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ABSTRACT

Context. Recent observations suggest that planet formation starts early, in protostellar disks of <10° yr, which are characterized by strong interac-
tions with the environment, such as through accretion streamers and molecular outflows.

Aims. To investigate the impact of such phenomena on the physical and chemical properties of a disk, it is key to understand what chemistry
planets inherit from their natal environment.

Methods. In the context of the ALMA large program Fifty AU Study of the chemistry in the disk/envelope system of solar-like protostars (FAUST),
we present observations on scales from ~1500 au to ~60 au of H,CO, HDCO, and D,CO toward the young planet-forming disk IRS 63.

Results. The H,CO probes the gas in the disk as well as in a large scale streamer (~1500 au) impacting onto the southeast disk side. We detected
for the first time deuterated formaldehyde, HDCO and D,CO, in a planet-forming disk and HDCO in the streamer that is feeding it. These detec-
tions allowed us to estimate the deuterium fractionation of H,CO in the disk: [HDCO]/[H,CO] ~ 0.1-0.3 and [D,CO]/[H,CO] ~ 0.1. Interestingly,
while HDCO follows the H,CO distribution in the disk and in the streamer, the distribution of D,CO is highly asymmetric, with a peak of the
emission (and [D]/[H] ratio) in the southeast disk side, where the streamer crashes onto the disk. In addition, D,CO was detected in two spots
along the blue- and redshifted outflow. This suggests that (i) in the disk, HDCO formation is dominated by gas-phase reactions in a manner similar
to H,CO, while (ii) D,CO is mainly formed on the grain mantles during the prestellar phase and/or in the disk itself and is at present released in
the gas phase in the shocks driven by the streamer and the outflow.

Conclusions. These findings testify to the key role of streamers in the buildup of the disk concerning both the final mass available for planet
formation and its chemical composition.

Key words. astrochemistry — protoplanetary disks — stars: formation — ISM: individual objects: IRS 63

1. Introduction at millimeter wavelengths have revealed streamers channel-

ing gas and dust from the outer regions of the envelope or

Observations of embedded Class 0 and I sources provide evi-
dence that planet formation starts early, in disks with ages of
<10° years. Evidence of dust growth up to millimeter sizes
in young disks (e.g., Miotello et al. 2014; Harsono et al. 2018;
Sabatini et al. 2024) as well as observations of rings and
gaps in their dust distribution strongly support this hypothesis
(e.g., ALMA Partnership et al. 2015; Sheehan & Eisner 2018;
Segura-Cox et al. 2020).

These young disks are characterized by strong interactions
with the surrounding environment, which may affect the disk’s
physical (e.g., mass and kinematics) and chemical (e.g., molec-
ular abundances) properties. For example, recent observations

* Corresponding author; linda.podio@inaf.it

even from the surrounding cloud to the disk, hence playing a
key role in regulating the mass of the disk (e.g., Pineda et al.
2020, 2023; Valdivia-Mena et al. 2022; Cacciapuoti et al. 2024;
Mercimek et al. 2023) as well as its chemical composition (e.g.,
Garufi et al. 2022; Maureira et al. 2022; Valdivia-Mena et al.
2023; Bianchi et al. 2022, 2023; Codella et al. 2024). It is there-
fore crucial to investigate how the properties of young disks are
affected by environmental processes in order to understand how
planets formed in the Solar System as well as in other plane-
tary systems and what chemistry they inherited from their natal
environment.

To this aim, the large program (LP) Fifty AU Study of the
chemistry in the disk/envelope system of solar-like protostars
(FAUST) is designed to observe young disks with the Atacama
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Table 1. Properties of the observed lines and of the obtained line cubes.

Species  Transition Frequency @  E,, @ Clean beam Channel rms Isp_gisk ®  Inw-_disk @
(MHz) (K) ("% (°) (kms™")  (mJybeam™') (mJykms™)
p-H,CO 303 -2,  218222.192 21 0.52x0.42 (-87.3°) 0.17 2.5 24.6 26.4
0-D,CO 494 — 303 231410.234 28 0.49 x 0.40 (—86.6°) 0.16 2.5 10.9 5
0-D,CO 453 -3, 233650.441 50 0.48 x 0.39 (—86.1°) 0.63 1.0 <3 <3
HDCO 414-313 246924.600 38 0.53 x0.38 (-84.9°) 1.19 1.0 10.6 94
HDCO 450 — 32 259034910 63 0.50 x 0.37 (—84.5°) 0.14 3.5 5.8 4.5

Notes. “'Frequencies and upper level energies (E,,) are from the Cologne Database for Molecular Spectroscopy (CDMS, Miiller et al. 2005).

