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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 formamide (NH2CHO) to methanol
(CH30H) column density ratio, Nnu,cno/Ncusomn, is one of the highest compared
with other ratios. The larger scatter for Nxm,cno/Ncngon (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 and the small-scale structure of the envelope and the disk
system. We also include CH3CN in our work as a control molecule which has a
similar binding energy to CH3OH.

Methods. We use radiative transfer models to calculate the emission from NH,CHO,
CH30H, and CH3CN in protostellar systems with and without disks. The abun-
dances of these species are parameterized in our models. Then 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 NHoCHO and CH3OH, we
find a correction factor of ~10 to be multiplied by gas-phase Nnu,cno/Ncrson
to give the true abundance ratio of these two species in the ices. This factor
is much smaller (i.e., ~2) for Nem,on/Ncugon (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 Nnm,cro/Ncu,on, comparable
with that of observations. The scatter in Nxn,cno/Ncuson is larger than that of
Ncnson/Nengon in models consistent with the observations. However, the scat-
ter in model Nep,con/Nemson is smaller than observations by a factor of ~2 as
expected from the similar binding energies of CH3OH and CH3CN pointing to the
need for some chemical effects in the gas or ice to explain those observed ratios.
We show that the scatter in Nnm,cno/Ncu,on will be lower by a factor of 1.6
than previously measured if we correct for the difference in sublimation tempera-
tures of these two species in observations of ~40 protostellar systems with ALMA.
Conclusions. The scatter in Nxu,cno/Ncuson 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 NHyCHO a ‘normal’ molecule. Therefore, we conclude that gas-phase
chemistry routes for NHyCHO are not necessary to explain the larger scatter of
Nnn,cno/Ncenson compared with other ratios.
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9.1 Introduction

The protostellar phase is one of the richest phases of star formation in species such
as complex organic molecules. These species are defined as those 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. 1995a;
Beltran et al. 2009; Jgrgensen et al. 2016; Rivilla et al. 2017; van Gelder et al.
2020; McGuire et al. 2021; Baek et al. 2022; Codella et al. 2022; Ligterink et al.
2022).

Many of such studies look for correlations between column densities of various
complex organics as a clue on 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, the lack of correlation
between observed column densities (or large scatter in column density ratios) for
many sources is often interpreted as importance of gas-phase chemical routes in
production/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 similar 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 easier 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 physical effects such as source struc-
ture can affect column density ratios of molecules with different binding energies
and produce a scatter. This is because in measurement of column densities from
spatially unresolved observations it is often assumed that the emitting size is the
same for all species around a single protostar. However, if two molecules have dif-
ferent binding energies (i.e., different emitting sizes) this assumption breaks down
in the protostellar disk and envelope that have a temperature gradient.

Recently, Nazari et al. (2022a) analyzed the Nitrogen-bearing complex organ-
ics (plus methanol as a 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 con-
stant ratios point to the similarity of the environment in which these species form
in, likely pre-stellar ices (also see Chen et al. 2023). However, they found a larger
scatter in column density ratios (factor ~3 around the mean) for molecules with
different binding energies. They speculated that the reason for this large scatter
could be the difference between location of sublimation fronts of those molecules
which would result in a correction factor to be applied to the column density ra-
tios. However, they explain that this correction factor will be roughly constant for
each set of two species and will not result in a scatter unless the protostellar sys-
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tems have different source structures. In which case the correction factor will be
different for each source. In this work we examine how source structure can cause
variations in this correction factor and thus column density ratios of formamide
(NH,CHO) to methanol (CH;OH), two molecules with different binding energies
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 (~6621 K) binding energy and formamide a high
(~9561K) 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 ex-
pected to trace regions with low temperatures (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
Tex >~ 300K. A difference between the emitting areas of formamide and methanol
was also observed with spatially resolved observations toward one source (HH212;
Lee et al. 2022). Given the large difference between their binding energies, the
ratio of Nnm,cuo/Ncuson is 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 formamide forms in the gas phase or on solids, with both gas and ice for-
mation 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). Tradi-
tionally the large scatter seen in Nnm,cno/Nconson among various sources would
be interpreted as gas-phase formation of formamide. However, if physical ef-
fects such as differences in source structure can produce the observed scatter in
Nnu,cno/Ncemson, gas-phase formation routes are not necessary for formamide.

