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ABSTRACT

We present the first detection of the '*C!7O J = 3-2 transition toward the HL Tau protoplanetary
disc. We find significantly more gas mass (at least a factor of 10 higher) than has been previously
reported using C'80 emission. This brings the observed total disc mass to 0.2 M, which we
consider to be a conservative lower limit. Our analysis of the Toomre Q profile suggests that
this brings the disc into the regime of gravitational instability. The radial region of instability
(50-110 au) coincides with the location of a proposed planet-carved gap in the dust disc, and
a spiral in the gas. We therefore propose that if the origin of the gap is confirmed to be due to
a forming giant planet, then it is likely to have formed via the gravitational fragmentation of
the protoplanetary disc.

Key words: techniques: interferometric —protoplanetary discs—stars: individual: HL Tau-
stars: pre-main-sequence — submillimetre: planetary systems.

1 INTRODUCTION

The early phases of protoplanetary disc evolution set the initial
conditions for planet formation. There is increasing evidence that
the processes that lead to planet formation happen quickly (e.g.
the growth of dust grains; Harsono et al. 2018), and there is now
evidence for fully assembled protoplanetary systems in young discs
(~1 Myr; Clarke et al. 2018; Flagg et al. 2019). Characterizing the
properties of these discs in detail is essential if we are to understand
the early evolution of young stars and systems of planets.

HL Tau is located in the nearby (140 pc) Taurus—Auriga star-
forming region (Rebull, Wolff & Strom 2004). Analysis of optical
spectra classifies HL Tau as spectral type K5 £ 1 (White &
Hillenbrand 2004), and spectral energy distribution (SED) mod-
elling shows it to be a Class I-II protostar surrounded by both
a circumstellar disc and envelope (Robitaille et al. 2007). The
estimated visual extinction towards HL Tau is large, with Ay >
24 (Close et al. 1997). It also appears to be accreting at a high
rate (M ~ 1077 Mg yr~!; Beck, Bary & McGregor 2010). This
observational evidence makes HL Tau an example of a young
(~1 Myr; Bricefio et al. 2002), embedded, disc-hosting star.

HL Tau has therefore become a prime target for studies aiming to
characterize young discs (Greaves et al. 2008; Carrasco-Gonzdlez
et al. 2009). In particular, HL Tau was the first circumstellar
disc observed with the long baselines of Atacama Large Millime-
ter/submillimeter Array (ALMA). This revealed an ordered series
of concentric rings and gaps in the disc across multiple millimetre
wavelengths (2.9, 1.3, and 0.9 mm; ALMA Partnership et al. 2015).
Many theories have been put forward to explain the origin of these
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structures (e.g. Zhang, Blake & Bergin 2015; Okuzumi et al. 2016),
but one of the most persistent involves the growth of planets within
the disc (Dipierro et al. 2015b). While efforts to detect thermal
emission from young planets in the gaps have been unsucessful, the
corresponding upper limits on their masses still lie at the higher end
of the giant-planet regime (10-15  Mj,,; Testi et al. 2015).

The combination of the potential for massive planets at large
radii, coupled with evidence of a high disc mass (~0.1-0.13 Mg;
Guilloteau et al. 2011; Kwon, Looney & Mundy 2011), has seen
gravitational instability (GI; Boss 1997) being invoked to explain
both the observed dust structures in HL Tau (Akiyama et al.
2016; Takahashi & Inutsuka 2016), along with the origin of any
planetary companions (Nero & Bjorkman 2009). However, recent
measurements of the gas mass in the HL Tau disc using C'*0
have shown appears to be too low for GI to occur (Mg, = 2—
40 x 1073 Mg; Wu et al. 2018).

In this Letter, we present a detection of the *C'70 J = 3-2
transition towards the disc around HL Tau. We have demonstrated
this line to be a robust tracer of disc gas mass (Booth et al. 2019). We
use these data to derive a lower limit to the total gas disc mass and
discuss how this impacts the gravitational stability of the HL. Tau
star—disc system.

