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ABSTRACT

The nature of the gas in CO-rich debris discs remains poorly understood, as it could either be a remnant from the earlier Class II
phase or of secondary origin, driven by the destruction of icy planetesimals. The aim of this paper was to elucidate the origin
of the gas content in the debris discs via various simple molecules that are often detected in the less-evolved Class II discs.
We present millimetre molecular line observations of nine circumstellar discs around A-type stars: four CO-rich debris discs
(HD 21997, HD 121617, HD 131488, HD 131835) and five old Herbig Ae protoplanetary discs (HD 139614, HD 141569,
HD 142666, HD 145718, HD 100453). The sources were observed with the Atacama Large Millimeter/submillimeter Array
(ALMA) in Bands 5 and 6 with 1-2"" resolution. The Herbig Ae discs are detected in the CO isotopologues, CN, HCN, HCO™,
C,H, and CS lines. In contrast, only CO isotopologues are detected in the debris discs, showing a similar amount of CO to that
found in the Herbig Ae protoplanetary discs. Using chemical and radiative transfer modelling, we show that the abundances of
molecules other than CO in debris discs are expected to be very low. We consider multiple sets of initial elemental abundances
with various degrees of H, depletion. We find that the HCO* lines should be the second brightest after the CO lines, and that
their intensities strongly depend on the overall CO/H; ratio of the gas. However, even in the ISM-like scenario, the simulated
HCO™" emission remains weak as required by our non-detections.

Key words: techniques: interferometric — circumstellar matter — stars: individual: HD 21997, HD 121617, HD 131488,
HD 131835, HD 141569, HD 100453, HD 139614, HD 142666, HD 145718 — stars: early-type

1 INTRODUCTION

Recent line observations at millimetre wavelengths, mostly carried
out with the ALMA interferometer, have revealed the presence of
CO gas around about one and half dozen main-sequence stars known
to harbour optically thin circumstellar debris dust material (Hughes
etal. 2018). The observed dust and gas are at least partially co-located
at a radial distance of tens of astronomical units (au) from the host
stars. The derived CO masses display a large spread of at least five
orders of magnitude, with roughly bimodal distribution. While about
half of the sample has a low CO mass of < 1074 Mg, there are at least
six discs with the CO mass >0.01 Mg, a value that overlaps with
that of the more-evolved, less massive protoplanetary discs. The CO-
rich debris discs are found exclusively around young (10-50 Myr)
A-type stars (Kospdl et al. 2013; Modr et al. 2017, 2019). The host
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stars of discs with lower CO content show a greater diversity: their
spectral types range between A and M, and though this subsample
is also predominantly young (10-50 Myr, Dent et al. 2014; Lieman-
Sifry et al. 2016; Marino et al. 2016; Matra et al. 2019), it includes
two older systems, Fomalhaut and n Crv with ages of 0.44 Gyr and
1-2 Gyr, respectively (Marino et al. 2017; Matra et al. 2017).

Dust grains in debris discs are thought to be derived from collisions
of larger solids up to the size of planetesimals (Wyatt 2008; Hughes
etal. 2018). The emerging second-generation small dust particles are
continuously removed from the system by interaction with the stellar
radiation and the possible stellar wind. If the planetesimals are made
not only of rock but contain also ice, their collisions and erosion can
lead to the liberation of different gas molecules (Zuckerman & Song
2012; Kral et al. 2017). The lifetime of the released gas molecules in
debris discs is limited due to rapid photodissociation in the absence of
large amount of opaque dust grains. Considering only UV photons
from the interstellar radiation field (ISRF), the photodissociation
lifetime of unshielded CO molecules is only ~120 yr (Visser et al.
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2009; Heays et al. 2017). With such a short lifetime, only the gas
content of discs with lower CO masses could be explained within the
framework of secondary gas disc models.

However, as recent studies demonstrated (Kral et al. 2019; Cataldi
et al. 2020; Marino et al. 2020), assuming sufficiently high (but still
realistic) gas production rates from the icy bodies, neutral atomic
carbon gas — mainly produced via photodissociation of CO and CO,
— can become optically thick for UV photons that otherwise would
dissociate CO molecules. This extra shielding by the carbon gas
prolongs the photodissociation lifetime of CO significantly (Rollins
& Rawlings 2012), allowing larger CO masses to accumulate in
debris discs. At sufficiently high densities, self-shielding of CO gas
becomes important too, further increasing the lifetime of the CO
molecules in these optically thin discs. A detailed modelling of these
shielding processes shows that even the secondary gas scenario may
work for explaining the formation of the CO-rich debris discs (e.g.
Kral et al. 2019; Modr et al. 2019; Marino et al. 2020).

Debris discs emerge after the dispersal of Class II protoplanetary
discs which are made of gas-rich primordial material. Considering
that all known CO-rich debris discs are young and probably represent
the very early phase of debris disc evolution, Késpdl et al. (2013)
raised an alternative scenario (see also Péricaud et al. 2017; Nakatani
et al. 2021) that CO-rich debris discs actually have a hybrid nature,
where secondary debris dust and long-lived residual primordial gas
from the preceding ClassII disc phase coexist. In this model, the
necessary shielding of CO is related to the presence of leftover Hy
molecules. Should such hybrid discs exist, it would imply that during
the transition from protoplanetary to debris disc the evolution of
the gas and dust components can be decoupled from each other.
The origin of gas in the CO-rich debris discs is still under debate,
with recent observational pieces of evidence suggesting that in some
discs, the gas could indeed be of second generation (e.g., Hughes
et al. 2017; Kral et al. 2017, 2019).

One possibility to decide which of the above scenarios works
would be to investigate the chemistry in the CO-rich discs. Whatever
the origin of the gas in the CO-rich debris disc is, CO may not be the
only abundant gas component. In younger, less-evolved Class II pro-
toplanetary discs a number of major C-, O-, N-, S-bearing polyatomic
molecules have also been detected (e.g. Dutrey et al. 2014; Oberg &
Bergin 2021; Pegues et al. 2021). In our Solar System, the primitive
bodies such as comets have partly retained the primordial volatile
matter left from its formation epoch. The cometary ices are mainly
made of water, carbon monoxide, and carbon dioxide. In addition
to these constituents, about two dozen other molecules (e.g. CHy,
C,Hj5, HpCO, HCN) with lower abundances have been detected in
cometary atmospheres (Bockelée-Morvan & Biver 2017). The gas
mixture of a secondary disc is expected to contain the same species,
complemented with their photodissociation products. The relative
proportions of the individual constituents depend on the ice compo-
sition of the local exocomets, the mechanism that leads to the gas
release, the UV radiation environment, and the shielding efficiency.

Contrary to this, the gas mixture in a hybrid disc is thought to be
dominated by the long-lived primordial H, molecules. In addition,
there could be different primordial residual gas species as well as
secondary gas components released from the icy comets situated in
the disc. The presence of the large amount of Hj in such a disc
can lead to a significantly different chemical environment than in an
Hj-poor secondary gas disc.

Detecting other molecules than CO and thus better understanding
the composition of the gas in debris discs can help us to elucidate the
origin of the gas and, if the gas proves to be of secondary origin, to
constrain the ice abundance of exocomets. Motivated by these oppor-
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tunities, there already have been several attempts to survey the molec-
ular content of gas-bearing debris discs. Matra et al. (2018) used the
ALMA interferometer and the Submillimeter Array (SMA) to search
for several molecules (including CN, HCN, and HCO*) toward 3 Pic,
the nearest known gaseous debris disc. Kral et al. (2020) targeted
HD 121191 and HD 129590 with the ALMA interferometer to look
for CN molecules. Finally, recently Klusmeyer et al. (2021) presented
a deep molecular survey of the debris disc around 49 Cet. They have
targeted five molecules (HCN, CN, HCO*, SiO, and CH30H) with
ALMA to characterise the molecular chemistry. These millimeter sur-
veys resulted in non-detections for all species. The favourable edge-on
or nearly edge-on orientation of discs around 8 Pic and 49 Cet al-
lows to probe the gas material by measuring absorption lines in their
optical/ultraviolet spectra (Hobbs et al. 1985; Roberge et al. 2014).
Though, the application of this technique for 3 Pic resulted in the de-
tection of many different atomic species, even in these studies, only
CO was the only detected molecule (e.g. Vidal-Madjar et al. 1994;
Roberge et al. 2000, 2006). Moreover, the explored material is more
related to regions located much closer to the star.

