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Abstract

Earth’s carbon deficit has been an persistent problem in our understanding of the formation of our solar system. A
possible solution would be the sublimation of carbon grains at the so-called soot line (∼300 K) early in the planet-
formation process. Here, we argue that the most likely signatures of this process are an excess of hydrocarbons and
nitriles inside the soot line, and a higher excitation temperature for these molecules compared to oxygen-bearing
complex organics that desorb around the water snowline (∼100 K). Such characteristics have been reported in the
literature, for example, in Orion KL, although not uniformly, potentially due to differences in the observational
settings and analysis methods of different studies or the episodic nature of protostellar accretion. If this process is
active, this would mean that there is a heretofore unknown component to the carbon chemistry during the
protostellar phase that is acting from the top down—starting from the destruction of larger species—instead of
from the bottom up from atoms. In the presence of such a top-down component, the origin of organic molecules
needs to be re-explored.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Protostars (1302)

Supporting material: machine-readable table

1. Introduction

One of the main goals in the fields of exoplanets and planet
formation is to determine the composition of terrestrial,
potentially habitable, planets and to link this to the composition
of protoplanetary disks. A longstanding puzzle in this regard is
the Earth’s severe carbon deficit. Earth is four orders of
magnitude depleted in carbon compared to interstellar grains,
and two well-characterized comets, 1P/Halley and 67P/
Churyumov–Gerasimenko (hereafter 67P; e.g., Geiss 1987;
Bergin et al. 2015; Rubin et al. 2019). The exact depletion is
uncertain, as a significant amount of carbon could be present in
the Earth’s core, but even generous upper limits suggest one to
two orders of magnitude depletion for the bulk Earth (see e.g.,
Marty 2012; Fischer et al. 2020; Li et al. 2020). A similar
amount of depletion is seen in CI chondrites, which are thought
to represent the most primitive material in the solar system and
otherwise reflect solar abundances in terms of composition
(Wasson & Kallemeyn 1988). Moreover, this problem exists
beyond the solar system, as carbon deficits in polluted white
dwarfs are indicative of the accretion of carbon-depleted rocky
material (e.g., Jura 2006).

The only solution to this conundrum is that in the inner few
astronomical units of planet-forming systems, carbon has to be
in the gas phase instead of the refractory phase, and as such,
becomes unavailable for accretion onto rocky bodies. Thus,
there must be a mechanism to destroy carbon grains while
leaving silicate grains intact. Furthermore, this must happen
prior to planetesimal formation, as it is much easier to destroy
smaller grains than it is to break apart planetesimals and
entirely ablate them. This points toward the early embedded
phases in the evolution of young stars before significant grain
growth sets in, i.e., the Class 0 and early Class I protostellar
stages. As this mechanism is central to the supply of carbon to
terrestrial worlds, constraining it is of fundamental importance.
Carbon-grain destruction has been explored in the literature

with a primary focus on oxidation (e.g., Finocchi et al. 1997;
Lee et al. 2010; Gail & Trieloff 2017), but detailed models by
Anderson et al. (2017) and Klarmann et al. (2018) suggest that
this mechanism is ineffective.
Here, we focus on sublimation of refractory carbon grains at

a location that can be labeled the “soot line” (Kress et al. 2010).
Although the specific molecular form of carbon in grains is
unknown, the majority of refractory carbon-rich solids are
sublimating at temperatures between ∼350 and 450 K (Nakano
et al. 2003; Gail & Trieloff 2017; Li et al. 2020). If the process
of carbon-grain sublimation is indeed active, this would mean
that there is a heretofore unrecognized contributor to the rich
carbon chemistry. This pathway acts from the top down, that is,
starting from the destruction of larger molecules, instead of
from the bottom up as in traditional gas and ice chemistry (see
also Tielens 2011 for a discussion on top-down chemistry). In
Section 2, we outline what the observational signatures of
carbon-grain sublimation could be. In Section 3 we review
whether there is current evidence that this process is happening
and in Section 4 we discuss future steps to establish whether
carbon-grain sublimation is a common process during star- and
planet formation.

