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ABSTRACT

Context. Understanding the details of the formation process of massive (i.e. M > 8—10 M,,) stars is a long-standing problem in astro-
physics. They form and evolve very quickly, and almost their entire formation process takes place deeply embedded in their parental
clumps. Together with the fact that these objects are rare and at a relatively large distance, this makes observing them very challenging.
Aims. We present a method for deriving accurate timescales of the evolutionary phases of the high-mass star formation process.
Methods. We modelled a representative number of massive clumps of the ATLASGAL-TOP100 sample that cover all the evolutionary
stages. The models describe an isothermal collapse and the subsequent warm-up phase, for which we followed the chemical evolution.
The timescale of each phase was derived by comparing the results of the models with the properties of the sources of the ATLASGAL-
TOP100 sample, taking into account the mass and luminosity of the clumps, and the column densities of methyl acetylene (CH;CCH),
acetonitrile (CH;CN), formaldehyde (H,CO), and methanol (CH;OH).

Results. We find that the molecular tracers we chose are affected by the thermal evolution of the clumps, showing steep ice evaporation
gradients from 103 to 10° AU during the warm-up phase. We succeed in reproducing the observed column densities of CH;CCH and
CH;CN, but H,CO and CH;OH agree less with the observed values. The total (massive) star formation time is found to be ~5.2 x 10° yr,
which is defined by the timescales of the individual evolutionary phases of the ATLASGAL-TOP100 sample: ~5 x 10* yr for 70-pum
weak, ~1.2 x 10° yr for mid-IR weak, ~2.4 x 10° yr for mid-IR bright, and ~1.1 x 10° yr for HII-region phases.

Conclusions. With an appropriate selection of molecular tracers that can act as chemical clocks, our model allows obtaining robust
estimates of the duration of the individual phases of the high-mass star formation process. It also has the advantage of being capable

of including additional tracers aimed at increasing the accuracy of the estimated timescales.
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1. Introduction

Although high-mass stars (i.e. M > 8-10 M) are much rarer
than their less massive counterparts, they have a critical effect on
the physico-chemical characteristics of the interstellar medium
(ISM). They also play an important role in the evolution of the
host galaxies (e.g. Kennicutt 2005). Massive stars are respon-
sible for the production of large amounts of the a-elements
involved in the formation of complex molecules (Woosley &
Weaver 1995; Kobayashi et al. 2020) that are created during
the final stages of their life-cycle through core-collapse super-
novae (e.g. Smartt 2009). They also dominate the energy budget
in their immediate surroundings by stirring, heating, and ionis-
ing the gas, and they affect the chemical evolution of the ISM
as well as the star and planet formation process (e.g. Elmegreen
1998; Bally et al. 2005; Adams 2010). However, observing mas-
sive stars is challenging as they evolve quickly, and the initial
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stages of their formation process take place when their progeni-
tors are still embedded in the parental clump (Zinnecker & Yorke
2007; Motte et al. 2018, for reviews on this topic). In spite of the
efforts made in recent years to understand the formation of mas-
sive stars, some fundamental questions still remain unanswered.
One of these is related to the timescales of the various (evolu-
tionary) phases of their formation process, which would provide
crucial information to distinguish among competing star forma-
tion theories (e.g. McKee & Tan 2002; Mouschovias et al. 2006;
Hartmann et al. 2012; Tigé et al. 2017; Padoan et al. 2020) and
to reach a comprehensive view of the chemical evolution of the
gas that resides in the parental clumps of massive stars.
Timescales are usually derived by applying statistical
approaches (e.g. Wood & Churchwell 1989; Davies et al. 2011;
Mottram et al. 2011; Battersby et al. 2017; Tigé et al. 2017; see
also Motte et al. 2018). Typical values for the total massive star
formation timescale range from ~1 to 5 times 10° yr. The statisti-
cal lifetime of a phase is consequently obtained as the fraction of

A71, page 1 of 19


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202140469
https://orcid.org/0000-0002-6428-9806
https://orcid.org/0000-0003-2814-6688
https://orcid.org/0000-0003-1615-9043
https://orcid.org/0000-0003-1014-3390
https://orcid.org/0000-0001-6459-0669
mailto:giovanni.sabatini4@unibo.it
http://www.edpsciences.org

A&A 652, A71 (2021)

the total time equal to the number of objects in that phase with
respect to the total number of objects. These methods depend
on the assumption of a total time for the star formation process,
however, that is constrained by simulations (e.g. Davies et al.
2011) or derived with respect to the known age of OB stars (e.g.
Wood & Churchwell 1989; Motte et al. 2007; Russeil et al. 2010;
Mottram et al. 2011; Tigé et al. 2017).

An alternative way to quantify the timescales of the various
steps is to study the effects that massive young stellar objects
(YSOs) have on their immediate surroundings. The chemical
evolution is affected by changes in density and temperature
induced by the forming stars. During the so-called warm-up
phase (e.g. Viti & Williams 1999; Viti et al. 2001; Garrod et al.
2008), molecules formed on the surface of the dust grains are
rapidly released into the gas phase, increasing their observed
abundance by several orders of magnitude (Viti et al. 2004;
Garrod & Widicus Weaver 2013; Choudhury et al. 2015). Thus,
the molecular composition of the material around YSOs contains
information about the physical conditions of their past (van der
Tak 2005). A well-known example are the rich molecular spec-
tral features produced by hot molecular cores (HMCs), which are
compact regions around YSOs (0.1 pc radius; Kurtz et al. 2000;
Cesaroni 2005).

Chemical tracers that show a relation between their observed
abundances and the different phases of the star formation pro-
cess are commonly called chemical clocks (e.g. Fontani et al.
2007; Beuther et al. 2009; Hoq et al. 2013; Giannetti et al.
2019; Urquhart et al. 2019; Sabatini et al. 2020, as some recent
examples; see also van Dishoeck & Blake 1998 for a review).
Through the comparison of their observed abundances obtained
from large samples of massive clumps at different evolutionary
stages and those predicted by accurate time-dependent chemical
models, it is possible to quantify the timescales of each stage. An
attempt to adopt this type of analysis was carried out by Gerner
et al. (2014) based on the chemical properties of a sample of 59
massive clumps in different evolutionary stages, and modelling
the warm-up phase alone. The radial profiles of temperature and
density were assumed to be static with time and were described
as power laws with the average properties of each evolutionary
class (see their Sect. 5.1.1 for more details). The chemistry was
then evolved in time until they found the best match with the
average observed abundances. They interpreted this time as the
typical age of each class. Based on these results, Gieser et al.
(2019) studied the chemical history of the HMC VLA 3 in the
high-mass star-forming region AFGL 2591 to assess the effects
of different initial chemical conditions on the model results and
on the derived evolutionary timescales. They showed that the
latter are sensitive to the model assumptions. More recently,
Gieser et al. (2021) used the same method to investigate 22 cores
identified in 18 high-mass star-forming regions with ALMA.

An alternative to these approaches is to adopt a time-
dependent analytical function of the temperature to simulate the
gradual warming-up of the clumps in a range of typical observed
values (i.e. ~10-300 K; e.g. Viti & Williams 1999; Garrod &
Herbst 2006). Awad et al. (2010) proposed an improved model
of the warm-up phase applied to the low-mass regime, where the
temperature evolution was based on the radiative transfer (RT)
calculation of Nomura & Millar (2004). More recently, Bonfand
et al. (2019) described the evolution of the physical parameters
of the high-mass star-forming region Sgr B2 with 3D-RT sim-
ulations. They followed the trajectory of a parcel of gas under
free-fall collapse and modelled its chemistry by updating the
temperature and density of the gas. In this paper, we have devel-
oped a model similar to Bonfand et al. (2019) by employing a
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time-dependent description of the thermal evolution of massive
clumps during the warm-up phase, with the aim to propose a new
method for deriving the evolutionary timescales of the massive
star formation process.

This paper has the following structure: in Sect. 2 we
present the reference sample of massive clumps, the evolution-
ary sequence, and the chemical tracers we employed to derive
the duration of each phase. The model and chemical network
are described in Sect. 3. In Sect. 4 we present our results, the
post-processing procedure, and the derivation of the durations of
each evolutionary phase. In Sect. 5 we discuss our estimates and
how the selected tracers are reproduced by the models, providing
information on the reliability of the chemical clocks. Finally, in
Sect. 6 we summarise our conclusions.

2. Reference sample and selected tracers

The survey we used to define the reference sample and the evo-
lutionary stages of the massive star formation process is the
APEX' Telescope Large Area Survey of the Galaxy (ATLAS-
GAL,; Schuller et al. 2009). ATLASGAL offers a complete view
of the high-mass star-forming regions in the inner Galaxy at 870
um and provides the ideal basis for detailed studies of a large
number of massive clumps in different evolutionary stages, with
the unprecedented angular resolution of ~19” (Contreras et al.
2013; Csengeri et al. 2014; Urquhart et al. 2013). Estimates of
luminosities, masses, kinematic distances, and dust temperature
(Urquhart et al. 2014, 2018 and Wienen et al. 2015) have been
derived for more than ~10* dust clumps.

