A&A, 687, A263 (2024)
https://doi.org/10.1051/0004-6361/202347033
© The Authors 2024

tronomy
Astrophysics

Correlations among complex organic molecules around
protostars: Effects of physical structure

P. Nazari!®, B. Tabone?®, G. P. Rosotti'->, and E. F. van Dishoeck'-*

! Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands

e-mail: nazari@strw.leidenuniv.nl

2 Université Paris-Saclay, CNRS, Institut d’Astrophysique Spatiale, 91405 Orsay, France
3 Dipartimento di Fisica ‘Aldo Pontremoli’, Universita degli Studi di Milano, via G. Celoria 16, 20133 Milano, Italy
4 Max Planck Institut fiir Extraterrestrische Physik (MPE), Giessenbachstrasse 1, 85748 Garching, Germany

Received 28 May 2023 / Accepted 14 April 2024

ABSTRACT

Context. Complex organic molecules have been observed toward many protostars. Their column density ratios are generally constant
across protostellar systems, with some low-level scatter. However, the scatter in the column density ratio of formamide (NH,CHO) to
methanol (CH3;OH), N, cHo/Nch,om. is one of the highest compared to other ratios. The larger scatter for Nnp,cHo/Ncn,on (or weak
correlation of these two molecules) is sometimes interpreted as evidence of gas-phase formation of NH,CHO.

Aims. In this work, we propose an alternative interpretation in which this scatter is produced by differences in the snowline locations
related to differences in binding energies of these species (formamide typically has a 22000 K larger binding energy than methanol)
and the small-scale structure of the envelope and the disk system. Therefore, we do not include chemistry in our models in order to
isolate the effect of physical factors. We also include CH3CN in our work as a control molecule, as it has a similar binding energy to
CH;OH.

Methods. We used radiative transfer models to calculate the emission from NH,CHO, CH;OH, and CH;CN in protostellar systems
with and without disks. The abundances of these species were parameterized in our models, and we fit the calculated emission lines to
find the column densities and excitation temperatures of these species, as done in real observations.

Results. Given the difference in binding energies of NH,CHO and CH3OH, we find the gas-phase Nnpu,cHo/Nch,on needs to be
multiplied by a correction factor of approximately ten in order to give the true abundance ratio of these two species in the ices. This
factor is much smaller (i.e., ~2) for Ncy,en/Ncnson (the control molecule). We find that models with different disk sizes, luminosities,
and envelope masses produce a scatter in this correction factor, and hence in Nxu,cHo/Nch,0n, comparable with that of observations.
The scatter in Nxp,cro/Ncuson is larger than that of Ney,en/Nen,on in models consistent with the observations. However, the scatter
in the models for Ncu,cn/Nen,on is smaller than observations by a factor of around two, as expected from the similar binding energies
of CH;0H and CH;CN pointing to the need for some chemical effects in the gas or ice to explain the observed ratios. We show that
the scatter in Nyu,cro/Nchon Will be lower than previously measured if we correct for the difference in sublimation temperatures of
these two species in observations of ~40 protostellar systems with ALMA.

Conclusions. The scatter in Nnu,cro/Ncu,on (or the ratio of any two molecules with a large binding energy difference) can be partially
explained by the difference in their binding energies. Correction for this bias makes the scatter in this ratio similar to that in ratios of
other complex organics in the observations, making NH,CHO a “normal” molecule. Therefore, we conclude that gas-phase chemistry
routes for NH,CHO are not necessary to explain the larger scatter of Nxy,cro/Ncu;on compared with other ratios.

Key words. astrochemistry — radiative transfer — stars: protostars — ISM: abundances — ISM: molecules

1. Introduction

The protostellar phase is one of the richest phases of star forma-
tion in species such as complex organic molecules. These species
are defined as having six or more atoms, including carbon and
hydrogen (Herbst & van Dishoeck 2009; Ceccarelli et al. 2017).
Numerous studies have focused on analyzing these molecules
toward both low- and high-mass protostars (Blake et al. 1987;
van Dishoeck et al. 1995; Beltran et al. 2009; Jgrgensen et al.
2016; Rivilla et al. 2017; van Gelder et al. 2020; McGuire 2022;
Baek et al. 2022; Codella et al. 2022; Ligterink et al. 2022),
and many of these studies have looked for correlations between
column densities of various complex organics to obtain clues
regarding their formation pathways (e.g., Belloche et al. 2020;
Coletta et al. 2020; Ligterink et al. 2020; Allen et al. 2020; Law
et al. 2021; Martin-Doménech et al. 2021; Taniguchi et al. 2023).
In particular, a lack of correlation between observed column

densities (or large scatter in the column density ratios) for many
sources is often interpreted as indicating the importance of gas-
phase chemical routes in the production and/or destruction of a
molecule (e.g., Yang et al. 2021; Chahine et al. 2022). This is
because a small scatter in the observed column density ratios
(i.e., strong correlation) found for various sources indicates sim-
ilar physical conditions for the formation environment of these
species in different sources (Quénard et al. 2018; Belloche et al.
2020), which is more probable to be achieved on ices in the pre-
stellar phase rather than in the gas (Coletta et al. 2020). Hence,
if large scatters are observed, their formation environments are
thought to be different, and that is achieved more easily in the
gas. However, the latter conclusion should be made with caution.

Chemical effects are not the only way of producing a scatter
in the observed column density ratios of two species. Other phys-
ical effects, such as source structure, can affect column density
ratios of molecules with different binding energies and produce a

A263, page 1 of 17

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202347033
https://orcid.org/0000-0002-4448-3871
https://orcid.org/0000-0002-1103-3225
https://orcid.org/0000-0001-7591-1907
mailto:nazari@strw.leidenuniv.nl
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Nazari, P, et al.: A&A, 687, A263 (2024)

scatter. This is because when measuring column densities from
spatially unresolved observations, it is often assumed that the
emitting size is the same for all species around a single proto-
star. However, if two molecules have different binding energies
(i.e., different emitting sizes), this assumption breaks down in
the protostellar disk and envelope, which have a temperature
gradient.

Recently, Nazari et al. (2022a) analyzed the nitrogen-bearing
complex organics (plus methanol for reference; van Gelder et al.
2022b) around ~40 massive protostars and found that in general
column density ratios of different pairs are remarkably constant
across low- and high-mass protostars, with a small degree of
scatter (mostly a factor <2.5 around the mean). They concluded
that the constant ratios point to the similarity of the environ-
ment in which these species form, likely pre-stellar ices (also see
Chen et al. 2023). However, they found a larger scatter in the
column density ratios (factor of about three around the mean)
for molecules with different binding energies. They speculated
that the reason for this large scatter could be the difference
between the location of sublimation fronts of those molecules,
which would result in a correction factor being applied to the
column density ratios. However, they explain that this correction
factor would be roughly constant for each set of two species and
would not result in a scatter unless the protostellar systems have
different source structures. In such a case, the correction factor
would be different for each source. In this work, we examine
how source structure can cause variations in this correction fac-
tor and thus in column density ratios of formamide (NH,CHO) to
methanol (CH3O0H), two molecules with different binding ener-
gies and ratios that showed one of the largest scatters in previous
observations.

In this work, we specifically focus on formamide and
methanol because methanol is known to have a relatively low
(~6500K) binding energy and formamide a high (~9500K)
binding energy (Penteado et al. 2017; Wakelam et al. 2017,
Chaabouni et al. 2018; Ferrero et al. 2020; Minissale et al. 2022).
Therefore, they are expected to trace regions with low tempera-
tures (farther from the protostar) and high temperatures (close
to the protostar), respectively. This was also suggested based
on the measured excitation temperatures of these two species
in Nazari et al. (2022a), with values for methanol clustering
at Tox ~ 100K and for formamide at T., ~ 300K. A differ-
ence between the emitting areas of formamide and methanol has
also been observed with spatially resolved observations toward
one source (HH212; Lee et al. 2022). Given the large difference
between their binding energies, the ratio of Nxu,cHo/Nch,on 1S
the best combination to study the effect of source structure on
the scatter in column density ratios.

Another reason for considering formamide is the ongoing
debate regarding its formation route. Although it is generally
agreed that methanol forms on the surfaces of grains (Watanabe
& Kouchi 2002; Fuchs et al. 2009), it is less clear whether for-
mamide forms in the gas phase or on solids, with both gas and ice
formation pathways having been suggested for formamide (Jones
et al. 2011; Barone et al. 2015; Codella et al. 2017; Haupa et al.
2019; Douglas et al. 2022). Traditionally, the large scatter seen in
NnH,cHO /Nch,0n among various sources would be interpreted as
gas-phase formation of formamide. However, if physical effects
such as differences in source structure can produce the observed
scatter in Nxu,cHo/NcH,0H, gas-phase formation routes are not
necessary for formamide.

