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leading to the formation of these species, for example, what spe-
ciÞc reactions are dominant, what is the importance of, e.g., UV
irradiation, how important is the ice composition and the rate at
which the ices are warming up.

The isotopic composition of the gas is a particular charac-
teristic of the early stages of young stars, which may hold sig-
niÞcant clues to some of these networks. It has for some time
been recognised that the many species in the cold gas around
embedded protostars are signiÞcantly enhanced in deuterium rel-
ative to hydrogen (e.g., van Dishoeck et al. 1995; Ceccarelli et al.
2001) compared to the cosmic D/H ratio of 1.5! 2.0" 10! 5 (e.g,.,
Linsky 2003; Prodanovi«c et al. 2010). In particular, the deuter-
ated isotopologues of species such as formaldehyde (H2CO) and
methanol (CH3OH) are found to be signiÞcantly enhanced up
to levels of# 10% or above compared to the regular isotopo-
logues in single-dish observations (e.g., Parise et al. 2006) and
some of these sources even show detections of multiply deuter-
ated species (e.g., CD2HOH and CD3OH; Parise et al. 2002 and
Parise et al. 2004) indicating very high degrees of deuteration
(see also overview in J¿rgensen et al. 2016).

These enhancements are thought to be a consequence of the
exothermic reaction

H+
3 + HD ! H2D+ + H2 + ! E (1)

(where! E = 232 K), which followed by dissociative recom-
bination of H2D+ with electrons leads to an enhanced atomic
D/H ratio that can be transferred to grains when the neutral
species freeze-out (Tielens 1983). Other isotopic systems such as
12C and13C-containing isotopologues may also show variations
compared to the local ISM due to the fractionation processes in
the cold phases although the variations of those are expected to
be at much smaller levels than those of deuterium vs. hydrogen.
Isotope selective photodissociation or ion-molecule reactions in
the gas through the reaction:

13C
+

+ CO ! C+ + 13CO+ ! E (2)

(where! E = 35 K; Langer et al. 1984; Furuya et al. 2011) may
enhance the13CO abundance in the gas-phase relative to12CO.
Isotope selective photodissociation may decrease the amount
of 13CO relative to12CO, but at the same time enhancing the
amount of13C. Once on the grains, the enhanced13CO or 13C
can then be incorporated into the complex organic molecules.
Other mechanisms, such as segregation between12CO and13CO
in the ices due to slight di" erences in their binding energies (e.g.,
Smith et al. 2015) may also a" ect the amount of12C relative to
13C that is available for incorporation into larger molecules.

Since all of these fractionation processes are very sensitive to
the gas physics (density and temperature) it has therefore been
suggested that measurements of the relative abundances of dif-
ferent isotopologues of individual molecules may hold strong
clues to the formation pathways constrained by chemical mod-
els or alternatively to the physical conditions and early evolu-
tion of young stars through their pre- or protostellar stages (e.g.
Charnley et al. 2004; Cazaux et al. 2011; Taquet et al. 2013,
2014). With the Atacama Large Millimeter/submillimeter Array
(ALMA) it is becoming possible to push forward in providing
accurate measurements of the isotopic composition of complex
organics.

As an example of such a study, Belloche et al. (2016) pre-
sented a systematic survey of the deuteration of molecules to-
ward the Sagittarius B2 high-mass star forming region in the
Central Molecular Zone close to the Galactic Center. Utilising

ALMAÕs high sensitivity, Belloche et al. presented new detec-
tions as well as strict upper limits for the deuterated variants
of a number of complex organics. Typically the abundances of
the deuterated species were found to be lower than what is seen
in nearby molecular clouds and also predicted by astrochemical
models. Belloche et al. (2016) speculated that this may reßect a
lower overall deuterium abundance or the higher temperatures in
the clouds toward the Galactic Center.

One of the prime targets for similar studies of solar-type
stars is the Class 0 protostar IRAS 16293Ð2422. This source
has long been recognised as having large abundances of deuter-
ated species compared to high-mass protostellar sources (van
Dishoeck et al. 1995) and was also the Þrst solar-type proto-
star for which abundant complex organic molecules were found
(Cazaux et al. 2003). Combining these two properties, it has
been a natural target for deuteration studies. This is the source
toward which the above mentioned multi-deuterated species,
as well as some deuterated complex organics, e.g., methyl
formate (CH3OCHO; Demyk et al. 2010) and dimethyl ether
(CH3OCH3; Richard et al. 2013), were Þrst detected. Recent ob-
servations of the THz ground state transitions of H2D+ (BrŸnken
et al. 2014) and D2H+ (Harju et al. 2017) toward the cold enve-
lope around IRAS 16293Ð2422 suggest very similar amount of
both cations in this source. Due to sensitivity limitations, how-
ever, the single-dish observations typically targeted the bright-
est, low excitation, transitions that in some cases may be opti-
cally thick both for the main isotopologues as well as for the
deuterated variants. Furthermore, single-dish observations natu-
rally encompass the entire protostellar envelope and are thus in-
trinsically biased toward emission on larger scales where most of
the material is located and molecules may still be largely frozen-
out on dust grains due to the lower temperatures.

Using ALMA we have recently completed a large unbiased
survey, theProtostellar Interferometric Line Survey (PILS), of a
key frequency window around 345 GHz (J¿rgensen et al. 2016).
These data are up to two orders of magnitude more sensitive than
previous single-dish studies and thus provide excellent opportu-
nities for systematic studies of complex organics and their iso-
topologues. In particular, the interferometric observations make
it possible to zoom in on the inner 30Ð60 AU around the cen-
tral protostars, i.e., Solar System scales, where the temperatures
are high and the ices have sublimated and the complex organic
molecules therefore are all present in the gas-phase. The initial
results presented the Þrst detections of the deuterated isotopo-
logues of isocyanic acid and formamide (Coutens et al. 2016) as
well as the deuterated and13C-isotopologues of glycolaldehyde
(J¿rgensen et al. 2016). These species all show signiÞcant deu-
terium enhancements Ð although not on the levels hinted by the
previous single-dish observations Ð but also indications of dif-
ferences that may exactly reßect their chemistries. SpeciÞcally,
glycolaldehyde is more enhanced in deuterium than the other
species by a factor of a few. The13C-isotopologues of glyco-
laldehyde further indicate an enhancement of the13C isotopo-
logues above that of the local ISM, again possibly reßecting for-
mation of this species in the coldest part of the envelope.

In the present work, we present an extensive investigation
into the deuteration and the13C content of oxygen-bearing com-
plex organic molecules. These include methanol, its next heav-
ier homologue ethanol along with its isomer dimethyl ether, the
dehydrogenated relatives of ethanol, acetaldehyde, and ketene,
as well as methyl formate, an isomer of glycolaldehyde, and
formic acid. The paper is laid out as follows: Sect. 2 summarises
the main points about the ALMA data and spectroscopy while
Sect. 3 describes the data analysis, including line identiÞcation
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cific reactions are dominant, what is the importance of, e.g., UV
irradiation, how important is the ice composition and the rate at
which the ices are warming up.

The isotopic composition of the gas is a particular charac-
teristic of the early stages of young stars, which may hold sig-
nificant clues to some of these networks. It has for some time
been recognised that the many species in the cold gas around
embedded protostars are significantly enhanced in deuterium rel-
ative to hydrogen (e.g., van Dishoeck et al. 1995; Ceccarelli et al.
2001) compared to the cosmic D/H ratio of 1.5�2.0⇥10�5 (e.g,.,
Linsky 2003; Prodanović et al. 2010). In particular, the deuter-
ated isotopologues of species such as formaldehyde (H2CO) and
methanol (CH3OH) are found to be significantly enhanced up
to levels of ⇠ 10% or above compared to the regular isotopo-
logues in single-dish observations (e.g., Parise et al. 2006) and
some of these sources even show detections of multiply deuter-
ated species (e.g., CD2HOH and CD3OH; Parise et al. 2002 and
Parise et al. 2004) indicating very high degrees of deuteration
(see also overview in Jørgensen et al. 2016).

These enhancements are thought to be a consequence of the
exothermic reaction

H+
3 + HD ! H2D+ + H2 + ! E (1)

(where ! E = 232 K), which followed by dissociative recom-
bination of H2D+ with electrons leads to an enhanced atomic
D/H ratio that can be transferred to grains when the neutral
species freeze-out (Tielens 1983). Other isotopic systems such as
12C and 13C-containing isotopologues may also show variations
compared to the local ISM due to the fractionation processes in
the cold phases although the variations of those are expected to
be at much smaller levels than those of deuterium vs. hydrogen.
Isotope selective photodissociation or ion-molecule reactions in
the gas through the reaction:

13C+
+ CO ! C+ + 13CO + ! E (2)

(where ! E = 35 K; Langer et al. 1984; Furuya et al. 2011) may
enhance the 13CO abundance in the gas-phase relative to 12CO.
Isotope selective photodissociation may decrease the amount
of 13CO relative to 12CO, but at the same time enhancing the
amount of 13C. Once on the grains, the enhanced 13CO or 13C
can then be incorporated into the complex organic molecules.
Other mechanisms, such as segregation between 12CO and 13CO
in the ices due to slight di" erences in their binding energies (e.g.,
Smith et al. 2015) may also a" ect the amount of 12C relative to
13C that is available for incorporation into larger molecules.

Since all of these fractionation processes are very sensitive to
the gas physics (density and temperature) it has therefore been
suggested that measurements of the relative abundances of dif-
ferent isotopologues of individual molecules may hold strong
clues to the formation pathways constrained by chemical mod-
els or alternatively to the physical conditions and early evolu-
tion of young stars through their pre- or protostellar stages (e.g.
Charnley et al. 2004; Cazaux et al. 2011; Taquet et al. 2013,
2014). With the Atacama Large Millimeter/submillimeter Array
(ALMA) it is becoming possible to push forward in providing
accurate measurements of the isotopic composition of complex
organics.

As an example of such a study, Belloche et al. (2016) pre-
sented a systematic survey of the deuteration of molecules to-
ward the Sagittarius B2 high-mass star forming region in the
Central Molecular Zone close to the Galactic Center. Utilising

ALMA’s high sensitivity, Belloche et al. presented new detec-
tions as well as strict upper limits for the deuterated variants
of a number of complex organics. Typically the abundances of
the deuterated species were found to be lower than what is seen
in nearby molecular clouds and also predicted by astrochemical
models. Belloche et al. (2016) speculated that this may reflect a
lower overall deuterium abundance or the higher temperatures in
the clouds toward the Galactic Center.

One of the prime targets for similar studies of solar-type
stars is the Class 0 protostar IRAS 16293–2422. This source
has long been recognised as having large abundances of deuter-
ated species compared to high-mass protostellar sources (van
Dishoeck et al. 1995) and was also the first solar-type proto-
star for which abundant complex organic molecules were found
(Cazaux et al. 2003). Combining these two properties, it has
been a natural target for deuteration studies. This is the source
toward which the above mentioned multi-deuterated species,
as well as some deuterated complex organics, e.g., methyl
formate (CH3OCHO; Demyk et al. 2010) and dimethyl ether
(CH3OCH3; Richard et al. 2013), were first detected. Recent ob-
servations of the THz ground state transitions of H2D+ (Brünken
et al. 2014) and D2H+ (Harju et al. 2017) toward the cold enve-
lope around IRAS 16293–2422 suggest very similar amount of
both cations in this source. Due to sensitivity limitations, how-
ever, the single-dish observations typically targeted the bright-
est, low excitation, transitions that in some cases may be opti-
cally thick both for the main isotopologues as well as for the
deuterated variants. Furthermore, single-dish observations natu-
rally encompass the entire protostellar envelope and are thus in-
trinsically biased toward emission on larger scales where most of
the material is located and molecules may still be largely frozen-
out on dust grains due to the lower temperatures.

Using ALMA we have recently completed a large unbiased
survey, the Protostellar Interferometric Line Survey (PILS), of a
key frequency window around 345 GHz (Jørgensen et al. 2016).
These data are up to two orders of magnitude more sensitive than
previous single-dish studies and thus provide excellent opportu-
nities for systematic studies of complex organics and their iso-
topologues. In particular, the interferometric observations make
it possible to zoom in on the inner 30–60 AU around the cen-
tral protostars, i.e., Solar System scales, where the temperatures
are high and the ices have sublimated and the complex organic
molecules therefore are all present in the gas-phase. The initial
results presented the first detections of the deuterated isotopo-
logues of isocyanic acid and formamide (Coutens et al. 2016) as
well as the deuterated and 13C-isotopologues of glycolaldehyde
(Jørgensen et al. 2016). These species all show significant deu-
terium enhancements – although not on the levels hinted by the
previous single-dish observations – but also indications of dif-
ferences that may exactly reflect their chemistries. Specifically,
glycolaldehyde is more enhanced in deuterium than the other
species by a factor of a few. The 13C-isotopologues of glyco-
laldehyde further indicate an enhancement of the 13C isotopo-
logues above that of the local ISM, again possibly reflecting for-
mation of this species in the coldest part of the envelope.

In the present work, we present an extensive investigation
into the deuteration and the 13C content of oxygen-bearing com-
plex organic molecules. These include methanol, its next heav-
ier homologue ethanol along with its isomer dimethyl ether, the
dehydrogenated relatives of ethanol, acetaldehyde, and ketene,
as well as methyl formate, an isomer of glycolaldehyde, and
formic acid. The paper is laid out as follows: Sect. 2 summarises
the main points about the ALMA data and spectroscopy while
Sect. 3 describes the data analysis, including line identification
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Fig. 2. Representative maps for lines of CH18
3 OH 83,6 ! 92,8

(! =347.865 GHz;Eup=143 K) and 171,17 ! 162,15 (! =344.802 GHz;
Eup=345 K) in the upper left and right panels (a and b), respec-
tively and CH2DOH 75,2/ 3 ! 84,5/ 4 (! =346.43471 GHz;Eup=176 K) and
172,15 ! 163,14 (! =355.077 GHz;Eup=364 K) in the lower left and right
panels (c and d), respectively. In all panels, the integrations were per-
formed over±0.5 km s! 1 around the systemic velocity and the contours
shown at 3" , 6" , 9" and 12" (blue contours) and from there upwards
in steps of 6" (red contours).

molecules appears brighter and where absorption is less of an
issue.

Fig. 2 compares the integrated emission around
IRAS16293B for two transitions of CH18

3 OH and CH2DOH
representing di! erent excitation levels. This highlights that the
emission morphologies are remarkably similar for all species
and lines of di! erent excitation levels, what is also seen for
other complex organic species identiÞed from the PILS data
(J¿rgensen et al. 2016; Coutens et al. 2016; Lykke et al. 2017).
This reenforces the point above that the bulk of the emission
is dominated by relatively compact material with relatively
homogeneous physical conditions.

Also marked in Fig. 2 are the continuum peak and the two
o! set positions at one half and one full beam (0.5"" and 1""): the
emission peaks close to the half-beam o! set position with its
strength reduced by a factor of 2 at the full beam o! set position.
This is consistent with the emission peak being marginally re-
solved in that direction. Fig. 3 compares spectra toward the two
o! set positions over a frequency range where prominent (low
excitation) lines of CH2DOH are seen. The Þgure also shows a
synthetic spectrum calculated at low temperatures indicating the
location of the CH2DOH transitions. It is clearly seen that many
of these lines that show absorption at the half-beam o! set posi-
tion are in emission at the full beam o! set position. Indeed, the
synthetic spectrum predicts that these speciÞc transitions will be
optically thick (# > 1).

In Þtting the data, we therefore iteratively selected transitions
that have# < 0.1. Focusing only on the optically thin transitions
it is found that there is about a factor of 2 di! erence between
the derived column densities (assuming the same Þlling factor)

toward the full and half beam o! set positions. Given that the
emission is only marginally resolved, this likely reßects a com-
bination of the actual drop in column density of the species as
well as the fact that the emission does Þll a smaller fraction of
the beam at the full beam o! set position (Fig. 2). In the fol-
lowing work we therefore predominantly focus on the full beam
position, but note(i) that we check for consistency of the Þts to-
ward the half-beam position and(ii) that for comparison to other
results from the half-beam positions one can multiply the quoted
column densities by a factor of 2.

