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Resumen

Nuestro principal objetivo es caracterizar la cinemática del gas denso a través de
la molécula de N2H+ en el protocúmulo G012.80. Para complementar los datos de
N2H+, empleamos observaciones de DCN, SiO, H41α, C18O y mapas de continuo.
Todas las observaciones provienen del proyecto ALMA-IMF.

Analizamos múltiples componentes de velocidad mediante el ajuste hiperfino
de N2H+, encontrando que dos componentes principales dominan la región.
Estimamos gradientes de velocidad en dos de los filamentos principales (R1 y R2),
los cuales trazan diferentes estructuras en diagramas posición-velocidad (PV).
Utilizando los parámetros obtenidos del ajuste hiperfino de N2H+, estimamos
la columna de densidad, las masas y los perfiles de masa. Los diagramas PV
muestran estructuras en zigzag, enroscadas y helicoidales en el gas denso. En los
dos filamentos principales, observamos diferencias significativas en las estructuras
PV. En el filamento R1, se identifican estructuras helicoidales potencialmente
asociadas con la rotación del filamento, además de una baja cantidad de cores. En
contraste, R2 muestra estructuras oscilantes distribuidas en un rango de velocidad
más estrecho, probablemente relacionadas con el colapso de cores masivos. En el
filamento R1 identificamos un gradiente perpendicular asociado con una escala de
tiempo de ∼ 0.1Myr, mientras que R2 no presenta gradientes de velocidad claros.

Los perfiles de masa en ambos filamentos se describen adecuadamente mediante
las funciones λ(ω) = 5660 (ω/pc)0.30 para R1 y λ(ω) = 6943 (ω/pc)0.20 para
R2. El filamento R2 tiene una tasa de formación estelar (SFR) de 55.3M�
Myr−1 y una eficiencia de formación estelar similar a la observada en el filamento
ISF de Orión. Por otro lado, el filamento R1 solo contiene cores clasificados
como prestelares, los cuales son menos masivos que los de R2. Considerando las
diferencias cinemáticas, las tasas de formación estelar y los perfiles de masa en
ambos filamentos, proponemos que R1 aún está rotando y representa una etapa
más temprana de evolución, mientras que R2 ha colapsado más significativamente,
alcanzando un estado más eficiente de formación estelar. Por tanto, G012 alberga
filamentos masivos en diferentes etapas evolutivas.

Keywords – ISM: nubes - ISM: cinemática y dinámica - ISM: moléculas - ISM:
regiones H ii - ISM: evolución
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Abstract

We aim to characterize kinematic processes in the G012.80 protocluster (hereafter
G012), also known as the W33 main clump. We principally use N2H+ (1−0)
emission to trace the dense and cold gas in G012. Additionally, we reviewed
complementary spectral lines including DCN, H41α, C18O, SiO, and continuum
maps, all observations were provided by the ALMA-IMF Large Program.

We perform a N2H+ hyperfine spectral line fitting to analyze multiple velocity
components and extract spectral parameters. We estimated velocity gradients,
column densities, and line-mass profiles for the two main filaments, R1 & R2,
which show distinct position-velocity (PV) features. In the PV diagrams we
observe zig-zag, twisting, and turning velocity structures pervasively in the dense
gas. However, R1 exhibits a gradient feature of 10.4 km s−1 pc−1, corresponding to
an estimated timescale of 0.1Myr, potentially associated with filament rotation, as
well as few cores above the completeness limit. In contrast, R2 exhibits compact
velocity structures (∆V∼ 3 km s−1), likely related to collapse, as evidenced by the
presence of a comparatively large number of massive cores.

Line-mass profiles follow λ(ω)= 5660 (ω/pc)0.30 for R1 and λ(ω)= 6943 (ω/pc)0.20

for R2, where ω is the projected radius in the plane-of-the-sky of the aligned
filaments. R2 forms prestellar and protostellar cores at a star formation rate
of SFR=55.3M�Myr−1, with efficiency similar to Orion ISF. In contrast, the
R1 filament, which lacks protostellar cores, only contains a few cores in the
prestellar phase, resulting in an SFR of 4.24M�Myr−1. Considering the dense gas
kinematic, core formation, and line-mass profiles difference, we propose that R1 is
still rotating and younger than the R2 filament, which has evolved further, toward
collapse, to a higher star formation rate. G012 thus contains massive filaments in
different evolutionary stages.