Significant scatter in column density ratios as a
result of source structure variations is expected only for
species with a large difference in their binding energies
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(e.g., NH,CHO/CH;30H). However, methyl cyanide (CH3CN)
is also included in this paper as a “control” molecule because
methanol and methyl cyanide are expected to have similar bind-
ing energies (~6500 K; Minissale et al. 2022). Therefore, one
does not expect a scatter in Ncu,en/Ncnson if no chemistry is
included in the models. An example of this additional chemistry
for CH3CN could be the gas-phase formation routes predicted
by some chemical models (Garrod et al. 2022; Taniguchi et al.
2023) or variations in initial ice abundances due to grain surface
chemistry.

In this paper, the envelope-only and envelope-plus-disk mod-
els of low- and high-mass protostars are used to calculate the line
emissions of methanol, formamide, and methyl cyanide using
radiative transfer and taking parametrized abundances. Next,
these lines were fit to find the column densities in the same way
as normally done in an observational analysis. We then find the
column density ratios in models with a range of luminosities,
envelope masses, and disk sizes. Finally, the scatter in the col-
umn density ratios is measured and compared with the findings
from observations.

2. Methods
2.1. Radiative transfer models

This work uses the same models studied in Nazari et al. (2022b,
2023a). We used these models to simulate the temperature struc-
ture of and line emission from low- and high-mass protostellar
systems. A schematic of our methods is presented in Fig. 1. An
envelope-only model and an envelope-plus-disk model were con-
sidered with the same physical structures as in the two papers
mentioned above (see Fig. B.1). In low-mass protostellar disk
models, viscous heating was not included, but it was taken into
account in the high-mass protostellar disk models due to the
higher accretion rates of these objects (Hosokawa & Omukai
2009; Beuther et al. 2017). For the temperature and line emis-
sion calculation, the code RADMC-3D (Dullemond et al. 2012)
version 2.0' was used while assuming local thermodynamic
equilibrium (LTE) excitation. The grid and number of photons
used in these calculations were the same as in Nazari et al.
(2022b, 2023a) for low- and high-mass protostars. A sub-sample
of all the modeled protostars in those studies were considered
here while keeping the range of parameters appropriate for most
observations. Table 1 shows the parameters of the models studied
in this work.

In this work, three molecules are considered: CH3;OH,
NH,CHO, and CH3CN. The abundances of these species were
parameterized. They were calculated using the balance between
adsorption and thermal desorption (Hasegawa et al. 1992). The
calculation of this balance is slightly different from Nazari et al.
(2022b, 2023a), following the recommendations of Minissale
et al. (2022) and Ligterink & Minissale (2023). We included the
appropriate pre-factor when calculating the ice and gas abun-
dances, and this resulted in modifying Eq. (6) of Nazari et al.
(2022b) to
Xice na(zjndS 3kpTgas/m;
Xgas B

ey

e~Ev/Tq VIST

where aq is the dust grain size, nq is the dust number density,
S =1 is the sticking coefficient, Ey, is the binding energy, m;
is the mass of the considered species i, and Tg,s and Ty are

! http://www.ita.uni-heidelberg.de/~dullemond/
software/radmc-3d
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Calculate the
temperature with
RADMC-3D

Set up the density
structure for low- and
high-mass models

>

Find the column densities as
done for real observations

r N

Calculate the emission
from multiple
transitions by ray
tracing in RADMC-3D

Use CASSIS to fit the
calculated lines and
find the column density

Use RADMC-3D to produce line emission from protostellar systems
with varying envelope masses, luminosities and disk sizes assuming

parameterized abundances

Fig. 1. Schematic of our methods. First, RADMC-3D was used to produce the line emission from multiple transitions of methanol, formamide, and
methyl cyanide for a grid of models. Then, we used CASSIS to fit those lines and find the column densities.

Table 1. Parameters of the models.

Envelope-only

Envelope-plus-disk

Parameter (unit) Low-mass High-mass Low-mass  High-mass Description

rin (au) 0.4 10 0.4 10 The inner radius

Fout (A1) 104 5% 10* 10* 5% 10* The outer radius of the envelope
Mg (M) 1,3,5 50, 300, 1000 1,3,5 50, 300, 1000 Envelope mass

Rp (au) - - 20, 50,200 500, 1000, 2000 Disk radius

T4 (K) 5000 40000 5000 40000 Protostellar temperature

M, (My) 0.5 30 0.5 30 Protostellar mass

L (Ly) 2,8,32 5% 10%,10%,5%x 100 2,8,32 5x 102,10*, 5 x 10°  Bolometric luminosity

Notes. The fiducial model parameters are highlighted in boldface. The fiducial models are those with small dust grains. When calculating the
emission lines, we assumed source distances of 150 pc and 4 kpc for low- and high-mass protostars.

the gas and dust temperatures, respectively. In Eq. (1), vrst is
the pre-factor calculated from the transition state theory (TST).
Binding energies of 6621 K, 9561 K, and 6253 K and pre-factors
of 3.18 x 10'7, 3.69 x 10'8, and 2.37 x 10'7 are assumed for
methanol, formamide, and methyl cyanide, respectively, based
on the recommended values by Minissale et al. (2022). The dif-
ference between the sublimation temperature of methanol in this
work and in Nazari et al. (2022b) is around 35K for a typical
envelope density. This results in a factor of around five difference
between the line fluxes. More discussion on how the variation
of binding energy changes the column density ratios is given in
Sect. 3.2. To keep the line fluxes of this work and those of Nazari
et al. (2022b, 2023a) consistent, we increased the abundance of
methanol in the disk and envelope by a factor of five. This is jus-
tified given the range of methanol ice abundances observed in
Oberg et al. (2011) and Boogert et al. (2015). The total CH;0H
gas and ice abundances (Xgas + Xice) of 5% 107 and 5 x 10~ in
the envelope and the disk were assumed with a minimum X, of
5% 107 and 5 x 10" outside the snow lines in the envelope and
the disk. Here, we modeled the line emission from the 30 iso-
topologue of CH;OH, assuming '°0/'80 of 560 and 400 for low-
and high-mass protostars from observations (Wilson & Rood
1994; van Gelder et al. 2020) in order to avoid optically thick
lines. The abundances of NH,CHO and CH3;CN in the envelope
and the disk were scaled from the CH;OH abundances using the
observed gaseous column density ratios of NH,CHO/CH;0H
(~2 x 107%) and CH3;CN/CH;0H (~8 x 1073) from Nazari et al.
(2022a), who found similar mean values for column density

ratios between low- and high-mass protostars. Hence, we multi-
plied the above abundances of CH;OH in the models by 2 x 1073
and 8 x 1073 to parameterize the abundances of formamide
and methyl cyanide. To avoid optically thick CH3CN lines, we
adopted the same strategy as used for methanol by calculating
the '3CH;CN emission lines. We divided the abundances found
from column density ratios of CH;CN/CH30H by the >C/3C
isotopologue ratio of 70 in our low- and high-mass protostars
(Milam et al. 2005; Jgrgensen et al. 2016; van Gelder et al. 2020).
We note that although the abundances for each molecule were
chosen based on chemical models and observations (Walsh et al.
2014; Boogert et al. 2015; Nazari et al. 2022a), the exact abun-
dances will not change the conclusions of this work because the
scatter is our main interest.

We emphasize that an important assumption in this work
is that the species are primarily formed on the grains and are
sublimated into the gas close to the protostar without any fur-
ther chemical reactions. In other words, the abundances remain
constant in the gas phase and do not change as a function of
temperature. This assumption is necessary to isolate the effect of
physical structure on the scatter in column density ratios. There
are already works studying the effects of chemistry on the corre-
lation between species (e.g., Quénard et al. 2018; Skouteris et al.
2018; Taniguchi et al. 2023), but that is not the goal here, as
we want to examine how much of the (anti-)correlation among
molecules is purely due to variations in the physical structure.