2. Signatures of Carbon-grain Sublimation and Top-down
Chemistry

In hot cores, it is common to think of molecular abundance
changes across the water snowline (∼100 K) as many complex
molecules have binding energies similar to water. A simple
approach would therefore be to look for an additional change in
the chemical structure at the temperature of carbon-grain
sublimation (see Figure 1, top panel). The questions then
become what these signatures are and where to look for them.
Before we explore these issues we need to address the

sublimation temperature of carbonaceous grains, which is
∼425 K for pressures representing the regions in the solar
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nebula disk at a few astronomical units from the Sun (i.e., the
formation zone for meteoritic material; Nakano et al. 2003;
Gail & Trieloff 2017; Li et al. 2020). This number is based
upon the recent analysis of Li et al. (2020), who note that
meteoritic constraints bound the sublimation temperature of the
main carbon carrier to be within 200–650 K. Drawing upon the
laboratory experiments of cometary organic analogs of Nakano
et al. (2003) we adopt their number of 425 K. Sublimation has a
well characterized exponential relation between pressure and
temperature (e.g., the Clapeyron–Classius equation). To obtain
a rough estimate of the sublimation temperature at hot-core
pressures we use the dPvap/dT (where Pvap is the vapor
pressure) relations of polycyclic aromatic hydrocarbons
(PAHs) characterized in the lab (Goldfarb & Suuberg 2008;
Aslam Siddiqi et al. 2009) and assume that only the density of
H2 and temperature changes (i.e., abundance is constant).
Based on these dependencies (see also, Bergin &
Cleeves 2018), we obtain a (very) rough estimate of ∼300 K
for the temperature of carbon-grain destruction at reduced
pressures (densities of 107–108 H2 cm−3, 300 K; P∼10−13

bar) in the inner region around protostars, compared to the
inner disk (P(1 au)∼10−6 bar; D’Alessio et al. 2005). We
note that strictly speaking the above relations refer to pure ices

and the temperature of the medium. In this case the temperature
refers to the gas and dust temperature, which are coupled in
these regions.

2.1. Excess Carbon and Nitrogen

The most obvious effect of carbon-grain sublimation is a
flooding of the gas with carbon. Since most of the oxygen is
expected to be locked up in water (Bergin & Snell 2002;
Caselli et al. 2012), this carbon enters gas that is rich in
hydrogen, nitrogen (mostly in N2), CO, and H2O. Carbon will
therefore most likely react to form hydrocarbons and nitriles
(molecules with a C≡N bond, such as HCN and CH3CN) as
shown in chemical models of protoplanetary disks in which the
destruction of carbon grains is simulated by an excess of C+

(Wei et al. 2019). This gets complicated by the fact that some
hydrocarbons and nitriles also form bottom up in the gas or ice.
However, based on the cometary inventory, there is

significantly more nitrogen contained in refractories than in
volatile ices (Rice et al. 2018; Rubin et al. 2019). Carbon is
similar to nitrogen in comet 67P, and both are distinct from
oxygen, which is twice as abundant in volatile ices as in
refractory organics (Rubin et al. 2019). The refractory C/N
elemental ratio in carbonaceous chondrites, in comets 1P/Halley

Figure 1. Top panel:schematic of the temperature and chemical structure around a protostar (not to scale). In the outermost part of the envelope, complex organic
molecules (COMs) are present in the ice, where they have been formed, for example, through a sequence of hydrogenation reactions starting with the hydrogenation of
CO (that is, bottom up). When the temperature exceeds ∼100 K at the water snowline (dashed black line; a few 10 s of au for 1 Le), the COMs desorb off the dust
grains and may continue to react in the gas phase. Inside the soot line (∼300 K at a few au for 1 Le; solid black line), carbon grains sublimate, providing a top-down
component to the chemistry (depicted with orange dots) that enriches the gas with carbon and nitrogen. Bottom panels: schematic of the evolution of the temperature
and chemistry for a low-mass protostar that undergoes an accretion burst, using the same lines and color coding as in the top panel. Depending on the strength of the
burst, the soot line may or may not shift past the quiescent snowline location. In the scenario illustrated here, the soot line does not shift past the quiescent snowline.
The duration of the different phases is indicated above the panels. See Section 2.3 for details.
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and 67P, is ∼5–30 (Jessberger et al. 1988; Bergin et al. 2015;
Rubin et al. 2019). Assuming 50% of the elemental carbon is in
refractory form (150 ppm with respect to H; Mishra & Li 2015)
then the destruction of carbon grains releases 5–30 ppm of
refractory nitrogen into the gas. This is about 10%–50% of the
present day cosmic nitrogen abundance (Nieva &
Przybilla 2012).