2 OBSERVATIONS

HL Tau was observed by ALMA in Band 7 on 2017 November 24
for 1.46 h with 49 antennae in configuration C43-8 under project
code 2017.1.01178.S (PI: E. Humphreys). Baseline lengths ranged
from 92 to 8547 m, and the spectral window (SPW) covering the
B3¢0 J = 3-2 transition (321.852 GHz) had a native spectral
resolution of 0.908 km s~ (which we note does not resolve the
J = 3-2 hyperfine structure).
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Data (self-)calibration and imaging were performed with CASA
version 5.1.1 (McMullin et al. 2007). Continuum subtraction was
performed in the uv-plane using a constant baseline (fitorder 0).
Line imaging was performed with the CLEAN algorithm, using a
Keplerian mask with the measured position and inclination angles
of the disc (e.g. PA = 138° and i = 46°; ALMA Partnership
et al. 2015). The native resolution of the data resulted in a natural
beam size of 0.14 x 0.11 arcsec’ (—13°). We used a 0.2-arcsec
uv-taper, which was found to maximize the signal-to-noise ratio
(S/N) of the line emission, resulting in a final beam size of
0.28 x 0.24 arcsec? (—36°). The emission is detected across nine
(1.0 km s ~') channels with a rms of 4 mJy beam~! per channel
measure from the line-free channels and a peak line emission of
30 mJy beam™! per channel (S/N of 7.5).

3 RESULTS

Fig. 1 shows the ALMA Science Verification Band 7 (~345 GHz)
continuum image alongside our *C!70 J = 3-2 Keplerian-masked
integrated intensity (zeroth moment) map and the *C'70 J = 3-2
intensity-weighted velocity (first moment) map made with a 2.5¢
clip. Also shown are the deprojected and azimuthally averaged
BC0 J = 3-2 integrated intensity and 0.9 mm continuum
profiles derived from our data set, binned to the same radial
resolution.

The 3C'70 emission is detected out to approximately 140 au
from the central star, with a velocity pattern that consistent with
observations of other gas tracers (e.g. ALMA Partnership et al.
2015). There appears to be a deficit of emission (seen in both the in-
tegrated intensity map and radial emission profile) at approximately
50 au. This feature is not coincident with any substructure in the
dust continuum or molecular gas (e.g. CO, HCO™; Yen et al. 2016)
observed at higher spatial resolution than our data. Multiwavelength
continuum observations have shown that the optical depth of the
HL Tau disc at frequencies comparable to the *C'70 J = 3—
2 transition (~330 GHz) is high, with t ~ 8 between 40 and
50 au (Carrasco-Gonzalez et al. 2019). This deficit of emission
is therefore likely due to the high continuum opacity at Band 7
obscuring the line emission originating from the mid-plane, rather
than a bona fide gap in the disc. The central peaking of the
13C170 profile may indicate that the line emission at radii <10 au
becomes optically thick at a higher height in the disc atmosphere
than the dust at this frequency. Beyond approximately 70 au, the
intensity profile follows the expected radially decreasing power-law
trend.

4 ANALYSIS

4.1 Conversion of line flux to disc gas mass

We use the *C!70 observations in order to indirectly measure the
total gas mass of the disc. In our previous study of the HD 163296
disc we performed 2D radiative transfer models of multiple CO
isotopologues and transitions using a well-tested 2D physical struc-
ture (Booth et al. 2019). Many molecular line observations towards
HL Tau are significantly affected by absorption and complex
velocity gradients from the surrounding cloud (see e.g. ALMA
Partnership et al. 2015; Yen et al. 2019), meaning a similar wealth
of observational data is not readily available. We therefore employ
a simpler method of analysis.
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The HL Tau mm-dust surface density distribution has been shown
to follow a power-law distribution:

r\ 77 N\
X(r)= % (r—) exp (—r—> s (D

with

.\ 2—y
Zo=2- w%‘g e () @)
where the total disc mass is 0.105 Mg (assuming a gas-to-dust mass
ratio of 100), r. is 80 au, rj, is 8.78 au, and y is —0.20 (Kwon
et al. 2015). This model is shown in Fig. 2 as the grey dashed
line. Although the observed emissivity profiles of the millimetre-
and centimetre-sized dust are more complex, the above profile
has been shown to be consistent with these (Pinte et al. 2016)
and there is no evidence that these features are also present in
the bulk gas distribution. We therefore utilize this profile in our
analysis.

