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Deuterated molecules are excellent tracers of 
physical conditions in the ISM 

In dense cores, CO is heavily depleted and 
deuterated species start increasing in 
abundance via: 

H3+ + HD               H2D+ + H2 

H2D+ + N2              N2D+ + H2 

H2D+ + NH3           NH3D+          NH2D 

The dissociative recombination of H2D+/D2H+/D3+ 
with electrons releases atomic D that can end 
up on grains

4. Column Densities and Velocity Distributions

Four lines of the -2 1k k( ) group of CH OH3 were included
in the spectral window around 96.7 GHz. Three of them belong
to the E symmetry species and one to the A species. The
rotational temperatures, Trot, and the column densities, N, of E-
type methanol were derived adopting the procedure described
by Nummelin et al. (2000), where no assumption about the
optical thickness of the lines is made. The calculation was
limited to the positions where at least two of the E−CH OH3
lines are detected with 3σ significance. In practice, this means
positions where the integrated intensity of the 20−10 line is
greater than ∼0.045 K -km s 1. The region where this condition
holds is contained within the 1 K -km s 1 contour of the total
integrated intensity map shown in Figures 1(b) and (c). The
weighted average of the rotational temperature and its standard

deviation are = T 10.3 0.7rot¯ K. The peak value of the
E-methanol column density is - = N E CH OH 1.13( )

´ -0.1 10 cm14 2. In the region with the brightest CH OH3
emission, bordering the eastern side of the core, -N E(

´CH OH 5 103
13) cm−2. On the western side, the column

density could only be determined toward irregularly dispersed
positions. The values in these positions are typically less
than ~ ´ -5 10 cm12 2, except for a couple of positions
reaching ~ ´ -2 10 cm13 2. The A-methanol column density,

-N A CH OH3( ), was estimated using the single A-line in the
spectrum, assuming that the rotational temperatures of the A
and E symmetry species are the same. The weighted average of
the A/E ratio and its standard deviation is 1.3±0.2 (the
high-temperature statistical value is 1.0). This indicates
that ~ ´ -N N ECH OH 2 CH OH3 3( ) ( ).

Figure 1.Molecular line maps and the H2 column density map of the Ophiuchus/H-MM1 core. Panels (a), (b), and (c) show the integrated intensity maps of the ortho-
NH D 1 12 11 01( – ), -CH OH 2 1k k3 ( ), and SO(23−12) lines measured by ALMA. Methanol contours are superposed on the SO map in panel (c). The contour levels are
1, 2, and -3 K km s 1. The synthetic beam size of the ALMA images ( 4 ) is indicated in the bottom left of each panel. The N H2( ) map of panel (d) is derived from
8 μm extinction, based on observations by the Spitzer Space Telescope. The contour lines show the 3 mm continuum emission measured by the ACA. The levels go
from 2 to 3 mJy beam−1 in steps of 0.25 mJy beam−1. The ellipse in the bottom left represents the synthetic beam of the ACA map. The plus sign indicates the
position of the column density maximum with the coordinates R.A. 16:27:58.65, decl. −24:33:41.2 (J2000).
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26 1. Introduction

10�7 cm3 s�1 due to the long-range attractive force between the ions.

Electron attachment
In electron attachment reactions, a free electron recombines with a neutral molecule, possibly
releasing excess energy by emission of a photon. These reactions are rare and ine�cient, with
typical rate coe�cients ranging only around 10�16-10�15 cm3 s�1.

1.5.2 Grain chemistry
Although dust grains account for only 1% of the mass of a molecular cloud, they play an
essential role in the formation of common and abundant molecules as e.g. H2, CH3OH and other
COMs. Their advantages as a chemical environment, compared to the gas phase, are threefold
(van Dishoeck (2014)) : (i) they function as a reservoir, where molecules can be stored in
close proximity for prolonged periods of time, (ii) thereby making it more likely that moderate
activation energies can be overcome, and (iii) they can act as third body in reactions that absorb
the released reaction enthalpy and prevent the product from immediate dissociation.

Figure 1.5: Schematic of an idealized interstellar dust grain; adapted from Yamamoto (2016).

In general, astrochemical models strongly idealize the properties of dust grains to keep
the computational cost manageable. Figure 1.5 schematically summarizes the most common
simplifications. Dust grains are usually assumed to be spherical with a singular radius of 0.1 µm.
Recently, most astrochemical models use a three-phase model, consisting of three distinct phases:
the gas phase, the surface phase and the mantle or bulk phase beneath the surface, with possible
subdivision into individual layers for the latter two phases. In this scenario, the surface phase
is both the place where the majority of chemical reactions are ongoing and where the exchange

Yamamoto (2016)
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Figure 1: Stages in the formation of a new planetary system from a dark interstellar cloud. Much of the
chemistry of planet-forming material is likely set in tihe cold pre- and protostellar stages. Also, there is strong
evidence that the first steps of planet(esimal) formation take place early, in the embedded protostellar phase of
star formation (typically few ⇥105 yr after collapse). Artist impression from Bill Saxton (NRAO/AUI/NSF),
annotated by the authors.

molecules are detected through their rotational transitions at millimeter wavelengths, and various single-
dish and interferometers at millimeter wavelengths with increasingly sensitive broad-band detectors have
become available culminating in the Atacama Large Millimeter/submillimeter Array (ALMA). ALMA has
the combined sensitivity and spatial resolution to zoom in on planet-forming disks. Millimeter observations
require the molecule to have a permanent dipole moment to be detectable.

Infrared observations are highly complementary. Space missions like the Infrared Space Observatory,
Spitzer Space Telescope and the Herschel Space Observatory at mid- and far-infrared wavelengths were
particularly well suited to study H2O and molecules like CO2 that are abundant in our Earth’s atmosphere.
Moreover, solid state species (silicates, ices), complex molecules (PAHs, fullerenes) and small molecules
without a dipole moment like CH4, C2H2 and CO2 can be uniquely observed through their vibrational
transitions. Warm H2 can also be detected through mid-infrared lines, but cold H2 in dark clouds is invisible
and can only be traced indirectly through other molecules, most notably through far-infrared lines of HD.
These space-based data have been complemented by studies of selected molecules using ground-based 8m
optical/infrared telescopes equipped with high resolution spectrometers. The James Webb Space Telescope
(JWST), to be launched late 2021, will be the next big jump in mid-infrared capabilities.

2.2 Astrochemical models

Chemistry in the interstellar medium, where densities are typically 103 � 106 cm�3, cannot be described
by the laws of thermodynamics, except in the densest stellar and planetary atmospheres well shielded from
radiation, with densities > 1013 cm�3. In interstellar space, the chemistry is controlled by two-body reactions
and abundances can be obtained through kinetics involving large networks of reactions. These networks
contain gas-phase reactions (ion-molecule, neutral-neutral) as well as gas-grain and grain-surface chemistry,
with UV photoprocesses playing a role in both gaseous and solid phases. Thanks to many decades of
laboratory experiments and quantum chemical calculations by physicists and chemists, deep insight into
these processes has been obtained and their reaction rates under di↵erent conditions have been quantified.

Compilations of the rate coe�cients together with codes that solve the coupled di↵erential equations of
these networks include the UMIST 2013 database, the KIDA database, and the UCLCHEM code. Programs
tailored to exoplanetary atmospheres include VULCAN and LEVI.

To run an astrochemical model, a prescription of the temperature and density structure of the source,

2

van Dishoeck & Bergin (2020)
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Clouds: deuteration in the gas phase 
A&A 675, A69 (2023)
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Fig. 1. Network displaying the main reactions
involved in deuterium fractionation, stemming
from the H+3 cation. The relevant ion–neutral and
neutral–neutral reactions alongside their corre-
sponding reactants are marked using black arrows
except for exothermic reactions involving HD or
D, which are highlighted in blue. Ionisation by
cosmic rays and electron recombination reactions
are marked using dashed and dash-dotted black
arrows, respectively.

