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*“Home is behind, the world ahead,
And there are many paths to tread
Through shadows to the edge of night,
Until the stars are all alight.

Then world behind and home ahead,
We’ll wander back to home and bed.
Mist and twilight, cloud and shade,
Away shall fade! Away shall fade!
Fire and lamp, and meat and bread,
And then to bed! And then to bed!”

J. R. R. Tolkien - ““A Walking Song”’; The Lord of the Rings
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Abstract

In this Thesis we aim to answer a long-standing astrophysical problem, quantifying
the timescales of the evolutionary phases characterising the high-mass star formation pro-
cess. Understanding the details of the formation of massive stars (i.e. M>8-10 M ) is
not trivial, since these objects are rare and at a relatively large distance. They also form
and evolve very quickly and almost their entire formation takes place deeply embedded in
their parental clumps. During the evolution, the chemical composition of massive clump
can be heavily affected by the changes in density and temperature induced by the pres-
ence of massive young stellar objects. Chemical tracers that show a relation between their
observed abundances and the different phases of the star formation process are commonly
called chemical clocks. In this Thesis, through the comparison of observations of a large
sample of massive clumps in different evolutionary stages, and accurate time-dependent
chemical models, we estimate the timescales of the different phases over the entire star
formation process. In addition, we provide relevant information on the reliability of cru-
cial chemical clocks, both for the early and the late stages, confirming that the chemistry
is a powerful tool to establish a timeline for the high-mass star formation process.






Contents

Contents

1 The star formation process

1.1 The interstellar medium . . . . . . . .. ... ... Lo
1.1.1  The hierarchy of molecularclouds . . . . . . ... ... .....
1.2 Low-mass star formation . . . . . . . ... ... .. ... ...
1.3 High-mass star formation . . . . . . .. ... ... ... ...
1.3.1 Massive star formation scenarios . . . . . . . . . . .. .. .. ..
1.4 Mass-Luminosity diagram . . . . . .. .. ... ... ... ......
1.5 The ATLASGAL-survey: a census of high-mass star-forming regions . .
1.5.1 The TOP100sample . . ... .. .. ... ... ... .. ....

Chemical evolution during the star formation process

2.1 Molecules in the Interstellar Space . . . . . . ... ... ... ......

2.2 Astrochemistry and star formation . . . . . . ... ... ... L.
22.1 CO-depletion . . . . .. ... ...
2.2.2  Deuterium fractionation . . . . ... ... ... ...
2.2.3 Warm-up and molecular desorption . . . . .. ... ... ....

2.3 Star formation chemicalclocks . . . . . .. ... ... oL 0oL

24 Aimmsofthisthesis . . .. .. ... oo

The early stages of the high-mass star formation process (I)

3.1 The IRDC G351.77-0.51 . . . . . . .. ... . i
3.1 CBOmap . .. ...

3.2 Derived quantities . . . . . . . . . ... oL e
3.2.1 Temperature and H, column density maps . . . . . .. ... ...
3.2.2  Column densities of C'80 . . . . . ... ... ... .......