®Line integrated intensities on the SE and NW disk sides.

Large Millimeter/submillimeter Array (ALMA) using three dif-
ferent configurations of the antennas, which enables the chem-
istry of disks and of their environment to be probed from large
(thousands of au) to small (50 au) scales (Codella et al. 2021).
In the sample of protostars observed by FAUST, the ideal candi-
date to probe the disk properties and their interconnection with
the environment is the Class I source IRS 63, located in the
nearby Ophiuchus star-forming region at a distance of 144 pc
(Ortiz-Leodn et al. 2018). The ALMA observations of millime-
ter continuum emission at ~5 au resolution have shown a rela-
tively large dusty disk (~82 au) characterized by multiple annu-
lar substructures (two rings and two gaps) that are suggestive
of ongoing planet formation (Segura-Cox et al. 2020). Recent
observations of *CO and C'*0O by Flores et al. (2023) have
revealed the gaseous disk, which extends out to ~260au (i.e.,
about three times larger than the dust disk), and enabled an esti-
mation of the protostellar mass from Keplerian velocity fitting
(M, = 0.5 £ 0.2M,). Moreover, their observations have shown
that IRS 63 is associated with a bipolar outflow (seen in '>CO),
a rotating envelope (in '*CO), and a large-scale streamer that
connects the envelope to the disk (in C'®0) with small-scale spi-
ral structures at the edge of the dust continuum (in SO). These
observations have shown that the streamer and the spiral struc-
tures originate from an infalling rotating structure that feeds the
protostellar disk at a rate of ~107° M, yr~!, that is, two orders
of magnitude larger than the disk-to-star mass accretion rate of
~1078 Mg yr~! (Flores et al. 2023).

In this Letter, we analyzed for the first time the deuterated
isotopologues of H,CO toward the planet-forming disk IRS 63
and its streamer. Theoretical and observational studies indicate
that deuterated molecules are “fossils” of the prestellar core
phase, and their abundances may be inherited from these early
phases (e.g., Caselli & Ceccarelli 2012; Ceccarelli et al. 2014;
Jensen et al. 2021). Hence, they are ideal for investigating the
impact, if any, of the large-scale streamer on the disk chemical
content at the time of planet formation.

2. Observations and data reduction

In the context of ALMA LP FAUST (2018.1.01205.L, PI: S.
Yamamoto), the Class I protostellar disk IRS 63 was observed
between 2018 and 2020 in Band 6 using three configurations:
two configurations with the main array (12 m, C43-4 and C43-1)
and one configuration with the Atacama Compact Array (ACA,
7-m antennas). The observations were taken using two spectral
setups that each covered 12 narrow spectral windows (SPWs)
centered on selected molecular lines (channel width 0.12 MHz,
coverage ~58 MHz) and one wide SPW that covered ~2 GHz
with a channel width of 0.49 MHz. The spectral setups covered
p-H2CO 303 — 20 (Eyp ~ 21K); 0-D2CO 494 — 303, 423 — 322
(Eup ~ 28, SOK), and HDCO 41,4 - 31’3, 42,2 - 32’1 (Eup ~
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38, 63 K) The O—DQCO 42,3 - 32!2 and HDCO 41,4 - 313 lines
were covered by the wide SPW; hence, they are at a lower spec-
tral resolution. The observations taken in the three configura-
tions were combined using the “mosaic” gridder in tclean within
the Common Astronomy Software Applications (CASA) pack-
age. The line-free continuum channels were identified and sub-
tracted, and the data were self-calibrated, imaged, and cleaned,
applying robust weighting (robust 0.5) and obtaining a clean
beam of ~0745 for the lines. The properties of the observed lines
(transition, frequency, and upper-level energy, Eyp) and of the
obtained line cubes (clean beam, channel width, and root mean
square noise) are summarized in Table 1. The channel maps of
the H,CO line cube and of the brightest HDCO and D,CO line
cubes are shown in Figs. A.1, A.2, A.3, and A.4. Finally, inte-
grated intensity maps (moment 0) and intensity-weighted veloc-
ity maps (moment 1) were obtained as shown in Fig. 1 and in
Fig. 2, where a 20 clipping was applied.