Keywords – ISM: clouds - ISM: kinematics and dynamics - ISM: molecules -
ISM: H ii regions - ISM: evolution
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Chapter 1. Introduction 1

Chapter 1

Introduction

Protoclusters, or embedded clusters, are gas-dominated regions where stars
are actively forming. Unlike clusters where gravity is dominated by the stars
themselves, protoclusters are defined by the gravitational influence of the dense
gas from which the stars emerge (Stutz, 2018). Studying these regions is crucial
for understanding the early stages of star formation, particularly the formation of
high-mass stars, which significantly impact their surroundings through outflows,
radiation, and supernovae (Motte et al., 2018). These massive stars play a vital
role in shaping the evolution of galaxies and in estimating star formation rates
across the universe, making the study of protoclusters and the processes within
them essential for understanding key astrophysical phenomena. In this context
we have filaments, elongated and dense gas structures that are the birth sites
of prestellar and protostellar cores. These filaments can be detected at scales of
molecular clouds but also at small protocluster-scales. Thus, filaments are the
immediate gas reservoir from which the cores are accreting (e.g., Kirk et al., 2013;
Stutz and Gould, 2016; Stutz et al., 2018; Williams, 2018; Zhou et al., 2022; Hacar
et al., 2023; Louvet et al., 2024).

To gain a deeper insight into high-mass star formation (HMSF), it is essential to
examine the physical conditions and kinematic properties of the molecular gas. Key
parameters to understand molecular HMSF include gas density, temperature, and
the kinematic distributions that can be derived from molecular spectra emitted by
different tracers. The analysis of these measurements allow us to develop further
constraints of processes taking place in HMSF environments, such as gas infall,
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R1

R2

Figure 1.0.1: Left panel: Spitzer RGB composite figure of the G012 protocluster
at 8µm (red), 4.5µm (green) and 3.6µm (blue). Cyan contour shows the N2H+

integrated intensity emission at 25 and 100Kkm s−1. Right panel: N2H+ integrated
intensity map. Black contour shows emission at 25Kkms−1, considering a
S/N >12. Blue boxes highlight two main filamentary structures, R1 & R2,
with estimated lengths of 0.56 pc for both (see text). We show the representative
spectra of both regions in the insets: the black curve represents the data, and
the blue curve is the N2H+ data modeled with one velocity component. The
integrated intensity shows a “disrupted" morphology, with filamentary structures
around the protocluster’s center. The black ellipse in the bottom-right corner
represents the beam size of the N2H+ data.

outflows, ionizing radiation, and filament rotation (e.g., Galván-Madrid et al.,
2010; Kong et al., 2019; González Lobos and Stutz, 2019; Álvarez-Gutiérrez et al.,
2021; Motte et al., 2022; Ginsburg et al., 2022a; Cunningham et al., 2023; Liu
et al., 2023; Galván-Madrid et al., 2024; Armante et al., 2024; Álvarez-Gutiérrez
et al., 2024; Dell’Ova et al., 2024; Louvet et al., 2024; Sandoval-Garrido et al., 2024;
Towner et al., 2024). Turning to the dense and cold gas, one of the main tracers is
diazenylium, most commonly recognized as N2H+ (e.g., Bergin and Langer, 1997;
Caselli et al., 1995; Bergin and Tafalla, 2007; Lippok et al., 2013; Tatematsu et al.,
2008; Busquet et al., 2011; Gómez et al., 2022). The Nitrogen-bearing molecule is
characterized by lower depletion onto dust grains at low temperatures, and was
first detected in the interstellar medium (ISM) by Thaddeus and Turner (1975).

