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ABSTRACT

A recent ALMA observation of the Elias 2-27 system revealed a two-armed structure extend-
ing out to ~300 au in radius. The protostellar disc surrounding the central star is unusually
massive, raising the possibility that the system is gravitationally unstable. Recent work has
shown that the observed morphology of the system can be explained by disc self-gravity,
so we examine the physical properties of the disc necessary to detect self-gravitating spiral
waves. Using three-dimensional Smoothed Particle Hydrodynamics, coupled with radiative
transfer and synthetic ALMA imaging, we find that observable spiral structure can only be
explained by self-gravity if the disc has a low opacity (and therefore efficient cooling), and
is minimally supported by external irradiation. This corresponds to a very narrow region of
parameter space, suggesting that, although it is possible for the spiral structure to be due to
disc self-gravity, other explanations, such as an external perturbation, may be preferred.

Key words: Planetary systems: protoplanetary discs, planet-disc interactions — Planetary
Systems, planets and satellites: dynamical evolution and stability — Planetary Systems, (stars:)

: brown dwarfs, formation — Physical Data and Processes: hydrodynamics

1 INTRODUCTION

It has long been known that spiral structure exists in galaxies, with
many examples of striking spiral arms, such as those found in the
Pinwheel galaxy (M101) and the Whirlpool galaxy (M51).

Despite many examples of spiral structure in numerically sim-
ulated protostellar discs present in the literature (see, e.g. Boss
1989, 1998; Gammie 2001; Rice et al. 2003a), these structures,
unlike their galactic cousins, have only recently been clearly ob-
served in nature (see, e.g., Garufi et al. 2013; Pérez et al. 2014;
Benisty et al. 2015; Stolker et al. 2016), due to significant advances
in imaging capability.

One such advance has been SPHERE (Beuzit et al. 2008),
the Spectro-Polarimetric High-contrast Exoplanet REsearch instru-
ment mounted on UT3 at the VLT. Using extreme adaptive optics
coupled with a coronograph and polarimetric differential imaging,
we are able to obtain images of unprecedented resolution and sen-
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sitivity of the scattering surface of protostellar discs (Benisty et al.
2015; Stolker et al. 2016).

Since the Atacama Large Millimeter/submillimeter array
(ALMA) began operations, the astronomical community has, for
the first time, been able to resolve midplane structure in protostel-
lar discs. With this capability has come an array of unexpected
results - these discs are often far from smooth, and a plethora of
substructures have been revealed. These include features such as
the multiple rings clearly observed in the HL Tau (ALMA Partner-
ship et al. 2015) and TW Hydrae (Andrews et al. 2016) systems.
It is possible that these rings are caused by planets carving gaps in
the dust of the disc (Dipierro et al. 2015b; Jin et al. 2016), but these
features also have plausible alternative explanations, such as aggre-
gate sintering (Okuzumi et al. 2016), particle trapping at the edge
of the disc dead-zone (Ruge et al. 2016) and particle concentration
at planet-induced gap edges (Zhu et al. 2014), to name a few.

In the earliest stages of its lifetime, it is likely that an accretion
disc surrounding a central protostar will be massive enough to be
self-gravitating (e.g., Lin & Pringle 1990). Consequently, the gravi-
tational instability may play an important role in the early evolution
of such a system. For a protostar to accrete from its nascent disc, an-
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gular momentum must be redistributed outwards, so that mass may
move in while conserving angular momentum. If the disc is self-
gravitating, the gravitational instability (GI) is largely responsible
for this angular momentum transport (Cossins et al. 2009; Forgan
etal. 2011).

However, a disc in Keplerian rotation is only gravitationally
unstable to axisymmetric perturbations if the Toomre parameter,
Q, is (Toomre 1964)

CskK

Q= e <1 M
where c; is the sound speed,  is the epicyclic frequency (which in
a Keplerian disc is simply {2, the orbital frequency), G is the grav-
itational constant and 3 is the surface density of the disc. For non-
axisymmetric perturbations, this value has been determined empir-
ically as @ =~ 1.5 — 1.7 (Durisen et al. 2007). The Toomre crite-
rion is a local quantity, real protostellar discs are likely to be self-
gravitating in some regions (i.e., at large radii) and not in others.
However, this can be translated to a global condition for instability,
that the disc-to-star mass ratios, g, satisfies

Mg H

=L "R > 0.1 2)
for a disc in Keplerian rotation in vertical hydrostatic equilibrium.
Surveys of protostellar discs, such as those conducted by Andrews
et al. (2013) of the Taurus star-forming region, likely show us that
by the Class II stage, these objects are not massive enough for disc
self-gravity to be important. However, there are certainly examples
where it may indeed be important (Andrews et al. 2009).

One such example is the Elias 2-27 system, classified as a
Class II young stellar object. It has an unusually large disc-to-
star mass ratio (measured assuming a gas-to-dust ratio of 100:1),
q ~ 0.24 (Andrews et al. 2009). Inherent uncertainties in the
physical properties of the dust grains from which mass is inferred,
such as opacity, size distribution, and dust mass fraction, mean that
there are significant uncertainties attached to estimates obtained
this way. Furthermore, self-gravitating discs are expected to be op-
tically thick at ~sub-mm wavelengths, so large amounts of hidden
mass may be screened. However, this is dependent on the nature of
the grain distribution. For example, if grain growth has occurred,
such that more of the dust mass is concentrated in larger grains
within the grain distribution, then we may, in fact, expect the disc to
remain optically thick out to ~ 3mm wavelengths (Forgan & Rice
2013), which will further conceal hidden mass. Even discounting
this, it does appear that Elias 2-27 is sufficiently massive to be self-
gravitating.