Significant scatter in column density ratios as a result of source structure vari-
ations is expected only for species with a large difference in their binding energies
(e.g., NH,CHO/CH30H). However, methyl cyanide (CH3CN) is also included in
this paper as a ‘control’ molecule because methanol and methyl cyanide are ex-
pected to have similar binding energies (~6200 — 6600 K; Minissale et al. 2022).
Therefore, one does not expect a scatter in Nom,on/Nemson 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 models of low- and
high-mass protostars are used to calculate the line emissions of methanol, for-
mamide and methyl cyanide using radiative transfer and taking parametrized
abundances. Next, these lines are fitted to find the column densities in the same
way as normally done in the observational analysis. We then find the column
density ratios in models with a range of luminosities, envelope masses and disk
sizes. The scatter in the column density ratios are measured and compared with
the findings from observations.



CHAPTER 9 287

Table 9.1: Parameters of the models

Envelope-only Envelope-plus-disk
Parameter [unit] low-mass high-mass low-mass high-mass Description
Tin au] 0.4 10 0.4 10 The inner radius
Tout [aU] 10* 5 x 10* 104 5x 10* The outer radius of the envelope
My [Mg) 1,3,5 50, 300, 1000 1,3,5 50, 300, 1000 Envelope mass
Rp [au] - - 20, 50, 200 500, 1000, 2000 Disk radius
T, [K] 5000 40000 5000 40000 Protostellar temperature
M, [Mg] 0.5 30 0.5 30 Protostellar mass
L [Lg) 2,8,32  5x10% 10% 5x10° 2, 8,32 5x10%, 10%, 5x10° 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 assume source
distances of 150 pc and 4 kpc for low- and high-mass protostars.

9.2 Methods

9.2.1 Radiative transfer models

This work uses the same models studied in Nazari et al. (2022b, 2023a) to simulate
the temperature structure of and line emission from low- and high-mass protostel-
lar systems. A schematic of our methods is presented in Fig. 9.1. An envelope-only
model and an envelope-plus disk model were considered with the same physical
structures as in the two papers mentioned above (see Fig. 9.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 temper-
ature and line emission calculation the code RADMC-3D (Dullemond et al. 2012)
version 2.0' was used assuming local thermodynamic equilibrium (LTE) excita-
tion. 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 9.1 shows the
parameters of the models studied in this work.

Here three molecules are considered: CH3OH, NHo,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). That is including the correct pre-factor when calculating the ice and gas
abundances. This results in modifying Eq. (6) of Nazari et al. (2022b) to

Xice Wagndsw/?)k:BTgas/mi 9.1)

- — 9
Xgas € Ev/Ta vTsT

where aq is the dust grain size, nq is the dust number density, S = 1 is the
sticking coefficient, F}, is the binding energy, m; is the mass of the considered

Thttp://wuw.ita.uni-heidelberg.de/~dullemond/software/radmc-3d
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Find the column densities as
done for real observations
—

. . “alculate the emissi A eaTa e
Set up the density Calculate the ta culate the emission Use CASSIS to fit the
- : from multiple .
structure for low- and temperature with calculated lines and

high-mass models RADMC-3D find the column density

transitions by ray
tracing in RADMC-3D

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

Figure 9.1: Schematic of our methods. First RADMC-3D is used to produce the line
emission from multiple transitions of methanol, formamide, and methyl cyanide for a
grid of models. Then we use CASSIS to fit those lines and find the column densities.