3.2. Derived column densities

Figures B.1ÐB.26 show the observed spectra for each of the
species, compared to the predictions by the synthetic spectra and
the individual Þts are discussed in the appendix. The data show
detections of each of the (singly) deuterated versions as well as
the 13C isotopologues of the targeted oxygen-bearing complex
organic molecules (the13C isotopologues for ethanol only tenta-
tively).

Table 1 lists the derived column densities for each of the
species and, for the rarer isotopologues, the abundances relative
to the main isotopologue. The column densities of the deuterated
species range from 2% up to 18% relative to the main isotopo-
logues. A signiÞcant part of this variation is due to the composi-
tion of the functional groups. For the same D/H ratio one should
expect a molecule where the deuterium is substituted into one of
the hydrogen atoms in the methyl CH3 group to be three times
more abundant than a molecule where the substitution is into a
functional group such as OH with only one hydrogen atom. If
this e! ect is taken into account, surprisingly small variations are
seen in the D/H ratios for the individual isotopologues. A dis-
tinction is apparent with the simpler molecules are consistent
with a D/H ratio of #2%, and the more complex species methyl
formate, acetaldehyde, ethanol and dimethyl ether show higher
ratios ranging from about 4 to 8%, similar to the values of gly-
colaldehyde. For dimethyl ether a lower12C/13C ratio is found,
about half that of the standard ratio for the local ISM (68; Milam
et al. 2005), similar to what has previously been inferred for gly-
colaldehyde. The marginal cases of13C isotopologues of methyl
formate and ethanol are also consistent with lower12C/13C ratios
but additional observations are needed to conÞrm and solidify
the numbers for these two species.

4. Discussion

The presented analysis provides important clues concerning the
origin of various complex organic molecules in di! erent ways.
As summarised in Fig. 4, the species fall in a number of di! er-
ent groups depending on their excitation temperatures and the
deuteration levels. In this section we try to reconcile these obser-
vations to discuss the implications for formation of the di! erent
complex organics.

4.1. Excitation temperatures

An important aspect of the presented analysis is the variations
in the excitation temperatures between the di! erent species with
one group consistent with temperatures of approximately 100Ð
150 K and one with temperatures of 250Ð300 K. The former
group includes CH2CO, CH3CHO, CH3OCH3 as well as H2CO
(Persson et al. 2018) and c-C2H4O (Lykke et al. 2017), while the
latter group includes CH3OH, C2H5OH, CH3OCHO as well as
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variations will more likely be statistical at this level rather than
representing the physical structure. Again, any di! erences at this
level will only cause minor variations in the derived column den-
sities. For relative abundances expressed as ratios of column den-
sities between di! erent species, error propagation translate the
20% uncertainties into an uncertainty of! 30% (=

"
2 # 20%)

Ð or, e.g., 0.6 or 1.5 percentage points for D/H ratios of 2% or
5%, respectively. But, the error could be lower if only calibration
uncertainty is an issue and other parameters such asTex can be
assumed to be the same. This should certainly be valid for the
comparison between the12C- and13C-isotopologues and likely
also some of the deuterated species.

As a comparison to our method, rotation diagrams for
CH3OD and a-CH3CHDOH are shown in Fig. 1. CH3OD is an
example of a species with a signiÞcant number of completely
well-isolated lines spanning a range of energy levels. The er-
rors on the derived excitation temperatures and column densities
are! 10% and 5%, respectively (taking into account the statisti-
cal noise on the derived line strengths and calibration uncertain-
ties) with the numbers otherwise in agreement with those derived
above. For a-CH3CHDOH the isolated lines represent a narrow
range in energy levels, so for this species only the column den-
sity can be properly constrained. The derived uncertainty on the
column density is also about 6%. This value reßects that the Þt-
ted, most isolated, transitions have S/N ratios of 8Ð16, i.e., that
the statistical uncertainties on their line ßuxes are about 6Ð12%
(9% on the average). When Þtting just the column density by
matching the intensities, the derived error goes down with the
square root of the number of lines Ð in this case six. I.e., the de-
rived uncertainty is a factor of about 2.5 below the average statis-
tical uncertainties of the ßuxes of the individual lines. Other sep-
arate checks that these uncertainties are reasonable come from
statistical Þts to species with few well-isolated lines where ei-
ther rotation diagrams (J¿rgensen et al. 2016) or full! 2-analyses
(Persson et al. 2016) give similar uncertainties.

Uncertainties arising from vibrational contributions to the
partition functions are small (about 5% or less) for the13C
isotopologues of molecules with low excitation temperatures
($125 K) or of those for which the vibrational states are well-
characterised. For deuterated species or for molecules with large
correction factors, i.p., ethanol and methyl formate, this uncer-
tainty may be up to 10Ð25%. Generally, the assumption that the
vibrational factor of an isotopologue of a heavier molecule is the
same as that of its main isotopic species will lead to an underes-
timate of its column density and thus lead to an estimated D/H
ratio that is somewhat too small or a12C/13C ratio somewhat too
large.

3. Results

Many of these detections mark the Þrst reports of these species in
the ISM, including the detections of the deuterated isotopologues
of ethanol, acetaldehyde, ketene, formic acid. Other species
have previously been seen toward Sgr B2(N2) (e.g., the13C-
isotopologues of ethanol by MŸller et al. 2016) or Orion KL
(e.g., CH2DOCHO by Coudert et al. 2013) and a few have been
identiÞed from single-dish observations of IRAS 16293 (i.e.,
methyl formate, CH3OCDO, tentatively by Demyk et al. 2010
and dimethyl ether, CH2DOCH3, by Richard et al. 2013). How-
ever, for those species the systematic study presented here al-
lows for the Þrst time a direct comparison between these species
with a high number of identiÞed lines originating in a region
that is spatially resolved on Solar System scales and with what

Fig. 1. Rotation diagrams for well-isolated lines of CH3OD (upper
panel) and CH3CHDOH (lower panel). For the former, both rotation
temperature and column density can be constrained, while the limited
range of CH3OD transitions only allow us to constrain the column den-
sity for that species. In both panels, the best Þt is shown with the solid
line with our conservative estimates on the uncertainties represented by
the dotted lines (the best Þt values given in the upper right corner of
each panels). The dashed lines in both panels indicate the best Þts as-
suming a Þxed rotation temperature of 125 K: this temperature clearly
does not match the data for CH3OD over the range of upper energies for
the observed lines.

is thought to be under relatively homogeneous physical condi-
tions in terms of temperatures and densities.

3.1. Emission morphology

The bulk of the analysis in this paper concerns the identiÞcation
of lines toward single positions, but one of the main strengths of
the ALMA data is to provide fully sampled images. Therefore a
few words about the emission morphology are included here.

As discussed in J¿rgensen et al. (2012, 2016) the emission
around IRAS16293B is complex: toward the location of the pro-
tostar itself the emission from the dust continuum as well as that
of many lines is optically thick. This causes many of the lines in
the spectra to appear in absorption hampering interpretation. For
identiÞcation and modeling of species, it is instead more use-
ful to consider positions o! set by 0.5Ð1.0%%from the continuum
peak where the line emission from many of the complex organic
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Fig. 3. Spectrum of optically thick transitions of CH2DOH at 356.95 GHz toward the half-beam (upper) and full-beam (lower) o! set positions
from IRAS16293B. In the lower panel, synthetic spectra for CH2DOH are overlaid: those are both calculated for the same column density (Table 1)
but with temperatures of 50 K (blue) and 300 K (red).

NH2CHO and HNCO (Coutens et al. 2016) and CH2OHCHO
and (CH2OH)2 (J¿rgensen et al. 2016). These divisions are
mostly in agreement with a similar division into ÒcoldÓ (Tex !
100 K) and ÒhotÓ (Tex " 100 K) molecules by Bisschop et al.
(2007) from a survey of high-mass hot cores and a follow-up
study by Isokoski et al. (2013). Also, the molecules with low ex-
citation temperatures are typically those identiÞed in the large
single-dish survey of complex organics toward IRAS 16293Ð
2422 by Jaber et al. (2014). Table 2 compares these detections: in
general it seems that the hot and cold molecules from the high-
mass surveys and the interferometric data agree well with a few
exceptions. Also, all the cold molecules from the interferometric
data are detected in the IRAS16293 single-dish survey again il-
lustrating that that survey may be biased toward the colder gas on
larger scales. Of the warm molecules in the interferometric data,
CH3OCHO, CH3OH and NH2CHO are seen in the single-dish
survey: those are all relatively abundant and thus may contribute
signiÞcantly enough to be picked out in the larger beam. There
are no species detected from the single-dish observations that are
not detected in the interferometric data.

As pointed out previously (e.g., Garrod et al. 2008), a
straightforward explanation for the distinction between hot and
cold molecules may lie in the binding energies of the di! er-
ent species (also listed in Table 2). A very clear distinction is
seen between species that have high excitation temperatures in
IRAS16293 interferometric data, which have binding energies
of 5000Ð7000 K (ethylene glycol as high as 10200 K), and those
that have low excitation temperatures, which have binding en-
ergies in the 2000Ð4000 K range. In the context of the three
phase chemical model by Garrod (2013) this would imply that
the bulk of the colder species simply sublimate at lower temper-
atures and vice versa for the warm species: the lower binding en-
ergies would correspond to sublimation temperatures of! 50 K
and the higher ones to! 100 K. One should note though that
these binding energies are for pure ices. If the species are mixed
in ice with H2O or CH3OH the binding energies would increase
to the values of those,! 5500 K.
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Fig. 4. Schematic representation of the results from this paper: the dis-
cussed molecules are grouped according to their D/H ratios and excita-
tion temperatures. The species underlined can be shown to have lower
12C/13C ratios by a factor 2 than typical values for the local ISM (al-
though only tentatively for methyl formate and ethanol), while the re-
mainder are either consistent with a standard ISM ratio or have too op-
tically thick lines of the main isotopologue for a reliable independent
estimate.

The di! erence between these (lower) sublimation tempera-
tures of 50Ð100 K and the higher inferred excitation tempera-
tures (100Ð300 K) may be a result of the rapid infall (and short
distances) in the dense innermost region of the envelope around
IRAS16293B. For a typical infall speed of" 1 km s#1 the time
it would take material to move" 50 AU (typical of these tem-
perature regimes in the IRAS16293) is" 200 years. Thus, while
the separation of the molecules into ÒhotÓ and ÒcoldÓ species
likely reßects where those species originally sublimate, this short
time-scale would imply that the derived values for the exci-
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Table 1.Derived column densities for the isotopologues of the complex organics and abundances relative to the main isotopologue at the position
o! set by 0.500 (60 AU) from IRAS16293B. As discussed in the text the uncertainties on the individual column densities are about 20%, while a
conservative estimate of the uncertainties on the ratios between species are 30% from error propagation. Square brackets indicate tentative Þts to
marginal detections.

Species N N/ Nmain
a Ncorr/ Nmain

a

[cm�2]

Methanol
CH3OHb 1.0⇥ 1019 . . . . . .
CH2DOH 7.1⇥ 1017 0.071 0.024
CH3OD 1.8⇥ 1017 0.018 0.018

Ethanol
CH3CH2OH 2.3⇥ 1017 . . .
a-a-CH2DCH2OH 2.7⇥ 1016 0.12 0.059
a-s-CH2DCH2OH 1.3⇥ 1016 0.057 0.057
a-CH3CHDOH 2.3⇥ 1016 0.10 0.050
a-CH3CH2OD [1.1⇥ 1016] [0.050] [0.050]
a-CH13

3 CH2OH
)

a-13CH3CH2OH
[9.1⇥ 1015] [0.040 (1/25)]

Methyl formate
CH3OCHO 2.6⇥ 1017 . . . . . .
CH3OCDO 1.5⇥ 1016 0.057 0.057
CH2DOCHO 4.8⇥ 1016 0.18 0.061
CH3O13CHO [6.3⇥ 1015] [0.024 (1/41)]

Ketenec

CH2CO 4.8⇥ 1016 . . . . . .
13CH2CO

)

CH2
13CO

7.1⇥ 1014 0.015 (1/68)c

CHDCO 2.0⇥ 1015 0.042 0.021

Dimethyl ether
CH3OCH3 2.4⇥ 1017 . . . . . .
13CH3OCH3 1.4⇥ 1016 0.029 (1/34)d

asym-CH2DOCH3 4.1⇥ 1016 0.17 0.043
sym-CH2DOCH3 1.2⇥ 1016 0.050 0.025

Acetaldehyde
CH3CHO 1.2⇥ 1017 . . . . . .
CH3CDO 9.6⇥ 1015 0.080 0.08
13CH3CHO

)

CH3
13CHO

1.8⇥ 1015 0.015 (1/67)

Formic acide

t-HCOOH 5.6⇥ 1016 . . . . . .
t-H13COOH 8.3⇥ 1014 0.015 (1/68)c

t-DCOOH
)

t-HCOOD
1.1⇥ 1015 0.020 0.020

aColumn density of isotopologue relative to that of the main species given respectively without (N/ Nmain) and with the statistical
corrections (Ncorr/ Nmain). bDerived from the18O-isotopologue assuming a16O/18O abundance ratio of 560 (Wilson & Rood 1994).
cMany lines of the main isotopologues of ketene re optically thick. The most reliable column density comes from the13C isotopo-
logues but are consistent with a standard12C/13C ratio for the few relatively thin transitions of the main isotopologues.dFor the
13C isotopologue of dimethyl ether the ratios with respect to the main isotopologue have been corrected by the statistical factor
corresponding to the two indistinguishable carbon-atoms.eDue to optical depth issues and fainter lines the Þts to formic acid rely
on simultaneous Þts of the main isotopologue and13C isotopologue combined and the two deuterated variants, respectively (see
discussion in Sect. A.8).

tation temperatures reßect the current location of the bulk of
the species closer to the protostar. As argued by Schšier et al.

(2002), this short time-scale may also inhibit any Òsecond gen-
erationÓ formation of complex organics, at least based on those
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る割合がかなり一様 → exchange 
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Fig. 3. Spectrum of optically thick transitions of CH2DOH at 356.95 GHz toward the half-beam (upper) and full-beam (lower) o! set positions
from IRAS16293B. In the lower panel, synthetic spectra for CH2DOH are overlaid: those are both calculated for the same column density (Table 1)
but with temperatures of 50 K (blue) and 300 K (red).

NH2CHO and HNCO (Coutens et al. 2016) and CH2OHCHO
and (CH2OH)2 (J¿rgensen et al. 2016). These divisions are
mostly in agreement with a similar division into ÒcoldÓ (Tex !
100 K) and ÒhotÓ (Tex " 100 K) molecules by Bisschop et al.
(2007) from a survey of high-mass hot cores and a follow-up
study by Isokoski et al. (2013). Also, the molecules with low ex-
citation temperatures are typically those identiÞed in the large
single-dish survey of complex organics toward IRAS 16293Ð
2422 by Jaber et al. (2014). Table 2 compares these detections: in
general it seems that the hot and cold molecules from the high-
mass surveys and the interferometric data agree well with a few
exceptions. Also, all the cold molecules from the interferometric
data are detected in the IRAS16293 single-dish survey again il-
lustrating that that survey may be biased toward the colder gas on
larger scales. Of the warm molecules in the interferometric data,
CH3OCHO, CH3OH and NH2CHO are seen in the single-dish
survey: those are all relatively abundant and thus may contribute
signiÞcantly enough to be picked out in the larger beam. There
are no species detected from the single-dish observations that are
not detected in the interferometric data.