Using the unbiased nature of ATLASGAL, the ATLASGAL-
TOP100 sample (hereafter TOP100) has been defined as a flux-
limited sample of high-column density clumps, selected with
additional infrared (IR) criteria to include sources that poten-
tially cover the whole spectrum of ages (see Giannetti et al.
2014). The number of sources included in the TOP100 was
slightly refined by Konig et al. (2017), and to date, it includes
111 clumps. Combining the IR properties of the massive clumps
in the TOP100 sample with radio-continuum measurements at
5-9 GHz, the objects were divided into the following four evo-
lutionary classes: (1) 70 pm weak stage (70w; i.e. quiescent),
constituted by sources undetected at 24 pm and showing no
clear compact emission at 70 pm (or are seen in absorption
at this wavelength). This stage represents the earliest phase
of massive-star formation and potentially includes starless or
prestellar cores. (2) Mid-IR weak stage (IRw; protostellar), com-
posed of compact and visible sources at 70 um that are still
undetected at 24 pwm or are associated with a weak IR source
(<2.6 Jy fluxes). The clumps in this evolutionary stage are
young and likely dominated by cold gas. (3) Mid-IR bright stage
(IRb; high-mass YSOs), made by the sources that show a strong
mid-IR emission at 8 and 24 pum, which was interpreted to be
caused by the progressive dust heating induced by the form-
ing (proto-)star(s). (4) HII regions (HII), where the sources are
bright at 70 and 24 pum, and detected in radio continuum at
5-9 GHz.

In the sample, the clump masses range from ~18 to ~5 X
10* M. The bolometric luminosities are between ~60 and ~4 x
10° L, and correspond to a range in luminosity-to-mass ratio
(L/M) of ~0.2-350 Lo/Ms. All the TOP100 clumps have the
potential of forming high-mass stars and show no bias in terms of

! Atacama Pathfinder EXperiment 12 meter submillimeter telescope
(Giisten et al. 2006).
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Fig. 1. Sketch of the physical model employed in this work. Left panel: collapse phase (see Sect. 3.1.1) solved in a single-zone approximation. The
chemical output of phase I is used as initial condition of phase II. Central panel: warm-up phase solved in a 1D approximation from 1 to 10° AU
(see Sect. 3.1.2). Right panel: post-processing applied to compare the final chemical outputs of phase II with the column densities observed in the
TOP100 (see Sects. 4.1 and 4.2). The physical parameters assumed in phases I and II are summarised in Table 1. The time evolution of the model

is indicated by the dotted blue arrows.

distance or mass between the evolutionary classes (Konig et al.
2017).

Four molecular tracers were studied with the APEX tele-
scope in the TOP100 sample, revealing their potential as chem-
ical clocks: formaldehyde (H,CO; Tang et al. 2018), methyl
acetylene, acetonitrile, and methanol (CH3CCH, CH;CN and
CH;O0H, respectively; Giannetti et al. 2017). The detection
rates, abundances, and excitation temperatures derived from each
molecular species increase with the L/M of the clumps, which
is known to trace the evolution of the star formation process
(Saraceno et al. 1996; Molinari et al. 2008; Urquhart et al. 2018).
With respect to the line-of-sight (LOS) and beam-averaged col-
umn densities reported by Giannetti et al. (2017) and Tang et al.
(2018), we calibrated our method to estimate the duration of
the four evolutionary phases defined in the TOP100 sample. We
propose a general pipeline of comparisons of models and obser-
vations that can be expanded with additional tracers in future
follow-ups.

3. Methods

In this section we present the model we developed to describe
the time evolution of the abundances of the selected molecu-
lar tracers in the TOP100 survey (see Sect. 2). We describe the
physical and the chemical model separately in Sects. 3.1 and 3.2,
respectively.

3.1. Physical model

Our physical model comprises two distinct stages that are
sketched in Fig. 1. The first, namely the collapse (left panel of
Fig. 1), describes the density evolution of an isothermal clump

with a single-zone approximation, exploring different conditions
as in Viti & Williams (1999) and Garrod & Herbst (2006), for
example. In the second phase, the warm-up (central panel of
Fig. 1), the gas and dust temperatures (assumed to be in equi-
librium) evolve as a function of time, driven by the luminosity of
the central forming protostar. The temperature profiles are com-
puted with the radiative transfer code MOCASSIN (see Ercolano
et al. 2003, 2005), and the mass distribution of the clump is
described by a static gas radial density profile (e.g. Tafalla et al.
2004).

In the following sections we describe the details of each
phase. The specific details of the RT calculations will be pre-
sented in a forthcoming paper (Grassi et al., in prep.).

3.1.1. Phase I: Isothermal collapse

The first phase of the model simulates a semi-analytical single-
zone isothermal collapse (see Spitzer 1978; Brown et al. 1988;
Viti & Williams 1999). The gas number density, ny, at the centre
of the clump, evolves with time as

A\ 1/3 1/3 172
dnn(?) =b- (nH(t) ) {C 1H,0 [(nH(t)) - 1]} , €))
dr Ny ny,
where ny is the initial central gas number density, b is a fac-
tor which aims to mimic a slower collapse compared to the ideal
free-fall time (i.e. b = 1), C=24nGmy, G is the gravitational
constant, and my is the hydrogen mass. Equation (1) is obtained
assuming the conservation of mass during an isothermal con-
traction of a spherical clump (Spitzer 1978).

We set the initial gas number density to the typical values of a
clump, ny o =n(H) + 2n(Hy) = 10* cm™ (Bergin & Tafalla 2007;
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Table 1. Parameter space explored in our models; i.e. phase I
(Sect. 3.1.1) and phase II (Sect. 3.1.2).

Parameter Values Unit
(1 b 1;0.5; 0.1 -
2) ng(ro) 103; 10%; 107; 108 cm™3
3) R. 10%; 10*%; 10° AU
4 M 1073; 1073 Mg yr!

Gerner et al. 2014). The collapse assumes a constant temperature
of 15 K (for gas and dust temperatures; e.g. Konig et al. 2017)
and a visual extinction A, =10 mag (e.g. Semenov et al. 2010;
Reboussin et al. 2014). The cosmic-ray ionisation rate of hydro-
gen molecules was set to £, =5x 107!7 s7!, as observationally
constrained by van der Tak & van Dishoeck (2000) in high-mass
star-forming regions, and in agreement with the results reported
by Sabatini et al. (2020). The specific density of the dust grains
was po =3 g cm ™3, typical of silicates (e.g. Draine & Lee 1984),
the dust-to-gas ratio 9 = 1072, and we used a constant grain size
(a) =0.1 pm. The gas mean molecular weight was p=2.4.

To simulate various physical conditions for the environment
in which the seeds of massive protostars are formed, the col-
lapse was stopped at different final densities ny(ry) (see Fig. 1)
that were observationally constrained (Table 1; e.g. Mueller et al.
2002; Sabatini et al. 2019) and were then used as central densities
during the warm-up phase.

3.1.2. Phase II: Warm-up

The second phase of the model, sketched in the central panel
of Fig. 1, simulates the warm-up induced by a protostar at the
centre of a spherical clump by using a 1D approximation of 100
logarithmic radial steps from 1 to 103 AU (i.e. up to a typical
clump size of ~0.5 pc; e.g. Motte et al. 2018).

The mass distribution of the core is described by the gas
radial density profile (e.g. Tafalla et al. 2002, 2004),

5/2

= —_— 2
nu(r) nH(rO)Rg/z T 2

where ny(rp) is the central number density at r, at which phase
I is stopped (see second row in Table 1). This ensures continuity
between the two physical phases of the model. In Eq. (2), R. is
the core radius, that is, the radius at which ng(R.) =0.5 ny(rp).
The slope 5/2 agrees with the observations in massive star-
forming regions (e.g. Mueller et al. 2002; Schneider et al. 2015),
while similar profiles were successfully applied to model the H;
distribution in clumps and filamentary structures (e.g. Beuther
et al. 2002a; Arzoumanian et al. 2011; André et al. 2016; Sabatini
et al. 2019). Alternatively, power-law profiles can be assumed to
model the H, distribution especially on the clumps scale (e.g.
Gieser et al. 2021). This provides minor differences in the final
clump mass (a factor of <2 smaller for a slope of 5/2).

The physical parameters of phase II (i.e. {, D, u, and
(a)) were assumed to be the same as those of the col-
lapse phase, while the visual extinction at each radius r, was
Ay(r)=N(H, r)/(2x 10> cm™2), where N(H,r) is the column
density of the hydrogen nuclei, obtained by integrating Eq. (2)
from the edge of the clump (e.g. Tielens 2010; Zhu et al. 2017).
We took the final abundances of phase I as initial chemical con-
ditions for each radial grid point of phase II, rescaled by the
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Fig. 2. Dust temperature radial profile at different times for an arbitrary
model with the gas number density profile described by Eq. (2) and
R. =10*° AU and ny(rp) = 107 cm™. With time, T4 increases, driven by
the protostar luminosity. The flat inner part represents the sublimation
of the dust grains. The minimum temperature is set to 15 K to ensure
continuity with the collapse phase.

density profile. The chemistry was evolved in time, assuming
that the individual cells are independent throughout the entire
time evolution.

To model the thermal evolution of the clump during the
warm-up phase, we generated a set of models with different den-
sity distributions and protostar luminosities by employing the
Monte Carlo radiative transfer code MOCASSIN. The models
provide an interpolable look-up table T4(r,72) = folRc, nu(ro),
L.(t;), r], where L.(t,) is the luminosity of the protostar and 7,
the time spent since the start of the warm-up phase. The func-
tion that describes how L.(#;) evolves in time was derived by
Hosokawa & Omukai (2009) and depends on the mass accre-
tion rate, M, assumed for the protostar. Based on the very
few observational estimates (e.g. Beuther et al. 2002b; Herpin
et al. 2012; Wang et al. 2013), we explored two typical cases:
M=10" M yr™' and M=10"% M, yr' (see Figs. 4 and 12
in Hosokawa & Omukai 2009). These values also agree with
the results of Peters et al. (2011), who simulated the collapse
of a magnetised rotating molecular cloud of 1000 M. During
phase II, we assumed that the gas radial density profile of the
clump and its dust content remained constant over time so that
the mass accretion rate of the protostar was completely balanced
by the average infall rate observed in a massive clump (e.g.
Schneider et al. 2010; Peretto et al. 2013; Wyrowski et al. 2016;
Liu et al. 2018).

