ρC, and radius RC guided
by the analysis of fragments in smoothed particle hydrodynamic
simulations by Hall et al. (2017). The centre of the clump �rC in our
models is always set so that the clump is located within a spiral arm
(as is often the case in simulations of fragmenting discs, see e.g.
Boley 2009).

2.2 Radiative transfer modelling

We produce synthetic images and molecular line data cubes from
the above disc models using the TORUS radiative transfer and hydro-
dynamic code (e.g. Harries 2000; Kurosawa et al. 2004; Haworth &
Harries 2012), with the molecular-line transfer ray-tracing scheme
presented by Rundle et al. (2010). We now summarize the relevant
details of these calculations.

2.2.1 Constructing a 3D disc

We map the 2D models, described in Section 2.1, on to the mid-
plane of a TORUS grid using bilinear interpolation. We then construct
the vertical structure of the disc assuming hydrostatic equilibrium.

We give ourselves the freedom to explore the effect of a disc that is
not isothermal using a parametric temperature profile of the form:

T (R, z) =
{

Tmid + (Tatm − Tmid)
[
sin

(
πz
2zq

)]
z < zq

Tatm z ≥ zq

(13)

following Williams & Best (2014), where we set Tatm = fatmTmid

and zq is four times the disc scale height. This allows us to com-
pare an isothermal disc (fatm = 1) with increasing amounts of ver-
tical heating (fatm > 1) that could have important observational
impact (for example sublimating dust, or destroying or exciting
molecules).

2.2.2 Dust continuum emission

Dust is included in our radiative transfer models, contributing as a
continuum emission source and an opacity source to the line emis-
sion. We assume a single distribution of grains at all radii that is
well mixed with the gas with a dust-to-gas mass ratio of 10−2,
though we also follow Vaidya, Fendt & Beuther (2009) and subli-
mate dust in regions where the temperature is above 1500 K. The
dust distribution is a Mathis, Rumpl & Nordsieck (1977) power
law (n(a) ∝ a−q) specified in terms of the minimum and maxi-
mum size and a power law for the grain size distribution. For most
of the models in this paper, we use amin = 1 nm, amax = 1 cm
and q = 3.3, though we probe the impact of grain growth in
Section 4.4.

2.2.3 Gas emission and molecular abundances

We have chosen to focus our observational predictions for the gas
on the CH3CN J = 13–12 ladder of transitions. Emission from
CH3CN is widely detected in the vicinity of massive protostars
(see e.g. Hunter et al. 2014b; Ilee et al. 2016; Beuther et al. 2017;
Cesaroni et al. 2017). The ladder is an incredibly useful diagnos-
tic of the physical conditions of the gas, due to the large number
of K transitions that span a range of excitation energies, and the
fact that they are sufficiently closely spaced to enable simultane-
ous observation. Within the J = 13–12 ladder, transitions range
from the K = 0 transition at 239.138 GHz (Eup = 80 K) to the
K = 12 transition at 238.478 GHz (Eup = 1106 K). We have chosen
to concentrate on the K = 3 transition (239.096 GHz, Eup = 145 K)
as this line traces the entire radial extent of the disc in our
models.

We assume local thermodynamic equilibrium (LTE), which sig-
nificantly reduces the computational cost of the models compared
to non-LTE line transfer. The CH3CN abundance is canonically as-
sumed to be 10−7 relative to molecular hydrogen (Herbst & van
Dishoeck 2009), but we assume that the molecular abundance can
be depleted by freeze out at low temperatures or destroyed through
reactions. Assuming that freeze out and thermal desorption are in
equilibrium, the threshold density at a given temperature T above
which CH3CN will be frozen out is

ρthr = md

δπσd

√
NsEb

kBT
exp

(
− Eb

kBT

)
, (14)

where δ, md, σ d, Ns, and Eb are the dust-to-gas mass ratio, mean dust
grain mass, dust cross section, the number density of surface binding
sites (≈1.5 × 1015 cm−2), and the species-dependent binding energy
Eb/kB = 4680 K (Collings et al. 2004). We assume a mean grain size
of 0.1μm, and grain density of 3.5 g cm−3 (from which the cross-
section and grain mass can be computed assuming spherical grains).
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Observing substructure in discs around MYSOs 4677

Figure 1. Self-gravitating discs constructed using the 2D semi-analytic model: axisymmetric (top row), two spiral arms (middle row), four spiral arms (bottom
row). The panels show the surface density, sound speed, and bulk velocity from left to right.

We also assume a dust-to-gas mass ratio of 10−2. Where CH3CN is
frozen out, we assume a negligible abundance of 10−20. We do not
account for destruction of CH3CN by two-body reactions/cosmic
rays (despite the time-scale for destruction by these processes being
short) because doing so requires a sophisticated chemical network
including CH3CN production pathways. We do however destroy
CH3CN in regions where the temperature is above 2300 K, which
is the regime in which the chemical models of Walsh et al. (2014);
Walsh, Nomura & van Dishoeck (2015) find its abundance sharply
drops and becomes negligible.