The four objects mentioned above can be classified as low or
medium CO mass systems in the known sample of gas-bearing debris
discs. B Pic and HD 129590 with their CO masses of Mco <1074 Mg
probably have pure secondary origin (Cataldi et al. 2018; Matra
et al. 2018; Kral et al. 2020). HD 121191 and 49 Cet are more CO-
rich, raising the possibility that their gas material may be primordial
(Hughes et al. 2008; Modr et al. 2017, 2019). Nevertheless, based on
their estimated CO masses, ~0.0025 Mg for HD 121191 (Mo6r et al.
2017; Kral et al. 2020) and ~0.01 Mg for 49 Cet (Moodr et al. 2019),
even these systems are not the most CO-rich debris discs.

Our present study focuses on the molecular inventory of four
other CO-rich debris discs: HD 21997, HD 121617, HD 131488, and
HD 131835 (Késpdl et al. 2013; Modr et al. 2017). The estimated CO
content of these discs is higher (0.02-0.1 Mg) than those discussed
in the previous paragraph, making the hybrid scenario attractive in
the case of these CO-rich discs. Using deep ALMA observations,
we search for five molecules (CN, HCN, HCO*, C,H, and CS) in
these debris discs, compare the gas composition with that seen in
primordial discs around mature Herbig Ae stars, and perform chem-
ical simulations to learn if the observed gas composition could be
consistent with the hybrid disc hypothesis.

We discuss the target selection process in Section 2. Then, we
describe the observations and data reduction in Section 3. The results
of the observations and the measured line fluxes and their upper limits
are presented in Section 4. In Section 5 we are aiming to interpret
the data and provide the details of our modelling strategy. The final
conclusions are drawn in Section 6.

2 TARGETS AND SELECTED MOLECULES

Observations of rare CO isotopologues (C80and 3C0O) implied CO
gas masses of >0.01 Mg in six gas-bearing debris discs so far. Out
of these systems, 49 Cet was already surveyed for several molecules
by ALMA (Klusmeyer et al. 2021), while for HD 32297, no CO
isotopologue data were available at the time when our target list
was compiled. Therefore, the remaining four CO-rich debris discs,
HD 21997, HD 121617, HD 131488, and HD 131835 were selected
as targets of this study. All these discs are hosted by young A-type
stars. HD 121617, HD 131488, and HD 131835 are members of the
~16Myr old (Pecaut & Mamajek 2016) Upper Centaurus Lupus
subgroup of the Scorpius-Centaurus (Sco-Cen) association, while



HD 21997 belongs to the somewhat older (~42 Myr, Bell et al. 2015)
Columba association.

To place into context the line strengths measured in our survey we
constructed a reference sample of primordial discs. Previous studies
focusing on molecular composition of protoplanetary disk material
mostly targeted discs around young low-mass stars (e.g., Oberg et al.
2010, 2011; Guilloteau et al. 2016). Although some systems with
Herbig Ae hosts have also been included in these studies, these tar-
gets were selected from the most massive, most gas-rich objects.
For comparison with our debris disc sample , therefore we observed
the same molecules in four nearby (<160 pc), older, less gas-rich
primordial discs around Herbig Ae stars, HD100453, HD139614,
HD142666, and HD145718. These four objects also belong to dif-
ferent subgroups of the Sco-Cen association. Based on their ages
(8 — 10Myr, Table 1) these discs represent a late phase of the proto-
planetary disc evolution and thus are deemed as direct predecessors
of the younger CO-rich debris discs.

Moreover, our sample includes HD 141569, a disc around a ~6 Myr
old Herbig Ae star. Although this system is likely younger than any
other in our sample (including the four protoplanetary discs) and the
star exhibits signs of accretion, the dust and CO gas content of the disc
resembles more that of CO-rich debris discs (Moor et al. 2019; Di
Folco et al. 2020). As an explanation of the observed characteristics,
arecent study of the system suggests that while the inner disc is rather
protoplanetary alike, the outer disc region (our measurements mainly
probe that) is more evolved and might act like a debris disc (Di Folco
et al. 2020). This object, thus, likely represents an intermediate stage
between the protoplanetary and debris disc phases (e.g., Hughes
et al. 2018). The availability of good quality 13CO and/or C180
measurements in the literature or the ALMA archive was another
relevant consideration in their selection. The fundamental properties
of the selected nine systems are summarised in Table 1.

In order to test the compositional similarities of CO-rich debris
discs and protoplanetary discs, we selected a list of molecules for
our study. We target five molecules, HCN, CN, HCO*, C,H, and CS,
which are routinely observed in protoplanetary discs, and whose line
emission is typically only slightly weaker than that of 13CO (e.g.,
Oberg et al. 2010; Guilloteau et al. 2013, 2016; Bergner et al. 2019;
Miotello et al. 2019). The same molecules could also be used to test
the similarity of the composition to solar systems’ comets. In addi-
tion to the three most abundant components, H,O, CO, and CO,,
spectroscopic observations of cometary comas revealed two dozen
other molecules (Bockelée-Morvan & Biver 2017). HCN is a com-
monly detected component whose relative abundance to water (the
dominant cometary volatile) ranges between 0.08 and 0.25% in the
observed comets. CN molecules are also detectable in comets. How-
ever, contrary to HCN, they are not primary volatiles released from
the nucleus but instead form in the coma e.g. via photodissociation of
HCN (Mumma & Charnley 2011). Due to its long photodissociation
lifetime, which is barely behind that of CO molecules, CN is consid-
ered to be the most promising molecule for detection in secondary
gas material after CO (Matra et al. 2018). C,H is also not a primary
volatile, but can be produced via the photodissociation of CoHj, a
molecule already detected in several comets (Bockelée-Morvan &
Biver 2017). The detection of HCO™ is less common, mostly limited
to one Solar system comet, the Hale-Bopp (Veal et al. 1997), where it
is suggested to be formed via chemical reactions in the coma (Lovell
etal. 1997; Milam et al. 2004).
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3 OBSERVATIONS AND DATA REDUCTION

Observations of our targets were performed with the ALMA 12m
Array during 2018 and 2019 in the framework of two projects
(2017.1.01545.S and 2018.1.01429.S, PI: Th. Henning). The main
parameters of these observations — including their dates, the num-
ber of antennas, the baseline ranges of the array configurations, as
well as the applied flux, bandpass, and phase calibrators — are listed
in Table 2. HD 131488 and HD 131835 as well as HD 142666 and
HD 145718 are situated close to each other in the sky, allowing us to
observe these pairs together in the same scheduling blocks.

Considering the typical low gas temperatures (Kdspdl et al. 2013;
Hughes et al. 2017) and the possible low density of potential colli-
sional partners in CO-bearing debris discs, which can result in low
excitation temperatures, we observed the lower transitions for the
selected molecules. To observe the targeted lines, we defined one
spectral setup in Band 5 and one in Band 6 for each object. Hyper-
fine transitions of the CoH N=2-1 line, as well as the J=2—1 lines
of HCO* and HCN, were measured simultaneously in Band 5 using
three spectral windows, each with a spectral resolution of 488.28 kHz
(~0.83kms™!). This resulted in a total bandwidth of 937.5 MHz
(over 1920 channels) in the spectral window, which targeted the CoH
line. Centred at 174.96 GHz, this window covered the hyperfine lines
of CoH. The other two spectral windows at 177.27 and 178.2 GHz
have a total bandwidth of 468.75 MHz (over 960 channels) each.
Two additional spectral windows with a bandwidth of 1.875 GHz
(128 channels), centred at 187.5 and 189.4 GHz were used to mea-
sure the Band 5 continuum. In Band 6 the correlator was set up with
four spectral windows. Hyperfine transitions of CN N=2—1 were ob-
served with a spectral resolution of 488.28 kHz (~0.65 km sina
window centred at 226.65 GHz. With the 1920 available channels,
this provides a total bandwidth of 937.5 MHz. Exploiting the capa-
bilities of ALMA, in addition to the primarily targeted molecules, we
also searched for additional molecular lines using the coarsest spec-
tral resolution (976.56 kHz, ~1.2km s~!) in two basebands centred
at 242.1 and 244.68 GHz. The fourth window, focused on measuring
the dust continuum, has a central frequency of 229.00 GHz and pro-
vides a bandwidth of 1.875 GHz. The integration time ranged from
22 to 47 minutes per source, see Table 2. The frequencies of the
transitions we used in our analysis are summarized in Table 3.