CH2D+ and CHD+2 , would present unique probes for studying
deuterium chemistry in warmer environments of the ISM. For
example, observed enhancements in the abundance of species
like DCN in warm gas (Leurini et al. 2006) have been interpreted
to be a result of high CH2D+/CH+3 ratios (Roueff et al. 2007).
However, lacking a permanent dipole moment owing to its sym-
metric and planar structure, CH+3 has no observable rotational
transitions. Fortunately, this is not the case for its deuterated
counterparts (CH2D+, CHD+2 ), which have rotational transitions
observable at millimetre and radio wavelengths. However, to
date, only tentative detections of two CH2D+ lines have been
reported towards Orion IRc2 by Roueff et al. (2013). Therefore,
the successful detection of CD, which is formed from CH2D+,
would be a strong indicator of both chemistry and the efficiency
of secondary deuteration, particularly in the absence of secure
detections of CH2D+.

One of the first molecules to be detected in the ISM, the
methylidene radical, CH, first observed at visible wavelengths
(Dunham 1937; Swings & Rosenfeld 1937), has been exten-
sively studied owing to its importance in astrochemistry –
produced and destroyed at early stages in the sequence of ion–
molecule reactions that govern interstellar chemistry – and its
use as a surrogate for H2 in diffuse and translucent clouds (e.g.
Federman 1982; Sheffer et al. 2008; Weselak et al. 2010). In
contrast to CH, which has been observed in a wide range of
astrophysical environments, across wavelengths ranging from
the far-ultraviolet (FUV; Watson 2001; Sheffer & Federman
2007) to radio (Rydbeck et al. 1973), very little is known
about its rarer isotopologues, CD and 13CH. While considerable
efforts have been made in the laboratory to measure the rota-
tional spectra of these species (Halfen et al. 2008; Zachwieja
et al. 2012), observationally, they have remained undetected in
the ISM, until recently. Jacob et al. (2020) reported the first

detection of 13CH towards four well-known star-forming regions
in the Galaxy through observations of the hyperfine structure
splitting components of the N, J = 2, 3/2 ! 1, 1/2 transition
of 13CH near ⇠1997 GHz made possible by the unique access
of the GREAT1 (Risacher et al. 2016) instrument on board
the Stratospheric Observatory for Infrared Astronomy (SOFIA;
Young et al. 2012) to supra-terahertz frequencies. In contrast,
previous searches for the N, J = 2, 3/2 ! 1, 3/2 and N, J =
2, 5/2 ! 1, 3/2 transitions of CD near 885 GHz and 916 GHz
made towards the low-mass protostar, IRAS 16293�24222, by
Bottinelli et al. (2014) using the Herschel space observatory were
unsuccessful, leaving CD as yet undetected in the ISM.

This paper reports the first detection of CD in the ISM,
towards the low-mass protostar IRAS 16293�2422. Sections 2
and 3 briefly describe CD spectroscopy and the observations car-
ried out, and our results are presented in Sect. 4. The chemical
model used in the analysis and the subsequently derived con-
straints on deuterium chemistry are discussed in Sect. 5, with
the main findings summarised in Sect. 6.

2. CD spectroscopy

The electronic, (ro-)vibrational, and purely rotational transi-
tions in the X

2⇧r ground electronic state of CD have been
extensively studied using laboratory experiments. For example,

1 The German REceiver for Astronomy at Terahertz frequencies
(GREAT) is a development by the MPI für Radioastronomie and the
KOSMA/Universität zu Köln, in cooperation with the DLR Institut für
Optische Sensorsysteme.
2 Well studied for its rich submillimetre spectrum and notably high
degree of deuterium fractionation found for many molecules (van
Dishoeck et al. 1995; Jørgensen et al. 2018).
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Fig. 7. Modelled D/H abundance ratio for CH
as a function of temperature computed for times
t = 5 ⇥ 105 yr (solid curve with diamond mark-
ers) and 1 ⇥ 106 yr (dashed curve) for models
with �UV = 1 (left) and �UV = 6 (right), where
the horizontal grey shaded regions mark the dis-
persion in the CD/CH abundance ratio derived
toward IRAS 16293�2422. For comparison, we
also display the temperature dependence on the
D/H abundance ratio for HCO+ (blue triangles)
and C2H (red circles) at the time of t = 5⇥ 105 yr.

of the fractional abundances of CH and CD on the value of the
H2 OPR used in the models by carrying out additional simula-
tions for initial OPRs of H2 of 0.1 and 3.0. Figure A.3 is similar
to Fig. 5 and displays the fractional abundances of CH and CD as
a function of time but for simulations run with an OPR for H2 =
0.1 (top panel) and 3.0 (bottom panel). We find variations in the
abundances of both CH and CD to be marginal and to result in
deviations in the subsequently determined D/H ratio of at most
5% and 7% for those models with an OPR of H2 = 0.1 and 3.0,
respectively (see Fig. A.4). This result is unsurprising, given that
deuteration in CH is driven by CH2D+ and not H2D+. Varying
the OPR of H2 in the models decreases the D/H ratio of C2H by
⇠9%, while that of HCO+ decreases by ⇠55% and 68% at lower
gas temperatures for models with H2 OPR = 0.1 and 3.0, respec-
tively, approaching the same value as the temperature increases
beyond 60 K. This difference is a direct reflection of the fact that
deuteration in HCO+ stems from H2D+ at low temperatures, the
abundance of which varies with the OPR of H2. Therefore, we
conclude that the initial choice of OPR of H2 in the simulations
does not directly influence deuteration in CH.

6. Conclusions

In this paper, we report the first detection of CD in the ISM,
which we detect towards IRAS 16293�2422 in absorption via
observations of the HFS splitting lines of both ⇤-doublets of the
N = 1, J = 3/2 ! 1/2 transition made with the APEX 12 m
telescope. The detection of CD provides a new opportunity to
observationally probe deuteration proceeding in warm gas via
reaction channels involving CH2D+. By combining the column
density of CD derived from our observation with that from the
corresponding transitions of CH towards the same source, we
estimate a D/H ratio of 0.016±0.03. Remarkably, compared with
other species that inherit deuterium from CH2D+, the degree of
fractionation derived from CH is lower by an order of magnitude.
This could likely be due to the fact that the CD/CH abundance
ratio traces the onset of deuterium chemistry initiated via reac-
tions with CH2D+, unlike in the case of C2D and HDCO whose
abundances are enhanced as reactions driven by CH2D+ become
the predominant chemical pathway for deuteration. Furthermore,
astrochemical model calculations carried out provide evidence
that deuteration in CH proceeds via ‘warm deuterium chemistry’,
with the models best reproducing the observed ratio at gas tem-
peratures of > 30 K. However, better constraints, particularly on
the physical parameters of the cloud, are necessary to ascertain
the role of CD as a probe of warm deuterium chemistry and the

possible use of the CD/CH ratio in constraining envelope gas
temperatures. Coordinated laboratory efforts in the future – mea-
suring frequencies of sister species of CD, CHD and CD2, and
refining the values of relevant reaction rates that would allow
determinations of the branching ratios for DR reactions involv-
ing deuterated isotopes of CH+3 – will make it possible to improve
our understanding of the deuterium chemistry at work in mod-
erately warm environments of the ISM. Certainly, the successful
detection of CD in IRAS 16293�2422 provides new evidence for
deuterated chemistry initiated by CH2D+.
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O. Sipilä et al.: Modeling deuterium chemistry in starless cores: full scrambling versus proton hop

Fig. 6. D/H ratios (top row) of ammonia (left column), H+3 (middle column), and water (right column) and the corresponding spin-state ratios
(bottom row), as functions of radius in the H-MM1 core model. The curves correspond to t= 105 yr. Solid lines represent the FS model, while
dashed lines represent the PH model.

Fig. 7. Abundances of the ammonia isotopologs summed over the spin states (left), corresponding D/H ratios (middle), and spin-state ratios (right),
as functions of time in the H-MM1 core model. Solid lines represent the FS model, while dashed lines represent the PH model. Observational
ratios derived by H17 are overlaid (hatched boxes). The orange hatched box in the middle panel represents the NH2D/NH3 ratio calculated using
an NH3 o/p ratio of 0.5 (see text for details).

The D/H and spin ratios are heavily time-dependent, and
it is difficult to draw any firm conclusions on the difference
between the model and observations based on the radial pro-
files presented in Fig. 6. To complement that figure, we show
in Fig. 7 the density-weighted abundances and abundance ratios
of the ammonia isotopologs as functions of time. The observed
D/H and spin ratios derived by H17 are overlaid. The early-time
behavior of the various ammonia abundances is in the present
model very different from that of H17. This is because of sev-
eral updates to the chemical model since Sipilä et al. (2015)
that affect the early-time (due to ion-molecule reactions) and

late-time (due to cosmic rays) chemistry in particular (see Sipilä
et al. 2019). However, we recover similar abundances compared
to H17 in the time interval 105–106 yr; the current model predicts
a factor of a few more ND3.