With the abundances and level populations known, a position–
position–velocity data cube is constructed using a ray tracing
scheme through the disc (Rundle et al. 2010). Both the continuum
and line emission are calculated in the frequency range ν ± νumax/c,
where ν is the rest frequency of the molecular line considered in a
given synthetic observation, umax = 40 km s−1 (which probes right
down to our inner radius of 50 au for the 20 M� star we consider)
and c is the speed of light.

2.3 Accounting for the instrumentational response of ALMA
using CASA

Given that we are interested in interpreting observations from
ALMA, it is essential that we account for the instrumentational
response. For example, limited time on source, finite resolution
and the lack of sensitivity to large-scale structure inherent to high-
resolution interferometry can all have significant effects on the re-
sulting data. We therefore postprocess the TORUS molecular line data
cubes described in Section 2.2 using the CASA1 software (McMullin
et al. 2007) to account for the above.

In our fiducial model, we consider band 6 observations in ALMA
configuration 40.7, which has a minimum baseline of 81 m, a max-
imum baseline of 3.7 km, an angular resolution of 0.09 arcsec and
a maximum recoverable scale of 0.8 arcsec. Given that a 1000 au
disc at ∼1 kpc has an angular size of ∼1 arcsec, and given ALMA

1https://casa.nrao.edu/
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capabilities in cycle 4, the cycle at which ALMA reached close to
full operations for the 12-m array, this configuration was a prag-
matic choice for attempting to better detect and resolve discs around
MYSOs and perhaps also to search for substructure within them. We
use a spectral resolution of 0.4 km s−1, representative of the practi-
cal spectral resolution achieved in cycle 4 observations of candidate
high-mass star–disc systems (Ilee et al., in prep.); however higher
spectral resolution is possible with ALMA.

To account for the instrument response of ALMA, we use the
CASA SIMOBSERVE and CLEAN routines. We set the zenith precip-
itable water vapour to 1.796 mm (an estimate from the ALMA sen-
sitivity calculator for the fifth octile). The total time on source is set
to 2 h (with an integration time of 20 s), with the source transiting in
the middle of the observation. We obtain an image of the continuum
emission from the 40 line-free channels at either end of the cube.
Thus, the continuum bandwidth used here is ∼ 0.025 GHz. Even
in line-rich sources such as NGC6334I, line-free continuum band-
widths �10× larger are readily obtainable with ALMA (see e.g.
table 1 of Hunter et al. 2017), so our results represent a conserva-
tive lower limit for continuum signal-to-noise ratios. The line-free
channels are used to subtract the continuum in the uv plane, using
the UVCONTSUB routine. To produce the continuum and line im-
ages, we use the CASA CLEAN routine with a threshold of 3× the
RMS noise (RMS ≈ 2.5 mJy beam−1 per channel for the K = 3
line, and ≈0.3 mJy beam−1 for the continuum), and using a circu-
lar mask around the source. Integrated intensity (moment 0) and
intensity-weighted velocity (moment 1) maps are made using the
IMMOMENTS routine, and the position–velocity (PV) diagrams are
made using the IMPV routine. In making moment 1 maps, only pixels
above a cut-off of 5× the RMS are included.

We adopt a distance of 3 kpc for the majority of our models in
this paper, but also explore 1–5 kpc. We are hence using substan-
tially larger distances than previous synthetic observations of discs
about MYSOs, which typically consider 0.5–1 kpc and/or note that
at larger distances detecting discs and structure is difficult (e.g. the
2 kpc distant models of Krumholz et al. 2007). In all observations
considered here, we assume our object lies in the direction of the
centre of the protocluster G11.92−0.61, with on sky co-ordinates
of RA = 18h13m58.1, Dec. = −18d54m16.s7 (Cyganowski et al.
2017).

3 R ESULTS

We use our framework for quickly producing synthetic observations
of self-gravitating discs to explore whether or not self-gravitational
substructure, spiral density waves, and fragmentation are detectable
in discs around massive stars with upcoming ALMA observations.
We find that the spiral features are not always obvious neither spa-
tially, in continuum images and integrated intensity (moment 0)
maps of line emission, nor spectrally, in intensity-weighted veloc-
ity (moment 1) maps and PV diagrams. This is in contrast, but
not in conflict, with the findings of Douglas et al. (2013), who
modelled signatures of self-gravitating discs in nearby, lower mass
systems (their model is of a 1 M� star and a 0.39 M� disc) in
lines from more abundant species such as CO and HCO+. Signifi-
cant enhancement of substructure can, however, be obtained, using
filtering techniques presented in this section.

Our fiducial model is a disc around a M∗ = 20 M� star at a
distance of 3 kpc with an inclination of 30 deg, an accretion rate of
Ṁ = 10−3 M� yr−1, a ratio of atmospheric to mid-plane tempera-
ture fatm = 4, an intensity of velocity and temperature perturbations
η = 0.2, and two spiral arms (see the second row of Fig. 1). In

Section 4, we will explore how the detection of self-gravitational
signatures is sensitive to the disc and observational (e.g. distance,
line, inclination) parameters. In this section, we focus on enhancing
substructure using filtering techniques.