Analogously to phase I, we assumed that the gas and dust
temperatures were in equilibrium; this assumption is less accu-
rate at small radii (i.e. <50 AU), where the temperatures are close
to the dust sublimation limit, and at large radii (i.e. ~10° AU),
where the gas-dust collision term is subdominant with respect
to the radiation coupling (Draine 2011). However, neither region
is relevant in our analysis and does not affect our findings. An
example of how the 7y radial profile evolves is shown in Fig. 2
for three (typical) times, M = 1073 M, yr~!, and for the following
parameters R. = 10*> AU and ny(ry) = 10’ cm™3. For a qualita-
tive comparison of the T4 radial profiles shown in Fig. 2, we refer
to the recent results of Gieser et al. (2021), who derived the tem-
perature structure of 18 massive star-forming regions based on
two of the four tracers considered in this work (i.e. H,CO and
CH3CN; Sect. 2). In this case, the authors assumed a power law
(i.e. T(r) o< r~4; see their Eq. (1)) to fit the radial temperature
in each source, providing an average slope of |g|=0.4 £ 0.1. Our
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Table 2. Summary of the total masses of each model.

nu(ro) R./AU

[em™3] 10* 10%3 10°

10° 0.4 M, 3.8 M, 18.5 My,
106 35 M, 38.4 M, 184.6 M,
107 347 M, 3837 M, 1846.8 M,
108 346.6 M, 38367 M, 18468.2 M,

Notes. The models with masses lower than the lowest mass associated
with the TOP100 sources (Konig et al. 2017) are marked in boldface and
were excluded.

profiles in Fig. 2 show a similar slope (Jg| ~ 0.5) at distances
larger than the dust sublimation radius (i.e. the flat region in the
same figure) and comparable temperatures at their fiducial radius
(see Table 3 in Gieser et al. 2021). A more detailed description
of the effect of L.(t;) and ny(r) on Ty(r, ;) will be discussed in
a forthcoming paper (Grassi et al., in prep.).

To compare our results with the observed properties of the
TOP100 clumps (Giannetti et al. 2014; Konig et al. 2017), we
evolved one model for each mass in Table 2 (derived from ny(ry)
and R, in Table 1), and for each value of b and M in Table 1.
We considered only clumps with a total mass higher than 15 M,
which is the lowest mass associated with a TOP100 source, for a
total of 54 models.

3.2. Chemical model

The chemical evolution of a massive clump (i.e. the collpase
and the warm-up phases) is described by employing the publicly
available time-dependent code KROME? (Grassi et al. 2014).

Adsorption and desorption® processes were included as in
Hasegawa et al. (1992) and Hasegawa & Herbst (1993). The sur-
face reactions between two species i and j follow Semenov et al.
(2010), where the rate coefficient, in units of cm? s7!, is

Pk + k)
k;vi — JVifF diff , (3)
’ Niitesna
with kfnﬁ‘ = vf) exp(—Téiff /T4) the diffusion through thermal hop-

ping (T.. = 0.77T}; Semenov et al. 2010), Tq is the dust temper-
ature, vi, = (2nsE! /m*m;)'/? is the characteristic Debye vibration
frequency for the adsorbed species, ns=1.5x 10'3cm™2 is the
surface density of binding sites, m; is the mass of the species, and
E} =kgT] is the binding energy of the ith species on the binding
site. In Eq. (3), nq = Dnpgmpyn/My is the dust number density,
where My =4/3mpg (a)3 is the dust mass, and the total number
of binding sites of a grain Ngjes =47 (a)2 /af,p assumes an aver-

age distance between two contiguous sites of a,, =3 A (Hocuk
& Cazaux 2015).

The probability for a reaction to occur is
P;j=a;;exp(=E,/kgTq), where E, is the activation energy
of the reaction and «;; is a parameter that depends on the
number and on the type of species in the reaction. In the case
of exothermic reactions (i.e. E,=0), () if i # j, P;;=1; (D) if
i=j, Pjj=a;;=1/2. For endothermic reactions (i.e. E, # 0), ;;
is the inverse of the number of paths in the branching ratios.

2 https://bitbucket.org/tgrassi/krome/wiki/Home
3 We include thermal and cosmic-ray induced desorption.

Table 3. Summary of fiducial initial elemental abundances, n;, with
respect to the abundance of H-nuclei, ny.

Species  (n;/np);=o Species  (n;/nyg)i=o
H, 5.00(-1) Si 1.95(-6)
He 1.00(-1) S 1.50(-6)
0 136(~4) Fe 7.40(=7)
Co 120(-4) P 2.30(-8)
N 1.05(-5) Na 2.00(-8)
N, 5.25(-6) Cl 1.40(-8)
Mg 255(-6) HY 3.18(=9)

Notes. The “A(-B)” notation assumed in the table means “A x 1078,

The final chemical network was derived from Semenov et al.
(2010)* and contains 654 chemical species and 5869 gas-phase,
gas-grain, and grain-surface reactions. The photochemical rate
coefficients follow the A, formalism as in Draine (1978) (see
KIDA®). In order to ensure that each depleted species was
released into the gas phase, we modified the original network
by adding 70 missing desorption processes, with the binding
energy values updated to the most recent estimates in KIDA (see
Table A.1 and Table A.2 for the reactions, and Appendix B for
the network benchmark).

The abundances of chemical species evolve with time, start-
ing from the assumed initial conditions following the recent
large-scale simulations of molecular clouds (e.g. Hocuk et al.
2016; Clark et al. 2019), showing that CO is already formed
at densities of few x 103 cm™. Following these findings, we
assumed H, C, and O to be in molecular form. In particular, the
abundances of H,, H;’, He, N, O, CO, and N, were taken from
Bovino et al. (2019), while for the other elements, we refer to
Garrod & Herbst (2006), as reported in Table 3.

4. Results

An example of the chemical evolution of some observed species
during phase I is reported in Appendix C, while here we focus
on phase II and the comparison with observations. However,
because the outcome of phase I represents the initial chemical
conditions for phase II, a few considerations for phase I should
be made. The fractional abundances are considerably affected
by the dynamics of the collapse, showing a difference up to ~3
orders of magnitudes between the fastest (b=1) and the slow-
est (b=0.1) collapse, even if the global trend remains generally
unaltered (more details in Appendix C). Based on the continuity
between phase I and phase II, the final effect that b has on the
models is to provide different inputs for the warm-up phase. For
this reason, we ran phase II for each of the 54 models defined
by the parameter space, taking the effect of parameter b on the
second phase of the model into account (see also Sect. 3.1.2).
Figure 3 shows the abundances of H,CO, CH3;CCH,
CH;CN, and CH3;OH as a function of time and distance in the
gas phase (left panels) and on grains (right panels; labelled ‘(g)’)
as a result of phase II. The white contours show the temperature,
and the red curves the evaporation fronts, namely the distance
from the protostar at which the desorption timescale of a given

4 Ohio StateUniversity (OSU) chemical network, version March 2008
(http://www.mpia.de/homes/semenov/Chemistry_benchmark/
model .html)

5 http://kida.astrophy.u-bordeaux.fr/
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Fig. 3. Temporal and radial evolution of the abundances of the tracers observed in the TOP100 (Giannetti et al. 2017; Tang et al. 2018) during
phase II in the gas phase (left panels) and on dust (right panels) for the same reference model as in Fig. 2. White contours indicate the temperature
computed with MOCASSIN. Red curves corresponds to the evaporation front of the given tracer.
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Fig. 4. Panel a: example of the LOS gas-phase column density profiles obtained at the end of the post-processing described in Sect. 4.1 for models
with b=1 and M =103M, yr~' and for an arbitrarily chosen source at a distance of 3.5 kpc. For the U_W items in the legend, U and W are R,
(colours) and ny(rp) (styles), respectively. Panel b: radial distribution of the gas-phase column densities extracted at the positions A, B, and C in

panel a, i.e. the same times as in Fig. 2.

species (defined as the inverse of the desorption rate, involving
the thermal and the cosmic-ray induced desorption; Semenov
et al. 2010) is shorter than the dynamical timescale of the model.
As a consequence, at distances larger than the evaporation front,
the abundances of the tracers on dust grains (Fig. 3) increase
rapidly. At the same time, the temperatures at these distances are
low enough to enhance two-body reactions on the surface of dust
grains. Hydrogenation chains play a major role in the formation
of CH3CCH, CH;3CN, and H,CO on dust grains, and methanol is
also formed through the reaction (g)CHj3 + (g)OH — (g)CH3;0H.

Each evaporation front grows as a function of time follow-
ing the temperature evolution and ranges between ~10° and
~10° AU. Our findings agree with those of Choudhury et al.
(2015), where the efficiency of the evaporation as a function of
the thermal evolution of the clump is responsible for evaporation
scales similar to ours (see their Fig. B1).