Calibration and flagging of the raw data sets were performed in the
Common Astronomy Software Applications (CASA, version 5.1.1,
McMullin et al. 2007) using the standard ALMA reduction scripts.
Prior to line imaging, we subtracted continuum emission from the
obtained visibilities using the uvconTsuB task of CASA. We fitted
first-order polynomials to the line-free channels in the uv space. Us-
ing the continuum-subtracted data, we applied the TCLEAN task to
construct spectral cubes of line observations. Natural weighting was
adopted. The channel width was rebinned to 0.9 km s7! for CyH,
HCO* and HCN lines and to 0.75kms~! for CN observations, re-
spectively. In the coarse-resolution Band 6 measurements, a channel
width of 1.25 km s~! was used. While the remaining part of this paper
focuses on the analysis of the molecular line results, for completeness
in Appendix A we briefly summarise the processing and analysis of
the continuum data.

4 RESULTS AND ANALYSIS

By inspecting the obtained data cubes, we found significant CN,
HCN, and HCO™" emission towards all four targeted HAe protoplan-
etary discs (HD 100453, HD 139614, HD 142666, and HD 145718),
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Table 1. Overview of the sample. Distance estimates are taken from Bailer-Jones et al. (2021). Group membership information is taken from the literature (Bell
et al. 2015; de Zeeuw et al. 1999; Hoogerwerf 2000), abbreviations in this column are as follows — COL: Columba moving group; LCC: Lower Centaurus
Crux association; UCL: Upper Centaurus Lupus association; US: Upper Scorpius association. For debris systems we quote the age of the group to which the
given object belongs, while for Herbig Ae objects individual age estimates are listed from Murphy et al. (2021) and Wichittanakom et al. (2020). Fractional
luminosities (Lgisk / L+ ) of the debris discs are taken from Modr et al. (2017), while similar data of the proplanetary sample are from Dent et al. (2005) and Meeus
etal. (2012). The listed 3CO (L13¢g) and C'80 luminosities (Lcisg) refer to the J=2—-1 rotational transition, except for HD 131835 (marked by asterisk) where
the J=3-2 data are quoted. For HD 139614, HD 142666, and HD 145718 the CO luminosity data are derived from analysis of archival ALMA line observations
obtained in the framework of ALMA project 2015.1.01600.S (PI: O. Panic). For the rest of the sample, including both the remaining Herbig stars and the debris
discs, the luminosity values are computed based on CO line fluxes, obtained by the ALMA or NOEMA arrays and taken from the literature (Di Folco et al.
2020; Kospdl et al. 2013; Modr et al. 2017; van der Plas et al. 2019, Modr et al. in prep.) References used in the last column: (1): Bailer-Jones et al. (2021); (2):
Bell et al. (2015); (3): Dent et al. (2005); (4): de Zeeuw et al. (1999); (5): Di Folco et al. (2020); (6): Hoogerwerf (2000); (7): Késpél et al. (2013); (8): Meeus
etal. (2012); (9): Modr et al. (2017); (10): Modr et al. in prep. (11): Murphy et al. (2021); (12): Pecaut & Mamajek (2016); (13): van der Plas et al. (2019); (14):
Wichittanakom et al. (2020).

Target name  Spectral Type Distance Group Teg L. M, Age Lgisk/ L+« Lz Leisg Ref.
(pc) K Leo) Me) (Myr) (10"7W)  (10"7W)
HD 21997 A3V 69.6+0.1 COL 8300 104 175 42 5.7x1074 35 1.5 1,2,7,9
HD 121617 A1V 117.5£0.5 UCL 9050 149 1.92 16 4.8x1073 6.4 1.0 1,6,9,12
HD 131488 ALV 1514706 UCL 9000 135 1.88 16 55x1073 9.8 5.3 1,6,9,12
HD 131835 A2V 129.1* :‘4 UCL 8400 10.3 1.75 16 3.0x1073 11.5* 5.8* 1,4,9,10,12
HD 141569 B9.5V/AOVe 11 1.3’:@3 - 9500 219  2.06 59 9.0x1073 13.0 <1.1 1,5,8,14
HD 100453 A9Ve 1037402 LCC 7250 7.1 1.48 1.0 6.2x107! 8.5 3.7 1,4,8,13,14
HD 139614 ATVe 133.1’:%'2 UCL 7650 6.7 1.52 10.8 3.9x107! 414 16.4 1,6,8,11
HD 142666 A8Ve 145.5+0.4 us 7250  12.0 1.64 7.8 3.3%107! 239 9.8 1,6,8,14
HD 145718 A5Ve 153.9*02Us 7750 112 164 87  lox107l 291 155 13,614
Table 2. Observational parameters
Target name Project code Obs. date Antennas #  Baselines (m) Band Calibrators
Flux Bandpass Phase Int. time (m)
HD 21997 2018.1.01429.S  2019-03-20 44 15-314 5 J0423-0120  J0423-0120  J0329-2357 34
HD 21997 2018.1.01429.S  2019-03-11 44 15-314 6 J0423-0120  J0423-0120  J0329-2357 31
HD 100453  2018.1.01429.S  2018-12-06 45 15-784 5 J1107-4449  J1107-4449  J1132-5606 27
HD 100453  2018.1.01429.S  2018-12-19 45 15-500 6 J1107-4449  J1107-4449  J1132-5606 24
HD 121617  2017.1.01545.S  2018-05-28 43 15-457 5 J1427-4206  J1427-4206  J1321-4342 47
HD 121617  2017.1.01545.S  2018-08-18 45 15-314 6 J1427-4206  J1427-4206  J1424-4913 42
HD 131488  2017.1.01545.S  2018-07-09 44 15-314 5 J1517-2422  J1517-2422  J1457-3539 35
HD 131835  2017.1.01545.S  2018-07-09 44 15-314 5 J1517-2422  J1517-2422  J1457-3539 35
HD 131488  2017.1.01545.S  2018-07-16 43 15-314 6 J1427-4206  J1427-4206  J1457-3539 32
HD 131835  2017.1.01545.S  2018-07-16 43 15-314 6 J1427-4206  J1427-4206  J1457-3539 31
HD 139614  2017.1.01545.S  2018-08-24 45 15-500 5 J1617-5848  J1617-5848  J1555-4150 25
HD 139614  2017.1.01545.S  2018-04-01 44 15-704 6 J1427-4206  J1427-4206  J1604-4441 22
HD 141569  2017.1.01545.S  2018-08-24 43 15-314 5 J155040527  J1550+40527  J1557-0001 25
HD 141569  2017.1.01545.S  2018-04-01 42 15-284 6 J1517-2422  J1517-2422  J1557-0001 22
HD 142666  2017.1.01545.S  2018-07-04 44 15-314 5 J1517-2422  J1517-2422  J1551-1755 24
HD 145718  2017.1.01545.S  2018-07-04 44 15-314 5 J1517-2422  J1517-2422  J1551-1755 24
HD 142666  2017.1.01545.S  2018-05-30 43 15-314 6 J1517-2422  J1517-2422  J1551-1755 22
HD 145718  2017.1.01545.S  2018-05-30 43 15-314 6 J1517-2422  J1517-2422  J1551-1755 22

while the C,H line was detected only in HD 139614 and HD 142666
(Figs. 1,2). The J=5 — 4 transition of the CS molecule (Band 6,
244.9355565 GHz) was also detected in one of the additional coarse-
resolution spectral windows in all four discs.

