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ABSTRACT

Context. Physical processes that govern the star and planet formation sequence influence the chemical composition and evolution of
protoplanetary disks. Recent studies allude to an early start to planet formation already during the formation of a disk. To understand
the chemical composition of protoplanets, we need to constrain the composition and structure of the disks from whence they are
formed.
Aims. We aim to determine the molecular abundance structure of the young disk around the TMC1A protostar on au scales in order
to understand its chemical structure and any possible implications for disk formation.
Methods. We present spatially resolved Atacama Large Millimeter/submillimeter Array observations of CO, HCO+, HCN, DCN, and
SO line emission, as well as dust continuum emission, in the vicinity of TMC1A. Molecular column densities are estimated both
under the assumption of optically thin emission from molecules in local thermodynamical equilibrium (LTE) as well as through more
detailed non-LTE radiative transfer calculations.
Results. Resolved dust continuum emission from the disk is detected between 220 and 260 GHz. Rotational transitions from HCO+,
HCN, and SO are also detected from the inner 100 au region. We further report on upper limits to vibrational HCN υ2 = 1, DCN,
and N2D+ lines. The HCO+ emission appears to trace both the Keplerian disk and the surrounding infalling rotating envelope. HCN
emission peaks toward the outflow cavity region connected with the CO disk wind and toward the red-shifted part of the Keplerian
disk. From the derived HCO+ abundance, we estimate the ionization fraction of the disk surface, and find values that imply that
the accretion process is not driven by the magneto-rotational instability. The molecular abundances averaged over the TMC1A disk
are similar to its protostellar envelope and other, older Class II disks. We meanwhile find a discrepancy between the young disk’s
molecular abundances relative to Solar System objects.
Conclusions. Abundance comparisons between the disk and its surrounding envelope for several molecular species reveal that the
bulk of planet-forming material enters the disk unaltered. Differences in HCN and H2O molecular abundances between the disk
around TMC1A, Class II disks, and Solar System objects trace the chemical evolution during disk and planet formation.

Key words. Stars: protostars – Stars: formation – ISM: abundances – Astrochemistry – Protoplanetary disks – ISM: individual
objects: TMC1A

1. Introduction

The properties of newborn planets will likely reflect the en-
vironment in which they formed. Thus, knowing the physical
and chemical structure of protoplanetary disks is absolutely
necessary in order to understand the process of planet formation.
Evidence for on-going planet formation has been captured by
recent high-spatial resolution millimeter and high-contrast IR
observations that reveal gaps, rings, and spiral dust substructures
in protoplanetary disks (e.g., ALMA Partnership et al. 2015;
Pérez et al. 2016; Long et al. 2018; Huang et al. 2018). The
immediate emerging paradigm is that planet formation starts
early during the embedded stage of star formation (Class 0 and I,
e.g., Harsono et al. 2018). This is supported by cosmochemical
measurements of calcium aluminium inclusions and chondrules

that are found in chondritic meteorites formed in the early Solar
System (Connelly et al. 2012; Bollard et al. 2017; Jacquet et al.
2019; Haugbølle et al. 2019). A spatially resolved molecular
studies of a young disk can reveal the environment of the early
stages of planet formation.

Understanding the physical and chemical structure of planet-
forming disks relies on both high-spatial resolution and spec-
trally resolved observations. From dust continuum observations,
the physical structure of Class II disks have been constructed and
compared to theoretical studies of disk evolution (Williams &
Cieza 2011; Manara et al. 2017; Tazzari et al. 2017; Manara et al.
2019). Once a physical structure is determined, the chemical
structure can be studied and compared with evolutionary models
coupled to chemistry (e.g., Dutrey et al. 1997; van Zadelhoff
et al. 2001; Aikawa et al. 2003; Ceccarelli et al. 2005; Piétu et al.
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2007; Bergin et al. 2010; Bruderer et al. 2012; Chapillon et al.
2012; van der Marel et al. 2014; Loomis et al. 2015; Guzmán
et al. 2015; Fedele et al. 2016; Salinas et al. 2016; Kama et al.
2016; McClure et al. 2016; Öberg et al. 2017; Carney et al.
2018). Meanwhile, on-going planet formation can also affect the
strength of molecular line emission, as suggested by a decreasing
HCN/H2O mid-IR line flux ratio with decreasing disk mass
observed toward Class II disks (Najita et al. 2013). However,
similar studies towards embedded, young stellar objects are still
difficult.