A self-gravitating disc in Keplerian rotation will develop spi-
ral structure, since the disc becomes unstable to non-axisymmetric
modes that grow non-linearly at Q < 1.5 (Papaloizou & Savonije
1991; Durisen et al. 2007). Once these modes have developed, the
disc will settle into a quasi-steady, self-regulating state where its
@ value remains roughly constant. In a sense, self-gravitating discs
afre more readily unstable to these non-axisymmetric modes, since
the development of axisymmetric modes requires ¢ ~ 1. While
there are multiple examples of spiral features observed in scattered
light (see, e.g. Benisty et al. 2015; Muto et al. 2012), at the wave-
lengths (~ micron) of these observations the majority of the disc
is optically thick. As such, only the surface of the disc is observed.
To reveal midplane structure requires observations at optically thin
wavelengths.

The Elias 2-27 system was the first system probed down to the
disc midplane that revealed spiral structure (Pérez et al. 2016). Ob-
served using ALMA at 1.3 mm, the system was spatially resolved,

revealing two spiral arms extending in radius out to 300 au from
the central star. With such a large disc mass, it is possible that this
is the first observed example of gravitational instability in a proto-
stellar disc. However, it is not the only system where this appears
to be the case. The Class O triple protostar system L.1448-IRS3B is
thought to have formed through fragmentation due to gravitational
instability (Tobin et al. 2016).

If a protostellar system is self-gravitating, and exists in a
quasi-steady state of self-regulation, then the number of spiral
arms, m, is related to the disc-to-star mass ratio, ¢, by m ~ 1/q
(Cossins et al. 2009; Dong et al. 2015). If the measured disc mass
is correct for the Elias 2-27 system, we may expect 4 spiral arms,
rather than 2. Conversely, if the system is self-gravitating, then to
obtain a 2 armed spiral would require ¢ ~ 0.5. External perturbers,
such as stellar flybys, can also produce this classical two armed spi-
ral structure (Quillen et al. 2005). It is important to note that it may
be possible for a higher number of spiral arms to be present than
are actually observed (see, e.g., Dipierro et al. 2014).

Protostellar discs neither form, nor evolve, in isolation. Par-
ticularly at very early times, they are heavily embedded in their
nascent cloud of formation, and undergo considerable infall from
this cloud. Indeed, observed accretion rates onto protostellar discs
are typically an order of magnitude larger than observed accretion
rates onto the stars themselves (see, e.g. Kenyon et al. 1990; Calvet
et al. 2000). This has a significant effect on the dynamical evolu-
tion of the system, driving power into the lower order, global spiral
modes (i.e. m ~ 2), resulting in increased efficiency of angular
momentum transport (Harsono et al. 2011). The issue is further
complicated by the resolution of the observation; systems which
are dominant in the high m-modes may appear to have fewer spiral
arms than are actually present, due to size scales (i.e., spiral arm
widths) that might be smaller than the beam size of the observation
(Dipierro et al. 2014).

This results in a narrow region of parameter space where spi-
rals due to disc instability may be detected by an instrument such
as ALMA, an idea examined in the semi-analytic parameter space
investigation of Hall et al. (2016). This semi-analytic sweep of pa-
rameter space focused only on the local angular momentum trans-
port case, which in 3D global hydrodynamics simulations using 3
cooling (Lodato & Rice 2004) has been shown to be valid for disc-
to-star mass ratios of ¢ < 0.25. Hall et al. (2016) found that in
all cases of spirals generated due to gravitational instability under
local angular momentum transport, the relatively small spiral am-
plitudes (when compared to global spirals) were difficult to detect
using ALMA.

A logical deduction, therefore, is that any spirals generated by
the gravitational instability, that are detectable (and resolved fully,
i.e., 2 arms present, 2 arms detected) by ALMA, may be spirals that
are transporting angular momentum globally, and, as such, will not
be well-described by a semi-analytic formalism. For local angu-
lar momentum transport, the spirals must exist in what is known
as the “tight-winding approximation”, (Binney & Tremaine 2008)
which removes long-range coupling forces by assuming the waves
are tightly wound. The pitch angle, i, is given by

tani =

3

m
kR|
where k is the radial wavenumber, R is the radial distance from

the central star, and m is the number of spiral arms. For the tight-
winding approximation to be valid, we require

m

R < 1 4
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Under these conditions, radial spacing between each spiral arm is
small, since the radial distance between waves, AR, is given by

2
AR ="
R o )]

and the condition in 4 implies that k is large. This small radial
spacing between spiral arms undergoing local angular momentum
transport makes them more difficult to resolve than spiral arms that
transport angular momentum globally. Recent numerical work by
Meru et al. (2017) and Tomida et al. (2017) has shown that the Elias
2-27 morphology can be caused by the gravitational instability. In
this work, we take a broader approach, performing hydrodynam-
ical simulations of self-gravitating protostellar discs to determine
the region of parameter space in which we expect self-gravitating
spirals to be observable.

2 METHOD

We run a suite of 17 Smoothed Particle Hydrodynamics (SPH) sim-
ulations of a protostellar disc, varying only the disc mass, metallic-
ity, and minimum irradiative background temperature of each disc.
Our intention is to scan the parameter space that the Elias 2-27
system may exist in. We vary the disc-to-star mass ratio between
q = 0.25 and ¢ = 0.5, vary the minimum irradiative background
temperature between Tin = 5 — 15 K, and assume either 1.0 x
solar metallicity or 0.25x solar metallicity. Each system is evolved
until it either:

(1) reaches a marginally unstable (since it is partially supported
by external irradiation), self-gravitating state in which spiral
arms are present, or

(2) fragments, or

(3) becomes clear that no non-axisymmetric structure is going to
develop (e.g. after ~ 20 orbital rotation periods, which corre-
sponds to 1" ~ 50, 000 years).

In addition to this, we present results where the spiral struc-
ture has been amplified by the method outlined in section 2.3. This
enhancement may be considered as a proxy for solid particle trap-
ping in the spiral arms. Gas in a protostellar disc usually orbits
at slightly sub-Keplerian velocity since it is partially supported by
an outward pressure gradient. However, solid particles do not feel
pressure, so continue to orbit at Keplerian velocity, resulting in a
headwind. This headwind produces a drag force on the solid par-
ticles, causing them to lose angular momentum and drift radially
inwards.