In the detected cases, zeroth moment maps were constructed by
integrating over the velocity ranges of the significant line emission.
The selected ranges are in good agreement with those inferred from
the CO measurements of the same discs. The integrated line fluxes
were derived by using elliptical apertures that were fitted to the ob-
served velocity-integrated emission. To estimate flux uncertainties,
we randomly distributed 16 identical elliptical apertures in the back-
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ground region and computed the standard deviation of the fluxes
obtained in them.

In the case of CN and C,H, the spectral ranges cover several
hyperfine transitions. For CN, the integrated maps, and thus the

derived fluxes, are related tothe N = 2—-1,J = %—% transition, which

C30nSi1StS of three blended hyperfine transitions (F' = % - %, % - %, and

5 — 5), while for CoH the line fluxes are the sum of two hyperfine
transitions (F =3 -2and2— 1) of the N =2-1,J = 3 - 3 line.
No CyH emission was detected toward HD 100453 and HD 145718.
In these cases, we computed upper limits for the integrated line flux.
To this end, we determined the velocity range of the expected line by
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Figure 1. Peak brightness temperature for the observed discs. Contours show 3o~ noise level. HCO*, HCN, CN, and C,H were observed within the project, and
CO isotopologues represent archival ALMA data. Data for HD 141569 12CO are taken from Di Folco et al. (2020). HD 131835 is shown in CO isotopologues
J=3-2 transitions, HD 141569 is in 2co J=3-2, the others are in CO isotopologues J=2-1. The colour bar units are K.

using the HCN measurement of the given object as a template. We
selected HCN because, on average, this line is the brightest among
those detected for the given systems in our project. In determining the
relevant velocity range, we also considered that the C,H is composed
of two hyperfine transitions. Then we created zeroth moment maps.
Finally, using the same elliptical aperture as in the corresponding
HCN observations, we computed the 30 upper limits.

None of the four CO-rich debris discs, nor the disc around
HD 141569 exhibited detectable line emission in any data cubes.
For the calculation of the upper limits, we used the method described
above, with the difference that we utilised the 12CO measurements
of the given sources as a template. The CO measurements were taken
from the ALMA archive and the template data cubes were smoothed

using the imsmooTH CASA task to obtain the same synthesised beam
as that of the given line. We used the same channel width for these
templates for the line measurements where upper limits are to be de-
termined. Thus, we used 0.9 km s~! for the C,H, HCO™, and HCN
measurements and 0.75km s~! for the CN observations. For the CN
and CoH data, we considered the hyperfine structure, which is re-
sulted in broader velocity ranges to be used in the analysis. In the case
of HD 21997, ~50% of the channels covering the HCO™" line were
flagged during the calibration process not to be used for scientific
analysis. Therefore, this upper limit estimate was obtained by slightly
shifting the velocity range to a non-flagged part of the spectrum. The
measured integrated line fluxes are summarised in Table 5.

We present the resulting peak brightness maps in Fig. 1. The first

MNRAS 000, 1-13 (2021)



6  Smirnov-Pinchukov et al.

Table 3. List of the transitions used in our analysis. Note that in the case of
C,H and CN our observations covered more transitions but those were not
utilized in our work. Rest frequencies are taken from the Splatalogue database
(https://www.cv.nrao.edu/php/splat/).

Table 4. Basic properties of CO gas component in the debris disc subsample.
The listed CO mass estimates are based on analysis of optically thin C'80
line observations. References in the last column: (1): Kdspdl et al. (2013);
(2): Kral et al. (2019); (3): Modr et al. (2017); (4): Pawellek et al. (in prep.).

Object Rjp, gas Rout, gas Mco Ref.
(au) (au) Mg)

HD 21997 <25 133 0.06 1

HD 121617 50 100 0.02 3

HD 131488 35 140 0.10 34

HD 131835 50 130 0.04 2,3

Molecule Transition Rest frequency (GHz)

CH N=2-1J=3-3F=3-2 174.6632220
N=2-1J=3-3F=2-1 174.6676850

HCN J=2-1 1772611115

HCO* J=2-1 178.3750563

CN N=2-1J=3-3F=3-3 226.8741908
N=2-1J=3-3F=%4-3 226.8747813
N=2-1J=3-3F=3-% 226.8758960

cs J=5-4 244.9355565

five rows are discs around Herbig Ae stars (HD 100453, HD 139614,
HD 142666, HD 145718), followed by the more evolved disc
HD 141569. The latter four rows show debris discs data (HD 21997,
HD 121617, HD 131488, HD 131835). We also present moment zero
maps in the Appendix (B1).

Figure 3 shows the measured CN, HCN, HCO*, C,H, and CS
line flux ratios with respect to the 13Co (2-1) (left panel) and cl8o
(2-1) (right panel) lines for our targets. Since for HD 141569 only an
upper limit is available for the C'80 line flux, it is not shown in the
corresponding panel. Apart from the case of CoH measurements, the
four protoplanetary discs are clearly separated from the debris discs
and from HD 141569 in these plots. This is especially striking for the
CN, HCN, and HCOT lines, even for HD 100453 — that exhibits the
lowest line ratios — the obtained ratios are at least 4x higher than the
corresponding average upper limits of the debris disc sample. These
results suggest that molecular abundances or physical conditions of
the gas in the CO-rich debris discs is very different from those in
the protoplanetary discs around Herbig Ae stars. We also find that
HD 141569 more resembles debris discs than our protoplanetary
disc sample, similar to the previous results based on its dust and CO
content (see Sect. 2).

5 DISCUSSION
5.1 Photodissociation of molecules

Does the striking difference between the observed line ratios in the
protoplanetary and the debris disc samples provide a clear hint that
the gas in these debris discs is of secondary origin? Before examining
this in more detail (Sect. 5.2), it is worth summarising how sensitive
the studied molecules are to the UV radiation and which shielding
mechanisms could protect them from photodissociation in an H,-rich
hybrid versus an Hp-poor secondary environment.

The photodissociation rate of a given molecule can be estimated
as k = kg8, where k is the unattenuated photodissociation rate of
the molecule, while 6 is the shielding function (Heays et al. 2017).
The latter function considers all other species that can shield the spe-
cific molecule against UV photons. An important difference between
protoplanetary and debris discs is that optically thin dust cannot
effectively attenuate the UV radiation in the debris discs.

In addition to the possible self-shielding of different molecules,
in a hybrid disc dominantly H, molecules, while in secondary discs
mainly C atoms can contribute substantially to the shielding (Kdspal
et al. 2013; Kral et al. 2019). Figure 4 shows the photodissociation
lifetimes (7 = 1/k) of the targeted molecules and CO for the various

MNRAS 000, 1-13 (2021)

H, or neutral atomic carbon column densities. We took into ac-
count only the interstellar UV radiation field in our calculations. The
unattenuated photodissociation rates, as well as the corresponding
shielding functions, were taken from Heays et al. (2017).

