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ABSTRACT

Context. The enhanced degrees of deuterium fractionation observed in envelopes around protostars demonstrate the importance of
chemistry at low temperatures, relevant in pre- and protostellar cores. Formaldehyde is an important species in the formation of
methanol and more complex molecules.

Aims. Here, we present the first study of formaldehyde deuteration on small scales around the prototypical low-mass protostar
IRAS 16293-2422 using high spatial and spectral resolution Atacama Large Millimeter/submillimeter Array (ALMA) observations.
We determine the excitation temperature, abundances and fractionation level of several formaldehyde isotopologues, including its
deuterated forms.

Methods. Excitation temperature and column densities of formaldehyde in the gas close to one of the components of the binary are
constrained through modeling of optically thin lines assuming local thermodynamical equilibrium. The abundance ratios are compared
to results from previous single dish observations, astrochemical models and local ISM values.

Results. Numerous isotopologues of formaldehyde are detected, among them H,C'70, and D;3CO for the first time in the ISM. The
large range of upper energy levels covered by the HDCO lines help constrain the excitation temperature to 106+13 K. Using the

derived column densities, formaldehyde shows a deuterium fractionation of HDCO/H,CO=6.5+1%, DZCO/HDCO=12.8*:Z:?%, and

D,CO/H,C0O=0.6(4)%0.1%. The isotopic ratios derived are '°0/'80=805"7%, '80/'70=3.2*2 and '*C/3C=56"%,

Conclusions. The HDCO/H,CO ratio is lower than found in previous studies, highlighting the uncertainties involved in interpreting
single dish observations of the inner warm regions. The D,CO/HDCO ratio is only slightly larger than the HDCO/H,CO ratio. This
is consistent with formaldehyde forming in the ice as soon as CO has frozen onto the grains, with most of the deuteration happening
towards the end of the prestellar core phase. A comparison with available time-dependent chemical models indicates that the source
is in the early Class O stage.

Key words. astrochemistry — stars: formation — stars: protostars — ISM: molecules — ISM: individual objects: IRAS 16293—-2422

1. Introduction

Among molecular abundance ratios, the deuterium fractionation
(D/H ratio) is commonly used to infer the formation conditions
(e.g. Roberts & Millar| 2000). In general, a high D/H ratio in-
dicates a low temperature, and a low D/H ratio indicates a high
temperature during formation. The deuterium-to-hydrogen ratio
in the local interstellar medium (ISM) is 2.0+0.1x10~> (Pro-
danovi¢ et al.|[2010). Many molecules are formed on the sur-
faces of dust grains, and once it is cold enough for CO to freeze
out onto the grains, the deuterium chemistry is enhanced. This
means that any molecules formed after CO freeze-out are ex-
pected to have high levels of deuterium fractionation (e.g. Taquet
et al.|2014). Single dish observations of various molecules to-

ward deeply embedded protostars have shown high deuterium
fractions, above 10% (e.g.|van Dishoeck et al.|1995} [Parise et al.
2006)). Optical depth and source size effects (beam dilution) are
significant for single dish observations of lines of the main iso-
topologue which makes the uncertainty in the fractions large.
High sensitivity and high resolution interferometric observations
have the possibility to circumvent these problems since they
probe smaller scales, close to the forming star where the tem-
perature is high enough to sublimate the grain surface ices com-
pletely (i.e. T > 100 K). The higher sensitivity makes it possi-
ble to detect weaker lines of minor isotopologues where optical
depth effects are less important.

Observations of water have revealed a low deuterium frac-
tionation (e.g. HDO/H,O ratio) on small scales (warm gas)
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in young protostellar envelopes. While the cold gas shows a
HDO/H,O ratio of a few %, the warm gas has a ratio closer to
0.1% (e.g. [Persson et al.|[2014} |Coutens et al.|2012). Further-
more, the water deuterium fractionation of the warm gas in the
inner region toward the protostar NGC 1333 IRAS 2A shows
a D,O/HDO ratio significantly higher than the HDO/H,O ratio
(seven times higher, Coutens et al.[2014).[Furuya et al.|(2016) ex-
plain the observed ratios by modeling the pre-stellar core physi-
cal and chemical evolution. The gas-phase deuteration processes
are inefficient early on due to the higher H, o/p-ratio raising the
destruction rate of the main seed molecule for deuteration pro-
cesses, HyD* (Pagani et al.|1992). However, the deuteration pro-
cesses through H,D™ increase as soon as the o/p-ratio decreases
and other molecules that destroy it freezes out (e.g. CO, Furuya
et al.|2015). This and the low temperature results in higher gas-
phase atomic D/H ratio which in turn causes more D atoms to
accrete (mainly through H,D*) on the grains (first pointed out
by [Tielens||1983). This drives the hydrogen-surface deuterium
chemistry, however the total production rate of water is signif-
icantly decreased at this point, thus for water the deuteration is
low. This explains both the low absolute deuteration that wa-
ter has, and the relative ratios between the deuterated forms.
Whether other molecules show similar trends is not yet clear.
However many molecules are thought to form later, once CO
has frozen onto the grains and could thus show different ratios in
this model.

Formaldehyde is an important molecule, not only for con-
straining physical conditions in the gas of star-forming regions,
but also as an intermediary in the formation path to complex or-
ganic molecules. H,CO formation in ices was shown experimen-
tally and models highlighted that it proceeds at a significantly
higher rate in ices than in gas-phase reactions (Roberts et al.
2004). Thus it is thought that formaldehyde is mainly formed
on the surface of dust grains once CO has frozen onto the grains
through the hydrogen addition reactions CO + H — HCO and
then HCO + H — H,;CO seen in the laboratory (Watanabe &
Kouchi[2002; |[Fuchs et al.[2009). The deuterated forms of H,CO
can be obtained through subsequent substitution reactions in-
volving D-atoms, i.e. H,CO + D - HDCO+H and HDCO + D
— D,CO+H. They can also be obtained through abstraction and
addition reactions through the HCO and DCO radical (e.g. [Tie-
lens| 1983)), which has been shown to be efficient at low temper-
ature in ices (Hidaka et al.|2009). Naturally, just as with H,CO
there is also a direct channel from CO through DCO, i.e. the
tunneling reaction CO + D — DCO, with subsequent addition
reactions to form D,CO and HDCO.