A range of mid-plane temperature profiles exist for the HL Tau
disc (e.g. Kwon et al. 2015; Zhang et al. 2015; Okuzumi et al.
2016; Carrasco-Gonzalez et al. 2019). The model from Kwon
et al. (2015) is consistent with a Tyiq = 55 K(r/10au)~"% for r
> 10 au. While this is colder than other temperature structures (e.g.
Zhang et al. 2015), warmer models have no CO snow line (~20 K)
within the radial extent of the disc. This is in tension with recent
observations of a chemical tracer of the CO snow line, NoH™, which
has been detected in the HL Tau disc (Qi, private communication).
We therefore utilize the above temperature structure, which places
the mid-plane CO snow line at approximately 50 au.

We convert the observed integrated line intensity of *C!70 to
a column density of *C!'"O under the assumption of both local
thermodynamic equilibrium (LTE) and optically thin line emission.
For each point in the radial profile we calculate

J I, dv Ororexp(Ey/Tex)

N(®C70) =2.04
( ) 0,65 v3(Suu?)

x 102 ecm™2, 3)

where [1,dv is the integrated line intensity in Jy beam™' km s7',
0, and 0}, are the semimajor and semiminor axes of the synthesized
beam in arcseconds, T is the excitation temperature in K, and
v is the rest frequency of the transition in GHz (Remijan et al.
2003). The partition function (Qy), upper energy level (E,, in
K), and the temperature-independent transition strength and dipole
moment (S 42, in debye?) are taken from the Cologne Database
for Molecular Spectroscopy (CDMS; Miiller et al. 2005).

Since the innermost regions of the '*C'70 emission are affected
by continuum absorption, we concentrate our efforts toward repro-
ducing the level of emission between ~90 and 110 au. As this radial
location is beyond the model mid-plane CO snow line, any emission
will be tracing CO gas from the molecular layer down to the CO
snow surface (see Miotello, Bruderer & van Dishoeck 2014). We
therefore adopt T, = 25 K for the excitation temperature in this
region (see Akiyama et al. 2011), but note that a range of values
for this parameter (20-80 K) result in values of column density
that are well within the observed error in the integrated intensity
profile.

To convert from *C!70 to 12C'°0 we assume isotope ratios con-
sistent with the interstellar medium (ISM), n(IZC“’O)/n(”CmO) =
69, n(*>C'%0)/n(2C'30) = 557, and n('2C**0)/n(**C'70) = 3.6
(Wilson 1999). We then extrapolate to a H, column density
assuming a moderately depleted disc averaged n('2C'®0)/n(H,)
ratio of 5 x 107°. A total gas density is then calculated assuming
80 per cent of the gas mass lies in H; (e.g. Rosenfeld et al. 2013).

MNRASL 493, L108-L113 (2020)
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Figure 1. (a) The 0.9 mm continuum image from ALMA Partnership et al. (2015). (b) The '*C'70 J = 3-2 integrated intensity map. (c) The 3C!70 J = 3-2
intensity-weighted velocity map. (d) The '*C!70 J = 3-2 and 0.9 mm continuum (normalized to the line emission peak) deprojected and azimuthally averaged
radial profiles. The shaded regions are the errors given by the standard deviation of intensity points in each bin (0.1 arcsec) per beam per annulus.
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Figure 2. Comparison of total gas surface density derived from the 3C170
integrated intensity profile (circles) with our initial and final disc model
(dashed and solid lines, respectively). Filled circles show the points used to
fit the model, which the inset shows in more detail. Errors are propagated
from the observations.

Based on the above, we find that an increase in the total disc gas
mass to Mg, = 0.2070 90 My, is required to match the observations
between 90 and 110 au (where errors are propagated from the
observed radial intensity profile). The resulting curve is shown in
Fig. 2 alongside our gas surface density values derived from the
radial intensity profile of 3C!"0.

MNRASL 493, L108-L113 (2020)

4.2 Assumptions influencing the derived gas mass

The conversion of line flux to gas mass depends on several
assumptions, which we discuss here. Our derived gas mass is
sensitive to the chosen conversion factor between CO and H, (see
Bergin & Williams 2017, for a review). While this factor is often
taken to be ~107#, studies of individual protoplanetary discs have
revealed carbon depletion from factors of 5 to orders of magnitude
(e.g. McClure et al. 2016), and surveys have demonstrated this
phenomenon is widespread (e.g. Miotello et al. 2017). Our chosen
value of n('2C'%0)n(H,) = 5 x 1075 therefore accounts for a
modest depletion factor of 2, in agreement with disc chemical
models at ages of ~1 Myr (Bosman, Walsh & van Dishoeck 2018;
Schwarz et al. 2018).! The derived disc gas mass scales linearly
with the inverse of the depletion factor, so under the assumption
of no carbon depletion (e.g. 10~*), our derived disc mass would be
half our quoted value.