3.3 The large-scale depletion map in G351.77-0.51 . . . ... ... ... ..

34 Depletionmodeling . . . ... ... ... ... ... .. ... ...

ix

12
14
15

21
21
24
29
32
34
37
44



Xii Contents
341 EstmateoRyep. . . . . o o o oo 62
3.4.2 Comparisonwith3Dmodels . . ... ... ............ 65
3.4.3 Theinuence of a dierent abundance prole oRgep . . . . . . . 65
3.5 Chapterconclusions .. . . . . . . . . .. .. .. e 68
4 The early stages of the high-mass star formation process (II) 71
4.1 Observed-H,D" sample in ATLASGAL . . . ... ... ........ 72
4.2 Observations and data reduction . . . ... ... ... ... ....... 74
421 o-H,D* detections . . . .. . ... ... 74
4.2.2 Additional tracers: HCO", DCO*and GO . . . . ... .. .. 78
4.3 Deriving the physical properties of the sample . . . . . . ... ... .. 78
4.3.1 Columndensities . . . . . . .. ... ... 80
4.3.2 Estimates of dynamical quantities . . . . . ... ... ... ... 81
4.4 New correlations witiK(o-H,D™) . . . . . . ... oL 83
4.4.1 Sourceparameters . . . . . . ... 87
4.4.2 Evolutionary parameters . . . . . .. ... ... .. 0. 88
4.4.3 Dynamical parameters . . . . ... .. ... . ... . 89
45 EstimatesoftheCRIR . . . . . .. ... ... .. .. .. L. 90
4.6 o0-H,D" as an evolutionary tracer for massive clumps . . . . ... .. .. 95
4.6.1 o-H,D" in a broader scenario of star formation . . ... ... .. 97
4.7 Chapterconclusions . . . . . . . . . . 98
5 The late stages of the high-mass star formation process 101
5.1 Physicalmodel . . ... ... ... .. ... .. 102
5.1.1 Phase-l:isothermalcollapse . . . ... .. ... ... ... ... 103
5.1.2 Phase-ll:thewarm-upphase . . . ... ... ... . ... .... 104
5.2 Chemicalmodel . . . . . ... ... .. .. ... .. .. 106
53 Results. . . . . .. 108
5.3.1 Post-processing of the models' outputs . . . . ... .. ... .. 112

5.4
5.5

5.6

5.3.2 Notes on the column densities derived for the TOP100 sources . . 113
5.3.3 Comparison of the modelled column densities with sources from

TOP100sample. . . . . . . . . . ... 115
Estimates of the duration of evolutionary phases . . . . . . .. ... ... 118
Selected tracers and chemicalclocks . . . . . ... ... ... ...... 121
5.5.1 Methyl acetylene and acetonitrile . . . . .. .. ... ...... 123
5.5.2 Formaldehyde and methanol . . . . .. .. ... ......... 123

Chapterconclusions . . . . . . . . . . . . .. . . . .. 126



Contents Xili

6 Conclusions and future perspectives 129
6.1 Finalremarks . . . . . . . . . . . . ... 131

A Notes on the chemical network 133
A.1 Reactiontypes and binding energies . . . . . . . . ... ... ... ... 133
A.2 Benchmark of the chemicalnetwork . . . ... ... ... ........ 135

Bibliography 143






The star formation process

1.1 The interstellar medium

The space between the stars is not empty. It is lled with a mixture of g&9%o)
and small particles of interstellar dustl%), that together form the interstellar medium
(ISM). Depending on its chemistry, temperature and density, the ISM is classi ed in ve
main phases: hot ionised, warm ionised, warm neutral, cold neutral, and molecular gas.
From the hot ionised to the molecular phase, the temperature of theTigvagges from
&5 1 to 10 K, more than four orders of magnitude, and the particle volume density
(nwy) lies between 3 10 * and>300 particles cn? (e.g. Stahler & Palla 2004; Draine
2011). Among the ISM phases, the molecular gas is the coldest and the densest one, and it
Is the principal ingredient from which to form new stars ( rst hypothesised by Bok 1948).
The ISM within our Galaxy can be easily seen by naked eye in the direction of the
Galactic Centre (Fig. 1.1). Without doubt, this is one of the most spectacular views we
can have if we are far from the light pollution of cities, made special by the peculiar over-
density of stars that make up the Galactic disc, and the presence of clouds of gas and
dust that obscure the starlight, called giant molecular clouds (GMCs). The GMCs contain
approximately 80% of the total mass of the molecular gas of the Milky Way {° M ;
Draine 2011), and their characterisation is the rst step towards a clear understanding of
the star formation process.

1.1.1 The hierarchy of molecular clouds

In Fig. 1.1 molecular clouds are seen as dark patches against a stellar background because
of extinction by dust, which is the combinedext of the scattering and the absorption of

the optical starlight. The absorbed light is also re-emitted at larger wavelengths, mostly in
the mid- and far-infrared bands (hereafter mid-IR and far-IR, respectively). The starlight
not penetrating the clouds due to the extinction, reduces the heatiogsdfrom external
radiation inside the clouds, and leads to internal temperatures of just a few Kelvin degrees.
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Figure 1.1: View of the Galactic plane of the Milky Way, here seen looking toward its centre
(yellowish and bright bulge in the sky). The dark lanes are clouds of interstellar gas and dust that
lie in the disc of the Galaxy. The photo was taken from the Chajnantor plateau, in the North of
Chile, Region of Antofagasta. In the foreground, there are four antennas of the Atacama Large
Millimetre/submillimetre Array (ALMA) telescope. Credits: E&IDsé Francisco Salgado. The
image is taken fronhttps://www.eso.org/public/images/alma-jfs-2010-10/