Detailed studies of the physical and chemical structure
of young, embedded disks are hindered by the surrounding,
obscuring protostellar envelope. In addition, since the chemical
evolutionary timescale in the disk is typically longer than the
envelope infall timescale, the final chemical structure of the disk
also depends on the physical and chemical evolution of the pro-
tostellar envelope (Bergin & Langer 1997; Aikawa et al. 1999;
Visser et al. 2009; Hincelin et al. 2013; Yoneda et al. 2016). In
this regard, chemical studies with single-dish telescopes have
been instrumental in determining the bulk chemical structure
of large-scale envelopes around low-mass stars (> 1000 au,
e.g., Blake et al. 1995; van Dishoeck & Blake 1998; Jørgensen
et al. 2004; Graninger et al. 2016) down to the scales of a
few hundred au with millimeter interferometers such as the
Submillimeter Array and IRAM NOrthern Extended Millimeter
Array (e.g., Jørgensen et al. 2005, 2007; Bisschop et al. 2008;
Maury et al. 2014; Taquet et al. 2015). With the Atacama Large
Millimeter/submillimeter Array, it is now possible to spatially
and spectrally resolve the molecular emission to isolate the
Keplerian disk from the surrounding envelope (e.g., Sakai et al.
2014a; Artur de la Villarmois et al. 2018, 2019b). This aspect
makes it possible to explore the chemical structure of young
disks and examine the early stages of planet formation.

Many inferred chemical compositions demonstrate a link
between Solar System comets and young stellar objects, while
others indicate differences since formation (e.g., Schöier et al.
2002; Visser et al. 2009; Pontoppidan et al. 2014; Persson et al.
2014; Garrod 2019). For example, the most recent comparison
between the young stellar object IRAS 16293–2422 and comet
67P/Churyumov–Gerasimenko shows a correlation in the CHO-
, N- and S-bearing molecules (Drozdovskaya et al. 2019).
Meanwhile molecular species such as CH3OH, CH3CN, and
CH3SH are elevated compared to comets, which indicates some
degree of processing. Further evidence for a direct link between
the birth environment of a planet and the initial structure of the
proto-Solar disk can be found in the elemental enhancement of
Jupiter’s atmosphere with respect to solar (Owen et al. 1999;
Asplund et al. 2009; Öberg & Wordsworth 2019; Bosman et al.
2019). It is therefore crucial to understand the chemistry and
variation of molecular abundances during the early stages of
disk evolution to be able to draw conclusions about the details
of planetary composition.

In the classical theory of a disk (Lodato 2008; Armitage
2011), a protoplanetary disk is characterized by its Keplerian
motion. Hence, molecular emission from rotationally supported
object will more likely trace the chemical structure of an early
disk. A few young stellar objects show a clear sign of an
embedded Keplerian disk (e.g. Jørgensen et al. 2009; Harsono
et al. 2014; Yen et al. 2017; Artur de la Villarmois et al. 2019a).
Only a handful of these targets are less embedded and at a
favorable orientation such that there is a direct line-of-sight to
the disk through the tenuous envelope. One of those targets is
TMC1A (IRAS 04365+2535) with i ∼ 60◦ and a ∼0.1 M⊙
envelope, which makes it a “Stage I” embedded young stellar

object (Robitaille et al. 2006; Kristensen et al. 2012). A “Stage
I” system refers to a protostellar object with an envelope mass
that is similar to its protostellar mass. High-spatial resolution
observations of 12CO, 13CO, and C18O demonstrate a clear
distinction between outflowing gas (Bjerkeli et al. 2016), the
Keplerian disk, and the large-scale envelope (Harsono et al.
2018). The relatively simple geometry of TMC1A with its well-
defined disk, makes it an ideal laboratory for determining the
distribution and abundances of common, simple molecules on
scales of ∼ 15 au. This paper presents such an analysis and
compares the inferred chemistry to that of the Solar System as
well as more evolved young stellar objects. Thereby it also helps
shedding light on which molecules can serve as fingerprints of
disk formation and evolution.