However, self-consistently simulating grains of these sizes in
a hydrodynamics simulation of a self-gravitating disc has proved to
be problematic. The conventional approach has been to model two
fluids, coupled via a drag term (c.f., Rice et al. 2004). However, this
method is not best suited for grain sizes that are of the most interest
to us, since very small timesteps are required to capture the motion
of small grains, resulting in prohibitively long integration times.

For this reason, rather than expend significant computational
resources simulating these grains for a suite of hydrodynamical
models, we use the spiral amplification method outlined in section
2.3 as an approximation for dust-trapping. We present these results
together with non-amplified discs in section 3.

In all cases where spiral structure develops, we use the TORUS
radiation transport code (Harries et al. 2004; Kurosawa et al. 2004;
Haworth et al. 2015) to perform a radiative transfer calculation. We
feed this into the ALMA simulator in CASA (ver 4.7.2; McMullin
et al. 2007) to produce a synthetic ALMA observation, with the

MNRAS 000, 1-12 (2016)
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same parameters (i.e. wavelength, integration time, antenna config-
uration, precipitable water vapour) as the original observation in
Pérez et al. (2016). Each synthetic observation is then processed
using the same unsharp masking filter image processing technique
as described in Pérez et al. (2016), which we explain here in section
2.6.

2.1 Smoothed Particle Hydrodynamics

Smoothed Particle Hydrodynamics (SPH) is a Lagrangian method
for simulating hydrodynamical systems, where the fluid is dis-
cretised into pseudo-particles (Lucy 1977; Gingold & Monaghan
1977). There are many reviews available that describe SPH (see,
e.g. Rosswog 2009; Monaghan 1992), so we simply give an
overview of the techniques used in this work.

Each disc is modelled by N pseudo particles, and each
pseudo-particle has a mass, position, velocity and internal energy.
The density is obtained by interpolation, giving all the properties of
the fluid at a given location.

Pressure is obtained by using the internal energy of the parti-
cle coupled with an equation of state. Gravitational forces are cal-
culated using TREE algorithms (Barnes & Hut 1989), and the dis-
cretised equations of energy and momentum are then solved. Par-
ticle velocities are updated using these pressure and gravitational
forces, and particle positions updated using these velocities. Inter-
nal energy changes are calculated from radiative cooling and heat
conduction, viscous dissipation and P dV work.

Fully polychromatic radiative hydrodynamics, while possible,
(Acreman et al. 2010), is prohibitively computationally expensive,
especially for self-gravitating systems. To overcome this, we use
the hybrid radiative transfer method of Forgan et al. (2009). Here,
the polytropic cooling approximation of Stamatellos et al. (2007),
which takes account of local optical depth, is combined with the
flux-limited diffusion method of Mayer et al. (2007), which mod-
els energy exchange between particles. In this manner, we have,
perhaps, a “closer” approximation to the complexity of the real ra-
diative processes involved than with a parameterised cooling pre-
scription (such as the so-called 8-cooling prescription, see Gammie
2001; Rice et al. 2003b) alone.

2.2 SPH simulation setup

We ran a total of 17 SPH simulations, each with a resolution of
2 million particles. We report a ratio of smoothing length to scale
height of h/H < 0.25 beyond ~ 50 au, satisfying the resolution
requirements for SPH simulations of circumstellar discs laid out in
Nelson (2006) (i.e., ~ 4 smoothing lengths per scale height ). Pa-
rameters either match or nearly match those of the of the disc in the
Elias 2-27 system. The central star mass in Elias 2-27 is M, = 0.6
Mg (Andrews et al. 2009; Natta et al. 2006), and spiral structure is
observed in the continuum out to 7 = 300 au (Pérez et al. 2016),
for this reason we run the SPH simulations with a disc outer radius
of Rout = 300 au. However, this could be a lower limit to the ra-
dial extent of the disc. Since continuum emission traces dust, and
dust undergoes inward radial migration, it is feasible that the radial
extent of the gas disc could be larger than that of the dust disc (e.g.,
Pérez et al. 2012).

The issue of disc mass is similarly complicated. The observed
disc mass (inferred from dust mass) of Elias 2-27 is ~ 0.04 — 0.14
Mg (Andrews et al. 2009; Isella et al. 2009; Ricci et al. 2010),
which gives a disc-to-star mass ratio, g, of somewhere in the range
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q ~ 0.06 — 0.23. Typically, disc self-gravity only becomes impor-
tant for ¢ = 0.1, and the number of spiral arms, m, we expect to be
present in a self-gravitating disc is related to g through m ~ 1/q
(Cossins et al. 2009; Dong et al. 2015). If the spiral structure in
Elias 2-27 is due to disc self-gravity, and the estimated disc mass is
correct, then we may expect this system to have 4 spiral arms.

However, the observation of Pérez et al. (2016) shows a two-
armed spiral, which would typically require a system with ¢ ~
0.5 (Lodato & Rice 2005; Cossins et al. 2009; Dong et al. 2015).
However, the empirically determined m ~ 1/g relationship is not
exact. For example, Fourier decomposition of the mode spectrum
can show approximately equal power in neighbouring modes (see
Figure 2 of Lodato & Rice 2004), so may be dominant in higher
m-modes than m = 2. If this is the case for Elias 2-27, it has
been shown that discs may be observed to have fewer arms than are
present in reality (Dipierro et al. 2014).

Such a massive, extended disc (i.e., ¢ ~ 0.5, Rout ~ 300
au) is likely to be susceptible to fragmentation, unless it is par-
tially supported by some external irradiation (Levin 2007; Clarke
2009; Rafikov 2009; Hall et al. 2016). In the case of Elias 2-27,
this is physically motivated by the system being surrounded by its
parent’s molecular cloud (Natta et al. 2006). This cloud creates a
temperature bath, setting the minimum disc temperature to order
10 K (Caselli & Myers 1995).