In this work, we do the ray tracing in the same way and with
similar dust distributions to Nazari et al. (2022b, 2023a) but for
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Fig. 2. Simulated data from RADMC-3D (in black), with the fit CASSIS model in red and with T fixed at 150 K. The upper energy levels are
printed on the top right of each panel. The dotted green lines mark the transition frequency of each line. This is for the fiducial envelope-only
low-mass model (L = 8 Lo, Mg = 1 M, with low-millimeter opacity dust; see Figs. B.2-B.4 for other fitting examples).

more lines. Here, we considered multiple CH;OH, NH,CHO,
and CH3;CN lines for subsequent column density measurements.
The line data for the three molecules were taken from the
Leiden Atomic and Molecular Database (Schoier et al. 2005).
Each line was calculated assuming that the low-mass protostars
were located at 150 pc and the high-mass ones at 4 kpc. Two
dust distributions were considered, namely low-millimeter and
high-millimeter opacity dust grains, which are representative of
small and large dust grain distributions. The dust opacities for
these two cases at a wavelength of 1 mm are ~0.2cm? g~! and
~18cm? g~!, respectively. The line emissions were initially cal-
culated including dust grains in ray tracing, but the lines were
subsequently continuum subtracted. The studied lines are pre-
sented in Table B.1. The lines used for most models were chosen
such that all have an upper energy (E,,) between 100K and
200 K because those lines trace the bulk of the gas inside the sub-
limation fronts. To investigate the implications and effects of this
assumption, we included lines with a range of E,, (highlighted
with stars in Table B.1) for the fiducial low- and high-mass
models for excitation temperature analysis. Moreover, the fre-
quency of the lines was chosen to be mainly in Band 6 and 7
of the Atacama Large Millimeter/submillimeter Array (ALMA),
similar to the observations that are compared to these models.
Given that the spectral fitting process assumes LTE conditions,
we performed the ray tracing assuming LTE. In this work, we
are mainly concerned with the ratio of column densities and
the emitting areas, especially those close to the protostar, and
hence the assumption of LTE should not change the conclusions
(see also the discussion on non-LTE conditions in Nazari et al.
2022b).

2.2. Measurement of N and T, from models

Once the radiative transfer models produced the line emissions,
we fit those lines to obtain the column densities in the same
way as done in observational analysis (Fig. 1). The lines with
Ey, between 100K and 200K were fit together using the spec-
tral analysis tool CASSIS? (Vastel et al. 2015) assuming LTE.
The line lists were taken from the Cologne Database for Molec-
ular Spectroscopy (CDMS; Kukolich & Nelson 1971; Moskienko
& Dyubko 1991; Miiller et al. 2001, 2005; Cazzoli & Puzzarini
2006; Xu et al. 2008).

We fit the lines for each source using a grid fitting method
that was also used in van Gelder et al. (2020). We made a grid

2 http://cassis.irap.omp.eu/
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of column densities between 10° cm=2 and 10'7 cm™2 on loga-
rithmic scales with 0.1 spacing. We also fit for the full width at
half maximum (FWHM) in a grid with a resolution of 0.4 km ™!
and ranges of 0.2-2kms~! and 0.2-4 kms~! for low- and high-
mass protostars, respectively. The final models normally have a
FWHM of 2kms~! and 4kms~! for low- and high-mass proto-
stars, but for a few models (especially some of those with disks),
the intensity at the line peak becomes narrow, and it is best to
fit for the FWHM. Moreover, we fixed the excitation tempera-
ture to 150 K when finding the column densities from the lines
with E,, between 100 K and 200 K. Fixing the temperature any-
where between 100 K and 200 K does not change the column
densities significantly (within a factor of two), as found in other
works (e.g., Taquet et al. 2015; Coutens et al. 2016; Ligterink
et al. 2021; van Gelder et al. 2022a,b; Chen et al. 2023). In all
cases, a single-component CASSIS model was fit. In this proce-
dure, column densities of '*O and '*C isotopologues of methanol
and methyl cyanide were first calculated, and then the column
densities were multiplied by the respective isotopologue ratios
mentioned in Sect. 2.1.

An uncertainty of 20% was assumed on column densities to
take into account the calibration error in real observations. In
the calculation of the lines, a global beam size of 2" was used
to mimic the angular resolution of the observations. Moreover,
similar to observational studies, a beam dilution of one (i.e., no
beam dilution) was assumed when calculating the column den-
sities in CASSIS. Given that only the ratio of column densities
is of interest, the assumption for beam dilution is not important
as long as the lines stay optically thin. Figures 2 and B.2-B.4
present examples of line fitting for NH,CHO and CH}*OH.

3. Results
3.1. Emitting areas

Figure 3 presents the modeled emission of NH,CHO,
CH;SOH, and 13CH3CN lines at frequencies of 299.2552 GHz,
326.9612 GHz, and 220.7089 GHz, which have similar E,,
(~130 K) for the fiducial low-mass envelope-only and envelope-
plus-disk models. All emission lines show similar patterns
among each other in the envelope-only and envelope-plus-disk
models. This is expected because in these models no chemistry
is included, while only the balance between adsorption and ther-
mal desorption is considered. In both columns of Fig. 3, the lines
trace the gas around the outflow cavity walls where dust grains
are efficiently heated. In the envelope-only models, the gas in the
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Fig. 3. Edge-on images of formamide (top row), methanol (middle), and methyl cyanide (bottom row) at the line emission peak in the low-mass
envelope-only, “E-only”, and envelope-plus-disk, “E+D”, fiducial models. Dust was not included in these runs to avoid additional emission from
dust (in all other runs, dust is included unless specified). Here the lines are NH,CHO 143 1, —133 39 (v = 299.2552 GHz, E,;, = 134.1K); CH;0H
101,102=90,0,1 (v = 326.9612 GHz, E,, = 133.1K), run with '*O abundance; and CH;CN 123 — 11_3 (v = 220.7089 GHz and E,;, = 133.2K), run
with 1*C abundance. The emission from formamide is less extended than that from methanol and methyl cyanide.

envelope, on-source, also shows emission, while this is not the
case for the envelope-plus-disk models. Moreover, the emission
is fainter in the envelope-plus-disk models, which is particularly
obvious for NH,CHO. This is because disk shadowing decreases
the temperatures (Nazari et al. 2022b) and thus fewer molecules
are in the gas phase.

As expected, formamide has a smaller emitting area than
130 methanol and '*C methyl cyanide in the envelope-only and
envelope-plus-disk models. This is because formamide has a

higher binding energy and hence traces the regions closer to the
protostar. As Fig. 3 shows, the difference in sublimation temper-
ature of formamide and methanol results in differences in their
emitting areas. That introduces a factor (ratio of the emitting
areas) that needs to be considered to convert the column den-
sity ratios to abundance ratios of these two species. However,
as explained in Sect. 4.4.2 of Nazari et al. (2022a), this factor
alone does not produce the observed scatter in the column den-
sity ratios because if there are no disks around protostars, this
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Fig. 4. Integrated line ratios of formamide (pink stars) and methyl
cyanide (black circles) to methanol for the fiducial models and those
with high-millimeter opacity dust. The lines of formamide, methanol,
and methyl cyanide are the same as those in Fig. 3. The empty sym-
bols show the models with disks. The considered lines in the low-mass
model with disk and high-millimeter opacity dust are not detected and
hence there are no measurements. The scatter in NHZCHO/CH;SOH

(pink stars) is larger than that in *CH;CN/CH}?OH (black circles).

factor will be the same between various sources (i.€., the ratio of
sublimation temperatures of formamide and methanol is approx-
imately constant between various sources). This factor (emitting
area ratios) can only produce a scatter in the column density
ratios if some sources have a disk and some do not, but it is not
clear how large this scatter would be.

3.2. Effect of the disk on line and column density ratios

To demonstrate that the difference in emitting areas (Sect. 3.1)
can produce a scatter, we first considered examples of line ratios.
Figure 4 presents the integrated line ratios of NH,CHO/CH}*OH
and "*CH3CN/CH,®OH for the fiducial models and those with
high-millimeter opacity dust grains. This figure shows that the
line ratios of NH,CHO/CH;*OH have a range that covers a

factor of about six, while those of 13CH3CN/CH§80H have a
range that covers a factor of ~1.6. Moreover, this figure shows
that the sources with disks and optically thick dust at millime-
ter wavelengths are those that produce the largest scatter for
NHZCHO/CH;SOH.

Next, we consider the column densities calculated using
CASSIS from the radiative transfer models. Appendix A demon-
strates that as long as dust opacity effects are minimal, the
calculated column densities from CASSIS give the values of the
true total number of molecules assumed in the models within a
factor of about two. Moreover, we calculated the column den-
sity ratios for the fiducial models with different viewing angles
(see Fig. B.5). At viewing angles larger than zero, the line pro-
files of the disk-plus-envelope models change from being single
peaked to triple peaked (Fig. B.6), with one peak at the transi-
tion frequency and two around that which become farther from
the transition frequency as the inclination angle increases. This
occurs due to Keplerian rotation in the disk. For those mod-
els, our single-component CASSIS models fail to reproduce the
entire line profile. However, the total flux is dominated by the
central peak related to the envelope emission. Therefore, using a
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Fig. 5. Column density ratios of formamide (top) and methyl cyanide
(bottom) to methanol as a function of luminosity for all the models.
The solid line shows the weighted mean (by errors) of the log,, of the
model points. The gray area presents the weighted standard deviation
of the model results. Green shows models with low-millimeter opacity
dust, and orange shows those with high-millimeter opacity dust. Empty
circles show the models with a disk, and the filled ones present the mod-
els without a disk. The purple bar shows one standard deviation below
and one standard deviation above the mean of the observational data for
low- and high-mass protostars in Nazari et al. (2022a). The horizontal
dotted lines show the abundances assumed in the models. The models
with non-detection of methanol are not plotted.

multi-component CASSIS fit will not affect our conclusions. We
find that the column density ratios for varying viewing angles
only change by a factor of less than two (Fig. B.5). Therefore, for
the rest of this paper, we only consider the models with a face-on
viewing.