3. Results

The moment 0 and moment 1 maps of formaldehyde (H,CO)
and of the lower E, lines of its singly and doubly deuterated
forms (i.e., HDCO 246.9 GHz and D,CO 231.4 GHz) are shown
in Figs. 1 and 2, overlapped with the contours of the continuum
emission at 1.3 mm (see Sect. 3.1). Figure 1 shows a 10” x 15”
region where we investigated the emission on large scales (see
Sect. 3.2), while Fig. 2 shows a zoom-in (4” x 4’") focusing on
the distribution of molecules in the disk (see Sect. 3.3).

3.1. Continuum emission at 1.3 millimeters: The dusty disk

The continuum emission shows a smooth distribution with
no signatures of the rings and gaps first identified by
Segura-Cox et al. (2020) due to the approximately ten times
lower angular resolution of the FAUST map (0738 x 0730,
PA =84.25°) compared to their map (0”705 x 0703, i.e., ~7 X
4-au). We performed a 2D Gaussian fit in order to estimate the
disk parameters: peak coordinates (RA(J2000) = 16"31"35%.66,
Dec(J2000) = — 24°0172997); peak intensity (Fpeax = 112.7 +
0.4 mJy/beam); integrated flux density at 1.3 mm (293 = 1 mJy);
and disk position angle and inclination (PAgg = 149 + 1°,
i = 47+1°). The values are in agreement with those estimated by
Segura-Cox et al. (2020) from their higher resolution continuum
maps.

3.2. The streamer feeding the IRS 63 disk

The moment 0 and moment 1 maps in Fig. 1 show that the
H,CO line at 218.2 GHz probes the gas in the disk of IRS 63
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Fig. 2. Zoom-in of the integrated intensity (moment 0, upper panels) and intensity weighted velocity (moment 1, lower panels) maps of the H,CO,
HDCO, and D,CO line emission toward the IRS 63 disk (same transitions as in Fig. 1). The continuum emission at 1.3 mm is in black (contours
from 100 with steps of 5000, with o = 0.7 mJy beam™"). The transition and upper-level energy are labeled at the top, and the beam is shown in

the lower left of each panel.

as well as in the accretion streamer first identified in C'30 by
Flores et al. (2023). The streamer extends from ~1500 au north-
east to IRS 63 down to the western disk side and shows a veloc-
ity gradient with velocities spanning from ~3.3kms™!, that is,
redshifted with respect to systemic (Visg ~ +2.8kms™") in the
northern part, down to ~2 km s~! in the southern part, where the
streamer appears to connect to the disk. The channel maps in
Fig. A.1 show that the spatial distribution of the H,CO emis-
sion in the disk in each velocity channel is not symmetric with
respect to the disk major axis, as expected in a Keplerian rotat-
ing disk. This asymmetry is likely produced by the perturbation
induced by the streamer as it approaches the disk. A detailed
analysis of the physical, kinematical, and chemical properties of
the streamer is beyond the scope of this Letter and will be pre-
sented in a paper by Pineda et al. (in prep.). In the present study,
we focus on the chemistry of deuterated H,CO in IRS 63. Panels
C, D, and E of Fig. 1 show a zoom-in of the H,CO 218.2 GHz,

HDCO 246.9 GHz, and D,CO 231.4 GHz line emission inte-
grated on the blueshifted velocity range where the streamer emits
(i.e., Visg = [+2.0, +2.6]kms™!). The H,CO map shows that the
terminal blueshifted part of the streamer connects to the disk per-
pendicularly to its major axis and toward the SE disk side. Inter-
estingly, small selected portions of the streamer are also detected
in HDCO and D,CO. More specifically, (i) the brightest part of
the arc located NW to the source at an offset of 0”75 — 2" in Dec
and —1”5 and —2” in RA is also detected in HDCO, and (ii) the
terminal portion of the streamer impacting onto the SE disk side
is also detected in the HDCO and D,CO lines.