Assuming a grain surface formation route, Turner|(1990) and
later|Charnley et al.| (1997) estimated the relation between abun-
dance ratios of the deuterated isotopologues of formaldehyde,
assuming equal transmission probabilities for the CO+H and
CO+D reaction channels and neglecting abstraction reactions,
to be

D,CO _ 1HDCO
HDCO = 4 H,CO "~

While this was enough to explain the observed deuterium frac-
tionation of formaldehyde at the time, it seems the situation is
slightly more complex for deeply-embedded protostars, and that
substitution and abstraction (with subsequent addition) reactions
are important.

In this paper we study the deuterium fractionation of
formaldehyde (H,CO) on small solar-system scales toward one
of the sources in the Class O multiple system IRAS 16293-2422,
located in the p Ophiuchus star forming region at a distance of

ey
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120 pc (Loinard et al.|2008). The deuterium fractionation is de-
termined through line analysis of various deuterated and non-
deuterated isotopologues of formaldehyde. IRAS 16293-2422
is a protostellar binary with a separation of about 5" (600 AU),
where the SE source is referred to as "A" and the NW source
as "B". Several studies have shown IRAS 16293-2422 to be a
chemically rich source, with a wealth of complex organic molec-
ular species (e.g. Bottinelli et al.||2004; |Kuan et al.|[2004; Biss-
chop et al.|2008; |Jgrgensen et al.|2011) and with thermal water
(Persson et al.[2013)) associated with both sources. Recent detec-
tions include the prebiotic molecule glycolaldehyde (Jgrgensen
et al.|2012), its deuteration (Jgrgensen et al.|2016)), and the de-
tection of ethylene oxide, acetone, propanal, methyl isocyanate
and formamide (Coutens et al.|2016; Lykke et al.|2017} [Martin-
Doménech et al.[2017; Ligterink et al.|2017). For an extended
overview of the literature on IRAS 16293-2422 and a review of
the ALMA-PILS survey see Jgrgensen et al.| (2016).

Measurements of the deuterium fractionation of formalde-
hyde toward IRAS 16293-2422 have previously been limited
to single dish observations. Using the JCMT and the CSO [van
Dishoeck et al.| (1995)) derived a HDCO/H,CO ratio of 14+7%
in a 20" beam (2400 AU), taking non-LTE effects into account.
Assuming the same excitation temperature for both HDCO and
H,CO an even higher ratio of HDCO/H,CO=33*12% was ob-
tained with the same observations by |Parise et al.[ (2006). The
D,CO/H,CO ratio was mapped around the source and con-
strained to 3% toward the edge of the envelope and peak-
ing at 16% toward a position roughly one single dish beam
south (Ceccarelli et al.|[1998| 2001)). Further single dish obser-
vations, also with signatures of self-absorption, constrain the
ratios to HDCO/H,CO=13-16%, D,CO/H,CO = 5-6%, and
D,CO/HDCO= 33-40% (Loinard et al.|2000). However, for
these studies opacity effects and multiple contributions to the
emission within the beam might affect the column densities by
factors of a couple to a few (Parise et al.|2006)), thus the abun-
dances in cold gas need to be more accurately constrained for a
proper comparison with ratios derived here for the warm gas on
small scales.

Formaldehyde was mapped at high angular resolution toward
IRAS 16293-2422 by |Schoier et al.| (2004), showing some of the
uncertainties involved in deriving abundances of formaldehyde
with single dish telescopes, and highlighting the importance of
higher resolution.

The formation and deuteration of formaldehyde, methanol
and other species were studied through chemical modeling by
Taquet et al.| (2012)) and more recently by [Taquet et al. (2014)).
The more recent models trace the deuteration with time from the
prestellar core stage to the end of the deeply-embedded stage.
The models cannot reproduce the high levels of formaldehyde
deuteration previously observed. To further test the chemical
models and assess the importance of grain surface formation
as well as the various formation paths it is important to accu-
rately constrain the relative abundances of the different deuter-
ated forms of formaldehyde. Interferometric observations of the
inner warm region have the possibility to constrain the abun-
dances where the grain surface ice has just been completely sub-
limated, without the pitfalls of single dish observations.

This paper is laid out as follows. In Sect. [2] details of the
observations and spectroscopic data are given together with a
description of the analysis method. Section [3] gives the result of
the analysis; the measured excitation temperature and the col-
umn densities of the various isotopologues of formaldehyde. In
Section [4] the derived abundances and isotopologue ratios are
discussed with previous measurements and chemical models in
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mind. This is followed by a short summary and outlook on future
prospects in Sect. [5]

2. Observations and Analysis

This study is based on observations from the Protostellar In-
terferometric Line Survey (PIL, an ALMA band 7 unbiased
spectral line survey with complete coverage between 329.15
and 362.90 GHz at 0.244 MHz resolution. For details, includ-
ing observing conditions, calibration and imaging, see|{Jgrgensen
et al.| (2016). The observations include both the main array
of 12 m dishes, and the 7 m dishes of the Atacama Com-
pact Array (ACA). The observations cover both sources in the
IRAS 16293-2422 multiple system. The PILS spectrum to-
ward source A shows lines with larger line widths (2-8 km s™!
FWHM) than for source B (around 1 km s~ FWHM) making
line identification much easier toward the B source, also when
comparing to the Galactic Center and high-mass protostars pre-
viously observed in the same fashion. The inclusion of the ACA
observations fills in the shorter baselines and thus the extended
emission encapsulating the sources with a maximum recoverable
scale of ~13”. The final spectral image cubes have a RMS of 4—
8 mJy beam™! km s~!, a synthesized beam with a FWHM of
0”5 and a flux calibration uncertainty of ~ 5%. The phase cen-
ter is located half-way between the large scale binary A and B
(Cl’]z()oo = 16h32m22'.'72; 5]2()00 = —24028'34'.'3) and the field of
view covers roughly 15”.