This paper presents the detection of simple molecules in the
young disk around TMC1A. By determining their molecular col-
umn densities, we constrain the molecular abundance structure
of its Keplerian disk with respect to C18O. The paper outline
is as follows. Section 2 presents the observational details. Dust
continuum emission and the detected molecular lines are pre-
sented in Sect. 3. HCN and DCN lines are analyzed further using
the C18O spectral cube as a proxy mask. In Sect. 4, optically
thin, thermalized molecular emission and non-LTE radiative
transfer calculations are been used to determine the molecular
column densities and their excitation conditions. Using these
column densities, we estimate the molecular abundances and
temperature structure of the young disk around TMC1A. By
utilizing a reduced chemical network, the ionization fraction of
the disk is approximated in order to understand the physical
processes that drive its accretion. The derived abundances are
compared with the protostellar envelope, Class II protoplanetary
disks, and Solar System objects in Sect. 5. Finally, the summary
and conclusions can be found in Sect. 6.

2. Observations

TMC1A was observed during long baselines campaigns (LBC,
16 km) of the Atacama Large Millimeter/submillimeter Array
(ALMA) on three occasions. We have concatenated three LBC
projects: 2015.1.01549.S (PI: van der Wiel), 2016.1.00711.S
(PI: van der Wiel), and 2017.1.00212.S (PI: Bjerkeli). The first
data set (2015.1.01549.S, tuned to frequencies of CO and its
isotopologs) was published in Bjerkeli et al. (2016) and Harsono
et al. (2018). We also use water (H18

2O 31,3 − 22,0 at 203
GHz) observations taken with the NOrthern Extended Millime-
ter Array (NOEMA), and which are presented in Harsono et al.
(2020). Here, we present observational details of the second
(2016.1.00711.S, Sect. 2.1) and third (2017.1.00212.S, Sect. 2.2)
ALMA data sets, while we refer to Harsono et al. (2018, 2020)
for details on the imaging and calibration of the first ALMA
data set and the NOEMA data, respectively. Table 1 lists the
observational details of the ALMA programs used in this paper.

2.1. ALMA observations: 2016.1.00711.S

ALMA observed TMC1A on September 22 and 23 in 2017. The
observations were taken with ∼40 antennas under very good
weather conditions with a precipitable water vapor (PWV) of
0.35 mm. The baseline coverage was between 40 m and 12 km,
which translates to 30 kλ up to 104 kλ. The bandpass, phase, and
flux calibrators are indicated in Table 1. Four spectral windows
were utilized in this program. Three narrow high resolution
windows were centered on HCN J = 3 − 2 (265.8861800 GHz),
HCO+ J = 3 − 2 (267.8527094 GHz), and SO NJ = 56 − 45
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Table 1. ALMA observational details on Band 6 long baseline observations of TMC1A. Project IDs are indicated.

Date Bandpass Phase Flux Bl. coverage (km) Nant. PWV (mm) WVR corr.a

2015.1.01549.S
Oct 16, 2015 J0510+1800 J0440+2728 J0433+2905 0.04 – 16.2 42 1.8 Yes
Oct 23, 2015 J0510+1800 J0440+2728 J0433+2905 0.04 – 16.2 40 0.6 Yes
Oct 30, 2015 J0510+1800 J0440+2728 J0433+2905 0.04 – 16.2 40 0.3 Yes

2016.1.00711.S
Sep 22, 2017 J0510+1800 J0438+3004 J0510+1800 0.04 – 12.1 42 0.7 No
Sep 23, 2017 J0510+1800 J0438+3004 J0510+1800 0.04 – 12.1 40 0.4 No

2017.1.00212.S
Oct 19, 2017 J0510+1800 J0438+3004 J0510+1800 0.04 – 16.2 51 1.1 No

Notes.
(a) Application of the non-standard WVR correction as presented in Maud et al. (2017).