4.1. Post-processing of the model outputs

The chemical structure of each clump was reconstructed assum-
ing that each radial profile from phase II (i.e. each column
in the relative abundance maps in Fig. 3) represents a radius
of a spherically symmetric clump. For each profile we gener-
ated a data cube of 150 % 150 x 150 pixels at a resolution of
~10° AU pixel™!, which corresponds to one-half of the size
of the smallest evaporation front radius in Fig. 3, in order to
always sample the region at which the gas-phase abundances are
enhanced by the desorption of the products of dust-phase chem-
istry. The column density maps of each tracer were then obtained
by integrating the abundances along the LOS, applying for each
tracer a convolution to the APEX resolution of the observed tran-
sitions® (see Appendix D), and taking the different distances

6 This step was done using the f£ft2 function of numpy.fft:
https://numpy.org/doc/stable/reference/generated/
numpy . £ft.£f£t2.html

of the TOP100 objects into account. The final column density
profile of a given tracer X, Ny,0q(X), was calculated along the LOS
at the centre of the clump.

With respect to this procedure, CH3OH and CH3CN required
an additional constraint to reproduce the observed higher-K
lines. In their spectral fit, Giannetti et al. (2017) distinguished
the hot and cold components, assuming two domains separated
at 100 K and providing the individual column densities. Fol-
lowing the same approach provides additional constraints to
reduce the uncertainties and to test the reliability of the tem-
perature of the background model, especially in the innermost
part of the clump. After reconstructing the spherical distribution
of CH3CN and CH3;OH, we applied a 100 K temperature-mask,
taking only regions into account in which 7 > 100 K, to gener-
ate the averaged column densities profiles of the hot components
alone.

As an example, we report the final gas-phase CH3CCH pro-
files in Fig. 4a, obtained assuming a distance of 3.5 kpc (arbitrar-
ily chosen) to apply the post-processing. We show the results for
M =107 Mg yr~! and for the standard free-fall collapse model
(i.e. b=1), and we note that ny(ry) is the parameter that mostly
affects the evolution of N,,q(CH3;CCH).

This behaviour is the consequence of two combined effects.
First, the initial abundances of the warm-up phase are scaled
by the density profile of each model, and thus, models with
higher values of ny(ry) have higher initial column densities (see
Fig. B.2). Second, the different thermal structures of the clumps
have a strong effect on the chemical evolution. At a given time,
the average temperature along the LOS is lower in clumps with
larger ny(ry) because the radiation of the protostar is more atten-
uated. Because the luminosity of the protostar increases with
time and affects the temperature of the surrounding gas, the
evaporation front grows and so does the number of chemical
species released into the gas. In Fig. 4b we show the radial profile
of gas-phase N(CH3;CCH) at three times (A, B, and C in panel a).
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The column density of this species increases by about one order
of magnitude over time, caused by the expanding evaporation
front and by the decrease in CH;CCH adsorption rate in the outer
parts of the model. The adsorption process is directly propor-
tional to the density, which drops at r > R, (Fig. 3). This also
provides an explanation for the observed increasing trend in the
gas-phase CH3CCH abundance with the evolutionary stage of
massive clumps (e.g. Molinari et al. 2016; Giannetti et al. 2017).

4.2. Comparison of the modelled column densities with
sources from the dTOP100 sample

To infer the ages of the clumps and the relative duration of
the evolutionary phases in the TOP100 sample, we compare the
column densities derived from the observations (Appendix D
and Table D.1) with those from our post-processed models. For
a given clump the dataset, D={L, M, N(X)}, comprises eight
(two+six) measurements, that is, the luminosity L, the mass M,
and the column densities of the six observed chemical tracers,
N(X). At each time step of the warm-up phase, with the free
parameters 8 = {b, M, R., ni(ro)} given the data D, the likelihood
is

Z(0ID) = Pc(6ID) Pu(6ID) PL(OID), “)

where Pc(0|D), Pm(0ID), and Pp(0|D) are probability density
distributions of the chemical abundances, the mass, and the
bolometric luminosity of each clump, respectively.

The first factor in Eq. (4) is

Pc= 1_[ Pcx, )
X

where for the sake of simplicity, we omitted the arguments of
Pc, and where (Garrod et al. 2007; Gerner et al. 2014)

|10g1()[Nobs(X)] - logl()[Nmod(x)” }
V2o ’

with ‘erfc’ the complementary error function. In Eq. (6), Nops(X)
and Npoq(X) are the observed and modelled column densities,
respectively. As in Garrod et al. (2007), we set o = 1, which cor-
responds to a difference of one order of magnitude between the
observed and the modelled column densities. This assumption
takes into account the uncertainties on the observed column den-
sities, on the initial chemical conditions assumed for the phase
I, and on the shape of the density profile assumed in phase II
(see Sect. 3.1.2). For sources without a detection, we assumed a
detection limit (see Appendix D) and set Pcx =1 when Npoq(X)
< Nops(X), while we used Eq. (6) when Nyoq(X) > Nops(X).

For each clump, P and Py are Gaussian functions with
mean equal to the L and M values derived by Konig et al. (2017).
The standard deviations were computed as follows: We added in
quadrature a 50% uncertainty associated with the models based
on the approximation of a single clump size of 0.5 pc and a
constant accretion rate over time (Sect. 3.1.2), in addition to the
errors of 50% on L and 20% on M proposed by Urquhart et al.
(2018). This gives a standard deviation for Py, of about 60% of L,
and for Py of about 50% of M. We note that an additional vari-
ation of 10% on these uncertainties does not produce significant
variations in our final results.

Figure S5a shows an example of how . varies as a func-
tion of time when models with the same mass accretion rate
(M=10" M, yr‘l) are considered. The models are sorted in

Pcx =erfc { (6)
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Fig. 5. Panel a: example of the . matrix calculated for G353.41-0.36
in all the models with M =10"M, yr~'. Models on the y-axis are
sorted from the top to the bottom by the difference between the mass
of the models (see Table 2) and the value associated in the TOP100
(see Table D.1). For the sake of clarity, the colour bar is limited to five
orders of magnitude and is normalised to maximum likelihood (-Z}.x)-
Panel b: zoom on the age limits identified by P, and Py showing how
the likelihood would appear if Pc in Eq. (4) were not taken into account.
Cyan vertical lines indicate the range of time that corresponds to the
uncertainties on the observed luminosity in the TOP100, and the hori-
zontal green line shows the same limit associated with the clump mass.
Times and .& are shown in log-scale.

ascending order by the difference in mass between the values
reported in Konig et al. (2017) and those of the models (i.e.
Table 2), while t, is the time spent in the warm-up phase defined
in Sect. 3.1.2. In both panels, P defines the range of time spent
by the protostar in the warm-up phase (i.e. the range of time
in between the vertical cyan lines), which only depends on the
uncertainties associated with the bolometric luminosity of each
source. Analogously, Py is constrained by the mass range found
for a given source (e.g. see discussions in Konig et al. 2017 and
Urquhart et al. 2018), and it is therefore possible to define a lower
mass limit that is indicated by the horizontal green line. The
combined information given by P and Py limits the age range
of each source. In this area, the models with the same density
profile defined by Eq. (2), but different values of b, are degen-
erate, showing the same .# as a function of 1, (see Fig. 5b). P¢
is fundamental to break this degeneracy (see Fig. 5a), provid-
ing further information on the dynamics of the collapse that led
to the observed chemical properties of each clump, and placing
additional constraints on determining the relative duration of the
evolutionary classes in the TOP100.

The absolute time is hence the sum of the collapse
timescales, t;, and the time spent during the warm-up phase, ,.
The collapse time depends on the setup of phase I, and it ranges
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between (0.4-5) x 10° yr depending on b and ny(ry), while the
warm-up time depends on the mass accretion rate of phase II (see
Sect. 3.1.2).

The absolute age for the £th source is the weighted mean,

-1

, (7

logolt1ic + t2,¢] 1
t L=
" lZJ: (10g10=5ﬂi,j,€)2 ij (logm%,ﬂ)z

where i ranges over the 54 models, j over the 100 times used to
sample phase II, and we used the log-likelihood as weight.

We performed the comparison described above only for the
sources in the TOP100 sample that agreed within the uncertain-
ties with the masses of the models in Table 2. This reduced the
sample to 48 objects, that is, 6 sources in the 70w stage, 16 IRw,
15 IRb, and 11 HII regions. Nevertheless, this limitation does
not affect our approach because our model employs a subset of
objects that are representative of the whole population, preserv-
ing their global features (e.g. Csengeri et al. 2016; Giannetti et al.
2017; Konig et al. 2017). We summarise the observed properties
of the clumps in this subsample in Table D.1. It is worth noting
that while the TOP100 sample does not show bias in terms of the
source distances for each evolutionary phase (e.g. Konig et al.
2017), in Table D.1 only the IRw class extends beyond ~10 kpc.
To verify whether the distance has an effect on our results, we
performed a test considering sources up to a maximum distance
of 6 kpc. We did not find significant changes in the final durations
reported in Sect. 5.

5. Discussion

In this section, we estimate the relative duration of the evolu-
tionary phases identified in the TOP100, following a different
approach compared to the statistical lifetimes. Our findings are
then compared with the relative number of objects observed in
ATLASGAL (Urquhart et al. 2018), and we discuss whether the
synthetic column densities of the selected chemical tracers match
the observed densities.