The observed spectra toward the two main sources show a
large number of lines. The unprecedented sensitivity and rich-
ness of the observed spectrum have so far facilitated several
new detections and constraints on isotopologue ratios. So far
the abundances and excitation conditions for acetone, propanal
and methyl isocyanate (Lykke et al.[2017} Ligterink et al.|[2017),
and also the deuterium fraction of formamide, glycolaldehyde,
ketene and other oxygen-bearing (complex) organic molecules
have been presented (Coutens et al.[|2016; Jgrgensen et al.|2016]
2017).

Similar to the analysis presented in |[Lykke et al.| (2017),
Coutens et al.| (2016) and |[Ligterink et al.| (2017), the spectrum
from an offset position toward source B was extracted. Located
at 012000=l6h32m22'.'58 O012000=—24°28’32"8 it is ~0"5 offset
(i.e. one beam) in the Southwest direction relative to the con-
tinuum peak of source B (see Fig. [I)). The main reason for this
is that toward the continuum peak, lines are affected by varying
degrees of absorption and continuum optical depth, complicat-
ing the line identification and analysis of the abundances (see
contours in the right panel of Fig.[T).

2.1. Laboratory spectroscopy data

The transition frequencies and other data (including partition
function values) of all forms of formaldehyde were taken from
the CDMS database (Miiller et al.|[2001} 2005).

The H,CO, H,C'70 and H,C'80 entries are based on Miiller
& Lewen|(2017), and the H;CO entry on Miiller et al.[(2000c).
Important additional data are from Briinken et al.| (2003)); [Boc-
quet et al.| (1996) in the case of H,CO along with ground
state combination differences employed in Miiller et al.|(2000a)).
Miller et al.| (2000b); Cornet & Winnewisser| (1980a) con-
tributed additional data to the H,C'®O entry, the latter also to
those of H,CO and H}*CO. The H,C'7O entry employed previ-

! http://youngstars.nbi.dk/PILS

ous data from (Cornet et al.| (1980b) and from [Flygare & Lowe
(1965).

Entries of the deuterated isotopologues, HDCO, D,CO,
HD'3CO, Dé3CO, HDC!®0 and D,C'80, were based on the very
recent analyses by [Zakharenko et al.[(2015). The analyses took
into account earlier data for five of these six isotopologues (no
earlier data for HDC'80) from Dangoisse et al.| (1978) as well as
extensive data for HDCO and D,CO from Bocquet et al.| (1999).
Far-infrared data of D,CO (Lohilahti & Horneman!2004) and
Dé3CO (Lohilahti et al.[2005) were also employed for the CDMS
entries.

2.2. Abundances

The abundances are estimated by computing a synthetic spec-
trum assuming Local Thermal Equilibrium (LTE) and compar-
ing it with the observed spectrum. In addition to this, CASSISF:]
was used as a support tool to e.g. check for possible line blending
from other species, which is the same method as in other PILS
survey studies e.g. Coutens et al.|(2016); |Ligterink et al.| (2017));
Lykke et al.|(2017). For HDCO a full grid in excitation tempera-
ture and column density is calculated and the coordinates of the
minimum y? are taken as the best estimates. Because the excita-
tion temperature is better constrained using HDCO than through
the other isotopologues of formaldehyde, its resulting tempera-
ture is used to constrain the column density for all forms. This
is done by varying the column density, calculating the integrated
line flux for each line not affected by optical depth effects or sig-
nificant blending by other species and comparing to the observed
line flux by calculating the y? estimate. The uncertainty in abun-
dance is estimated by finding the minimum y? for the lower and
upper bound excitation temperature (i.e. 93 and 119 K, Fig.2).
The column densities are corrected for the continuum emission
from the surrounding dense dust (by multiplying with a factor
of 1.1658, Jgrgensen et al.[2016). A line width of 1.15 km g1
(FWHM) and system velocity of 2.7 km s~! were used (relevant
for source B). The assumed line width agrees well with the ob-
served line profiles for formaldehyde and is similar to that of
other species (Coutens et al.|2016} [Lykke et al.|2017).

H,CY70 5, 3-4,,, 31
356.187 GHz

-24°28'33"

o 3
o : :
o
B @ 33"

36"

pEYd]

-24°28'34"

248°05'41" 40" 39" 38" 37"
RA

39" | @

248°05'45" 42" 39"
RA

Fig. 1. PILS ALMA continuum map of the IRAS 16293-2422 sys-
tem at 850 um. The background image shows the continuum emission,
the contours indicate the H,C'O 5,3—4,, line (E,=98.5 K) integrated
emission, the star is the position of the continuum peak, and the plus
sign the position of the extracted spectrum (one beam, i.e. 0”5, away
from the continuum). The continuum image is cut off at 15 mJy (30-) and
the line contours start at 25 mJy km s™! (5¢7) in steps of 120 mJy km s™'.

The detected transitions of the various isotopologues, deuter-
ated and non-deuterated are listed in Table[A.T]in the Appendix.
The analysis focuses on H,CO (3 lines detected) and several
deuterated and non-deuterated isotopologues (number of de-

2 Developed by IRAP-UPS/CNRS http://cassis.irap.omp.eu
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tected lines in parenthesis): H,'"3CO (9), H,C'80 (9), H,C'70
(8), HDCO (6), HDC'®0 (1 tentative), D,CO (11), and D,'3CO
(10).

183
163
143
123
103
83
63
43
23
3

7...I7....I....I....I....I....VI..V..
0.5 1.0 1.5 2.0 2.5 3.0 3.5
Nt [101 cm =2 ]

Fig. 2. Grid constraining the excitation temperature and column density
of HDCO. The cross marks the best fit values, 1.3 + 0.2 x 107 cm™2
and 106 + 13 K from interpolation of the values within the marked area.
The contour line marks the Ay?> = 2.3 region. Note that the column
density value has been corrected for the continuum. The dots show the
evaluated column densities and excitation temperatures.

3. Results

In the following sections we present the results of a detailed
analysis of the column densities, the various isotopic ratios and
the constraints on the excitation temperature. Only optically thin
lines are included in the analysis to minimize any opacity effects.