3.3. H,CO, HDCO and D,CO in the disk and outflow

Figure 2 shows a zoom-in of the moment 0 and 1 maps on the
IRS 63 disk. The H,CO line at 218.2 GHz probes the gas in
the disk, which extends beyond the continuum emission from
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the millimeter dusty grains, as typically observed in disks (e.g.,
Garufi et al. 2021; C)berg etal. 2021), and it shows the typical
velocity pattern of the gas in a rotating disk. A narrow stripe
with no emission can be observed along the minor axis due to
absorption of the line emission by H,CO molecules in the sur-
rounding envelope at velocities close to the systemic velocity
(Visre ~ +2.8kms™!). Moreover, the channel maps of H,CO
shown in the Appendix (Fig. A.2) show negative fluxes in the
inner ~20 au disk region in the channels close to systemic veloc-
ity (between 2.15 and 3.15kms™!) due to optically thick con-
tinuum emission and absorption by molecules along the line of
sight. The emission detected west of the disk probes the large-
scale streamer discussed in Sect. 3.2.

The HDCO 4,4 — 31 3 line (Ey, ~ 38 K) shows a spatial and
velocity distribution similar to H,CO, with two bright spots of
emission in the NW and SE disk sides along the disk’s major
axis. The emission in the HyCO and HDCO lines is brighter in
the northwest side of the disk, where the continuum also has
higher intensity values at most radii compared to the southeast
side of the disk (Segura-Cox et al. 2020, see Figs. 2 and A.3).
This indicates that the considered H,CO and HDCO lines probe
roughly the same disk region despite the upper-level energy of
the HDCO line being slightly higher than for H,CO (E,, ~ 38K
and ~21 K, respectively). The D,CO 4¢ 4 —3¢ 3 line at 231.4 GHz
(Eup ~ 28K) is firmly detected in the southeast disk side, while
no emission above the 20 threshold was detected in the NW
side (see Figs. 2 and A.4). Despite the similar £y, the fact that
the spatial distribution of D,CO is different from that of HDCO
and H,CO suggests a different chemical origin (see Sect. 4). The
moment 0 map of the HDCO 246.9 GHz and D,CO 231.4 GHz
lines also show two spots of emission along the disk minor axis,
that is, along the direction of the bipolar outflow identified in
12CO by Flores et al. (2023). The moment 1 map shows that the
velocity gradient is consistent with that of the '>CO outflow, with
blueshifted emission toward the southwest and redshifted toward
the northeast. Finally, as already pointed out in Sect. 3.2, the
moment 0 and 1 maps of HDCO also show emission in a small
portion of the arc-like streamer located NW of the disk identified
in H,CO.

The higher excitation HDCO 259.0GHz and D,CO
233.7GHz lines (Eyp ~ 63 K and 50 K, respectively) are fainter,
and no emission was detected in the moment 0 maps obtained
applying a 20 threshold. However, the fainter HDCO line at
259.0 GHz was detected in the disk-integrated spectra extracted
by integrating out to a radius of 1”3 (i.e., 187 au), while no emis-
sion was seen in the higher excitation D,CO line at 233.7 GHz
(see Fig. B.1).

3.4. Molecular column density and deuterium fractionation

Figure B.1 shows the H,CO, HDCO, and D,CO line spec-
tra obtained by integrating the line cubes on the SE and NW
disk sides on a 0735 area (corresponding to ~1.4 beams) where
HDCO emission was detected. These spectra allowed us to ver-
ify that the detected H,CO 218.2 GHz, HDCO 246.9 GHz, and
D,CO 231.4 GHz lines originate from the same disk layer and to
recover the emission in the fainter HDCO 259.0 GHz and D,CO
233.7 GHz lines (undetected in the channel and moment O maps).
The integrated spectra show that the fainter, higher excitation
HDCO line at 259.0 GHz was detected at greater than 20" in both
the SE and NW disk sides, while D,CO was detected only in the
lower excitation line at Ey, = 28 K. The peak intensity of the
H,CO, HDCO, and D,CO lines at the SE and NW disk sides is
~1.5-2K (H,CO) and ~0.2—-0.6 K (HDCO and D,CO). If we
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assume that the lines are in local thermodynamic equilibrium
(LTE), that is, the gas density is larger than the lines’ critical
density — which is very likely in the disk, the line brightness
temperature Ty, in K, corresponds to the gas temperature if the
lines are optically thick. The low Ty, values in the spectra (<2 K)
indicate that the lines are optically thin. The integrated intensi-
ties and upper limits in the SE and NW disk sides are reported in
Table 1.