Thanks to the advent of astronomical facilities such asltifi@Red Astronomical
Satellite(IRAS; Neugebauer et al. 1984) that operated in the IR band, and the release of
the rstlarge scale molecular surveys in the millimetre and sub-millimetre spectral bands
(see Heyer & Dame 2015 as a review) that opened up new windows on the Galaxy, it was
possible to identify those dark patches as the sites of star formation. What in the optical
band appeared dark and dsult to characterise, became bright in the IR and/suib-mm
bands where dust and molecules radiate. Observations in these spectral bands revealed
that the gas distribution within GMCs is not homogeneous but fragmented into a network
of lamentary andor clumpy hierarchical substructures (e.g. Pokhrel et al., 2018). The
typical properties of molecular clouds and their substructures are reported in Tab. 1.1,
while Fig. 1.2 shows an example of each observed category. On the large scale, GMCs are
cold, with a mearTy of 15 K, and a mean hydrogen volume density@,) of 100 cm?3,
and typical sizes of several tens of pc (see Fig. 1.2a). The largest scale fragmentation is
from clouds to clumps (Fig. 1.2b). Each cloud can contain several clumps of size of the
order of a parsec, with(H,) 10%-10* cm ®andTy; 10-20 K. Clumps, like clouds, are not
homogeneous and can fragment in smaller entities called cores (Fig. 1.2c), with typical
sizes of the order of 0.1 po(H;) 10* 10° cm 3 andT, around 10 K. Not every core in
a clump goes through collapse to form a new star. Those that will become gravitationally
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Structure  n(H,) size Ty M linewidths Ay
(cm3  (pc)  (K) M) (kms?h) (mag)
GMCs 100 10-50 15 1610° 7 2-5

Clumps 16-10* 1 10-20 50-500 0.3-3 7-10
Cores 16-10° 0.1 8-12 0.5-5 0.1-0.3 10-25
Envelopes 1910° 0.01 12-30 0.01-0.5 0.1-0.2 >20

Table 1.1: Summary of physical properties of GMCs and their substructures. The table sum-
marises the average;iumber density, size, temperature, molecular mass, typical line widths and
visual extinction in the optical, respectively. The table is adapted from Stahler & Palla (2004),
Bergin & Tafalla (2007) and Pokhrel et al. (2018).

unstable are called prestellar cores and become sites of active star formation that can be
isolated or grouped in intermediate structures named envelopes (Fig. 1.2d). The envelopes
can reveal the presence of embedded young stellar objects (YSOs) visible as point sources
at IR wavelengths (Fig. 1.2e).

The nal mass of the stars that can be formed from the gravitational collapse of a core
spans a large range, fron0.08 M to 100 M ; these are the minimum mass required
for the ignition of hydrogen-burning in a protostellar nucleus and the approximate mass
upper limit that allows the balance between radiation pressure and gravity, respectively
(Salaris & Cassisi 2005). Within this range of masses, the stars are generally separated
according to what happens at the end of their lifecycles (e.g. Smartt 2009; Crowther
2012). The stars that end their life in a core-collapse supernova (ct)-8iethose with
initial masses>8-10 M , and are called high-mass stars. The remnants of high-mass stars
are neutron stars or black holes, depending on their mass after the supernova explosion
(Tolman-Oppenheimer-Volkamass limif Kippenhahn, Weigert & Weiss 2012). Stars
with initial masses less than 8-10 Mare generally de ned as low-mass star3hese
go through the planetary nebula phase, ending their life as a white dwarf; under certain
conditions, they could nish as thermonuclear supernovae (SNe Type la; Smith 2014).
The extent of our knowledge about low- and high-mass stars, and in particular about their
formation process, depends on many factors and it is better constrained for the low-mass
regime. The main reason is the observational advantage since low-mass stars are much
more numerous than massive stars and, consequently, they are also statistically closer to
the Sun. For example, the Salpeter initial mass function (IMF) predi@é@stimes more

For the sake of clarity, supernova are empirically classi ed based on their spectral features and not
considering their physical origin. Contrary to SNe Type |, SNe Type Il show H lines in their spectra and
are cc-SNe. SNe Type | are divided into three classes depending on the presence or absence of Si and He
spectral features: Type la (show Silines), Type Ib (no Si but show He lines) and Type Ic (both Si and He are
absent). Among SNe Type |, types Ib and Ic are cc-SNe, while the remaining SNe type la are thermonuclear.