As Fig. 4 clearly demonstrates, CO and HCO* molecules have
quite long unattenuated photodissociation lifetimes, and could be ef-
ficiently shielded by both H, molecules and C atoms. In contrast, CN,
HCN, C;H, and CS can absorb UV photons at wavelengths longward
of 110 nm, outside the wavelength interval where the H, molecules
and C atoms can provide effective shielding. Without shielding at
these long wavelengths, the latter four molecules have only short
photodissociation lifetimes both in hybrid and shielded secondary
discs, while in protoplanetary environments they could still be pro-
tected from UV by the optically thick dust. The observed low line
ratios of these four species to CO in the debris disc sample, therefore,
do not necessarily preclude the hybrid scenario (Fig. 3). In the case
of more shielded HCO™, the longer photodissociation timescale and
higher concentrations would be expected even in the optically thin
debris discs. Using a physico-chemical and radiative transfer mod-
elling, we examine below in more detail how the observed line ratios
could constrain the nature of the CO-rich debris discs

5.2 Chemical and line flux modelling

To reproduce detections of the CO isotopologues and non-detections
of HCO*, CN, HCN, C, H, and CS in debris discs, we have utilised the
ALCHEMIC chemical model (Semenov et al. 2010) and the RADEX
line radiative transfer code (van der Tak et al. 2010), and adopted a
temperature-density grid. Given that the observed CO emission ap-
pears as a relatively narrow ring-like structure in optically thin debris
discs, we assume a rather tight variation of temperature and UV radi-
ation strength within the gas emitting area. These physical conditions
have been used to calculate time-dependent chemical evolution using
the single-point ALCHEMIC chemical kinetics code and an up-to-
date gas-grain chemical network (based on the KIDA’17 database
with recent updates; Wakelam et al. (2012, 2015)). The model in-
cludes gas-phase reactions, X-ray and UV photodissociation and
photoionisation, cosmic ray-induced processes, as well as molecular
freeze-out onto dust grain surfaces, surface reactions, and thermal
and non-thermal desorption of ices. This chemical model is identical
to the model used in Smirnov-Pinchukov et al. (2020), with the only
exception of non-inclusion of deuterium, and hence it is only briefly
summarised here.

We have modelled chemical evolution over a temperature range
between 10 and 300 K and densities between 10° and 107 cm™3 (or
between =~ 4 x 10721 and 4 x 10717 gcm_3). The unattenuated UV
field from the star was set to be equal to the vertical ISRF (Draine
& Lee 1984). The absorption of UV photons was considered in the
radial direction only, in a range between 7 = 0 and 7 = 1, which
corresponds to the observed optical depth in debris discs, which are
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Figure 2. CN, HCN, HCO*, C;H, and CS emission line profiles of the observed Herbig disks.

Table 5. Integrated line fluxes and 3o upper limits for our targets. Uncertainties in parentheses are quadratic sums of the measurement errors and the overall

calibration uncertainty (assumed to be 10%).

Target name ScN SHCN SHco* SccH Scs
(mlykms™)  (mlykms™')  (mlykms™') (mlykms')  (mlykms")

HD 100453 1536 (16) 185+12(22)  208+19 (28) <29.1 69.5+16.3 (17.7)

HD 139614 2790+47 (283)  2433+32(245) 133823 (136)  484x16(51)  1369+19 (138)

HD 142666 ~ 1296+15(130)  836=15(85)  439+12(46) 11510 (15) 23727 (25)

HD 145718 721£19(75)  811x14(82) 41916 (45) <63.4 14111 (18)

HD 141569 <314 <515 <50.1 <55.6 <35.0

HD 21997 <37.6 <30.8 <316 <373 <388

HD 121617 <87 <215 <235 <320 <10.7

HD 131488 <l16.4 <132 <220 <183 <16.9

HD 131835 <127 <202 <20.1 <240 <135

relatively dust-poor. Since primordial (sub-)micron-sized dust has
already evolved and became severely depleted, we decided to set
the corresponding dust-to-gas mass ratio to a value of 10719 for 0.1
pm-sized grains, effectively turning off dust-surface reactions. The
jonisation rate was set to 1.3x 10717 s~ corresponding to a galactic
cosmic ray ionisation rate. High-energetic particle flux and X-ray
radiation from the evolved main-sequence star were neglected, as

these are much milder compared to the pre-main-sequence phase.
Non-inclusion of X-ray and high energy particle radiation from the
star does not affect the conclusions, as the higher intensity of ionising
radiation in the model increases HCO™, thus increasing the area in
the parameter space forbidden by the observational data.

We have considered five sets of initial abundances. The first so-
called “low metals” set of mainly atomic abundances from Lee et al.
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Figure 3. Line flux ratios of CN, HCN, HCO*, C,H, and CS molecules with respect to the 13CO 2-1 (left) and C'80 2-1 (right) lines. The CN, HCN, HCO*,
C,H, and CS line fluxes are from Table 5. The 13CO and C!80 data of HD 121617, HD 131488, and HD 21997 are from Modr et al. (2017) and Késpal et al.
(2013). For HD 131835, only the 3—2 rotational transition of 1>CO and C'®0 has been measured (Modr et al., in prep.) from which we estimated the 2—1 line
fluxes. In the case of optically thick 1>CO, the obtained 3—2 line flux was scaled by (v3_/v>_1)? = 2.25, while for the optically thin C'30 emission we assumed
that local thermodynamical equilibrium holds and that the gas temperature is 20 K, resulting in a 3-2 to 2—1 line flux ratio of 2.3. As for the younger targets,
CO flux data of HD 100453 and HD 141569 are taken from van der Plas et al. (2019) and Di Folco et al. (2020), respectively. For the remaining three objects,
HD 139614, HD 142666, and HD 145718, we inferred the necessary flux data from the analysis of archival ALMA line observations (all belong to the project

2015.1.01600.S, PI: O. Panic).

N¢ (em™) Table 6. Initial Chemical Abundances.
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Figure 4. Photodissociation lifetimes of the CN, HCN, HCO*, C;H, CS, and
CO molecules in the interstellar radiation field, considering possible shielding
by hydrogen molecules or carbon atoms.
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(1998) describes the elemental content of the ISM that is available for
gas or icy chemistry. It is often used to model protoplanetary discs,
assuming a full chemical “reset” scenario (Eistrup et al. 2016; Droz-
dovskaya et al. 2016; Smirnov-Pinchukov et al. 2020). In the other
four sets, we multiplied the relative abundances of all species other
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HCN, C;H, and CS in debris discs is fully reproduced. Significantly higher HCO* line fluxes are computed with the debris disc models using the Hj-rich,

ISM-like initial abundances as compared with the Hp-poor case.

than hydrogen and helium by a factor of 2, 5, 10, and 100, respec-
tively. These four cases represent a scenario when a debris disc gas
is partly replenished by secondary, collisionally-generated Hy-poor
gas. Using the above chemical model, we have calculated the abun-
dance evolution over 1 Myr for constant physical conditions. This
timespan was long enough to reach a chemical equilibrium within
1-100 kyr for the observed, chemically simple molecules (depending
on density). The final molecular concentrations have been used for
the line radiative transfer simulations.

We have calculated the line brightness temperatures with the non-
LTE RADEX code. The collisional cross-section and other spec-
troscopic data from the Leiden Atomic and Molecular Database
(LAMDA) have been utilised (Schéier et al. 2005). Since 13C and
180 are not included in the chemical network, we have used fixed
isotopic ratios C12/c13 = 77 and 0'%/0!8 = 560 to scale down the
resulting molecular abundances (Wilson & Rood 1994). We have cal-
culated the line brightness temperatures assuming the length of the
emitting gas column of 15 au and a line full width at half maximum
(FWHM) of 1 km s~ . The collision partner densities have been taken
from the chemical simulations. We have calculated the CN bright-
ness temperature using hyperfine components from (Flower & Lique
2015).

The results of the debris disc line simulations are presented in
Fig. 5. Using violin bars, we show the smoothed distribution of the
simulated line ratios for the modelled disc cells. We also overplot this
figure with the observed line ratios and their upper limits, similar to

Fig. 3. As it can be clearly seen from Fig. 5, all line intensities other
than HCO™ are expected to be below the detection limits, regardless
of the initial abundances and position in the temperature-density
parameter space. In the Hj-poor cases, the modelled CN, HCN,
HCO™", C,H, and CS line intensities relative to the CO emission
are predicted to decrease monotonically with the hydrogen depletion
factor for the same range of the CO densities.