species i, and Tgas and Ty are the gas and dust temperatures, respectively. In
Eq. (9.1) vygr 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'®, 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 difference between sublimation temperature of methanol in this work and
Nazari et al. (2022b) is around 35K. This difference results in a factor of ~5
difference between the line fluxes. More discussion on how variation of binding
energy changes the column density ratios is given in Sect. 9.3.2. To keep the line
fluxes between this work and Nazari et al. (2022b, 2023a) consistent we increase the
abundance of methanol in the disk and envelope by a factor of 5. This is justified
given the range of methanol ice abundances observed in Oberg et al. (2011) and
Boogert et al. (2015). Total CH3OH gas and ice abundances (Xgas + Xice) of
5x107% and 5x 1077 in the envelope and the disk are assumed with minimum Xeas
of 5x 1072 and 5 x 10~ ! outside the snow lines in the envelope and the disk. Here
we model the line emission from the ¥ isotopologue of CH3OH assuming 10 /180
of 560 and 400 for low- and high-mass protostars from observations (Wilson &
Rood 1994; van Gelder et al. 2020) to avoid optically thick lines. The abundances
of NHyCHO and CH3CN in the envelope and the disk were scaled from the CH;OH
abundances using the observed gaseous column density ratios of NH,CHO/CH3;OH
(~2 x 1073) and CH3CN/CH30H (~8 x 107?) from Nazari et al. (2022a) who
found similar mean values for column density ratios between low- and high-mass
protostars. Hence, we multiplied the above abundances of CH30H in the models
by 2x 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. We divided the abundances found from column density ratios of
CH3CN/CH30H by the 12C/13C 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 are chosen based on chemical
models and observations, the exact abundances will not change the conclusions of
this work because the scatter is the main interest here.
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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 further 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 correlation between species (e.g., Quénard et al. 2018; Skouteris
et al. 2018; Taniguchi et al. 2023) but that is not the goal here. In other words,
we want to examine how much of the (anti-)correlation among molecules is purely
due to variations in physical structure.

Ray tracing was done in the same way and with similar dust distributions
to Nazari et al. (2022b, 2023a) but for more lines in this work. Here we consider
multiple CH30H, NH;CHO and CH3CN lines for subsequent column density mea-
surement. The line data for the three molecules were taken from the Leiden Atomic
and Molecular Database (Schoier et al. 2005). Each line was calculated assum-
ing that the low-mass protostars were located at 150 pc and the high-mass ones
at 4kpc. Two dust distributions were considered; namely low millimeter (mm)
and high mm 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? g1, respectively. The line emissions were initially
calculated including dust grains in ray tracing but subsequently the lines were
continuum subtracted. The studied lines are presented in Table 9.B.1. The lines
used for most models were chosen such that all have an upper energy (E,p) of
between 100 K and 200 K because those lines trace the bulk of the gas inside of the
sublimation fronts. To investigate the implications and effects of this assumption,
we include lines with a range of E;, (highlighted with stars in Table 9.B.1) for the
fiducial low- and high-mass models for excitation temperature analysis. Moreover,
the frequency of the lines were chosen to be mainly in Band 6 and 7 of the Ata-
cama Large Millimeter/submillimeter Array (ALMA) similar to the observations
that will be compared with these models. Given that the spectral fitting process
assumes LTE conditions, here we did the ray tracing assuming LTE. In this work
we are mainly concerned with the ratio of column densities and the emitting ar-
eas especially close to the protostar and hence the assumption of LTE should not
change the conclusions (see also discussion on non-LTE conditions in Nazari et al.
2022b).

9.2.2 Measurement of N and 7., from models

Once the radiative transfer models produce the line emissions, we fit those lines
to obtain the column densities in the same way as done in observational analysis
(Fig. 9.1). The lines with E;, between 100 K and 200 K were fitted together using
the spectral analysis tool CASSIS 2 (Vastel et al. 2015) assuming LTE. The line
lists were taken from the Cologne Database for Molecular Spectroscopy (CDMS;
Kukolich & Nelson 1971; Moskienko & Dyubko 1991 ; Miiller et al. 2001; Miiller
et al. 2005; Cazzoli & Puzzarini 2006; Xu et al. 2008).

’http://cassis.irap.omp.eu/
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Figure 9.2: Simulated data from RADMC-3D in black with the CASSIS model fitted
in red with Tex fixed to 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 Lg, Mg = 1 Mg with low mm opacity
dust). See Figures 9.B.2-9.B.4 for other fitting examples.