As pointed out previously (e.g., Garrod et al. 2008), a
straightforward explanation for the distinction between hot and
cold molecules may lie in the binding energies of the di! er-
ent species (also listed in Table 2). A very clear distinction is
seen between species that have high excitation temperatures in
IRAS16293 interferometric data, which have binding energies
of 5000Ð7000 K (ethylene glycol as high as 10200 K), and those
that have low excitation temperatures, which have binding en-
ergies in the 2000Ð4000 K range. In the context of the three
phase chemical model by Garrod (2013) this would imply that
the bulk of the colder species simply sublimate at lower temper-
atures and vice versa for the warm species: the lower binding en-
ergies would correspond to sublimation temperatures of! 50 K
and the higher ones to! 100 K. One should note though that
these binding energies are for pure ices. If the species are mixed
in ice with H2O or CH3OH the binding energies would increase
to the values of those,! 5500 K.
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Fig. 4. Schematic representation of the results from this paper: the dis-
cussed molecules are grouped according to their D/H ratios and excita-
tion temperatures. The species underlined can be shown to have lower
12C/13C ratios by a factor 2 than typical values for the local ISM (al-
though only tentatively for methyl formate and ethanol), while the re-
mainder are either consistent with a standard ISM ratio or have too op-
tically thick lines of the main isotopologue for a reliable independent
estimate.

The di! erence between these (lower) sublimation tempera-
tures of 50Ð100 K and the higher inferred excitation tempera-
tures (100Ð300 K) may be a result of the rapid infall (and short
distances) in the dense innermost region of the envelope around
IRAS16293B. For a typical infall speed of" 1 km s#1 the time
it would take material to move" 50 AU (typical of these tem-
perature regimes in the IRAS16293) is" 200 years. Thus, while
the separation of the molecules into ÒhotÓ and ÒcoldÓ species
likely reßects where those species originally sublimate, this short
time-scale would imply that the derived values for the exci-
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下線があるのは 12C/13C がISMに比べて  
factor 2以上小さかった（tentative 含む）もの 

原始星エンベロープが温められ放出される順序̶-12CO→13CO̶ 
(binding energyの違い)で固体は13Cリッチになる？， 

FUVの影響と関連？？？　さらなる研究が必要

高いD/H比：低温環境が
一定時間続いた後に 
作られたことを反映
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Table 2. Division of molecules into ÒhotÓ and ÒcoldÓ from the interferometric observations of IRAS16293 (this study) and high-mass hot cores
(Bisschop et al. 2007), an indication of whether or not the species are detected in the single-dish study of IRAS16293 (Jaber et al. 2014) and the
binding energies of each species (from the tabulation by Garrod 2013).

Species IRAS16293 High-mass hot cores Binding energya

Interferometric Single-dish [K]
Formaldehyde H2CO Cold + Cold / Hot 2050
Ketene CH2CO Cold + Cold 2200
Acetaldehyde CH3CHO Cold + Cold 2775
Dimethyl ether CH3OCH3 Cold + Cold / Hot b 3675
Methyl formate CH3OCHO Hot + Hot 5200
Methanol CH3OH Hot + Hot 5530
Formamide NH2CHO Hot + Hot 5560
Formic acid HCOOH Hot - Cold 5570
Ethanol C2H5OH Hot - Hot 6260
Glycolaldehyde CH2OHCHO Hot - - 6680
Ethylene glycol (CH2OH)2 Hot - - 10200

Notes:aThe listed binding energies for pure ices (Garrod 2013).bAlthough, dimethyl ether is classiÞed as hot in Bisschop et al.
(2007), temperatures of 80Ð130 K are found toward SgrB2(N) (Belloche et al. 2013) and G327.3! 0.6 (Bisschop et al. 2013), i.e.,

relatively ÒcoldÓ compared to other species.

Table 3.Inferred abundances and deuterium fractionation (from interferometric and single-dish data, respectively) for di! erent organic molecules.
For the deuterium fractionation, the numbers refer to the inherent D/H ratio (i.e., taking into account the statistical ratios for the functional groups
with multiple H-atoms) for the singly deuterated species. As noted in the text the uncertainties on the relative abundances, e.g., D/H ratios, from
the ALMA data are about 30%; 0.6 or 1.5 percentage points for ratios of 2 or 5%, respectively.

[D/H] ratios
Species [X/CH3OH] Single-dish Interferometric Model (Taquet et al. 2014)

(" 1000 AU) (" 50 AU) 1.1 # 105 yr 2.0 # 105 yr
Formaldehyde H2CO 19% 7.5%f 3%a 2.1% 0.21%
Methanol CH3OH Ñ 1.8Ð5.9%f,g 2%b 3.5Ð1.8% 0.28Ð0.17%
Ethanol CH3CH2OH 2.3% . . . 5%b 0.63Ð9.7%m 0.090%Ð0.12%m

Dimethyl ether CH3OCH3 2.4% 3%j 4%b 3.7% 0.10%
Glycolaldehyde CH2OHCHO 0.34% . . . 5%c 6.5Ð13% 0.22Ð0.38%
Methyl formate CH3OCHO 2.6% 6%h 6%b 7Ð9% 0.25Ð0.22%
Acetaldehyde CH3CHO 1.2% . . . 8%b 9.2%l 0.068%l

Ketene CH2CO 0.48% . . . 2%b 0.25% 0.015%
Formic acid HCOOH 0.56% . . . 2%b 2.3Ð1.0%k 0.58Ð0.66%k

Isocyanic acid HNCO 0.27% . . . 1%d . . . . . .
Formamide NH2CHO 0.10% . . . 2%d . . . . . .
Water H2O . . . 0.25%i 0.046%e 1.2% 0.33%

Notes:aPersson et al. (2018).bThis paper.cJ¿rgensen et al. (2016).dCoutens et al. (2016).ePersson et al. (2013) referring to
IRAS16293A.f Parise et al. (2006).gParise et al. infers a di! erent deuterium fractionation for CH3OD (lower value) and CH2DOH
(higher value). In the models of Taquet et al. (2014), the D/H ratio for CH3OD is higher than that of CH2DOH when corrected
for the statistics (last two columns). We note that according to Belloche et al. (2016) issues were identiÞed with the spectroscopic
predictions for CH2DOH causing the column densities for CH2DOH to be over-predicted by a factor 2.1±0.4. We have corrected for
this factor in the number quoted here.hFrom Demyk et al. (2010) inferred for CH3OCDO: in the paper a D/H ratio of 15% is quoted
but according to the actual numbers for the column densities given in the paper, the fraction is in fact 6%.iFrom Coutens et al.
(2012) for cold water in the outer envelope based on detailed radiative transfer modeling of the water abundance proÞles.jFrom
Richard et al. (2013).kTaquet et al. (2014) predict di! erent D/H ratios for DCOOH and HCOOD of 2.3% and 1%, respectively,
for the early model and 0.58% and 0.66%, respectively, for the late model.lFor CH3CDO detected in PILS. For CH2DCHO Taquet
et al. (2014) predicts D/H ratios of 0.90% and 0.040% for the early and late model, respectively.mTaquet et al. (2014) predicts D/H
ratios of 0.63%, 4.6% and 9.7% for CH2DCH2OH, CH3CHDOH and CH3CH2OD, respectively in the early model and 0.090%,
0.095% and 0.12% in the late model.

sonable to expect the$ 2% D/H ratio for formic acid observed,
either because it is inherited from the formaldehyde or because
it is set in the early phases in the ices together with most of the
other species.

A direct quantitative comparison can be made to the results
of Taquet et al. (2014) who presented an extensive model for the
formation and deuteration of interstellar ices during the collapse
of a protostellar core including also the sublimation of these

species close to the protostar. In those models, species are pre-
dominantly formed on ice surfaces during the warm-up or col-
lapse of material in the pre- and protostellar core and thereby
typically inherit the D/H ratios at that speciÞc time or layer in
the ices. This means that the species forming later or in the outer
parts of the ices would be characterised by higher D/H ratios
than those formed earlier/deeper in the ices. Also, in those mod-
els, the D/H ratios for individual functional groups should be
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Tex の高低と Binding Energy の高低が 
よく対応 

Binding Energy を昇華温度に換算すると 
(50-100) K 

Tex がそれより高い (100-300)Kのは， 
Rapid infall のせいであろう 

(昇華後，infallで速やかに高温領域に到達）

化学反応モデル(Taquet et al. 2014) 
と観測の比較（本研究 b + 他の観測研究） 

“Early” model ̶1.1×105 yrの方が 
“Late” model ̶2.0×105 yrよりよく合う 

実際には，初期条件に依存するので， 
年齢の絶対値自体にはさほど意味はない



24. ZOOMING IN TO MASSIVE STAR BIRTH 
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Figure 1. 1.30 mm continuum images of C1-S region: (a) Top left: compact-conÞguration (1 ! rms 0.12 mJy beam ! 1); (b) Top right:
extended-conÞguration (1 ! rms 0.042 mJy beam! 1); (c) Bottom left: combined (1 ! rms 0.040 mJy beam! 1); (d) Bottom right: combined,
smoothed to 0.5 ""(1! rms 0.080 mJy beam! 1). The black contours show 2, 3, 4, 5, 6, 7, 8, 8.5, 9, 10 ! . The gray contours show 12, 15,
20, 30, 40, 50...! . The color scale bars have units of Jy beam ! 1. The synthesized beams are shown as white Þlled ellipses in the lower-left
corners of each panel. The white plus signs in panel (a) show the protostellar sources, C1-Sa and C1-Sb, identiÞed by T16. The white
dashed circles in panels (c) and (d) show the apertures we use later in the paper to measure ßuxes from C1-Sa, C1-Sb and the inner and
outer regions of the C1-S candidate massive pre-stellar core.

adopted distance to the source of 5.0 kpc. Panel (d)
shows the same data as (c), but now smoothed to about
0.5!! resolution. We also overlay contours for the contin-
uum emission in Panel (d). There is a small continuum
peak in C1-S.

We deÞne C1-Sa and C1-Sb with two circular regions
(the dashed circles in Figures 1c and d). The C1-Sa core
shows a relatively smooth proÞle as a function of radius
from the center, resolved with ! 10 beams and with no
sign of fragmentation. The bright central region shows
elongation in the direction of Galactic longitude. The
elongation is resolved with 3 synthesized beams. In the
continuum image of Figure 1c, a bipolar structure is seen
stretching out from C1-Sa in the approximately (Galac-
tic) north-south directions. This structure coincides with
the CO outßow axis (T16, and see, below,¤3.3), indicat-

ing that there is dust in this outßow or along its cavity
walls that is likely heated to temperatures greater than
those of dust in the ambient environment.

Our deÞned core region of C1-Sb is much smaller in
size compared to C1-Sa, with only! 4 beams across its
diameter. The peak ßux density is also several times
smaller than that of C1-Sa.

The angular distance between C1-Sa and C1-Sb is
! 3!! , corresponding to about 15,000 AU (0.073 pc). In-
terestingly, in this region between C1-Sa and C1-Sb, we
see a di! use distribution of 1.30 mm dust emission. At
least in projection, it appears to connect C1-Sa and C1-
Sb with an arc-like shape. It does not show any clear
centrally peaked proÞle. This structure spatially over-
laps with the N2D+ (3-2) core C1-S deÞned in T13. In the
following, we show the new high-resolution N2D+ data
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Figure 12. CO(2-1) 0th-moment contours overlaid on the continuum images (grayscale with unit of Jy beam ! 1, showing combined data
from Figure 1). Blue contours show emission integrated from 33.8 to 72.8 km s ! 1 ; red contours show emission integrated from 85.8 to 124.8
km s! 1 . The displayed contour levels are 5, 7.5, 10, 12.5 ! ... (a) Left panel: Outßow contours from extended-conÞguration only data (max
contour level 25 ! with ! = 16 mJy beam ! 1 km s! 1). (b) Right panel: Outßow contours from combined data (max contour level 45 ! with
with ! = 12 mJy beam ! 1 km s! 1). The synthesized beams are shown in the lower left corners as Þlled gray ellipses.

the normal direction to the continuum elongation and
the outßow axis is approximately 30! . Also relevant is
that the origin of the outßow appears to be slightly o! set
from the continuum peak (by one beam). The outßow is
only marginally resolved in the direction perpendicular
to the ßow axis (by ! 3 beams). An upper limit on the
half opening angle of the outßow cavity is estimated to
be ! 10! . One can see clumpy structures in both the
blue and red lobes. The redshifted outßow appears to
change the orientation of its ßow axis by a small angle,
! 10! , once it is about 0.1 pc away from the protostar.
The blueshifted side does not show evidence for such a
deßection, however, its overlap with the C1-Sb outßow
makes this harder to discern. The observed extent of
the outßow appears to be set by sensitivity, rather than
being a real, physical limit.

The outßow from C1-Sb shows a wider opening angle
at its base. The cavity walls, i.e., outßow lobe bound-
aries, are apparent in the extended conÞguration image.
The blue lobe overlaps with that from C1-Sa, but it is not
clear if this involves a physical interaction or is simply a
projection e! ect.

There appear to be some high-velocity CO(2-1) emis-
sion features in the wider region. However, some of these
features may be artifacts resulting from imperfect clean-
ing of the image, given the strong sources of the C1-Sa
and C1-Sb outßows. Or these features could be out-
ßows from other nearby protostars or other ambient high-
velocity gas in the IRDC or projected along the line of
sight.

Finally and most importantly for the purposes of this
paper, neither panel (a) or panel (b) of Figure 12 show
any hint of CO outßows from C1-S. This is further evi-
dence that the C1-S core is likely to be starless.

3.4. Ancillary Molecular Lines

Figure 13 shows the 0th-moment maps of C18O(2-1),
DCO+ (3-2), and DCN(3-2). The integrations are cen-
tered on 79.4 km s" 1 and within a range from 76.9 to
81.9 km s" 1. Note in Figure 6 there is another velocity
component at about 75 km s" 1seen in C18O(2-1), but

this is not included in these maps. C18O(2-1) emission is
nearly absent in C1-S (see also the spectra shown in Fig-
ure 6), but is rather mostly concentrated in C1-Sa and
C1-Sb.

The lack of C18O(2-1) emission in C1-S can be ex-
plained by CO depletion from the gas phase. In the C1-
S core and much of its clump envelope, we expect that
the temperature is ! 15 K (see, e.g., Figure 2). At such
temperatures, CO is mostly frozen-out onto dust grains
(Caselli & Ceccarelli 2012). As shown in Figure 6(3c),
C1-S inner has no detected C18O(2-1) ßux (i.e., at veloc-
ities immediately around 79.4 km s" 1 overlapping with
the N2D+ (3-2) emission). We use the 3! 0th-moment
C18O(2-1) noise level (0.446 K km s" 1 for C1-S in-
ner) to calculate an upper limit of C18O column den-
sity N C1" S inner

C18 O < 3.00 " 1014 cm" 2, assuming an ex-
citation temperature of 10 K and optically thin condi-
tions. This corresponds to an abundance constraint of
[C18O]/[H]= 2 .91" 10" 10 (using " c,mm ,tot from Table 3
and assuming 1.0 g cm" 2 corresponds toNH = 4.27" 1023

cm" 2. Assuming [12CO/H] = 10 " 4 and [16O/ 18O] = 557
(Wilson 1999), the above abundance constraint in C1-S
inner corresponds to a CO depletion factor off D > 616.
Such high CO depletion factors have also been found to-
ward the center of the lower-mass pre-stellar core L1544
(Caselli et al. 1999, 2002), suggesting similarity of astro-
chemical properties of this source with C1-S.

C18O(2-1) emission is observed towards the protostars
C1-Sa and C1-Sb. This is to be expected, since in the
protostellar models of Zhang et al. (2014); Zhang & Tan
(2015), early-stage protostellar cores can have mean tem-
peratures up to T ! 30 K, which is signiÞcantly above
the CO sublimation temperature of 17 K (van Dishoeck
et al. 1993).