We present the constraints on the parameter space for a single-point
debris disc model in Fig. 6. We select a temperature range between
20 and 70 K and the CO volume density between 1 and 10* cm™3.
Our upper boundary to the debris disc gas density is calculated by
dividing the measured 13CO and C!80 masses by the fitted area and
the scale heights of the corresponding CO emitting rings estimated
from the modelling (Table 4). Disc midplane densities are shown in
Fig. 6 as black lines. With red contours, we show the regions in the
parameter space, for which the predicted HCO* J=2-1/13CO J=2-1
flux ratio is higher than the detection limit.

The selected parameter space partially yields higher HCO™ in-
tensities than the upper limit set by our observations. That leaves a
possibility that deeper observations could allow detecting HCO™ in
debris discs if their gas retains ISM-like composition and is Hp-rich.
In such discs, the HCO' J=2-1 line would become detectable if the
gas is warmer than 20 K and the CO density is about 3 — 300 em 3. If
a debris disc possesses an extended tenuous atmosphere, the HCO*
emission from this region also contributes to the total HCO™ line
flux and hence increase the resulting HCO*/CO line ratio. With the
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Figure 6. Modelled parameter space. Black lines: midplane densities at which
the observed CO isotopologue brightness temperatures become fitted in the
four debris discs. Green rectangle: a range of temperatures and densities
representative of the debris discs. Red filled contours: parameter combinations
that lead to bright, detectable HCO™ line emission (compared to the 3co
intensity), which contradicts the HCO" non-detections in the debris discs.
Each red dashed contour corresponds to the different initial abundance sets.
For the ISM-like or moderately H,-depleted abundances, the low-density
regions of the debris disc shall contribute to the HCO* emission, which could
be detected by deeper ALMA observations. If H; is more severely depleted,
by a factor of 5 or larger, HCO* molecules cannot form in sufficient amount
under the debris disc conditions.

currently available data, we estimate that the contribution of the de-
bris disc atmosphere to the total HCO™ line flux is negligible even in
the Hy-rich ISM case. Follow-up higher-resolution CO or more sen-
sitive HCO* observations combined with feasible thermo-chemical
modelling are required to provide tighter constraints on the CO/H;
ratios in these discs.

The alternative scenario, where the disc gas is already partially
or fully depleted of Hy shows lower HCO*' abundances and hence
the HCO* fluxes. Our model with the lowest H, depletion factor
of 2 still produces enough HCO™ to overcome the current detection
limit at higher temperatures (> 40 K) and volume densities about
80 cm~3. However, starting from a higher H, depletion factor of 5,
all the predicted HCO* J=2-1/ 13CO J=2-1 flux ratios fall below the
current detection limit.
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Lower Hj concentrations (with respect to CO) in the Hy-poor
cases lead to the less efficient formation of the main driver of the gas-
phase chemistry, HY. This, in turn, makes abundances of all observed
molecules apart from CO also lower by factors of at least several or
higher. According to our KIDA-based model, H; is produced via
H, + H; reaction driven by the cosmic ray ionization of H,. Next,
HY can react with CO and form HCO* and atomic H. HJ can also
react with atomic C and produce CH* and H,. Another starting route
for hydrocarbon chemistry is a slow radiative association reaction
between C* and Hj that leads to CHJ. Both CH* and CHJ can
react with Hp, forming bigger CH}, ions (n = 3 — 5). These light
hydrocarbon ions can be neutralised by dissociative recombination
with electrons and then undergo carbon insertion reactions with C*,
forming larger CoH;, species (n > 0). These Cy-hydrocarbon ions
can react with e~ and form neutral C,-hydrocarbons, such as CoH
molecule targeted in our observations.

Furthermore, hydrocarbon chemistry is also a key for the formation
of nitriles via ion-molecule or neutral-neutral reactions involving
atomic N. A key ion-molecule reaction is CH;r +N — HCNH" + H,
followed by dissociative recombination of HCNH* into CN or HCN
or HNC (with equal probability). Slower barrierless neutral-neutral
reactions between N and either CH or CH, produce H and either CN
or HCN/HNC. Thus, the lack of Hj in the scenario when debris disc
has secondary origin could explain the overall deficit of molecular
species other than CO.

5.3 Effect of hydrogen depletion on disc scale height

An alternative method to estimate hydrogen depletion of a debris
disc using ALMA is based on direct measurements of their vertical
temperature and density structure (Hughes et al. 2017; Kral et al.
2019). In the case of hydrostatic equilibrium, the vertical scale height
is defined by the molar mass and temperature. In the simplest case of
an isothermal and geometrically thin disc atmosphere, scale height
H is defined as:

3
H:1/E_(§M, 1
u

where R is the ideal gas constant, 7' is the gas temperature, y is the gas
molar mass, r is the radial distance to the star, G is the gravitational
constant, and M is the stellar mass. The measurements of the scale
height were performed below, for example, for the edge-on debris
disc around 49 Ceti Hughes et al. (2017) estimated that the disc scale
height is smaller by 25% compared to the value predicted from the
temperature measurements and assuming the ISM-like, H,-rich gas.

In the case of hydrogen depletion, the gas molar mass becomes
higher, as it is not dominated by the molecular hydrogen and helium
any more. The molar mass of a gas mixture could be calculated as:
u= i Xipi ) )

i Xi
where X; is an abundance of the i-th species, and y; is its molar
mass.

To illustrate this effect, we use the elemental abundances from
Table 6 and scale abundances of all the species other than molecular
hydrogen and helium by uniform factors of 1 (ISM-like) to 100 (hy-
drogen is almost fully depleted). The resulting elemental abundances
are then reshuffled into various major molecules, assuming simplis-
tic chemistry. First, all available carbon is assumed to be locked in
CO molecules. Then, the remaining oxygen and available hydrogen
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are assumed to form water molecules. After that, the remaining hy-
drogen (if any) is assumed to be bound in Hy molecules. As water
can be rapidly photodissociated in the optically thin debris disc, we
consider two extreme cases — with and without water formation. The
resulting gas molar masses and the corresponding scale heights for
an isothermal, 30 K disc are shown in Fig. 7. The effect of hydrogen
depletion on the disc scale height becomes noticeable as soon as the
CO/H ratio is above ~ 1072. For example, the scale height measured
in the 49 Ceti disc by (Hughes et al. 2017) would correspond to the
CO/H ratio of about 2 x 1072 in this case.

If there is a vertical temperature gradient, the hydrostatic equilib-
rium and the corresponding ideal gas equation are as follows:

d
{% =-p(2)gz = —p(2) s

P(z) = LERT ) ®)
"

By differentiating the ideal gas equation and assuming that the gas
molar mass g is constant, one derives:

dP(z) _ R dp(2) dT(Z))
dz dz dz

(T(Z) +p(2) 4

Combining the above equations, we can get the equation to measure
the local gas molar mass directly:

T(z) ®)

B GMz

RO+
dz dz

dInp(z) N dT (z) )

If vertical density p(z) and temperature 7'(z) profiles could be
reliably measured from the observations, the gas molar mass could
also be derived from this Eq. 5. This would require further high-
resolution ALMA observations of the multi-J CO lines in edge-on-
oriented debris discs, as has been tried for 49 Ceti.

6 CONCLUSIONS

We present ALMA Band 5 and 6 observations of four debris discs
(HD 21997, HD 121617, HD 131488, HD 131835), and five old
Herbig Ae discs (HD 139614, HD 141569, HD 142666, HD 145718,
HD 100453). We run the standard CASA pipeline with natural
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weighting to produce continuum images and emission lines data
cubes. We have measured fluxes in elliptical apertures and estimated
the noise by comparison with other apertures at other locations of
the data cube. All discs were detected in the dust continuum and CO
isotopologues, while other targeted lines (CN, HCN, HCO*, C,H,
and CS) were only detected in the Herbig Ae discs. The upper limits
of the flux ratios to CO isotopologue lines in debris discs were found
to be significantly lower than the ratio in Herbig Ae discs, except for
C,H, which we did not detect in all the Herbig Ae discs, and thus do
not have strict constrain.

