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ABSTRACT

The formation of asteroids, comets and planets occurs in the interior of protoplanetary disks during
the early phase of star formation. Consequently, the chemical composition of the disk might shape the
properties of the emerging planetary system. In this context, it is crucial to understand whether and
what organic molecules are synthesized in the disk. In this Letter, we report the first detection of formic
acid (HCOOH) towards the TW Hydrae protoplanetary disk. The observations of the trans-HCOOH
6(1,6)—5(1,5) transition were carried out at 129 GHz with ALMA. We measured a disk-averaged gas-
phase t-HCOOH column density of ~ (2-4)x 102 cm~2, namely as large as that of methanol. HCOOH
is the first organic molecules containing two oxygen atoms detected in a protoplanetary disk, a proof
that organic chemistry is very active even though difficult to observe in these objects. Specifically, this
simplest acid stands as the basis for synthesis of more complex carboxylic acids used by life on Earth.

Keywords: protoplanetary disks — astrochemistry — stars: individual (TW Hya) — ISM: molecules

— Radio lines: ISM

1. INTRODUCTION

Corresponding author: Cécile Favre
cfavre@arcetri.astro.it

* This Letter makes use of the following ALMA data: ADS/
JAO.ALMA#2015.1.00845.S (PI C. Favre). ALMA is a partner-
ship of ESO (representing its member states), NSF (USA) and
NINS (Japan), together with NRC (Canada), NSC and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with the
Republic of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ.

Life on Earth is based on different combinations of a
relatively small number of key organic constituents, syn-
thesized from simpler building-blocks including amino
acids, phosphates, esters, organic acids, sugars and al-
cohols. Some of these prebiotic molecules have been dis-
covered in Solar-type star forming regions (Cazaux et al.
2003; Jorgensen et al. 2012; Kahane et al. 2013) as well
as in meteoritic (Kvenvolden et al. 1970) and cometary
(Elsila et al. 2010; Altwegg et al. 2016) material. As-
tronomers have long wondered whether the organic
chemistry during the star and planet formation pro-
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cess is inherited by planets and small bodies of the final
planetary system and what the key organic molecules
are. In order to establish this missing link, it is manda-
tory to understand how organic chemistry evolves dur-
ing the protoplanetary disk phase, the last step before
the planet formation. So far, however, only about
twenty molecules have been detected in protoplan-
etary disks (Dutrey et al. 2014). Among them are
small hydrocarbons, such as c-CsHy (Qi et al. 2013b;
Bergin et al. 2016), and cyanides, HC3N and CH3CN
(Chapillon et al. 2012; Oberg et al. 2015; Bergner et al.
2018), as well as two organic O-bearing molecules,
methanol, CH3OH (Walsh et al. 2016), and formalde-
hyde, HoCO (Qi et al. 2013a; Loomis et al. 2015;
Oberg et al. 2017; Carney et al. 2017), believed to be
the first step towards a complex organic chemistry.
The search for relatively large molecules in protoplane-
tary disks remains challenging (Walsh et al. 2014): high
sensitivity and resolution (spatial and spectral) are re-
quired. The unprecedented sensitivity of the Atacama
Large Millimetre/Submillimetre Array (ALMA) makes
this instrument the most suitable for such a study.

In this Letter, we focus on formic acid (HCOOH), a
key organic molecule as the carboxyl group (C(=0)OH)
is one of the main functional groups of amino acids (the
structural units of proteins). Indeed, this species is in-
volved in a chemical route leading to glycine, the sim-
plest amino acid (e.g., see Basiuk 2001; Redondo et al.
2015). HCOOH is unambiguously detected toward
both high- and low-mass star forming regions (e.g., see
Liu et al. 2002; Lefloch et al. 2017). Here, we report
the first detection of HCOOH with ALMA towards the
protoplanetary disk surrounding the closest (59 pc,
Gaia Collaboration et al. 2016) Solar-type young star
TW Hya. TW Hya is a relatively old (3-10 Myr) T
Tauri star of about 0.7 Mg, which is surrounded by a
gas-rich disk, whose mass is > 0.006 Mg (Bergin et al.
2013; Trapman et al. 2017) and which shows prominent
rings and gaps in gas and dust emission, perhaps a sig-
nature of ongoing planet formation. Notably, combined
HD and CO observations towards TW Hya suggest that
a substantial fraction of carbon reservoir is absent from
the gas phase and could be stored in organic species,
possibly in relatively complex ones (Favre et al. 2013;
Schwarz et al. 2016; Zhang et al. 2017). This detection
of new class of organic species has important conse-
quences since a relatively high, observationally-derived,
abundance of HCOOH along with that CH3sOH (y ~
3x10712-4x 1071 see Walsh et al. 2016), likely imply
a rich organic chemistry in protoplanetary disks, at the
epoch of planet formation.