(251.82577000 GHz), respectively. A wide spectral window (1.8
GHz) was centered at 253.2 GHz to measure the dust continuum.
Rest line frequencies are obtained from the JPL (Pickett et al.
1998) and CDMS catalogs (Müller et al. 2005; Endres et al.
2016). The data were calibrated using the Cycle 4 pipeline of
CASA 4.7.2 (McMullin et al. 2007).

2.2. ALMA observations: 2017.1.00212.S

This ALMA project was executed on October 19 2017. The ob-
servations were taken with ∼51 antennas. The baseline coverage
was between 40 m and 16.2 km, which translates to 30 kλ to 104

kλ. The bandpass, phase, and flux calibrators are also indicated
in Table 1. Four broadband continuum spectral windows (1.8
GHz) were used in this program. Molecular lines are not clearly
detected because of the low spectral resolution. The data was
calibrated using the Cycle 5 pipeline of CASA 5.1.1.

2.3. Self-calibration and combined ALMA data

We combined these ALMA projects into a single measurement
set using the CASA task concat to improve the S/N of the dust
continuum model. The concatenated data allows for simulta-
neous phase and amplitude self-calibrations to produce better
flux calibration across the three data sets. This self-calibration
is based on the line-free channels in each spectral window, and
was performed with CASA 5.4.1. We fixed the phase center
of each measurement to the value obtained in Harsono et al.
(2018) utilizing the data with the most stable weather conditions.
The phase center of J2000 04h39m35.203s +25d41m44.21s is
determined by fitting an elliptical Gaussian to the continuum
visibilities with CASA task uvfit. The phase solutions obtained
from the broadband windows are applied across the narrow spec-
tral windows. The imaging of the continuum is performed with
tclean using Briggs weighting (Briggs 1995) to minimize the
side lobes. Spectral windows containing the targeted molecular
lines are continuum subtracted in the (u,v) plane with the task
uvcontsub.

The targeted molecular lines are listed in Table 2 along with
the noise level per spectral resolution element. The spectral
lines are imaged at 0.3 km s−1 velocity resolution including a
spatial tapering at 0′′.08, resulting in the synthesized beam sizes
indicated in Table 2. Appendix A lists a few molecular lines that
were present in our spectral set up, but not detected in our data
sets.

3. Observational results

3.1. Spatially resolved dust continuum

The continuum images of TMC1A between 203 and 260 GHz
from the NOEMA and ALMA observations are shown in Fig. 1.
The NOEMA observation does not spatially resolve the disk,
which is evidenced by the lack of elongation present in the
ALMA images. However, the deconvolved size (0′′.56 × 0′′.44),
as determined by fitting an elliptical Gaussian to the observed
visibilities, indicates that the dust continuum is mostly tracing
the Keplerian disk (∼ 100 au, Harsono et al. 2014). The peak
intensities of the different continuum images are 93 mJy beam−1

at 203 GHz, 5.1 mJy beam−1 at 242 GHz, 5 mJy beam−1 at 240
GHz, and 9.8 mJy beam−1 at 260 GHz.

Continuum visibilities at various frequencies are shown in
Fig. 2 including the Sub-millimeter Array (SMA) data from
Jørgensen et al. (2009) and NOEMA data from Harsono et al.
(2014). The binned SMA data are scaled to 1.3 mm using a
frequency dependence of S ν ∝ ν

2.5. The phase as a function of
projected baselines is close to zero for the ALMA observations,
indicating the high data quality. The large standard deviation
in the NOEMA data reflects the lower number of (u,v) points
relative to the ALMA data. From the comparison between the
integrated flux density of the NOEMA and ALMA data at
220 GHz, the uncertainty in the absolute flux density is within
10%. It is interesting to note that the amplitude of the 260
GHz observations is lower than the values at 220 GHz at short
baselines (< 1000 kλ) while the opposite is true at long baselines
(> 1000 kλ). The peak intensity of the dust continuum image at
260 GHz is indeed higher than the peak at the lower frequencies.
However, as indicated in Table 2, the integrated continuum flux
density at 260 GHz is lower than at 203 GHz in the image plane.
The lower flux density at 260 GHz may indicate resolved-out
continuum emission at the higher frequency.