Previously, Tobin et al. (2013) estimated abundances of N2H+ and N2D+ molecules
in protostellar systems. One of these systems (L1157) reveals that C18O traces
regions lacking N2H+. They find that as the C18O peaks decrease, N2H+ increases,
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demonstrating a clear anticorrelation between the abundances of both tracers.
This anticorrelation is also detected by Tafalla et al. (2021), where they also show
that N2H+ is detected at high column densities (N(H2) ≥ 1022 cm−2; see their
Fig. 7). In addition, Yu et al. (2022) analyzed a H ii bubble (S156) associated with
the G305 star forming complex, finding that N2H+ increases far to the edges of
S156. This implies that N2H+ is actually destroyed by the hot gas in the bubble.
As well as increased CO near H ii regions, free electrons traced by recombination
lines (e.g., H41α), ionized metal emission lines, and continuum emission provide
additional methods to map these zones where N2H+ is destroyed (e.g., Yu et al.,
2018; Ginsburg et al., 2022a; Galván-Madrid et al., 2024; Armante et al., 2024).
Galván-Madrid et al. (2024) analyzed the 3mm continuum emission and H41α
recombination line data for the full ALMA-IMF sample, finding that an increase
in emission is mostly seen in evolved regions where OB associations exist. All of
these studies, along with the effect of temperature on the critical density of the
N2H+ molecule (ranging from 6.1× 104 cm−3 at 10K to 2.0× 104 cm−3 at 100K),
suggest a close relationship between the decrease in N2H+ and the evolutionary
stages of the protocluster. The critical density indicates the conditions under
which N2H+ becomes an effective tracer, thus linking its observed decrease to
changes in the protocluster condition.

Indeed, taken in aggregate various mm-wave observables, such as the continuum
emission levels compared to the H41α emission, are presently being used to
establish evolutionary stages of protocluster samples across the Milky Way (e.g.,
Motte et al., 2022; Galván-Madrid et al., 2024). However, when the kinematics
and dense gas emission are scrutinized in individual protoclusters, we see the
emergence of a scenario pointing toward multiple evolutionary stages (or multiple
generations or episodes of star formation) inside a given protocluster, as shown in
Cunningham et al. (2023). This situation drives the need for scrutiny of “evolved"
protoclusters with internal structures at (potentially) different evolutionary stages.
Moreover, the search for correlations in the kinematic properties of these dense-gas
structures (e.g., Stutz and Gould, 2016; Xu et al., 2023; Álvarez-Gutiérrez et al.,
2024; Sandoval-Garrido et al., 2024) with evolutionary stage and the mass profiles
(or in the case of filaments the line-mass profiles, e.g., Stutz, 2018), sets the stage
for the development of observationally-driven physical models and interpretations
of the internal evolution of protoclusters, as the stellar mass is being assembled.
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In this context, here we predominantly focus on the ALMA-IMF protocluster
G012 and its two dominant internal cold dense gas structures identified with
diazenylium. These structures have the form of coherent filaments that show
evidence for either rotation or collapse.

G012 is one of the 15 nearby massive protoclusters observed by the ALMA-IMF
Large Program (LP). ALMA-IMF aims to infer the origin of the initial mass
function (IMF) in our galaxy, as well as providing an unprecedented variety of
data from different structures inside the full sample (Motte et al., 2022). This
LP focuses on a variety of separate but related topics and techniques, such as
the analysis of the different populations of cores in the sample (e.g., Cunningham
et al., 2023; Pouteau et al., 2022, 2023; Nony et al., 2023; Louvet et al., 2024,
Motte et al. accepted), detection of organic molecules (e.g., Bonfand et al., 2024;
Armante et al., 2024), study of outflows (e.g., Towner et al., 2024), and also (but
not exclusively) gas kinematics and large-scale structures (e.g., Álvarez-Gutiérrez
et al., 2024; Sandoval-Garrido et al., 2024).

Specifically, G012 is an active and massive (4.6× 103 M�, see Motte et al., 2022)
star-forming region centered on the W33 main clump, with an estimated distance of
2.4 kpc (Immer et al., 2013) and a local standard of rest velocity of Vlsr =37 km s−1,
as estimated through maser velocities in Immer et al. (2014). Previously, Immer
et al. (2013) reported the presence of a star cluster in the G012 center with spectral
types from O7.5 to B1.5, in addition to dissociation of complex molecules due to
interaction with CO molecule on small scales (e.g., Immer et al., 2014). Given
its evolutionary state, detections of HC3N, CO outflows, class I methanol masers,
presence of H ii regions, OB star clusters, and high abundance of cores, G012 is an
optimal testbed for studying mechanisms affecting dense gas, filament kinematics,
and HMSF in the region (e.g., Haschick and Ho, 1983; Yu et al., 2019; Xie et al.,
2023; Armante et al., 2024).