The D/H ratios again follow the same trends as in the discus-
sion above – for example the NH2D/NH3 ratio is enhanced in the
PH model. Notably, the FS model can only fit the NH2D/NH3
ratio for realistic timescales (&105 yr) where the abundances
are not below detectable levels. The PH model reproduces the
observed NHD2/NH2D ratio within the observational uncer-
tainties, and simultaneously fits the observed ND3/NHD2 ratio

A63, page 7 of 14
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Clouds: deuteration of COMs (on grains) 

Riedel, W., et al.: A&A, 680, A87 (2023)

Appendix B: Applied reaction scheme for the formation of methanol and deuterated isotopologues

Figure B.1 depicts the reaction scheme for the formation of methanol that we employed for all the presented models.

Fig. B.1. Reaction scheme for the formation of CH3OH and its deuterated isotopologues. The upper half shows the applied ‘forward reactions’
(addition reactions), either adding H (in the horizontal direction) or D (in the vertical direction). The lower half shows the employed ‘backward
reactions’ (abstraction reactions), reacting with H or D and thereby removing a H2, HD, or D2 molecule. The values on top of the arrows indicate,
if existing, the activation energies, EA, in 103 K. There are always two values for the abstraction reactions. The first one gives the value for the
reaction with H, the second for the reaction with D. Note that our reaction scheme also includes two ‘substitution reactions’, exchanging one D
atom for a H atom in H2CO and HDCO, which are not shown here for the sake of clarity.

A87, page 18 of 20

Riedel et al. (2023)

Riedel et al. (2025)

Stay tuned for Riedel et al. (in prep.)

A&A proofs: manuscript no. output

Fig. 2. Column density profiles of CH3OH (left) and N(CH2DOH)/N(CH3OH) profiles (right) of various combinations of the introduced non-
di↵usive mechanisms (model ND1-ND6; upper panel) and of di↵usive models, including the di↵usion of hydrogen (and deuterium) atoms by
quantum tunneling (model D2; red) or a di↵usion-to-binding energy ratio of Ed/Eb of 0.2 (fast thermal di↵usion; model D3; orange; lower panel).
A di↵usive model with a di↵usion-to-binding energy ratio of Ed/Eb of 0.55 (slow thermal di↵usion; model D1; grey) is shown as a reference. All
models are performed within the framework of the single collision model. The observed profiles, ranging from the dust peak into the direction of
the methanol peak, presented first in Chacón-Tanarro et al. (2019), are depicted in black (errors as grey-shaded areas). The results are presented
for the best-fit time of t = 3.0 ⇥ 105 yr.

ties for important formation pathways of CH2DOH when apply-
ing the RDC model. CH2DOH can be formed via three di↵erent
pathways, starting from H2CO: (I) the hydrogenation of H2CO
to CH2OH and its subsequent deuteration (see Reaction 6), (II)
the deuteration of H2CO to CHDOH and its subsequent hydro-
genation (see Reaction 7) and (III) the deuteration of H2CO
to CH2DO and its subsequent hydrogenation (see Reaction 8).
CH2DOH formation from CH3O or CH2OD is excluded in the
selected formation scheme.

H2CO
+H��! CH2OH

+D��! CH2DOH (6)

H2CO
+D��! CHDOH

+H��! CH2DOH (7)

H2CO
+D��! CH2DO

+H��! CH2DOH (8)

When applying the SC model for the calculation of reaction
probabilities for reactions with an activation-energy barrier, the
hydrogenation reaction of H2CO will much more often result in
the formation of the isomer CH3O as opposed to CH2OH due to
its much higher activation-energy barrier (EA = 5.16 ⇥ 103 K
vs EA = 2.00 ⇥ 103 K). Consequently CH3O is around 104x
more abundant than CH2OH at the dust peak for the best-fit time.

Without the inclusion of abstraction reactions (see also Section
4.2), a deuteration to CH2DOH is not possible anymore once
CH3O is formed. Since abstraction reactions are not considered
in the first part of this work, the formation of CH2DOH mainly
proceeds via Reaction 8 as it has the lowest activation-energy
barrier: EA = 1.28 ⇥ 103 K compared to EA = 5.16 ⇥ 103 K for
the other two options. When applying the RDC model, however,
the formation of CH2OH is not hindered significantly by the re-
action’s high activation-energy barrier, as both reactants can un-
dergo numerous attempts to react until one of them di↵uses away
again. In the extremely cold environment of pre-stellar cores the
di↵usion rates, even of hydrogen atoms, are much lower than the
typical collision frequencies ⌫AB. Consequently, the e�ciency
factor fact is much larger than in the SC model, resulting in an
almost equal abundance of CH2OH and CH3O, while the abun-
dance of CH2DO is decreased. Additionally, the D/H ratio on
the grain surface in the RDC model is lower - around two order
of magnitudes at the dust peak - than in the SC model. Com-
bined with the lower D/H ratio and the slower hopping rate of
D atoms, the higher amount of CH2OH decreases the relative
CH2DOH formation as a hydrogenation reaction of CH2OH to
form CH3OH is more likely than the respective deuteration re-
action to form CH2DOH.
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Fig. 14 Schematic structure of a “naked” protoplanetary disk, adapted from Öberg et al. (2011b), Dulle-
mond and Monnier (2010), Semenov (2011), Dullemond et al. (2007b), and Bergin et al. (2007). The
various regions are labeled. The black dots with various sizes represent the coagulated dust in the disk
midplane. See text for details

of the sequestration of H2O in the outer disk during the process of planetesimal for-
mation. It is interesting to note that toward the disks surrounding the intermediate-
mass (≃2 < M/M⊙ < 8) Herbig Ae/Be stars, no organic molecules have been de-
tected (Pontoppidan et al. 2010b; Salyk et al. 2011) and water is only seen in the
far-infared at larger radii (≃15–20 AU; Fedele et al. 2012), probably due to the larger
UV fluxes compared to T Tauri stars. Beyond the “wall”, the disk is thought to have
a layered structure. (3) A photon-dominated region (PDR) is present all around the
disk, which is exposed to the stellar and interstellar UV field, as well as the stellar X-
rays. Here, forbidden line emission from the well-known PDR coolants, [CII]158 µm,
[OI]63 µm and 145 µm, are observed (Sturm et al. 2010; Podio et al. 2012), although
the [CII]158 µm and the [OI]145 µm are not always detected (Mathews et al. 2010;
Thi et al. 2010a). (4) A warm molecular layer. Just below the PDR zone, molecules
survive, although photochemistry is still playing an important role (Henning et al.
2010; Aresu et al. 2012). The gas and dust are warm and radical and ions dominate
the gas composition (Semenov 2011). (5) A dark-cloud chemistry zone, where the
temperature drops below 20 K, molecular freeze-out becomes important and simple
species typically found in dark clouds are detected: CO isotopologues with evidence
of depletion (Dutrey et al. 1996, 2007a; Qi et al. 2004), CN, HCN, HNC, CS, HCO+,
C2H and H2CO (Dutrey et al. 1997; van Zadelhoff et al. 2001; Thi et al. 2004;
Chapillon et al. 2012b), N2H+ (Dutrey et al. 2007b), SO (Fuente et al. 2010), CS
(Dutrey et al. 2011), DCO+ (van Dishoeck et al. 2003), H2D+ (Ceccarelli et al.
2004), HDO (Ceccarelli et al. 2005), but see Guilloteau et al. (2006), HC3N (Chapil-
lon et al. 2012a). Qi et al. (2008) spatially resolved the emission of DCO+ and
measured the deuterium fraction across the disk of TW Hydrae, finding a range be-
tween 0.01 and 0.1, with a peak around 70 AU. They also measured the DCN/HCN
abundance ratio, ≃0.02, similar to that measured in the jets of material coming from

Caselli & Ceccarelli (2012)
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indicate that the N2H
+ (4–3) emission exhibits a ring-like radial

distribution, peaking near the outer edge of the continuum ring.
In contrast, the radial distribution of the DCO+ (5–4) peak
brightness temperature (Figure B1) shows a double-ringed
structure. The inner DCO+ (5–4) emission arises from the
continuum ring, while an outer, brighter DCO+ (5–4) emission
originates from the outer disk region. This suggests radial
variations in the deuteration process across the disk. However,
this double-ringed structure is less prominent in the velocity-
integrated radial profile (right panel in Figure 2), possibly due to
the lower angular resolution. Other targeted species, including
H2D

+, 13CS, and SO2, are not detected (Figure A5).