Recently, evidence of the presence of ammonium salts was
reported in comet 67P, providing an additional nitrogen-
bearing component (Altwegg et al. 2020; Poch et al. 2020).
These works derive an upper limit of 40 wt% for the mass
fraction of ammonium salts, but depending on the composition
of the salts, a 10 wt% mass fraction can be enough for a solar
C/N ratio (∼3.4, Lodders 2010) for the entire comet. In these
cases, ∼10% to almost 40% of all nitrogen, respectively, would
be in refractories. Sublimation of carbon grains with these
compositions would then release 9–36 ppm of refractory
nitrogen. Furthermore, the desorption temperature of ammo-
nium salts (roughly 200–250 K, Clementi & Gayles 1967;
Raunier et al. 2004; Bossa et al. 2008; Danger et al. 2011;
Vinogradoff et al. 2011; Noble et al. 2013; Bergner et al. 2016)
is higher than that of water and comparable to that of refractory
carbon. In the outlined scenarios, ∼60%–90% of all nitrogen is
expected to be in ammonium salts, so these salts could deliver
an additional amount of nitrogen to the gas inside the soot line.

Sublimation of carbon grains would thus lead to an excess of
carbon and nitrogen in the gas phase (see Figure 1, top panel).
The exact form in which these elements will be released (e.g.,
N along with C or NH with CH or C with CN or larger
fragments) is unknown. If PAHs are freed, this carbon will not
be readily available for gas-phase chemistry. However, both
low- and high-mass protostars lack PAH emission (van
Dishoeck & van der Tak 2000; Geers et al. 2009), while
according to radiative transfer models, PAH emission should
always be detectable in Herbig Ae/Be disk/envelope systems
if they are present (Manske & Henning 1999). It seems
therefore unlikely that the 90% of carbon that is missing in
inner solar system bodies is present in PAHs. Another
unknown is which molecules will be formed exactly and in
what amounts. However, cometary compositions indicate that
the top-down signal could dominate over the bottom-up
contribution. Finally, it is possible that a highly refractory
component might exist (e.g., SiC), but the carbon deficit in
even the most primitive meteorites requires significant carbon-
grain destruction to the order of 90% (Bergin et al. 2015) at the
time these materials are isolated from the gaseous nebula.

2.2. Isotopic Fractionation

In the ISM, only <17±11% of all nitrogen is contained in
refractories, while this is 20%–85% in comets (Jensen et al.
2007; Bergin et al. 2015; Rice et al. 2018; Rubin et al. 2019).
At some point during the star formation process, nitrogen must
thus be captured and placed into refractory material. The
detection of benzonitrile in dark clouds suggest that there may
be a pathway to do this at low temperatures (McGuire et al.
2018). Signatures of low-temperature formation, such as
isotope fractionation, may therefore be present in the nitrogen
that comes free upon grain sublimation. This may distinguish
molecules formed through this top-down process from species
formed in the gas through a bottom-up pathway. However,

complex nitrogen-bearing molecules formed in the ice may
carry similar fractionation features.

2.3. Higher Excitation Temperature for N-COMs

Observing the predicted excess of hydrocarbons and nitriles
inside the soot line would require spatially resolving the
300 K region. Protostars are the best sources to target because
(1) the sublimation has to happen early in the planet-formation
process and (2) the soot line is at larger distances than in
protoplanetary disks due to the higher accretion rates of these
younger systems and their different density structures result in
less shielding of the stellar irradiation. If the soot line is not
resolved, a comparison of the excitation temperatures of
nitrogen-bearing and oxygen-bearing complex organic mole-
cules (N-COMs and O-COMs, respectively) could still indicate
whether carbon-grain sublimation is taking place: the excitation
temperatures of N-COMs, enhanced at temperatures 300 K,
will be higher than those of O-COMs that will be uniformly
present inside the water snowline (100 K; Figure 1, top
panel). In the case of a large abundance of N-COMs formed
through bottom-up chemistry outside the snowline, N-COM
emission may be characterized by a hot (300 K) and cold
component. However, whether a temperature signal can be
observed will depend on the extent of the 300 K region
within the telescope beam, and is thus not as good a diagnostic
as spatial differentiation.
A separate complication is that the temperature profile itself