3.1. Excitation temperature

The excitation temperature was determined to be 106 + 13 K
by fitting the spectrum of HDCO, and the resulting temperature
is used for all forms of formaldehyde to constrain their column
density. The y? in a grid around the best fitting column density
and excitation temperature is shown in Fig. [2] The region with
an added A)(z = 2.3 is taken as the 1o error in T and Ny
for HDCO (Avni||[1976; Press et al.[2002). This temperature, to-
gether with the constrained column densities reproduce the lines
for all isotopologues well. The figures in Appendix [B] show the
LTE model for the best fitting column densities and the observed
spectrum for all lines of all species, including non-detections.
In some studies of other sources a second temperature com-
ponent is needed to reproduce the spectra of lines of both lower
and higher upper energy levels (e.g. [sokoski et al.|2013). If a
second temperature component were relevant for this study, e.g.
the low E,, lines would be systematically under/over-produced in
the synthetic spectrum. Since this is not the case it is likely that
only one temperature component is present. The other isotopo-
logues were not as suitable to use for constraining the excita-
tion temperature, the resulting parameter space of HDCO shows
a clearer minimum than any of the other isotopologues inves-
tigated (Fig. [2). The spread in E, of the detected and optically
thin lines of HDCO makes it better at constraining the tempera-
ture. Using selected lines of H,C'30 a less constrained excitation
temperature is obtained (90 ~ 200 K). For the other isotopo-
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Table 1. Best-fit continuum corrected column densities at 7., = 106 +
13 K for all the isotopologues of formaldehyde.

Species Ny (cm™2)
H,CO 1.9707 10"
H,'3CO 3.6j837 %1010
H,C'"0 7.2j§3§ x10™
H,C®0  2.3+0.1 x10"
HDCO  1.3+0.2x10"7
HDC'®0 <1.4+0.4x10"
D,CO 1.6704 %1010
D,"CO 2.2t03§ x10M

Table 2. Derived fractionation ratios for the various forms of formalde-
hyde. The errors are propagated from the uncertainty in the determined
column densities.

Species Ratio Comb.? D/H
HDCO /H,CO 6.8 11% 65+1% 3251 %
HDCBBO/H,CB0  6.0+1.5% -

D,CO /HDCO 12.8%} %o 25.6"37 %
D,CO /H,CO O.9f§:? o 0.64)+0.1% 8.0+0.1%
D,COMH,"CO  0.6' 3% -

H,CO/H,"CO 52+10 5678,

D,CO/D,"*CO 74’:1?‘ -

H,CO/H,C™®O 80079, 80577

HDCO/HDC!0 908+263 -

H,CO/H,C"0 2596f§32

H,C"®O/H,C"0 32707

Notes. @ Combined isotopologue ratio (following |Barlow|2003).

logues, it was possible to constrain the column density to high
accuracy with the given excitation temperature.

In addition to the detected, optically thin HDCO lines (Ta-
ble we also used upper limits of one non-detected HDCO
transition at 348.965 GHz (E, = 1017.78 K, log,,(A;;)) =
—4.5321) to constrain the excitation temperature (see Table[A.2)).
Since the LTE model should not overproduce this line, it in-
creases the constraint. Thus, a wide spread in £, was used to con-
strain the Ty, but avoiding the 11 ;o — 11, line at 346.74 GHz
which is optically thick.

3.2. Column densities and ratios

The best fit column densities at Tox, = 106 + 13 K for the
species are listed in Table [T} The uncertainty in abundance is
dominated by the uncertainty in excitation temperature. In Ta-
ble 2] the various column density ratios for the studied isotopo-
logues are shown. Ratios where multiple estimates exist using
isotopologues, i.e. HDCO / H,CO and HDC'#O/H,C'®0 for the
HDCO/H,CO ratio, are combined. When averaging/combining
values with asymmetric uncertainties care has to be taken when
calculating the best combined estimate (for a detailed discussion
and solution see Section 3 in [Barlow|2003)). To constrain the col-
umn density of the main isotopologue H,CO only one detection
and one upper-limit (non-detection) are used in the fit. The other
H,CO transitions are optically thick, by a large margin, and they
also show some extended emission (van der Wiel, in prep.).
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4. Discussion
4.1. Column densities and excitation temperature

The derived excitation temperature of 106+13 K agrees with the
results for some of the other molecules studied within the PILS
survey. Acetaldehyde, ketene, ethylene oxide, acetone, propanal,
and also dimethyl ether show a similar excitation temperature, on
the order of 125 K (Lykke et al.|2017}; Jgrgensen et al.[2017). In-
terestingly [van Dishoeck et al.[(1995) derived, after subtracting
the extended contribution from the central emission, a kinetic
temperature of IOOf‘Z‘g K from the H,CO 35,-3,/303—2¢2 ratio
toward IRAS 16293-2422.

The derived column densities fit the observed spectrum well
using the assumed T of 106 K from HDCO. The H,'3CO line
at 355.04 GHz is partly blended with the weaker counterpart of
H,C!0. This means that the H,'*CO column density might be
overestimated by a small amount, however the effect is within the
uncertainties. A HyC'’O column density and excitation temper-
ature taken at the lower uncertainty limit will make its blending
effect on H,'3CO insignificant.

4.2. Deuterium fractionation

In this section we present the deuterium fractionation calculated
from the observations and then compare these to the model of
Taquet et al.[(2014).

4.2.1. Measured D/H ratios

Together with the column density ratios for the studied iso-
topologues in Table [2] are the best estimated D/H ratios as well
(combined measurements where applicable), where D/H is given
by HDCO/H,COx0.5, D,CO/HDCOx2 and +D,CO/H,CO.
While the errors quoted for the column densities are derived by
fitting spectra with the column density for the highest and lowest
excitation temperature, the errors in the ratios were derived with
error propagation. Thus the uncertainties of the column densities
and in extension the fractionation ratios, reflect also the uncer-
tainty in excitation temperature.