In Sections 2, we describe our observations. Results
and analysis are given in Sect. 3. Physico-chemical mod-
eling and further discussion are presented in Sect. 4.

2. OBSERVATIONS AND DATA REDUCTION

In this Letter, we focus on the trans-sHCOOH
6(1,6)-5(1,5) transition (i.e the OH functional group is
on the opposing side to the single C-H bond) emitting
at 129671.82 MHz. We used the spectroscopic data
parameters from Kuze et al. (1982) that are available
at the Cologne Database for Molecular Spectroscopy
line catalog (CDMS, Miiller et al. 2005). This transi-
tion has an appropriate low upper state energy level
(~25 K) and high line strength (~12 D?), making it
ideal for searching for this molecule in the gas with a
temperature range of about 10-40 K, which is typical
for the outer regions of protoplanetary disks surround-
ing young Sun-like stars like TW Hya. In addition, we
note that 6 lines from the cis conformer, c-HCOOH, at
131 GHz were also covered by the observations. How-
ever, the energy barrier to internal trans conversion to
cis is really high (~1365 cm™!, see Winnewisser et al.
2002) making their detection unlikely.

The observations were performed toward TW Hya on
2016 May 31 and on 2016 June 1 with 39 antennas and
baselines from 15.1 m (6.5 kA) up to 713.1 m (310.0 kX)
with an on source time of about 39 min with ALMA,
during Cycle 3. The phase-tracking center was: « j2000
= 11"01™515875, & 79000 =—34°42'177155. The spectral
setup consisted into: (i) six spectral windows each of
960 channels with a channel width used during the ob-
servations of 244.141 kHz (about 0.6 km s~!) covering
about 1.4 GHz between 129.538 GHz and 132.405 GHz
and, (ii) one spectral window, centred at 130.973 GHz, of
2 GHz bandwidth (128 channels each of 15.625 MHz) for
continuum imaging. The quasars J1037-2934 and J1103-
3251 were used as calibrators for bandpass and phase for
these observations. Ganymede and Titan were used as
flux calibrators for the observations performed in May
and June, respectively. Data reduction and continuum
subtraction were performed through the version 4.5.3 of
the Common Astronomy Software Applications, CASA.
The continuum emission at 129 GHz was self-calibrated
with the solutions (gain tables) applied to the molecular
data. In addition, and still in order to optimise the sen-
sitivity, the data were cleaned using a “Natural” weight-
ing. The resulting synthesized beam sizes are 1.28" x
1.00” at a P.A.~ —89° and 1.29” x 1.02” at a P.A. of
about 90° for the continuum (see Fig. 1) and line images,
respectively.

3. RESULTS AND ANALYSIS
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Figure 1. 129 GHz continuum emission as observed with
ALMA towards TW Hya. The contours and level step are
at 140 (where 1o = 1.4 mJy beam™!).

3.1. t-HCOOH

We detected the 129 GHz HCOOH line with a signal-
to-noise ratio of about 4. Figure 2 shows the disk-
averaged spectrum extracted from the native dataset
using an elliptical aperture of about 400 au to take into
account uncertainties on the position and the spatial
extent of the HCOOH emission. Fig. 2 also displays
the HCOOH spectrum resulting from the pixel spec-
tral stacking method (assuming a Keplerian disk, see
Yen et al. 2016), which independently strengthens our
detection. Even though we have only one detected line,
we can firmly confirm the identification of HCOOH be-
cause this is ¢) the brightest line expected in the ob-
served range, ) the same line was clearly detected in
the Solar-like regions L1157-B1 and NGC1333-IRAS4A
with the IRAM-30m telescope as part of the Astrochem-
ical Surveys At IRAM large program (see Lefloch et al.
2017, 2018) and, iii) two independent methods show a
detection above the 40 level (see Fig. 2).

To further enhance the spatial signal-to-noise ratio,
sophisticated data processing has been performed (see
Section 3.2).

3.2. Data processing: keplerian mask

Assuming that the disk is in Keplerian rotation, one
can significantly improve the signal- to-noise by the use

of a Keplerian mask (Salinas et al. 2017; Carney et al.
2017). More specifically, the latter selects the regions in
the data where the signal is expected to emit, following
a disk velocity pattern (including the rotational and the
systemic velocities of the object) and a disk size.