will change as the young star evolves. Accretion is episodic
(see e.g., Hartmann & Kenyon 1996; Evans et al. 2009; Scholz
et al. 2013) and enhanced accretion rates cause the luminosity
and thus the temperature to increase. This leads to chemical
changes due to the soot line and snowlines moving outward
(e.g., Lee 2007; Visser & Bergin 2012 and see Figure 1, burst
panel). Catching a protostar during such a burst phase would
thus make the detection of grain-sublimation signatures easier.
Post-burst, the dust and gas temperature rapidly decay (∼1 yr)
to levels associated with the quiescent protostellar luminosity
(Johnstone et al. 2013). However, chemical changes persist and
sublimated molecules remain in the gas phase in the inner
envelope for a depletion timescale of ∼102–103 yr (Lee 2007;
Visser & Bergin 2012). Thus it is possible that a chemical
signature of carbon-grain sublimation is present even in cases
where the temperature signature is absent (see Figure 1, post-
burst panel).
If the soot line does not get shifted past the quiescent

snowline location, the species formed inside the extended soot
line will remain present in the gas phase (see Figure 1,
quiescent panel). Alternatively, if the burst pushes the soot line
beyond the quiescent snowline location, newly formed species
outside the quiescent snowline will also freeze out. In this
scenario there will be no spatial differentiation between gas-
phase N-COMs and O-COMs as they both extend out to the
quiescent snowline location. During the quiescent phase, it will
thus depend on the burst location of the soot line compared to
the quiescent location of the snowline whether there is a spatial
difference between N-COMs and O-COMs. If the spatial
difference is small or absent, the only signal of carbon-grain
sublimation may be an enhanced abundance of N-COMs.
Whether a clear signature can be observed for an individual
protostar will thus depend on the time since its last accretion
burst and the strength of that and potentially previous bursts.
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3. Observational Evidence for Carbon-grain Sublimation
and Top-down Chemistry

An increased abundance of hydrocarbons and nitriles inside
the soot line, a smaller spatial extent for these species compared
to oxygen-bearing COMs, and/or higher excitation tempera-
tures than O-COMs are thus expected signatures for sublima-
tion of carbon grains. A clear manifestation of these signatures
may be complicated by the occurrence of accretion bursts and
the presence of N-COMs formed through bottom-up chemistry.
Is there any evidence in the literature that this process is indeed
taking place?

3.1. N-COM/O-COM Spatial Distribution and Abundance
Correlation

Probably the most well-known example of N-COMs tracing
different regions than O-COMs is Orion KL, where the
N-COMs are associated with the hot core while O-COMs are
predominantly found toward the compact ridge (e.g., Blake
et al. 1987; Friedel & Snyder 2008). The total abundance of
N-COMs in the hot core is more than an order of magnitude
higher than in the colder compact ridge (Crockett et al. 2014).
If what we are seeing here is the result of carbon-grain
sublimation, this process may thus indeed result in observable
enhancements of N-COMs.

A similar spatial differentiation was also observed toward the
high-mass star-forming region W3, where N-COMs are found
only toward the W3(H2O) core while O-COMs are present in
both the W3(H2O) and W3(OH) regions (Wyrowski et al.
1999), and G34.26+0.15, where emission from N- and
O-COMs peak at different positions within the core (Mookerjea
et al. 2007). Recent high-resolution observations (�0 5) reveal
differences in AFGL 2591 VLA 3 (Jiménez-Serra et al. 2012;
Gieser et al. 2019), AFGL 4176 (Bøgelund et al. 2019), G35.20
core B (Allen et al. 2017), and G328.2551-0.5321 (Csengeri
et al. 2019). In these high-mass sources, the N-COMs are found
to peak on source, while the O-COMs peak offset from the
central protostar. In addition, Fayolle et al. (2015) find that the
N-COMs are generally concentrated toward the source centers
in the three massive young stellar objects NGC 7538 IRS9, W3
IRS5, and AFGL490, while O-COM emission is more
extended.