We have also assumed that our observations trace the full column
of CO on both the ‘near” and ‘far’ sides of the disc. This will not
be the case if there is a significant fraction of CO frozen out in
the disc mid-plane, or if the *C'70Q J = 3-2 emission is optically
thick. In addition (as discussed in Section 3), Carrasco-Gonzilez
et al. (2019) have determined that the continuum optical depth in
the disc is high, with  ~ 8 at 330 GHz. Therefore, our observations
are not sensitive to CO emitting on the far side of the disc. In this

'Though we note depletion factors depend on variables such as temperature
and ionization rate.
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Figure 3. (a) Radial Toomre Q parameter for our derived disc mass. Shaded regions denote the errors propagated from the radial intensity profile. Dashed
grey and black lines mark the Q = 1.7 and 1.0 levels, respectively. The radial locations of the ‘D’ gaps reported in ALMA Partnership et al. (2015) are shown
with vertical black ticks. (b) Same as Fig. 1(a), where the blue shaded area highlights the unstable region of the disc, with Q < 1.7 from panel (a).

scenario, the true gas mass in the disc would be (at least) a factor of
2 higher.

Observations of CO rovibrational lines toward the HL Tau
envelope have revealed a significantly higher n('2C'¢0)/n('2C'®0)
ratio of 760 £ 80, which is consistent with isotope-selective
photodissociation and self-shielding (Visser, van Dishoeck & Black
2009; Smith et al. 2015). But, as these higher energy infrared
transitions do not trace the same reservoir of CO probed in our
submm observations, we adopted the ISM values. If the higher ratio
applies, then a higher column of CO would be required to match
our observations, increasing our derived gas mass (though by factors
lower than the above examples).

The precise magnitude of these effects cannot be determined
without dedicated modelling of the HL Tau disc. Nevertheless,
we believe our estimates for these factors imply that our derived
gas mass is a conservative lower limit. Future high spatial and
spectral resolution observations of multiple CO isotopologues
toward HL Tau will enable us to place more stringent constraints
on the gas mass in the disc.

5 DISCUSSION

5.1 Comparison to other mass measurements

Tapia et al. (2019) use combined dust and gas evolutionary disc
models to reproduce ALMA and Very Large Array (VLA) con-
tinuum profiles of the HL Tau disc from 0.87 to 7.8 mm. Their
best-fitting model possesses a dust mass of 4.8 x 107> My with a
gas-to-dust mass ratio of 50, resulting in a disc gas mass of 0.23 M.
Our result from *C'7O therefore brings mass measurements from
dust continuum and molecular line emission into agreement for the
first time in this disc.

Wu et al. (2018) use the C'*0 J = 2—1 Submillimeter Array
(SMA) observations of HL Tau to derive a total disc gas mass of
2-40 x 1074 M, which is between a factor of 50 and 1000 smaller
than the gas mass implied by our results. However, the above work
adopts a CO/H; ratio of 2.7 x 10~*, which assumes no C depletion,
and that all potential volatile carbon in the disc is the form of CO
(given an ISM C/H ratio of 1.4 x 10~*; Cardelli et al. 1996). If
we adopt the same ratio as Wu et al. (2018), our resulting gas mass

would be ~0.04 Mg, which is still a factor of 10-200 higher than
the gas mass derived from C'®0.

Using equation (3) we can compare the values for N(**C'70)
and N('2C"0). A column density ratio of ~250 would imply that
both lines are optically thin. However, using our data and the data
from the radial profile presented in Wu et al. (2018) for a radius of
100 au, we find that the ratio is only ~4. This demonstrates that the
C'80 J = 2-1 emission is optically thick in the HL Tau disc, and
is therefore not tracing the bulk gas mass in the molecular layer (as
also found for HD 163296; Booth et al. 2019).

5.2 The (in)stability of the disc

The gravitational stability of the higher mass disc can be assessed
using the Toomre Q parameter (Toomre 1964),
CsK

nGxY’

0= 4
where c¢; is the sound speed of the gas (calculated from Tiy4), ¥
is the surface density of the gas and dust, and « is the epicyclic
frequency (equal to the angular velocity €2 in a Keplerian disc
where we assume a central star mass of 1.7 My; Pinte et al. 2016).
The resulting radial profile of Q is shown in Fig. 3(a).