To explore the dense gas kinematics traced by N2H+ in the G012 protocluster,
we analyze several key aspects. These include moment maps, position-velocity
(PV) diagrams, and average-velocity gradients. Additionally, we estimate the
column density, line-mass profiles, and the star formation rate (SFR) and star
formation efficiency (SFE) of the two main filaments in G012 (R1 and R2; see
below and Fig. 1.0.1). We found that R1 & R2 filaments present different and
intricate features in PV diagrams. R1 shows rotation signatures, while R2 exhibits
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kinematics mostly influenced by the massive cores within the filament. We propose
that the variations between the R1 and R2 filaments could be attributed to different
stages of evolution. While one filament hosts more cores and forms them with an
efficiency comparable to the Integral Shaped Filament in Orion (ISF), the other
main filament remains in an earlier and rotating stage, exhibiting behavior similar
to that observed in the California L1482-S molecular cloud (e.g., Álvarez-Gutiérrez
et al., 2021).

This paper is organized as follows. In Sec. 2 we detail the ALMA-IMF dataset
and cores catalogs for the G012 protocluster. In Sec. 3 we analyze the N2H+

moment maps, PV diagrams, core velocities, and column density in the region.
We perform a detailed analysis of the two dominant cold dense gas structures in
Sec. 4, focusing on average-velocity gradients and line-mass profiles in the R1 &
R2 filaments. In Sec. 5, we compare the observed rotation in the R1 filament with
the filament mass. Finally, we discuss about a potential different evolutionary
scenario in the region and summarize our main conclusions in Sec. 6 and Sec. 7,
respectively.
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Chapter 2

Data

In this section we describe the ALMA data set and catalogs used in this paper.
We use G012 protocluster observations from the Atacama Large Millimeter
Array (ALMA) telescope provided by the ALMA-IMF Large Program , project
#2017.1.01355.L. Basic parameters of the G012 protocluster are presented in
Table 2.0.1, while the most fundamental line parameters for N2H+ and additional
tracers are summarized in Table 2.2.1.

Table 2.0.1: Center coordinates, velocity, and key parameters of the G012.80
protocluster

RA DEC Vlsr
a d Mass870µm Size (B6 | B3)b Evolutionaryc

[IRCS] [km s−1] [kpc] [× 103 M�] [pc × pc] stage
18:14:13.37 -17:55:45.2 +35.5 2.4 ± 0.2 1.7 1.5 × 1.5 | 2.2 × 2.1 Evolved

(a) Vlsr estimated through N2H+ centroid velocities. (b) Physical areas of primary beams in
band 6 and band 3. (c) Evolutionary stage calculated from 1.3mm to 3mm flux ratio and
free-free emission flux density (Motte et al., 2022; Galván-Madrid et al., 2024).

2.1 ALMA-IMF datacubes

We mainly employ N2H+ (J=1−0) observations at a frequency of 93.1734GHz.
We follow a similar N2H+ data reduction prodecure as Álvarez-Gutiérrez et al.
(2024) and Sandoval-Garrido et al. (2024). We briefly described the procedure
steps below.

To recover the cloud emission at all available scales, we combine observations of
the 7m and 12m arrays with total power data (TP). N2H+ observations were
cleaned using ALMA-IMF imaging pipeline1 and the version 5.6.0 of The Common

https://github.com/ALMA-IMF/reduction
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Astronomy Software Applications package (CASA). We use the imcontsub task to
subtract the continuum emission from the N2H+ line emission. To estimate the
continuum emission we consider only emission-free channels and being described as
constant across the N2H+ cube (fitorder= 0). We use the feather task to re-sample
and combined and combine the 7 m+12 m imaging with the TP observations.
This combination allowed us to recover the missing flux, visible as negative bowls
in the interferometric data. From the procedure described above we obtain a fully
integrated, multi-scale emission dataset. These data will be published by Stutz
et al. (in prep). The resulting N2H+ data cube contains a total of 217 velocity
channels over a range from 12 km s−1 to 61 km s−1, with a velocity resolution of
0.23 km s−1. The final beam size is given by 2.59′′ × 2.1′′ (major beam × minor
beam) with an associated beam position angle (BPA) of 89.3 ◦.

In Fig. 1.0.1 we display Spitzer observations at 8µm (red), 4.5µm (green) and
3.6µm (blue) along with an N2H+ integrated intensity contour at 50Kkms−1

(left panel) and N2H+ integrated intensity map at signal-to-noise ratio (S/N)> 12
(right panel). In the N2H+ integrated intensity map, G012 is characterized by
the presence of a swirling and filamentary distribution (see also Figure 2.1.1) in
the plane-of-the-sky (POS). Specifically, we highlight the two prominent filaments
with blue boxes, which are the focus of this study, hereafter called R1 & R2 (and
see below).