20ften the range 2 M< M < 8-10 M is referred to as intermediate mass, reserving the term low-mass
for stars withM <2 M .
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Figure 1.2: Hierarchical cloud structures in the Perseus molecular cloud. Panel (a) shows the
whole GMC scale observed with Herschel at 358, where seven clumps were detected (see
also Sadavoy et al. 2014; Mercimek et al. 2017). Panel (b) is a zoom of one of those clumps
(L1448; Kwon et al. 2006). Panel (c) reports the SCUBA 859 map of one of the cores that
resides in L1448 (J032536:804514; see Di Francesco et al. 2008). Panel (d) reveals the three
envelope-fragments observed with the Submillimetre Array (SMA) in J0325364514, one of
those harbouring three protostellar objects (Panel e observed with the Very Large Array; Tobin
et al. 2016). This gure is adapted from Fig. 2 of Pokhrel et al. (2018).
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stars like our Sun than stars witd 20 M (Salpeter 1955). This makes it possible to
study the formation process of low mass-stars in more detail and with better statistics.

In the following, we describe the main phases that de ne the low-mass star formation
process, and the derences with the high-mass regime.

1.2 Low-mass star formation

Solar-mass stars have formation timescaleskf¥ Myr, after which they spend10 Gyr

on the main sequence consuming their hydrogen (see Tab. 1.1 in Stahler & Palla, 2004).
On the other hand, for stars ten times more massive, the formation timescale is less than
a million years and these exhaust their supply of hydrogen in some tens of Myrs. Thus,
compared to the high-masses, the low-mass stars are long-lived objects and this allows
the detailed investigation of their more easily distinguisheckoknt evolutionary stages.

The rst step in the star formation process is the formation of a core within the GMCs.
When a core becomes unstable, it starts to collapse under the in uence of its own gravity,
and it contracts to form a proto-star, that continues to accrete new material and grow in
mass. During this process, we distinguish four principal evolutionary stages based on ob-
served properties. In the younger sources, large amounts of cool material will surround a
protostar and the spectral energy distribution (SED) will show an “infrared excess' at near-
IR and mid-IR wavelengths (Lada 1987 and Andre, Ward-Thompson & Barsony 1993).
This excess can be used to empirically arrange the objects on a relative young(er)-old(er)
scale by evaluating the SED spectral indey, = dlog;o( F )=dlogio( ), conventionally
computed around 10m (Stahler & Palla 2004).

The four classes identi ed in this way are shown in Fig. 1iBti{e "Class 0' includes
young accreting protostars that are still deeply embedded in a dense envelope, which is
heated by the material accreting onto the protostars. The SEDs of these objects are close
to a single-temperature greybody, so no infrared excess is observed at this stage. In this
phase, the envelope mass is still larger than that of the protdsigr¥ M-). The angular
momentum of the cloud is conserved during the collapse, so that the rotational velocity
of the contracting gas increases as the radius shrinks, giving rise to a attened struc-
ture that will become an accretion disk. At this stage molecular out ows and jets have
been observed along the rotational axis (e.g. Gibb & Davis 1998 and Busch et al. 2020),
implying that this phenomenon is directly linked to the mass accretion process and al-
ready activated during the earliest evolutionary phases of star formaitijonhh¢ "Class I
includes evolved accreting protostars with SEDs broader than a single-temperature grey-
body. The material surrounding the embryonic star is now arranged in a circumstellar
accretion disk, that continues accreting from the envelope, and the SED is dominated by
the IR excess mainly due to the emission of the disk & 0). In this phase, most of
the mass of the system is concentrated in the protoMay, (< M»). (iii) In the "Class
II'most of the surrounding material has joined the circumstellar disk, and the central ob-
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ject, from now on called a pre-main sequence star, becomes visible also in the optical
band. Accretion onto the protostar is still continuing but it is lessient. The SEDs are
broader than a single-temperature greybody and still show a less pronounced IR excess
( 1.5 < g < 0). Classical T-Tauri stars are in this evolutionary stage) The nal

stage is the "Class IlI": the protostellar disk is slowly consumed, eventually leading to the
formation of a protoplanetary system. No IR excess is shown in the SED that now returns
close to a single-temperature greybody (with < 1.5).