The top panel of Fig. 5 presents the Nnu,cro/Nchson
inferred from the models in this work. The average value of
the column density ratios of formamide to methanol in Fig. 5
(top panel) is around one order of magnitude lower than the
true abundance ratio assumed in the models, which is ~2 x 1073
(see the horizontal dotted line in Fig. 5). This is because the
emitting areas of these two species are different (see Fig. 3),
which results in a correction factor that needs to be multiplied
by the column density ratios in order to give the true abun-
dance. This correction factor is on average approximately ten
for Nnu,cno/Ncnson (Fig. 5; also see Sect. 3.3 and 4.1). This
idea was also suggested in Nazari et al. (2021) for a spherical
toy model. For their assumed power-law density and tempera-
ture structure, they found a correction factor of (Tsup,1/ Tsub,2)3'75,
where Ty, is the sublimation temperature and subscript 1 and 2
refer to the two molecules in the ratio. Substituting formamide
and methanol sublimation temperatures in our models (~150K
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and ~100K) in the above formula gives a correction factor of
about four to five. The larger factor of ten difference between the
mean of all the models and the true abundance observed in the
top panel of Fig. 5 is likely driven by a combination of effects,
such as the inclusion of non-spherical models (i.e., models with
disk), the inclusion of large dust grains, and the assumption of a
fixed temperature when retrieving the column densities (also see
Fig. A.l).

Considering the scatter in the top panel of Fig. 5, it is clear
that the scatter from the models is similar to that of observa-
tions (purple bar). In other words, models with different physical
parameters result in different correction factors within a range
of around one order of magnitude. The spread is a factor of
1.8 around the mean from the models in this work, while it
is a factor of 3.2 from observations of Nazari et al. (2022a)
for low- and high-mass protostars. This shows that most of the
spread in observations can be explained by the difference in sub-
limation temperatures of formamide and methanol and that the
observations only have a factor of 1.78 larger scatter than the
models.

It is interesting to note that the models responsible for
most of the scatter are those with a disk (empty signs in
Fig. 5). We also considered how much of the scatter in Fig. 5
is produced by the dust alone. Figure B.7 presents the ratios
of (r\g&c&{}? Now ke / (%’jg;lo)highkmm, where the numerator and
denominator are calculated for the same models and with the
only difference being the dust optical depth. This figure shows
that the dust alone can at most produce a factor of three scat-
ter but not of one order of magnitude. Thus, most of the scatter
in Fig. 5 is driven by the variations in source structure. More-
over, we expected the scatter to be smaller in this work than
in the observations because the models use a constant abun-
dance and the scatter produced here is only affected by physical
factors and not chemical considerations. Moreover, if a larger
range of disk sizes or envelope masses is used, the scatter can
be increased. However, the range considered here is representa-
tive of the observational results for low- (Jgrgensen et al. 2009;
Kristensen et al. 2012; Murillo et al. 2013; Maury et al. 2019;
Tobin et al. 2020) and high-mass protostars (van der Tak et al.
2000; Hunter et al. 2014; Johnston et al. 2015; Gieser et al. 2021;
Williams et al. 2022).

We also considered CH3CN as a control molecule due to its
similar binding energy to CH3OH. This implies that the correc-
tion factor to convert Ncu,cn/Ncw,on to the true abundance ratio
and the scatter in Ncp,on/Nch,on 18 expected to be minimal. The
bottom panel of Fig. 5 shows that the mean of Ncu,cn/Ncw,on
is only a factor of about two lower than the assumed abun-
dance in the models (horizontal dotted line). In other words,
the correction factor for Ncy,cn/Ncn,on 1 approximately two
compared with approximately ten for Nnm,cro/Nch,ou. This
factor of about two difference is introduced when retrieving
the column densities with CASSIS (see Fig. A.l1). Moreover,
Ncu,on/Nenson only has a factor of 1.2 scatter around the
mean, which is a factor of 1.5 smaller than the scatter in
Nnm,cno/Ncnson from the models. The scatter produced by the
models in ratios of Ncy,cn/Ncn,on 18 much smaller than that of
the observations. More precisely, the spread around the mean is
a factor of 1.2 from the models, while it is a factor of 2.2 from
observations of Nazari et al. (2022a). That is, the observations
have a factor of 1.83 larger scatter than the models. Because of
their similar emitting areas, the spread in observations should
mainly originate from other effects, such as differences in ini-
tial ice abundances. Another way to increase the scatter in the

observations could potentially be different ice environments of
CH;CN and CH30H, which would affect the binding energies.
With the absence of knowledge on the ice environment of these
molecules, the next best approach is the use of high-angular
resolution data to accurately measure the difference between
sublimation regions of these molecules.

Finally, we considered the effect of our assumed binding
energies on the conclusions. We varied the binding energies in
our fiducial models by taking three values for each molecule
representing the range of binding energies reported in the liter-
ature (denoted as low, medium, and high). Figure B.8 presents
the column density ratios for these three combinations. This
figure shows that the difference between the column density
ratios of CH3CN/CH;OH for the range of binding energies
reported in the literature is within a factor of around three.
This is expected because in all the considered cases methanol
and methyl cyanide have similar binding energies. However, the
ratio of NH,CHO/CH;3O0H can change by one order of magni-
tude depending on which binding energy is assumed. This shows
that depending on the ice matrix that formamide and methanol
reside in (which affects their binding energies), the scatter in the
column density ratios could be easily affected.

3.3. Temperature components in models

In this section, we describe how we considered a two-component
temperature fit to find the warm (~100K) and hot (~300K)
column densities in the fiducial models by fitting the low- and
high-E,, lines separately. To that end, we first fit all the lines with
arange of E,, (see the lines with and without stars in Table B.1)
with temperatures of 100—150 K (warm gas). Then on top of that
we added a hot component with a temperature of 300 K to com-
plete the fit for the lines with Ey, > 500 K . We then fine-tuned
the fits to make sure that the sum of the two components gives a
good fit to all the emission lines. This was done to consider the
column densities of target species in the hotter regions closer to
the protostar.

Although the variations between the column densities for the
assumed excitation temperatures that differ by ~50 K are not sig-
nificant (a factor of <2), the second hot component fit at 300 K
can be significantly different from the warm component fit at
100-150 K. Figure 6 presents the ratio of column densities for
the hot gas (300K) to those of the warm gas (100-150 K). In
particular, Fig. 6 shows that methanol and methyl cyanide have
an approximately one order of magnitude lower hot component
than warm component. This suggests that if a single temperature
were used to fit the lines and find the column densities of these
two molecules in spatially unresolved observations, the temper-
ature and the column density associated with it would likely be
dominated by the low-E, lines. This results in a column density
that traces the warm regions further from the protostar.

We note that this drop in hot column densities should only
occur if a constant abundance is assumed for these species in the
gas with no further gas-phase chemistry. Nazari et al. (2023b)
found that methanol, on average, has a roughly one order of mag-
nitude lower hot column density, agreeing well with our models
(see the purple data point in Fig. 6). However, they found that
this drop in hot column densities does not happen for methyl
cyanide, where additional hot gas-phase chemistry is needed as
a result of the destruction of refractory organics to explain the
observations.

The behavior of formamide is different from the other two
molecules because it has a higher sublimation temperature (by
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Fig. 6. Column density ratios of 100-150K gas to those of 300K gas
for our fiducial envelope-only and envelope-plus-disk models and from
observations of Nazari et al. (2023b). The solid error bar shows the
standard deviation around the mean of observations, while the dashed
error bar shows the range in the observational data.

~40-50K in our models). The sublimation temperatures of
methanol and methyl cyanide in our models are around 100K,
while this value for formamide is around 150 K. Therefore, at
low temperatures, formamide is not completely desorbed from
the ices. Figure 6 shows that formamide has at most a factor
of about three drop in its hot column densities compared with
its warm column densities, whereas this drop was a factor of
210 for methanol. This is because of formamide’s higher sub-
limation temperature and hence points to the fact that column
densities found from spatially unresolved observations of this
molecule with a single-temperature fit will be equally dominated
by formamide’s hot and warm components.