Aside from the N2H+ data, we also use the H41α, DCN, SiO, and C18O spectral
lines, as well as the continuum emission at 3mm (band 3, centered at a frequency
of 99.66GHz) and 1.3mm (band 6, centered at 230.6GHz); both maps have fields
of view (FOV) of 190′′ × 180′′ and 132′′ × 132′′ for band 3 and 6 (Ginsburg
et al., 2022a), respectively. As G012 is an evolved region, we use the H41α
recombination line (Cunningham et al., 2023; Galván-Madrid et al., 2024) at a
velocity resolution of 1.8 km s−1. This traces free-free radiation of H ii regions at
high temperatures (> 100K) related to evolved star associations in the protocluster
center. In addition, we analyze outflows features through the SiO (J=5−4) line
emission at a velocity resolution of 0.39 km s−1 (Cunningham et al., 2023; Towner
et al., 2024). We complement the N2H+ dense gas emission using DCN(J=3-2),
which traces more compact and hotter emission compared to N2H+. Finally, we
use C18O(J=2-1) emission at a velocity resolution of 0.33 km s−1 (Koley et al. in
prep).
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Figure 2.1.1: N2H+ intensity maps at different velocity channels (velocities are
indicated in the upper-left of each panel). Contour levels highlight structures
enclosing intensities at 4K (outer level), 10K (middle level) and 20K (inner level).
More intense and well-defined structures appear between velocities of 34 km s−1

to 37 km s−1, in agreement with the range in which the velocity centers are
distributed.
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2.2 ALMA-IMF core catalogs

Louvet et al. (2024) constructed the first core catalog of the full ALMA-IMF
sample based on the 1.3mm and 3mm continuum data. To extract and identify
compact emission, they used Getsf and GExt2D toolkits. In G012, they found a
total of 66 cores with respective mass and size estimates. As followup, Cunningham
et al. (2023) used the DCN line emission to study the core population from Louvet
et al. (2024). For G012, they were able to estimate spectral parameters of 36
cores, including their radial velocities. Recently, Armante et al. (2024, hereafter
A24) constructed a G012 catalog of prestellar, protostellar, and hot cores detected
with dust continuum emission (at both 1.3mm and 3mm), 12CO(2-1), SiO (5-4),
CH3OCHO and CH3CN spectral lines. A24 found a total of 101 cores with mass
and size estimates, within the sources of the continuum (Louvet et al., 2024).
Additionally, Motte et al. (2024, accepted) re-estimate the masses for the A24
sample of cores, and provide new mass estimates for cores in the remaining
ALMA-IMF protoclusters, using radiative transfer methods. To complement the
datacubes mentioned above and to provide a more complete characterization of
the G012, we make use of the core catalogs described above in our analyses.

Table 2.2.1: Spectral line set-up

1
Line Frequency Velocity resolution BMAJa BMINb BPAc S/Nd

[GHz] [km s−1] [′′ ] [′′ ] [◦]
N2H+ (∗) 93.174 0.23 2.59 2.10 89.3 12
DCN 217.15 0.39 1.29 0.88 76.0 5
H41α 92.200 1.8 2.28 1.93 84.9 7
C18O 219.56 0.33 1.33 0.90 77.4 5
SiO 217.15 0.39 1.29 0.88 77.0 5

(a)Major beam. (b)Minor beam. (c)Beam position angle. (d) Signal-to-noise ratio cut applied
for the analysis. (*) The only tracer that includes total power data. All others only considered
7m and/or 12m arrays.
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Chapter 3

Data analysis

To determine key kinematic parameters based on the full N2H+ hyperfine line
complex, we model the N2H+ data cube. This will also permit the identification
of multiple velocity components in a given spectrum. We adopte a similar fitting
procedure as Sandoval-Garrido et al. (2024) to model the N2H+ emission of the
spectra in the data cube. We use the hyperfine line structure model provided
by version V.1.0.1 of PySpecKit spectroscopic analysis toolkit (Ginsburg et al.,
2022b). We applied a fitting model for two velocity components, using parameters
such as excitation temperature (Tex), optical depth (τ), velocity centroid (Vc),
and velocity dispersion (σ). The resulting fits reveal that G012 is characterized
by two velocity components, allowing us to define two primary velocity structures:
the first velocity component (FVC) and the second velocity component (SVC).
These components are separated by a velocity boundary at 35.6 km s−1, calculated
from the overall velocity distribution (see Appendix A1). In what follows, FVC
refers to spectra associated with velocities smaller than this boundary, while SVC
refers to those spectra above it, guiding our velocity components identification.
In Appendix A1, we describe the data preparation steps and N2H+ line fitting,
including a S/N analysis to select reliable values and determine the spectral fitting
input parameters. We also describe the line fitting of the complementary tracers
mention above and list in Table 2.2.1.