5.1. Estimates of the duration of evolutionary phases

To compare the ages of the evolutionary stages defined in the
TOP100 with the average absolute time estimated in a sample of
N objects, (ta) =N -1 ZnN: | tan» We defined the age factor of the
£th source as

fae=-—"<. (8)

In this context, the models provide {ts) ~ 10° yr starting from
t; =0 (i.e. the beginning of phase I; see also Fig. 1). The average
fa were estimated as the median of the age-factor distributions
in each evolutionary class, computed with Eq. (8) and reported
as purple markers in Fig. 6. For the sake of clarity, Fig. 6 shows
the corresponding value of 75 ¢ — (ta) yr that is associated with
each fa. We quantified the duration of an evolutionary phase,
Atphase, as the time between the minimum and maximum value
of ta ¢ — (ta) (i.e. the lower and upper limits of the purple shaded
areas in Fig. 6). These values were computed as the 5th and 95th
percentiles of the fa distributions in each evolutionary phase.
The sum of the four Afppase is the total time of the high-mass star
formation process #visg. The purple percent values in Fig. 6 (M)
indicate the contribution of each phase to the total time #ysp.
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Fig. 6. Summary of the final durations estimated in each evolutionary
class defined for the TOP100. The relative number of massive clumps
in each phase and observed in ATLASGAL are shown in black (“O”;
Urquhart et al. 2018). Purple shaded areas indicate the 5th and 95th per-
centiles of the age factor, f5, and the corresponding value in yr in our
sample (model “M;”), and purple markers (‘-’) represent their medi-
ans. The numbers associated with the model “M,” (orange), indicate
the same quantities obtained by separating the models with respect to
M before calculating the average age of each source (see text). The dif-
ferent markers in M, show the combination of M that best match the
observed relative number of object in each phase (legend).

We find that following the classification of Giannetti et al.
(2014) and Konig et al. (2017), 12% of the star formation time is
spent in the early phase (70w), and the IRw stage is associated
with 19% of fysp. This suggests a fast evolution during the early
stage of the massive star formation process, which in total corre-
spond to the ~30% of tysp. Advanced stages (i.e. IRb sources)
have the longest duration (39%), while the remaining 30% of the
tvsr 1s spent in the final stage (HII).

Assuming that the number of objects in an evolutionary stage
is also representative of its duration, we compared our findings
with the relative number of objects per evolutionary class in
ATLASGAL. This is represented as black percentages in Fig. 6
(“O”; from Urquhart et al. 2018). The duration found for the
early stages agrees with the observed classification, and the later
stages are probably biased by the different definition of IRb
and HII in the TOP100 and ATLASGAL. In particular, when
radio continuum emission is found at either 4 or 8 GHz within
10” of the ATLASGAL peak, the source is classified as HII
in the TOP100 (e.g. Konig et al. 2017). Different criteria have
been applied in Urquhart et al. (2018) to classify the advanced
stages that contain radio bright HII regions, massive young stel-
lar objects, and sources associated with methanol masers. These
surveys have a different coverage than the complete ATLAS-
GAL and also have different sensitivities (see Urquhart et al.
2014 for more details), so that the final number of objects in
the advanced stages might be underestimated. Because this limit
affects the separation between IRb and HII, we note that if we
consider a single phase to describe the more evolved sources (i.e.
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IRb + HII), the total duration associated with this phase would
agree better.

An additional source of uncertainty is a different value of M
throughout the evolutionary sequence. Evidence of an increas-
ing mass accretion rate in the intermediate stages of the massive
star formation process is discussed in Beuther et al. (2002b), but
when the protostars are close to the main sequence, their radi-
ation pressure might slow down or quench the mass accretion
(e.g. Nakano et al. 1995; Stahler & Palla 2005; Klassen et al.
2012). To quantify the effects of M, we repeated the calcula-
tion of the duration of each phase by separating the models by
accretion rate and mixing the results of the different phases in
all their possible combinations. We find that different M pro-
duces different durations and fysr. The most accurate solution
to interpret the observations in ATLASGAL shows an accretion
rate that is initially slow and increases during the two interme-
diate classes, to decrease again in the more evolved phases (see
the orange symbols and percentages in Fig. 6; M;). The latter
result allows us to verify how reliable the assumption of a con-
stant H, radial density profile is that we made for the clumps
during phase II (see Sect. 3.1.2). In the most variable scenario
where M =10~ M, yr~! over the t, identified in our models (and
assuming no mass replenishment), the majority of the clumps
shows a mass loss of $20%. Only two clumps of ~20 M, would
suffer a relevant mass loss (i.e. G353.07+0.45 and G316.64-0.09
in Table D.1). However, these two sources belong to the IRb and
IRw phases, which contain the majority of the clumps, and can
be considered outliers in these classes. Conversely, for sources in
the 70w and HII evolutionary phases, where M = 107> M, yr~!,
the mass loss is negligible. Alongside the few observational esti-
mates available for M and for the infall rate (e.g. from the parent
filament; see Sect. 3.1.2), these results mean that the assump-
tion of a constant-density H, profile is reasonable on a clump
scale.

The individual durations estimated in M, lead to ~5X
10* yr for younger objects (i.e. 70w), ~1.2 x 10° yr for the IR-
weak, ~2.4 x 10° yr for IR-bright sources, and ~1.1 x 10° yr for
HII regions. Additionally, the average fa of each class increases
with the evolution of the sources (circles and stars in Fig. 6),
so that the typical object of each class appears statistically older
than the average from the previous evolutionary phase. We there-
fore assume that M, is the most representative model, with a total
massive star formation time fyspm, ~ 5.2 X 10° yr (tmsrm, ~1.1
IMSF M, )-

In this context, the chemistry plays a crucial role in break-
ing the model degeneracy when the likelihood is defined by Py
and Py, alone and in matching the results from ATLASGAL (see
Fig. 6). If Pc is not included in .Z (Eq. (4)), the duration of the
advanced stages shows a difference up to a factor of ~8 when
compared to those predicted by M,. This corresponds to a total
time, tvsr, 4.5 times shorter, and the final relative durations dif-
fer from the observed relative number of objects in each class by
up to a factor of 5.

5.2. Selected tracers and chemical clocks

Four molecules were selected in this work: formaldehyde, methyl
acetylene, acetonitrile, and methanol (see Sect. 2). They all man-
ifest an observed upward trend in their abundances with increas-
ing evolutionary stage, which is indicated by the luminosity-
to-mass ratio of the clumps (Giannetti et al. 2017; Tang et al.
2018). Two thermal components were also required to reproduce
the observed emission of the higher K-ladders of methanol and
acetonitrile lines in Giannetti et al. (2017).
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To evaluate to which extend the models are able to reproduce
the observed column densities, the same procedure as we used
to calculate Atyp,e was employed (Eqgs. (7) and (8)). Figure 7
summarises the comparison of the modelled and observed col-
umn densities, grouped by tracer type (colours) and evolutionary
class. Shaded areas represent the range of the observed beam-
averaged column densities (Sect. 2 and Appendix D), with an
order of magnitude uncertainty (Eq. (6)), not shown in the fig-
ure. The median values of these observed column densities are
shown as a solid line. The median column densities predicted by
our models are plotted as coloured circles and are shown with an
uncertainty of one order of magnitude, the same as assumed for
the observations.

5.2.1. Methyl acetylene and acetonitrile

The reliability of CH3;CCH and CH3;CN as thermometers has
been widely discussed in the past (e.g. Zhang et al. 1998;
Molinari et al. 2016; Giannetti et al. 2017). In particular,
Giannetti et al. (2017) detected an increasing trend of the tem-
perature and column density of CH3;CCH from the less to the
more evolved sources in the TOP100 (i.e. shaded area in panel a
of Fig. 7). The same behaviour is found for CH3CN if the contri-
butions of a hot and cold component are taken into account.

In Fig. 7 the observed column densities of methyl acety-
lene (panel a) and acetonitrile (panels b, and c) derived from
the observations increase by a factor of 10 between the 70w
and the HII stages. The column densities provided by our mod-
els reflect the same trends and reproduce the observed values.
The discrepancy between models and observations is within the
uncertainties.

The robustness of CH3;CCH and CH3CN as chemical clocks
was finally tested by removing these two tracers from Pc. This
had the same effect as removing Pc from £ altogether (see
Sect. 5.1), and we conclude that methyl acetylene and acetonitrile
are effective chemical clocks for characterising the evolution
of massive star-forming clumps and that they contribute to
constraining our findings.

5.2.2. Formaldehyde and methanol

Unlike CH3CCH and CH3;CN, the model column densities of
methanol and formaldehyde (panels d, e, and f in Fig. 7) agree
less well with the observed densities. The slightly increasing
trend in the observed column densities with evolution is repro-
duced by the models, but the modelled column densities under-
or over-estimate those observed for the TOP100 by one order of
magnitude at least, similarly to Gerner et al. (2014). This might
be related to the uncertainties in the chemical pathways that
determine the formation of methanol and its precursors. For tem-
peratures below 20 K, hydrogenation chains are usually invoked
to convert CO into H,CO and CH3O0H on grains because hydro-
genation is made very efficient by the strong CO depletion that
occurs at low temperatures (e.g. Caselli et al. 2008, Giannetti
et al. 2014 and Sabatini et al. 2019). However, at the same tem-
peratures, thermal desorption is inhibited and methanol is not
efficiently released from the dust into the gas phase, suggest-
ing that the surface chemistry alone is not capable of explaining
the detection of gas-phase methanol in the cold phases of mas-
sive star-forming regions as well (e.g. Cosentino et al. 2018).
Alternative formation paths and mechanisms have been pro-
posed to solve this issue (e.g. Viti & Williams 1999; Garrod
et al. 2007; Vasyunin & Herbst 2013), but this was found to
be relatively inefficient in reproducing the observed abundances
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Fig. 7. Comparison of the median column densities observed in the TOP100 (solid lines) with those predicted by our models (circles) that were
obtained by applying the same procedure as was used to quantify Az, (see Sect. 4.2). Panels are separated by tracers (colours). The shape of
the shaded areas indicates the minimum and maximum observed column density, and the error bars associated with each circle incorporate the
uncertainty of one order of magnitude assumed in Eq. (6) for the comparison. The modelled column densities of the hot component of methanol
(circles in panel f) are multiplied by a factor 1000. Triangles indicate the upper limits. The column densities are shown in log-scale.

of methanol (Geppert et al. 2006), and to no longer accurately
predict the abundances of other chemical species (Garrod et al.
2007). The same issue also concerns H,CO, a molecular precur-
sor of methanol. In the advanced evolutionary stages, the amount
of methanol is underestimated (although closer to the observed
values). The reason might be that the thermal evaporation of
methanol in the warmer environments is not well determined,
or that further formation pathways are missing in the colder
phases. We also note that the absence of the quantum tunnel-
ing diffusion in our models might affect the final abundance
of methanol, enhancing the efficiency of CO hydrogenation in
the colder evolutionary phases, and thus influencing the final
abundance of methanol in the warm phases (Vasyunin et al.
2017).