To conclude, if no gas-phase chemistry occurs (assumption
of constant abundances in our models), molecules with simi-
lar sublimation temperatures to methanol are expected to have
around one order of magnitude lower hot (~300 K) column den-
sities than warm (~100K) column densities. In other words,
the warm column densities are expected to dominate the total
column density for methanol, while the warm and hot column
densities of formamide contribute roughly equally to the total
column density.

4. Discussion
4.1. Correcting for difference in emitting areas in observations

In this section, we consider the methanol emission that is coming
from a similar region to formamide. Based on Sect. 3.3, obser-
vational results for formamide and methanol, which are found by
either fixing the excitation temperature or fitting the lines with
a single temperature, should be biased to either the hot or the
warm component of each molecule. In the models, formamide is
a molecule with similar column densities for its hot and warm
components, while methanol is a molecule whose column den-
sity is dominated by its warm component if a single-component
analysis is used. The bias produced from the different binding
energies in the scatter of Nnu,cHo/Nch,on could be corrected
if the ratio of the warm column density of formamide (which
is similar to its hot component) to the hot column density of
methanol are found. This is because the hot methanol is expected
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Fig. 7. Column density ratio of formamide to hot methanol. The red
signs show the ALMAGAL sources, and the blue signs are the two
low-mass sources, B1-c and S68N. The gray area shows the weighted
standard deviation of log of the data points around the weighted mean
of logyo of the data points (black solid line). The hot column densities
for methanol are taken from Nazari et al. (2023b), and the column den-
sities of formamide are taken from Nazari et al. (2021, 2022a). When
focusing on methanol only at high temperatures closer to the sublima-
tion temperature of formamide, the scatter is reduced.

to trace the regions closer to the protostar, similar to the regions
that formamide traces.

Figure 7 presents formamide to hot methanol for low- and
high-mass protostars. The hot methanol column densities for
sources from the ALMA Evolutionary study of High Mass Pro-
tocluster Formation in the Galaxy (ALMAGAL) are taken from
Nazari et al. (2023b), and those for B1-c and S68N were calcu-
lated in this work using the spectra of van Gelder et al. (2020).
For these two sources, the column densities were found from fit-
ting the high-E,;, lines of a major methanol isotopologue using a
method similar to that of Nazari et al. (2023b).

In Fig. 7, the ratio of formamide to hot methanol has a
mean (~1072) that is about one order of magnitude higher than
what Nazari et al. (2022a) found for the ratio of formamide
to methanol in a single-temperature component analysis (~2 X
1073). This is expected from our models where the hot com-
ponent of methanol is roughly one order of magnitude lower
than its warm component (Sect. 3.3). Moreover, this higher value
is more consistent with what is found in comets for a ratio of
NH,CHO/CH;OH (Le Roy et al. 2015; Altwegg et al. 2019).
This emphasizes once more that the gas column density ratios
derived with a single-temperature analysis might not represent
the true ice abundances for molecules with different sublimation
temperatures. This is also shown in Fig. 5, where the true abun-
dance assumed in the models for NH,CHO/CH;OH is around
one order of magnitude higher than that measured for gas-phase
column density ratios in the models.

The range of data points in Fig. 7 is around one order of
magnitude, while this range in ALMAGAL sources is around
two orders of magnitude based on single-temperature fitting. Fur-
thermore, the observational scatter found in Fig. 7 is a factor of
2.0 around the mean. This is a factor of 1.6 smaller than what
was previously found for the formamide to methanol ratio in the
ALMAGAL sample. The new scatter found for the ratio of for-
mamide to methanol (factor 2.0) is similar to the scatter found
for other COM ratios in Nazari et al. (2022a), so formamide no
longer stands out as having an exceptionally high scatter, making
it a “normal” molecule.
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4.2. Implications for formamide formation

Figure 5 shows and Sect. 3.2 explains that the bulk of the
observed spread in Nxm,crno/Nch,ou can be described by our
models with a range of physical structures. Chemical networks
are not included in this work, and all the abundances have been
parametrized. Therefore, the spread in column density ratios
is only produced by the difference between methanol and for-
mamide sublimation temperatures. Our conclusions agree with
the observational findings of Suzuki et al. (2018), who found
a stronger correlation among N-bearing COMs than among N-
and O-bearing species toward eight star-forming regions. This is
interesting given that N-bearing COMs, although not always, on
average have higher binding energies than O-bearing ones.

Finally, Sect. 4.1 shows that if the difference in sublimation
temperatures of formamide and methanol is accounted for, the
scatter in the observations decreases by a factor of 1.6. Hence,
the scatters in column density ratios as large as those seen in
ratios of formamide with respect to other molecules (Nazari et al.
2022a) do not necessarily imply that gas-phase formation routes
are effective. Although the effect of gas-phase formation routes
on column density ratios cannot be excluded, the bulk of scatter
can simply be explained by physical effects, such as the exis-
tence of disks with varying sizes around protostars. Therefore,
formamide could be forming in the pre-stellar ices along with
other complex organics.

5. Conclusions

In this work, we have investigated the influence of physical fac-
tors on observables such as column density ratios. We modeled
the emission of formamide, methanol, and methyl cyanide by
parametrizing their abundances using RADMC3D in models
with and without a disk. Our models encompassed a large range
of physical parameters. The column densities of these species
were calculated for each model in the same way as done in real
observations. Our main conclusions are summarized as follows:

— The emitting area of formamide is smaller than that of
methanol and methyl cyanide in our models because of their
distinct binding energies (and sublimation temperatures);

— The column density ratios of formamide to methanol from
the models, especially those with varying disk sizes, pro-
duce a scatter comparable with that of observations (Fig. 5).
This suggests that a large part of the scatter seen in column
density ratios of formamide to methanol could be due to only
physical effects;

— The scatter in the column density ratios of methyl cyanide to
methanol from the models is much smaller than that of for-
mamide to methanol. It is also about two times lower than
that of observations. This either confirms that the observa-
tional scatter in the column density ratios of two molecules
with similar binding energies most probably has a chemical
origin or indicates that those molecules reside in different
ice matrices;

— We find that varying the binding energies within the
ranges suggested in the literature can change the ratios of
CH;3CN/CH;0H by a factor of about three, while it can
change the ratios of NH,CHO/CH3;O0H by up to a factor
of ten. This emphasizes the importance of having informa-
tion on the ice environment and thus the binding energies
of these molecules for more robust conclusions on chemical
formation pathways;

— A two-component temperature analysis revealed that for-
mamide has similar hot (300K) and warm (100-150 K)
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column densities, while methanol is dominated by its warm
component. We found roughly one order of magnitude
lower hot methanol than warm methanol in the models
with constant gas-phase abundances, consistent with the
observations;

— We corrected for the difference in sublimation temperatures
of formamide and methanol in observations (Fig. 7). After
correction, the scatter in the observations decreased by a
factor of 1.6, making formamide a molecule similar to the
other COMs. Therefore, formamide could also be formed in
the pre-stellar phase on grains along with the other species.
However, this conclusion does not exclude the potential
effects of chemistry (in the gas or on grains) on the produced
scatter;

— The corrected column density ratio of Nxu,cro/NcH,0H hot
has a mean comparable to those of comets. This highlights
that gas-phase column density ratios measured assuming a
single temperature for species with sublimation tempera-
tures as different as methanol and formamide could be off
from the true ice abundance ratios by roughly one order of
magnitude (also see Fig. 5).

This work shows that if two molecules have different sublima-
tion temperatures (i.e., different emitting sizes), the mean and the
scatter in the column density ratios inferred from observations
will be affected by that difference. This has great implications for
ice observations of complex organics by the James Webb Space
Telescope (JWST). For example, formamide is a molecule with
gas-phase column density ratios with respect to methanol that
are below the sensitivity limit of JWST, while the true abundance
ratio of NH,CHO/CH3;OH in ices could be around one order of
magnitude higher, making it more probable to be detected by
JWST (see Slavicinska et al. 2023 for JWST results). Finally,
an example of the different emitting sizes of formamide and
methanol has already been observed toward the low-mass proto-
star HH 212 (Lee et al. 2022). The next step is to directly measure
such differences with high-angular resolution ALMA data in a
larger sample of sources.