3.1 Enhancing spatial detection of substructure in discs

As mentioned above, spirals are not always obvious in our synthetic
continuum images and moment 0 maps. To improve the spatial
detectability of spirals we subtract the continuous background disc
emission to highlight the more spatially confined substructure. We
define the base synthetic image (i.e. that from TORUS and CASA)
as the ‘primary image’. We consider subtraction of 2D (elliptical)
Gaussian fits to this primary image using the CASA IMFIT routine.
The IMFIT routine is a well-tested, easy-to-use component of the
publicly available CASA software.

Fig. 2 compares the primary image with the residuals of fitting a
single Gaussian and of simultaneously fitting two Gaussian compo-
nents to the 239 GHz continuum image of our fiducial disc model
with two spiral arms. Fig. 3 presents the same comparison for mo-
ment 0 maps of the line emission. We find that in the moment 0
maps the two-component Gaussian fit is better at filtering the more
continuous disc emission, as one component fits the bright inner
disc (that is optically thick, see Section 4.4) and the other covers a
larger extent of the disc. On the other hand, subtraction of a single
Gaussian fit from the moment 0 map of our fiducial disc model (the
middle panel of Fig. 3) is inadequate, as it does not fit the continu-
ous/axisymmetric emission from the disc well. It does not subtract
the unresolved bright inner disc, but subtracts the inner regions of
the spiral arms that are clearly revealed in the image filtered using
the two-component Gaussian fit. On the other hand, we find that in
the continuum image it is sufficient to fit and subtract a single el-
liptical Gaussian profile to clearly highlight the spiral substructure.
Note that the continuum image filtered using the two-component
Gaussian fit (the right-hand panel of Fig. 2) features two compact
bright spots near the centre of the disc that are not real structures.
The artefacts also appear in the image filtered using a single Gaus-
sian profile, but they are much less significant.

Throughout the rest of this paper, we apply the technique of
subtracting the one-component and the two-component Gaussian
fits when considering continuum and moment 0 line emission maps,
respectively. We found this technique to have a good balance of ease
of implementation and ability to detect substructure.

We note two points of caution when using these techniques. First,
our results show that even in discs that do not possess real clump-like
features (such as our models with completely smooth spirals), the
interferometric imaging can induce artefacts that could be mistaken
for clumps and/or substructure in the disc. We therefore suggest
that caution be taken when attributing such features to the presence
of a real feature, such as disc fragmentation due to gravitational
instability, particularly when the feature is of low significance and
close in spatial scale to the interferometric beam. Secondly, the
CASA IMFIT routine requires an initial estimate of the parameters
for multiple component Gaussian fits as input, and the results can
be sensitive to this input. We find it useful to run the fitting routine
several times with varying input estimates to check for convergence.

Finally, we note that fitting more tailored parametric axisymmet-
ric disc models of the intensity profile (e.g. those presented here)
could do an even better job at revealing substructure, particularly
since the brightness profile will deviate from Gaussian in practice.
However, this requires more detailed modelling.

MNRAS 482, 4673–4686 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/4/4673/5173064 by U
niversity of C

am
bridge user on 08 D

ecem
ber 2023



Observing substructure in discs around MYSOs 4679

Figure 2. Synthetic continuum images for a two arm spiral disc model with two filtering techniques applied, with 3σ (σ = off-source RMS noise) contours.
Flux is normalized with respect to the peak value in each image. Left is the primary (unfiltered) image of the 239 GHz continuum, with a signal-to-noise ratio
of 500. Middle subtracts a single Gaussian fit to the primary image. Right subtracts a two-component Gaussian fit. The signal-to-noise ratio in the filtered
images is 25 and 20, for the single and double Gaussian fits respectively.

Figure 3. Synthetic moment 0 maps for a two arm spiral disc model with two filtering techniques applied, with 3σ (σ = off-source RMS noise) contours.
Integrated intensity is normalized with respect to the peak value in each map. Left is the primary (unfiltered) image, with a signal-to-noise ratio of 82. Middle
subtracts a single Gaussian fit to the primary image. Right subtracts a two-component Gaussian fit. Signal-to-noise ratio in the filtered images is 33 and 11, for
the single and double Gaussian fits respectively.

3.2 Enhancing spectral detection of substructure in discs

To improve the kinematic detectability of spirals we subtract line-of-
sight projected Keplerian velocities, convolved with the synthesized
beam of our synthetic observations from our model moment 1 maps.
This method was used by Walsh et al. (2017) to constrain the incli-
nation and the position angle of the HD 100546 disc, as well as to
infer the presence of either a warp or radial flow residing <100 au
from the central star (distinguishing between the two is difficult,
e.g. Rosenfeld, Chiang & Andrews 2014).

By using the same fitting metrics as Walsh et al. (2017) we find
that the best-fitting inclination and position angle do not always
correspond to the known (i.e. input) inclination and position an-
gle of our disc models, with typical variation in both of ±10 deg.
We attribute this to deviations from a simple flat thin disc model.
Irrespective of this, we find that an incorrect best-fitting inclina-
tion (that is within ±5–15 deg from the correct value) does nei-
ther affect the ability to detect the spiral signatures in our syn-
thetic observations nor induce the appearance of any artificial sub-
structure. We thus proceed with subtraction of Keplerian profiles
corresponding to the actual disc model inclinations and position

angles, but noting that the automatically fitted value would also
suffice.