The 0th-moment map of DCO+ (3-2) shows emission
from C1-Sa, a relative lack of emission from C1-S inner
(consistent with the large amount of CO freeze-out), and
hints of emission from the envelope around C1-S inner.
DCN(3-2) shows strong emission only from the C1-Sa
protostar, though with enhancement slightly o! set from
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Figure 2. (a) Zeroth moment map of NH 3(1,1) integrated from 76.9 to 81.9 km s ! 1 (contours, shown from 3, 4, 5 ! , etc., with ! being
4 mJy km s ! 1). The integration covers the main hyperÞne structure. The background image shows the MIR+NIR extinction map (in
g cm! 2) from Butler et al. (2014). The white plus signs represent the C1-N and C1-S cores from T13. The red circle in the lower-right
shows the resolution beam of the extinction map. The black ellipse in the lower-left shows the synthesized beam of the VLA observations.
(b) As panel (a), but now showing zeroth moment map of NH 3(2,2). (c) Tk map derived from the VLA NH 3 observations. The color scale
bar has the unit of K. The Þlled ellipse is the beam of the VLA observations. The dashed inset shows the zoom-in region of C1-S in panel
(d). (d) Zoom-in view to the C1-S region in the Tk map. The black dashed circles represent the C1-S, C1-Sa and C1-Sb core deÞnitions
(see ¤3.1 and ¤3.2.1). The Þlled ellipse in the lower-right is the beam of the VLA observations.

Note here that we are deÞning C1-S inner and outer by
their centrally-peaked N2D+ emission, unlike C1-Sa or
C1-Sb that were deÞned by centrally-peaked continuum
emission. As shown in Figure 4, C1-Sa shows a centrally-
peaked 1.3 mm continuum intensity proÞle, while C1-SÕs
proÞle is much shallower. The lack of a centrally peaked
continuum morphology in C1-S, compared to C1-Sa and
C1-Sb, is thus evidence for it being a starless, pre-stellar
core, rather than a protostellar core. Note also that the
extent of material that is dynamically associated with
C1-S, e.g., bound to it, may be larger than the example
aperture of C1-S outer. Fig. 3c shows this more extended
N2D+(3-2) emission, although a small part of this may
be associated with the C1-Sa and C1-Sb protostars.

The 1.3 mm continuum-derived mass estimates for C1-
S inner and outer shown in Table 1 range from about
25 to 60M ! for the Þducial choice of assumptions, i.e.,
a dust temperature of 10 K. Temperature uncertainties
from 7 to 13 K induce about a factor of two uncertainty
in the mass estimates. Note, however, that these mass es-
timates have so far been based on the total ßux observed

towards a given aperture. Clump envelope substraction,
i.e., where the average ßux density in an annular region
extending to twice the core radius (and excluding the
protostars C1-Sa and C1-Sb) is subtracted (see¤3.2.4),
leads to modest reductions in these mass estimates by
factors of about 0.64 for C1-S inner and 0.83 for C1-S
outer in the Þducial case. Thus, the mass that is asso-
ciated with the observed N2D+(3-2) emission, especially
when considered at its outer scale, appears to be of suf-
Þcient quantity to form a massive star, if this core were
to undergo quasi-monolithic collapse.

C1-S is a highly deuterated core. The deuteration
analysis of Kong et al. (2016), which was applied to
the 3.5""radius C1-S aperture of T13 found DN2H+

frac !
[N2D+]/ [N2H+] " 0.2 to 0.7. We thus expect the ac-
tual deuteration level in C1-S outer and inner to be even
higher. Such high levels of deuteration are expected to
be achieved in gas that is kept in a cold (T ! 20 K) and
dense state for a relatively long time, i.e., compared to
the local free-fall time. Such conditions are found to be
common in low-mass pre-stellar cores (Caselli & Cecca-
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Figure 3. N2D+ observations: (a) Combined N2D+ (3-2) 0th-moment map. The integration is from 76.9 to 81.9 km s! 1 (i.e., centered
on 79.4 km s! 1 velocity measured by T13). The color scale bar has a unit of Jy beam! 1 km s! 1 . The synthesized beam (! 0.3"") is shown
as a red filled ellipse at lower-right. (b) N2D+ (3-2) 0th-moment contours overlaid on the 1.3 mm continuum image. The continuum image
and color scheme is the same as Figure 1c. The N2D+ (3-2) contours start from 3! and increase in step of 1! (! = 3 mJy km s! 1). The
red filled ellipse at lower-right is the synthesized beam for the continuum image. The white filled ellipse at lower-left is the beam for the
N2D+ (3-2) contour map. The dashed circles are the core definitions for C1-Sa, C1-Sb, “C1-S inner” and “C1-S outer.” (c) Same as (a), but
now the N2D+ (3-2) 0th-moment map is uv-tapered to ! 0.5"" resolution. (d) Same as (b), but now the N2D+ (3-2) 0th-moment contour
map is uv-tapered to ! 0.5"" resolution.

shown in panel (d). Now the best-Þt k⇢ is 0.283. This
has density declining with radius, but is still much shal-
lower than the Þducial case of MT03.

In panels (e) and (f), we also investigate models with
a temperature gradient in the core. As an example, we
consider a linear gradient with T = 7K at the core cen-
ter and T = 13K at the core surface, similar to the
range of values seen in some lower-mass pre-stellar cores
(Crapsi et al. 2007). The newly-derived ⌃ proÞle are
shown as dots. One can see⌃ is more centrally-peaked
compared to the isothermal case. Again we model the
core and the best-Þtk⇢ = 0 .414 for the total ßux case
and k⇢ = 0 .717 for the envelope-subtracted case. Opac-
ity variations within the core, e.g., due to grain growth
in the denser central regions, could also lead to changes

in the derived density structures. Lacking any good con-
straints on temperature and opacity variations within the
core, we conclude that it is di�cult to determine the core
structure from the current data. We also note that as a
starless core contracts to becoming a pre-stellar core on
the verge of forming a protostar, its density proÞle is
expected to steepen (Shu 1977).

3.2.3. Core Kinematics

Figure 6 shows the spectra of N2D+ (3-2), DCO+ (3-
2), C18O(2-1) and DCN(3-2) from the C1-Sa, C1-Sb and
C1-S inner cores. The spectra are averaged over the cir-
cular core apertures and converted toTmb . Consider-
ing the spectra of the C1-Sa protostar, one can see that
most of its emission from dense gas tracers is close to the
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Figure 5. (a) 1.3 mm continuum ßux density øS1.3mm as a function of projected radius, R, for C1-S outer. The measurement is averaged
within concentric annuli that have widths equal to the beam size. The error bars show uncertainties due to observational noise. (b) Same
as panel (a), but after subtraction of the clump envelope, as evaluated from an annulus from Rc to 2Rc. (c) Mass surface density, ! , as
a function of projected radius R for C1-S outer assuming isothermal conditions. The Þducial dust temperature is 10 K (black dots). Also
shown are cases with 7 K and 13 K. The solid lines show ! proÞles of model cores with power-law volume density proÞles ! ! r ! k ! , with
best-Þt case of k! = " 0.215 shown with a blue line and Þducial reference case of k! = 1 .5 shown with a black line. The normalization
of these proÞles is based on a " 2 minimization to the data. (d) Same as panel (c), but with clump envelope subtracted. The best-Þt
k! = 0 .283. (e) A linear temperature proÞle with 3D radius from 7 K (at core center) to 13 K (at core surface) is adopted for the mass
surface density estimation. Two ! proÞles are shown for the Þducial MT03 turbulent core ( k! = 1 .5) and for the best-Þt value of k! . The
black curve is the model for k! = 1 .5, and the blue curve is the model involving k! , which gives the best-Þt k! = 0 .414. (f) Same as panel
(e), but with clump envelope subtracted. The best-Þt k! = 0 .717.
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Figure 10. N2D+ (3-2) core spectra (black) and their HFS Þt
results (magenta). All spectra are in the rest frame of 79.4 km s ! 1 .
The spectral resolution is 0.05 km s ! 1 .

Figure 11. Velocity dispersion � as a function of projected ra-
dius, R, for C1-S outer. The observational measurement is av-
eraged within concentric annuli at a step of beam size. Within
each annulus, the observed �N 2 D + is derived following §3.2.3. The
black model curve shows the 2D projection (mass-weighted sum in
quadrature) of �(r) ! rk ! (k� = 0 .25) with the density proÞle
⇢(r) ! r! k " (k⇢ = 1 .5), following the Þducial MT03 model. The
proÞle is normalized based on a �2 minimization to the observa-
tion so that the � at core surface (9250 AU) is �s = 0 .306 km s! 1 .
The blue model curve shows the model with a shallower density
proÞle ⇢(r) ! r! 0.3 and the best Þt k� = " 0.201. In this case,
�s = 0 .245 km s! 1 .

dispersions of the C1-S inner and outer core structures,

Table 3
Physical properties of C1-S

Core property (% error) C1-S inner C1-S outer
Angular radius, ✓c ("") 1.10 1.85

d (kpc) (20%) 5.0 5.0
Rc (0.01 pc) (20%) 2.67 4.48

VLSR ,N 2 D + (km s! 1) 79.30±0.0200 79.30±0.0200
�N 2 D + ,obs (km s! 1) 0.242±0.0251 0.212±0.0179
�N 2 D + ,nt (km s! 1) 0.236±0.0257 0.205±0.0185
�N 2 D + (km s! 1) 0.302±0.0267 0.279±0.0231

! cl ,MIREX (g cm! 2) (30%) 0.490 0.445
Scl ,mm (mJy) 17.5 ±0.577 23.8±1.04

Scl ,mm /" (MJy/sr) 78.7 ±2.60 33.1±1.44
! cl ,mm (g cm! 2) 0.7981.48

0.541 0.3360.624
0.228

! c,MIREX (g cm! 2) (30%) 0.492 0.491
Mc,MIREX (M# ) (50%) 5.22 14.7

nH ,c,MIREX (105cm! 3) (36%) 19.0 11.3

Sc,mm ,tot (mJy) 11.4 ±0.365 23.2±0.577
Sc,mm ,tot /" (MJy/sr) 128 ±4.10 104±2.60

! c,mm ,tot (g cm! 2) 2.414.83
1.43 1.963.93

1.16
Mc,mm ,tot (M# ) 25.553.5

11.6 58.8123
26.8

nH ,c,mm ,tot (105cm! 3) 93.0190
51.6 45.192.1

25.0

! c,mm (g cm! 2) 1.614.03
0.628 1.633.60

0.826
Mc,mm (M# ) 17.143.7

4.97 48.8112
19.0

nH ,c,mm (106cm! 3) 6.2215.8
2.24 3.738.39

1.77

The superscripts (low temperature) and subscripts (high
temperature) indicate the variations resulting from dust
temperature uncertainties (7 to 13 K for core; 10 to 20 K for
clump).

along with their clump envelope mass surface densities,
we are able to compare these to predictions of the Turbu-
lent Core Model of MT03. Our general methodological
approach follows that of T13. The mass-weighted av-
erage velocity dispersion of a virialized core, including
pressure equilibrium with its surroundings, is given, in
the fiducial case by (MT03; T13):

�c,vir ! 1.09

✓
�B

2.8

◆�3/ 8 ✓ M c

60M�

◆1/ 4 ✓ ! cl

1 g cm�2

◆1/ 4

km s�1,

(2)
where �B = 1.3 + 1.5m�2

A ! 2.8 is a dimensionless pa-
rameter that accounts for the e" ects of magnetic fields,
mA ⌘

p
3�/v A ! 1 is the Alfvén Mach number and

vA = B/
p

4⇡⇢ is the Alfvén speed. The fiducial case
considered by MT03 (indicated by the ! values, above)
involved approximately equal support in the core by tur-
bulence and large-scale magnetic fields. If magnetic fields
play a more important role, then this is represented by
a smaller Alfvén Mach number, i.e., sub-Alfvénic turbu-
lence, and a larger value of �B . In this case, a virial equi-
librium core would have a smaller turbulent line width.

Thus our basic procedure is to evaluate �c,vir using
equation (2) and compare it with the observed 1D veloc-
ity dispersion inferred from the N2D+ (3-2) line, �N 2 D + .
We do this for the C1-S inner and outer scales and for
the case of no clump envelope background subtraction
and with such background subtraction. These results
are listed in Table 4. The ratio �N 2 D + / �c,vir ,mm is found
to be approximately equal to 0.4 for both C1-S inner and
outer, which is similar to the results of T13 based on the
lower resolution observations of C1-S and of Kong et al.
(2017) for other N2D+ cores in IRDCs.
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Figure 10. N2D+(3-2) core spectra (black) and their HFS fit
results (magenta). All spectra are in the rest frame of 79.4 km s! 1.
The spectral resolution is 0.05 km s! 1.
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Figure 11. Velocity dispersion ! as a function of projected ra-
dius, R, for C1-S outer. The observational measurement is av-
eraged within concentric annuli at a step of beam size. Within
each annulus, the observed !

N2 D+ is derived following ¤3.2.3. The
black model curve shows the 2D projection (mass-weighted sum in
quadrature) of ! (r ) ! r k ! (k! = 0.25) with the density profile
" (r ) ! r ! k " (k" = 1.5), following the fiducial MT03 model. The
profile is normalized based on a #2 minimization to the observa-
tion so that the ! at core surface (9250 AU) is ! s = 0.306 km s! 1.
The blue model curve shows the model with a shallower density
profile " (r ) ! r ! 0.3 and the best fit k! = " 0.201. In this case,
! s = 0.245 km s! 1.

dispersions of the C1-S inner and outer core structures,

Table 3
Physical properties of C1-S

Core property (% error) C1-S inner C1-S outer
Angular radius, $c ("") 1.10 1.85

d (kpc) (20%) 5.0 5.0
Rc (0.01 pc) (20%) 2.67 4.48

V
LSR,N2 D+ (km s! 1) 79.30± 0.0200 79.30± 0.0200

!
N2 D+ ,obs (km s! 1) 0.242± 0.0251 0.212± 0.0179

!
N2 D+ ,nt (km s! 1) 0.236± 0.0257 0.205± 0.0185

!
N2 D+ (km s! 1) 0.302± 0.0267 0.279± 0.0231

! cl,MIREX (g cm! 2) (30%) 0.490 0.445
Scl,mm (mJy) 17.5± 0.577 23.8± 1.04

Scl,mm/ " (MJy/sr) 78.7± 2.60 33.1± 1.44
! cl,mm (g cm! 2) 0.7981.48

0.541 0.3360.624
0.228

! c,MIREX (g cm! 2) (30%) 0.492 0.491
M c,MIREX (M # ) (50%) 5.22 14.7

nH,c,MIREX (105cm! 3) (36%) 19.0 11.3

Sc,mm,tot (mJy) 11.4± 0.365 23.2± 0.577
Sc,mm,tot/ " (MJy/sr) 128± 4.10 104± 2.60

! c,mm,tot (g cm! 2) 2.414.83
1.43 1.963.93

1.16
M c,mm,tot (M # ) 25.553.5

11.6 58.8123
26.8

nH,c,mm,tot (105cm! 3) 93.0190
51.6 45.192.1

25.0

! c,mm (g cm! 2) 1.614.03
0.628 1.633.60

0.826
M c,mm (M # ) 17.143.7

4.97 48.8112
19.0

nH,c,mm (106cm! 3) 6.2215.8
2.24 3.738.39

1.77

The superscripts (low temperature) and subscripts (high
temperature) indicate the variations resulting from dust
temperature uncertainties (7 to 13 K for core; 10 to 20 K for
clump).

along with their clump envelope mass surface densities,
we are able to compare these to predictions of the Turbu-
lent Core Model of MT03. Our general methodological
approach follows that of T13. The mass-weighted av-
erage velocity dispersion of a virialized core, including
pressure equilibrium with its surroundings, is given, in
the fiducial case by (MT03; T13):

! c,vir ! 1.09

!
" B

2.8

" ! 3/ 8 !
M c

60M "

" 1/ 4 !
! cl

1 g cm! 2

" 1/ 4

km s! 1,

(2)
where " B = 1.3 + 1.5m! 2

A ! 2.8 is a dimensionless pa-
rameter that accounts for the e" ects of magnetic fields,
mA "

#
3! /v A ! 1 is the Alfvén Mach number and

vA = B/
#

4#$ is the Alfvén speed. The fiducial case
considered by MT03 (indicated by the ! values, above)
involved approximately equal support in the core by tur-
bulence and large-scale magnetic fields. If magnetic fields
play a more important role, then this is represented by
a smaller Alfvén Mach number, i.e., sub-Alfvénic turbu-
lence, and a larger value of " B . In this case, a virial equi-
librium core would have a smaller turbulent line width.