To characterize the dust disk, we utilize Galario (Tazzari
et al. 2018); Galario calculates the synthetic (u,v) visibilities
given an intensity profile and makes it possible to fit Gaussian in-
tensity profiles to the observed visibilities while simultaneously
constraining the flux density and the deconvolved size. The free
parameters are the peak intensity I in Jy sr−1, size of the emitting
region, inclination i, position angle PA, and position offset. The
Markov Chain Monte Carlo (MCMC) Python package emcee
(Foreman-Mackey et al. 2013) is used to efficiently explore a
wide range of parameters. At each observed frequency, a first run
is performed with 60 walkers (10× free parameters) and 1000
steps. Each walker explores the parameter space by gradually
stepping into a region with the lowest χ2. The best-fit values
are obtained by calculating the mean of the last 100 steps of
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cold disk/envelope gas at large radii. The estimated temperature
of 1000-2000 K at 0.1 au is also consistent with the observed
Lbol (2.7 L⊙) for a 4000 K protostar (R⋆ ∼ 3.4 R⊙). The derived
temperature structure implies that the warm TMC1A disk does
not have a CO freeze-out region (Tdust = 30 K) in the inner
100 au of the disk (van ’t Hoff et al. 2018b). Recent C17O
observations presented by van ’t Hoff et al. (2020) also indicate
the lack of CO freeze-out region in TMC1A disk.

5. Discussion: the molecular layer of disks

The unprecedented spatial resolution of these observations al-
lows us to disentangle molecular emission from the disk and
from the large-scale envelope. The simple molecules targeted
in our data set are 12CO, 13CO, C18O, SO, HCO+, HCN, and
DCN, plus the spectrally unresolved N2D+. These molecules can
be used to better understand the evolution of the physical and
chemical structure of disks during the embedded stage of star
and planet formation.

5.1. Physical components of embedded protostars traced by
molecular lines

The observed molecular lines trace different physical com-
ponents of an embedded protostellar system, i.e., the inner
envelope (R < 500 au), Keplerian disk, disk wind, and the
cold, infalling envelope. The schematic in Fig. 11 summarizes
the observed molecular tracers, their emitting regions, and the
physical component that we associate each tracer to. As done
previously, we use the symmetric line profile of 13CO and C18O
2–1 to establish the location of the Keplerian disk. We then
compare the other molecular line profiles with 13CO and C18O
to provide a first look into the physical components traced
by these other lines in TMC1A. Finally, we add the channel
maps and zeroth moment maps comparison to give the complete
understanding on the emitting regions of these molecules and the
structure of the TMC1A system.

From the line profiles in Fig. 3, the roughly symmetric HCO+

3–2 line profile indicates that it is tracing the Keplerian disk.
This is not unexpected since HCO+ is mainly formed through
reactions that involve CO (see Section 5.3), and, thus, HCO+

emission should coincide with the CO emission. On the surface
of the disk with low densities, chemical reactions tend to favor
the production of N2H+ (Aikawa et al. 2015) and the destruction
of HCO+ by water vapor (Jørgensen et al. 2013; van ’t Hoff et al.
2018a). The emitting HCO+ layer in the disk is confined to a
small outer layer (see Mathews et al. 2013).

The asymmetric line profiles of HCN and SO, meanwhile,
strongly indicate that these lines are tracing multiple physical
components along the line of sight (Fig. 7). For example, both
HCN and SO show red-shifted emission to the west that corre-
sponds (both spatially and in velocity space) to the Keplerian
disk as traced by C18O and HCO+.

The narrow line profile of HCN 3–2 (Figs. 6 and 7) strongly
indicates emission from quiescent gas, and this gas could be in
either the envelope or Keplerian disk. The similarity in the line
shape and velocity peak of HCO+ and C18O in Fig. 7 points to
the Keplerian disk as the origin of the red-shifted HCN emission.
At lower velocities, the HCN line profiles shows evidence of
some contribution from the surrounding envelope. Therefore, we
conclude that the HCN line traces the disk-envelope transition
region. A detailed 2D physical and chemical model is required
to quantify the exact location of the molecular emission, but this

is beyond the scope of the current work. Finally, the morphology
and velocity of HCN 3–2 emission (Figs. 5, 6) does not appear to
be connected to the outflow observed previously in CO (Bjerkeli
et al. 2016).