The HDC'"O/H,C'®0 ratio is 6.0% (D/H ratio of 3.0%),
and it agrees with the main isotopologues HDCO/H,CO ratio of
6.8% (D/H ratio of 3.4%), confirming the method used for con-
straining the column densities. Their combined ratio 6.5% (D/H
ratio 3.25%) is taken as the best estimate. The D,!'3CO/H,'3CO
ratio (0.6%) is also similar to the main form D,CO/H,CO ratio
(0.9%), their combined ratio being 0.6(4)% (D/H ratio 8.0%).
Finally, the D,CO/HDCO ratio is 12.8% (D/H ratio is 25.6%).

These numbers show that the D,CO/HDCO ratio is two
times higher than the HDCO/H,CO ratio, significantly more
than the ¥ expected from statistical arguments (see Equation
and related text). Furthermore, other organics show D/H ratios
similar to this (Jgrgensen et al.|2017). This shows that for a full
understanding a more complex interpretation than simple statis-
tical arguments is needed. Whether other protostars show similar
deuterium fractionation ratios for H,CO as deduced here is not
yet clear, observations of more protostars are needed to investi-
gate what role initial environment and evolution might play in
determining the ratios.

4.2.2. Models

Taquet et al.|(2012) and more recently [Taquet et al.|(2014) stud-
ied the evolution of deuterated ices during the earliest stages of

star formation, including the prestellar and protostellar (Class 0)
phase. In the 2012 study the importance of abstraction and
substitution reactions is shown, as also supported by lab data
(Hidaka et al. 2009). Furthermore, the HDCO/H,CO ratio is
not affected by the inclusion of abstraction reactions due to
the efficiency of the deuterium abstraction on HDCO, form-
ing back H,CO. Thus, constraining the deuterium fractionation
in all forms of formaldehyde, especially the doubly deuterated
form is crucial for constraining the formation conditions and
the chemical models. The results show that a reaction network
without abstraction and substitution reactions cannot reproduce
the HDCO/H,CO and D,CO/HDCO ratios simultaneously. In-
cluding abstraction reactions shows that the ratios are repro-
ducible at moderate densities (ny = 10° cm™). The model in the
2014| study traces the density and temperature evolution from a
(inside-out) collapsing core to the end of the deeply-embedded
stage (Class 0). The observed (combined, best estimate) ratios
of HDCO/H,CO of 6.5+1% and D,CO/H,CO of 0.6(4)+0.1%
are best reproduced by the model at # = 1.1 x 10° years. This
timescale represents the beginning of the Class 0 stage, where
the D/H ratio in HDCO is 4.1% and 0.18% for D,CO (Table 7
in (Taquet et al.). While the density and temperature profile at
this time step from Taquet et al.|is similar to the physical model
of |Crimier et al.| (2010) for IRAS 16293-2422 specifically, the
modeled deuterium fractionation observed in the hot corino gas
is mostly due to the deuteration processses of formaldehyde in
ices in the previous dense cloud stage and thus less dependent on
the current physical structure. In [Taquet et al.| the assumed size
of the beam in the observations of warm gas with interferome-
ters is 0”4 (or 50 AU) which is very similar to the beam in this
study (0”75). The excitation temperature derived shows that we
are probing the warm gas of the hot corino. The ratios derived
using single dish telescopes, which may apply to larger scales,
are more difficult to compare with the model results. It is not
clear to which extent opacity effects, assumed size of emitting
region and contributions of various emission components play
a role in the previous single dish observations, thus we refrain
from any extensive comparison with those results.

The main production phase of deuterated molecules comes
towards the end of the prestellar core stage (Furuya et al.|2016).
This is in agreement with previous studies of starless cores us-
ing NoH* and N,D™ (Crapsi et al.2005).|Taquet et al.|(2014) also
trace the deuteration through these early stages, with similar con-
clusions. The model reproduces the large differences between
singly and doubly deuterated forms with the D,O/HDO ratio
being about 7x higher than the HDO/H,O ratio. In formalde-
hyde toward IRAS 16293-2422 the D,CO/HDCO ratio is about
2xHDCO/H;CO, a similar but much less pronounced effect than
for water.

4.2.3. Formaldehyde and methanol

Methanol (CH3;O0H) was studied in the framework of the ALMA-
PILS survey (Jgrgensen et al.|2017). The deuterium fraction-
ation (D/H) derived toward IRAS 16293-2422 B in methanol
is 2%. This is comparable to singly deuterated formaldehyde.
Interesting enough, the time scale of the astrochemical model
presented by [Taquet et al.|(2014) that best reproduces this level
of fractionation in methanol is also # = 1.1 x 10° years. This
could indicate that IRAS 16293-2422 B is indeed a very young
Class 0 source. Using the column density derived for methanol
by Jgrgensen et al.|the H,CO/CH;OH ratio is 0.19 toward IRAS
16293-2422 B. A ratio of 1 was inferred toward the inner re-
gions of the same source by Maret et al.[(2005) using single dish
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observations and radiative transfer modeling, clearly different
from the ratio presented in this study. However, the large uncer-
tainties inherent in using single dish measurements to constrain
inner envelope abundances makes a comparison difficult. The
measured H,CO/CH3OH ratio of 0.19 is close to what has been
constrained in ices toward protostars, ranging from 0.1 to 0.67
(Keane et al.[[2001). This strengthens the view that warm gas in
the innermost regions of protostars represent the bulk ice compo-
sition. The measured H,CO/CH3OH ratio is in agreement with
what was measured in hot cores by Bisschop et al.|(2007), where
the mean and 1o standard deviation presented toward seven hot
cores was 0.22 + 0.05.

4.3. Other isotopic ratios

While the '°0/'30 ratio is 500 at this distance from the Galactic
center (Wilson & Rood!|1994; |Wilson|[1999), the ratio measured
in formaldehyde for IRAS 16293-2422 B is 800 for H,CO and
908 for HDCO, both slightly higher than expected at these dis-
tances from the Galactic center. The combined ratio for the two
measurements is 80573, Given the uncertainties involved, in-

cluding the Galactic gradient, '°0/'80=400-600 at 8 kpc, it is
difficult to draw any conclusions, although the combined best
estimate ratio is higher than the range in the local ISM.