Regions of the disc with Q < 1.7 will be susceptible to
gravitational instability (Durisen et al. 2007; Helled et al. 2014),
leading to non-axisymmetric structure in the disc and potentially
fragmentation. Our observations therefore support a picture in
which the disc around HL Tau is gravitationally unstable (Q <
1.7) from approximately 50 to 110 au (with minimum Q = l.lfg:;
at r = 77 au). Taking into account observational uncertainties, it is
also possible that O < 1 between 60 and 100 au.

If the disc around HL Tau is threaded by a magnetic field, then this
may offer an additional mechanism to support the disc against self-
gravity. In these cases, Q is modified by a factor /1 + 1/8, (where
Bp is the plasma parameter) and the threshold for instability lies
within the range Q < 1.2-1.4 (Kim & Ostriker 2001). In general,
values of B, range from ~10 under ideal magnetohydrodynamic
(MHD) conditions (Forgan, Price & Bonnell 2017) up to 10* for
non-ideal MHD (Hasegawa et al. 2017). Such values do not alter our
minimum Toomre Q value by more than ~5 per cent, suggesting
that even if the HL Tau disc possesses a strong magnetic field

MNRASL 493, L.108-L113 (2020)
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(Bp ~ 10), it would not be sufficient to move the disc into a stable
regime.

5.3 The region of instability in context

Fig. 3(b) shows the region of instability in the HL Tau disc with
respect to the Band 7 (0.9 mm) continuum observations of ALMA
Partnership et al. (2015). The unstable region spans several of
the bright rings and dark gaps identified in the dust disc (B3-B7
and D4-D7). Modelling of unstable discs with a decoupled dust
component shows grains concentrating in spiral arms (e.g. Rice
et al. 2004; Dipierro et al. 2015a). Therefore it is not immediately
clear how to reconcile such an apparently unstable disc with the
ordered concentric rings observed in the dust.

Several studies have shown that the ‘double gap’ feature from
~65 to 74 au (D5-B5-D6) can be reproduced by the presence of a
planet with mass between ~0.2 and 0.6 M}, (Dipierro et al. 2015b;
Jin et al. 2016; Dong et al. 2018), which is supported by mm—
cm observations across this radial region (Carrasco-Gonzélez et al.
2019). The higher gas surface density revealed by our observations
implies that mm-sized grains would be better coupled to gas than in
the above works. Therefore, larger planet masses would be required
to match the observed dust structures. When considering the lower
bound of our observational errors, we find Q < 1 from ~60 to
100 au. Here the local cooling time is expected to be short (e.g.
Rafikov 2005; Clarke & Lodato 2009), meaning that this region of
the disc would undergo gravitational fragmentation. This scenario
is in agreement with dedicated modelling of star—disc systems with
similar properties as HL. Tau, which form fragments with masses
between 1 and 5 Mj,, (Boss 2011). Therefore, if such a planet is
confirmed to be the origin of this observed gap structure, then we
suggest it has likely formed via gravitational fragmentation.

Recently, Yen et al. (2019) detected a spiral feature in obser-
vations of HCO™ J = 3-2 towards HL Tau. While they attribute
the spiral to in-falling material from the surrounding envelope, this
feature crosses our region of instability in the disc. Chemical models
of gravitationally unstable discs have predicted HCO™ to be a tracer
of spiral structure (Ilee et al. 2011; Douglas et al. 2013). In light of
this, we suggest that the spiral structure on small (<100 au) scales
could be due to gravitational instability within the disc.

6 CONCLUSIONS

We have presented the first detection of '*C'70 in the HL Tau disc,
revealing a significant reservoir of previously hidden gas mass.
The total disc mass is now sufficient for the disc to be considered
gravitationally unstable between 50 and 110 au. This region crosses
a spiral feature observed in the gas, and a proposed planet-carved
gap in the dust continuum. We suggest that if a massive planet is
confirmed to be the origin of this gap, then it likely formed via
gravitational fragmentation of the protoplanetary disc.

This work represents only the second detection of *C'70 in
a protoplanetary disc. It further demonstrates the utility of rare
CO isotopologues in probing the physical conditions in discs, with
important implications for their evolution and the formation of
planets within them.
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