Our spatially resolved SO observations show morphological
features (Figs. 4 and 5) that are similar to CO and HCO+.
The narrow line profile of SO in Fig. 7 and the low peak
temperatures of SO in Fig. 10 meanwhile rule out an accretion
shock origin (e.g., Sakai et al. 2014b). A comparison between
the zeroth moment maps of C18O, HCN, and 12CO is shown
in Fig. 12. Since the SO and 12CO molecular emission are
not co-spatial, it excludes a disk wind origin for SO (e.g.
Tabone et al. 2017) for TMC1A. However, the blue-shifted HCN
emission in Fig. 12 peaks at the location near the blue-shifted CO
emission suggesting a region where the wind and the envelope
interact. The combination of the SO line profile and its peak
brightness temperature (Fig. 10) indicates that it originates from
the infalling, warm inner envelope along the line of sight. The
location of the SO emission with respect to the disk wind (blue-
shifted emission at 4.3 km s−1) and the Keplerian disk further
supports that SO is located along the outflow cavity wall. This is
also hinted by the presence of lower velocity component in the
spectrum shown in Fig. 7. The favorable orientation of TMC1A
and these deep spectrally resolved molecular line observations
allow us to disentangle the different physical components of this
embedded disk. Such an empirical derivation of the origin of SO
would have been impossible in an edge-on system and without
additional gas line tracers.

5.2. Molecular abundances in the TMC1A disk.

One of the major questions in star and planet formation is
whether or not planet-forming materials enter the disk from
the envelope unaltered. Alteration of planet-forming materials
require high temperatures that can generally only be achieved in
interstellar shocks and the inner regions of protostellar systems.
These changes would be relevant for the accretion history of
the protostar (e.g., dust sublimation in the inner regions of
the disk or protostellar accretion bursts) and disk formation
(e.g., accretion shocks at the disk-envelope interface that affect
the chemistry and ionization fraction) that can be explored by
comparing the chemical abundances of young stellar objects at
different scales. Indeed, differences in chemical content between
the embedded disk and its surrounding envelope may point to
on-going physical processes during the early stages of star and
planet formation.

The molecular line spectra and the kinetic temperature anal-
ysis presented in this work identify some regions and velocity
intervals that emission from the disk, but also indicate that
some lines of sight toward TMC1A are contaminated by its
surrounding envelope. We showed in Sect. 4.1 that assuming
the optically thin limit can provide useful constraints on the
emitting molecular layer and the column densities of the disk.
Furthermore, with the azimuthally averaged column densities in
hand, we can constrain the molecular abundances in the disk.
In addition, since these observations use the longest baselines
configuration of ALMA, they are only sensitive up to a maxi-
mum recoverable scale of ∼ 0′′.5 (∼ 70 au). Thus, the observed
molecular emission is restricted to the inner hundred au of
TMC1A, however, the chemical timescales in these regions are
indeed longer than the infall timescale (the time for the gas to fall
onto the disk). Therefore, we expect that the derived molecular
abundances on the observed scales of these observations should
not significantly change before the molecular gas enters the disk.
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HCO+ emission seems to be confined to regions with nH2 < 108

cm−3 (see Mathews et al. 2013).
An MRI active region is defined by its magnetic Reynolds

number

Re =
csh

D
≈ 1
(

Xe

10−13

)

T
1/2
100KR3/2

au , (1)

where cs is the sound speed, h is the disk scale height, D is the
magnetic diffusivity, T100K is the gas temperature normalized to
100 K, and Rau is the radial distance from the star normalized to
1 au (Perez-Becker & Chiang 2011). A secondary condition for
a MRI unstable disk is a high ion-neutral collision rate, i.e., that
the turbulence is efficiently transferred to the bulk neutral disk.
The ion-neutral collision rate can be expressed using