Thus our basic procedure is to evaluate ! c,vir using
equation (2) and compare it with the observed 1D veloc-
ity dispersion inferred from the N2D+ (3-2) line, ! N 2 D + .
We do this for the C1-S inner and outer scales and for
the case of no clump envelope background subtraction
and with such background subtraction. These results
are listed in Table 4. The ratio ! N 2 D + / ! c,vir ,mm is found
to be approximately equal to 0.4 for both C1-S inner and
outer, which is similar to the results of T13 based on the
lower resolution observations of C1-S and of Kong et al.
(2017) for other N2D+ cores in IRDCs.
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There are two possible interpretations for these results.
The Þrst possibility is that the core really is in a sub-
virial state, i.e., it is on the verge of undergoing fast
collapse because it lacks su! cient internal pressure sup-
port. Evaluation of the Bertoldi & McKee (1992) virial
parameter (see Table 4), which is often used to assess
the dynamical state of cores, would also seem to indi-
cate such a situation. However, the high densities of
the core imply short free-fall times (also listed in Ta-
ble 4), which are ! 2 " 104 yr. Gas in the core would
be expected to relatively quickly acquire infall velocities,
which would approach the free-fall speed and thus give
the core an apparent velocity dispersion that is compa-
rable to that of virial equilbrium. It seems unlikely that
all the core material is slowly moving and on the verge
of fast collapse, especially on the di" erent scales of C1-S
inner and outer. In addition, the astrochemical modeling
of the deuteration process that increases the abundance
of N2D+ compared to N2H+ is thought to take a rel-
atively long time compared to the local free-fall time.
The results of Kong et al. (2016); Goodson et al. (2016)
indicate that the C1-S core should be contracting at a
rate smaller than 1/3 of that of free-fall collapse in or-
der to have enough time to reach the observed levels of
deuteration.

The second possibility is that the C1-S core is quite
close to a state of virial equilibrium and is only undergo-
ing relatively slow contraction compared to that of free-
fall collapse. This would then require stronger magnetic
Þelds compared to those of the Þducial (mA = 1) tur-
bulent core model. The values of these ÞducialB -Þeld
strengths are about 0.5 mG on the scale of C1-S outer
and 0.8 mG at C1-S inner. The values of! B to achieve
virial equilibrium, ! B ,vir , are several times larger than
that of the Þducial case (Table 4). These correspond
to conditions of sub-Alfv«enic turbulence with mA # 0.2
and magnetic Þeld strengths of! 2 to 3 mG. We note
that such B -Þeld strengths are consistent with the values
predicted by the empirical relation for median values of
Crutcher et al. (2010), Bmed # 0.22(nH / 105 cm! 3)0.65

(valid for nH > 300 cm! 3), given the observed densi-
ties of C1-S inner and outer. This relation predicts B -
Þeld strengths of 3.2 and 2.7 mG using the envelope-
subtracted densities of C1-S inner and outer, respec-
tively. Finally, such values of B -Þeld strengths can also
help to explain why C1-S does not appear to have frag-
mented signiÞcantly, i.e., based on its mm continuum
morphology2. Table 3 lists the magnetic Þeld strengths,
Bc,crit , that would be needed for the magnetic critical
mass Bertoldi & McKee (1992) to equal the observed
core masses: at the scale of C1-S outer we see that
Bc,crit # Bc,vir # 2 mG.

In summary, given the above results, we conclude that
the second case of core dynamics regulated by relatively
strong, ! 2 mG, magnetic Þelds appears to be the more
likely scenario. Such magnetic Þeld strengths are reason-
able given the observed densities. They help explain the

2 Note the order unity ßuctuations in N 2D+ column density
within C1-S are easily within the range expected from abundance
variations (Goodson et al. 2016). Furthermore, we have carried out
a similar dynamical analysis on local N 2D+ peaks and Þnd these
to be relatively more gravitationally stable compared to C1-S at
its inner and outer scales.

Table 4
Dynamical properties of C1-S

Core property C1-S inner C1-S outer
Rc (0.01 pc) 2.67 4.48

! N 2 D + (km s! 1) 0.302± 0.0267 0.279± 0.0231
! cl ,mm (g cm! 2) 0.7981.48

0.541 0.3360.624
0.228

M c,mm ,tot (M " ) 25.553.5
11.6 58.8123

26.8
M c,mm (M " ) 17.143.7

4.97 48.8112
19.0

! c,vir ,mm ,tot (km s! 1) 0.8321.03
0.606 0.8261.02

0.602
! c,vir ,mm (km s! 1) 0.7520.973

0.500 0.7880.994
0.557

! N 2 D + / ! c,vir ,mm ,tot 0.3630.499
0.293 0.3370.463

0.272
! N 2 D + / ! c,vir ,mm 0.4020.604

0.311 0.3540.500
0.280

nH ,c,mm ,tot (105cm! 3) 93.0190
51.6 45.192.1

25.0
nH ,c,mm (105cm! 3) 62.2158

22.4 37.383.9
17.7

t c, ! , tot (105yr) a 0.1430.192
0.100 0.2060.276

0.144
tc, ! (105yr) a 0.1750.291

0.110 0.2260.328
0.151

" c, tot ! 5! 2
N 2 D + Rc/ (GM c,mm ,tot )b 0.1100.245

0.0457 0.06830.152
0.0286

" c ! 5! 2
N 2 D + Rc/ (GM c,mm )b 0.1650.568

0.0554 0.08240.213
0.0315

B c,tot (mG) ( mA = 1) 0.865 1.24
0.632 0.5550.798

0.406
B c (mG) ( mA = 1) 0.708 1.13

0.418 0.5060.761
0.343

#B ,vir , tot 41.773.7
17.9 50.889.8

21.8
#B ,vir 31.963.3

10.7 44.883.2
17.8

mA ,vir , tot 0.1930.301
0.144 0.1740.270

0.130
mA ,vir 0.2210.399

0.156 0.1860.302
0.135

B c,vir , tot (mG) 4.49 6.98
2.47 3.194.95

1.77
B c,vir (mG) 3.19 5.54

1.27 2.724.43
1.36

B c,crit , tot (mG) 3.24 5.42
1.95 2.644.42

1.59
B c,crit (mG) 2.17 4.19

0.873 2.193.90
1.15

The superscripts (low temperature) and subscripts (high tem-
perature) indicate the variations resulting from dust temperature
uncertainties (7 to 13 K for core; 10 to 20 K for clump).
a Core free-fall time, tc, ! = [3 ! / (32G" c)]1/ 2 = 1 .38 !
105(nH ,c,mm / 105 cm! 3)! 1/ 2 yr.
b Virial parameter (Bertoldi & McKee 1992).

fragmentation scale of C1-S outer, i.e.,! 50M " . They
would allow C1-S outer to be virialized and thus poten-
tially relatively old compared to its free-fall time, which
helps to explain its observed high level of deuteration of
N2H+ , i.e., high abundance of N2D+ . We return to this
point in ¤4, where we consider the implications of the
observed C1-S properties for astrochemical models. The
predictions of there being dynamically important mag-
netic Þelds are: (1) strong Zeeman splitting of species,
such as CN, if they are present in the gas phase within
the core; (2) ordered dust continuum emission polariza-
tion angles, assuming dust grains can align with theB -
Þelds; (3) relatively small infall rates compared to free-
fall. Again, we return to discussion of these predictions
below in ¤4.

3.3. CO Outßows

Figure 12 shows the new high-resolution CO(2-1) data,
which can be compared to the compact conÞguration re-
sults presented by T16. In the Þgure we show both the
extended-only data (Figure 12a), which emphasizes the
Þnest structures, and the combined data (Figure 12b).
In panel (a), we can see a very narrow and collimated
bipolar outßow launched from C1-Sa. We draw a white
line to roughly represent the outßow axis. We also draw
a yellow line to show the approximate orientation of the
continuum elongation. The position angle between the
two lines is about 60#, which means the angle between
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26. Transport of CO in Protoplanetary Disks: Consequences 
of Pebble Formation, Settling, and Radial Drift 

S. Krijt et al. (ApJ,in press)!
https://arxiv.org/pdf/1808.01840.pdf
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Figure 1. Bulk gas density and temperature for our stan-
dard disk model (see Sec. 2.1). The black contour de-
notes the ⌧UV = 1 surface (Eq. 7, and dashed lines show
z/H = { 1, 2, 3, 4} .

The analytical solution in Eq. 7 is only valid when the
dust-to-gas ratio is constant with height. During our
simulations, however, the small grain abundance will
vary in time and space and we evaluate the integral in
Eq. 7 numerically.

In this paper, we focus exclusively on a disk model
with r c = 100 au, p = 1, and M d = 0 .05 M ! . Figure 1
shows the gas density (Eq.4) and temperature structure
for these parameters. Dust is initially present at a dust-
to-gas ratio of 1/100, with all grains being s• = 0 .1 µm
in size with a material density of ⇢• = 2 g/ cm3. For
these numbers,uv ! 8 " 104 cm2/ g. The colored con-
tours show various temperatures as well as the⌧UV = 1
surface.

2.2. Transport of vapor and solids

The turbulent viscosity in the gas disk is parametrized
as ⌫T = ↵csH (Shakura & Sunyaev 1973), with ↵

assumed constant in the radial and vertical direction
and cs evaluated at the midplane. This viscosity in-
ßuences the transport of material in two ways. First,
gas will move towards the star at an accretion rate of
úM g = 3⇡⌫T ! g, and a local viscous timescale can be es-

timated as t⌫ # r 2/ ⌫T (e.g., Hartmann et al. 1998). For
the disk proÞle of Eq.1 in combination with ↵ = 10" 3,
we obtain úM # 10" 9 M ! / yr and t⌫ > 3 Myr for radii
r > 10 au. As we will be limiting our simulations to a
period of 1 Myr, we ignore the e" ects of the diskÕs vis-
cous evolution and treat the bulk of the gas as being
static for simplicity.

The second consequence of the presence of a viscosity
is that the associated di" usion will act to smear out con-
centration gradients present in gas-phase and/or dust
species. In the case where the gas density does not
evolve in time, transport equations for a trace species
with concentration Ci $ ⇢i / ⇢g % 1 are given by (Ciesla

2009)
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(8)

where we have assumed that the di" usion coe# cient
Di is the same in the vertical and radial radial direc-
tion. Here, subscript i can correspond to CO vapor
(Cv = ⇢CO / ⇢g), small dust (Cd = ⇢d / ⇢g), or CO ice
present on small dust (Cice = ⇢ice,d / ⇢g), and we will
solve Eq. 8 for all three species. For vapor species,
vr = vz = 0 (appropriate for a static disk) and the
di" usion coe# cient is related to the viscosity through
the Schmidt number Sc = ⌫T /D g for which we will use
Sc = 1. We return to the assumptions of using a static
disk with a constant ↵ in Sect. 7.

For dust grains (and the ice present on the grains),
radial drift and vertical settling have to be included (e.g.,
Armitage 2010)
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(9)

in which ⌘ = 0 .5(cs/r $ )2(@ ln ⇢g/ @ ln r ) ! (cs/r $ )2 #
10" 3 represents the dimensionless pressure gradient in
the gas disk. The magnitude of the drift and settling
velocities depends on the dimensionless Stokes number,
a function of particle size s and (material) density ⇢

through
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Small, porous dust is then usually well-coupled to the
gas1, i.e., St % 1 and vr ! vz ! 0, while larger and com-
pact pebbles decouple from the gas and drift and settle
signiÞcantly (Weidenschilling 1977). For solids with a
signiÞcant Stokes number, the di" usion coe# cient devi-
ates fromDg and is given byDd = Dg/ (1+St 2) (Youdin
& Lithwick 2007).

2.3. Freeze-out and desorption of CO
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1 Except for regions of the disk where the gas density drops
signiÞcantly, i.e., for z > H and/or r > rc.

2

magnitude of which depends on the underlying pebble
ßux and ice content.

Even before pebbles start drifting however, the for-
mation of these large, settled dust particles can change
the vertical distribution of gas-phase volatiles via the
sequestration of ices in the midplane (Meijerink et al.
2009; Du et al. 2015; Kama et al. 2016; Du et al. 2017).
Models studying vertical mixing Þnd that this e! ect can
decrease the gas-phase H2O and CO abundances in the
warm molecular layer by anywhere between a factor of a
few to almost 2 orders of magnitude, depending on the
timescales involved and the details of the pebble forma-
tion process (Xu et al. 2017; Krijt et al. 2016).

For CO, this story of depletion above the surface snow-
line and potential enhancement in the inner disk is of
particular importance because CO emission is commonly
used as a tracer for bulk disk mass (e.g.,Williams & Best
2014; Ansdell et al. 2016; Miotello et al. 2016, 2017;
Molyarova et al. 2017). Hence, if the CO abundance
is signiÞcantly depleted in the region of the disk that
dominates the emission, this approach could be under-
estimating the true disk mass. For the handful of disks
for which independent mass estimates can be made us-
ing HD, it appears as though CO is indeed depleted by a
factor of a few to up to two orders of magnitude (Favre
et al. 2013; McClure et al. 2016; Schwarz et al.2016). In
addition, CO is the only molecule for which the snow-
line has been (directly) observed (Qi et al. 2013) and for
which we can vertically and radially resolve abundances
using a variety of isotopologues (Schwarz et al. 2016;
Zhang et al. 2017; Dutrey et al. 2017; Pinte et al. 2018;
Huang et al. 2018).

The aim of this paper is to construct a self-consistent
model that describes how the formation and subsequent
vertical settling and radial drift of pebbles alters CO
abundances in di! erent regions of the disk; both inte-
rior and exterior to the midplane snowline, as well as in
the warmer surface layers of the outer disk. To that end,
we focus on a single, invariant disk proÞle (Sect.2) and
model the vertical and radial transport of dust, pebbles,
ices, and gas-phase CO while pebbles are continuously
forming over Myr timescales (Sect.3). By comparing
models of increasing complexity (Sect.4) and exploring
the dependence on several parameters related to peb-
ble formation/evolution (Sect. 5), we attempt to build a
coherent story of how pebble migration a! ects CO abun-
dances on a disk-wide scale. The results are discussed
in Sect. 7 and conclusions presented in Sect.8.

2. MODEL

Here we describe the physical and thermal structure
of the disk (Sect. 2.1), the equations governing trans-

port of gas-phase molecules and solids (Sect.2.2), and
conditions and rates at which freeze-out and desorption
of CO in di! erent environments (Sect.2.3). Finally, in
Sect. 3.5.1, we outline how small dust grains coagulate
to form pebbles.