The parameters we used to define out TW Hya Kep-
lerian mask for the t-HCOOH emission are as follows:

- stellar mass of 0.7 Mg,
- disk inclination of 7°,
- disk position angle of 155°,

- systemic velocity of 2.7 km s~ !,
- distance of 59 pc, consistent with the recent GATA
measurements (Gaia Collaboration et al. 2016),

- outer radius of 400 au (to be consistent with the

data).

The consistency of the mask we used in this study
has been checked on the ¢-C3Hy (3-2) line emission at
145089.6 MHz which is clearly observed above the 120
level as part of our project (Favre et al. in prep). Af-
ter applying the above Keplerian mask to the HCOOH
data, the signal to noise ratio was enhanced by a factor
~5. Note that to compute the ”bootstrapped” noise, the
same keplerian mask was applied to channels with no sig-
nal that were far away from the ones in which HCOOH is
emitting (see Bergner et al. 2018). Then, the resulting
t-HCOOH emission was integrated over the line profile,
from v=0.9 to 3.4 km s~! and smoothed by a Gaus-
sian kernel of 7” x 7" to spatially enhance the signal
to noise ratio. Figure 3 displays the resulting smoothed
disk averaged t-HCOOH spatial distribution (with a de-
tection at a peak to noise ratio of 12¢), after applying
the Keplerian mask.

It is important to note that the low spectral and
spatial resolution of our observations does not allow
us to disentangle the spatial structure of the emission
nor to investigate the kinematics: i) the line peak is
slightly displaced with respect to the LSR velocity of
the source (2.86 km s~1) by at most one channel, but
this displacement is consistent with the spectral resolu-
tion (0.6 km s71), i) the low angular resolution obser-
vations along with the convolution procedure, lead to at
least 100 au of uncertainty regarding the spatial extent
of HCOOH.

3.3. Column densities and relative abundances

The measured disk averaged line integrated intensity
over the line profile, F = (89412)x 1073 Jy km s~!, cor-
responds to a t-HCOOH source averaged column den-
sity of (2.94:1.3)x10'2 cm~2 and (3.54:0.8)x10'? ¢cm~—2
for an excitation temperature of 10 and 40 K, respec-
tively. The 10-40 K temperature range is the typical
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Panel a: TW Hya disk-averaged HCOOH spectrum extracted from the original datacube within 400 au . Panel b:

TW Hya HCOOH spectrum resulting from the pixel spectral stacking method by Yen et al. (2016). The signal to noise ratio is
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Observed gas-phase t-HCOOH emission integrated over the line profile after applying a Keplerian

mask and smoothed at resolution equivalent to the TW Hya disk size. The contours and level step are at 30 (where 1o =

2 mJy beam ™! km s~*

the bottom left corner of panels A and B.

one where the molecular gas is expected to be emis-
sive. Our observations suggest that HCOOH emission
appears centrally peaked with extension beyond 200 au.
Although our present low-resolution observations do not
allow us to constrain where exactly formic acid is emit-
ting within the TW Hya disk, one could simply as-
sume that all organic O-bearing molecules emit within
the same region if they share grain-surface formation
chemistry. As methanol was previously detected to-

, in the smoothed and masked data). Panel b: Same as A but model. The synthesized beam is shown in

wards TW Hya (Walsh et al. 2016), one can estimate
the fraction of formic acid with respect to methanol,
often believed to be a starting molecule from which
more complex organics are synthesized either in the
gas-phase (Charnley et al. 1992; Balucani et al. 2015) or
within the icy mantles of dust grains (Garrod & Herbst
2006; Semenov & Wiebe 2011). In that light, we obtain
an average abundance t-HCOOH/CH3OH ratio lower
than and/or equal to 1, which is about one order of
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magnitude higher than the ratio measured in comets
(Biver et al. 2014). Here, we stress that this ratio likely
suffers from the fact that we are not sampling the same
spatial scales. Indeed, current methanol observations
(Walsh et al. 2016) seem to indicate a more compact
spatial distribution than our t-HCOOH observations.
Aside from the intrinsic limitations of our observations
and that of methanol, this difference in spatial distri-
bution can originate from the different formation path-
ways.

4. ON THE PRODUCTION OF HCOOH

From a chemical point of view, the chemistry lead-
ing to formic acid is more complex than that respon-
sible for the methanol formation. Indeed, the latter is
mostly the result of the hydrogenation of carbon monox-
ide on the surface of grains, forming H,CO and CH30H
from CO, which is facilitated at low temperatures (about
20 K), which allow i) CO molecules to freeze out onto
the icy grain surfaces, ) hydrogen diffusion at the
surface of grain mantles (prior to their evaporation),
ii1) and consequently, hydrogen to tunnel through en-
ergy barriers which would be otherwise insurmountable
(Watanabe & Kouchi 2002; Rimola et al. 2014). Formic
acid, on the contrary, cannot be a simple H- addition
process and has to be the result of reaction(s) involving
polyatomic species, either on the grain surfaces or in the
gas phase (Toppolo et al. 2011; Skouteris et al. 2018).