We fit the lines for each source using a grid fitting method also used in van
Gelder et al. (2020). We made a grid of column densities between 10° cm~2 and
101" ecm~2 on logarithmic scales with 0.1 spacing. We also fitted for the full width
at half maximum (FWHM) in a grid with resolution of 0.4kms~! and ranges of
0.2-2kms~! and 0.2-4km s~ for low- and high-mass protostars, respectively. The
final models normally have FWHM of 2kms~! and 4kms~! for low- and high-mass
protostars but for a few models (especially some of those with disks) the intensity
at the line peak becomes narrow and is best to fit for FWHM. Moreover, we fixed
the excitation temperature to 150 K when finding the column densities from the
lines with Ey;, between 100 K and 200 K. Fixing the temperature anywhere between
100K and 200 K does not change the column densities significantly (within a factor
2) as found also 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 is fitted. In this procedure, first column densities
of 180 and '3C isotopologues of methanol and methyl cyanide are calculated and
then the column densities are multiplied by the respecting isotopologue ratios
mentioned in Sect. 9.2.1.

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 27 was used to mimic the angular resolution of observations. More-
over, similar to observational studies a beam dilution of 1 (i.e., no beam dilution)
was assumed when calculating the column densities 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 9.2 and 9.B.2-9.B.4
present examples of line fitting for NH,CHO and CHi3OH.
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9.3 Results

9.3.1 Emitting areas

Figure 9.3 presents the modeled emission of NH,CHO, CH®OH, and 3CH3CN
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 (E-only) and envelope-
plus-disk (E+D) 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 adsorp-
tion and thermal desorption is considered. In both columns of Fig. 9.3 the lines
trace the gas around the outflow cavity walls. In the envelope-only models the
gas in the 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 NHoCHO. This is because disk
shadowing decreases the temperatures (Nazari et al. 2022b) and thus less of the
molecules are in the gas phase.

As expected formamide has a smaller emitting area than '*0 methanol and
13C methyl cyanide in envelope-only and envelope-plus-disk models. This is be-
cause formamide has a higher binding energy and hence traces the regions closer
to the protostar. As Fig. 9.3 shows, the difference in sublimation temperature of
formamide and methanol results in differences in their emitting areas. That intro-
duces a factor (ratio of the emitting areas) that needs to be considered to convert
column density ratios to abundance ratios of these two species. However, as ex-
plained in Sect. 4.4.2 of Nazari et al. (2022a) this factor alone does not produce
the observed scatter in column density ratios, because if there are no disks around
protostars, this factor will be the same between various sources (i.e., the ratio of
sublimation temperatures of formamide and methanol is approximately constant
between various sources). This factor (emitting area ratios) can only produce a
scatter in column density ratios if some sources have a disk and some do not but
it is not clear how large this scatter would be.

9.3.2 Effect of disks on line and column density ratios

To demonstrate that the difference in emitting areas (Sect. 9.3.1) can produce a
scatter, we first consider examples of line ratios. Figure 9.4 presents the integrated
line ratios of NH,CHO/CH380OH and 3CH3CN/CH®OH for the fiducial models
and those with high mm opacity dust grains. This figure shows that the line ratios
of NHoCHO/CHL®OH have a range that covers ~ one order of magnitude, while
those of 13CH3;CN/CH®OH cover a range of a factor of ~1.6. Moreover, this plot
shows that the sources with disks and optically thick dust at mm wavelengths are
those that produce the largest scatter for NHoCHO/CHi®OH.

We now consider the column densities that are calculated using CASSIS from
the radiative transfer models. Appendix 9.A demonstrates that as long as dust
opacity effects are minimal, the calculated column densities from CASSIS give
the correct values of the true total number of molecules assumed in the models.
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Figure 9.3: 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 is not included in these runs to
avoid additional emission from dust (in all other runs dust is included unless specified).
Here the lines are NHoCHO 143,11 — 133,10 (v = 299.2552 GHz, Eyp, = 134.1K), CH;0H
101,10,2—9.9.1 (v = 326.9612 GHz, Ey;, = 133.1K) run with **0O abundance, and CH3CN
1230 —11_3,0 (v = 220.7089 GHz and Eyp = 133.2K) run with **C abundance. Emission
from formamide is seen to be less extended than that from methanol and methyl cyanide.
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Figure 9.4: Integrated line ra-
tios of formamide (pink stars) and
methyl cyanide (black circles) to
methanol for the fiducial models
and those with high mm opac-
. ity dust. The lines of formamide,