The moment 1 map of the synthetic line emission observation,
the moment 1 map of equally inclined flat Keplerian emission, and
the result of the subtraction of the latter from the former map (the
moment 1 map residuals) are shown in Fig. 4 for our fiducial disc
model with two spiral arms. The velocity residuals are given in units
of the spectral resolution δv = 0.4 km s−1. The warp-like features
resulting from spiral structure are much more prominent following
the kinematic filtering technique we apply.

Throughout the rest of this paper, we apply the described sub-
traction technique to enhance the kinematic detectability of disc
substructure in moment 1 maps and present only the residuals of
the subtraction.

4 D ISCUSSION

The speed of our disc model construction and synthetic observations
(under an hour per model using four cores for the radiative transfer
calculations, and a single core for the rest, on a desktop) allows us to

MNRAS 482, 4673–4686 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/482/4/4673/5173064 by U
niversity of C

am
bridge user on 08 D

ecem
ber 2023



4680 M. R. Jankovic et al.

Figure 4. An illustration of kinematic filtering applied to a moment 1 map of a two spiral disc. The left-hand panel is the initial synthetic observation, the
middle a Keplerian profile, and the right-hand panel the residual. The velocity residuals are given in units of the spectral resolution δv = 0.4 km s−1. Dashed
contours in the left-hand and the middle panels also show the velocity in units of δv. In the right-hand panel, dashed horizontal and vertical lines indicate disc
position angle and the line perpendicular to it, respectively. The warp-like features resulting from spirals are much more evident in the residuals map.

explore a parameter space of disc (e.g. mass and temperature) and
observing (e.g. distance and line) parameters. We detail the specific
parameter space that we explore in Table 1. Starting from our fidu-
cial disc model, we vary the parameters one-by-one, producing sets
of models that are different from each other in the value of a single
parameter. This is with the exception of disc inclination that is also
separately set for each set of models. All of the models are avail-
able for download.2 In this section, we discuss what the limiting
factors are for the detection of self-gravitational substructure both
spatially and spectrally, and gauge the expectations for upcoming
ALMA observations of MYSOs. We focus first on self-gravitating
disc models with spiral density waves, for which we also discuss
the impact of disc thermal and chemical structure (Section 4.3) and
optical depth (Section 4.4). We then explore detectability of disc
fragmentation into clumps as a function of the fragment properties
(Section 4.5).

4.1 Spatially resolving spiral substructure

Spatial detection of spiral substructure is sensitive to the angular res-
olution relative to the angular separation between spirals, as viewed
by the observer. Manifestly, the spatial detectability of spirals de-
pends on the disc distance, as well as on the disc inclination and
the nature of spirals, as illustrated in Fig. 5. This section focuses
on the line moment 0 maps from our synthetic observations, but in
most cases, the same conclusions can be drawn from analysis of the
continuum images.

Spiral substructure in strongly self-gravitating discs, i.e. those
with a lower number of spiral arms and less tightly wound spirals,
is likely to be detected. For 1000-au-radius discs with an inclina-
tion of 30 deg, we find that two-arm spirals are resolvable up to ap-
proximately 5 kpc distances with ALMA configuration 40.7. Such a
distance encompasses approximately 70 per cent of the MYSO pop-
ulation in the Red MSX Source (RMS) Survey3 for which distances
are available (Lumsden et al. 2013). At close distances (<1 kpc) the
moment 0 maps of line emission might even yield hints of vertical
stratification in the outer disc (the top left-hand panel of Fig. 5),
since the beam size is smaller than the disc scale height inside the
spiral arms. Indeed, the vertical stratification of molecular emission

2DOI 10.5281/zenodo.1408072.
3http://rms.leeds.ac.uk

in more evolved, axisymmetric discs has already been observed
(e.g. HD 163296, Rosenfeld et al. 2013; de Gregorio-Monsalvo
et al. 2013), but our results suggest that similar structures will be
observable in non-axisymmetric discs.

As the number of spiral arms increases, however, and spirals be-
come more tightly wrapped, it becomes increasingly more difficult
to resolve the spirals. We find that four-arm spirals are barely dis-
cernible at a moderate distance of 3 kpc. This principally happens
because the size of the synthesized beam is large compared to the
angular separation between spiral arms.

Spiral substructure is more easily resolved spatially for more face-
on discs, but spirals in our models are detected for the majority of
disc inclinations, from 0 (face-on discs) up to ∼50 deg. Furthermore,
over the inclinations that the spirals are not spatially detected, below
we will show that they are likely to be detected spectrally.

4.2 Spectrally resolving spiral substructure

The usefulness of spectral diagnostics in probing the kinematic
perturbation caused by the self-gravity-induced spiral substructure
depends on how the spectral resolution of the observation relates to
the line-of-sight-projected velocities, and is thus sensitive to disc
inclination: an edge-on disc will be easier to resolve spectrally
than a face-on disc (if otherwise identical). We thus expect that
deviations from Keplerian motion will be much easier to detect in
PV diagrams for more edge-on discs. Indeed, this is seen in the
bottom panels of Fig. 6, which show PV diagrams of our fiducial
disc model inclined at 30, 60, and 80 deg. In each case, the red line
denotes the Keplerian profile. The signature of spirals is a twin-lobe
feature that cuts diagonally across the profile, which if sufficiently
resolved should appear as a figure-of-eight like structure, similar
to that suggested by Douglas et al. (2013). The signature becomes
more prominent with increasing inclination.