2.1. Disk structure

We focus on a disk around a 1M ! star, with a radial
gas surface density proÞle (Lynden-Bell & Pringle 1974;
Hartmann et al. 1998)
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where the scale-height is given byH = cs/ # , the sound-
speedcs =

)
kB Tmid (r )/µm H , and µ = 2 .3 is the mean

molecular weight. Temperatures at the disk surface are
elevated as they are directly exposed to warming radi-
ation (Chiang & Goldreich 1997); here we adopt a ver-
tical temperature sturcture that is based on Rosenfeld
et al. (2013); Dutrey et al. (2017): above z = zqH , the
atmospheric temperature is parametrized as

Tatm (r ) = 3 Tmid (r ), (5)

and for smaller z
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where we will usezq = 3 and # = 2. We also calculate
the cumulative UV vertical optical depth. Assuming
that dust is the primary absorber of radiations, with
an opacity of $UV = 3 / (4s¥" ¥), where s¥ and " ¥ are
the monomer size and material density, the cumulative
optical depth can be calculated as
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magnitude of which depends on the underlying pebble
flux and ice content.
Even before pebbles start drifting however, the for-

mation of these large, settled dust particles can change
the vertical distribution of gas-phase volatiles via the
sequestration of ices in the midplane (Meijerink et al.
2009; Du et al. 2015; Kama et al. 2016; Du et al. 2017).
Models studying vertical mixing find that this e↵ect can
decrease the gas-phase H2O and CO abundances in the
warm molecular layer by anywhere between a factor of a
few to almost 2 orders of magnitude, depending on the
timescales involved and the details of the pebble forma-
tion process (Xu et al. 2017; Krijt et al. 2016).
For CO, this story of depletion above the surface snow-

line and potential enhancement in the inner disk is of
particular importance because CO emission is commonly
used as a tracer for bulk disk mass (e.g., Williams & Best
2014; Ansdell et al. 2016; Miotello et al. 2016, 2017;
Molyarova et al. 2017). Hence, if the CO abundance
is significantly depleted in the region of the disk that
dominates the emission, this approach could be under-
estimating the true disk mass. For the handful of disks
for which independent mass estimates can be made us-
ing HD, it appears as though CO is indeed depleted by a
factor of a few to up to two orders of magnitude (Favre
et al. 2013; McClure et al. 2016; Schwarz et al. 2016). In
addition, CO is the only molecule for which the snow-
line has been (directly) observed (Qi et al. 2013) and for
which we can vertically and radially resolve abundances
using a variety of isotopologues (Schwarz et al. 2016;
Zhang et al. 2017; Dutrey et al. 2017; Pinte et al. 2018;
Huang et al. 2018).
The aim of this paper is to construct a self-consistent

model that describes how the formation and subsequent
vertical settling and radial drift of pebbles alters CO
abundances in di↵erent regions of the disk; both inte-
rior and exterior to the midplane snowline, as well as in
the warmer surface layers of the outer disk. To that end,
we focus on a single, invariant disk profile (Sect. 2) and
model the vertical and radial transport of dust, pebbles,
ices, and gas-phase CO while pebbles are continuously
forming over Myr timescales (Sect. 3). By comparing
models of increasing complexity (Sect. 4) and exploring
the dependence on several parameters related to peb-
ble formation/evolution (Sect. 5), we attempt to build a
coherent story of how pebble migration a↵ects CO abun-
dances on a disk-wide scale. The results are discussed
in Sect. 7 and conclusions presented in Sect. 8.

2. MODEL

Here we describe the physical and thermal structure
of the disk (Sect. 2.1), the equations governing trans-

port of gas-phase molecules and solids (Sect. 2.2), and
conditions and rates at which freeze-out and desorption
of CO in di↵erent environments (Sect. 2.3). Finally, in
Sect. 3.5.1, we outline how small dust grains coagulate
to form pebbles.

2.1. Disk structure

We focus on a disk around a 1M� star, with a radial
gas surface density profile (Lynden-Bell & Pringle 1974;
Hartmann et al. 1998)
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where the scale-height is given by H = cs/ ⌦, the sound-
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molecular weight. Temperatures at the disk surface are
elevated as they are directly exposed to warming radi-
ation (Chiang & Goldreich 1997); here we adopt a ver-
tical temperature sturcture that is based on Rosenfeld
et al. (2013); Dutrey et al. (2017): above z = zqH , the
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where we will use zq = 3 and � = 2. We also calculate
the cumulative UV vertical optical depth. Assuming
that dust is the primary absorber of radiations, with
an opacity of UV = 3/ (4s•⇢•), where s• and ⇢• are
the monomer size and material density, the cumulative
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magnitude of which depends on the underlying pebble
ßux and ice content.

Even before pebbles start drifting however, the for-
mation of these large, settled dust particles can change
the vertical distribution of gas-phase volatiles via the
sequestration of ices in the midplane (Meijerink et al.
2009; Du et al. 2015; Kama et al. 2016; Du et al. 2017).
Models studying vertical mixing Þnd that this e! ect can
decrease the gas-phase H2O and CO abundances in the
warm molecular layer by anywhere between a factor of a
few to almost 2 orders of magnitude, depending on the
timescales involved and the details of the pebble forma-
tion process (Xu et al. 2017; Krijt et al. 2016).

For CO, this story of depletion above the surface snow-
line and potential enhancement in the inner disk is of
particular importance because CO emission is commonly
used as a tracer for bulk disk mass (e.g.,Williams & Best
2014; Ansdell et al. 2016; Miotello et al. 2016, 2017;
Molyarova et al. 2017). Hence, if the CO abundance
is signiÞcantly depleted in the region of the disk that
dominates the emission, this approach could be under-
estimating the true disk mass. For the handful of disks
for which independent mass estimates can be made us-
ing HD, it appears as though CO is indeed depleted by a
factor of a few to up to two orders of magnitude (Favre
et al. 2013; McClure et al. 2016; Schwarz et al.2016). In
addition, CO is the only molecule for which the snow-
line has been (directly) observed (Qi et al. 2013) and for
which we can vertically and radially resolve abundances
using a variety of isotopologues (Schwarz et al. 2016;
Zhang et al. 2017; Dutrey et al. 2017; Pinte et al. 2018;
Huang et al. 2018).

The aim of this paper is to construct a self-consistent
model that describes how the formation and subsequent
vertical settling and radial drift of pebbles alters CO
abundances in di! erent regions of the disk; both inte-
rior and exterior to the midplane snowline, as well as in
the warmer surface layers of the outer disk. To that end,
we focus on a single, invariant disk proÞle (Sect.2) and
model the vertical and radial transport of dust, pebbles,
ices, and gas-phase CO while pebbles are continuously
forming over Myr timescales (Sect.3). By comparing
models of increasing complexity (Sect.4) and exploring
the dependence on several parameters related to peb-
ble formation/evolution (Sect. 5), we attempt to build a
coherent story of how pebble migration a! ects CO abun-
dances on a disk-wide scale. The results are discussed
in Sect. 7 and conclusions presented in Sect.8.

2. MODEL

Here we describe the physical and thermal structure
of the disk (Sect. 2.1), the equations governing trans-

port of gas-phase molecules and solids (Sect.2.2), and
conditions and rates at which freeze-out and desorption
of CO in di! erent environments (Sect.2.3). Finally, in
Sect. 3.5.1, we outline how small dust grains coagulate
to form pebbles.

2.1. Disk structure

We focus on a disk around a 1M ! star, with a radial
gas surface density proÞle (Lynden-Bell & Pringle 1974;
Hartmann et al. 1998)

" g(r ) = " c

!
r
r c

" " p

exp

#

!
!

r
r c

" 2" p
$

, (1)

which is normalized by choosing a total disk mass

" c = (2 ! p)
M disk

2! r 2
c

. (2)

For p = 1, such a proÞle contains 10%, 63%, 86%, and
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where the scale-height is given byH = cs/ # , the sound-
speedcs =
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kB Tmid (r )/µm H , and µ = 2 .3 is the mean

molecular weight. Temperatures at the disk surface are
elevated as they are directly exposed to warming radi-
ation (Chiang & Goldreich 1997); here we adopt a ver-
tical temperature sturcture that is based on Rosenfeld
et al. (2013); Dutrey et al. (2017): above z = zqH , the
atmospheric temperature is parametrized as

Tatm (r ) = 3 Tmid (r ), (5)

and for smaller z
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where we will usezq = 3 and # = 2. We also calculate
the cumulative UV vertical optical depth. Assuming
that dust is the primary absorber of radiations, with
an opacity of $UV = 3 / (4s¥" ¥), where s¥ and " ¥ are
the monomer size and material density, the cumulative
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magnitude of which depends on the underlying pebble
flux and ice content.
Even before pebbles start drifting however, the for-

mation of these large, settled dust particles can change
the vertical distribution of gas-phase volatiles via the
sequestration of ices in the midplane (Meijerink et al.
2009; Du et al. 2015; Kama et al. 2016; Du et al. 2017).
Models studying vertical mixing find that this e! ect can
decrease the gas-phase H2O and CO abundances in the
warm molecular layer by anywhere between a factor of a
few to almost 2 orders of magnitude, depending on the
timescales involved and the details of the pebble forma-
tion process (Xu et al. 2017; Krijt et al. 2016).
For CO, this story of depletion above the surface snow-

line and potential enhancement in the inner disk is of
particular importance because CO emission is commonly
used as a tracer for bulk disk mass (e.g., Williams & Best
2014; Ansdell et al. 2016; Miotello et al. 2016, 2017;
Molyarova et al. 2017). Hence, if the CO abundance
is significantly depleted in the region of the disk that
dominates the emission, this approach could be under-
estimating the true disk mass. For the handful of disks
for which independent mass estimates can be made us-
ing HD, it appears as though CO is indeed depleted by a
factor of a few to up to two orders of magnitude (Favre
et al. 2013; McClure et al. 2016; Schwarz et al. 2016). In
addition, CO is the only molecule for which the snow-
line has been (directly) observed (Qi et al. 2013) and for
which we can vertically and radially resolve abundances
using a variety of isotopologues (Schwarz et al. 2016;
Zhang et al. 2017; Dutrey et al. 2017; Pinte et al. 2018;
Huang et al. 2018).
The aim of this paper is to construct a self-consistent

model that describes how the formation and subsequent
vertical settling and radial drift of pebbles alters CO
abundances in di! erent regions of the disk; both inte-
rior and exterior to the midplane snowline, as well as in
the warmer surface layers of the outer disk. To that end,
we focus on a single, invariant disk profile (Sect. 2) and
model the vertical and radial transport of dust, pebbles,
ices, and gas-phase CO while pebbles are continuously
forming over Myr timescales (Sect. 3). By comparing
models of increasing complexity (Sect. 4) and exploring
the dependence on several parameters related to peb-
ble formation/evolution (Sect. 5), we attempt to build a
coherent story of how pebble migration a! ects CO abun-
dances on a disk-wide scale. The results are discussed
in Sect. 7 and conclusions presented in Sect. 8.

2. MODEL

Here we describe the physical and thermal structure
of the disk (Sect. 2.1), the equations governing trans-

port of gas-phase molecules and solids (Sect. 2.2), and
conditions and rates at which freeze-out and desorption
of CO in di! erent environments (Sect. 2.3). Finally, in
Sect. 3.5.1, we outline how small dust grains coagulate
to form pebbles.

2.1. Disk structure

We focus on a disk around a 1M� star, with a radial
gas surface density profile (Lynden-Bell & Pringle 1974;
Hartmann et al. 1998)

" g(r ) = " c

!
r
r c

" �p

exp

#

!
!

r
r c

" 2�p
$

, (1)

which is normalized by choosing a total disk mass

" c = (2 ! p)
M disk

2! r 2
c

. (2)

For p = 1, such a profile contains 10%, 63%, 86%, and
95% of the disk’s mass within 0.1, 1, 2, and 3r c, respec-
tively. For the midplane temperature, we assume

Tmid (r ) = T0

%r
au

&�1/ 2
, (3)

with T0 = 130 K. The vertical density structure is then
parametrized as follows

" g(r, z ) =
" g(r )"
2! H

exp

'
!
1

2

%z
H

&2
(

(4)

where the scale-height is given by H = cs/ # , the sound-
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molecular weight. Temperatures at the disk surface are
elevated as they are directly exposed to warming radi-
ation (Chiang & Goldreich 1997); here we adopt a ver-
tical temperature sturcture that is based on Rosenfeld
et al. (2013); Dutrey et al. (2017): above z = zqH , the
atmospheric temperature is parametrized as
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where we will use zq = 3 and # = 2. We also calculate
the cumulative UV vertical optical depth. Assuming
that dust is the primary absorber of radiations, with
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magnitude of which depends on the underlying pebble
flux and ice content.
Even before pebbles start drifting however, the for-

mation of these large, settled dust particles can change
the vertical distribution of gas-phase volatiles via the
sequestration of ices in the midplane (Meijerink et al.
2009; Du et al. 2015; Kama et al. 2016; Du et al. 2017).
Models studying vertical mixing find that this e! ect can
decrease the gas-phase H2O and CO abundances in the
warm molecular layer by anywhere between a factor of a
few to almost 2 orders of magnitude, depending on the
timescales involved and the details of the pebble forma-
tion process (Xu et al. 2017; Krijt et al. 2016).
For CO, this story of depletion above the surface snow-

line and potential enhancement in the inner disk is of
particular importance because CO emission is commonly
used as a tracer for bulk disk mass (e.g., Williams & Best
2014; Ansdell et al. 2016; Miotello et al. 2016, 2017;
Molyarova et al. 2017). Hence, if the CO abundance
is significantly depleted in the region of the disk that
dominates the emission, this approach could be under-
estimating the true disk mass. For the handful of disks
for which independent mass estimates can be made us-
ing HD, it appears as though CO is indeed depleted by a
factor of a few to up to two orders of magnitude (Favre
et al. 2013; McClure et al. 2016; Schwarz et al. 2016). In
addition, CO is the only molecule for which the snow-
line has been (directly) observed (Qi et al. 2013) and for
which we can vertically and radially resolve abundances
using a variety of isotopologues (Schwarz et al. 2016;
Zhang et al. 2017; Dutrey et al. 2017; Pinte et al. 2018;
Huang et al. 2018).
The aim of this paper is to construct a self-consistent

model that describes how the formation and subsequent
vertical settling and radial drift of pebbles alters CO
abundances in di! erent regions of the disk; both inte-
rior and exterior to the midplane snowline, as well as in
the warmer surface layers of the outer disk. To that end,
we focus on a single, invariant disk profile (Sect. 2) and
model the vertical and radial transport of dust, pebbles,
ices, and gas-phase CO while pebbles are continuously
forming over Myr timescales (Sect. 3). By comparing
models of increasing complexity (Sect. 4) and exploring
the dependence on several parameters related to peb-
ble formation/evolution (Sect. 5), we attempt to build a
coherent story of how pebble migration a! ects CO abun-
dances on a disk-wide scale. The results are discussed
in Sect. 7 and conclusions presented in Sect. 8.

2. MODEL

Here we describe the physical and thermal structure
of the disk (Sect. 2.1), the equations governing trans-

port of gas-phase molecules and solids (Sect. 2.2), and
conditions and rates at which freeze-out and desorption
of CO in di! erent environments (Sect. 2.3). Finally, in
Sect. 3.5.1, we outline how small dust grains coagulate
to form pebbles.

2.1. Disk structure

We focus on a disk around a 1M ! star, with a radial
gas surface density profile (Lynden-Bell & Pringle 1974;
Hartmann et al. 1998)
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where the scale-height is given by H = cs/ # , the sound-
speed cs =

)
kB Tmid (r )/µm H , and µ = 2.3 is the mean

molecular weight. Temperatures at the disk surface are
elevated as they are directly exposed to warming radi-
ation (Chiang & Goldreich 1997); here we adopt a ver-
tical temperature sturcture that is based on Rosenfeld
et al. (2013); Dutrey et al. (2017): above z = zqH , the
atmospheric temperature is parametrized as
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where we will use zq = 3 and # = 2. We also calculate
the cumulative UV vertical optical depth. Assuming
that dust is the primary absorber of radiations, with
an opacity of $UV = 3/ (4s¥" ¥), where s¥ and " ¥ are
the monomer size and material density, the cumulative
optical depth can be calculated as

%UV (z) =
, #

z
$UV " d(z) dz

=$UV
" g

2

" d

" g

!
1 ! erf

'
z/H
"
2

("
.