Figure 1.3: Schematic summary of the evolutionary stages de ned in the low-mass regime (left
panel). Central panels show the sketch of each phase (credit: Guenthner &an 2009).

Right panels report an example of the typical SED of each phase (Lada 1987). The time evolves
from top to bottom and the age and sizes of each stage are reported on the left.
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1.3 High-mass star formation

Although the number of high-mass stars is smaller than that of their less massive counter-
parts (as discussed in Sect. 1.1.1), their in uence reaches, in some cases, scales compara-
ble with those of the entire Galaxy (Kennicutt, 2005). For example, when thermonuclear
reactions are ignited in the nucleus of a massive forming-star still embedded in its parental
clump, the chemical and physical conditions of the clump changes rapidly. In the imme-
diate proximity of the YSO, the ISM is exposed to an intense ux of UV photons with
energiesh >13.6 eV that exceed the ionisation potential of atomic hydrogen (where

is the Planck constant andthe frequency of the emitted photon). The gas is rapidly
photodissociated around the st&triomgren sphereStromgren 1939), up to a distance

that depends on the rate at which the star emits the UV photons and the an@tlage
around the star (typically a few parsec; Cimatti, Fraternali & Nipoti 2019). An HIl region

is formed and the cocoon of gas surrounding the star is disrupted and pushed away, form-
ing favourable conditions for the triggering of a second star formation phase (Elmegreen,
1998).

When a massive star reaches the main sequence (MS), it rapidly evolves. The MS
phase of a 20 M star is approximately a thousand times more rapid than a Sun-like star
(i.e. 8.1 10°yrand 18°yr, respectively; see Table 1.1 in Stahler & Palla 2004). How-
ever, during this time a star of 20 Mmaintains a luminosity of about ¥@imes greater
than a 1 M star, with the consequence that the energy budget released by the most mas-
sive star during its MS phase is approximately that of 100 Sun-like stars. We have already
seenin Sect. 1.1.1 that the Salpeter IMF predicts a ratio of 60 between the number of stars
with 1 M and 20 M, meaning that, in a galaxy, the energy budget released by a single
massive stars may be dominant compared to the low-mass ones.

At the end of their life-cycle, massive stars die as cc-SNe, releasing large amount
of -elementdin the ISM (Woosley & Weaver, 1995; Kobayashi, Karakas & Lugaro,
2020), while not all the low-mass stars explode as SNe-la. Recent estimates by Adams
et al. (2013) predict about 3.2 cc-SNe and 1.4 SNe-la per century in the Milky Way. Since
for each supernova explosion, the kinetic energy released in its surrounding is roughly the
same ( 10°* erg; e.g. Smartt 2009), massive star dominate the energy released in a galaxy
also during the nal phase of the stellar evolution.

In spite of the eorts made in the recent years to characterise the formation process
of massive stars and the progress made in this eld, there are still some fundamental
guestions that remain open. For instance, a relevant question concerns the timescales of
the massive star formation process, which are strongly related to the galaxy evolution.

This is due to several reasons. First, as long as the gas of the clump accretes onto
the quasi-hydrostatic core, the core grows in mass, radius, and luminbkityR and

3Chemical element synthesised in massive stars by tparticle capture (e.g?gc + SHe ! 130 +
where helium is the -particle), leading to iron. The stableelements are*?C, 180, °°Ne, ?*Mg, %8Si, *°S,
36Ar, 40Ca,**Ti, “8Cr, 52Fe andP®Ni.
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L., respectively). Simultaneously, the core contracts on the thelkelaln-Helmholtz
timescale