An additional uncertainty that we explored is the effect of
different activation energies for reactions that drive the forma-
tion of molecules such as formaldehyde and methanol at low
temperatures. Recently, a study of CO hydrogenation on water
ice by Rimola et al. (2014) reviewed the activation energy of the
hydrogenation reaction between H,CO and H producing CH30,
the precursor of methanol. The authors proposed a barrier of

1300 K, which would favour the formation of CH3;OH compared
to the value commonly employed (~2500 K, as in this work and
derived for the gas phase; Woon 2002). Even a lower activation
energy of ~500 K has been predicted by Fuchs et al. (2009).
However, we have tested these two scenarios without finding sig-
nificant changes with respect to the modelled column densities
of the tracers in Fig. 7. The most substantial change concerns
CH3;OH when the extreme activation energy proposed by Fuchs
et al. (2009) is assumed. In this case, methanol column den-
sities approach the values observed in the two most advanced
evolutionary stages, while those of formaldehyde remain always
largely overestimated. This suggests that the activation energy
has secondary effects in reproducing the observed abundances
of methanol and formaldehyde, and other processes or observa-
tional strategies, such as different or multiple transitions, should
be taken into account.

We finally note that the discrepancies in the abundances of
H,CO and CH3;OH are not relevant for our results. When these
two tracers are removed from Pc and £, the duration of each
phase and the final fsr remain unaffected, showing a variation
of ~10% with respect to the numbers reported in Fig. 6.

AT71, page 11 of 19


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140469&pdf_id=0

A&A 652, A71 (2021)

6. Summary and conclusions

We have presented a new and generalised method for deriving
the evolutionary timescales of the massive star formation pro-
cess. Compared to typical statistical approaches (e.g. Russeil
et al. 2010; Mottram et al. 2011; Tigé et al. 2017; Motte et al.
2018; Urquhart et al. 2018), our method follows a different pro-
cedure in which the fysF is the final result that is derived as the
sum of the individual Aty (Sect. 5.1 and Fig. 6), and not an a
prior1 assumption.

We developed a set of 54 models, built to represent the entire
population of massive clumps of the ATLASGAL-TOP100 sam-
ple (Sect. 1). The models consist of two physical phases: an
initial isothermal collapse followed by a warm-up phase induced
by a massive protostar at the centre of a spherical clump (Sect. 3).
In particular, we assumed a Plummer-like density profile with a
slope of 5/2, while the temperature profiles were derived from
accurate 3D RT simulations. The recent empirical estimates of
the temperature profiles obtained by Gieser et al. (2021) from
the same tracers used in this work agree with our computed
profiles (see Sect. 3.1.2). We then compared the column den-
sities of formaldehyde (H,CO), methyl acetylene (CH;CCH),
acetonitrile (CH3CN), and methanol (CH3;0OH) as observed in
the ATLASGAL-TOP100 sources (Giannetti et al. 2017; Tang
et al. 2018) with the modelled densities by post-processing the
outputs of the models at the same angular resolution as the
observed data (see Appendix D).

The timescales of the evolutionary stages associated with
the massive star formation process were derived by consider-
ing the physical properties of the clumps, that is, their mass
and luminosity, and the observed abundances of each selected
molecular tracer. Considering a mass accretion rate depending
on the evolutionary phases, we find a total star formation time,
tmse ~ 5.2 % 10° yr, which agrees well with that assumed by the
statistical methods. This provides a new and significant valida-
tion of the statistical methods. The individual Afpyas that define
tmsr are found to be ~5 x 10* yr for the 70w, ~1.2 X 10° yr for
the IRw, ~2.4 x 10° yr for IRb sources, and ~1.1 x 10° yr for HII
evolutionary stages of the TOP100 sample (Sect. 2). Knowing
tmsk and Afphase, We derived the relative duration of each phase
and found an agreement with the relative number of objects in
each phase observed in the ATLASGAL survey. This provides
further confirmation of the reliability of the method we pre-
sented. The chemical constraint included in the likelihood to
determine the duration of the different phases is necessary to
achieve results that agree with the observed relative number of
objects in the ATLASGAL survey. Without this additional con-
straint, Afppae becomes shorter by up to a factor of ~8 with
respect to those reported above, and the relative durations dif-
fer by up to a factor of 5 with the relative number of objects in
each class.

Of the selected molecular tracers, CH;CCH and CH;CN are
best reproduced by our models, and H,CO and CH;OH dif-
fer from the observed values, although they do follow the
observed trends. Therefore the final Afphase Teported in this paper
are mainly constrained by CH3CCH and CH3CN. Because the
chemical constraint is important to identify reliable timescales,
we plan to extend the number and complexity of the selected
molecular tracers with several chemical clocks proposed in the
literature (e.g. HC3N by Taniguchi et al. 2018; CH;OCHO and
CH;3;0CH; by Coletta et al. 2020; see also Urquhart et al. 2019;
Belloche et al. 2020). This might help to better assess the differ-
ent phases of the massive star formation process and increase the
number of constraints on Af,p,se reported here.
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We also found that the evaporation fronts of the discussed
molecular tracers vary between 10° and 103 AU during the
warm-up phase (Sect. 4), which in our models marks the regions
in which each tracer becomes abundant in the gas phase. This
result suggests that we compare our findings with the observa-
tions provided by the new astronomical facilities. In particular,
the Atacama Large Millimeter/submillimeter Array (ALMA;
Wootten & Thompson 2009) offers the perfect opportunity of
achieving the high angular resolutions (e.g. Csengeri et al. 2018;
Maud et al. 2019; Sanna et al. 2019; Johnston et al. 2020) needed
to sample scales of about the physical sizes of the modelled evap-
oration fronts. Moreover, ALMA can also reach the sensitivities
needed to detect a large number of components in the Jx, k.
band. This would allow the removal of possible opacity effects
and the accurate definition of the thermal state of the clump that
can be compared with the results of this work. The increasing
complexity of chemical models and the progress made in the
observational techniques make this paramount goal increasingly
achievable in the near future.

To conclude, we have reported relevant and robust results
on the high-mass star formation process together with reliable
estimates of the duration of the different phases of this complex
process. The present pipeline is based on 1D models, which can-
not capture the effect of dynamical processes such as magnetic
fields and turbulence on the density evolution of the collaps-
ing clumps and the subsequent (proto-)stellar accretion process
fully. On the other hand, low-dimensionality models allow distin-
guishing between the different chemical processes, and building
a large number of models to infer statistical properties that can
be compared with observations. Although some authors have
recently included the evolution of large chemical networks in
3D models (see e.g. Bovino et al. 2019), in the presence of a
(proto-)stellar object, modelling the chemistry and the thermal
evolution of the gas in 3D still represents a challenge.
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Appendix A: Details of the chemical network

Table A.1 shows the types of chemical reactions that we included
in the network. Column (1) contains names of each type of
reaction; Col. (2) an example of chemical reaction between two
generic reactants A and B, and, Col. (3) summarises the total
number of reactions included in the network.

In Table A.2 we provide the complete list of binding energies
assumed in this work, updated to the most recent estimates found
in KIDA. Where it was not possible to find a recent estimate, we
used Semenov et al. (2010) (species in bold). The 35 chemical
species in the bottom part of the table are those added to the
original network due to the missing desorption processes (see
Sect. 3.2).

Table A.1. Summary of the reactions in the chemical network.

Reaction Example @ #included ®
Recomb. on grain A*+ grain” — A + grain 13
CR ionisation AB +cr— AB* + e

CR photodissociation AB+cr—A+B 220
Gas-phase reactions (see the note below)’ 4016
Photo-ionisation AB +vyyy > AB +e”
Photo-dissociation AB+7yyy > A+B }153
Grain-surf. reactions Agust + Baust = ABgust 266
Thermal desorpion AB gy + heat — AB 195
Desorp. induced by CR ABgu + cr —» AB 195
(CR photodiss. )qus ABgus + ¢ = Agust + Baust 185
(CR photoion.)gys ABgu + cr — AB]  +e” 56
(FUV photodiss. )qus ABaust + Yuv = Adgust + Baust 204
(FUYV photoion. )qys ABgus +yuv — AB}  +e” 171
(Freeze-out)qug AB — ABgu + v 195

Notes. “A and B are two generic reactants. ”’ Number of reactions.

7 The gas-phase processes included are ion-molecule, neutral-neutral,
charge exchange, radiative association, radiative recombination and
dissociative recombination.
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Table A.2. Complete list of binding energies.