(7)

zq = 3, %=2

UV�woptical depth �‹�-�‰�`�| CO desorption�w�_
u�‹�“�t�þ�q�o�”

https://arxiv.org/pdf/1808.01840.pdf
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where we have assumed that all dust particles contribut-
ing to ! d have the same area-to-mass ratio of 3/ (s¥! ¥).
Conservation of the total amount of CO gives

" Cv

" t
= !

" Cice

" t
. (12)

The equilibrium vapor density in Eq. 11depends on tem-
perature and can be written as

! sat = mCO (4/v th )Ns " #0 exp
!

!
E

kB T

"
, (13)

with #0 = (2 NsE/ $2mCO )1/ 2, and we use a binding
energy2 E/k B = 850 K and a density of adsorption sites
of Ns = 1015 cm! 2. The thermal velocity is given by
vth =

#
8kB T/ $mCO with mCO = 28mH the mass of a

single CO molecule.
The local UV ßux is calculated as FUV (z) =

F0e! ! UV(z) , with %UV the integrated vertical depth
at height z and the incident ßux F0 = � " G0 is
deÞned in terms of the interstellar radiation Þeld
G0 = 108 cm! 2 s! 1. We set � = 1. Assuming the UV
ßux is negligible in the midplane (i.e.,%UV (z = 0) # 1),
pebbles lose/gain ice at a rate

" mice

" t
= 4$s2

p
vth

4
(! v ! ! sat ) , (14)

with sp the pebble size.

2.4. Particle-particle collision velocities

Particle-particle velocities play an important role in
determining the outcome and frequency of collisions
(e.g., Brauer et al. 2008; G¬uttler et al. 2010). We con-
sider 5 sources of relative velocities: Brownian motion
(�vBM ), turbulence (�vtur ), and di↵erential settling
(�vz), azimuthal drift ( �v" ) and radial drift ( �vr ),
each of which is calculated followingOkuzumi et al.
(2012, Sect. 2.3.2). The di↵erent components are then
added quadratically

vrel =
$

(�vBM )2 + ( �vtur )2 + ( �vz)2 + ( �v" )2 + ( �vr )2.
(15)

For typical values of & and Stokes numbers St< 1,
however, the turbulent term is expected to dominate
and we have (Ormel & Cuzzi 2007)

vrel $ �vtur $
%

&cs"

%
&

'
ReT

1/ 4�St for St < ReT
! 1/ 2,

1.6
%

St for St > ReT
! 1/ 2,
(16)

2 This value for the binding energy is appropriate for CO-CO
binding (see Öberg et al. 2005).

Figure 2. Conceptual framework of the hybrid model de-
scribed in Sect. 3. The abundances of CO vapor (Cv), small
dust grains (Cd), and the ice-frozen-out-on-small-dust-grains
(Cice) are all followed on a logarithmic 2-dimensional grid
(Sect. 3.1). Pebbles, on the other hand, are described us-
ing Lagrangian tracer particles, whose motions through the
disk are simulated using a Monte Carlo approach (Sect. 3.5).
Arrows represent various interactions between di↵erent com-
ponents, all of which are described in more detail in the text.

where St is the Stokes number of the larger of the two
particles, �St is the di↵erence in Stokes numbers, and
the turbulent Reynolds number is the ratio between
the turbulent and molecular viscosity ReT = #T / #m =
($/ 2)1/ 2#T ' mol ! g/µm H cs, with ' mol = 2 " 10! 15 cm! 2

the molecular cross section (e.g.,Okuzumi et al. 2012).

3. NUMERICAL APPROACH

The goal of this section is to develop a numerical ap-
proach to study, in 2D, the interaction and co-evolution
of three distinct components (see Fig.2):

¥ Small dust aggregates: Composed of sub-micron
dust grains, these fractal aggregates are usually
well-coupled to the gas and dominate the solid sur-
face area in the protoplanetary disk.

¥ Pebbles: More massive, compacted solids, for
which gravitational settling and radial drift are
important. The pebble population typically dom-
inates the solid mass in the (inner) disk midplane.

¥ CO molecules: CO molecules can ßoat freely in the
gaseous nebula, freeze-out on dust grains (forming
CO ice), and end up on pebbles when coagulation
takes place. No molecules are created or destroyed
in our simulations.

The concentrations of CO vapor, small dust, and ice-on-
small-dust are all followed on a 2-dimensionalr + z grid

Photo-desorption 
Sublimation 
Freeze-out

Sublimation

Coagulation
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Figure 3. Cartoon of how pebble formation proceeds in our model (see Section3.5.1). Initially, monomers of size s¥ grow
into dust aggregates with a fractal dimension of ! 2 (stage I). When the kinetic energy in collisions becomes large enough,
restructuring occurs and aggregates grow at a constant internal density (stage II). After the bouncing threshold velocity is
exceeded, bouncing collisions e! ciently compress the aggregates (stage III). The term ÔdustÕ refers to all solids in stage I, and
we refer to the end-products of stage III as ÔpebblesÕ: the end-products of local dust coagulation.

(Sect. 3.1 and 3.3). The growing population of peb-
bles, on the other hand, is represented by Lagrangian
tracer particles (or, representative particles) and we use
a random-walk-like approach (with added settling and
radial drift) to track their movement (Sect. 3.6). Given
some initial conditions (detailed in Sect. 3.2), we calcu-
late forward in time using a combination of implicit and
explicit techniques to account for the interactions shown
in Fig. 2.

3.1. Grid & boundary conditions

Similar to Ciesla (2009), we set up a logarithmic grid
with r i +1 /r i = 1 .05 and zi +1 /z i = 1 .1, with r 0 = 10 au
and z0 = 0 .25 au (at every radius). The number of
cells in the radial direction is chosen such that the outer
radius corresponds to approximately 3r c = 300 au. Ev-
ery grid cell can be thought of as a ring with volume
V = 2 ! r ! r ! z, covering an area A = 2 ! r ! r when
projected on to the midplane3. The boundary con-
ditions are reßective at the midplane (" C/ " z = 0)
and at the inner and outer boundary of the domain
(" C/ " r = 0). While this means no dust is lost through
di" usion through the inner boundary, radially drifting
pebbles can be lost to the inner disk (Sect.3.6). Trans-

3 Note that V and A vary signiÞcantly between cells.

port in the disk is limited to z/H ! 4 by setting the dif-
fusivities and initial concentrations to 0 above z/H = 4
(similar to Ciesla 2009).

3.2. Initial conditions

At t = 0, we start out with well-mixed dust and CO
vapor: Cd(r, z ) = C0

d = 10! 2 and Cv (r, z ) = C0
v = 10! 3

(corresponding to roughly 10! 4 CO molecules per H2

molecule). Then, we allow the CO to freeze-out until
an equilibrium is reached in every grid cell. No pebbles
exist at the start of the calculations.

3.3. Transport of vapor, dust, and ice

Following Ciesla (2009), the transport of vapor, ice,
and small dust is calculated by explicit integration of
Eq. 8 for each component using the method of Þnite
di" erences with a time step chosen as a fractionf c of
the smallest (vertical) di" usion timescale across any grid
cell:

! t = f c " min
!

(! zi )2

Dg,i

"
, (17)

where we usef c = 0 .5. For our disk model and grid set-
up, the rhs of Eq. 17 is usually dominated by the mid-
plane cell at the outer edge of the disk, because! z/H
decreases with radius for grid cells of a Þxed vertical
size.

モデル内でのペブルの成長のポンチ絵
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Figure 4. Illustration of the pebble formation framework (Sect. 3.5) for the disk model of Sect. 2.1 and using s¥ = 0 .1 µm,
f w = 0 .5, and ! c = 0 .4. (a): The three stages of local dust growth (see Sect. 3.5.1) and their end-products at three di ! erent
midplane locations. Numbers correspond to log10 (s/ cm) and log10 (St) (in brackets). (b): Stokes numbers of pebbles (solid black
curve) formed in the midplane as a function of heliocentric distance. The red dashed curves depict a constant fragmentation
threshold vf (Birnstiel et al. 2012, Eq. 3) of 1 and 5 m/ s, and the blue dashed curve shows the maximum Stokes number in the
drift-limited scenario ( Birnstiel et al. 2012, Eq. 17) for a dust-to-gas ratio of 10! 2. (c): Timescale for pebble formation in the
midplane from Eq. 25 (green curve) compared to the vertical mixing timescale "z ! (#" )! 1 and the viscous timescale t ! for
# = 10 ! 3.

decrease with increasing particle mass and collision ve-
locity and thus we can deÞne, for a given particle mass
(and composition), a critical threshold velocity vb above
which the probability of sticking is zero (Sect. 3.5.2). To
determine how long Stage II can proceed, we incremen-
tally increase m starting from mroll , updating the rel-
ative collision velocity4 and critical bouncing threshold
vb as the aggregateÕs mass increases (while keeping the
internal density constant). The point at which vrel = vb

then marks the end of Stage II.
Stage III: Compaction in bouncing collisions. Dur-

ing Stage II, aggregates maintain a fairly high poros-
ity, with internal densities ! / ! ¥ ! 10! 5 " 10! 3 (e.g.,
Okuzumi et al. 2012; Kataoka et al. 2013; Krijt et al.
2015). During the Þnal stage of local dust evolution, we
imagine the frequent bouncing collisions act to compress
the aggregates and increase their internal density (while
keeping their mass constant), e! ectively decreasing their
size and increasing their Stokes number. Compaction in
successive bouncing collisions is a complex process and
has only been studied experimentally for a narrow range
of (initial) porosities, collision velocities, and materials
(e.g., Weidling et al. 2009; G¬uttler et al. 2010). Here,
we simply assume compression increases the aggregate
density to ! = " c! ¥ and we treat the " c # 1 as a free pa-
rameter. The compacted aggregates formed at the end
of Stage III are called pebbles.

Figure 4(a) shows the three stages described above at
three di! erent locations in the disk. At smaller radii,

4 When calculating the relative velocity, we combine all 5 ve-
locity sources listed in Sect. 2.4 and use ! St ! St for terms that
rely on the di " erence in Stokes numbers.

more extreme porosities are reached at the end of stage
I (see alsoOkuzumi et al. 2012, Fig. 10), and while peb-
bles in the inner disk are born with bigger physical sizes,
their Stokes numbers are actually smaller than those of
pebbles forming in the outer disk. In Fig. 4(b), we show
the Stokes numbers of pebbles that are created at dif-
ferent radii in the disk, and compare them to the Stokes
numbers at the end of Stage II, and to maximum Stokes
numbers expected from fragmentation-limited as well as
drift-limited growth ( Birnstiel et al. 2012). We see that
the Stokes number increases considerably during Stage
III (the compaction stage), with the Þnal Stokes num-
bers falling below the fragmentation limit for vf = 5 m/ s
and the drift limit for " d / " g = 0 .01.

3.5.2. Rolling energy and bouncing treshold

Based on experimental results ofHeim et al. (1999);
Gundlach et al. (2011) in combination with the contact
theory of Krijt et al. (2014), the rolling energy can be
obtained as

E H 2 O
roll = 1 .4 $ 10! 7erg (s¥/µ m)5/ 3 for H2O ice,

E SiO 2
roll = 2 .3 $ 10! 8erg (s¥/µ m)5/ 3 for dust, (20)

for water ice and dust. For a collection of monomers
whose surface properties are a mix between those of
water-ice and non-water-ice, the characteristic rolling
energy can be interpolated as (Lorek et al. 2016, 2018)

Eroll = f w E H 2 O
roll + (1 " f w )E SiO 2

roll , (21)

where 0# f w # 1 is a fraction indicating how dominant
water ice is.

For collisions between similar dust aggregates, the
threshold velocity above which sticking is no longer

(a)質量 vs. 空隙率進化 (b)ペブルの 
St数分布 

(c)ペブル形成の 
タイムスケール
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Figure 5. Time evolution (top-to-bottom) of the gas-phase CO number density in models M0a, M0b, and M1 (left-to-right).
Top and bottom rows show number densities while the middle three rows show number density relative to the initial conditions
at t = 0, with blue representing an enhancement and red a depletion in gas-phase CO density. Contours for ⌧UV = 1 and
T = 22 K are also drawn and the faint dashed lines indicate z/H = { 1, 2, 3, 4} .

contour (see Fig.6), and therefore does not result in a
depletion of CO vapor from the upper regions. Outside
of r = 150 au, the stratiÞcation in the small-dust distri-
bution gets closer to the surface snowline however, and
the warm CO vapor becomes depleted by several 10s of
%, this can be seen in Fig.8(a), where we have plotted
radial proÞles of the situation after 1 Myr for the models
presented in this Section. For larger monomers and/or
lower values of ! , grains will decouple at smallerz/H

(e.g., Dullemond & Dominik 2004), making CO deple-
tion in the case without coagulation possilbe (seeXu
et al. 2017, Fig. 4).

When CO vapor is mixed down into the T ! 22 K
region, it will freeze out on a timescale that depends on
the temperature of the gas and the amount of solid sur-
face area that is available (Bergin et al. 2014, Sect. 3.2).
Identifying the freeze-out timescale as"fo ⇡ A�1

chem (see
Eq. 18), we see that it is proportional to s•#• (the inverse
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far the largest molecular cloud in the local neighborhood. Its aspectratio ( ! 30:1) and high column-density fraction
(! 45%) make it similar to large-scale Milky Way Þlaments (ÒbonesÓ), despite its distance to the galactic mid-plane
being an order of magnitude larger than typically found for these structures.

Accepted by A&A
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Morphology of prestellar cores in pressure conÞned Þlaments
S. Heigl 1,2, M. Gritschneder 1, A. Burkert 1,2

1 Universit¬ats-Sternwarte, Ludwig-Maximilians-Universit¬at M¬unchen, Scheinerstr. 1, 81679 Munich, Germany;2 Max-
Planck Institute for Extraterrestrial Physics, Giessenbachstr. 1, 85748 Garching, Germany

E-mail contact: heigl at usm.lmu.de

Observations of prestellar cores in star-forming Þlaments show two distinct morphologies. While molecular line mea-
surements often show broad cores, submillimeter continuum observations predominantly display pinched cores com-
pared to the bulk of the Þlament gas. In order to explain how di! erent morphologies arise, we use the gravitational
instability model where prestellar cores form by growing density perturbations. The radial extent at each position is
set by the local line-mass. We show that the ratio of core radius to Þlament radius is determined by the initial line-mass
of the Þlament. Additionally, the core morphology is independent of perturbation length scale and inclination, which
makes it an ideal diagnostic for observations. Filaments with a line-mass of less than half its critical value should
form broad cores, whereas Þlaments with more than half its critical line-mass value should form pinched cores. For
Þlaments embedded in a constant background pressure, the dominant perturbation growth times signiÞcantly di! er
for low and high line-mass Þlaments. Therefore, we predict that only one population of cores is present if all Þlaments
within a region begin with similar initial perturbations.