The molecular column densities and gas temperature were
obtained in two steps under the assumption of LTE and opti-
cally thin emission. First, the ratio of the integrated intensities of
the two HDCO lines was used to estimate the excitation tem-
perature. Even though the range of upper-level energies cov-
ered by the lines is small (E,, = 38K and 63 K), the HDCO
line ratios indicate that the excitation temperature, Ty, is ~49 K
in the SE disk side, where the streamer impacts onto the disk,
and Tox ~ 39K in the NW disk side. Second, we assumed that
the H,CO, HDCO, and D,CO emission originate from the same
disk layer (as indicated by the fact that they are co-spatial in
the moment O maps and emit on the same velocity range in the
integrated spectra), at an average excitation temperature of 45 K,
and we obtained their column density, N, pixel by pixel from the
line-integrated intensity (moment 0) maps'. Figure 3 shows the
maps of the obtained column densities: the H,CO column den-
sity is ~1.2—3.8 x 10'3 cm™2 in the disk and 0.2—1.2x 10'3 cm™2
in the streamer; N(HDCO) is 3—8.5 x 10'2cm™2 in the SE and
NW disk sides and 2—3 x 10'>cm™ in the streamer and in the
outflow; N(D,CO) is ~1—4 x 10'>cm™2 in the SE disk side and
1-2 x 10'2 cm~2 in the outflow spots along the disk minor axis.

From the obtained column density maps, we estimated the
abundance ratio maps: [HDCO]/[H>,CO]= Nupco/Nu,co,
[D,CO]/[H,CO] = Np,co/Nu,co- and
[D,CO]J/[HDCO] = Np,co/Nupco (see Fig. 3). The deuterium
fractionation, [D]/[H], can be inferred from the abundance ratio
between the deuterated isotopologue and the main conformer
by taking into account the number of arrangements of the
deuterium atoms (e.g., Manigand et al. 2019), namely:

XH,D;  n! (DY W
XH, iln-i!'\H

where n is the number of valence of the X group, i is the number

of D attached to the X group, and —— is the number of arrange-

Mn—i)!
ments of i into n. Therefore, [D]/([Hi =0.5 x [HDCO]/[H,CO],
and [D]/[H] = V[D,CO]/[H,CO]. The deuteration of HDCO in
the two disk sides and in the blue- and red-shifted outflow lobes
is [HDCO]/[H,CO] ~ 0.1-0.3, which implies [D]/[H] ~ 5—-15%.
Doubly deuterated formaldehyde is more abundant in the
SE disk side; therefore, the abundance ratio [D,CO]/[H,CO]
is highly asymmetric in the disk, [D,CO]/[H,CO]~0.1
([DJ/[H] ~32%) in the SE disk, while from the integrated spec-
tra, we estimated a factor of two lower deuteration in the NW
disk side ([D,CO]J/[H,CO]~0.05, implying [D]/[H]~22%).
The [D,CO]/[HDCO] abundance ratio varies between 0.3 and
0.7 in the SE disk side and in the outflow lobes. As shown in
Fig. C.1, the [HDCOJ]/[H,CO] and [D,CO]/[H,CO] abundance
ratios estimated in the Class I disk of IRS 63 are, on average,
at the upper edge of the range of values estimated in prestellar
cores (Chacon-Tanarro et al. 2019; Bacmann et al. 2003) and in
Class 0 (Parise et al. 2006; Watanabe et al. 2012; Persson et al.
2018; Manigand et al. 2020; Evansetal. 2023) and Class I

' Partition functions were taken from the CDMS (Miiller et al. 2005),
and they take into account a statistical ortho-to-para ratio of three for
H,CO and two for D,CO.
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Fig. 3. Maps of column densities and abundance ratios toward IRS 63. Upper panels: Column density maps of H,CO, HDCO, and D,CO derived
assuming LTE and optically thin emission at the temperature derived from the HDCO lines (T,, = 45 K). Lower panels: Maps of the abundance
ratios [D,COJ/[HDCO], [HDCO]/[H,CO], and [D,CO]/[H,CO]. The continuum emission at 1.3 mm is in black (contours from 100 with steps of

5000, with o = 0.7 mJy beam™").

(Bianchi et al. 2017; Mercimek et al. 2022) protostars, and the
ratios are in agreement with the only available upper limit
obtained in a disk (Oph IRS48, van der Marel et al. 2021;
Brunken et al. 2022). Moreover, the [HDCO]/[H,CO] abun-
dance ratios in the outflow shocks driven by IRS 63 (~0.1-0.3)
are in agreement with those estimated in the L1157-B1 proto-
stellar shock (~0.1, Fontani et al. 2014).