The '80/"70 ratio in formaldehyde toward IRAS
16293-2422 B is 3.2t8:§ (H,C'30/H,C!70). Upper limits
of the isotopic variant HDC!70 derived using the 6;6 — 515
transition at 360.962 GHz gives a '%0/'70 ratio of > 2,
compatible with the local ISM value and H,C'30O/H,C!"0O
ratios. Jgrgensen et al.| (2002) measured the CBO/C!0 ratio
toward the envelopes of 19 protostars, including Class 0 and
I sources. Toward IRAS 16293-2422 the measured ratio was
3.9, in agreement with the ratio measured for formaldehyde,
and roughly 74% of all the measured sources showed a ratio
2-4. The H,C'8O/H,C!70 ratio was first measured toward the
Galactic center, 4 kpc molecular ring and the local ISM to be
3.2 £ 0.2 (Penzias|[1981)). |[Wouterloot et al.| (2008)) discovered
a tentative gradient in the '*O/!’O ratio with galactocentric
distance ranging from 3 in the center to 5 in the outer galaxy,
and more recently [Li et al.| (2016l e.g. Fig. 3) strengthened
this conclusion. The ratio in the outermost galaxy, beyond
11 kpc is still uncertain. The observed gradient is consistent
with an inside-out formation of the galaxy. The observed value
toward IRAS 16293-2422 fits in the galactic '80/!7O gradient
and could indicate a fairly normal formation environment at
this distance from the Galactic center. The deviating '°0/'30
ratio (see previous paragraph) is not fully consistent with this
conclusion.

The '2C/"3C ratio for H,CO and D,CO and their combined
ratio of 56’:?1 are consistent with the ratio of 68+30, which is
relevant for these galactocentric distances (Wilson & Rood|1994;
Wilson! [1999; Milam et al.|[2005). While lines of the isotopic
variant HD'?CO are too weak to detect in our survey, its upper
limit is compatible with a '2C/!3C ratio of > 55 (using mainly
the 11,0 — 11, transition). Recent results from the ALMA-
PILS survey presented in Jgrgensen et al.| (2017)) show that the
12C/13C ratio in glycolaldehyde, ethanol, methyl formate, and
dimethyl ether is around 2040, lower than for formaldehyde,
methanol and the surrounding ISM. This is attributed to a later
formation of the low '2C/'3C ratio species, when the availability
of 13C is higher.
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4.4. The path to more complex molecules

Since formaldehyde is thought to play a role in the formation
of more complex molecules, it is interesting to compare the
deuteration between formaldehyde and its potential daughter
species. Formaldehyde may also lead to the formation of for-
mamide (NH,CHO) on grain surfaces as shown by some labora-
tory experiments (Fedoseev et al.|[2016). Barone et al.| (2015)
proposed that formamide could form due to the reaction be-
tween H,CO and NH, in the gas phase. Recently |Coutens et al.
(2016) detected the mono-deuterated forms of formamide using
the ALMA-PILS survey and reported a deuteration level of ~
2% assuming a standard '>C/'3C ratio of 68. Skouteris et al.
(2017) also calculated the rate coefficients of the reactions pro-
ducing deuterated formamide. Consequently, a comparison of
the deuteration of formamide and formaldehyde can help deter-
mine if this gas phase pathway (for formamide) is possible or if
it has to be ruled out in this source. According to the respective
rate coefficients determined for NH,CHO and NH,CDO by |Sk-
outeris et al., the HDCO/H,CO ratio should be three times higher
than the NH,CDO/NH,CHO ratio if this gas-phase reaction oc-
curs. At similar spatial scales, the best estimate HDCO/H,CO
ratio is 6.5+1 %, i.e. approximately three times higher than the
NH,CDO/NH,CHO ratio. Thus, a gas phase formation pathway
for formamide cannot be ruled out. Since the expected deutera-
tion levels for the case of a grain surface formation pathway has
not been explored, none of the scenarios for formamide forma-
tion can be ruled out from this comparison at this point.

5. Summary and Outlook

Measuring the deuterium fractionation is an important tool in
understanding the early chemical evolution of forming proto-
stars. The evolving picture is that the gas phase deuteration of
molecules in the inner warm regions, representative of the bulk
ice, seems to be lower than previously thought based on sin-
gle dish observations. This highlights that more high-sensitivity
and -resolution radio interferometric observations are needed to
probe this gas reservoir and unlock the chemical history and fu-
ture of deeply embedded low-mass protostars.

In this study we have detected several lines of various iso-
topologues of formaldehyde toward the deeply embedded low-
mass protostar IRAS 16293-2422 B as part of the ALMA-PILS
survey. Both H,C'70 and D,!3CO are detected for the first time
in the ISM. Many of the lines are optically thick due to the
high densities probed. The determined excitation temperature for
HDCO is 106 + 13 K, similar to several other molecules in the
same survey, and previous measurements.

Assuming the same excitation temperature constrained from
HDCO for all the forms of formaldehyde to determine the col-
umn densities shows that many of the transitions are optically
thick and abundances high. The detected forms of formaldehyde
are: H,CO, H,'3CO, H,C'70, H,C'80, HDCO, HDC'#0, D,CO
and D,'3CO. The large number of lines covered by the unbiased
spectral survey makes it possible to constrain the column density
by focusing on the optically thin, unblended lines.

The measured HDCO/H,CO ratio is 6.5+1%. This is sig-
nificantly lower than what was previously estimated using single
dish telescopes (14-33%). This is also true for doubly deuterated
formaldehyde, where the D,CO/HDCO ratio is 12.8*33%, and
D,CO/H,CO ratio is 0.6+0.1%. The lines observed with single
dish telescopes in previous studies also covered by the ALMA-
PILS survey are significantly optically thick. The source size is
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better constrained here by spatially resolving the emitting region.
These effects could be the reason for the different ratio(s).

These levels of deuterium fractionation are in line with
formaldehyde forming on the grains once CO has frozen onto
the surface as soon as the temperature drops low enough. The
astrochemical model of |Taquet et al.| (2014)) can approximately
reproduce the deuterium fractionation observed in formaldehyde
with a grain surface formation pathway dominating the produc-
tion. However, the role of gas phase formation routes is still not
clear.