In addition to the spiral signatures, there are other deviations
from the Keplerian profile in the PV diagrams, i.e. deviations from
the curved red lines. These deviations are seen in the PV diagrams
of both spiral (Fig. 6) and axisymmetric disc models (Fig. 7). For
example, in discs inclined at 30 and 60 deg, in the lower left and
middle panels in Fig. 6 (and Fig. 7), there is emission at low ve-
locities from the inner disc. This is simply due to convolution of
the emission with the beam in each velocity channel, that is, an
observational effect due to the disc not being perfectly resolved.
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Observing substructure in discs around MYSOs 4681

Table 1. A summary of the models with spiral arms presented in this paper, except for the models with clumps. The
first column lists the model parameters that were varied, second the fiducial (default) value of each parameter, third the
values that were explored for each parameter, and fourth the disc inclination used for the set of models in each row. In
the first column η is the magnitude of spiral velocity and temperature perturbation, and fatm the ratio of atmospheric to
mid-plane temperature.

Parameter Fiducial Values explored Inclination (deg)

Line choice K = 3, J = 13 → 12 K = 7, J = 13 → 12 30
Inclination (deg) 30, 60 0 – 90
Number of spirals 2 0, 4 30
Accretion rate
(M� yr−1)

10−3 10−5, 10−4, 10−2 60

η 0.2 −0.2, 0.1 60
Rotational offset (rad) 0 π/4, π/2, 3π/4 60
Distance (kpc) 3 1, 5 30
fatm 4 1, 2, 8 60
Dust amax = 1 cm, q = 3.3 amax = 0.1μm −1 cm; q = 3.3–3.5 60

Figure 5. A summary of the parameters to which the spatial detection of spirals is sensitive. All of the panels show line moment 0 maps from synthetic
observations, with 3σ (σ = off-source RMS noise) contours, and in which two-component Gaussian fits are subtracted to enhance substructure (see Section 3.1).
For the six moment 0 maps shown here, the signal-to-noise ratio in the unfiltered images varies roughly between 55 and 110, and in the filtered images between
8 and 25; the lower boundaries of these ranges correspond to the disc model at a distance of d = 5 kpc, and the upper boundaries to the disc model at d = 1 kpc.
Integrated intensity is normalized with respect to the peak value in each map. The top central panel is our fiducial two-arm spiral model. The lower central
panel has four spirals, but is otherwise identical to the two-arm fiducial. The left-hand panels illustrate the sensitivity to distance, and the right-hand panels the
sensitivity to inclination.

Noticeably, there is no such emission in the disc inclined at 80 deg
(the bottom right-hand panels). This, on the other hand, is an opti-
cal depth effect. PV diagrams are produced based on cuts along the
major axis of the disc image (i.e. based on the disc position angle;
we use the input value from our models). In a fairly face-on disc,
the cut is made across the ‘top’ disc surface, and in a sufficiently

inclined disc the cut is along the outermost flared side of the disc.
In the disc inclined at 80 deg the line of sight towards the inner disc
cuts through a large column of gas with near-zero line-of-sight ve-
locities. Consequently, the near-zero line-of-sight velocity emission
from the inner disc region is obscured by the line self-absorption.
We discuss the more general effects of optical depth in Section 4.4.
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4682 M. R. Jankovic et al.

Figure 6. Sensitivity of spectral detection of spirals to disc inclination. The top panels are moment 1 map residuals of the kinematic filtering (given in the
units of the spectral resolution δv = 0.4 km s−1), and the bottom panels are PV diagrams of our fiducial disc model. Intensity is normalized with respect to the
peak value in each diagram. Red lines indicate the expected position–velocity signature of a smooth, Keplerian disc with the same parameters as the model.
For both top and bottom panels: left to right disc inclinations are 30, 60, and 80 deg.

Figure 7. PV diagrams of an axisymmetric disc model, identical to our fiducial disc model except for the lack of spirals. Intensity is normalized with respect
to the peak value in each diagram. Left to right disc inclinations are 30, 60, and 80 deg. Red lines indicate the expected position-velocity signature of a smooth,
Keplerian disc with the same parameters as the model. Deviations from this Keplerian profile are discussed in Section 4.2.

Furthermore, there is also missing emission at Keplerian veloci-
ties from the outermost disc in the PV diagram of the disc inclined
at 80 deg, unlike in the less inclined discs. The emission is missing
because the PV cut probes the cold disc mid-plane of the outer disc
in this case, where the molecule is frozen out. For a discussion of
the observational effects of the molecule freeze out, see Section 4.3.