_ GM3
" Rl,
toward densities and temperatures suitable for the activation of hydrogen-burning in the
stellar core. For high-mass stars, thg, is shorter than the accretion timescale, and
therefore they start hydrogen fusion while still accreting large amounts of material and
a signi cant fraction of their nal mass (Kahn, 1974). Therefore, the pre-MS evolution
of a massive star takes entirely place deeply embedded in the parental cloud. For this
reason observations at long-wavelengths (e.g. in the mid-, far-IR and (sub-)mm spectral
regions) are necessary to directly investigate the massive star formation process. The
discovery of infrared dark clouds (IRDCs), revealed in absorption against the mid-IR
Galactic background almost twenty years ago (Perault et al. 1996 and Egan et al. 1998),
started the quest to identify some of the most likely birthplaces of high-mass stars (e.g.
Menten, Pillai & Wyrowski 2005, Rathborne, Jackson & Simon 2006, and Peretto et al.
2016). IRDCs are usually lamentary structures and host complexes of clumps with high
H, column densitiesN(H,) 10?3 cm 2, and masses that usually exceed 100 M

Second, because of their rarity in the Galaxy, massive stars are typically found at
larger distances from the Sun than low-mass stars. This complicates to achieve the same
spatial resolution reached in the study of low-mass objects to describe the star formation
process with the same accuracy.

In addition to the observational limitations, the problem of massive star formation is
in general also not easy to characterise from a theoretical point of view, due to the com-
plexity of the physical processes that must be taken into account, such as the in uences of
magnetic elds, the heating and the cooling of gas and dust, their chemistry, the accretion
from the envelope onto the disk and from the disk onto the star or the mechanical feed-
backs (McKee & Ostriker, 2007). Nevertheless, since the early 1990setdit scenarios
have been proposed to describe the origin of massive stars, that depend on the initial
conditions and the properties of their parent clumps.

yr; (1.1)

KH

1.3.1 Massive star formation scenarios

An extension of the classic paradigm of the low-mass star formation process (discussed
in Sect. 1.2) to the high-mass regime is thebulent core accretiorfor monolithic col-

lapsg scenario (McKee & Tan, 2002, 2003), describing the isolated formation of a single
massive star in a clump. Following this scenario, a massive clump that becomes gravita-
tionally unstable, collapses into a YSO, which continues to grow by accreting matter. The
accretion rate and the mass of the nal star may be in uenced by negative feedback such
as the radiative pressure of the proto-star or the stellar winds and out ows, produced to
conserve the angular momentum during the contraction (e.g. Zinnecker, 2011). Out ows
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should have a secondary ect on the accretion, since they are oriented along the polar
direction of the protostellar disk and remove only a small quantity of the gas (Zinnecker &
Yorke, 2007). When the collapse of the core is triggered, the total star formation timescale
estimated by the turbulent core accretion scenario is betw&éhand 3 10° yr, depend-
ing on the nal mass of the star and the accretion rate considered (McKee & Tan, 2003).
From the observational point of view, there are two main consequences of this theory,
considering that it is strongly based on the assumption that most of the mass of a clump
Is involved in the formation of a single massive star. On the one hand, the monolithic
collapse theory requires the existence of pre-stellar cores of a few dozen solar masses to
form a star with mass greater than 8-10.MOn the other hand, miffar-IR observations
must con rm the presence of a single object within those cores. However, despite the
progress of the observing techniques and the release of large-scale surveys spanning sev-
eral spectral ranges with high spatial resolution (e.g. Schuller et al. 2009, Molinari et al.
2010 and Aguirre et al. 2011), observations have not been successful in con rming the
existence of a signi cant population of cores massive enough to ensure the formation of
stars withM > 8-10 M on their own. On the contrary, low- and intermediate-mass star
formation sites have been discovered in many candidate high-mass star-forming regions,
invoking di erent scenarios to explain the formation of massive stars (e.g.rdaon &
Pillai 2010, Pillai et al. 2019, Koényves et al. 2020 and Retes-Romero et al. 2020).

Alternatively to the monolithic collapse, tltmpetitive accretioscenario (Bonnell
et al., 2001) suggests that several low-mass seeds are formed through the fragmentation
of a massive clump. All seeds have similar mass, temperature and density when they are
formed. When the seeds settle in the protocluster centre, it becomes more likely to form
massive stars since that environment is gas-rich due to the in ow of new material from the
outer parts of the clump. The more the core accretes gas, the more it grows. The more it
grows the more it accretes gas, in a (positive) feedback process that eventually will form
high mass stars. At the centre of the clump, where the density of seeds is considerable,
their spheres of in uence start to overlap so thatetient objects are forced to compete
to accrete the gas still available (hence the name “competitive accretion”). In this case,
an estimate for the star formation timescale is less trivial, because it would depend on
the number and the distribution of the low-mass seeds, the amount of available material
and the rate at which this is accreted from each seed. Since one of the m&mriies
between the competitive- and the core-accretion scenarios is that the former predicts a
much smaller accretion rate to the forming star (Tan et al. 2014), one can conclude that
competitive accretion occurred relatively slowly and implies star formation timescales
one order of magnitude larger (on average) than in a core-accretion scenario (e.g. Wang
etal., 2010).