A hint of more compact emission from N-COMs than
O-COMs is also observed for the disk around the outbursting
star V883-Ori (Lee et al. 2019). This result is tentative, because
due to the vertical temperature structure of disks and the dust
being optically thick in the inner ∼40 au in this system (Cieza
et al. 2016) we may be seeing effects in the disk surface layers
rather than the inner-disk midplane.

However, the spatial differentiation between N-COMs and
O-COMs is not always black and white. For example, the
O-COMs ethylene glycol ((CH2OH)2) and acetic acid
(CH3COOH) have a spatial distribution in Orion KL different
from most other O-bearing molecules (Brouillet et al. 2015;
Favre et al. 2017) and the overall distribution of acetone
((CH3)2CO) is similar to that of ethyl cyanide (C2H5CN) (Peng
et al. 2013).

Another hint of a difference between N-COMs and O-COMs
is found when comparing molecular abundances. Abundances
of O-COMs are often found to be correlated, while N-COMs
either tend to show stronger correlations with other N-COMs
rather than O-COMs, or show no correlation with any other

molecule (e.g., Bisschop et al. 2007; Bergner et al. 2017;
Suzuki et al. 2018). This is also not uniform as, for example,
C2H3CN and C2H5CN were found to be correlated with
CH3OCH3 by Fontani et al. (2007), and Belloche et al. (2020)
found a strong correlation between CH3OH and CH3CN.
However, these results should be regarded with caution, as a
correlation across sources does not necessarily reflect an actual
chemical relationship but may also reflect underlying physical
differences (e.g., temperatures, column densities, or simply
variations in the reference species).

3.2. Excitation Temperature of N-COMs and O-COMs

Differences in excitation temperatures of N-COMs compared
to O-COMs have been observed for Orion KL, with the
N-COMs tracing hotter gas (∼300 K) than the O-COMs
(Crockett et al. 2015). The latter are consistent with sublima-
tion alongside water around ∼100 K. A similar picture emerges
for Sgr B2(N2), although the temperature differences are
smaller (Belloche et al. 2016). On the other hand, O-COMs
toward IRAS 16293–2422 B can be divided in two groups
based on their excitation temperature (∼125 K versus ∼300 K;
Jørgensen et al. 2018), consistent with different binding
energies. N-COMs generally have excitation temperatures of
100–150 K (Calcutt et al. 2018a, 2018b), but a high-
temperature component may be hidden inside the unresolved
soot line or by the optically thick dust.
To assess whether a difference in excitation temperature is a

widespread phenomenon, we compiled an overview of the
existing literature that reports excitation temperatures for at
least one N-COM and one O-COM. Because not all studies
observe the same molecules, Figure 2 (top panel, and see also
Table 1) shows the highest reported excitation temperature for
N-COMs versus that of O-COMs for each source in a particular
study. Molecules with less than five atoms and molecules
containing both nitrogen and oxygen, like HNCO and
NH2CHO, are excluded. While there clearly are a large number
of cases where a higher excitation temperature is reported for
N-COMs than for O-COMs (64 out of 144 entries; 44%), this is
certainly not always the case. Possible explanations will be
discussed in Section 4.

4. Discussion and Outlook

The spatial differentiation between N-COMs and O-COMs
has been a longstanding problem (Blake et al. 1987). Initially,
this was attributed to different ice compositions, because the
relative amount of ammonia (NH3) ice had a large impact on
the CH3CN/CH3OH ratio in the chemical models from
Charnley et al. (1992) and Rodgers & Charnley (2001).
However, more recent models do not predict a correlation
between the CH3CN/CH3OH gas ratio and the NH3/CH3OH
ice ratio (Garrod 2013), consistent with observations of both
low- and high-mass protostars (Fayolle et al. 2015; Bergner
et al. 2017). Another explanation given in the literature is based
on a difference in temperature between regions in combination
with a different warm-up timescale, and hence evolutionary
stage (e.g., Caselli et al. 1993; Garrod et al. 2008; Allen et al.
2018).
Here, we suggest the thermal destruction of carbon grains