Fig. 6 also illustrates how the dependence on inclination is
twofold for the moment 1 maps, as they are also sensitive to the
spatial resolution (i.e. beam size). As discussed above, spirals are
easier to detect spatially in more face-on discs. Interestingly, the

moment 1 maps are also affected by the molecule freeze out. The
disc inclined at 30 deg (the top left-hand panel of Fig. 6) has an
apparent aspect ratio inconsistent with its inclination (and rotation
profile). This is due to the molecule freeze out in the outer disc
outside of spiral arms. Furthermore, the moment 1 map of the disc
inclined at 80 deg (the top right-hand panel in Fig. 6) also reveals the
absence of the molecule from the disc mid-plane: the radial extent
of emission is smaller along the horizontal dashed line (that cuts
the disc mid-plane in the outermost disc) than below and above this
line (where emission from the hot disc atmosphere is seen).
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We conclude from our results that around MYSOs at ∼3 kpc
spirals will be readily resolved spatially in low-inclined discs
(�50 deg), and readily detected spectrally in PV diagrams in more
inclined discs (�60 deg). For discs at intermediate inclinations
(∼50–60 deg), spatial diagnostics aided by moment 1 maps and
PV diagrams should unambiguously show spiral substructure. Sim-
ilar dependencies in detecting substructure on inclination have been
found by Douglas et al. (2013), albeit for lower mass discs that are
much closer than a few kpc.

We note that MYSOs may be embedded in a natal envelope that
may affect observations both by obscuration of emission, and via
influencing the kinematic signature of lines (i.e. infall, see Ilee et al.
2016); we do not account for this effect in our models. Kinematic
signatures could also be affected by larger-scale filamentary flows
in the immediate star-forming environment (see e.g. Maud et al.
2017; Izquierdo et al. 2018).

We find that both spatial and spectral detectability of spiral sub-
structure are only weakly dependent on the rotational offset (rota-
tion angle relative to a fixed disc axis) of spirals in our models (see
Section 2.1.2).

The kinematic perturbation introduced by the spirals in the above
models is super-Keplerian, i.e. the spiral pattern is rotating faster
than the disc and the matter in spiral overdensities is moving at a
velocity that is higher than the local Keplerian velocity. The mag-
nitude of the kinematic perturbation (parameter η in our models) is
expected to roughly scale with disc-star mass ratio, i.e. with how
self-gravitating the disc is (Cossins et al. 2009; Forgan et al. 2011).
The above results correspond to a strongly self-gravitating disc
(η = 0.2), and we find that it quickly becomes difficult to resolve
the perturbation in less self-gravitating discs (η = 0.1). Obviously,
this is a function of the spectral resolution of the (synthetic) obser-
vation, but the disc physics also plays a role: kinematic perturbation
directly determines thermal perturbation in the spirals. The heating
due to shocks in spiral arms is expected to be proportional to the
kinematic perturbation (Cossins et al. 2009), as accounted for in our
models.

We also explore the possibility of sub-Keplerian kinematic per-
turbation and find that the twin-lobe feature in the PV diagrams
appears similarly as in the super-Keplerian case, but the moment
1 maps become much more difficult to interpret, and spiral sig-
natures are not easily identified. Nevertheless, the pattern speed
of spiral density waves in low-mass self-gravitating discs is found
to be generally super-Keplerian in simulations (Forgan, Ramón-
Fox & Bonnell 2018a). Therefore, spirals should be easy to spec-
trally resolve in sufficiently inclined and strongly self-gravitating
discs.

4.3 Sensitivity to thermal and chemical structure

Molecular abundances can vary greatly within a circumstellar disc,
with different molecular species surviving in the gas phase within
different regions in the disc. For example, the CH3CN in our fiducial
disc model resides in the hot inner disc, the stellar-irradiated warm
disc atmosphere and the shock-heated regions of the spiral arms
(for the details of the chemical prescription, see Section 2.2.3). In
the disc mid-plane, the molecule is mostly frozen out outside the
spirals and outside the snowline at ∼300 au.

The molecular abundance in the atmosphere is regulated by the
atmospheric heating, a free parameter in our models. In a disc
colder than our fiducial one the molecule is frozen out higher into
the atmosphere. For sufficiently weaker atmospheric heating, the
molecule in the outer disc will practically only trace the spirals,

as emission from the low-density upper layers will be too weak.
Thus, it could be expected for a cooler disc to make spirals easier
to detect as they would have a higher contrast with the rest of the
disc. However, we find that varying the atmospheric heating in our
fiducial disc model does not affect detection of spirals, since there
is already a significant contrast between the shock-heated spiral
arms and the rest of the disc. The effect might become important
in less massive discs with weaker spiral perturbations, as discussed
above.

4.4 The optical depth

The TORUS radiative transfer calculations give us quick access to the
optical depth in both gas and dust in the models. For reference, the
dust absorption coefficient at frequency ν in a medium of density ρ

is

αdust
ν = κνρ (15)

for opacity κν . Additionally, the absorption coefficient in the line is
set by the balance between stimulated photoabsorption and induced
emission

αgas
ν = hν

4π
(nlBlu − nuBul) φν, (16)

where nu, nl are the molecule populations in the upper and lower
states of the transition, φν is the line profile function which is
sensitive to both the bulk and microturbulent velocities, and Bul

and Blu are the Einstein coefficients of stimulated emission and
absorption. We computed the optical depth at the line frequency
due to dust and gas (the line self-absorption) from each grid cell on
the mid-plane along the trajectory towards the observer in a given
model (i.e. the optical depth is inclination dependent).