Chemical species - Tp/K

C 10000 C¢Hg 7590 CO 1300 HNC; 4580
Cyp 8000 C; 5600 CO, 2600 HNCO 4400
C, 10000 C;H 6140 CS 3200 HNO 3000
CH 3000 C;H, 6590 Fe 4200 HS 2700
CH, 2590 C;H; 7040 FeH 4650 HSS 2650
CH; 2800 CH;3;C¢H 7490 H 650 Mg 5300
CyHy 2500 C7N 6400 H, 440 MgH 5750
CyHs 3100 Cg 6400 H,C;N 5030 MgH, 6200
CH3CH,OH 5400 CsH 6940 H,C;0 3650 N 720
CyH¢ 1600 CgHy 7390 H,CsN 6630 N, 1100
C;N 2400 CgH; 7840 H,C;N 8230 N,H, 4760
CCO 1950 CgHs 8290 H,CoN 9830 Na 11800
C,S 2700 Cy 7200 H,CN 2400 NaH 12300
Cz 2500 CyH 7740 H,CO 4500 NaOH 14700
C;H 4000 CoH, 8190 H,CS 4400 NH 2600
CsHy, 3390 CyoH; 8640 H,O 5600 NH, 3200
CsH; 3300 CoHy 9090 H,0, 6000 NH,CHO 6300
C3H3;N 5480 CyN 8000 H,S 2700 NH,OH 6810
CH3;CCH 3800 CH 925 HSSH 3100 NH; 5500
C3N 3200 CH, 1400 H;CsN 7080 NO 1600
C;0 2750 H,CCN 4230 H;C;N 8680 NS 1900
C3S 3500 H,CCO 2800 H;CoN 10300 (6] 1600
Cy 3200 CH3N 5530 H4C3;N 5930 0, 1200
C4sH 3740 CH;NH, 5530 HsC;N 6380 OH 5000
C4H, 4190 CH30 4400 HCCNC 4580 O3 2100
C4H; 4640 CH3 1600 HC,0 2400 OCN 2400
C4Hy 5090 CH;3;C3N 6480 HC3N 4580 OCS 2400
C4sN 4000 CH3C4H 5890 HC;0 3200 OH 4600
C4S 4300 CH3CsN 7830 HCsN 6180 S 2600
Cs 4000 CH3CgH 7490 HC;N 7780 S, 2200
CsH 4540 CH3C;N 9480 HCyN 9380 Si 11600
CsH, 4990 CH3;CHO 5400 HCCN 3780 SiC 3500
CsH; 5440 CH3;CN 4680 HCN 3700 SiH 13000
CH3C4H 5890 CH,;NH, 5530 HNCCC 4580 SiH, 3600
CsN 4800 CH3;OCH; 3150 HCO 2400 SiH; 4050
Ce 4800 CH3OH 5000 HCOOCH; 6300 SiHs 4500
Ce¢H 5340 CH; 9600 CH,0, 5570 Si0O 3500
CeH, 5790 CH3NH, 6580 HCS 2900 SiS 3800
CgH; 6240 H,CN 2400 He 100 SO 2800
CeHs 6690 CN 2800 HNC 3800 SO, 3400
Added in this work
CH3COCH3 3500 H,SiO 4050 NO, 2400 SiCs 5100
C;P 5900 HCCP 4750 P 1100 SiCsH 5550
C4P 7500 HCL 5170 PH 1550 SiCs 5900
CCl 1900 HCP 2350 PH, 2000 SiCH, 3750
CCP 4300 HCSi 3630 PN 1900 SiCH; 4200
CH,PH 2600 HNSi 5080 PO 1900 SiN 3500
Cl 3000 HPO 2350 SiC, 4300 SiNC 4300
CIO 1900 N,O 2400 SiCH 4700 Si0, 4300
CP 1900 NH,CN 5560 SiC;H, 5200

Notes. Binding energies were taken from Wakelam et al. (2017) and
Semenov et al. (2010) (see text).
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Appendix B: Benchmark of the chemical network

We benchmarked our network against Semenov et al. (2010). The
initial conditions are summarised in Table B.1. All the elements
are initially atomic, with the exception of hydrogen, which was
assumed to be completely in molecular form. Except for He, N,
and O, all the elements are also ionised, and grains are initially
neutral.

TMC1-model: we benchmarked the physical case called
TMC1 model. The gas has a constant temperature of 10 K, a
constant hydrogen nuclei density ny =2 x 10* cm™3, and visual
extinction A, = 10 mag. The sticking coefficient was S =1, and
the cosmic-ray ionisation rate of hydrogen molecules was set
to £, =1.3%x10""7 s7! (Spitzer & Tomasko 1968; Glassgold
& Langer 1974). We have assumed an average grain size of
{ay =0.1 um and a bulk density pp=3 g cm™>, corresponding
to silicate grains, as in Sect. 3.1. Figure B.1 shows the perfect
agreement with the results reported by Semenov et al. (2010).

Table B.1. Summary of fiducial initial elemental abundances set for the

TMC1 model.
Species  (n;/nu);=0 Species  (n;/nu)i=o
He 9.00(-2) Si* 8.00(-9)
H, 5.00(-1) Na* 2.00(-9)
ct 120(-4)  Mg* 7.00(~9)
N 7.60(-5) Fe* 3.00(-9)
O 2.56(—4) Pt 2.00(-10)
St 8.00(-8) Clt 1.00(-9)

Notes. Same notation as in Table 3.
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Fig. B.2. Fractional abundance evolution for H,CO, CH3;CN, CH;CCH, and CH;OH as a function of the central density of the clump during the
collapse phase. Colours indicate the value of b assumed for the collapse described by Eq. (1). Solid lines show the results employing the canonical
binding energies from KIDA, and shaded areas represent the solutions when 7T, was varied by +10%.
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Appendix C: Chemical evolution and model
uncertainties during phase |

Figure B.2 shows the fractional abundance evolution of the rele-
vant tracers (see Sect. 1) as a function of the central density of the
clump during the isothermal collapse. We first tested the effect
of the collapse velocity (parameter b in Eq. (1)) on the chemical
evolution of some of the observed species by delaying the col-
lapse by 50 and the 90%, that is, b=0.5 and b = 0.1, respectively.
Different colours in Fig. B.2 represent different values of b.

Despite the effects induced by varying b, the relative impor-
tance of the chemical reactions involving some of the main
tracers remains unaltered. In particular, H,CO is mainly formed
through CH; + O — H,CO + H, and it is destroyed by ion-
molecule reactions that involve H*, C*, and S*. For densities
higher than ~10° cm~3, ion-molecule reactions become predom-
inant and the abundance of H,CO decreases. At higher densities,
some relative abundance profiles again increase because the
dominant reaction becomes H;CO* + e~ — H,CO + H.

Methyl acetylene is formed by the dissociative recombina-
tion (i) C3H§ + e~ — CH;3;CCH + H, the main gas-phase source
of CH3CCH (see Hickson et al. 2016). For densities above
~10° cm3, the relative abundance is almost constant because
CH;CCH reacts with C with a rate coefficient similar to (i).

Conversely, the abundance of acetonitrile is more sensitive
to b. The main source of gas-phase CH3;CN in our model is (ii)
HCN + CH] — CH3CNHY, followed by the dissociative recom-
bination (ii1) CH;CNH* + ¢~ — CH3CN + H. We found that at
beginning of the collapse, CH3CN is rapidly formed, in agree-
ment with what was estimated by Loison et al. (2014), and is
then slowed down by (iv) CH;CN + Hj — CH;CNH™ + H,. The
combined effect of reactions (iii) and (iv) is also sensitive to
b because for fast collapse (b= 1), reactions (ii) and (iii) have
less time to form CH3CN before reaction (iv) becomes effective.
For densities between 10° and 10° cm™3, CH;CN starts to react
efficiently with H] — CH3CNH" + CO. The effect of this reac-
tion in combination with (iv) produces a slow decrease in the
CH3CN profiles at high densities.

The abundance of methanol increases with density,
driven by reaction CHj + H,O — CH3;OH;, followed by
CH3OH; + e~ — CH30H + H (see also Viti & Williams 1999).

To determine other sources of uncertainties, we analysed the
variation in chemical evolution by changing the binding ener-
gies reported in Table A.2 by + 10%, repeating the collapse with
the same physical conditions. The effects on the fractional abun-
dances are represented by the coloured areas in Fig. B.2. The
discrepancy is more than one order of magnitude at the highest
densities. We note that even larger discrepancies are reported by
Penteado et al. (2017), when the binding energies are randomly
selected from a normal distribution (see results reported in their
Fig. 2).

These tests show that the uncertainties due to binding ener-
gies variation are not negligible (see Fig. B.2), but they are not
greater than variations caused by variations in b. This suggests
that the dynamical state of the clump may play an important role
in regulating its chemical evolution (see also the recent results
by Kulterer et al. 2020).

Finally, we tested our collapse-phase with a set-up similar to
that of Garrod & Herbst (2006), but employing the chemical net-
work and binding energies of Semenov et al. (2010) because both
are publicly available and consequently easy to benchmark. The
difference between the abundances found by Garrod & Herbst
(2006) and ours is within an order of magnitude. It is caused by
the adopted details of the chemical networks.
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Appendix D: Notes on the observed column
densities

In Sect. 4.1 we discussed that we post-processed the outputs
of the models to compare the synthetic column densities with
a number of available observations of the TOP100 clumps
(right panel of Fig. 1). In this appendix we report some notes
about our treatment of the observed column densities before the
comparison that we discussed in Sect. 4.2. The observed col-
umn densities we used in the comparison are summarised in
Table D.1.