4. Discussion
4.1. D,CO in the accretion and outflow shocks

Although H,CO has been routinely detected in disks (e.g.,
Garufi et al. 2021; Oberg etal. 2021), in outflows (e.g.,
Tychoniec et al. 2019; Evans et al. 2023), and also in a streamer
(Valdivia-Mena et al. 2022), this is the first time that singly and
doubly deuterated formaldehyde have been detected in a planet-
forming disk and in the streamer that is feeding it. Interestingly,
our observations show the following features in the distribution
and abundance of HDCO and D,CO in IRS 63: (i) the spatial
distribution of HDCO is similar to that of H,CO in the disk
and in the streamer, pointing to a similar chemical origin of
the two species; (ii) D,CO emission is detected only in the SE
disk side where the streamer hits the disk and in the two spots
along the outflow direction, hence in shocked regions; (iii) the
[D,CO]/[H,CO] abundance ratio in the SE disk side hit by the
streamer is ~0.1, which is at the upper edge of the range of val-
ues estimated for prestellar cores and Class O and I protostars
(see Fig. C.1).

The observed spatial distribution and abundance of D,CO
could be due to the release of D,CO from the icy mantles
of grains in the accretion shock, occurring when the streamer
impacts onto the disk as well as in the shocks along the out-
flow. The release of molecular species from the ices in the accre-
tion shock at the streamer-disk interface was first observed by
Garufi et al. (2022) through enhanced SO and SO, emission in
the shocked disk region of HL Tau and DG Tau, and it was

then observed by Bianchi et al. (2023) through HDO emission
in SVS13-A. Flores et al. (2023) showed that the streamer feeds
the disk of IRS 63 at a rate of ~107% Mg yr~!, two orders of mag-
nitude larger than the disk-to-star mass accretion rate. This sug-
gests that the streamer may have a deep impact not only on the
mass and kinematics of the disk but also on its chemical compo-
sition.

In the following section, we examine the different routes
for the formation of HDCO and D,CO (either in the gas phase
or on the grains). We use the different spatial distributions of
these molecules to put constraints on their chemical origin and
to verify the above-proposed scenario of D,CO-rich ices being
released in shocked regions.

4.2. HDCO and D,CO chemistry

Formaldehyde can be formed in both the gas phase (mainly
through the reaction CH3;+O) and on the surfaces of the
grain mantles (through hydrogenation of CO ices) (e.g.,
Willacy & Woods 2009). The scheme of the two routes form-
ing HDCO is schematically summarized in Fig. 4. In the gas
phase, deuterated formaldehyde is formed mainly via a chain
of reactions starting from the CHJ ions, which after reacting
with HD forms CH,D* and eventually leads to HDCO (e.g.,
Roueff et al. 2007; Roberts & Millar 2007). The first reaction
has an exothermicity of about 650 K (Roueff et al. 2013), and
the reverse reactions do not occur at temperatures lower than
about 70-80K, enhancing the CH,D*/CHJ ratio. This occurs
analogously to the enhancement of the H,D*/HJ ratio at tem-
peratures <30—40 K (Ceccarelli et al. 2014). Theoretical models
predict [HDCO]/[H,CO] ratios up to 0.2 (Bergman et al. 2011;
Roueff et al. 2013), comparable to the values observed in the
disk.

On the other hand, gas-phase reactions are unable to repro-
duce the large [D,CO]J/[HDCQ] ratio inferred in the region
where the streamer falls onto the disk (up to ~0.7). In this
case, the most reasonable explanation is that the large measured
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abundance of D,CO is due to its release in the gas phase from the
grain mantles, where D,CO was formed in the prestellar phase
or recently in the disk itself. Figure 4 shows the scheme for the
formation of D,CO on the grain mantles, which occurs thanks to
addition and abstraction reactions of H and D to and from frozen
Co.

It is worth noticing the crucial importance of the abstraction
reactions in the formation of D,CO. This was first noticed by
experimental works (e.g., Hidaka et al. 2009) and astrochemical
models (Taquet et al. 2012; Aikawa et al. 2012). Later, highly
accurate theoretical calculations confirmed the importance of
abstraction reactions on simulated amorphous water surfaces
(AWSs) and the kinetic isotope effect (KIE) in the reactions with
activation barriers (Song & Kistner 2017). However, to our best
knowledge, theoretical calculations have only been carried out
for the H (or D) + H,CO (or HDCO) — HCO + H; (or HD), leav-
ing the whole quantitative reaction scheme incomplete.