More recently, Tigé et al. (2017) and Motte, Bontemps & Louvet (2018) proposed a
scenario where the low-mass cores, formed by the fragmentation of a massive clump, can
increase their potential to form massive stars by being intermittently fed by a large-scale
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Figure 1.4: Schematic evo-
lutionary diagram proposed
by Tigé et al. (2017) for the
formation of high-mass stars.
(1) Massive accretion la-
ments and spherical clumps,
respectively called ridges
and hubs, host massive dense
cores (MDCs, 0.1 pc).

(2) During their starless
phase, MDCs only harbor
low-mass prestellar cores.
(3) IR-quiet MDCs become
protostellar when hosting a
stellar embryo of low-mass.
The local protostellar col-
lapse is accompanied by the
global, 0.1-1 pc, collapse of
MDCs and ridgetubs.

4 Protostellar en-
velopes feed from these
gravitationally-driven

in ows, leading to the for-
mation of a high-mass YSO.
The latter are IR-quiet as
long as their stellar embryos
remain low-mass.

(5) High-mass YSOs become
IR-bright for stellar embryos
with mass larger than 8-10
M .

(6) The main accretion
phase terminates when the
stellar UV eld ionises the
protostellar envelope and an
H 1l region develops. This
sketch is taken from Fig. 8
of Tigé et al. (2017).
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ow of new material. Figure 1.4 summarises the entire process in six main phases: (1) the
fragmentation of a GMC favours the formation of denser substructures of gas called ridges
or hubs, which have a size oflL-10 pc. On sub-parsec scale, hubs host denser structures
called massive dense cores (MDC). (2) In this scenario, the MDC represent the IR-quiet
starless phase of the massive star formation process and their mass can continue to grow
due to intermittent gas in ows from the ridgaib. (3) In the MDC interiors, low-mass
protostellar objects are the rst (and only) to be formed, while on the rithgds scale,

the collapse continues feeding the mass of the MDC with new material. (4) A low-mass
stellar embryo is formed, and can continue to increase its mass from the surrounding gas.
(5) When stellar embryos reach 8-10 Mhey start H-burning, their luminosity sharply
increases and YSOs become IR-bright. (6) An HIl region is developed by the increasing
ux of UV photons generated by the massive stellar embryos, and stellar winds and radi-
ation pressure slow down or quench the accretion of additional mass.

A similar scenario has been recently discussed by Padoan et al. (2020), from high-
resolution simulations of molecular cloud formation. In timertial-in ow model, a mas-
sive clump is fragmented into one or more cores that become gravitationally unstable
when their mass exceeds the critical limit of the Bonnor-Ebert mass (Ebert 1955 and
Bonnor 1956). The cores collapse into low or intermediate-mass stars, and accrete the
remaining mass of the clump to form massive stars through a circumstellar disk accretion.
The disk is continuously supplied by a large-scale converging ow of matter. The e
ciency and duration of the accretion is what determines the nal mass of the star. Since
most of the nal stellar mass is channeled towards the accreting star by the random ve-
locity eld from the large scale, and is unacted by the stellar gravity during most of the
star formation process, this scenario has been named “inertial in ow”. The accretion rate
of the star and the timescale of the process are determined by the turbulence of the cloud.
The former is controlled by the pc-scale inertial in ow that is insensitive to the gravity
of the star (unlike in the competitive-accretion scenario), the latter depends on the nal
stellar mass on average, and it is approximately in the range of 1-6 Myr for stars above
10M .