inside the soot line (∼300 K) as the underlying reason for the
differences in distribution between N-COMs and O-COMs:
regions rich in N-COMs are currently heated to temperatures
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above ∼300 K, or have been in the past. While a different
thermal history and evolutionary stage may explain the spatial
differentiation and differences in excitation temperature, only
carbon-grain sublimation can simultaneously explain the low
carbon and nitrogen content of the Earth and CI chondrites, and
the carbon-depleted pollution seen in white dwarf atmospheres.
As outlined in Section 3 and visualized in Figure 2, a

coherent picture indicating that carbon-grain sublimation is a
common phenomenon during star formation does not yet exist.
A complicating factor that could contribute to the non-
uniformity in observed spatial distributions and abundance
correlations is that carbonaceous material could contain a small
amount of oxygen. For example, about 25% of elemental
oxygen is unaccounted for in the interstellar medium (e.g.,
Whittet 2010; Poteet et al. 2015). There is some insight here
from meteorites, as insoluble organic matter contains 22 O
atoms for every 100 C atoms (Remusat 2014), which is roughly
consistent with interstellar inferences. Thus, there is likely
some oxygen-bearing organic material released as carbon
grains are ablated.
Figure 2 displays a wide spread in excitation temperatures

derived for both N-COMs and O-COMs (from a few K up
to>500 K). In addition, there is no clear correlation between
the highest temperature for N-COMs and that for O-COMs, as
N-COMs can be more than twice as hot as O-COMs but also
more than twice as cold. The spread in excitation temperatures
could be due to the heterogeneity of observations and analysis
methods (see the middle panel of Figure 2 for an overview of
studies toward Orion KL). In addition to different spatial
resolutions with respect to the size of the soot line, a relevant
difference between studies is the covered wavelength range, as
this determines which molecules are observed, the number of
lines per molecule, and the upper level energies of these lines.
The latter can complicate conclusions about the spatial extent
of a molecule, as even typical hot-core molecules, such as
CH3OH and CH3CN, can be observed in the outer envelope
when observing low-energy transitions (e.g., Öberg et al.
2013). In addition, these molecules often require both a hot and
cold component to explain observations, and this hot comp-
onent could be missed when only lines with low upper level
energies are targeted.
Furthermore, differences could result from different analysis

techniques. In general, excitation temperatures are derived from
rotational diagrams or from fitting the observed spectrum, but
different assumptions about beam dilution and/or optical depth
could give significantly different results (see e.g., Gibb et al.
2000). Finally, rotational temperatures can be higher than the
kinetic temperature due to optical depth effects and/or infrared
pumping (see, e.g., Churchwell et al. 1986) and for large-scale
single-dish studies the critical density and dipole moment of a
species may be more important for the excitation than the
temperature. Equal or lower excitation temperatures for
N-COMs therefore do not necessarily indicate that carbon-
grain sublimation is not occurring.
However, also systematic surveys do not present a uniform

picture (see the bottom panel of Figure 2 for results from the
survey by Widicus Weaver et al. 2017). The spread could
illustrate that the soot line is not resolved in all sources, but
sources with higher N-COM excitation temperatures span the
entire luminosity and distance range among the high-mass
sources in the sample. Another explanation could therefore be

Figure 2. Highest excitation temperature among all nitrogen-bearing
COMs versus that among all oxygen-bearing COMs reported in a study
for a protostellar source. The top panel provides an overview of the
literature, while the middle panel only shows results for Orion KL and
the bottom panel only shows results from the survey by Widicus Weaver
et al. (2017). References are listed in Table 1. The shape of the symbols
indicate whether the highest excitation temperature for the N-COMs is for
CH3CN (circle) or for another species (square). The color of the symbols
indicate whether the highest excitation temperature for the O-COMs is for
CH3OH (black) or for another species (teal). The dashed lines mark
where the excitation temperature for N-COMs is twice that, equal to, and half
of the O-COMs.
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Table 1
Overview of Literature Presenting Excitation Temperatures for Both N- and O-COMs in Protostars

Source Name Source Type Tex(N-COM)a Tex(O-COM)b Tex(CH3CN)
c Tex(CH3OH)

d Sign of Telescope Analysis Reference
(K) (K) (K) (K) CGSe Methodf

AFGL 2591 VLA 3 High mass 150±20 124±12 n/a L yes SMA RD Jiménez-Serra et al. (2012)
L L 218±2 162±2 199±1 L yes IRAM 30 m + NOEMA M Gieser et al. (2019)