That said, D,CO is formed mainly from the DCO + D reac-
tion, and thus, it uniquely depends on the DCO abundance,
which is set by the HDCO abstraction reactions against the addi-
tion ones. Interestingly, the H abstraction of HDCO is always
favored against the D abstraction so that even the H irradiation
plays in favor of augmenting the DCO abundance and, conse-
quently, also that of the D,CO. Based on the above-discussed
grain surface chemistry, we suggest that the ices in the disk,
as well as those delivered by the streamer, were exposed to
an important flux of D atoms that formed HDCO, which was
subsequently converted into D,CO due to the flux of H atoms.
This caused an enhancement of the D,CO abundance (with
respect to HDCO and H,CO) on the ices. The above-described
enhancement of D,CO on the ices may have occurred in the cold
prestellar phase and then inherited by the disk at the time of its
formation, as well as through the streamer. In fact, previous stud-
ies have indicated an accumulation of dust with thick icy man-
tles in the central region of prestellar cores and almost complete
freeze-out, which favors the formation of deuterated molecules
on the ices (Ceccarelli et al. 2014; Caselli et al. 2022), and this
is confirmed by the high [HDCO]/[H,CO] and [D,CO]/[H,CO]
abundance ratios inferred in prestellar cores (see Fig. C.1). On
the other hand, the same grain chemistry may also occur in the
cold disk midplane. In both cases, the D,CO-enriched ice com-
position is released in the gas phase in the shocks driven by the
accretion streamer and the outflow.

In light of the formation routes discussed above, we conclude
the following. First, the widespread HDCO and H,CO emission
in the disk and in the streamer (Fig. 2) can be explained by
gas-phase reactions occurring in the warm disk molecular lay-
ers and in the streamer at temperatures of 40-50 K, where the
main formation route of H,CO is CH3 + O and that of HDCO
is CH,D + O (through the scheme presented in Fig. 4, upper
panel). Therefore, both H,CO and HDCO probe material that
is (at least partially) reprocessed in the disk and in the streamer.
Second, D,CO, which is detected only in shocks (Fig. 2), probes
the composition of the ices, which is set by grain surface chem-
istry occurring at low temperatures (Fig. 4, lower panel), that is,
at the prestellar stage and in the disk midplane.

5. Conclusions

The ALMA observations of the Class I source IRS 63 in the
context of the FAUST ALMA LP has allowed for the first detec-
tion of singly and doubly deuterated formaldehyde in a planet-
forming disk and in the streamer that is feeding it. We observed
a strong chemical asymmetry between the two disk sides. The
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Fig. 4. Major routes of formation and destruction of HDCO in the gas
phase (upper panel) and HDCO and D,CO on the grain surfaces (lower
panel). In the latter, arrows identify the most important reactions involv-
ing H (blue) and D (red) atoms landing on the surface: direct additions
(solid lines) and abstraction (dashed lines). Thick lines represent barri-
erless reactions, while thin lines are reactions presenting barriers (see
text).

spatial distribution of H,CO and HDCO in the disk and in the
streamer is similar, while D,CO was detected only (i) in the SE
disk side, where the streamer impacts on the disk, as well as (ii)
in two spots along the outflow. The estimated deuterium fraction,
[D]/[H], is ~5—15% in HDCO and ~22-32% in D,CO. The spa-
tial distribution and the abundance of the detected species sug-
gest that HDCO is mainly a gas-phase product (starting from
the reaction CH; + HD), while D,CO is formed on ices at the
prestellar phase and/or in the disk itself through addition and
abstraction reactions of H and D to and from frozen CO (e.g.,
Taquet et al. 2012). This explains why D,CO is observed only
in shocked regions, either in the accretion shock produced by
the streamer or in the outflow shocks, where the ices are sput-
tered, releasing D,CO in the gas phase. Our results indicate that
streamers play a key role in setting the initial conditions for
planet formation, as they can alter a disk’s physical and chemical
properties.
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Appendix A: Channel maps and A.4. Channels maps of H,CO on a larger area of 10" x 15”

hown in Fig. A.1 to sh ission from the 1 1
Channel maps of H,CO 218.22 GHz, HDCO 246.92 GHz, and  °c SPoWn In Hig. A% 1o show emission from the Jarge scale