We performed detailed chemical modelling using a parameter grid
to find physical conditions and elemental abundance combinations
that could reproduce this behaviour. We found that in the optically
thin debris discs, where molecules other than CO and Hj are rapidly
photodissociated, HCO* is the only relatively abundant and po-
tentially detectable molecule. This requires the emitting gas to be
warmer than 20 K and the CO density to be low, about 3 — 300 cm3.
In the scenario when the debris disc is of secondary origin and is
hydrogen-poor, the predicted molecular abundances and hence line
fluxes are significantly lower. In this case, the calculated line fluxes
scale with the degree of the hydrogen depletion.

We also propose that higher-resolution studies of the vertical distri-
bution of the debris disc gas could be used to constrain its elemental
composition. The lack of hydrogen and helium in the scenario when
the gas is collisionally produced should increase the gas molar mass
above the ISM-like value of 2.3 g mol !, resulting in the noticeable
decline in the local scale height.

The spatial resolution and reached sensitivity of our ALMA ob-
servations did not allow us to verify the exact origin of the gas in the
studied four debris discs. Thus, future detection(s) of HCO* or the
CO data obtained at higher resolution are needed to provide a clearer
view on the nature of the debris disc gas.
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APPENDIX A: RESULTS OF THE CONTINUUM
OBSERVATIONS

Our observations enabled us to characterise the continuum emission
of the nine discs at 1.27 mm (in Band 6) and 1.65 mm (in Band 5).
Although the data analysis is performed in the visibility space, for
completeness, continuum images of the discs are also presented in
Fig. A1. We used the uvmuLTiFiT package (ver. 3.0, Marti-Vidal et al.
2014) to fit the obtained visibility data in the uv plane by a geometrical


http://dx.doi.org/10.1093/mnras/stz3361
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492..572A
http://dx.doi.org/10.3847/1538-3881/abd806
https://ui.adsabs.harvard.edu/abs/2021AJ....161..147B
http://dx.doi.org/10.1093/mnras/stv1981
https://ui.adsabs.harvard.edu/abs/2015MNRAS.454..593B
http://dx.doi.org/10.3847/1538-4357/ab141e
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...25B
http://dx.doi.org/10.1098/rsta.2016.0252
http://dx.doi.org/10.1098/rsta.2016.0252
https://ui.adsabs.harvard.edu/abs/2017RSPTA.37560252B
http://dx.doi.org/10.3847/1538-4357/aac5f3
https://ui.adsabs.harvard.edu/abs/2018ApJ...861...72C
http://dx.doi.org/10.3847/1538-4357/ab7cc7
https://ui.adsabs.harvard.edu/abs/2020ApJ...892...99C
http://dx.doi.org/10.1111/j.1365-2966.2005.08938.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.359..663D
http://dx.doi.org/10.1126/science.1248726
https://ui.adsabs.harvard.edu/abs/2014Sci...343.1490D
http://dx.doi.org/10.1051/0004-6361/201732243
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..94D
http://dx.doi.org/10.1086/162480
https://ui.adsabs.harvard.edu/abs/1984ApJ...285...89D
http://dx.doi.org/10.1093/mnras/stw1632
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462..977D
http://arxiv.org/abs/1402.3503
http://dx.doi.org/10.2458/azu_uapress_9780816531240-ch014
http://dx.doi.org/10.1051/0004-6361/201628509
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..83E
http://dx.doi.org/10.1093/mnras/stu2231
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446.1750F
http://dx.doi.org/10.1051/0004-6361/201220298
https://ui.adsabs.harvard.edu/abs/2013A&A...549A..92G
http://dx.doi.org/10.1051/0004-6361/201527088
https://ui.adsabs.harvard.edu/abs/2016A&A...592A.124G
http://dx.doi.org/10.1051/0004-6361/201628742
https://ui.adsabs.harvard.edu/abs/2017A&A...602A.105H
http://dx.doi.org/10.1086/184485
https://ui.adsabs.harvard.edu/abs/1985ApJ...293L..29H
http://dx.doi.org/10.1046/j.1365-8711.2000.03192.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.313...43H
http://dx.doi.org/10.3847/2041-8213/aaf740
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..42H
http://dx.doi.org/10.1086/588520
https://ui.adsabs.harvard.edu/abs/2008ApJ...681..626H
https://ui.adsabs.harvard.edu/abs/2008ApJ...681..626H
http://dx.doi.org/10.3847/1538-4357/aa6b04
https://ui.adsabs.harvard.edu/abs/2017ApJ...839...86H
http://dx.doi.org/10.1146/annurev-astro-081817-052035
https://ui.adsabs.harvard.edu/abs/2018ARA&A..56..541H
https://ui.adsabs.harvard.edu/abs/2021arXiv210707435K
http://dx.doi.org/10.1088/0004-637X/776/2/77
https://ui.adsabs.harvard.edu/abs/2013ApJ...776...77K
http://dx.doi.org/10.1093/mnras/stx730
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..521K
http://dx.doi.org/10.1093/mnras/sty2923
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.3670K
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.3670K
http://dx.doi.org/10.1093/mnras/staa2038
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.2811K
http://adsabs.harvard.edu/cgi-bin/nph-bib_query?bibcode=1998A%26A...334.1047L&a mp;db_key=AST
http://dx.doi.org/10.3847/0004-637X/828/1/25
https://ui.adsabs.harvard.edu/abs/2016ApJ...828...25L
http://dx.doi.org/10.1023/A:1006285703521
https://ui.adsabs.harvard.edu/abs/1997EM&P...77..253L
http://dx.doi.org/10.1093/mnras/stw1216
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460.2933M
http://dx.doi.org/10.1093/mnras/stw2867
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.2595M
http://dx.doi.org/10.1093/mnras/stz3487
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.4409M
http://dx.doi.org/10.1051/0004-6361/201322633
https://ui.adsabs.harvard.edu/abs/2014A&A...563A.136M
https://ui.adsabs.harvard.edu/abs/2014A&A...563A.136M
http://dx.doi.org/10.3847/1538-4357/aa71b4
https://ui.adsabs.harvard.edu/abs/2017ApJ...842....9M
http://dx.doi.org/10.3847/1538-4357/aaa42a
https://ui.adsabs.harvard.edu/abs/2018ApJ...853..147M
http://dx.doi.org/10.3847/1538-3881/aaff5b
https://ui.adsabs.harvard.edu/abs/2019AJ....157..117M
http://dx.doi.org/10.1051/0004-6361/201219225
https://ui.adsabs.harvard.edu/abs/2012A&A...544A..78M
http://dx.doi.org/10.1086/424701
https://ui.adsabs.harvard.edu/abs/2004ApJ...615.1054M
http://dx.doi.org/10.1051/0004-6361/201833381
https://ui.adsabs.harvard.edu/abs/2018A&A...615L..10M
http://dx.doi.org/10.1051/0004-6361/201935441
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..69M
http://dx.doi.org/10.1088/2041-8205/777/2/L25
https://ui.adsabs.harvard.edu/abs/2013ApJ...777L..25M
http://dx.doi.org/10.3847/1538-4357/aa8e4e
https://ui.adsabs.harvard.edu/abs/2017ApJ...849..123M
http://dx.doi.org/10.3847/1538-4357/ab4272
https://ui.adsabs.harvard.edu/abs/2019ApJ...884..108M
http://dx.doi.org/10.1146/annurev-astro-081309-130811
https://ui.adsabs.harvard.edu/abs/2011ARA&A..49..471M
http://dx.doi.org/10.1051/0004-6361/201936509
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.121M
http://dx.doi.org/10.1093/mnras/stab144
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.1633M
http://dx.doi.org/10.3847/1538-4357/ac0137
https://ui.adsabs.harvard.edu/abs/2021ApJ...915...90N
http://dx.doi.org/10.1016/j.physrep.2020.09.004
https://ui.adsabs.harvard.edu/abs/2021PhR...893....1O
http://dx.doi.org/10.1088/0004-637X/720/1/480
https://ui.adsabs.harvard.edu/abs/2010ApJ...720..480O
http://dx.doi.org/10.1088/0004-637X/734/2/98
https://ui.adsabs.harvard.edu/abs/2011ApJ...734...98O
http://dx.doi.org/10.1093/mnras/stw1300
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461..794P
https://ui.adsabs.harvard.edu/abs/2021arXiv210504681P
http://dx.doi.org/10.1051/0004-6361/201629371
https://ui.adsabs.harvard.edu/abs/2017A&A...600A..62P
https://ui.adsabs.harvard.edu/abs/2017A&A...600A..62P
http://dx.doi.org/10.1086/309157
https://ui.adsabs.harvard.edu/abs/2000ApJ...538..904R
http://dx.doi.org/10.1038/nature04832
https://ui.adsabs.harvard.edu/abs/2006Natur.441..724R
http://dx.doi.org/10.1088/2041-8205/796/1/L11
https://ui.adsabs.harvard.edu/abs/2014ApJ...796L..11R
http://dx.doi.org/10.1111/j.1365-2966.2012.22121.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427.2328R
http://dx.doi.org/10.1051/0004-6361:20041729
https://ui.adsabs.harvard.edu/abs/2005A&A...432..369S
http://dx.doi.org/10.1051/0004-6361/201015149
http://adsabs.harvard.edu/abs/2010A%26A...522A..42S
http://dx.doi.org/10.1051/0004-6361/202038572
https://ui.adsabs.harvard.edu/abs/2020A&A...644A...4S
https://ui.adsabs.harvard.edu/abs/1997IAUC.6575....1V
https://ui.adsabs.harvard.edu/abs/1994A&A...290..245V
http://dx.doi.org/10.1051/0004-6361/200912129
https://ui.adsabs.harvard.edu/abs/2009A&A...503..323V
http://dx.doi.org/10.1088/0067-0049/199/1/21
http://adsabs.harvard.edu/abs/2012ApJS..199...21W
http://dx.doi.org/10.1088/0067-0049/217/2/20
https://ui.adsabs.harvard.edu/abs/2015ApJS..217...20W
http://dx.doi.org/10.3847/1538-4357/aac088
https://ui.adsabs.harvard.edu/abs/2018ApJ...859..103W
http://dx.doi.org/10.1093/mnras/staa169
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493..234W
http://dx.doi.org/10.1146/annurev.aa.32.090194.001203
https://ui.adsabs.harvard.edu/abs/1994ARA&A..32..191W
http://dx.doi.org/10.1146/annurev.astro.45.051806.110525
https://ui.adsabs.harvard.edu/abs/2008ARA&A..46..339W
http://dx.doi.org/10.1088/0004-637X/758/2/77
https://ui.adsabs.harvard.edu/abs/2012ApJ...758...77Z
http://dx.doi.org/10.1086/300682
https://ui.adsabs.harvard.edu/abs/1999AJ....117..354D
http://dx.doi.org/10.1051/0004-6361/201834134
https://ui.adsabs.harvard.edu/abs/2019A&A...624A..33V