Acknowledgements. We thank the referee for the constructive comments. We
also thank N.F.W. Ligterink for the helpful discussions. Astrochemistry in Lei-
den is supported by the Netherlands Research School for Astronomy (NOVA),
by funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme (grant agreement
no. 101019751 MOLDISK), and by the Dutch Research Council (NWO) grant
618.000.001. Support by the Danish National Research Foundation through
the Center of Excellence “InterCat” (Grant agreement no.:. DNRF150) is
also acknowledged. B.T. acknowledges support from the Programme National
“Physique et Chimie du Milieu Interstellair” (PCMI) of CNRS/INSU with
INC/INP and co-funded by CNES. G.P.R. acknowledges support from the
Netherlands Organisation for Scientific Research (NWO, program number
016.Veni.192.233) and from an STFC Ernest Rutherford Fellowship (grant
number ST/T003855/1). This project has received funding from the European
Research Council (ERC) under the European Union’s Horizon Europe Research
& Innovation Programme under grant agreement No 101039651 (DiscEvol).

References

Allen, V., van der Tak, F. F. S., Lopez-Sepulcre, A., et al. 2020, A&A, 636, A67

Altwegg, K., Balsiger, H., & Fuselier, S. A. 2019, ARA&A, 57, 113

Baek, G., Lee, J.-E., Hirota, T., Kim, K.-T., & Kyoung Kim, M. 2022, ApJ, 939,
84

Barone, V., Latouche, C., Skouteris, D., et al. 2015, MNRAS, 453, L31

Belloche, A., Maury, A. J., Maret, S., et al. 2020, A&A, 635, A198

Beltran, M. T., Codella, C., Viti, S., Neri, R., & Cesaroni, R. 2009, ApJ, 690,
L93

Beuther, H., Walsh, A. J., Johnston, K. G., et al. 2017, A&A, 603, A10

Blake, G. A., Sutton, E. C., Masson, C. R., & Phillips, T. G. 1987, ApJ, 315, 621

Boogert, A. C. A., Gerakines, P. A., & Whittet, D. C. B. 2015, ARA&A, 53, 541

A263, page 9 of 17


http://linker.aanda.org/10.1051/0004-6361/202347033/1
http://linker.aanda.org/10.1051/0004-6361/202347033/2
http://linker.aanda.org/10.1051/0004-6361/202347033/3
http://linker.aanda.org/10.1051/0004-6361/202347033/3
http://linker.aanda.org/10.1051/0004-6361/202347033/4
http://linker.aanda.org/10.1051/0004-6361/202347033/5
http://linker.aanda.org/10.1051/0004-6361/202347033/6
http://linker.aanda.org/10.1051/0004-6361/202347033/6
http://linker.aanda.org/10.1051/0004-6361/202347033/7
http://linker.aanda.org/10.1051/0004-6361/202347033/8
http://linker.aanda.org/10.1051/0004-6361/202347033/9

Nazari, P, et al

Busch, L. A., Belloche, A., Garrod, R. T., Miiller, H. S. P, & Menten, K. M.
2022, A&A, 665, A96

Cazzoli, G., & Puzzarini, C. 2006, J. Mol. Spectrosc., 240, 153

Ceccarelli, C., Caselli, P., Fontani, F., et al. 2017, ApJ, 850, 176

Chaabouni, H., Diana, S., Nguyen, T., & Dulieu, F. 2018, A&A, 612, A47

Chahine, L., Lopez-Sepulcre, A., Neri, R., et al. 2022, A&A, 657, A78

Chen, Y., van Gelder, M. L., Nazari, P, et al. 2023, A&A, 678, A137

Codella, C., Ceccarelli, C., Caselli, P., et al. 2017, A&A, 605, A3

Codella, C., Lopez-Sepulcre, A., Ohashi, S., et al. 2022, MNRAS, 515, 543

Coletta, A., Fontani, F., Rivilla, V. M., et al. 2020, A&A, 641, A54

Coutens, A., Jgrgensen, J. K., van der Wiel, M. H. D, et al. 2016, A&A, 590, A6

Douglas, K. M., Lucas, D. I., Walsh, C., et al. 2022, ApJ, 937, L16

Dullemond, C. P., Juhasz, A., Pohl, A., et al. 2012, Astrophysics Source Code
Library [record ascl:1202.015]

Ferrero, S., Zamirri, L., Ceccarelli, C., et al. 2020, ApJ, 904, 11

Fuchs, G. W., Cuppen, H. M., Ioppolo, S., et al. 2009, A&A, 505, 629

Garrod, R. T., Jin, M., Matis, K. A, et al. 2022, ApJS, 259, 1

Gieser, C., Beuther, H., Semenov, D., et al. 2021, A&A, 648, A66

Hasegawa, T. 1., Herbst, E., & Leung, C. M. 1992, ApJS, 82, 167

Haupa, K. A., Tarczay, G., & Lee, Y.-P. 2019, J. Am. Chem. Soc., 141, 11614

Herbst, E., & van Dishoeck, E. F. 2009, ARA&A, 47, 427

Hosokawa, T., & Omukai, K. 2009, ApJ, 691, 823

Hunter, T. R., Brogan, C. L., Cyganowski, C. J., & Young, K. H. 2014, ApJ, 788,
187

Johnston, K. G., Robitaille, T. P., Beuther, H., et al. 2015, ApJ, 813, L19

Jones, B. M., Bennett, C. J., & Kaiser, R. I. 2011, ApJ, 734, 78

Jgrgensen, J. K., van Dishoeck, E. F., Visser, R., et al. 2009, A&A, 507, 861

Jgrgensen, J. K., van der Wiel, M. H. D., Coutens, A., et al. 2016, A&A, 595,
Al17

Kristensen, L. E., van Dishoeck, E. F., Bergin, E. A., et al. 2012, A&A, 542, A8

Kukolich, S. G., & Nelson, A. C. 1971, Chem. Phys. Lett., 11, 383

Law, C.J.,, Zhang, Q., (")berg, K. L, et al. 2021, ApJ, 909, 214

Lee, C.-F., Codella, C., Ceccarelli, C., & Lopez-Sepulcre, A. 2022, ApJ, 937, 10

Le Roy, L., Altwegg, K., Balsiger, H., et al. 2015, A&A, 583, Al

Ligterink, N. F. W., & Minissale, M. 2023, A&A, 676, A80

Ligterink, N. F. W., El-Abd, S. J., Brogan, C. L., et al. 2020, ApJ, 901, 37

Ligterink, N. F. W., Ahmadi, A., Coutens, A, et al. 2021, A&A, 647, A87

Ligterink, N. F. W., Ahmadi, A., Luitel, B., et al. 2022, ACS Earth Space Chem.,
6, 455

Martin-Doménech, R., Bergner, J. B., Oberg, K. L, et al. 2021, ApJ, 923, 155

Maury, A. J., André, P., Testi, L., et al. 2019, A&A, 621, A76

McGuire, B. A. 2022, ApJS, 259, 30

Milam, S. N., Savage, C., Brewster, M. A., Ziurys, L. M., & Wyckoff, S. 2005,
AplJ, 634, 1126

Minissale, M., Aikawa, Y., Bergin, E., et al. 2022, ACS Earth Space Chemistry,
6, 597

A263, page 10 of 17

L A&A, 687, A263 (2024)

Moskienko, E. M., & Dyubko, S. F. 1991, Radiophys. Quant. Electron., 34, 181

Miiller, H. S. P., Thorwirth, S., Roth, D. A., & Winnewisser, G. 2001, A&A, 370,
L49

Miiller, H. S. P., Schloder, F., Stutzki, J., & Winnewisser, G. 2005, J. Mol. Struct.,
742,215

Murillo, N. M., Lai, S.-P., Bruderer, S., Harsono, D., & van Dishoeck, E. F. 2013,
A&A, 560, A103

Nazari, P., van Gelder, M. L., van Dishoeck, E. F,, et al. 2021, A&A, 650, A150

Nazari, P., Meijerhof, J. D., van Gelder, M. L., et al. 2022a, A&A, 668, A109

Nazari, P., Tabone, B., Rosotti, G. P., et al. 2022b, A& A, 663, A58

Nazari, P., Tabone, B., & Rosotti, G. P. 2023a, A&A, 671, A107

Nazari, P., Tabone, B., van’t Hoff, M. L. R., Jgrgensen, J. K., & van Dishoeck,
E. F. 2023b, ApJ, 951, L38

Oberg, K. I, Boogert, A. C. A., Pontoppidan, K. M., et al. 2011, ApJ, 740,
109

Penteado, E. M., Walsh, C., & Cuppen, H. M. 2017, ApJ, 844, 71

Quénard, D., Jiménez-Serra, 1., Viti, S., Holdship, J., & Coutens, A. 2018,
MNRAS, 474, 2796