CH;CN methanol, and methyl cyanide are
the same as those in Fig. 9.3. The
empty symbols show the mod-
els with disks. The species in
the low-mass model with disk
are not detected and hence there
is no measurement. The scat-
ter in NHoCHO/CHA®*OH (pink
stars) is larger than that in
3CH3CN/CH3®0OH (black cir-
cles).
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Moreover, we calculate the column density ratios for the fiducial models with
different viewing angles (see Fig. 9.B.5). At viewing angles larger than zero, the
line profiles of the models with disk change from singly peaked to triply peaked
(Fig. 9.B.6), with one peak at the transition frequency and two around that which
get further from the transition frequency as the inclination angle increases. This
occurs due to rotation of the disk. For those models our single component CASSIS
models fail to reproduce the entire line profile. However, after fitting one of the
sources (fiducial low-mass with viewing angle of 30°) using a three-component
CASSIS model for the three molecules by hand, the column density ratios agree
within ~15% with the single-component fits. Therefore, using a single-component
CASSIS fit should not affect our conclusions. We find that the column density
ratios for varying viewing angles only change by a factor of < 2 (Fig. 9.B.5).
Therefore, for the rest of this paper we only consider the models with a face-on
viewing.

Top panel of Fig. 9.5 presents the Nxu,cno/Nconson inferred from the models
in this work. The average value of column density ratios of formamide to methanol
in Fig. 9.5 (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. 9.5). This is because the emitting areas of these two species
are different (see Fig. 9.3) which results in a correction factor that needs to
be multiplied by the column density ratios to give the true abundance. This
correction factor is on average ~10 for Nnm,cuno/Ncu,on (Fig. 9.5; also see
Sect. 9.3.3 and 9.4.1). This idea was also suggested in Nazari et al. (2021) for
a spherical toy model. For their assumed power-law density and temperature
structure they find a correction factor of (Tuyub,1/Tsun2)> ™, 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 and ~100K) in the above formula gives a correction factor of
~4 — 5 which agrees well with where the envelope-only models fall on Fig. 9.5.
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This indicates that the larger factor 10 difference between the mean of all the
models and the true abundance is mainly driven by the envelope-plus-disk models.
Considering the scatter in top panel of Fig. 9.5, it is clear that the scatter
from the models is similar to that of observations (purple bar). In other words,
models with different physical parameters result in different correction factors.
The spread is a factor of 2.0 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 sublimation temperatures of formamide and methanol and the
observations only have a factor of 1.6 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. 9.5). Moreover, it is expected that
the scatter is smaller in this work than observations because the models use a
constant abundance 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 representative 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 consider CH3CN as a control molecule due to its similar binding energy
to CH3OH. This implies that the correction factor to convert Nep,on/Nenson to
the true abundance ratio and the scatter in Nop,on/Ncons,on are expected to be



CHAPTER 9 295

minimal. The bottom panel of Fig. 9.5 shows that the mean of Ncn,on/Nenson
is only a factor of ~2 lower than the assumed abundance in the models (horizontal
dotted line). In other words, the correction factor for Nep,on/Nemson is ~2
compared with ~10 for Nxu,cno/Nenson. Moreover, Nem,on/Nengon only has
a factor of 1.2 scatter around the mean which is a factor of 1.7 smaller than the
scatter in Nxp,cno/Ncuson from models. The scatter produced by the models
in ratios of Nom,con/Ncm,on is 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 1.8 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 initial ice abundances. Another way to increase the scatter in
observations could be potentially different ice environments of CH3CN and CH3OH
which will affect the binding energies. In 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 conclu-
sions. 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 litera-
ture (denoted as low, medium, and high). Fig. 9.B.7 presents the column density
ratios for these three combinations. This figure shows that the difference between
the column density ratios of CH3CN/CH3OH for the range of binding energies
reported in the literature is within a factor of around 3. This is expected because
in all the considered cases methanol and methyl cyanide have similar binding ener-
gies. However, the ratio of NH,CHO/CH3OH can change by more than one order
of magnitude and up to a factor of around 25 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 column
density ratios could be easily affected.

9.3.3 Temperature components in models

Here we consider 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. We first fit all the lines with a range of E,, (see the
lines with and without stars in Table 9.B.1) with temperatures of 100-150 K (warm
gas). Then on top of that we add a hot component with temperature of 300K to
complete the fit for the lines with E,, > 500 K . We then fine tune the fits to make
sure that the sum of the two components gives a good fit to all the emission lines.
This is to consider the column densities of target species in the hotter regions
closer to the protostar.