The effect seen for water (Persson et al.[|2013; |Coutens et al.
2012; [Furuya et al|2016), where D,O/HDO is significantly
higher than the HDO/H,O ratio is only minor for formalde-
hyde due to the even later start of formation toward the end
of the prestellar core phase in comparison to water. This also
implies higher absolute deuterium fractionation (D/Hy,co ~3%,
D/Hp,o0 ~0.1%), due to the more favorable conditions (low o/p-
ratio, low T, higher accretion of D atoms onto grains). The deu-
terium fractionation presented for formaldehyde is similar to that
of other molecules with similar complexity such as methanol
(CH;OH |Jgrgensen et al.| [2017) and formamide (NH,CHO,
Coutens et al.|2016), at around 2-3%. This formation-time de-
pendence on deuteration implies that more complex molecules
which form even later should have even higher levels of deu-
terium fractionation.

The '2C/"3C and '80/'70 ratios in formaldehyde are consis-
tent with the values measured for the surrounding ISM at the
relevant galactocentric distances. This could indicate a relatively
common formation environment in the Galaxy. However, the
160/180 ratio is slightly higher than the local ISM value thus
it is not possible to draw any strong conclusions based on this.

Future high resolution interferometric observations con-
straining the deuterium fractionation in formaldehyde of other
sources, could shed light on any possible dependence on envi-
ronment and mass. In addition to this, multi transition single dish
observations unambiguously characterizing the cold gas would
improve the global picture of formaldehyde deuterium fraction-
ation.
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Appendix A: Formaldehyde lines used in the
analysis

Appendix B: Observed spectrum of lines
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Table A.1. Lines detected in the ALMA-PILS spectrum of IRAS 16293-2422. The stars in the left-most column indicates the lines that are
blended with each other. The square in the right-most column identifies the lines used in constraining the column density (and for HDCO also the
temperature).

Species Q Q v Ajj E, Fit?
UNS GHz IOglo() K
H,CO 515 414 351.769 -2.9201 62.5
826 99 361968 -59856 1735 =m
505 404  362.736 -2.8626 52.3
H,C0 5.5 4., 343333 29518 613
505 404  353.820 -2.8950 510 m=m
524 4,3 354908 -2.9665 984 =m
¥ 542 441 355.042  -3.3340 240.1
* 54 440  355.042  -3.3340 240.1
¥ 533 43,  355.202 -3.0835 157.5
532 43 355.214 -3.0834 157.5 [ ]
523 4,, 356.187 -29619 985 m
H,C0 5.5 414 335816 -2.9805 60.2
5055 404  345.881 -2.9246 499
S;s 4ys 346869 29963 974 m
S42 441 346.984 -3.3639 239.6 [ |
54,1 440 346984 -3.3639 2396 m=m
Sy 43, 347.134 31134 156.7
532 45 347.144  -3.1134 156.7
523 4,, 348.032 -29920 975 m
514 413 357.741 -2.8982 63.4
H,’CO 55 414 343326 29517 613
5055 404  353.812 -2.8949 51.0
524 4,3 354899 -2.9664 984
S42 44 355.029 -3.3339 240.1
541 440  355.029 -3.3339 240.1
* 12101 12550 355.042 47277 2854 m
533 43,  355.191 -3.0835 157.5
¥ 535 431 355.203 -3.0834 157.5
523 4,, 356.176 -2.9618  98.5
HDCO 514 4,3 335.097 -2.9841 56.2
1715 17216 340.801 -4.5839 517.6 [ |
313 20, 343284 -52876  25.8
11,50 117 346.739 -4.6725 2194
4, 50,5 347.286 -6.1800 62.9 [ |
1010 10050 355.075 -5.2163 1843 m
HDCO 6,6 515 353.098 -2.9039 674 m
D,CO 616 515 330.674 -29892  61.1
606  Sos 342.522 29331  58.1
152,13 152,14 345.075 -4.4700 370.5 |
625 5024 349.631 -2.9553 80.4
652 Ssq 351196 -34129 1937 m
651 550 351.196 -3.4129 193.7 |
643 S4p 351487 -3.1522 1452
642 Sy 351492 31522 1452
634 533 351.894 -3.0204 107.6
633 53, 352244 -3.0192 107.6
624 523 357.871 29248 812
D,*CO 605 Sos 337.552 -2.9461 572
625 524 344225 -2.9696 79.6 [ |
643 S4p 345957 -3.1670 1447 m
642 54,1 345961 -3.1670 1447 =
634 533 346.346 -3.0352 106.9
633 532 346.662 -3.0340 106.9
624 5,3 351961 -29406 803 m
615 Sis 360989 28691 662 m
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Table A.2. Lines not detected but used to constrain the column densities.

Species (o} Q> % Ajj E,

JK, ks GHz log,,0) K
H,CO 28305 28326 336.14 46821 15421
H,C70 18335 19553 354222 -6.0022  691.4

12,11 1211p 355.087 -4.7276 2854
H,C®0 12,4, 12,10 339498 -4.7872  279.1
H,'3CO 29356 2935, 34948  -4.6636 1606.4
HDCO 2435 243 348965 -4.5321 1017.8
HDCBO 2, 315 332193 -6.2815 41.0
D,CO T34 817 340380 -6.1185 1274

H,CO
33217GHz o | 336.14 GHz ' |34l0acHz ‘5 [348s1GHz 5 |35177GHz 4 |36197GHz [ | 36274GHz
= 1.0 gigx10 m) (L8x10 ) (.2x10°) @30 3+ Gax10h. 4 103 5] s 611.0
c . : .
§ 0.5 M 5x| : |
> ! I
= 0.0 . A.in [LJIL"I rl ﬂh‘q ' l ~ ﬂg
x ’ |y
3 1 il 1 I | I 1
™ -2 0 2 —2 O 2 —2 0 2 —2 0 2 — 2 —2 0 2
Velocity (km-s™)
H,C1"0
I I T " I T I U T I I I U T 111 I T 1 I T
343.33 GHz 353/38 GHz 353.82 GHz 354.22 GHz 354.91 GHz 385.04 GHz 355.09 GHz
1.0 - 0+ (2.2x1079) 1703 T (5.9x107°) T (. Tr.9x1072) St (3.4x107%) 11.0

|
U I | 1 I
355 20/GHz 355.21 GHz 356.19 GHz
8+ (0.2) T(0.2) -10 1

P o ©
Oga
&,
;

Flux (Jy-beam1!)