Rivilla, V. M., Beltran, M. T., Cesaroni, R., et al. 2017, A&A, 598, A59

Schoier, F. L., van der Tak, F. F. S., van Dishoeck, E. F., & Black, J. H. 2005,
A&A, 432, 369

Skouteris, D., Balucani, N., Ceccarelli, C., et al. 2018, ApJ, 854, 135

Slavicinska, K., Rachid, M. G., Rocha, W. R. M, et al. 2023, A&A, 677, A13

Suzuki, T., Ohishi, M., Saito, M., et al. 2018, ApJS, 237, 3

Taniguchi, K., Sanhueza, P., Olguin, F. A, et al. 2023, ApJ, 950, 57

Taquet, V., Lopez-Sepulcre, A., Ceccarelli, C., et al. 2015, ApJ, 804, 81

Tobin, J. J., Sheehan, P. D., Megeath, S. T., et al. 2020, ApJ, 890, 130

van der Tak, F. F. S., van Dishoeck, E. F., Evans, Neal J., I., & Blake, G. A. 2000,
Apl, 537, 283

van Dishoeck, E. F.,, Blake, G. A., Jansen, D. J., & Groesbeck, T. D. 1995, ApJ,
447, 760

van Gelder, M. L., Tabone, B., Tychoniec, L., et al. 2020, A&A, 639, A87

van Gelder, M. L., Jaspers, J., Nazari, P., et al. 2022a, A&A, 667, A136

van Gelder, M. L., Nazari, P., Tabone, B., et al. 2022b, A&A, 662, A67

Vastel, C., Bottinelli, S., Caux, E., Glorian, J. M., & Boiziot, M. 2015, in SF2A-
2015: Proceedings of the Annual meeting of the French Society of Astronomy
and Astrophysics, 313

Wakelam, V., Loison, J. C., Mereau, R., & Ruaud, M. 2017, Mol. Astrophys., 6,
22

Walsh, C., Millar, T. J., Nomura, H., et al. 2014, A&A, 563, A33

Watanabe, N., & Kouchi, A. 2002, ApJ, 571, L173

Williams, G. M., Cyganowski, C. J., Brogan, C. L., et al. 2022, MNRAS, 509,
748

Wilson, T. L., & Rood, R. 1994, ARA&A, 32, 191

Xu, L.-H., Fisher, J., Lees, R. M., et al. 2008, J. Mol. Spectrosc., 251, 305

Yang, Y.-L., Sakai, N., Zhang, Y., et al. 2021, ApJ, 910, 20


http://linker.aanda.org/10.1051/0004-6361/202347033/10
http://linker.aanda.org/10.1051/0004-6361/202347033/11
http://linker.aanda.org/10.1051/0004-6361/202347033/12
http://linker.aanda.org/10.1051/0004-6361/202347033/13
http://linker.aanda.org/10.1051/0004-6361/202347033/14
http://linker.aanda.org/10.1051/0004-6361/202347033/15
http://linker.aanda.org/10.1051/0004-6361/202347033/16
http://linker.aanda.org/10.1051/0004-6361/202347033/17
http://linker.aanda.org/10.1051/0004-6361/202347033/18
http://linker.aanda.org/10.1051/0004-6361/202347033/19
http://linker.aanda.org/10.1051/0004-6361/202347033/20
http://www.ascl.net/1202.015
http://linker.aanda.org/10.1051/0004-6361/202347033/22
http://linker.aanda.org/10.1051/0004-6361/202347033/23
http://linker.aanda.org/10.1051/0004-6361/202347033/24
http://linker.aanda.org/10.1051/0004-6361/202347033/25
http://linker.aanda.org/10.1051/0004-6361/202347033/26
http://linker.aanda.org/10.1051/0004-6361/202347033/27
http://linker.aanda.org/10.1051/0004-6361/202347033/28
http://linker.aanda.org/10.1051/0004-6361/202347033/29
http://linker.aanda.org/10.1051/0004-6361/202347033/30
http://linker.aanda.org/10.1051/0004-6361/202347033/30
http://linker.aanda.org/10.1051/0004-6361/202347033/31
http://linker.aanda.org/10.1051/0004-6361/202347033/32
http://linker.aanda.org/10.1051/0004-6361/202347033/33
http://linker.aanda.org/10.1051/0004-6361/202347033/34
http://linker.aanda.org/10.1051/0004-6361/202347033/34
http://linker.aanda.org/10.1051/0004-6361/202347033/35
http://linker.aanda.org/10.1051/0004-6361/202347033/36
http://linker.aanda.org/10.1051/0004-6361/202347033/37
http://linker.aanda.org/10.1051/0004-6361/202347033/38
http://linker.aanda.org/10.1051/0004-6361/202347033/39
http://linker.aanda.org/10.1051/0004-6361/202347033/40
http://linker.aanda.org/10.1051/0004-6361/202347033/41
http://linker.aanda.org/10.1051/0004-6361/202347033/42
http://linker.aanda.org/10.1051/0004-6361/202347033/43
http://linker.aanda.org/10.1051/0004-6361/202347033/43
http://linker.aanda.org/10.1051/0004-6361/202347033/44
http://linker.aanda.org/10.1051/0004-6361/202347033/45
http://linker.aanda.org/10.1051/0004-6361/202347033/46
http://linker.aanda.org/10.1051/0004-6361/202347033/47
http://linker.aanda.org/10.1051/0004-6361/202347033/48
http://linker.aanda.org/10.1051/0004-6361/202347033/48
http://linker.aanda.org/10.1051/0004-6361/202347033/49
http://linker.aanda.org/10.1051/0004-6361/202347033/50
http://linker.aanda.org/10.1051/0004-6361/202347033/50
http://linker.aanda.org/10.1051/0004-6361/202347033/51
http://linker.aanda.org/10.1051/0004-6361/202347033/51
http://linker.aanda.org/10.1051/0004-6361/202347033/52
http://linker.aanda.org/10.1051/0004-6361/202347033/53
http://linker.aanda.org/10.1051/0004-6361/202347033/54
http://linker.aanda.org/10.1051/0004-6361/202347033/55
http://linker.aanda.org/10.1051/0004-6361/202347033/56
http://linker.aanda.org/10.1051/0004-6361/202347033/57
http://linker.aanda.org/10.1051/0004-6361/202347033/58
http://linker.aanda.org/10.1051/0004-6361/202347033/58
http://linker.aanda.org/10.1051/0004-6361/202347033/59
http://linker.aanda.org/10.1051/0004-6361/202347033/60
http://linker.aanda.org/10.1051/0004-6361/202347033/61
http://linker.aanda.org/10.1051/0004-6361/202347033/62
http://linker.aanda.org/10.1051/0004-6361/202347033/63
http://linker.aanda.org/10.1051/0004-6361/202347033/64
http://linker.aanda.org/10.1051/0004-6361/202347033/65
http://linker.aanda.org/10.1051/0004-6361/202347033/66
http://linker.aanda.org/10.1051/0004-6361/202347033/67
http://linker.aanda.org/10.1051/0004-6361/202347033/68
http://linker.aanda.org/10.1051/0004-6361/202347033/69
http://linker.aanda.org/10.1051/0004-6361/202347033/70
http://linker.aanda.org/10.1051/0004-6361/202347033/70
http://linker.aanda.org/10.1051/0004-6361/202347033/71
http://linker.aanda.org/10.1051/0004-6361/202347033/72
http://linker.aanda.org/10.1051/0004-6361/202347033/73
http://linker.aanda.org/10.1051/0004-6361/202347033/74
http://linker.aanda.org/10.1051/0004-6361/202347033/74
http://linker.aanda.org/10.1051/0004-6361/202347033/74
http://linker.aanda.org/10.1051/0004-6361/202347033/75
http://linker.aanda.org/10.1051/0004-6361/202347033/75
http://linker.aanda.org/10.1051/0004-6361/202347033/76
http://linker.aanda.org/10.1051/0004-6361/202347033/77
http://linker.aanda.org/10.1051/0004-6361/202347033/78
http://linker.aanda.org/10.1051/0004-6361/202347033/78
http://linker.aanda.org/10.1051/0004-6361/202347033/79
http://linker.aanda.org/10.1051/0004-6361/202347033/80
http://linker.aanda.org/10.1051/0004-6361/202347033/81

Nazari, P, et al.: A&A, 687, A263 (2024)

Appendix A: Comparison between CASSIS fits and
the true column densities

Here we describe how the fit CASSIS column densities com-
pare with the true column densities. To ease this comparison, we
derived the true total number of molecules in a 1”” radius around
the protostar, and we then compared this value to the total num-
ber of molecules found from CASSIS in a circular beam with a
1” radius.