3. Derivation of the Disk’s Physical Parameters

3.1. DISKFIT Modeling

To derive disk properties, we perform a least squares fit to the
observed visibilities to adjust an empirical parametric disk model
to the data, using the DISKFIT tool from V. Piétu et al. (2007).

This approach allows an accurate derivation of the geometrical
parameters. Furthermore, when several transitions of the same
molecules are available, it allows a quantitative estimate of the
molecular surface densities and excitation temperatures. It also
allows for consistent estimates of the errors on the disk
parameters (within the framework of the adopted disk model).
This can be done either from the covariance matrix (when
parameter coupling is limited) or through a more elaborate
Markov Chain Monte Carlo method.
The disk model is similar to that used in N. T. Phuong et al.

(2020b). It uses a flared disk geometry with a Gaussian vertical
profile and a radial power law for the scale height. Molecules
are assumed to follow the same vertical distribution for
simplicity. The model assumes level populations are governed
by the Boltzmann law, with the temperature being a power law
as a function of radius. For a simple comparison with the
observed data, we assume that the intrinsic line width remains
constant with radius. In fact, fitting line width as a power law
instead suggests a small but not significant decrease of intrinsic

Figure 1. Integrated intensity maps of the targeted lines N2H
+ (4–3), DCO+ (5–4), and o–H2D

+ (1(1, 0)–1(1, 1)). The overplotted elliptical ring contours in white are
at 193 au (1 28) and 285 au (1.″9) to indicate the continuum ring region. Both N2H

+ and DCO+ emissions are extended beyond the ring region. As far as H2D
+ is

concerned, there is no significant emission from the ring region. The figure at the lower right corner is the continuum image at 358 GHz.

4

The Astrophysical Journal, 976:258 (22pp), 2024 December 1 Kashyap et al.

10 K, with the most prominent detections in the densest and
centrally concentrated cores. However, no clear detection has
been obtained in protoplanetary disks. E. Chapillon et al.
(2011) derived 3σ upper limits on the o–H2D

+ surface density
for the T Tauri disks DM Tau and TWHya. Depending on the
physical model, DM Tau’s upper limit lies between 4.5× 1011

and 1.9× 1012 cm−2 and for TWHya, it is between 9.0× 1011

and 1.4× 1012 cm−2. Our upper limit for o–H2D
+ in GG Tau is

2.1× 1010 cm−2. Note that E. Chapillon et al. (2011)ʼs upper
limits are from single-dish observations (1σ noise level of

0.33 Jy km s−1). We have achieved a much higher sensitivity
(1σ noise level of 0.019 Jy km s−1), making our observation
the best available constraint on the upper limit of the o–H2D

+

surface density in any disk to date.
The N2H

+ (3–2) transition has been observed in five disks
(three around T Tauri stars: IM Lup, GMAur, and AS 209, and
two around Herbig Ae stars: HD 163296 and MWC 480) as
part of the Molecules with ALMA at Planet-forming Scales
(MAPS) program (G. Cataldi et al. 2021). Despite the diverse
continuum structures of the disks with multiple rings and gaps,

Figure 6. Number density distributions (log scale) from our best-fit model for CO, N2H
+, H2D

+, and DCO+ from left to right and top to bottom. We have only
modeled the ring region around GG Tau A, spanning a radial distance of 193–285 au from the central stellar system. The model disk atmosphere extends up to four
scale heights.

10
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Fig. 3. Maps of column densities and abundance ratios toward IRS 63. Upper panels: Column density maps of H2CO, HDCO, and D2CO derived
assuming LTE and optically thin emission at the temperature derived from the HDCO lines (Tex = 45 K). Lower panels: Maps of the abundance
ratios [D2CO]/[HDCO], [HDCO]/[H2CO], and [D2CO]/[H2CO]. The continuum emission at 1.3 mm is in black (contours from 10� with steps of
500�, with � = 0.7 mJy beam�1).

(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]/[H2CO] 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. D2CO in the accretion and outflow shocks

Although H2CO has been routinely detected in disks (e.g.,
Garufi et al. 2021; Öberg et al. 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 D2CO in IRS 63: (i) the spatial
distribution of HDCO is similar to that of H2CO in the disk
and in the streamer, pointing to a similar chemical origin of
the two species; (ii) D2CO 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
[D2CO]/[H2CO] 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 0 and I protostars
(see Fig. C.1).

The observed spatial distribution and abundance of D2CO
could be due to the release of D2CO 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 SO2 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 ⇠10�6 M� yr�1, 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 di↵erent routes
for the formation of HDCO and D2CO (either in the gas phase
or on the grains). We use the di↵erent spatial distributions of
these molecules to put constraints on their chemical origin and
to verify the above-proposed scenario of D2CO-rich ices being
released in shocked regions.

4.2. HDCO and D2CO 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 CH+3 ions, which after reacting
with HD forms CH2D+ and eventually leads to HDCO (e.g.,
Roue↵ et al. 2007; Roberts & Millar 2007). The first reaction
has an exothermicity of about 650 K (Roue↵ et al. 2013), and
the reverse reactions do not occur at temperatures lower than
about 70–80 K, enhancing the CH2D+/CH+3 ratio. This occurs
analogously to the enhancement of the H2D+/H+3 ratio at tem-
peratures 30�40 K (Ceccarelli et al. 2014). Theoretical models
predict [HDCO]/[H2CO] ratios up to 0.2 (Bergman et al. 2011;
Roue↵ 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 [D2CO]/[HDCO] 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 D2CO is due to its release in the gas phase from the
grain mantles, where D2CO was formed in the prestellar phase
or recently in the disk itself. Figure 4 shows the scheme for the
formation of D2CO 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 D2CO. 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 e↵ect (KIE) in the reactions with
activation barriers (Song & Kästner 2017). However, to our best
knowledge, theoretical calculations have only been carried out
for the H (or D)+H2CO (or HDCO)!HCO+H2 (or HD), leav-
ing the whole quantitative reaction scheme incomplete.

That said, D2CO 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 D2CO. 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 D2CO due to the flux of H atoms.
This caused an enhancement of the D2CO abundance (with
respect to HDCO and H2CO) on the ices. The above-described
enhancement of D2CO 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]/[H2CO] and [D2CO]/[H2CO]
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 D2CO-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 H2CO 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 H2CO is CH3 +O and that of HDCO
is CH2D+O (through the scheme presented in Fig. 4, upper
panel). Therefore, both H2CO and HDCO probe material that
is (at least partially) reprocessed in the disk and in the streamer.
Second, D2CO, 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

Fig. 4. Major routes of formation and destruction of HDCO in the gas
phase (upper panel) and HDCO and D2CO 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 H2CO and HDCO in the disk and in the
streamer is similar, while D2CO 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 D2CO. 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+3 +HD), while D2CO 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 D2CO 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 D2CO 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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Fig. 3. Map of the Herschel-based H2 column map, N(H2). The contours
are drawn starting at log10(N(H2)) = 22.2 and with a step between levels
of 0.5 dex. These contours are the same as in Fig. 2. The beam size and
scale bar are shown in the top left and bottom right, respectively.

Fig. 4. Integrated intensity map of the C18O (3–2) transition line. The
contours correspond to the Herschel-based H2 column map, with the
same contours as in Fig. 2. The beam size and scale bar are shown in
top left and bottom right, respectively.