model. Only channels free from line emission were considered. The
data weights in the measurement set were updated with the sTaTwT
task before the fitting process. We adopted an elliptical Gaussian
model, where the axis ratio (computed from the inclinations) and the
position angle (PA) were fixed based on literature data (see Table A1)
leaving four free parameters: the positional offsets with respect to the
phase center, the total flux density of the fitted component (£, ), and
the full width half maximum (FWHM) of the major axis. In the case
of HD 121617 the axis ratio and the PA were also fitted because
these parameters are less constrained in the literature than for the
other targets. After the fitting, we used the CASA TCLEAN task to
image the residuals obtained as the difference of the measurement
and best fit model. We found that the images of HD 141569 display
an extended residual emission implying the presence of an additional
broader disc component. This is in good agreement with the findings
of previous high-resolution millimeter continuum observations of the
source (White & Boley 2018; Miley et al. 2018; Di Folco et al. 2020).
With this in mind, for this target, we used a two-component model.
For the Band 5 observation, where the central component could
not be resolved, a combination of a point source and an elliptical
Gaussian was adopted, while the shorter wavelength data was fitted
by combining two elliptical Gaussian components.

Comparing the centre of the fitted models with the Gaia EDR3
positions of the stars (corrected for proper motion) we found no sig-
nificant offsets. The obtained flux densities and disc sizes (FWHMs
of the major axes) with their uncertainties are presented in Table Al.
The quoted uncertainties of the flux densities in parentheses are
quadratic sums of the measurements errors and absolute calibration
errors. The latter component is conservatively assumed to be 10%!.

APPENDIX B: MOMENT ZERO MAPS
We also provide the moment zero maps (Fig. B1) of the same data

cubes as on peak brightness maps (Fig. 1).

This paper has been typeset from a TgX/IATgX file prepared by the author.

1 According to the ALMA Technical handbook (https://arc.iram. fr/
documents/cycle6/ALMA_Cycle6_Technical_Handbook.pdf) the ac-
curacy of the flux calibration is <10% in these bands.
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Figure A1. ALMA Band 5 and Band 6 continuum emission for the observed
discs. To produce these images we used the CASA task tclean function with a
Briggs robust parameter of 0.5 and considered data from all line-free channels.
The colourbar units are K.

MNRAS 000, 1-13 (2021)


https://arc.iram.fr/documents/cycle6/ALMA_Cycle6_Technical_Handbook.pdf
https://arc.iram.fr/documents/cycle6/ALMA_Cycle6_Technical_Handbook.pdf

14  Smirnov-Pinchukov et al.

Table Al. Continuum results. Flux densities and disc sizes (FWHMs of the major axes) are derived by fitting the obtained visibility data. Apart from the case of
HD 121617, where these parameters are also estimated from our measurements, inclination and positional angle data are taken from the literature (for references
see the last column).

Target name  Wavelength F, FWHM i PA Ref.
(mm) (mJy) (arcsec) (deg.) (deg.)
HD 21997 1.27 1.88+0.14 (0.23) 3.3+0.2 329 21.5 Moér et al. (2013)
1.65 1.21+0.17 (0.21) 3.4+0.4
HD 121617 1.27 1.67+0.05 (0.17)  1.34+0.06  43.9+3.0 53.5+4.0
1.65 0.92+0.05 (0.10)  1.42+0.13  434+8.6 59.8+12.3
HD 131488 1.27 2.86+0.04 (0.29)  1.17+0.05 82 96 Moér et al. (2017)
1.65 1.64+0.04 (0.17)  1.10+0.11
HD 131835 1.27 2.59+0.04 (0.26)  1.44+0.05 79 59 Kral et al. (2019)
1.65 1.40+0.05 (0.15)  1.53+0.10
HD 141569 1.27 1.55+0.10 (0.18)  0.39+0.12 53 356 Di Folco et al. (2020)
2.47+0.17 (0.30)  3.51+0.20
1.65 0.74+0.07 (0.10) -
1.66+0.15 (0.22)  3.25+0.31
HD 100453 1.27 218.1+1.3 (21.8)  0.64+0.01 29.5 151.0 van der Plas et al. (2019)
1.65 110.9+0.8 (11.1)  0.65+0.01
HD 139614 1.27 191.5+0.6 (19.2)  0.50+0.01 17.6 276.5 Muro-Arena et al. (2020)
1.65 98.1+0.7 (9.8) 0.49+0.01
HD 142666 1.27 120.3+0.2 (12.0)  0.41+0.01 62.2 162.1 Huang et al. (2018)
1.65 67.9+0.1 (6.8) 0.44+0.01
HD 145718 1.27 44.8+0.7 (4.5) 0.30+0.01 70.4 1.0 Ansdell et al. (2020)
1.65 26.0+£0.3 (2.6) 0.28+0.03
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Figure B1. Moment zero maps for the observed discs. HD 131835 is shown in CO isotopologues J=3-2 transitions, the other are in CO isotopologues J=2-1. The
velocity range was selected based on CO emission data cubes. The colourbar units are K km / s. Data for HD 141569 '2CO are taken from Di Folco et al. (2020).
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