‘With this in mind, we ran a suite of simulations with a min-
imum temperature to support this disc in a marginally unstable
state. The details of each simulation are shown in Table 1. The
central star, in all simulations, is M. = 0.6 Mg, inner disc ra-
dius is Rin = 10 au and outer disc radius is Rous = 300 au.
The initial disc surface density profile takes the form ¥ oc r~ %,
where X is surface density and r is disc radius, and the initial sound
speed profile is cs oc 77225, The minimum temperature is set be-
tween 5 K and 15 K. The disc-to-star mass ratio is varied from
q = 0.25 to ¢ = 0.5, giving a total disc mass of between 0.15 Mg
and 0.3 M. Evidence from observation of ~3 Myr old systems
(Andrews et al. 2013) suggests that the disc masses we have simu-
lated are approximately an order of magnitude more massive than
disc masses that are observed. However, inferred disc masses from
observations come with considerable uncertainties, primarily from
the inherent uncertainty in the dust-to-gas mass ratio (see, e.g. An-
drews & Williams 2005, Williams & Best 2014). If the disc masses
are, therefore, underestimated by a factor a few, it is possible that
many of these discs will be sufficiently massive so as to be self-
gravitating.

The metallicity is either 0.25% solar, or solar; motivated by
the derived Toomre parameter only being low enough for the disc
to be gravitationally unstable if the 1.3 mm opacity is 0.25x solar
(see figure S2 in the supplementary material of Pérez et al. 2016).
This can be equivalently stated as 0.25x solar opacity is the highest
possible opacity that still results in a Toomre parameter of Q) < 2.

Since opacity is a local quantity, for a given composition
the relationship between metallicity and opacity is precisely deter-
mined (Semenov et al. 2003). However, this precise determination
does rely upon knowing the exact composition of the material that
is providing the opacity. Physically, in observed protostellar discs,
some standard assumption about composition is made so that opac-
ities can be estimated. We note that modifying the opacity in this
way is, essentially, equivalent to modifying the fractional abun-
dance of dust by mass (see, e.g., equations 1-5 in Pollack et al.
1985).

Numerical work (e.g., Boss 2002; Johnson & Gammie 2003)
has shown that protostellar disc instability is relatively insensitive

to changes in opacity, since the timescale for temperature equilib-
riation by radiative diffusion is (Laughlin & Bodenheimer 1994)

2
raa = 2L ©)

where k is opacity, p is density, c is the speed of light and H is
the scale height of the disc. Typical values give Traqa = 1007dyn,
where 74yn is the dynamical timescale (or orbital period) of the
disc. Since collisional heating occurs on dynamical timescales, and
the dynamical timescale is two orders of magnitude shorter than the
radiative diffusion timescale, it is probably reasonable to assume
that dynamical processes, rather than radiative ones, determine the
long-term evolution of the system. We do not, therefore, consider a
large number of radiative parameters. Instead, we simply consider
two cases: solar opacity and 0.25x solar opacity.

To understand how opacity affects the cooling of the disc, we
first describe its implementation in our SPH code. The polytropic
(Stamatellos et al. 2007) cooling rate, per unit mass, of particle 7 is
given by

du; 4o (Ty (r:) — T3')
At 22Ri(pi, Tr) + = (pi, T)

O]

where o is the Stefan-Boltzmann constant, To(r;) is the temper-
ature of the radiation field at the location (r;) of particle 4, T; is
the temperature of particle ¢, p; is the density and <; is the mass-
weighted opacity of the particle, defined as

R =

) ®)

M =

where T is the mass-weighted average of the optical depth. We can
see from equation 7 that there is a smooth transition between opti-
cally thin and optically thick regimes, with maximum cooling effi-
ciency when the optical depth is order unity (i.e., the photosphere).

‘We assume that the relationship between opacity and metallic-
ity is 1:1. If we are in the regime where the disc is optically #hin for
a given metallicity, then increasing the metallicity, i.e., increasing
the amount of solids in the disc, will cause the disc to cool more ef-
ficiently. If, on the other hand, we are in a regime in which the disc
is optically thick at a given metallicity, reducing the metallicity will
increase the cooling efficiency.

2.3 Spiral amplification

Solid particles embedded in a protostellar disc undergo radial drift
in the direction of a positive pressure gradient (Weidenschilling
1977), and, in the case of a self-gravitating disc, will experience
significant trapping in the spiral arms (Rice et al. 2004; Gibbons
et al. 2012, 2014; Dipierro et al. 2015a; Booth & Clarke 2016)
where local pressure maxima occur. Particles collect at local pres-
sure maxima, which results in particularly large enhancements of
local particulate density. This trapping is maximised for particles
with a Stokes number of
TS

St = =1, ©))
Ted

where 75 is the particle stopping time (i.e., the ratio between the
momentum of the particle and the drag force acting on the particle),
and Teq is the eddy turnover time, determined by the characteristic
length scale, ., and characteristic velocity, v., of the eddies,
le
Ted = —, (10)

Ve

MNRAS 000, 1-12 (2016)
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Mass ratio  Metallicity (solar) Thin  Outcome Figure Detect spirals?  Detect spirals if amplified?
0.25 0.25 5 Smooth - - -
0.25 1.0 5 Smooth - - -
0.325 0.25 5 Spirals 2 Yes Yes, Fig 4
0.325 0.25 10 Smooth - -
0.325 0.1 5 Spirals in inner disc, - - -

smooth outer disc

0.325 1.0 5 Spirals 2 No Yes, Fig 4
0.325 1.0 10 Spirals 2 No No
0.325 1.0 15 Smooth - -

0.4 0.25 5 Fragmented - - -

0.4 0.25 10 Spirals 3 No Yes, Fig 5

0.4 0.25 15 Smooth - - -

0.4 1.0 5 Fragmented - - -

0.4 1.0 7.5 Fragmented - - -

0.4 1.0 10 Spirals 3 No Yes, 5

0.4 1.0 15 Smooth - -

0.5 1.0 10 Spirals 3 No Yes 5

0.5 1.0 15 Smooth - - -

Table 1. Table of all simulations conducted in this work. Columns from left to right are: disc-to-star mass ratio, metallicity (assuming 1:1 relationship with
opacity), minimum temperature floor, the outcome of the simulation (whether spirals due to gravitational instability are present or not), the corresponding
Figure number for each simulation, whether spirals are visible in the image, and finally if they are visible in the image after amplification. No images were

produced for discs that did not have observable spirals, or that fragmented.

which, in a self-gravitating disc, is 7eq = 2k, since lc = H and
Ve = Cs.