Using the FVC and SVC structures, we further explore the kinematics of G012
through several complementary analyses. First, we review moment maps that
provide a detailed look at the velocity centroid and dispersion patterns across the
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Figure 3.0.1: Integrated intensity (upper panels), velocity centroid (middle
panels), and velocity dispersion (bottom panels) of the FVC (left panels, blue) and
SVC (right panels, green). Black contours are the same showed in Figure 1.0.1.
The grey background in upper panels represent the total integrated intensity in
order to contrast the spatial distribution of both velocity components. Black
boxes in the upper panels display the spatial location of the R1 and R2 filaments.
The black ellipse at the bottom-left corner represents the beam size of the N2H+

data.

region. We then construct PV diagrams of the entire region to capture the velocity
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gradients and dynamical behavior of the protocluster. We also estimate column
densities and masses in G012 in order to set constraints on the gas distribution
and density profiles in the region.

3.1 Moment maps

In Fig. 3.0.1, we display the N2H+ integrated intensity (upper panels), velocity
center (middle panels), and velocity dispersion (bottom panels) maps for the
FVC and SVC. We observe two dense and prominent filaments in the N2H+ data
that are dominated by different velocity structures. The R1 filament is primarily
associated with the FVC, while R2 is mainly associated with the SVC. The FVC
kinematics shows gradient structures in R1, with a mean velocity difference of
∼ 3 km s−1. The mean values of the centroid velocities and velocity dispersion
for the R1 filament are of 〈V 〉=34.4 km s−1 and 〈σ〉=0.81 km s−1, respectively.
In contrast, the SVC exhibits more homogeneous structures in velocity. The
mean values of the SVC centroid velocities and velocity dispersion maps are of
〈V 〉=36.8 km s−1 and 〈σ〉=0.75 km s−1, respectively.

C¹⁸O DCN H41α
R1

R2

Figure 3.1.1: Integrated intensity of the complementary tracers: C18O (left
panel), DCN (middle panel), and H41α (right panel). The black contour shows
N2H+ integrated intensity at 50Kkm s−1, and the scale-bar indicates 0.3 pc at the
distance of G012. Gray contours are at integrated intensity values of 3, 5, and
10Kkm s−1 for DCN, H41α, and C18O, respectively. The H41α recombination line
and C18O emission are mostly concentrated at the center of G012, where N2H+ is
mostly abscent and an OB type stars cluster is located. In the areas surrounding
the R1 and R2 filaments, we observe a distribution of lower C18O integrated
intensity emission. DCN traces some regions of the main N2H+ structures, and
its emission is associated with cores and filaments. Specifically, DCN dominates
the top of the R2 filament, central regions of the protocluster, at the edges of R1,
and surroundings of the H41α bubbles.

Additionally, at the center of G012 we observe an absence of N2H+ emission that
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may be related to the destruction of the molecule in the region. Two chemical
processes can lead to the dissociation of the N2H+ molecule: photodissociation
through interactions with CO (Bergin and Langer, 1997; Caselli et al., 2002; Caselli
and Ceccarelli, 2012) and dissociative recombination with free electrons (Vigren
et al., 2012).

To analyze the absence of N2H+, we review the integrated intensity maps of the
fitted complementary tracers and the continuum emission. We observe that the
1.3mm continuum emission is concentrated at the center of G012 and to the north
of R2. Moreover, the 3mm continuum exhibits high-flux intensity distributions
appearing as bubbles in the protocluster center (Ginsburg et al., 2022a), similar to
the H41α distribution (right panel of Fig. 3.1.1). The C18O emission traces more
extensive gas than N2H+ and is primarily distributed around the H41α bubbles
(left panel of Fig. 3.1.1). We also observe high C18O integrated intensity structures
in the surroundings of R1 & R2. Given the high concentrations of H41α and C18O
in the center of G012, it is likely that the central H ii region is destroying the
N2H+ emission through interactions with free-free electrons and CO. On the other
hand, DCN traces some dense parts of the filamentary structures in R1 & R2
(middle panel of Fig. 3.1.1). In addition, SiO integrated intensity reveals elongated
features in the R2 filament (see Fig. 3 in Armante et al., 2024). Specifically, is
observed one perpendicular feature at the top of R2 related to a previous detected
hot core.