4.1. Modeling

To better understand HCOOH chemistry across
the disk, we used a state-of-the-art modeling suite
(Parfenov et al. 2017), that includes a disk physical
structure, radiative transfer and chemical modeling that
adequately describes the methanol observations in TW
Hya disk (Walsh et al. 2016) and within a factor 5 that
of CH3CN by Loomis et al. (2018).

4.1.1. Physical and chemical model of TW Hya disk

Our disk physical structure is computed using a ther-
mochemical model by Gorti et al. (2011) for TW Hya.
The disk spans 3.9-200 au radially and has separately
computed gas and dust temperatures. An accretion rate
of 1072 Mg yr~—! and a constant gas-to-dust mass ratio
of 100 are assumed. The adopted parameters of the cen-
tral star and the incident ultraviolet (UV) and X-ray ra-
diation are representative of those observed in TW Hya.
The star has a mass of 0.7 Mg, a radius of 1 Rg, and
an effective temperature of 4200 K. A far-UV spectrum
with a total far-UV luminosity of 3x103! erg s~! was
used (Herczeg et al. 2002, 2004; Cleeves et al. 2014).
The adopted X-ray spectrum, covering 0.1-10 keV, has

a total X-ray luminosity of 1.6x103° erg s~ .

The chemical structure of the disk was computed
with the public gas-grain ALCHEMIC code (see

http://www.mpia.de/homes/semenov/disk_chemistry_OSU08ggs_U

Semenov et al. 2010). The chemical network is based on
the 0su.2007 ratefile with recent updates to the reaction
rates from Kinetic Database for Astrochemistry (KIDA,
Wakelam et al. 2012), and a high-temperature network
(Harada et al. 2010; Semenov & Wiebe 2011).

A standard cosmic ray (CR) ionization rate was as-
sumed to be (cr = 1.3x10717 71, as it does not affect
significantly the chemistry in comparison to the stellar
X-rays. The FUV penetration into the disk is computed
in a 141D approximation (Semenov & Wiebe 2011) us-
ing the visual extinction Ay in the direction towards
the central star for the stellar FUV component, and the
visual extinction A'™ in the vertical direction for the in-
terstellar (IS) FUV component. To compute the X-ray
ionization rate, we used the parametrization given by
Armitage (2007) for the average X-ray photon energy
of 3 keV. The self-shielding of Hy from photodissocia-
tion is calculated following the parametrization given in
(Draine & Bertoldi 1996). The shielding of CO by dust
grains, Ho, and the CO self-shielding are calculated us-
ing a precomputed table (see Lee et al. 1996).

The gas-grain interactions include sticking of neutral
species and electrons to dust grains with 100% prob-
ability and desorption of ices by thermal, CRP, and
UV-driven processes. We do not allow Hy to stick to
grains. The uniformly-sized, compact amorphous sil-
icate particles with the radius a;j = 7 pum are con-
sidered. This grain size represents grain surface per
unit gas volume of the size ensemble used in the phys-
ical model. A low UV-photodesorption yield of 10~°
is adopted for all ices, based on the recent measure-
ments (Cruz-Diaz et al. 2016; Bertin et al. 2016). Pho-
todissociation processes of solid species are also taken
into account (Garrod & Herbst 2006; Semenov & Wiebe
2011). A 1% probability for chemical desorption is
assumed (Garrod et al. 2007). Surface recombination
proceeds solely via Langmuir-Hinshelwood mechanism
(Hasegawa et al. 1992), described by the standard rate
equation approach. The ratio of diffusion to binding en-
ergy of surface species Eq;f¢/Ep is 0.4, consistent with
the recent laboratory studies (Cuppen et al. 2017). A
“low metals”, mainly atomic set of initial abundances
(Lee et al. 1998; Semenov et al. 2010) was used (see Ta-
ble 1). The adopted thermochemical disk physical model
coupled with alchemic code was used to model the entire
TW Hya disk chemical evolution over t=1 Myr.