X(e), and the cosmic-ray ionization rate, ⇣(H2), following Caselli
et al. (1998). The method uses the main reaction paths for the
formation and destruction for HCO+ and DCO+. Although other
line ratios and techniques have been explored (Bron et al. 2021),
we used a method that combines the bright lines available in
the observations and the CO depletion. The analysis relations

between the observables and the desired physical parameters are

X(e) =
2.7 ⇥ 10�8

RD
� 1.2 ⇥ 10�6

fD

, (1)

⇣(H2) =
"
7.5 ⇥ 10�4

X(e) +
4.6 ⇥ 10�10

fD

#
X(e) n(H2) RH, (2)

where RD ⌘ [DCO+]/[HCO+]; fD ⌘
[12CO]/[H2]/

⇣
[12CO]/[H2]

⌘
fiducial

;
⇣
[12CO]/[H2]

⌘
fiducial

is
the expected 12CO abundance; RH ⌘ [HCO+]/[12CO]; and
n(H2) is the average H2 number density.

However, since HCO+ is usually optically thick and it also
traces outflow emission (not traced by DCO+), we used H13CO+

and the canonical isotropic ratio of [12C]/[13C] = 68 (Milam
et al. 2005) to derive RD. Similarly, we used C18O and the canon-
ical isotropic ratio of [12CO]/[C18O] = 560 (Wilson & Rood
1994) to estimate the 12CO column density.

3.2. Column densities

3.2.1. DCO+ and H13CO+

We used the optically thin approximation to derive the column
densities (Mangum & Shirley 2015). In this case, we used the
following expression to calculate the total column densities:

Ntot =
8⇡ ⌫3

c3
Q(Tex)

Aulgu e�Eup/h Tex

1
�
eh⌫/kBTex � 1

�

R
Tmbdv

J(Tex) � J(Tbg)
, (3)

where ⌫ is the frequency of the transition observed, Aul is the
Einstein coefficient for the transition from level u to l, gu is
the degeneracy of level u, Eup is the energy of level u, Tex
is the excitation temperature, Q(T ) is the partition function
at temperature T , and J(T ) ⌘ h⌫/kB (exp(h⌫/kB T ) � 1) is the
Rayleigh-Jeans equivalent temperature. We used the Aul, gu, and
Eup listed in the LAMDA database, and implemented in the
molecular_columns package3.

In this work, we used a constant excitation temperature of
10 K for both transitions. Moreover, we only used estimates of
the column density toward pixels with a signal-to-noise ratio of
the line above 7.5 (Tpeak > 7.5 ⇥ rms) in order to obtain robust
column densities.

3.2.2. C18O

The C18O column density was derived using the optically thin
approximation,

N(C18O) = 5 ⇥ 1012 Tex

K
exp (31.6 K/Tex)

R
Tmbdv

km s�1 cm�2, (4)

and an excitation temperature of Tex =12 K, which were previ-
ously used by Curtis et al. (2010). These excitation temperature
values are similar to those derived using 12CO (1–0) but with
lower angular resolution in this region (Pineda et al. 2008). We
also estimated the optical depth in the map for the assumed
Tex and obtained a typical value of ⇠0.4, which suggests that
the optical depth is not an issue across the map. However, it
might produce lower limits to the derived N(C18O). Appendix A
shows details regarding the optical depth calculation and a figure
showing the map.
3 https://github.com/jpinedaf/molecular_columns
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Fig. 2. Maps of the DCO+ and H13CO+ (1–0) emission obtained with NOEMA and 30 m telescopes. The beam size and scale bar are shown in the
top left and bottom right, respectively. The contours correspond to the Herschel-based H2 column map; the first level is at log10(N(H2)) = 22.2,
and the step between levels is 0.5 dex. The stars mark the positions of the YSOs identified by Dunham et al. (2015) using Spitzer observations.

and it was used to convert the observations into main beam tem-
peratures, Tmb. The noise for the H13CO+ (1–0) and DCO+ (1–0)
cubes is 48 and 79 mK, in Tmb scale, respectively.

2.2. NOEMA interferometer

The observations carried out with the IRAM NOrthern Extended
Millimeter Array (NOEMA) interferometer within the S21AD
program using the Band 1 receiver were obtained on 2021
July 18, 19, and 21; August 10, 14, 15, 19, 22, and 29; and
September 1 in the D configuration. We observed a total of 96
pointings, which were separated into four different scheduling
blocks. The mosaic’s center is located at ↵J2000 = 03h29m10.2s,
�J2000 = 31 �13049.400. We used the PolyFix correlator with a LO
frequency of 82.505 GHz and an instantaneous bandwidth of 31
GHz spread over two sidebands (upper and lower) and two polar-
izations. The centers of the two 7.744 GHz-wide sidebands were
separated by 15.488 GHz. Each sideband is composed of two
adjacent basebands of ⇠3.9 GHz width (inner and outer base-
bands). In total, there are thus eight basebands that were fed into
the correlator. The spectral resolution is 2 MHz throughout the
15.488 GHz effective bandwidth per polarization. Additionally,
a total of 112 high-resolution chunks were placed, each with a
width of 64 MHz and a fixed spectral resolution of 62.5 kHz.
Both polarizations (H and P) are covered with the same spec-
tral setup, and therefore the high-resolution chunks provide 66
dual polarization spectral windows. The high spectral resolution
windows used in this work are listed in Table 1.

2.3. Image combination

We resampled the original 30 m data to match the spectral setup
of the NOEMA observations. We used the task uvshort to
generate the pseudo-visibilities from the 30 m data for each
NOEMA pointing. The imaging was done with natural weight-
ing, a support mask, and using the SDI deconvolution algorithm.

The H13CO+ (1–0) was then convolved to match the DCO+

(1–0) beam size using the spectral-cube and RadioBeam
Python packages. The noise level of the combined images is
reported in Table 1. Both cubes were converted to units of K, and
the integrated intensity maps were calculated between 5.4 and
10 km s�1, which covers all the emission seen in both molecules.
The integrated intensity maps are shown in Fig. 2.

2.4. H2 column density

We used the total H2 column density, N(H2), derived using the
Herschel observations (Pezzuto et al. 2021), which are available
in the Herschel Gould Belt Survey repository2. The effective
angular resolution of the N(H2) maps is 18.200. The map was
regridded to match the DCO+ integrated intensity map. The
resulting map is shown in Fig. 3.

2.5. JCMT C18O observations

We used the C18O (3–2) observations of NGC 1333 taken with
HARPS at JCMT (Curtis et al. 2010). The angular resolution
of these observations is 17.700, and the main beam efficiency is
0.66 (as used in Curtis et al. 2010). We smoothed the C18O data
to match the angular resolution of the Herschel-based N(H2).
The integrated intensity map we calculated is between 6 and
10 km s�1 and shown in Fig. 4. This range covers all the emission
seen in the cube.

3. Analysis

3.1. Estimate of ionization fraction and cosmic-ray ionization
rate

One of the most commonly used ionization fraction tracers is
[DCO+]/[HCO+] (Guelin et al. 1977, 1982; Dalgarno & Lepp
1984; Caselli et al. 1998). We estimated the ionization fraction,
2 http://www.herschel.fr/cea/gouldbelt/en/Phocea/Vie_
des_labos/Ast/ast_visu.php?id_ast=66
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Fig. 7. Derived electron fraction in the region. Left: map of the electron fraction, X(e). The map shows a smooth distribution but with a clear
enhancement in the northwest section. The beam size and scale bar are shown in the top left and bottom right, respectively. The contours correspond
to the Herschel-based H2 column map; the contours are the same as in Fig. 2. Right: Kernel density estimate of the X(e) distribution across the
mapped region. A typical value (median of the log10) of 10�6.5 was derived from these measurements and is marked with a red dashed vertical line.
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Fig. 8. Derived cosmic-ray ionization rate in the region. Left: map of the cosmic-ray ionization rate, ⇣(H2). The map shows a smooth distribution
but with the value clearly increasing in the northwest section. The beam size and scale bar are shown in top left and bottom right, respectively.
The contours correspond to the Herschel-based H2 column map; the contours are the same as in Fig. 2. Right: Kernel density estimate of the ⇣(H2)
distribution across the mapped region. The median value of the log10 ⇣(H2)/s�1 = �16.5 and the canonical value of 10�17 s�1 are marked with the
blue and black dashed vertical lines, respectively.

with using the wrong excitation temperature (with the tempera-
ture within the range of 5 and 30 K) RH could be underestimated
by up to a factor of two, in addition to the uncertainty of less
than 10% in RD and X(e) mentioned in Sect. 3.5. This indicates
that the ⇣(H2) could be underestimated by a factor of two toward
hot regions (Tex > 20K), but elsewhere, these uncertainties are
of the order 10–30%.