This has previously been explored for ~metre sized planetes-
imals in self-gravitating discs (see, e.g.,Rice et al. 2004, 2006). For
grains of these larger sizes (i.e. 2 10 cm), the opacity contribution
to emission at 1.2 mm is at least an order of magnitude lower than
grains of ~mm sizes (Draine 2006). The majority of the opacity for
~mm emission comes from ~mm sized grains, with typical values
of k=1.2, 1.1 and 1.05 cm? g*1 for 1 mm, 3 mm, and 1 cm sized
grains respectively (Draine 2006).

Since ~mm emission traces dust, even a small amount of trap-
ping can significantly broaden the parameter space where spirals
due to GI are detectable (Rice et al., in prep.), since the movement
acts to increase the brightness contrast ratio at ~mm wavelengths
between arm and inter-arm regions.

We do not use an SPH code that separately integrates dust
motions, due to the computational cost of doing so for a self-
gravitating disc. In this limit, dust timesteps become increasingly
small, and we wished to examine a wide range of parameter space.
Instead, we employ a spiral amplification technique that, when we
consider well-mixed gas and dust, effectively acts as a proxy to the
dust-trapping we have described above.

We begin by gridding the SPH data into 500 x 500 cells in 2D
(r, ¢), and at each radius calculate the azimuthally averaged surface
density. We then iterate again, and in each cell, calculate whether
the surface density is above or below the azimuthal average for this
radius. This depends on whether the spiral arm is present or not.
The basic idea is that in the spiral arms,

Zspiral > Zavg7 (] 1)

where Ygpiral is the surface density of the spiral arm and .., is
the azimuthal average of the surface density at that radius. So long
as the condition is satisfied in 11, then the spiral is present, and
the mass and density are multiplied by some factor, Ainitial. In this
work, we use one value for this factor, and set Ainitia1 = 10. If
the condition in equation 11 is not satisfied, then we divide by the
factor Ainitia1. The spiral is then amplified, essentially by moving

MNRAS 000, 1-12 (2016)

mass into the arm region and out of the inter-arm region. The re-
sultant masses and densities are then normalised, so that the total
disc mass before and after the amplification is conserved. In prac-
tice, this normalisation process reduces the actual value of the fi-
nal amplification factor, A, since multiplying and dividing mass
and density by the same factor will not conserve mass naturally. In
all cases, A =~ 1.15 (to two decimal places) after normalisation.
This results in a total enhancement of 15%, deliberately chosen
to match enhanced dust-to-gas ratios seen in SPH simulations of
self-gravitating discs post-processed with a 1D dust dynamics code
(e.g., lower right panel of Figure 4 of Dipierro et al. 2015a). We do
not exceed this value in order to examine the minimum amount of
enhancement required to detect spirals comfortably in at least some
of the discs.

2.4 Radiation transport code: TORUS

We use the TORUS radiation transport code (Harries et al. 2004;
Kurosawa et al. 2004; Haworth et al. 2015) to calculate the spectral
flux density of the SPH discs described above. It determines ra-
diative equilibrium in a dusty medium by using the photon-packet
Monte-Carlo method first described in Lucy (1999).

To perform this calculation, a 3D grid must be constructed
by a transformation from the particle distribution. The complete
details of this process are given in Rundle et al. (2010), but the basic
idea is to repeatedly divide an initial cell centred on the entire disc
according to some resolution criterion. The parent cell is divided
once in each dimension, resulting in 2P child cells, where D is the
number of dimensions, each of volume 2~ times that of its parent.
A grid resolution is imposed, such that each cell may only contain
a certain amount of mass (typically 10~ M; is sufficient for our
requirements). If the amount of mass in that cell exceeds this mass,
the cell is again split once in each dimension. In this manner, child
cells become parent cells and are recursively split until the mass
contained in each cell is less than or equal to 1072 M.

The radiation field of the protostar is modelled using 10° prop-
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agating photon packets, which undergo a random walk through the
grid, experiencing scattering or absorption and re-emission until
they escape the domain. Once escaped, estimates are made of the
absorption rate in each cell. The dust temperatures are then deter-
mined for each cell by assuming radiative equilibrium, and the pho-
ton loop is repeated with the updated dust temperatures. This pro-
cess is continued until the temperatures converge (i.e., the temper-
atures change very little between photon loop iterations). Contin-
uum images are then produced for arbitrary viewing angles using
the Monte-Carlo method.

For all of our radiative transfer results, we use typical values
for a pre-main-sequence star with a central source mass of M, =
0.6 Mg (i.e., the observed mass of Elias 2-27), such that R. =
2.3 Rp and Teg = 3850 K (Baraffe et al. 1998, 2002). The dust
in our model is Draine & Lee (1984) silicates, with a grain size
distribution given by

q

n(a) < a” for Amin < @ < Gmax, (12)

where amin and amax are the minimum and maximum grain sizes,
taken to be 0.1 pm and 2000 pm respectively, and ¢ = 3.5, the
standard power-law exponent for the interstellar medium (ISM)
(Mathis et al. 1977). As mentioned in section 2.2, reducing the
opacity is equivalent to reducing the dust-to-gas mass ratio in the
system. Therefore, for simulations with solar opacity, we assume
the canonical dust-to-gas ratio of 0.01 everywhere in the disc. How-
ever, for simulations with opacity 0.25 X solar, we reduce the dust-
to-gas ratio to 0.0025.