We first consider the opacity due to dust only in an axisymmetric
disc, i.e. a disc without spirals. In this section we allow ourselves
to vary the maximum grain size in the distribution to probe the
impact of grain growth. We find that there is an inner zone that is
optically thick due to dust alone (this extent, i.e. radius, is roughly
equivalent for both the K = 3 and K = 7, J = 13 → 12 lines, which
only differ in frequency by ∼0.1 GHz). For a maximum grain size
amax<100μm (minimum grain size 1 nm, q = 3.3), this optically
thick inner region due to dust alone is around 50 au in extent (or less
in the case of lower accretion rates, though our inner radius is 50 au
so we cannot constrain smaller optically thick extents). If amax is
increased to around 300–500μm the optically thick region sharply
jumps in size to around 100–250 au, and remains so for maximum
grain sizes up to 1 cm. These extents are only mildly sensitive to the
inclination, at least until the disc is almost edge on and the projected
column becomes a lot higher.

Examples of the extent of the optically thick dust disc as a func-
tion of the maximum grain size for a series of axisymmetric discs of
different mass accretion rates (and hence total masses) are shown in
the upper panel of Fig. 8. The lower panel of Fig. 8 shows how the
opacity varies as a function of wavelength, the behaviour of which
at the transition wavelength (black line) explains the form of the
upper panel. Unsurprisingly, a larger extent of the disc is optically
thick for larger disc masses.

We hence expect that discs around MYSOs observed in these
lines will have an optically thick inner region due to dust alone. If
this is detected beyond 100 au, up to around 250 au, it may serve
as evidence for widespread grain growth beyond the usual ISM
maximum grain size (this is expected in discs, see e.g. Testi et al.
2014 for a review). Note that dense spirals can also induce localized
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4684 M. R. Jankovic et al.

Figure 8. The upper panel shows the extent of axisymmetric regions of
discs that are optically thick due to dust alone in the CH3CN K = 3, J = 13
→ 12 line. The optical depth at a given radius is computed by moving
integrating vertically through the disc. Different lines/colours correspond
to different mass accretion rates and hence total disc masses. The lower
panel shows the wavelength dependence of the opacity for different amax,
the behaviour of which at the transition wavelength (black vertical line)
determines the form of the upper panel.

regions that are optically thick in dust at larger radii. The expectation
that massive discs around MYSOs will have such optically thick
regions suggests that mass estimates from the continuum are likely
to be underestimates (a similar conclusion was reached by Forgan
et al. 2016).

The line opacity (equation 16) can also make the emission op-
tically thick at radii larger than the inner region set by the dust
opacity. However, we find that this is difficult to generalize as the
line is marginally optically thick/thin. It depends on a plethora of
factors including the chemical and thermal structure of the disc, the
viewing angle (and hence the distribution of velocities along the line
of sight), the disc mass, and so on. The inclination is particularly
important to the line opacity, since self-absorption is sensitive to
the kinematics along the line of sight. Our fiducial face-on disc is
optically thick in the line centre out to around 600–800 au when
the line opacity is included but at an inclination of 60 deg the same
model is only optically thick in the line centre out to the extent set
by the dust.

Overall, the K = 3, 7, J = 13 → 12 CH3CN lines cannot be
assumed to be optically thick/thin at larger radii in the disc. How-
ever, the inner disc is expected to be optically thick due to the dust,
with an extent that is sensitive to grain growth above an ISM size
distribution.

4.5 Detecting disc fragmentation

In addition to discs with spiral substructure, we also consider frag-
menting discs. Fragments contract into dense and hot clumps of
gas and dust that ultimately might become stellar companions or
planets.

Given their large distances, observations of MYSOs with ALMA
will possess a typical spatial resolution of the order of a few 100s
of au. For a distance of 3 kpc, the particular ALMA configuration
we use for our synthetic observations yields spatial resolution of
∼270 au. On the other hand, analysis of fragmentation in smoothed
particle hydrodynamic simulations of self-gravitating discs around
a solar mass star identified fragment radii of a few au (Hall et al.
2017). Even if fragment radii in massive systems are extrapolated
to reach 10s of au, the fragments are not expected to be directly
resolved by ALMA. However, they could still be detected appearing
as beam-size clumps.

To explore the possibility of fragment detection, we insert an
isothermal clump (see Section 2.1.3) into our fiducial two-arm spiral
disc model with an inclination of 30 deg. The clump is placed inside
one of the spiral arms, at disc mid-plane, and its velocity is equal to
the local bulk velocity. We set the clump radius to 20 au. We do not
consider smaller clumps because smaller clumps are challenging to
resolve in our radiative transfer calculations of the 2000 au 3D disc
model, even with an adaptive mesh,4 and because a 40 au-diameter
is still only a fraction of the beam, as discussed above. In six disc
models with clumps, we vary the clump orbital distance (200–
800 au), total mass (0.1–5 M�), and temperature (150–1400 K).