4. Discussion

4.1. Electron fraction and cosmic-ray ionization rate
distributions

The spatial distribution for both of the main parameters esti-
mated in this work, X(e) and ⇣(H2), are shown in the left panel of
Figs. 7 and 8. These maps show the first resolved maps of these
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laboratory works of Melosso et al. (2020, 2021). The model
assumes a Gaussian velocity distribution (with centroid
velocity and velocity dispersion Vlsr and σv), equal excitation
temperatures (Tex) for all hyperfine components, and total
optical depth (τ0). We perform a fit for the whole cube with all
four free parameters. Following the procedure in Pineda et al.
(2021), we discard all centroid velocity determinations if the
uncertainty in Vlsr is larger than 0.02 km s−1, all velocity
dispersion determinations if the uncertainty σv is larger than
0.015 km s−1, and the excitation temperature if the uncertainty
is larger than 1 K.

The column density has been derived following Mangum &
Shirley (2015):
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where ò t p t s=dv 2 v0 , ν is the frequency of the transition,
gu is the upper-level degeneracy, Eu is the upper energy level of

the transition, Aul is the Einstein coefficient, and Q(Tex) is the
partition function. The values for Eu, gu, and Aul are obtained
from the Leiden Atomic and Molecular Database (LAMDA;
Schöier et al. 2005; van der Tak et al. 2020),16 and the partition
function is calculated up to the first 30 energy levels. This
formula has been used previously (Daniel et al. 2016; Harju
et al. 2017). Tex has been estimated at each position using the
hfs fitting within pyspeckit, with average uncertainties of
2% (and a maximum of 5% at the edge of the map). The error
associated with the column density is about 10%, close to the
calibration error.
The column density map in Figure 1 shows a complex

structure, partly due to noise, without a clear peak toward the
1.3 mm dust continuum peak, which identifies the kernel
(Caselli et al. 2019). This implies that the pNH2D column
density does not follow the H2 column density, thus a drop in
pNH2D fractional abundance (with respect to H2) within the
kernel radius of ;1800 au (;10″) must be present. The pNH2D
column density flattening within the central ;3000 au, which
includes the L1544 kernel, is well illustrated in Figure 2. The
circles represent individual measurements, while the black and
gray horizontal lines are the mean and its associated uncertainty
in a 2 5 bin. The projected radius pr is calculated as

( )= +pr r r b ,maj
2

min axes
2 where rmaj and rmin are the

distances along the semimajor and -minor axes, respectively;
baxes= 22/12 is the semimajor and -minor axis ratio for the
pNH2D emission, where the semimajor axis is along the
position angle of 160° (measured east from north; see the
bottom panel of Figure 1 for an illustration of the elliptical
shape and orientation used to define pr).

Figure 1. Top: integrated intensity map of the pNH2D(111−101) transition
toward L1544. Bottom: pNH2D column density map derived from fitting the
hyperfine structure. The contours show the 14, 17, and 20 × σ levels
(σ = 36 μJy beam−1) of the 1.3 mm dust continuum emission map presented
in Caselli et al. (2019), which locates the kernel. The scale bar and beam size
are shown at the bottom-right and -left corners, respectively. In the top left of
the bottom panel, we show the orientation and shape of the ellipse used to
define the projected radius in Section 3 and Figure 2. The typical uncertainty on
the pNH2D column density is about 10%.

Figure 2. pNH2D column density as a function of projected radius (see the
main text for its definition). Blue circles correspond to individual measure-
ments across the column density map in the bottom panel of Figure 1. The
black and gray horizontal lines are the mean and corresponding uncertainty
within a 2 5 bin. Note the flat column density profile within the central 10″,
where the 1.3 mm dust continuum map shows a clear peak (see Figure 1,
bottom panel).

16 https://home.strw.leidenuniv.nl/~moldata/datafiles/p-nh2d.dat
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predicted by the 1D model of Keto et al. (2015), as shown in
Figure D1. In particular, the density and velocity profiles along
the major axis of the 3D model are especially close to our
adopted 1D model (see Figure D1), suggesting similarities that,
together with the radiative transfer results shown in Figure 3,

make our 1D model a very good approximation of the L1544
structure.

5. Discussion: Almost Complete Freeze-out in the Kernel

In the previous sections, we showed that ALMA has allowed
us to resolve for the first time the distribution of deuterated
ammonia in the central 1000 au of the prestellar core L1544.
Despite the complex morphology of the L1544 core as viewed
at the frequency of the pNH2D (111−101) line (see Figure 1), it
is clear that the pNH2D column density has a flattened
distribution in correspondence with the dust continuum peak,
where the kernel is located (see also Figure 2). The radius of
the kernel is about ;1800 au, which is ∼5 times smaller than
the CO depletion zone observed toward the same prestellar core
by Caselli et al. (1999). This is the reason why previous
interferometric observations from Crapsi et al. (2007), done
with poorer angular resolution (5 8× 4 5), could not reveal
the abundance drop of deuterated ammonia, as demonstrated in
Appendix E.
In the following, we will present the fractional abundance

profiles predicted by our chemical model, at 2.5× 105 yr, of all
ammonia isotopologues as well as the profile of the total
depletion factor, fDtot

, defined as
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where i represents any species in the chemical model contain-
ing an element heavier than He. Thus, fDtot

quantifies the
amount of elements heavier than He subsisting in the gas phase,
with the higher values corresponding to higher levels of
depletion.
The abundance profile of pNH2D at the best-fit time is

displayed in Figure 5 along with fDtot
. It is interesting to note

that the pNH2D abundance starts to drop already within about
7000 au, whereas the integrated intensity map, as well as the

Figure 3. Left: map of the pNH2D column density distribution predicted by the chemical model at the best-fit time. The column densities have been convolved to a
beam of 2 5 (425 au). The black circles with numbers are the areas within which the red spectra in the right panel, with the corresponding numbers, have been
extracted. Right: simulated pNH2D (111−101) line emission profiles (red) at ∼2 5 intervals from the core center. The observed lines toward equivalent positions in the
southeast direction in Figure A1, parallel to the major axis, are shown in black.

Figure 4. pNH2D(111−101) excitation temperature (Tex) as a function of
projected radius (see Section 3 for its definition). Blue circles correspond to
individual measurements. The black and gray horizontal lines are the mean and
corresponding uncertainty within a 2 5 bin. The red curve is the model Tex
profile, the predicted excitation temperature as a function of core radius, Tex(r).
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predicted by the 1D model of Keto et al. (2015), as shown in
Figure D1. In particular, the density and velocity profiles along
the major axis of the 3D model are especially close to our
adopted 1D model (see Figure D1), suggesting similarities that,
together with the radiative transfer results shown in Figure 3,

make our 1D model a very good approximation of the L1544
structure.

5. Discussion: Almost Complete Freeze-out in the Kernel

In the previous sections, we showed that ALMA has allowed
us to resolve for the first time the distribution of deuterated
ammonia in the central 1000 au of the prestellar core L1544.
Despite the complex morphology of the L1544 core as viewed
at the frequency of the pNH2D (111−101) line (see Figure 1), it
is clear that the pNH2D column density has a flattened
distribution in correspondence with the dust continuum peak,
where the kernel is located (see also Figure 2). The radius of
the kernel is about ;1800 au, which is ∼5 times smaller than
the CO depletion zone observed toward the same prestellar core
by Caselli et al. (1999). This is the reason why previous
interferometric observations from Crapsi et al. (2007), done
with poorer angular resolution (5 8× 4 5), could not reveal
the abundance drop of deuterated ammonia, as demonstrated in
Appendix E.
In the following, we will present the fractional abundance

profiles predicted by our chemical model, at 2.5× 105 yr, of all
ammonia isotopologues as well as the profile of the total
depletion factor, fDtot
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with the higher values corresponding to higher levels of
depletion.
The abundance profile of pNH2D at the best-fit time is

displayed in Figure 5 along with fDtot
. It is interesting to note

that the pNH2D abundance starts to drop already within about
7000 au, whereas the integrated intensity map, as well as the

Figure 3. Left: map of the pNH2D column density distribution predicted by the chemical model at the best-fit time. The column densities have been convolved to a
beam of 2 5 (425 au). The black circles with numbers are the areas within which the red spectra in the right panel, with the corresponding numbers, have been
extracted. Right: simulated pNH2D (111−101) line emission profiles (red) at ∼2 5 intervals from the core center. The observed lines toward equivalent positions in the
southeast direction in Figure A1, parallel to the major axis, are shown in black.