2.5 The ALMA simulator

The emission maps generated by TORUS are used as inputs to the
ALMA simulator included in CASA (ver 4.7.2) (McMullin et al.
2007), and all discs were imaged as though at a distance of 139 pc
in the p-Ophiuchus region (Mamajek 2008), at the same sky po-
sition of Elias 2-27. So that we are able to directly compare with
the original observation of Elias 2-27, we simulated the observa-
tions with the antenna configuration originally used by Pérez et al.
(2016) in cycle 2 (selected via the antennalist parameter in CASA,
and in this particular case is named alma.cycle2.6.cfg). We used
the restoring beam function, which allows the user to repli-
cate the exact beam used in a given observation.

In this work, we use the same position angle (117.3°) and in-
clination (55.8°) for our synthetic images as reported by Pérez et al.
(2016) in the original observation. We do not consider the effect of
rotating the system or varying the inclination, but we note that do-
ing so may result in spiral arms being hidden or revealed to the
observer as optical depth along the line of sight changes.

The total time on each of the sources was 12 minutes, as in
the original observation, centred on 230 GHz with a bandwidth of
6.8 GHz. Visibilities were corrupted using the Atmospheric Trans-
mission at Microwaves (ATM) code (Pardo et al. 2001), with a pre-
cipitable water vapour value of 2.784 mm. The total observation
time is low when compared to some recent investigations into the
detectability of gravitational instabilities in protostellar discs using
ALMA (see e.g. Dipierro et al. 2015a), however, positive results
have been obtained by Meru et al. (2017) using identical on-source
times to this work.

2.6 Unsharp image masking

The purpose of unsharp image masking (Malin 1977) is to reduce
the overall range in flux of the image, without reducing the range of
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Figure 1. The original observation of the thermal dust emission of the Elias
2-27 system, processed with the unsharped image masking technique out-
lined in section 2.6.

individual details. This enhances fainter features that are otherwise
washed out in an image with a high flux range.

We perform the unsharp image masking on the synthetic ob-
servations described in section 2.5 exactly as described in Pérez
et al. (2016), by subtracting a smoothed and scaled version of the
data from itself. We smoothed the original data with a 2D Gaussian
of 0.33” x 0.33", before scaling it by a factor of 0.87 and subtract-
ing it from the original data.

To be confident that our image analysis matched that of Pérez
et al. (2016), we applied the same technique to the original contin-
uum image (available from the ALMA archive), and our result is
shown in Figure 1. As in the original work, a deep cavity appears
on the image minor axis due to inclination effects, and the central
core is not completely removed.

3 RESULTS

Table 1 shows the results of the SPH simulations. Out of a total of
17 models, only 6 developed spiral structure in the SPH simulations
and did not fragment. In all cases, a minimum temperature floor
was used to allow a quasi-steady, non-fragmenting state to develop.

The 6 discs that showed spiral structure were used as input
to the TORUS code as described in section 2.4, before being ob-
served with the ALMA simulator as outlined in section 2.5. The
unsharped masking technique described in section 2.6 was applied
to the ALMA simulator output.

The results are shown in Figures 2 and 3. Figure 2 shows three
discs with disc-to-star mass ratio of ¢ = 0.325, left column has
metallicity 0.25X solar, center and right have solar metallicity, left
and center columns have minimum temperature Tmin = 5 K, right
column has Ti,in = 10 K. The top row shows column density ren-
derings of the SPH discs, while the bottom row shows the synthe-
sised ALMA images of these discs at 230 GHz (1.3 mm).

Only in the low metallicity (and therefore low opacity) case
(leftmost column) is spiral structure visible. When opacity is raised
to solar, resulting in a decreased cooling efficiency and therefore
weaker spiral amplitudes, the spiral structure is not detectable in
the final image, producing instead ring-like structures. We note that
the total flux is reduced in the systems with low opacity, this is due
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Figure 2. All discs shown in this Figure have the same disc-to-star mass ratio of ¢ = 0.325. Top row shows log column density plots of the SPH simulation
results, bottom row shows how the discs would be viewed with ALMA, after using the image enhancing technique described in section 2.6. Leftmost column
has metallicity (and therefore, we assume, opacity) 0.25x that of solar, with a minimum temperature of 7" = 5 K. Center column has solar metallicity with
minimum temperature of 7" = 5 K, and rightmost column has solar metallicity with a minimum temperature of 7" = 10 K. As can be seen from the synthetic
images displayed on the bottom row, only the disc with the lowest opacity has a detectable spiral structure. This is due to the lower opacity resulting in more
efficient cooling, and discs with more efficient cooling have larger spiral amplitudes, and, therefore, typically have larger density contrast between the arm and
inter-arm region. The overall flux is lower in lower opacity disc due to less dust being present in the system.

dust mass being reduced by a factor of 4. However, we use arbitrary
units in this work, and are concerned primarily with contrast ratios
rather than total values.

Similar results are found in Figure 3, where the left and center
columns show discs with a disc-to-star mass ratio of ¢ = 0.4, and
the rightmost column shows ¢ = 0.5. The left column has metallic-
ity 0.25x that of solar, while the centre and right columns have so-
lar metallicity. In all of these cases, where ¢ > 0.4 the disc appears
to have a ring-like, rather than spiral-like, morphology. In all cases
shown in Figure 3 , the minimum temperature required to prevent
fragmentation is Tmin = 10 K. Star forming regions do not, typi-
cally, have temperatures below 10 K. As the cloud cores collapse,
the gas becomes thermally coupled to the dust and maintains an al-
most constant temperature of ~ 10 K over a large range of densities
(Hayashi & Nakano 1965; Tohline 1982; Larson 1985; Masunaga
& Inutsuka 2000). This is backed by observations of even the cold-
est star formation regions (e.g., Table 2 of Battersby et al. 2014),
and simulations of cores with young protostars maintaining tem-
peratures of 15 — 30 K (Stamatellos et al. 2005a,b).