Although variations between column densities for the assumed excitation tem-
peratures that differ by ~50K is not significant (a factor of < 2), the second hot
component fitted at 300 K can be significantly different from the warm component
fitted at 100-150 K. Figure 9.6 presents the ratio of column densities for the hot
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gas (300K) to those of the warm gas (100-150K). In particular, Fig. 9.6 shows
that methanol and methyl cyanide have ~1 order of magnitude lower hot compo-
nent 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 temperature 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 con-
stant abundance is assumed for these species in the gas with no further gas-phase
chemistry. Nazari et al. (2023c) found that methanol, on average, has ~1 order
of magnitude lower hot column densities agreeing well with our models (see the
purple data point in Fig. 9.6). However, they found that this drop in hot col-
umn densities does not happen for methyl cyanide where additional hot gas-phase
chemistry is needed as a result of 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 ~40 — 50 K in our models). The sub-
limation temperatures of methanol and methyl cyanide in our models are around
100 K while this value for formamide is around 150 K. Therefore, at low tempera-
tures formamide has not completely desorbed from the ices. Figure 9.6 shows that
formamide has only a factor of ~3 drop in its hot column densities compared with
its warm column densities, while this drop was a factor of 10 for methanol. This
is because of formamide’s higher sublimation temperature and hence pointing to
the fact that column densities found from spatially unresolved observations of this
molecule with a single-temperature fit will be equally dominated by its hot and
warm components.

To conclude, if no gas-phase chemistry occurs (assumption of constant abun-
dances in our models) molecules with similar sublimation temperatures to methanol
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are expected to have around 1 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.

9.4 Discussion

9.4.1 Correcting for difference in emitting areas in observa-
tions

Here we consider the methanol emission that is coming from a similar region
to formamide. Based on Sect. 9.3.3, observational 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 density 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,cuo/Ncuson 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 to
trace the regions closer to the protostar, similar to the regions that formamide
traces.

Figure 9.7 presents formamide to hot methanol for low- and high-mass proto-
stars. The hot methanol column densities for sources from the ALMA Evolution-
ary study of High Mass Protocluster Formation in the Galaxy (ALMAGAL) are
taken from Nazari et al. (2023c) and those for Bl-c and S68N are calculated in
this work using the same spectra of van Gelder et al. (2020). For these two sources
the column densities are found from fitting the high-F,, lines of major methanol
isotopologue using a similar method to Nazari et al. (2023c).

In Fig. 9.7 the ratio of formamide to hot methanol has a mean (~10~2) that is
about one order of magnitude higher than that in 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 component of methanol is
~1 order of magnitude lower than its warm component (Sect. 9.3.3). Moreover,
this higher value is more consistent with what is found in comets for ratio of
NH,;CHO/CH3OH (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. 9.5 where the true abundance
assumed in the models for NHoCHO/CH3OH is ~1 order of magnitude higher than
that measured for gas-phase column density ratios in the models.

The range of data points in Fig. 9.7 is around one order of magnitude while
this range in ALMAGAL sources was around two orders of magnitude from single-
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Figure 9.7: 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 Bl-c and S68N.
The gray area shows the weighted standard deviation of logio of the data points around
the weighted mean of logio of the data points (black solid line). The hot column densities
for methanol are taken from Nazari et al. (2023c) and the column densities of formamide
are taken from Nazari et al. (2021, 2022a). When focusing on methanol only at high
temperatures closer to the sublimation temperature of formamide, the scatter is reduced.

temperature fitting. Furthermore, the observational scatter found in Fig. 9.7 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 formamide to methanol (factor 2.0) is
similar to the scatter found for other COM ratios in Nazari et al. (2022a), so that
formamide no longer stands out as having an exceptionally high scatter, making
it a ‘normal’ molecule.

9.4.2 Implications for formamide formation

Figure 9.5 shows and Sect. 9.3.2 explains that the bulk of the observed spread
in Nnm,cuno/Nengon can be described by our models with a range of physical
structures. Chemical networks are not included in this work and all the abundances
are parametrized. Therefore, the spread in column density ratios is only produced
by the difference between methanol and formamide sublimation temperatures.
Our conclusions agree with the observational findings of Suzuki et al. (2018) who
find 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, but on average have higher binding energies than
O-bearing ones.