AFGL 4176 High mass 270±40 310±75 L 120±15 L ALMA M Bøgelund et al. (2019)
AFGL 490 High mass 164±78 102±67 L L yes IRAM 30 m + SMA RD Fayolle et al. (2015)
B1-a Low mass 33±9 22±5 L n/a yes IRAM 30 m RD Bergner et al. (2017)
B1-c Low mass 18±2 4±1 L n/a yes IRAM 30 m RD Bergner et al. (2017)
B5 IRS 1 Low mass 11±2 17±2 n/a L L IRAM 30 m RD Öberg et al. (2014), Bergner et al. (2017)
Cep E-A Int. mass 32±4 37±1 L 27±5 L IRAM 30 m + NOEMA RD Ospina-Zamudio et al. (2018)
DR21(OH) High mass 55 252 L L L OSO RD Kalenskii & Johansson (2010a)

L L 79±11 138±24 56±2 92±2 L CSO M Widicus Weaver et al. (2017)

144g 64h

Notes.
a Highest excitation temperature among all N-bearing COMs in the study.
b Highest excitation temperature among all O-bearing COMs in the study.
c Excitation temperature of CH3CN (or isotopologue) if this was not the highest temperature for all N-COMs. “n/a” means no Tex is available for CH3CN.
d Excitation temperature of CH3OH (or isotopologue) if this was not the highest temperature for all O-COMs. “n/a” means no Tex is available for CH3OH.
e Sign of carbon-grain sublimation, i.e., Tex higher for N-COMs than O-COMs.
f Method used to derive the excitation temperatures. Here we only make a broad distinction between rotational diagram analysis (RD) or spectral modeling (M).
g Total number of entries.
h Total number of entries showing a sign of carbon-grain sublimation.

(This table is available in its entirety in machine-readable form.)
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that a clear signature of carbon-grain sublimation may not be
present for all sources. The episodic nature of the protostellar
accretion could erase the spatial difference between N-COMs
and O-COMs as well as differences in their excitation
temperature (see Figure 1). The fraction of sources in the
post-burst phase (with the O-COMs spatially more extended
than the N-COMs) is equal to the freeze-out timescale divided
by the burst interval. The O-COMs have desorption tempera-
tures similar to water, so their freeze-out timescale is ∼1000 yr
(Visser et al. 2015). Several studies estimate that the burst
interval is 20,000–50,000 yr (e.g., Scholz et al. 2013;
Jørgensen et al. 2015), while Hsieh et al. (2019) derive an
interval of ∼2400 years during the Class 0 phase. This means
that we would expect 2%–5% up to 40% of protostars in the
post-burst phase. These numbers are not inconsistent with the
number of studies finding higher excitation temperatures for
N-COMs than for O-COMs in Figure 2. A caveat here is that it
is unclear whether burst statistics for low-mass sources also
apply for high-mass sources, which make up the majority
(80%) of Figure 2.

To unambiguously establish the presence of carbon-grain
sublimation, large systematic surveys are thus required that
spatially probe the soot line as well as cover a large number of
lines with a range of upper level energies of many different
molecular species. Chemical models incorporating the thermal
destruction of carbon grains (such as done for protoplanetary
disks by Wei et al. 2019) could help indicate what species are
good indicators. The best candidates to establish the occurrence
of carbon-grain sublimation are sources with a clear spatial
differentiation between N- and O-COMs (as listed in
Section 3.1). A deep spectral survey and detailed analysis
(e.g., of warm hydrocarbons) could reveal whether the
observed distributions are consistent with suggested accretion
shocks at the disk-envelope interface or with sublimation of
carbon grains. Although the study of low-mass sources may be
more appropriate to understand the formation of the solar
system and its analogs, the larger >300 K region makes high-
mass sources the more accessible astrochemical laboratories.

If carbon-grain sublimation is happening, it would mean that
there is an unexplored top-down component to protostellar
chemistry, that starts from the destruction of larger structures
instead of from atoms. The implications for astrochemistry, the
origin of organic molecules, and carbon delivery to terrestrial
worlds then needs to be re-explored.
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