Moreover, dynamical interactions between the large-scale lamentary regions ob-
served inside a GMC were also proposed as the possible triggering event to form massive
stars in thelaments-to-clustergormation paradigm (Kumar et al. 2020). In this scenario,
similarly to what proposed by Padoan et al. (2020), two or more laments interact to form
a hub where the star formation takes place. For massive stars, the formation timescale
is short ( 1C° yr) in the hub, while the formation of lower-mass objects would begin in
the individual lamentary structure even before assembling the hub and proceed slowly
( 10°yr).

From recent observational evidence, and from the multiple formation scenarios pro-
posed, it seems reasonably clear that an unequivocal position on what mechanism domi-
nates the high mass star formation process cannot be assumed.
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In the absence of overwhelming evidence favouring one scenario over others, the
timescales over which the star formation process takes place still remain poorly known.
The aforementioned scenarios can in uence the evolution of galaxies areht ways,
depending on their timescales, that range frorfi th0&10° yr. Is there a process that
dominates over the others? Or is a combination of some (or all) of them more credible to
explain what is observed? Systematic surveys at/faidiR wavelengths of the Galac-
tic Plane can help to answer these questions, providing a statistical basis for an unbiased
classi cation of massive star-forming regions within a broader evolutionary scenario.

1.4 Mass-Luminosity diagram

The evolutionary sequence described in Sect. 1.2 for the low mass regime (Class O-lll
in Fig. 1.3) is based on the observational evidence that the SEDs of objectsein di

ent evolutionary classes are profoundly eiient. A system of molecular gas, initially

at equilibrium, can form a low-mass star if it becomes gravitationally unstable, and an
observational consequence of this process is the increase of ux at near-IR and mid-IR
wavelengths. A further step forward in the characterisation of this process was made by
Saraceno et al. (1996). Using a sample of Class 0-Il objects, the authors constructed a
diagnostic diagram comparing the circumstellar envelope mass and the bolometric lumi-
nosity of each source (grey symbols and curves in Fig. 1.5). Objects known to be in
di erent stages according to their SEDs occupyedent regions in thdlen,-L diagram,
where the entire evolutionary path can be identi ed.

For a given mass of the envelope, the younger objects show lower luminosities. In
Fig. 1.5, alow-mass system evolves along the grey solid curves starting from low-luminosity
end. As the protostar is formed, the bolometric luminosity increases, while the mass of
the envelope stays roughly constant. The evolutionary tracks in this phase show a verti-
cal increase. The gas envelope surrounding the protostar is slowly consumed during the
star formation process and therefore the evolutionary tracks curve towards lower masses.
When the protostar is almost completely formed and the accretion becomes @este
its luminosity stays approximately constant, while the envelope is further consumed or
disrupted. This behaviour shows that the evolution of a protostar in the low-mass regime
is controlled mainly by its mass, that determines its bolometric lumindsignd depends
on the amount of circumstellar materide,,. Mgy @andL can be directly derived from the
observed uxes, and their combination provides a straightforward method to determine
the evolutionary phases of a low-mass protostar.

The Mg -L diagram was extended to the high-mass regime by Molinari et al. (2008),
nding that the method may also be used to infer the evolutionary stage of massive objects
(black symbols and curves in Fig. 1.5). The high-mass sources in the earliest evolutionary
stage are shown as black open circles, and in subsequent more advanced stages of evolu-
tion they are marked as circles, asterisks and pluses, respectively. The classi cation was
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Figure 1.5: Mgn-L diagram for low- (grey) and high-mass (black) regimes. Lines and symbols

in grey are from Saraceno et al. (1996). Class 0, | and Il sources are represented respectively by
open circles, lled circles and crosses, with the solid grey line representing the log-log linear t

to the Class | source distribution. The grey curves show the protostellar evolution in the low-mass
regime, for di erent values of the nal stellar mass. Lines and symbols in black represent the
high-mass clumps in Molinari et al. (2008); open circles show sources in the earliest evolutionary
stage, and progressively more evolved objects are indicated by lled circles, asterisks and pluses.
The black curves represent how the clumps evolve in time starting witrelnt initial envelope
masses. The black solid line is the best t for those clumps likely hosting a Zero Age Main
Sequence (ZAMS) star. The black dashed line is the log-log tto the less-evolved massive sources.
In both regimes, time increases following the red arrows trough the accretion and dispersion phase
of the clumps (Urquhart et al. 2018). This plot was modi ed starting from Fig. 9 in Molinari et al.
(2008).
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