Finally, Sect. 9.4.1 shows that if the difference in sublimation temperatures of
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formamide and methanol is accounted for, the scatter in the observations decreases
by a factor of 1.6. Hence the scatter 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 be simply explained by physical effects such as existence of
disks with varying sizes around protostars. Therefore, formamide could be forming
in the prestellar ices along with other complex organics.

9.5 Conclusions

In this work we investigate the influence of physical factors 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 encompass a large range of physical pa-
rameters. The column densities of these species are calculated for each model in
the same way as done in real observations. Our main conclusions are summarized
below:

o The emitting area of formamide is smaller than that of methanol and methyl
cyanide in our models because of their distinct binding energies (and subli-
mation temperatures).

e The column density ratios of formamide to methanol from the models, espe-
cially those with varying disk sizes, produce a scatter comparable with those
of observations (Fig. 9.5). This suggests that a large part of the scatter
seen in column density ratios of formamide to methanol could be only due
to physical effects.

e The scatter in column density ratios of methyl cyanide to methanol from
the models is much smaller than that of formamide to methanol. It is also
~2 times lower than that of observations. This confirms that the observa-
tional scatter in column density ratios of two molecules with similar binding
energies most probably has a chemical origin or points to those molecules
residing in different ice matrices.

e We find that varying the binding energies within the ranges suggested in
the literature can change the ratios of CH3CN/CH3OH by a factor of about
3 while that can change the ratios of NHoCHO/CH3;0OH by up to a factor
of 25. This emphasizes the importance of having information on the ice
environment and thus the binding energies of these molecules for more robust
conclusions on chemical formation pathways.

e A two-component temperature analysis reveals that formamide has similar
hot (300 K) and warm (100-150 K) column densities while methanol is dom-
inated by its warm component. We find ~1 order of magnitude lower hot
than warm methanol in the models with constant gas-phase abundances,
consistent with the observations.
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¢ We correct for the difference in sublimation temperatures of formamide and
methanol in observations (Fig. 9.7). After correction the scatter in observa-
tions decreases by a factor of 1.6, making formamide a molecule similar to
the other COMs. Therefore, formamide could also be formed in the prestel-
lar 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.

o The corrected column density ratio of Nnu,cuHo/NcH;0H hot has a mean
comparable to those of comets. This highlights that gas-phase column den-
sity ratios measured assuming a single temperature for species with sublima-
tion temperatures as different as methanol and formamide could be off from
the true ice abundance ratios by ~1 order of magnitude (also see Fig. 9.5).

This work shows that if two molecules have different sublimation temperatures
(i.e., different emitting sizes) the mean and scatter in column density ratios in-
ferred from observations will be affected by that. 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 NHoCHO/CH30H in ices could be ~1 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 different emitting sizes of for-
mamide and methanol is already observed toward the low-mass protostar 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.
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Appendix

9.A Comparison between CASSIS fits and the true
column densities

Here we check how the fitted CASSIS column densities compare 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 compare this value
to the total number of molecules found from CASSIS in a circular beam with 1”
radius.

The total number of molecules from our CASSIS fits is given by NwRZ |
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 is calculated as

Theam /2
N:/ / 21 X (1, 0)ng(r, 0)r?sin(0)dodr, (9.2)
0 —7/2

where r is the radius in spherical coordinates, rheam 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 9.A.1 presents the ratio of the number of NHoCHO molecules found from
CASSIS fits and the true number of NHoCHO molecules in the fiducial models and
those with high mm opacity dust grains. This 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 > 3) the dust has a high mm opacity. This can be explained by dust opacity
effects. This is particularly noticeable for the low-mass model with a disk and high
mm opacity dust where formamide is not detected at all while the true number
of molecules within the 1” radius is similar (within 10%) to the low-mass model
with disk and low mm 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 interesting to note that for the envelope-only low-mass
protostar with high mm opacity dust the CASSIS value is not underestimated
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.