Figure 4. pNH2D(111−101) excitation temperature (Tex) as a function of
projected radius (see Section 3 for its definition). Blue circles correspond to
individual measurements. The black and gray horizontal lines are the mean and
corresponding uncertainty within a 2 5 bin. The red curve is the model Tex
profile, the predicted excitation temperature as a function of core radius, Tex(r).
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laboratory works of Melosso et al. (2020, 2021). The model
assumes a Gaussian velocity distribution (with centroid
velocity and velocity dispersion Vlsr and σv), equal excitation
temperatures (Tex) for all hyperfine components, and total
optical depth (τ0). We perform a fit for the whole cube with all
four free parameters. Following the procedure in Pineda et al.
(2021), we discard all centroid velocity determinations if the
uncertainty in Vlsr is larger than 0.02 km s−1, all velocity
dispersion determinations if the uncertainty σv is larger than
0.015 km s−1, and the excitation temperature if the uncertainty
is larger than 1 K.

The column density has been derived following Mangum &
Shirley (2015):
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where ò t p t s=dv 2 v0 , ν is the frequency of the transition,
gu is the upper-level degeneracy, Eu is the upper energy level of

the transition, Aul is the Einstein coefficient, and Q(Tex) is the
partition function. The values for Eu, gu, and Aul are obtained
from the Leiden Atomic and Molecular Database (LAMDA;
Schöier et al. 2005; van der Tak et al. 2020),16 and the partition
function is calculated up to the first 30 energy levels. This
formula has been used previously (Daniel et al. 2016; Harju
et al. 2017). Tex has been estimated at each position using the
hfs fitting within pyspeckit, with average uncertainties of
2% (and a maximum of 5% at the edge of the map). The error
associated with the column density is about 10%, close to the
calibration error.
The column density map in Figure 1 shows a complex

structure, partly due to noise, without a clear peak toward the
1.3 mm dust continuum peak, which identifies the kernel
(Caselli et al. 2019). This implies that the pNH2D column
density does not follow the H2 column density, thus a drop in
pNH2D fractional abundance (with respect to H2) within the
kernel radius of ;1800 au (;10″) must be present. The pNH2D
column density flattening within the central ;3000 au, which
includes the L1544 kernel, is well illustrated in Figure 2. The
circles represent individual measurements, while the black and
gray horizontal lines are the mean and its associated uncertainty
in a 2 5 bin. The projected radius pr is calculated as

( )= +pr r r b ,maj
2

min axes
2 where rmaj and rmin are the

distances along the semimajor and -minor axes, respectively;
baxes= 22/12 is the semimajor and -minor axis ratio for the
pNH2D emission, where the semimajor axis is along the
position angle of 160° (measured east from north; see the
bottom panel of Figure 1 for an illustration of the elliptical
shape and orientation used to define pr).

Figure 1. Top: integrated intensity map of the pNH2D(111−101) transition
toward L1544. Bottom: pNH2D column density map derived from fitting the
hyperfine structure. The contours show the 14, 17, and 20 × σ levels
(σ = 36 μJy beam−1) of the 1.3 mm dust continuum emission map presented
in Caselli et al. (2019), which locates the kernel. The scale bar and beam size
are shown at the bottom-right and -left corners, respectively. In the top left of
the bottom panel, we show the orientation and shape of the ellipse used to
define the projected radius in Section 3 and Figure 2. The typical uncertainty on
the pNH2D column density is about 10%.

Figure 2. pNH2D column density as a function of projected radius (see the
main text for its definition). Blue circles correspond to individual measure-
ments across the column density map in the bottom panel of Figure 1. The
black and gray horizontal lines are the mean and corresponding uncertainty
within a 2 5 bin. Note the flat column density profile within the central 10″,
where the 1.3 mm dust continuum map shows a clear peak (see Figure 1,
bottom panel).

16 https://home.strw.leidenuniv.nl/~moldata/datafiles/p-nh2d.dat

3

The Astrophysical Journal, 929:13 (13pp), 2022 April 10 Caselli et al.

Caselli, Pineda, Sipilä et al. (2022)



MAX PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS |  OLLI SIPILÄ	 ALMA BAND 2 WORKSHOP  | 25.02.2026	 10

Observational use cases for deuteration: chemical inheritance from clouds to disks 

Scibelli, S., et al.: A&A, 702, A127 (2025)

Fig. 7. Statistically corrected D/H ratios for all starless and prestellar sources for which data are available (Chacón-Tanarro et al. 2019; Lattanzi et al.
2020; Ambrose et al. 2021; Lin et al. 2023), including IRAS 16293E presented in this work, as well as for a mix of single-dish and interferometric
(thicker outlined markers) measurements toward protostars (Parise et al. 2006; Bianchi et al. 2017a,b; Agúndez et al. 2019; Taquet et al. 2019)
and comet 67P/Churyumov–Gerasimenko (67P/C-G), which is shown instead as a range of values (Table 1 in Drozdovskaya et al. 2021) because
these measurements are from the ROSINA mass spectrometer, and thus, the isotopologues are not uniquely identified and more uncertain than
the spectroscopic data points. Upper limits are shown with downward arrows (see also Drozdovskaya et al. 2022 and Lin et al. 2023 for similar
comparison plots).

ones because deuteration is more efficient when one D sub-
stitution has already taken place. This successive deuteration,
that is, higher levels of fractionation in multideuterated iso-
topologues, has been studied previously (e.g., see Drozdovskaya
et al. 2022). The similarities in D/H ratios across evolution-
ary stages for methanol deuteration were reported before by Lin
et al. (2023), and they confirm a chemical inheritance from the
prestellar stage.

In particular, we studied the placement of IRAS 16293E in
relation to these literature values and found tight agreement.
Both the CH2DOH/CH3OH and CHD2OH/CH3OH values in
IRAS 16293E are within factors of ⇠1–3 to the prestellar sources
H-MM1, which is also located in Ophiuchus, and L694-2, which
is more isolated (Lin et al. 2023). Additionally, the D/H ratio
for the prototypical prestellar core L1544 (Chacón-Tanarro et al.
2019) and the L183 prestellar core (Lattanzi et al. 2020) in
the singly deuterated case also fall within a factor of 1.5 when
compared to IRAS 16293E.

In our comparison to the protostellar sources, we found
in general that the interferometric protostellar observations are
more consistent with the single-dish prestellar constraints than
with the single-dish protostellar observations (Figure 7 and
Table A.1). The single-dish measurement might underestimate
the D/H ratio either due to beam dilution effects, evident from
the 21–3000 beam observations of L483 (Agúndez et al. 2019),
or due to a real evolutionary effect as gas-phase deuterated
methanol heats up and decreases in abundance during the later
star formation, as is the case for the only Class I source plot-
ted, SVS13A (beam ⇠1000; Bianchi et al. 2017a). In other cases,
single-dish measurements might overestimate the D/H ratio due
to additional uncertainties, such as unreliable line data. For
example, Belloche et al. (2016) (see their footnote 7) reported
that the CH2DOH column densities from Parise et al. (2002) and
Parise et al. (2006) were overestimated by a factor of two because
the laboratory line intensities they used were lower by a factor

of two than those now reported in updated catalogs. While we
corrected for this factor in our estimates for IRAS2A, IRAS4A,
and IRAS4B in Figure 7, additional factors of uncertainty might
stem from these early single-dish measurements, and exact com-
parisons should be made with caution. Future observations of
deuterated methanol at higher spatial scales in both prestellar and
protostellar cores should help us to resolve these discrepancies.

We also mention that while it is not a low-mass source, new
observations of CH3OH and CH2DOH in the Herbig Ae disk
HD 100453 reported a D/H ratio of ⇠1–2% (Booth et al. 2025),
which is consistent with the low-mass measurements complied in
Figure 7. This first (tentative) detection of deuterated methanol in
a Class II disk further adds to the growing evidence that organic
material from the earliest stages is inherited in the later stages of
star and planet formation.