Accepted by MNRAS

http://arxiv.org/pdf/1808.01284

Constraining the gap size in the disk around HD 100546 in the mi d-infrared
Narges Jamialahmadi 1, Thorsten Ratzka 2, Olja Pani«c 3, Hassan Fathivavsari 1, Roy van Boekel 4, Se-
bastien Flement 5, Thomas Henning 4, Walter Ja ! e6, and Gijs D. Mulders 7

1 School of Astronomy, Institute for Research in Fundamental Sciences (IPM), P.O. Box 19395-5746, Tehran, Iran;2

Institute for Physics / IGAM, NAWI Graz, Karl-Franzens-Universit¬at, Universit¬atsplatz 5/II, 8010 Graz, Austria; 3

School of Physics and Astronomy, University of Leeds, Woodhouse Lance, LS29JT Leeds, United Kingdom;4 Max
Planck-Institut f¬ur Astronomie, K¬onigstuhl 17, D-69117 Heidelberg, Germany; 5 Laboratoire J.-L. Lagrange, UMR
7293, University of Nice Sophia-Antipolis, CNRS, Observatoire de la Cote DAzur, Boulevard de lObservatoire - CS
34229 - F 06304 NICE Cedex 4, France;6 Sterrewacht Leiden, Niels Bohrweg 2, 2333 CA Leiden, The Netherlands;7

Lunar and Planetary Laboratory, The University of Arizona, Tucson, AZ 85721, USA Earths in Other Solar Systems
Team , NASA Nexus for Exoplanet System Science

E-mail contact: nari.jami at gmail.com

We reÞne the gap size measurements of the disk surrounding the Herbig Ae star HD 100546 in the N band. Our new
mid-infrared interferometric (MIDI) data have been taken with the UT baselines and span the full range of orientations.
The correlated ßuxes show a wavy pattern in which the minima separation links to a geometrical structure in the
disk. We Þt each correlated ßux measurement with a spline function, deriving the corresponding spatial scale, while
assuming that the pattern arises interferometrically due to the bright emission from the inner disk and the opposing
sides of the wall of the outer disk. We then Þt an ellipse to the derived separations at their corresponding position
angles, thereby using the observations to constrain the disk inclination toi = 47 ± 1 degree and the disk position
angle to P A = 135.0 ± 2.5 degree East of North, both of which are consistent with the estimated values in previous
studies. We also derive the radius of the ellipse to 15.7± 0.8 au. To conÞrm that the minima separations translate
to a geometrical structure in the disk, we model the disk of HD 100546 using a semi-analytical approach taking into
account the temperature and optical depth gradients. Using this model, we simultaneously reproduce the level and
the minima of the correlated ßuxes and constrain the gap size of the disk for each observation. The values obtained
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for the projected gap size in di! erent orientations are consistent with the separation found by the geometrical model.

Accepted by ApJ

http://arxiv.org/pdf/1808.05052

The dependence of stellar properties on initial cloud densit y
Michael O. Jones 1 and Matthew. R. Bate 1

1 School of Physics and Astronomy, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
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We investigate the dependence of stellar properties on the initial mean density of the molecular cloud in which stellar
clusters form using radiation hydrodynamical simulations that resolve the opacity limit for fragmentation. We have
simulated the formation of three star clusters from the gravitational collapse of molecular clouds whose densities vary
by a factor of a hundred. As with previous calculations including radiative feedback, we Þnd that the dependence
of the characteristic stellar mass,M c, on the initial mean density of the cloud, ! , is weaker than the dependence of
the thermal Jeans mass. However, unlike previous calculations, which found no statistically signiÞcant variation in
the median mass with density, we Þnd a weak dependence approximately of the formM c ! ! ! 1/ 5. The distributions
of properties of multiple systems do not vary signiÞcantly between the calculations. We compare our results to the
result of observational surveys of star-forming regions, and suggest that the similarities between the properties of our
lowest density calculation and the nearby Taurus-Auriga region indicate that the apparent excess of solar-type stars
observed may be due to the regionÕs low density.
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We present a new method for including radiative feedback from sink particles in smoothed particle hydrodynamics
simulations of low-mass star formation, and investigate its e! ects on the formation of small stellar groups. We Þnd
that including radiative feedback from sink particles suppresses fragmentation even further than calculations that
only include radiative transfer within the gas. This reduces the star-formation rate following the formation of the
initial protostars, leading to fewer objects being produced and a lower total stellar mass. The luminosities of sink
particles vary due to changes in the accretion rate driven by the dynamics of the cluster gas, leading to di! erent
luminosities for protostars of similar mass. Including feedback from sinks also raises the median stellar mass. The
median masses of the groups are higher than typically observed values. This may be due to the lack of dynamical
interactions and ejections in small groups of protostars compared to those that occur in richer groups. We also Þnd that
the temperature distributions in our calculations are in qualitative agreement with recent observations of protostellar
heating in Galactic star-forming regions.
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for the projected gap size in di! erent orientations are consistent with the separation found by the geometrical model.
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We present a new method for including radiative feedback from sink particles in smoothed particle hydrodynamics
simulations of low-mass star formation, and investigate its e! ects on the formation of small stellar groups. We Þnd
that including radiative feedback from sink particles suppresses fragmentation even further than calculations that
only include radiative transfer within the gas. This reduces the star-formation rate following the formation of the
initial protostars, leading to fewer objects being produced and a lower total stellar mass. The luminosities of sink
particles vary due to changes in the accretion rate driven by the dynamics of the cluster gas, leading to di! erent
luminosities for protostars of similar mass. Including feedback from sinks also raises the median stellar mass. The
median masses of the groups are higher than typically observed values. This may be due to the lack of dynamical
interactions and ejections in small groups of protostars compared to those that occur in richer groups. We also Þnd that
the temperature distributions in our calculations are in qualitative agreement with recent observations of protostellar
heating in Galactic star-forming regions.
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One of the important questions of astrochemistry is how complex organic molecules, including potential pre-biotic
species, are formed in the envelopes around embedded protostars. The abundances of minor isotopologues of a
molecule, in particular the D- and 13C-bearing variants, are sensitive to the densities, temperatures, and time-scales
characteristic of the environment in which they form, and can therefore provide important constraints on the formation
routes and conditions of individual species. The aim of this paper is to systematically survey the deuteration and the
13C content of a variety of oxygen-bearing complex organic molecules on Solar System scales toward the ÔB componentÕ
of the protostellar binary IRAS 16293Ð2422. We have used the data from an unbiased molecular line survey of the
protostellar binary IRAS 16293! 2422 between 329 and 363 GHz from the Atacama Large Millimeter/submillimeter
Array (ALMA). The data probe scales of 60 AU (diameter) where most of the organic molecules are expected to
have sublimated o! dust grains and be present in the gas-phase. The deuterated and13C-isotopic species of ketene,
acetaldehyde, and formic acid, as well as deuterated ethanol, are detected unambiguously for the Þrst time in the
interstellar medium. These species are analysed together with the13C isotopic species of ethanol, dimethyl ether and
methyl formate along with mono-deuterated methanol, dimethyl ether and methyl formate. The complex organic
molecules can be divided into two groups with one group, the simpler species, showing a D/H ratio of" 2% and the
other, the more complex species, D/H ratios of 4Ð8%. This division may reßect the formation time of each species in
the ices before or during warm-up/infall of material through the protostellar envelope. No signiÞcant di! erences are
seen in the deuteration of di! erent functional groups for individual species, possibly a result of the short time-scale for
infall through the innermost warm regions where exchange reactions between di! erent species may be taking place.
The species show di! erences in excitation temperatures between 125 K and 300 K. This likely reßects the binding
energies of the individual species, in good agreement to what has previously been found for high-mass sources. For
dimethyl ether the 12C/ 13C ratio is found to be lower by up to a factor of two compared to typical ISM values
similar to what has previously been inferred for glycolaldehyde. Tentative identiÞcations suggest that the same may
apply for 13C isotopologues of methyl formate and ethanol. If conÞrmed, this may be a clue to their formation at
the late prestellar or early protostellar phases with an enhancement of the available13C relative to 12C related to
small di! erences in binding energies for CO isotopologues or the impact of FUV irradiation by the central protostar.
The results point to the importance of ice surface chemistry for the formation of these complex organic molecules at
di! erent stages in the evolution of embedded protostars and demonstrate the use of accurate isotope measurements
for understanding the history of individual species.
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In the present study, the magnetic Þeld scaling on density,|B | ! ! κ, was revealed in a single starless core for the Þrst
time. The " index of 0.78± 0.10 was obtained toward the starless dense core FeSt 1-457 based on the analysis of the
radial distribution of the polarization angle dispersion of background stars measured at the near-infrared wavelengths.
The result prefers" = 2 / 3 for the case of isotropic contraction, and the di! erence of the observed value from" = 1 / 2 is
2.8 sigma. The distribution of the ratio of mass to magnetic ßux was evaluated. FeSt 1-457 was found to be magnetically
supercritical near the center (# " 2), whereas nearly critical or slightly subcritical at the core boundary (# " 0.98).
Ambipolar-di ! usion-regulated star formation models for the case of moderate magnetic Þeld strength may explain
the physical status of FeSt 1-457. The mass-to-ßux ratio distribution for typical dense cores (critical BonnorÐEbert
sphere with central # = 2 and " = 1 / 2Ð2/ 3) was calculated and found to be magnetically critical/subcritical at the
core edge, which indicates that typical dense cores are embedded in and evolve from magnetically critical/subcritical
di! use surrounding medium.
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The JCMT Gould Belt Survey was one of the Þrst Legacy Surveys with the James Clerk Maxwell Telescope in Hawaii,
mapping 47 square degrees of nearby (< 500 pc) molecular clouds in both dust continuum emission at 850µm and
450µm, as well as a more-limited area in lines of various CO isotopologues. While molecular clouds and the material
that forms stars have structures on many size scales, their larger-scale structures are di" cult to observe reliably in the
submillimetre regime using ground-based facilities. In this paper, we quantify the extent to which three subsequent
data-reduction methods employed by the JCMT GBS accurately recover emission structures of various size scales,
in particular, dense cores which are the focus of many GBS science goals. With our current best data-reduction
procedure, we expect to recover 100% of structures with Gaussian sigma sizes of# 30!! and intensity peaks of at least
Þve times the local noise for isolated peaks of emission. The measured sizes and peak ßuxes of these compact structures
are reliable (within 15% of the input values), but source recovery and reliability both decrease signiÞcantly for larger
emission structures and for fainter peaks. Additional factors such as source crowding have not been tested in our
analysis. The most recent JCMT GBS data release includes pointing corrections, and we demonstrate that these tend
to decrease the sizes and increase the peak intensities of compact sources in our dataset, mostly at a low level (several
percent), but occasionally with notable improvement.
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radial distribution of the polarization angle dispersion of background stars measured at the near-infrared wavelengths.
The result prefers" = 2 / 3 for the case of isotropic contraction, and the di! erence of the observed value from" = 1 / 2 is
2.8 sigma. The distribution of the ratio of mass to magnetic ßux was evaluated. FeSt 1-457 was found to be magnetically
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the physical status of FeSt 1-457. The mass-to-ßux ratio distribution for typical dense cores (critical BonnorÐEbert
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mapping 47 square degrees of nearby (< 500 pc) molecular clouds in both dust continuum emission at 850µm and
450µm, as well as a more-limited area in lines of various CO isotopologues. While molecular clouds and the material
that forms stars have structures on many size scales, their larger-scale structures are di" cult to observe reliably in the
submillimetre regime using ground-based facilities. In this paper, we quantify the extent to which three subsequent
data-reduction methods employed by the JCMT GBS accurately recover emission structures of various size scales,
in particular, dense cores which are the focus of many GBS science goals. With our current best data-reduction
procedure, we expect to recover 100% of structures with Gaussian sigma sizes of# 30!! and intensity peaks of at least
Þve times the local noise for isolated peaks of emission. The measured sizes and peak ßuxes of these compact structures
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We present high resolution (0.2”, 1000 AU) 1.3 mm ALMA observations of massive infrared dark cloud clump,
G028.37+00.07-C1, thought to harbor the early stages of massive star formation. Using N2D+(3-2) we resolve the
previously identified C1-S core, separating the bulk of its emission from two nearby protostellar sources. C1-S is thus
identified as a massive (∼ 50M ! ), compact (∼ 0.1pc diameter) starless core, e.g., with no signs of outflow activity.
Being highly deuterated, this is a promising candidate for a pre-stellar core on the verge of collapse. An analysis of its
dynamical state indicates a sub-virial velocity dispersion compared to a trans-Alfvénic turbulent core model. However,
virial equilibrium could be achieved with sub-Alfvénic conditions involving ∼ 2mG magnetic field strengths.
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Imaging of dust continuum emitted from disks around nearby protostars reveals diverse substructure. In recent years,
theoretical efforts have been intensified to investigate in how far the intrinsic dynamics of protoplanetary disks (PPDs)
can lead to such features. Turbulence in the realm of non-ideal magnetohydrodynamics (MHD) is one candidate for
explaining the generation of zonal flows which can lead to local dust enhancements. Adopting a radially-varying
cylindrical disk model, and considering combinations of vertical and azimuthal initial net flux, we perform 3D non-
ideal MHD simulations aimed at studying self-organization induced by the Hall effect in turbulent PPDs. To this end,
new modules have been incorporated into the Nirvana-iii and fargo3d codes. We moreover include dust grains,
treated in the fluid approximation, in order to study their evolution subject to the emerging zonal flows. In the regime
of a dominant Hall effect, we robustly obtain large-scale organized concentrations in the vertical magnetic field that
remain stable for hundreds of orbits. For disks with vertical initial net flux alone, we confirm the presence of zonal
flows and vortices that introduce regions of super-Keplerian gas flow. Including a moderately strong net-azimuthal
magnetic flux can significantly alter the dynamics, partially preventing the self-organization of zonal flows. For plasma
beta-parameters < 50, large-scale near-axisymmetric structures develop in the vertical magnetic flux. In all cases, we
demonstrate that the emerging features are capable of accumulating dust grains for a range of Stokes numbers.
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Being highly deuterated, this is a promising candidate for a pre-stellar core on the verge of collapse. An analysis of its
dynamical state indicates a sub-virial velocity dispersion compared to a trans-Alfv«enic turbulent core model. However,
virial equilibrium could be achieved with sub-Alfv«enic conditions involving ! 2mG magnetic Þeld strengths.
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Current models of (exo)planet formation often rely on a large inßux of so-called ÔpebblesÕ from the outer disk into
the planet formation region. In this paper, we investigate how the formation of pebbles in the cold outer regions of
protoplanetary disks and their subsequent migration to the inner disk can alter the gas-phase CO distribution both
interior and exterior to the midplane CO snowline. By simulating the resulting CO abundances in the midplane as
well as the warm surface layer, we identify observable signatures of large-scale pebble formation and migration that
can be used as Ôsmoking gunsÕ for these important processes. SpeciÞcally, we Þnd that after 1 Myr, the formation and
settling of icy pebbles results in the removal of up to 80% of the CO vapor in the warm (T > 22 K) disk layers outside
the CO snowline, while the radial migration of pebbles results in the generation of a plume of CO vapor interior
the snowline, increasing the CO abundance by a factor! 2" 6 depending on the strength of the turbulence and the
sizes of the individual pebbles. The absence of this plume of CO vapor in young nearby disks could indicate e! cient
conversion of CO into a more refractory species, or a reduction in the radial mass ßux of pebbles by, for example, disk
inhomogeneities or early planetesimal formation.
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We want to investigate how planet formation is imprinted on stellar surface composition using up-to-date stellar
evolution models. We simulate the evolution of pre-main-sequence stars as a function of the e! ciency of heat injection
during accretion, the deuterium mass fraction, and the stellar mass. For simplicity, we assume that planet formation
leads to the late accretion of zero-metallicity gas, diluting the surface stellar composition as a function of the mass
of the stellar outer convective zone. We adopt 150M ! (M ! / M " )(Z / Z" ) as an uncertain but plausible estimate of the
mass of heavy elements that is not accreted by stars with giant planets, including our Sun. By combining our stellar
evolution models to these estimates, we evaluate the consequences of planet formation on stellar surface composition.
We show that after the Þrst ! 0.1 Myr, the evolution of the convective zone follows classical evolutionary tracks within
a factor of two in age. We Þnd that planet formation should lead to a scatter in stellar surface composition that is
larger for high-mass stars than for low-mass stars. We predict a spread in [Fe/H] of approximately 0.02 dex for stars
with Te! ! 5500 K, marginally compatible with di " erences in metallicities observed in some binary stars with planets.
Stars with Te! # 7000 K may show much larger [Fe/H] deÞcits, by 0.6 dex or more, compatible with the existence of
refractory-poor ! Boo stars. We also Þnd that planet formation may explain the lack of refractory elements seen in
the Sun as compared to solar twins, but only if the ice-to-rock ratio in the solar-system planets is less than$ 0.4 and
planet formation began less than$ 1.3 Myr after the beginning of the formation of the Sun.
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