9.B Additional tables and plots

Table 9.B.1 presents the spectral lines that are considered for each molecule in
this work. Figure 9.B.1 presents the density structures for the fiducial low- and
high-mass models. Figures 9.B.2-9.B.4 show the fitted CASSIS models on top of
the results from the fiducial low-mass models and those with high mm opacity
dust for formamide and methanol lines. Figure 9.B.5 presents the column density
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ratios of formamide and methyl cyanide to methanol in the fiducial models with
varying viewing angles. Figure 9.B.6 presents the line profiles of 'O methanol
for the fiducial low-mass envelope-plus-disk model with an inclination angle of
30°. Figure 9.B.7 illustrates the column density ratios of NHoCHO/CH30OH and
CH3CN/CH;3OH for the fiducial models but varying the binding energies to include
a range of reported values in the literature. This figure further supports the fact
that a large scatter in column density ratios could be due to vastly different binding
energies.
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Table 9.B.1: Modeled spectral lines

Species Transition Frequency  Aj; Eup
JKL (M) (GHz) (s7h (K)

CH30H 13681-14591 213.3775* 1.1 x 107° 389.9
42313121 218.4401* 4.7x107° 455

101102-9091 326.9612 1.3x 1074 133.1
13491-143121 3274868 5.6 x 107° 307.2
110111-10191  360.8489 1.2x107* 166.0
8171-7261 361.8522 7.7x107°  104.6
98118801 434.9518* 7.8 x 107° 439.5
10922-9912 483.0728* 9.7 x 107° 530.4
111012-101002 531.2772* 1.2x107* 662.9

NH,CHO 1019-918 218.4592* 7.5 x 10-%* 60.8
12112-11111 243.5210* 1.1 x 1073 79.2
13212-12211 274.0014  1.5x107% 104.3
1376-1275 275.9945* 1.1 x 1072 238.6
13311-12310 276.5553  1.5x 1073 119.6
14311-13310 299.2552 1.9x 1073 134.1
15114-14113 318.4563* 1.1 x 1073  482.0
1587-1486 318.4626* 1.7 x 1073 312.7
16 133-1513 2 339.7463* 9.8 x 10~* 640.5
17125-16124 360.9465* 1.7 x 1073 583.8
17143-16142 361.0199* 1.1 x10~% 737.6

CH;CN 1230-11-30 220.7089 8.4 x 10~% 133.2
1210-1110 220.7430* 8.4 x 107% 76.0
1200-1100 220.7473*  9.2x10"* 68.87
1590-14-90 275.4845* 1.1 x 1073  683.7
1580-1480 275.5741* 1.2 x 1073 562.6
1570-1470 275.6548* 1.3 x 1073  455.7
1560-14-60 275.7240* 1.4 x 1072 363.0
1550-1450 275.7825* 1.6 x 1073 2845
1540-1440 275.8304* 1.6 x 1072 220.2
1530-14-30 275.8677 1.7 x 1073 170.2
1520-1420 275.8943* 1.7 x 1073 134.5
1510-1410 275.9103* 1.7 x 1072 113.1
1500-1400 275.9156* 1.8 x 1072 105.9
1630-15-30 204.2513  2.1x 1073 1844

Notes. Stars indicate the lines that were only produced for the fiducial models and are
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 CH3CN lines.
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Figure 9.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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Figure 9.B.2: Same as Fig. 9.2 but for the fiducial low-mass model with high mm
opacity dust (i.e., large dust grains). The excitation temperature is fixed to 150 K.
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Figure 9.B.3: Same as Fig. 9.2 but for the fiducial low-mass model of CH3*OH. The
excitation temperature is fixed to 150 K.
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Figure 9.B.4: Same as Fig. 9.2 but for the fiducial low-mass model of CH3®*OH with
high mm opacity dust (i.e., large dust grains). The excitation temperature is fixed to
150 K.
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Figure 9.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
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Figure 9.B.6: Lines of CH®OH for the low-mass envelope-plus-disk fiducial model with

F [GHzH3.269e2

F [GHzH3.608e2

viewing angle of 30° to show case the triply peaked profile.

F [GHzH3.618e2
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Figure 9.B.7: 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 F,’ 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 which have binding energies in between of range. For all of these
models the same pre-factor as the fiducial models was assumed when calculating the ice

and gas abundances.