This brings us to our first conclusion. Even if spirals generated
by gravitational instability are present in a protostellar disc, it may
be difficult to detect them unless they exist in the narrow region of
parameter space that favours their detection. In this case, we apply
the ideas discussed in Hall et al. (2016); that for a protostellar disc
to have sufficiently large spiral amplitudes so as to be detected, but
not so large as to cause the disc to fragment, the mass and accre-
tion rate of the disc can only have a narrow range of values. This
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parameter space can be broadened somewhat by partially support-
ing the disc against fragmentation by bathing the system in some
external irradiation, but temperatures that are too high will reduce
the amplitude of the spirals below a detectable level.

3.1 Spiral amplification results

We apply the simple spiral amplification technique outlined in sec-
tion 2.3 to the discs in Figure 2 and Figure 3, and the results are
shown in Figure 4 and Figure 5 respectively. In Figure 4, the ampli-
fication has produced detectable spiral structure only for the discs
that have the lowest minimum temperature, shown in the left and
center column. For the disc irradiated at 10 K in the rightmost col-
umn, even with amplified spirals, the structure is minimal in the
outer part of the disc, resulting in a disc observed with a ring-like,
rather than spiral-like, morphology. This is because if the spiral
amplitudes are very weak to begin with, there is very little spiral
structure to actually amplify.

In the case of the larger disc masses, shown in Figure 5, non-
axisymmetric structure is visible in all the final disc images when
we amplify the spirals. Despite the larger minimum background
temperature required to prevent fragmentation, when amplified all
spirals are detectable. This brings us to our second conclusion: ac-
counting for the enhancement of dust at pressure maxima in the disc
spiral arms considerably broadens the region of parameter space
where signatures of disc self-gravity may be detected.

1073
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Figure 3. Left and center columns in this figure show discs with a disc-to-star mass ratio of ¢ = 0.4, while the right column shows a disc with disc-to star mass
ratio of ¢ = 0.5. The top row shows log column density plots of SPH simulation results, bottom row shows how the discs would be viewed with ALMA, after
using the image enhancing technique described in section 2.6. Leftmost column has metallicity (and therefore, opacity) 0.25x that of solar, with a minimum
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minimum temperature of 7' = 10 K. Synthetic images of each disc are displayed on the bottom row. In all cases, a minimum temperature of 10 K is enough
to reduce the spiral amplitude to below a level detectable by ALMA with an integration time of 12 minutes on source, used in the original observation of Elias

2-27 by Pérez et al. (2016).

4 DISCUSSION

In this paper, we have presented a suite of 17 SPH simulations with
parameters either matching, or similar to, that of the protostellar
system Elias 2-27. In all simulations, a minimum temperature floor
was required to prevent the outer region of the disc fragmenting,
but these temperatures are not unreasonably large. However, the
requirement of a minimum temperature floor in each system to pre-
vent fragmentation shows that there is a tenuous balance between
heating and cooling, as even a small increase in the irradiative tem-
perature may suppress the self-gravitating spirals.

In this work, we have simulated a range of disc masses and
metallicities (as a proxy for opacity) for the Elias 2-27 system,
and we conclude that only in the case of the most efficient cool-
ing (low opacity, where the spiral amplitudes are largest), is non-
axisymmetric structure visible using the same observational set-
tings as in the original detection (from Pérez et al. 2016), without
the need to employ an enhancement of the spirals.

Since the Elias 2-27 system has an external radius of R ~ 300
au and is particularly massive, it will be susceptible to fragmenta-
tion without some form of external radiation (Rice et al. 2011),
highlighted by the requirement in this work of a minimum temper-
ature floor to prevent this fragmentation. However, since the ampli-
tude of the spirals is related to the efficiency of the cooling (Cossins
et al. 2009), this irradiation decreases the spiral amplitude, thereby
resulting in a reduced contrast between the arm and inter-arm re-
gion. Therefore, if the spirals observed in Elias 2-27 are due to

gravitational instability, they only require a very small amount of
support to be stable. This would suggest a relatively small level of
external irradiation, since too much will suppress the spiral struc-
ture.

We employ a simple spiral amplification technique as a proxy
to dust-trapping behaviour, and, using this, we find that spiral struc-
ture is more readily detectable in almost all cases, except where the
spiral structure was initially minimal to begin with. When dust-
trapping is accounted for, the region of parameter space that signa-
tures of disc self-gravity can be detected is considerably broadened,
since the intensity contrast between the arm and inter-arm region
of the disc increases. This in itself is not surprising, but, what it
does suggest, is that any self-gravitating protostellar disc with de-
tectable signatures of GI in ~mm emission may be indicative of
dust enhancement in the spiral arms. Since the smallest grains are
well coupled to the gas, this may suggest that some degree of grain
growth has already occurred.

An aspect not considered in this work is infall from an enve-
lope onto the central protostellar disc. So long as the infall rate,
Min, is greater than the GI-driven accretion rate in the disc, MGI,
the disc will increase in mass. However, there is a maximum accre-
tion rate due to GI that the disc can sustain, so if Mi, > Mumax a1,
the disc will either fragment, or undergo violent relaxation. It has
been shown that both are possible in realistic discs (Zhu et al.
2012). Otherwise, if Min < ]\'/[max aI, the disc will transport mass
at the rate at which it is being fed (Kratter et al. 2008).

Of particular interest to the results in this work is the abil-
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ity of infall to drive power into lower m-modes in self-gravitating
discs, even when the higher m-modes should dominate (Harsono
et al. 2011). Furthermore, in the infall case, spirals may have am-
plitudes ~ 2 — 5 times higher than in an identical disc with no
infall (Harsono et al. 2011). Therefore, the difficulty that GI alone
has in replicating the observed morphology of Elias 2-27 could be
somewhat mitigated by including mass infall in our calculations.
However, there is no evidence for a massive envelope in the infra-
red SED of Elias 2-27 (Andrews et al. 2009). It may, therefore, be
reasonable to conclude that mass infall is not responsible for the
two-armed spiral seen in the Elias 2-27 system.