Our main findings are that none of the clumps are detectable
in the moment 0 nor the moment 1 maps and that the clumps are
unambiguously detected in the continuum if they are sufficiently
hotter than the surrounding matter, independently of the mass (over
the range of masses we consider). Due to shock heating in the spiral
arms, even at the orbital distance of 800 au the temperature in the
spiral arms reaches ∼300 K at the disc mid-plane. Consequently, in
our synthetic observations, the clumps with a temperature of 1400 K
are easily detectable, and those with a temperature of 300 K are not
detectable at all. Again, we find that this is insensitive to the total
clump mass in the range of 0.1–5 M�. As an example, we show the
continuum image of the model with a 0.1 M� and 1400 K clump in
Fig. 9.

We therefore conclude that the next generation of ALMA obser-
vations towards MYSOs at ∼3 kpc distances could expect to detect
hotter fragments (i.e. those that have sufficiently contracted; Hall
et al. 2017) in the dust continuum, but neither in the moment 0 map
nor in the moment 1 map of line emission. We note, however, that
we have not included kinematics of the matter accreting on to a frag-
ment. We also infer that it would be more likely to detect clumps if
they are outside of spiral arms due to increased contrast. As the spi-
ral arms are expected to be the birthplace of fragments, this refers to
the later stages of fragment evolution when the fragment decouples
from the spiral density wave to fall on to a Keplerian orbit. Finally,
we stress again that caution is required when interpreting substruc-
ture in terms of fragmentation, as we have shown in Section 3.1
that image filtering may result in a clumpy structure, which may be
difficult to disentangle.

4The total processing time for a model with a clump is about 5 h using four
cores for the radiative transfer calculations, and a single core for the rest, on
a desktop, much longer than the 1 h processing for models without clumps
due to a much higher spatial resolution of the data cubes necessary to resolve
the clump.
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Figure 9. Simulated observed image of our fiducial disc model inclined
at 30 deg, with a 0.1 M�, 1400 K fragment inserted at the orbital distance
of 800 au, in the 239 GHz continuum. Flux is normalized with respect to
the peak value. The relative coordinates of the fragment in the image are
(0.12 arcsec, 0.24 arcsec). A Gaussian fit has been subtracted from the orig-
inal image to enhance substructure (see Section 3.1).

5 SU M M A RY A N D C O N C L U S I O N S

We have developed a means of quickly generating flexible syn-
thetic observations of self-gravitating discs. Our approach is not
entirely dissimilar to the parametric approach of Williams & Best
(2014) that is applied to low mass, axisymmetric discs. Unlike
the time-consuming process of performing synthetic imaging of
hydrodynamical simulations, our approach permits us to explore
a range of parameters and to understand what influences the de-
tectability of substructure in gravitationally unstable discs around
MYSOs. In our approach, we calculate semi-analytic models of such
discs, including features such as spirals and clumps. These are then
post-processed with a radiative transfer code to compute synthetic
molecular line observations, which are then modified to account for
interferometric/observing effects characteristic of ALMA. We draw
the following main conclusions from this work:

(1) Spatial and kinematic filtering techniques, such as those de-
scribed in Sections 3.1 and 3.2, are crucial for detection of substruc-
ture in discs around MYSOs at the kpc distances at which they are
observed.

(2) We predict that ALMA will be able to resolve two-arm spi-
rals at a majority of distances in the 1–5 kpc range explored here.
Substructure in discs with a larger number of spiral arms, i.e. more
weakly self-gravitating discs, will be much more difficult to infer.

(3) Spirals at ∼3 kpc will be easily resolved spatially in discs
inclined up to ∼50 deg. At inclinations of ∼50–60 deg, it will be
possible to identify spirals with the help of kinematic diagnostics
(moment 1 maps). Above an inclination of 60 deg, we find that
spirals can be detected only in PV diagrams.

(4) The molecular abundance distribution can, in principle, be
a strong influencing factor for the detection of substructure. It is
sensitive to the thermal conditions and molecules may be completely
frozen out in the cold dense mid-plane, tracing only the hot disc
atmosphere and shock-heated spirals. Weak atmospheric heating
may lead to freeze out of the molecule higher into the atmosphere,
but we find this not to be important for the detection of spirals,
within the parameter space explored here.

(5) The optical depth of the CH3CN lines considered here varies
greatly with the disc inclination and other disc parameters, and the
line is often marginally optically thick/thin in the outer disc. We
find that the inner disc is always optically thick due to the dust. The
extent of the optically thick inner disc may allow the amount of
grain growth in the disc to be inferred.

(6) Our modelling suggests that disc fragmentation is unlikely
to be detected in the line emission, but that fragments may be
detectable in the continuum if they are sufficiently hotter than the
surrounding disc material. Their detectability is not a strong function
of their mass, but rather their temperature.

Our results suggest that upcoming observational campaigns will
enable characterization of the immediate circumstellar environ-
ments of massive young stars. Such observations, under certain
circumstances, will have the power to begin probing the physical
and dynamical conditions of circumstellar discs around MYSOs,
and therefore determine the formation mechanisms of massive stars
themselves.
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