Velocity (km-s™1)

H,C*0
T T | U T | U T T U T T U T T U T
335.82 GHz 338 81 GHz 339.50 GHz 343.03 GHz 345.88 GHz 346.87 GHz 346.98 GHz
1.0t (2.5) 0 - (3. 1><10 ) T (1.1x107?) T(11x10°7) 3+ (1.0) 41 (0.5) T (5.9x10) @ 11.0
1 5x 1 5x

Flux (Jy-beam~!)

-2 0 2 =20 2 —2 O 2
Velocity (km-s—1)

Fig. B.1. All lines of (a) H,CO, (b) H,C!"0, and (c) H,C'8O with the best fit LTE model overplotted in blue. Synthetic spectra in red indicate
optical depth beginning to play a significant role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column
density. Note that the two optically thick lines of H,CO are the ones with a significant amount of extended emission (covered in van der Wiel, in
prep.). The number in parenthesis is the estimated optical depth. Lines in figure (b) panel 5 and 8 have stronger H,'3CO lines blended (see panel
9 and 11 in Fig.[B2)
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H,'CO
1 U T 1 U T 1 U T | U T 1 U T n T T U T 1.5
337.76 GHz 0 343.33 GHz 1 349.48 GHz 353.30 GHz 3 353.81 GHz 354.39 GHz 5 354.90 GHz 6
(8.6x101%) (40.0) (1.9x10°9) (1.1x10°%) (15.8) (3.0x10 1) (8.5)
10t R | . - -

5x

~ 05}

|

€ 0.0 :

9] t SA f f t f t T f
355.03 GHz 355.04 GHz 355 19 GHz 355.20 GHz 356.18 GHz

'g (1.0) 7 (0.2) @ (11 2) 10 (11.2) 11 (8.5) 12

>1.0! l l

x

)

L

-20 2 -20 2 =20 2
Velocity (km-s!)

Fig. B.2. All lines of H,'*CO with the best fit LTE model overplotted. Synthetic spectra in red indicate optical depth beginning to play a significant
role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column density. The number in parenthesis is the estimated
optical depth. The line in panels 9 and 11, at 355.04 and 355.20 GHz could be blended with significantly weaker H,C'7O lines (see panel 5 and 8

in Fig.[B-1).

HDCO
1.0.329.826Hz |"y 133d53GHz "1 [33510GHz ' 1335.17GHz '3 [336.17GHz 'y 133768GHz ‘g |34031GHz ‘g |1
M (4.0x1079) (7.2%107°) (72.7) (8.0x107 1) (1.5%106) (1.8x10°7) (2 6x10) :
0.5+5x | 5x !

L.M,,c_oo

o ALY e A

0.0
= ,348.80 Gz ! 346 88 GHz | 34é 28 Gz ! 34é 74 aHz 34% 28 Gz 34é o7 arz 356 28 GHz
‘E 1.0 (7.2x10°2) (1.0x10°7) 8 1 91 10 - (3.3x10?) (9.7x10°) (3.6x10° ) 13 1.0
S 0.5 5% | ‘Jf H ﬁ | l0.5
o Pdi:h
> 0.0 F.m,&.,wmj‘k ﬁ\ . 0.0
= 3si 306H 1 35§ 63 GHz 1 35.% 08 Gz 361 80 Gz |
X 1.0 (1.0x107) 22210 % 12 T03) (2.9x10" 7)I 7 1_'Q 0 2
% 0.5} 5x ' '

-20 2 -20 2 =202 =20 2
Velocity (km-s!)

Fig. B.3. All the lines of HDCO with the best fit LTE model overplotted. Synthetic spectra in red indicate optical depth beginning to play a
significant role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column density. The number in parenthesis is

the estimated optical depth.
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HDC®0
0.2! 33219GHz| [}y [33430GHz ' [336.19GHz 5 |337.00 GHz 1347.54 GHz 1349.49 GHz |350.10GHz g 0.2
(2.1x10 ) (7.2x10°7) (2.4x10 ) (3.0x10°) (5.5x10 ) (4.2x10°) (7.6x10719) .
0.1} 5 JJJH ! 10.1
i .
1S OO,nfﬁl\' P"UH,I"H..JL. M m.-..—f"ﬁ L. m,,.rr\”’kjﬂ"H m“ rJ--[L.JI:\O.O
m 1 l l 1L 1
] T g
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'2‘02 (8.8x10 ) (12x10°) (3.0x10" T 2 0 2 2 0 2 2 0 2 2 0 2
=
x
=)
AL AlA
L |
L ; L |
-2 0 2 =2 O 2 —2 0 2

Velocity (km-s—1)

Fig. B.4. All the lines of HDC'8O with the best fit LTE model overplotted. Synthetic spectra in red indicate optical depth beginning to play a
significant role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column density. The number in parenthesis is

the estimated optical depth. The emission line at 350.10 GHz is probably methanol.

D,CO

0133067GHz ' 133068 GHz ' 1332.96 GHZ 133439 GHz 1335.10 GHz 133596GHz |5 1338.02GHz 'g 11 .0
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Fig. B.5. All the lines of D,CO with the best fit LTE model overplotted. Synthetic spectra in red indicate optical depth beginning to play a significant
role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column density. The emission line at 332.96 GHz is

possibly glycolaldehyde and ethylene glycol, and at 357.91 GHz methyl formate.
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D213CO
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Fig. B.6. All the lines of D,'*CO with the best fit LTE model overplotted. Synthetic spectra in red indicate optical depth beginning to play a
significant role i.e. 7 > 0.6. Numbers in top right corner with red boxes indicate lines used to fit the column density. The number in parenthesis is
the estimated optical depth.
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