4.1.2. Radiative transfer modeling
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Figure 4. Theoretical t-HCOOH relative abundance to molecular hydrogen. Panel a: Spatial distribution of the gas phase
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Table 1. Initial chemical abundances

Species  Abundance Species Abundance

ortho-Hz  3.75 (-1) S 9.14 (-8)

para-Ho 1.13 (-1) Si 9.74 (-9)
He 9.75 (-2) Fe 2.74 (-9)
o) 1.80 (-4) Na 2.25 (-9)
C 7.86 (-5) Mg 1.09 (-8)
N 2.47 (-5) Cl 1.00 (-9)
HD 1.55 (-5) P 2.16 (-10)

To predict the HCOOH line emission from our disk
model we used the three-dimensional Monte-Carlo code
Line Modeling Engine (LIME, Brinch & Hogerheijde

2010) with a setup similar to the one used by Parfenov et al.

(2017) to reproduce methanol emission towards TW
Hya by Walsh et al. (2016). The radiative transfer
calculations were performed assuming local thermody-
namic equilibrium (LTE). Non-LTE calculations could
not be performed as the collisional rate coefficients for
HCOOH are not available. Nonetheless, as shown in
Fig. 4 (see Panel a), HCOOH is abundant in the disk
regions where the Hy density is relatively high (nge >

107 cm~3) and assuming a ”standard” collisional coef-
ficient of 107!1-1071% cm ™3 s~!, one might expect the
line to be thermalized.

In order to simulate the spectral averaging within the
ALMA channels, the synthetic image cubes produced by
LIME (with a spectral resolution of 0.06 km s~!) were
averaged along the spectral axis down to the resolution
of 0.6 km s—!, which is the same as our observed data.
These datacubes were then converted into visibilities us-
ing the simobserve task from the CASA package, using
the same antenna positions as in the observations. Then
noise was added to the visibilities using sm.setnoise and
sm.setgain CASA tasks. Finally, the data were decon-
volved and the image reconstructed via the clean task.
The synthetic beam with the size of 1.31” x 0.98” at a
position angle PA of -79.6° which well matches the ob-
served beam. The rms noise level in the synthetic disk
images is of about 1 mJy beam™! per channel that is
consistent with the observations at the original spatial
resolution.

4.2. Chemical desorption as the source of HCOOH in
disks?
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With the above model we are able to compute the
evolution of the formic acid abundance over the age of
TW Hya and thus, to reconstruct its spatial distribu-
tion within the TW Hya protoplanetary disk (Fig. 3b).
Figure 4 shows the resulting modeled distribution of
the HCOOH relative abundance to molecular hydrogen.
Our physico-chemical modeling reproduces well the ob-
served column densities within a factor 3 that is com-
mensurate with the uncertainties (from both the ob-
servations and the model). In this model, HCOOH is
assumed to be formed by the recombination of HCO
and OH radicals on the grain surfaces (Garrod 2008),
and a fraction of it (1%) to be injected into the gas
phase through reactive desorption, because of the en-
ergy released by the reaction itself. In addition, some
HCOOH molecules can be released from the ice mantles
through cosmic ray particles (CRP) heating of grains,
CRP-induced UV-photodesorption, and direct UV des-
orption in the more irradiated outer disk region.

Interestingly enough, Skouteris et al. (2018) have re-
cently shown that a new gas-phase scheme of reactions,
involving ethanol as a parent molecule, can lead to the
formation of formic acid. Using a preliminary 0D-model
for disk-like conditions (Semenov et al. 2010), this new
set of reactions does not seem to dominate the produc-
tion of formic acid in disks. Nevertheless, this leads one
to consider other gas phase and/or grain surface pro-
cesses that may be worth studying in the future as they
could contribute to the observed distribution of formic
acid.

5. CONCLUSIONS

In summary, we report the first detection of the sim-
plest acid, HCOOH, in the protoplanetary disk sur-
rounding a Sun-like young star, TW Hya. Our find-
ing implies that a rich organic chemistry, that can lead

to larger organic molecules, likely takes place at the
verge of planet formation in protoplanetary disks. In-
deed, HCOOH together with methanol and formalde-
hyde (Walsh et al. 2014) are the most abundant com-
plex molecules detected in protoplanetary disks so far.
In the context of an Interstellar-Earth connection, this
shows that at least some of the bricks of prebiotic chem-
istry are already present in a protoplanetary disk ex-
pected to be similar to the Solar Nebula that formed
our Solar System. Incidentally, our study strengthens
the fact that observations of larger complex molecules in
this environment remain challenging, even with ALMA
with its unprecedented sensitivity. Finally, further im-
provements in our understanding of the formation of or-
ganic molecules, through both laboratory experiments
and theory, will help us to target future exploration of
the chemical richness of protoplanetary disks, in par-
ticular to better characterize where these molecules are
expected to be located within the disk.
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