Am ≈ 1
(

Xi

10−8

)

n10R3/2
au , (2)

where Xi is the abundance of a singly ionized species and n10

is the gas number density normalized to 1010 cm−3 (Perez-
Becker & Chiang 2011). Here, we assume that HCO+ is the
dominant ion. Given the estimated abundance of the HCO+

emitting layer, and the inferred electron abundance Xe (using
nH2 = 106 cm−3 and ζ = 10−17 s−1; see above), we estimate
that Re > 106 and Am < 0.1. Depending on the disk structure
and the magnetic field orientation, the region of the disk needs
to be above the critical Re = 102–104 (Fleming et al. 2000;
Flock et al. 2012) for MRI to be active. Magneto-hydrodynamic
disk shearing box simulations by Bai & Stone (2011) meanwhile
suggest that MRI can be active in disks at any given Am if
the disk is sufficiently weakly magnetized. Therefore, unless the
TMC1A disk is weakly magnetized, which is in contrast to the
magnetically-powered disk wind observed in TMC1A (Bjerkeli
et al. 2016), MRI is likely not active in the observed molecular
layer.

The current disk accretion rate can also be inferred through
the location of the water snow surface. We use the brightness
temperature profile in Fig. 10 to estimate that the water snow
surface in TMC1A is located at ≃10 au (i.e. where T < 160
K), which is consistent with the non-detection of millimeter
H18

2O emission from this disk (Harsono et al. 2020). The relation
between the midplane water snowline and the disk accretion rate
in embedded disks was explored in Harsono et al. (2015). From
those results, and the non-detection of the water line, we infer
that the stellar accretion rate is . 10−5 M⊙ yr−1 in TMC1A.

The observed brightness temperature profile (Sect. 4.2)
likely traces the irradiated disk surface (Teff ∼ L

1/4
⋆ R−1/2). From

the inferred water snowline location and the current bolometric
luminosity, we estimate that the current stellar accretion rate
is close to 10−6 M⊙ yr−1. Note that the current TMC1A disk
accretion rate (∼ 10−6 M⊙ yr−1) is higher than the values
obtained from its bolometric luminosity and previous large-
scale molecular emission. A more detailed 2D physical structure
(see e.g., Cleeves et al. 2013, 2017) of the disk+envelope is,
however, required to more accurately assess these values.

Other sources of angular momentum transport which could
drive the accretion in the TMC1A disk could be magnetically-
powered winds (e.g. Bai 2013; Ramsey & Clarke 2019),
and gravitational (GI) or hydrodynamical instabilities (Lyra
& Umurhan 2019). Due to the absence of observable dust
substructures in TMC1A, Harsono et al. (2018) suggest that
Mdisk/M⋆ . 0.1, yielding αGI . 0.06 (i.e. a long cooling
timescale tcool ∼ 10Ω−1).

6. Summary and Conclusions

This paper presents spatially resolved observations of dust and
gas with ALMA toward the young disk around TMC1A. The
high-spatial resolution provided by 16 km baselines has proven
crucial in isolating the emission of the young disk from its
surrounding envelope. Studies such as this are critical to tracing
the evolution of various molecules during the early stages of
planet formation. The results and conclusions of this paper are
as follows.

– The dust disk is detected at 203, 220, 230, 240, and 260 GHz.
Dust continuum visibilities are analyzed with Gaussian in-
tensity profiles at each frequency to constrain the orientation
of the disk around TMC1A to i = 50◦±3◦ and PA = 76◦±4◦.

– We present high-spatial observations of DCN 3–2, HCN 3–2,
HCO+ 3–2, and SO 56–45, as well as a hint of spectrally
unresolved N2D+ emission. The N2D+ emission cannot be
imaged because it is mostly filtered out.

– High-spatial-resolution CO observations are essential to dis-
tinguish the molecular emission associated with the disk
wind, the envelope, and the Keplerian disk. By comparing
the morphology of the HCO+ emission to CO, we determine
that HCO+ traces the upper layers of the disk and parts of the
infalling envelope.

– Two HCN emission peaks are located to the west on the red-
shifted side of the disk and to the north of the blue-shifted
side of the disk. By comparing the HCN to 12CO and C18O,
the narrow line profile suggests that the emission to the north
of the disk traces the protostellar envelope near the outflow
cavity wall. Meanwhile, the red-shifted HCN emission to the
west is co-spatial with the HCO+ emission and emanates
from the surface of the embedded Keplerian disk.