DLCO 231.41 GHz toward IRS 63 are shown in Figs. A.2, A.3, is;r?riréllf;r.lThe channel width is different for each line, as reported
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Fig. A.1. Zoom-out of H,CO 218.22 GHz in the channels at Vigg = [+1.79,+3.3] kms™! to show the emission by the large scale streamer. The
black contours show the continuum emission at 1.3 mm (contours from 10c with steps of 5000, with o = 0.7 mJy beam™"). In each panel the
velocity, Visg, is indicated on the top-right (channel width of 0.168 kms™!' channel). The beam and the wedge of the color scale are drawn in the
last channel.
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H,CO 3(0,3)-2(0,2) (E,, = 21 K): CHANNEL MAPS
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Fig. A.2. Channel maps of H,CO 218.22 GHz emission toward IRS 63. The black contours show the continuum emission at 1.3 mm (contours
from 100 with steps of 5000, with oo = 0.7 mJy beam™"). In each panel the velocity, Vi s, is indicated on the top-left (channel width of 0.168
kms~!' channel). The wedge and the beam are drawn in the last channel of the first and last row, respectively.

HDCO 4(1,4)-3(1,3) (Ep = 38 K): CHANNEL MAPS
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Fig. A.3. Channel maps of HDCO 246.92 GHz emission toward IRS 63. The black contours show the continuum emission at 1.3 mm (contours
from 100 with steps of 5000, with o = 0.7 mJy beam™"!). The scale of the wedge is in Jy beam™'. In each panel the velocity, Vysg, is indicated on
the top-left (channel width of 1.19 kms™' channel). The beam and the wedge of the color scale are drawn in the last channel.
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D?c offset (")
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Fig. A.4. Channel maps of D,CO 231.41 GHz emission toward IRS 63. The black contours show the continuum emission at 1.3 mm (contours
from 100 with steps of 5000, with o = 0.7 mJy beam™"). The scale of the wedge is in Jy beam™". In each panel the velocity, Vi sg, is indicated on
the top-left (channel width of 0.158 kms™! channel). The beam and the wedge of the color scale are drawn in the last channel.
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Appendix B: Integrated spectra

In Fig. B.1 we show the spectra of H,CO, HDCO, and D,CO
transitions integrated on the entire disk (out to a radius of ~ 1”/3,
i.e. 187 au), on the SE and NW disk side.

Disk (R=1.3") SE Disk Side NW Disk Side
H,CO 3(0,3)—2(0,2)
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Fig. B.1. Spectra of the H,CO, HDCO, and D,CO lines integrated: on the entire disk (out to a radius of 13, Ist column), on the SE disk side
(2nd column), on the NW disk side (3rd column). The red dashed line indicates the systemic velocity, Visg = +2.8 km s~'. The line transition,
frequency, and upper level energy are labeled on the upper-left of the panels in the first column.
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Appendix C: Abundance and [D]/[H] ratios from
prestellar cores to disks

Figure C.1 compares the [HDCO]/[H,CO] and [D,CO]/[H,CO]
abundance ratios, and corresponding [D]/[H], in the Class I disk
of IRS 63 with the values previously estimated for sources at
different evolutionary stages, from prestellar cores, to Class 0
and I protostars and disks. The corresponding source names are
labeled in the figure and the references are given in the caption.

@® IRAM-30m
O ALMA
= } % 0.10
o
= —
£010 % I { = £
2 % d g | ¢
=
0.01
0.01
PRESTELLAR CLASS 0 CLASS 1 DISK
L0 @ IRAM-30m 100
O ALMA t v
~ : } :
o)
Zo010 i } v § .
SN IR HE
o
& v t =
0.01 % i 0.10
Fig. C.1. Abundance ratios [HDCO]/[H,CO] (upper panel),
and [D,COJ/[H,CO] (lower panel) estimated in prestellar
cores (Chacon-Tanarroetal. 2019; Bacmannetal. 2003), in
Class O (Parise etal. 2006; Watanabe et al. 2012; Persson et al.
2018; Manigand etal. 2020; Evansetal. 2023) and Class I

(Bianchietal. 2017; Mercimek etal. 2022) protostars, and in
disks (van der Marel et al. 2021; Brunken et al. 2022), are compared
with the values estimated in the disk of IRS 63 (this work). Blue and red
circles indicate estimates obtained with IRAM-30m observations (with
the exception of RCrA-IRS7B which is observed with ASTE-10m),
while cyan and orange squares those obtained with ALMA. Upper
limits are marked with triangles. In both panels the right y-axes indicate
the corresponding [D]/[H] ratios. The source names are below the
bottom panel.
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