The total number of molecules from our CASSIS fits is given
by NﬂRﬁeam, where N is the column density and Rpeam is the
radius of the beam. This radius is 150 au and 4000 au for the
low- and high-mass models. The true total number of molecules
in the models was calculated as

Tbeam T/2
N = f f 27X (r, O)ny(r, O)r* sin(9)dodr, (A1)
0 —n/2

where r is the radius in spherical coordinates, rpeam is 150 au and
4000 au for the low- and high-mass models, X is the abundance
of the molecule in the gas phase, and ny is the hydrogen nucleus
number density.

Figure A.1 presents the ratio of the number of NH,CHO,
CH}*OH, and "*CH;3CN molecules found from CASSIS fits and
the true number of molecules in the fiducial models and those
with high-millimeter opacity dust grains. This figure shows that
in general there is good agreement between these two values
(within a factor of < 2).

For the other models with lower CASSIS values (larger
difference with a factor of more than three), the dust has a high-
millimeter opacity. This can be explained by dust opacity effects.
This is particularly noticeable for the low-mass model with a disk
and high-millimeter opacity dust where methanol and methyl
cyanide are not detected at all and formamide has a one order of
magnitude lower value found from CASSIS, while the true num-
bers of molecules within the 1” radius for the three molecules
are similar (within ~50%) to the low-mass model with a disk
and low-millimeter opacity dust. These results agree well with
the conclusions of Nazari et al. (2022b, 2023a) to explain the low
methanol emission from some protostellar systems. It is interest-
ing to note that for the envelope-only low-mass protostar with
high-millimeter opacity dust, the CASSIS values are not under-
estimated, which is expected from the results of Nazari et al.
(2022b), where they concluded that optically thick dust alone
cannot explain the low methanol emission around protostars.

Appendix B: Additional tables and plots

Table B.1 presents the spectral lines that are considered for each
molecule in this work. Figure B.1 presents the density structures
for the fiducial low- and high-mass models. Figures B.2-B.4
show the fit CASSIS models on top of the results from the
fiducial low-mass models and those with high-millimeter opac-
ity dust for formamide and methanol lines. Figure B.5 presents
the column density ratios of formamide and methyl cyanide to
methanol in the fiducial models with varying viewing angles.
Figure B.6 presents the line profiles of 30 methanol for the
fiducial low-mass envelope-plus-disk model with an inclina-
tion angle of 30°. Figure B.7 presents how much scatter in
NH,CHO/CH;30H is produced by the dust alone. Figure B.8
illustrates the column density ratios of NH,CHO/CH3;O0H and
CH;CN/CH3O0H for the fiducial models but when varying the
binding energies to include a range of reported values in the lit-
erature. This figure further supports the fact that a large scatter in
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< ° °
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Fig. A.1: Comparison of the true number of NH,CHO, CH}*OH, and
BCH;CN molecules and that found from the CASSIS fits for our
fiducial models and those with high-millimeter opacity dust. For the
low-mass model with a disk and high-millimeter opacity dust, methanol
and methyl cyanide were not detected due to dust optical depth effects.
The two dashed lines highlight the region for a factor of two difference
between the true value and that found from CASSIS.

the column density ratios could be due to vastly different binding
energies.
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Table B.1: Modeled spectral lines

Species Transition Frequency  Ajj Eyp
JKL M) (GHz) (s™h (K)

CH;0H 13681-14591 213.3775*  1.1x 107 389.9
42313121 218.4401* 4.7x 107 455

101102-9091 326.9612 1.3x10™* 1331
13491-143121  327.4868* 56x107° 3072
110111-10191  360.8489 12x10™  166.0
8171-7261 361.8522 7.7x1075  104.6
9811-8801 434.9518*  7.8x 107> 439.5
10922-9912 483.0728* 9.7x107° 530.4
111012-101002 531.2772*  1.2x10™*  662.9

NH,CHO 1019-918 218.4592*  7.5x 107  60.8
12112-1111 243.5210*  1.1x 1073 79.2
13212-122 11 274.0014 1.5x107  104.3
1376-1275 275.9945* 1.1x 1072 238.6

13311-12310 276.5553 1.5x 107 119.6
14311-13310 299.2552 1.9x 1073 1341
15114-14113 318.4563*  1.1x 107 482.0
1587-1486 318.4626* 1.7x 1073 3127
16133-15132 339.7463* 9.8 x 107*  640.5
17125-16124 360.9465* 1.7x 1073 583.8

17143-16142 361.0199*  1.1x 1073 17376
CH;CN 1230-11-30 220.7089 8.4 x 107 1332
1210-1110 220.7430* 8.4 x107* 76.0
1200-1100 220.7473*  9.2x 10™*  68.87
1590-14-90 275.4845* 1.1x 107> 683.7
1580-1480 275.5741*  1.2x 107 562.6
1570-1470 275.6548* 1.3 x 1073 4557
1560-14-60 275.7240*  1.4x 107  363.0
1550-1450 275.7825* 1.6 x 107> 284.5
1540-1440 275.8304* 1.6x 107> 220.2
1530-14-30 275.8677 1.7%x 107 170.2
1520-1420 275.8043* 1.7x 1073 1345
1510-1410 275.9103* 1.7x 107 113.1
1500-1400 275.9156* 1.8x 107> 105.9
1630-15-30 294.2513 21x107 1844

Notes. Stars indicate the lines that were only produced for the fiducial models and used for column density measurement with varying excitation
temperatures. To avoid confusion, this table only shows one line to represent all the lines that are a result of (hyper)fine splitting; this is particularly
important for the chosen CH;CN lines.
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Fig. B.1: Hydrogen nuclear number density of the fiducial low- and high-mass models. The left column shows the envelope-only models, while the
right column shows the envelope-plus-disk models.
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Fig. B.2: Same as Fig. 2 but for the fiducial low-mass model with high-millimeter opacity dust (i.e., large dust grains). The excitation temperature

is fixed at 150 K.
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Fig. B.3: Same as Fig. 2 but for the fiducial low-mass model of CH}*OH. The excitation temperature is fixed at 150 K.
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Fig. B.4: Same as Fig. 2 but for the fiducial low-mass model of CH;SOH with high-millimeter opacity dust (i.e., large dust grains). The excitation
temperature is fixed at 150 K.
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Fig. B.5: Column density ratios of formamide (pink stars) and methyl cyanide (black circles) to methanol for the fiducial models but calculated
with the lines ray traced with different viewing angles.

166.1 K 104.6 K
0.010 B B
2
[_|
0.005f B B
0.000 1 I I
326.950 326.965 360.840 360.860 361.840 361.860
Frequency [GHz] Frequency [GHz] Frequency [GHz]

Fig. B.6: Lines of CH;SOH for the low-mass envelope-plus-disk fiducial model with a viewing angle of 30° to show case the triple-peaked profile.
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Fig. B.7: Ratios of (I\Ic}ngHHO iow kmm / (I\ICILZZCOHHO)mgh «um- The numerator and denominator correspond to the same models but with the only difference

being low-millimeter opacity versus high-millimeter opacity dust in the models. Pink indicates the high-mass models, and blue shows the low-mass
ones. Filled circles are the envelope-only models, and the empty circles are those with a disk. In most of the low-mass envelope-plus-disk models
with optically thick dust, methanol was not detected, and thus there is only one blue empty circle. The effect of dust alone on the scatter observed
in Fig. 5 is less than a factor of three; thus, most of the scatter in Fig. 5 is driven by the difference in source structure.
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Fig. B.8: Column density ratios of formamide (pink stars) and methyl cyanide (black circles) to methanol for the fiducial models but varying the
binding energies of each molecule based on the range of values reported in the literature (Penteado et al. 2017; Ferrero et al. 2020; Busch et al. 2022;
Minissale et al. 2022). "Low E}" corresponds to 5500 K, 3500 K, and 3500 K for formamide, methanol, and methyl cyanide. "High E}," corresponds
to 1100 K, 8600 K, and 7600 K for these species. "Medium E}," corresponds to the fiducial models that have binding energies in between the range.
For all of these models, the same pre-factor as the fiducial models was assumed when calculating the ice and gas abundances.

A263, page 17 of 17



	Correlations among complex organic molecules around protostars: Effects of physical structure
	1 Introduction
	2 Methods
	2.1 Radiative transfer models
	2.2 Measurement of N and Tex from models

	3 Results
	3.1 Emitting areas
	3.2 Effect of the disk on line and column density ratios
	3.3 Temperature components in models

	4 Discussion
	4.1 Correcting for difference in emitting areas in observations
	4.2 Implications for formamide formation

	5 Conclusions
	Acknowledgements
	References
	Appendix A: Comparison between CASSIS fits and the true column densities
	Appendix B: Additional tables and plots