The COMs targeted in this survey (CH3OH, CH3CHO,
CH2CHCN, HCOOCH3, and CH3OCH3) are regularly searched
for in other starless and prestellar cores in the literature (e.g.,
Bacmann et al. 2012; Vastel et al. 2014; Jiménez-Serra et al.
2016; Scibelli & Shirley 2020; Scibelli et al. 2021; Jiménez-
Serra et al. 2021; Megías et al. 2023; Scibelli et al. 2024; see
Table A.1). In this context, we suggest that IRAS 16293E is a typ-
ically complex prestellar core and compared its COM detections
to the larger representative samples of cores in the Taurus L1495
filament (Scibelli & Shirley 2020; Scibelli 2023) and Perseus
molecular cloud (Scibelli et al. 2024), with CH3CHO detection
rates > 50% and CH2CHCN detection rates of < 34%. The non-
detection of CH2CHCN in IRAS 16293E, despite its substantial
abundance in both the evolved prestellar core L1544 (Jiménez-
Serra et al. 2016) and young starless core L1521E Scibelli et al.
(2021), might suggest that local environmental effects that have
suppressed its gas-phase abundance. More investigation into
its formation pathways in cold cores is needed, however (see
discussion in Scibelli et al. 2024). It remains to be studied
whether IRAS 16293E harbors any higher-complexity species,

A127, page 11 of 18
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deuteration in the innermost region is reduced by almost two
orders of magnitude compared to the deuteration at ∼150 au.
Thus, while there is some diversity in the deuteration profiles
toward our five targets, generally the outer disk regions are
more strongly deuterated in HCN compared with the inner
disk. In the inner 100 au of the disk around GMAur, the
deuteration seems to be increasing toward the star instead,
although higher S/N and angular resolution data would be
needed for confirmation. These trends are further discussed in
Section 5.1.4.

4.3.2. N2D
+/N2H

+

The lower panels of Figure 11 show radial profiles of the
N2D

+/N2H
+ column density ratio. We find a N2D

+/N2H
+

ratio typically between a few times 10−2 and 1. The profiles do
not show a strong dependence on the assumed excitation
temperature. The radial distribution of the N2D

+/N2H
+ ratio

varies among sources. For IM Lup, the ratio has a minimum
located at ∼220 au; this structure reflects the gap in the column
density profile of N2D

+. For GMAur, N2D
+ remains

undetected while strong emission of N2H
+ is seen, resulting

in upper limits on the ratio. For AS 209, the ratio monotonically
increases with radius from ∼50 to 170 au. For the disk around
HD 163296, the profile is rather flat. For MWC 480, the
N2D

+/N2H
+ ratios is a few times 10−1, but the low angular

resolution (beam major axis of 0 94) of the N2H
+ data

precludes an accurate determination of the N2D
+/N2H

+

profile.

5. Discussion

5.1. HCN and DCN

5.1.1. Comparing LTE and Non-LTE

It is interesting to compare the HCN gas temperatures
derived from the LTE and non-LTE fits (Figure 8 top row). In
general, the temperature is not well constrained, although there
are some disk regions where information on the temperature
can be extracted. For example, T 30 K around 150 au in the
disk around IM Lup, and T≈ 25 K in the inner ∼100 au of the
disk around AS 209. Despite the large uncertainties, we find
significant differences between LTE and non-LTE temperature
estimates in some disk regions: from 300 to 550 au for IM Lup,
at ∼110 au for AS 290, inward of 100 au and between 300 and
500 au for HD 163296, and inward of 70 au for MWC 480. We
find that in these regions, non-LTE generally provides a better
fit to the data. In particular, the LTE fits tend to underpredict
the HCN 1–0 emission. As an example, this can clearly be seen
in Figure 18 around 500 au for IM Lup and in Figure 21 around
450 au for HD 163296. For these two outer disk regions, our
fits thus suggest that the gas density is low enough for non-LTE
conditions to prevail. This is further supported by Figure 9 that
shows that the H2 density might be below the critical density of
HCN 3–2. The HCN column density derived from the non-LTE
fit is higher in those two regions compared with the LTE case.
However, non-LTE seems more unlikely an explanation for

the disk regions 100 au mentioned above, where the gas
density is expected to be higher. Instead, for those regions, the
difference between the LTE and non-LTE temperatures might
indicate that our assumption of a single temperature being able

Figure 8. Temperatures and HCN and DCN column densities derived from MCMC fits of azimuthally averaged spectra assuming LTE (i.e., Tex = Tkin, see
Appendix E.1). The solid black line shows the median. The blue shaded regions encompass the 16th to 84th, 2.3th to 97.7th, and 0.15th to 99.85th percentile regions.
For comparison, the median values (thick dotted lines) and 16th and 84th percentiles (thin dotted lines) of the kinetic temperature and column densities derived from
non-LTE fits are shown. The beam major axis is shown as a horizontal black line in the upper right of each panel.
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estimation of Tgas with multi-line analysis (HCN & DCN)

other possibilities: 

• tracing snow lines 

• estimation of ionization degree, linewidths 
(turbulence level?) 

• (multiply-deuterated species)
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Table 1.: Prominent transitions of deuterated molecules between 60 and 115 GHz

Molecule Transition Rest Frequency

(GHz)
o-CH2D+ 11,0 - 11,1 67.273
p-NHD2 11,1 - 10,1 67.842
D13CO+ 1 - 0 70.733
DCO+ 1 - 0 72.0393
D13CN 1 - 0 71.175
DCN 1 - 0 72.415
CCD 1 - 0 72.108
DN13C 1 - 0 73.368
DNC 1 - 0 76.306
N2D+ 1 - 0 77.109
HDO 11,0 - 11,1 80.6
o-NH2D 11,1 - 10,1 85.928
p-NH2D 11,1 - 10,1 110.15
CH2DOH Multiple 67 - 95

Detections of N2D+ and (singly- and doubly-) deuterated NH3 toward evolved
cores, however, imply that nitrogen-bearing species may remain abundant in these re-
gions (see Figure 1). In these cold regions, the ground-level rotational transitions of
these species are the most sensitive probe of molecular abundances. Observations are
needed to test and refine astrochemical models. The rest frequencies of these transitions
for many key deuterated species lie below 80 GHz, however, and are not accessible by
most current single-dish telescopes or interferometers (the IRAM 30 m Telescope and
NOEMA interferometer can now observe at frequencies as low as 71 GHz, but with
significantly lower resolution and sensitivity than will be available with the ngVLA).
Some of these transitions are listed in Table 1. For many of these species, their non-
deuterated counterparts also have observable transitions in this window, enabling direct
measurements of the deuterium fractionation as a function of species. This band con-
tains the low excitation lines of multiple deuterated species of interest in both starless
cores and their more evolved, protostellar counterparts, observations of which are cru-
cial to determining the relative importance of gas phase and grain surface reactions to
the overall deuterium fractionation history of star-forming cores. In particular, this win-
dow contains the J = 1�0 transitions of both N2H+ and N2D+, whose isolated hyperfine
components enable high-precision measurements of the kinematics of the densest gas
in star-forming cores.

Once formed, young protostars heat their environments, forming ‘hot cores’ (‘hot
corinos’ in low mass objects) with sizes corresponding to where the heated gas reaches
the sublimation temperature of the icy grain mantles (⇠ 100 K). Many complex organic
molecules are thought to form on warm dust grains (⇠ 30 K - 40 K), and are returned to
the gas phase within the hot core. Alternatively, some species may form in the gas phase
from simpler molecules also released from the grains. Deuterated species are excellent
tracers of whether a particular species forms in the gas phase or on dust grains. Mea-

cold deuteration tracers warm deuteration tracers

Friesen et al. (2018)
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Some open questions in simulations of deuteration 

1. How do deuteration reactions actually proceed? (ammonia) 

2. What is the role of the environment in D fractionation? (multiple species) 

3. To what extent do grain-surface reactions influence gas-phase abundances? (COMs, H2CO) 

(4. Can deuterated species be used as reliable chemical clocks?) (multiple species)
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CONCLUSIONS 

Deuterated molecules are excellent tracers of physical conditions in clouds and disks 

They facilitate studies of chemical inheritance across the star formation process, while also acting as 
proxies of important quantities such as the ionization fraction 

ALMA Band 2 observations will provide more information of the distributions of key deuterated 
molecules in varying physical conditions, which also helps to improve chemical models