Aside from the gravitational instability of the disc itself, the
grand-design two armed spiral seen in Elias 2-27 may be a tidal
response to a perturber, either a perturber internal to the disc in or-
bit around the central star, a perturber external to the disc in orbit
around the central star. The latter could be in the form of a stellar
encounter or flyby, which has been shown to be likely in the ini-
tial stage of disc formation (Bate 2018). That the spiral morphol-
ogy of the Elias 2-27 system may be due to an internal or exter-
nal perturber was examined by Meru et al. (2017), who find that
an external perturber produces a reasonable match to the original
observation. Meru et al. (2017) also consider the GI origin of the
spirals in the Elias 2-27 system, and find that GI can also produce
a reasonable match to the original observation.

However, GI parameters were varied over 72 simulations in
the work of Meru et al. (2017), with one GI simulation showing a
reasonable match to the original observation. The work laid out in
this paper is, therefore, consistent with the results of Meru et al.
(2017); gravitational instability can be responsible for the observed
morphology of Elias 2-27, but it requires that the system falls in the
narrow range of parameter space where its detection is favourable.

It is worth noting, at this point, that the original unprocessed
ALMA image may be easier to fit with a numerical model (Tomida
et al. 2017) than an image processed with the unsharped masking
technique. However, it is probably reasonable to conclude that this
results in a less tight constraint of disc properties. Essentially, by
applying the mask, it is possible to further constrain disc properties
that produced the original observation (Meru et al. 2017).

5 CONCLUSION

We present the results of a suite of SPH simulations investigating
if the morphology of the Elias 2-27 system could be due to gravita-
tional instability. Out of a total of 17 simulations, only 6 developed
GI spirals. Radiative transfer calculations were performed on each
simulation to produce an intensity map, which was then synthet-
ically observed using the CASA package to produce a simulated
ALMA image. Finally, we applied an unsharp mask onto each im-
age in order to enhance fainter features.

We find that only in the case of metallicity (and therefore
opacity, assuming 1:1 ratio between metallicity and opacity) 0.25 x
solar, disc-to-star mass ratio of 0.325, and a small amount of sup-
port from external irradiation (5 K) does the disc contain spiral
structure evident in the final unsharped mask image. When the
metallicity (opacity) of the system is set to solar value, the cooling
is too inefficient to generate detectable spiral amplitudes. When the
disc mass is increased, which increases the amplitude of the spirals,
the system requires increased support from external irradiation in
order to prevent fragmentation. As a result, the cooling rate is re-
duced, reducing the strength of the spirals to a level below which
they are not detectable.

However, when we amplify the spiral structure, as a proxy for
dust trapping, we find that the region of parameter space in which
spiral structure is detectable is broadened considerably. In this case,
we detect spiral structure in the discs with ¢ = 0.325 and 0.25X so-
lar and 1.0 so long as the minimum temperature satisfies Tmin = 5
K. However, this may be problematic, since the ambient tempera-
ture in regions containing protostellar discs are significantly higher,
somewhere in the region 10 — 30 K (Hayashi & Nakano 1965;
Hayashi 1966; Larson 1985; Tohline 1982; Masunaga & Inutsuka
2000; Stamatellos et al. 2005a,b; Battersby et al. 2014). Although
spiral structure is detectable for Trin = 5 K in this work, it is
probably reasonable assume to such low temperatures will rarely
be present in the vicinity of systems such as Elias 2-27.

Only when the disc-to-star mass ratio increases to ¢ = 0.4 is
spiral structure still observable when supported with Trnin = 10
K. The Elias 2-27 system has a measured disc-to-star mass ratio of
q ~ 0.24 (Andrews et al. 2009), inferred assuming a gas-to-dust
ratio of 100:1. This is not certain, and there is theoretical evidence
that disc masses around young protostars have been underestimated
(Hartmann 2008). In light of this, it is possible that the Elias 2-27
system has a ¢ 2 0.25. However, this uncertainty is not unidirec-
tional, it is also possible to overestimate disc mass, if inferring from
dust measurements (Williams & Best 2014).

Without amplification (i.e., without dust trapping), we find
that for an extended circumstellar disc such as the one in the Elias
2-27 system, the observed morphology can only be due to GI if the
opacity is ~ 0.25x solar, the disc-to-star mass ratio is ¢ ~ 0.325
and the external irradiative temperature is Tmin ~ 5 K. As we have
previously mentioned, it is probably unlikely that temperatures in
regions neighbouring systems such as Elias 2-27 drop below 10 K.
This highlights the necessity of dust-trapping in order to observe
GI spirals. With amplification, the parameter space is broadened,
such that the observed morphology can be explained by a disc-to-
star mass ratio of ¢ 2 0.4, and an external irradiation temperature
of Trin S 10K.

~

In both cases, increased opacity results in decreased cooling
efficiency. For the non-amplified case, this results in a decrease of
the amplitude of spiral arms below the detection threshold for the
original ALMA observation of the Elias 2-27 system detailed in
Pérez et al. (2016). Increasing q requires an increase in Tmin to
sustain the disc against fragmentation, which may reduce the am-
plitude of the spirals below the detection threshold of the original
ALMA observation. A decreased ¢ may push the disc out of the
regime where Gl is active. For GI to be responsible for the observed
morphological features of the Elias 2-27 system, we conclude that
0.325 < ¢ < 0.5,5 < Twin S 10 K, and dust-trapping should be
occurring in the pressure maxima of the spiral arms.

We therefore conclude that if the spiral morphology of the
Elias 2-27 system is due to gravitational instability, it must exist
in a “sweet spot” of parameter space, where the cooling is efficient
enough to generate spiral amplitudes large enough to detect, but
not so large as to cause the disc to fragment, and that there is some
level of external irradiation, sufficient to prevent fragmentation but
not enough so that the spirals features are largely suppressed. We
suggest that in light of this, other mechanisms, such as stellar en-
counters or flybys, should be explored to explain the observed mor-
phology of the Elias 2-27 system.
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