– The zeroth moment map of SO shows a partial ring-like
structure that has been seen towards other protostellar sys-
tems. Owing to the orientation of the TMC1A system, we are
able to differentiate between the plane of SO emission and
the Keplerian disk as traced by C18O. The combination of the
SO line profile and its low brightness temperature indicates
that the emission originates from the dense and warm inner
envelope close to the outflow cavity wall.

– The molecular emission is analyzed considering thermal-
ized, optically thin emission as well as non-LTE models
using the RADEX radiative transfer code. We find that the
optically thin limit provides a reasonable estimate of the
emitting column densities of the detected molecular lines.
With the derived column densities, we infer the abundance
structure of the disk relative to CO. The disk-averaged
abundances are then XHCO+ = 10−10 – 10−9, XHCN = 10−11 –
10−9 and XSO = 10−9 – 10−7. With an upper limit to the DCN
emission, we estimate a DCN/HCN ratio of < 0.26 for the
TMC1A disk.

– The comparison of molecular abundances of the disk to its
surrounding envelope shows that the observed molecular
layer of the disk is composed of unaltered infalling gas.
This indicates a smooth transition between the envelope and
the young disk. Furthermore, the similarity of the relative
abundances of HCO+, HCN, and SO between the young
TMC1A disk and Class II disks suggest that some parts of
the molecular layer in disks are set during the disk formation
phase.

– The derived HCN, DCN, and H2O molecular abundances
of the TMC1A disk show larger discrepancies relative to
Class II disks and Solar System objects (comet 67P, Hale
Bopp, and Titan). While the HCN/H2O ratio of the TMC1A
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disk is consistent with observed inner disks and comets, the
ratio is different from values typically found in protostellar
envelopes. Similarly, the individual HCN abundance of the
TMC1A disk is different from Solar System comets despite
that it is within the range of other Class II disks. From these
comparisons, it would seem that the ratio of HCN/H2O is
established during the disk formation process. We propose
that deeper observations of HCN isotopologs and H2O are
crucial to understand the early physical and chemical evolu-
tion of planet-forming disks.

– Explaining the accretion process in disks is one of the
fundamental problems in astrophysics. With the derived
HCO+ abundance, we find that the observed molecular
layer of the TMC1A disk is not sufficiently ionized to
be MRI unstable. The ionization rate is obtained using a
reduced chemical network to reproduce the observed HCO+

abundance. We estimate an accretion rate of the TMC1A
disk of ∼ 10−6 M⊙ yr−1. Other physical processes such
as disk winds, gravitational instability, or hydrodynamical
instabilities are thus needed to drive accretion in TMC1A.

These results are one of the first that directly compare the
relative molecular abundances (six species) in a young disk
with its own envelope, Class II disks, and Solar System objects.
The aim of this comparison is to provide molecular tracers
that can probe the physics of disk formation and accretion. In
addition, HCO+ and H2O observations are crucial in revealing
the accretion process (envelope-to-disk, disk-to-star) during the
embedded stage of star formation. These observations support
the idea that the composition of the molecular layer of planet-
forming disks is determined during the disk formation phase.
Future deep observations that require ALMA LBC (> 16 km
baselines) per target (Lbol ∼ 3L⊙) within 200 pc will be needed to
further unravel the chemical structure of Keplerian disks around
young stellar objects.
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Table A.1. Undetected molecular lines in our spectral windows. Synthesized beams and noise levels per velocity channel (0.3 km s−1) are shown.

Molecular line transition Frequency Eup log10 Aul Beama Noise
(GHz) (K) (s−1) (′′×′′,◦) (mJy bm−1)

SiO J = 5 − 4 217.10450 31.26 −3.28 0.13 × 0.10, 32 1.6
13CN NJ = 23/2 − 11/2, F1, F = 1, 1 − 0, 1 217.27768 10.88 −4.24 0.08 × 0.07, 78 ∼ 5
13CS J = 5 − 4 231.22069 33.29 −3.60 0.12 × 0.10, 32 1
SO NJ = 34 − 43 267.19774 19.93 −6.15 0.13 × 0.10, 3 1.3

Notes.
(a) Elliptical synthesized beam parametrized by: FWHM long axis × FWHM short axis, position angle of the long axis.
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