D.1. Formaldehyde H-CO

Formaldehyde data were taken from Tang et al. (2018). For sim-
plicity, we assumed a single half power beam width (HPBW)
size of 29" to convolve the modelled column densities (i.e. the
APEX-telescope resolution corresponding to the J = 3-2 transi-
tion of the HyCO ortho and the para forms at ~211 and ~218
GHz, respectively). For the sources in which both isomers are
observed, the total column density, Nops(H,CO), is derived as
N(0-H,CO)+N(p-H,CO). For sources not detected in o- and/or
p-H,CO, we estimated the corresponding detection limit column
density using WEEDS (Maret et al. 2011), with a 30 detection
with respect to the average noise level (Tang et al. 2018; 0.06 K
main-beam temperature scale) and assuming the H,CO molec-
ular line parameters provided by the CDMS?® database (Miiller
et al. 2001). For each evolutionary class, we assumed the average
values of T\, (i.e. 52, 73, 81, and 110 K for 70w, IRw, IRb, and
HII, respectively) and a full width at half maximum (FWHM) of
5 km s~! for the line reported by Tang et al. (2018), and that the
source size was equal to the APEX beam at the corresponding
frequency.

D.2. Methyl acetylene (CH3;CCH), methanol (CH3OH), and
acetonitrile (CH3CN)

Column densities of methyl acetylene, methanol, and acetoni-
trile were taken from Giannetti et al. (2017), who observed
the J=20g — 19k, J=7k — 6k, and J =19 — 18k bands for
CH;CCH, CH;O0H, and CH;CN, respectively, with APEX.
Because these lines are very close to each other, we assumed the
same angular resolution for APEX, that is, 18”. The final column
densities in Giannetti et al. (2017) were corrected for the APEX-
beam dilution, 7=63/(05 + 62 ), where s and 6peum are the
source and beam HPBW sizes, respectively. We (re-)applied this
correction to each source where the detections were not resolved
in the APEX-beam angular size (i.e. when 05 < 6yc,m) to obtain
the beam-averaged column densities, whereas for sources with
0s > Bpeam, 171 = 1. Detection limits were estimated assuming the
mean noise of the source spectra, the average line width, and
the median excitation temperatures reported in Tables 6 and 7 of
Giannetti et al. (2017) for each evolutionary class. We treated the
observed hot components for these tracers (see Sect. 4.1) in the
same way as the colder ones, considering the appropriate tem-
peratures reported by Giannetti et al. (2017), when we calculated
the detection limits.

8 https://cdms.astro.uni-koeln.de/cdms/portal/
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Table D.1. Summary of the observed properties of the selected TOP100 sources.

(1 (2) 3) 4 (©) (6) @) (8) (&) (10) (11) (12)
Source-ID Class d, Luol Metump T4 10g10[Nops (X/cm™2)]
kpc 102 Ly 102 M, K H,CO CH;CCH (CH3CN)cq (CH3CN)yoe (CH30H)eoq (CH30H)p

G13.18+0.06 70w 2.40 83.18 3.68 24.24 13.66 14.62 13.41 <12.89 16.02 <14.22
G14.49-0.14 70w 3.87 7.50 19.16 12.39 <12.68 14.52 13.22 <12.89 15.85 <14.22
G30.89+0.14 70w 4.90 4.96 19.18 1144 <12.68 14.16 13.08 <12.93 15.29 <14.17
G351.57+0.77 70w 1.34 4.33 1.64 17.04 <12.68 14.15 <14.53 <12.72 <15.42 <14.20
G353.42-0.08 70w 6.06 45.08 17.91 17.12  <12.68 <15.73 12.74 <12.74 <15.42 <14.20
G354.95-0.54 70w 1.91 4.84 1.47 19.13 <12.68 <15.73 12.71 <12.70 <15.42 <14.20
GO08.68-0.37 IRw  4.78 275.00 14.81 24.18 13.72 15.11 13.58 <12.85 15.22 <14.41
G08.71-0.41 IRw 4.78 5.04 16.62 11.81 <12.80 14.46 12.99 <12.84 15.19 <14.36
G10.45-0.02 IRw 8.55 113.14 16.06 20.70 <12.80 14.36 13.34 <12.91 14.96 <14.53
G14.11-0.57 IRw  2.57 31.77 3.53 22.35 13.46 14.63 13.14 <12.87 15.37 <14.40
G14.63-0.58 IRw 1.83 27.78 2.54 22.54 13.54 14.67 13.22 <12.83 15.82 <14.41
G24.63+0.17 IRw 7.72 50.36 15.28 18.12 13.20 14.08 13.21 <12.89 15.03 <14.35
G28.56-0.24 IRw 545 17.67 54.14 11.73 <12.80 14.58 12.96 <12.84 14.97 <14.32
G305.19-0.01 IRw  3.80 125.29 5.18 26.07 13.52 <15.30 13.33 <12.85 <14.86 <14.40
G317.87-0.15 IRw 2.95 16.41 3.62 19.26 13.76 14.82 13.51 <12.84 15.88 <14.40
G318.78-0.14 IRw 2.78 64.00 3.59 24.92 13.26 14.22 13.28 <12.92 15.26 <14.39
G326.99-0.03 IRw 3.95 11.44 4.44 17.95 13.84 14.88 13.57 <12.89 15.65 <14.39
G331.71+0.60 IRw 10.53 373.43 51.12  21.00 13.86 14.74 13.48 <12.93 16.00 <14.42
G336.96-0.23 IRw 10.91 36.25 2422  15.77 13.36 14.71 13.21 <12.89 15.54 <14.40
G337.26-0.10 IRw 11.00 300.11 31.87 21.73 13.35 14.40 13.27 <12.93 15.34 <14.43
G342.48+0.18 IRw 12.55 641.50 49.13 23.61 13.47 14.44 13.18 <12.81 15.15 <14.39
G353.07+0.45 IRw  0.86 0.57 0.18 1779 <12.80 14.55 <13.48 <12.70 15.11 <14.46
G34.41+0.23 IRb 1.56 48.39 2.14 26.13 14.01 15.20 14.78 14.72 16.15 15.92
G35.20-0.74 IRb 2.19 235.80 4.63 29.54 14.03 14.94 14.26 <14.14 16.33 15.19
G59.78+0.07 IRb 2.16 97.71 2.55 28.19 <12.88 14.36 13.26 <13.11 15.21 <14.59
G305.56+0.01 IRb 3.80 517.18 4.06 3341 <1372 <15.00 13.02 <12.96 15.37 <14.55
G310.01+0.39 IRb 3.61 496.33 4.15 32.20 13.46 14.43 13.23 <12.94 14.91 <14.53
G313.58+0.32 IRb 3.78 94.14 1.83 29.17 <12.88 <15.00 <13.30 <12.78 14.88 <14.88
G316.64-0.09 IRb 1.19 9.94 0.18 30.63 <12.88 14.67 13.60 13.57 15.20 15.12
G333.31+0.11 IRb 3.60 107.33 4.27 25.85 13.73 14.73 13.52 <13.01 15.63 <14.58
G339.62-0.12 IRb 3.01 149.96 3.20 28.66 13.65 14.69 13.51 <12.94 14.94 <14.57
G340.75-1.00 IRb 2.76 76.82 2.13 27.07 13.64 14.35 13.19 <12.97 15.75 <14.49
G341.22-0.21 IRb 3.67 162.23 4.90 27.03 13.74 14.33 13.62 <12.91 15.56 <14.59
G345.51+0.35 IRb 2.25 432.67 4.24 32.70 14.04 14.85 13.66 <12.94 16.10 16.05
G345.72+0.82 IRb 1.56 18.73 2.01 22.05 13.28 14.79 13.09 <12.89 15.21 <14.53
G351.77-0.54 IRb 1.00 164.69 2.64 31.79 14.82 15.92 15.68 15.63 16.73 16.68
G353.41-0.36 IRb 3.44 1272.01 34.83 28.26 13.98 15.03 13.59 <12.91 15.88 <14.68
G10.62-0.38 HII 4.95 4227.57 37.87 34.45 14.68 15.43 13.98 13.34 15.95 15.21
G12.81-0.20 HII 2.40 2468.69 18.80  35.15 14.19 15.36 13.64 <13.23 15.32 <14.54
G31.41+0.31 HII 4.90 689.42 30.63 26.32 14.14 15.34 15.45 15.43 16.41 16.38
G34.40+0.23 HII 1.56 29.91 2.76 22.82 13.93 14.85 13.75 <13.09 16.04 <14.54
G301.14-0.23 HII 4.40 2137.40 19.41 34.56 <13.02 15.13 14.01 13.76 15.91 15.78
G330.88-0.37 HII 4.16 1545.88 15.87 33.44 14.26 15.19 14.61 14.49 16.11 16.01
G330.95-0.18 HII 932 13064.99 173.06 33.04 14.45 15.42 14.58 14.44 16.21 16.07
G332.83-0.55 HII 3.60 2419.56 19.36 35.67 14.25 15.30 14.22 14.08 16.03 15.90
G333.28-0.39 HII 3.60 1291.69 20.77  30.37 13.80 14.95 13.47 <13.28 15.76 <14.56
G333.60-0.21 HII 3.60 12416.71 34.61 41.12 14.23 15.47 13.75 <13.53 14.80 <14.59
G351.42+0.65 HII 1.34 398.57 4.63 33.38 <13.02 15.27 14.85 <14.72 16.88 16.85

Notes. Column 1: TOP100 sources considered in this work; Cols. from (2) to (6): physical properties of each source (Konig et al. 2017); Cols. from
(7) to (12): final beam- and LOS-average column densities, obtained by applying the procedure described in Appendix D to the values reported in
Giannetti et al. (2017) and Tang et al. (2018). Upper limits are marked with ‘<’.
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