3.2 N2H+ PV diagrams

We use the technique developed in González Lobos and Stutz (2019) to construct
the N2H+ intensity-weighted position velocity diagrams (e.g., Álvarez-Gutiérrez
et al., 2021, 2024; Sandoval-Garrido et al., 2024). In order to avoid projection
effects and obtain better defined structures in PV space, we spatially rotate N2H+

integrated intensity and velocity center maps by aligning the most predominant
filaments (R1 & R2, see upper-left panel in Fig. 3.2.1).
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Figure 3.2.1: Position-position and position-velocity diagrams of the N2H+

observations. Upper-left: G012 integrated intensity of FVC (blue shades) and
SVC (green shades). We display the Cunningham et al. (2023) catalog with
black “+" symbols. The Armante et al. (2024) core catalog is divided into four
categories: cores detected only with N2H+ (red “×" symbols), cores detected only
with DCN data (red circles), cores detected with N2H+ and DCN (red triangles),
and cores not detected in both N2H+ and DCN (black triangles). Symbol sizes
are proportional to the estimated core mass. The black ellipse in the bottom right
corner represents the beam size of N2H+. Upper-right: PV diagram along the
y-axis; the velocity axis has the Vlsr of the protocluster (35.5 km s−1) subtracted.
The black arrow illustrates a slope of 5 pc (km s−1)−1, which corresponds to a
timescale of 0.2Myr. That is, the timescales that approximately correspond
to some of the extended structures in this PV diagram. At the top of R1 we
observe a wrapped (or “double helix") type velocity field with spreads of more
than ∼ 3 km s−1. Meanwhile, R2 appears very compact in velocity along its extent,
with small-scale spatial “wiggles". Bottom-left: PV diagram in the perpendicular
direction compared to the upper-right panel. Here we observe the emergence, albeit
somewhat hidden in the overall velocity field (but see text) of an approximately
uniform and extended gradient in R1 apparent near X ∼ 0.9 pc, V ∼ −1 km s−1.
Meanwhile R2 appears as the compact “blob" of cores (triangles and x-symbols)
on the r.h.s. of the panel, characterized by the absence of an obvious gradient in
position and velocity.



3.3. Column density and mass 15

The key features in the PV diagrams are:

1. R1 & R2 main filaments reveal the most predominant and intricate PV
structures.

2. R1 filament exhibits a “double-helix" feature. This kind of feature has been
associated with filament rotation (e.g., Álvarez-Gutiérrez et al., 2021), a
point that we address below.

3. R2 reveals twisting features with a more compact velocity distribution than
R1.

4. The PV features are more spread out (short associated timescales) in regions
near H41α and SiO emission. This potentially highlights the effect of stellar
feedback on the dense gas.

In Fig. 3.2.1 we show PV diagrams of FVC (blue shades) and SVC (green shades)
structures. The upper-left panel shows the integrated intesity map after spatial
alignment. In the upper-right and bottom-left panels we display the PV diagrams
perpendicular and parallel, respectively, to the R1 & R2 regions. Additionally, We
include previous cores detected in G012 (Cunningham et al., 2023; Louvet et al.,
2024; Armante et al., 2024, Motte et al. accepted). For the PV diagrams, we show
a representative timescale of 0.2 Myr related to the PV structures more spread in
velocity. In addition to the main features above,we also hilghlight one elongated
and high integrated intensity structure in the bottom-left diagram potentially
related to the R1 filament.

3.3 Column density and mass

Column density and mass in protoclusters provide insights into the amount of
material available for star formation, allowing us to assess the efficiency of the
star formation process within the region. Furthermore, understanding the mass
distribution helps to elucidate the gravitational influences shaping the evolution of
the region, offering a clear picture on how molecular gas accumulates and evolves
over time. In order to estimate the N2H+ column density, we use the Tex, τ , and σ
PySpecKit output parameters (see Appendix A1). We apply the column density
approximation outlined in Caselli et al. (2002), which is described as follows:
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N(N2H+) = 4π3/2 · ν3 ·Q · σ · τ · e(4.47·T−1
ex )√

log(2) · c3 · A · g ·
(
e(

h·ν
k·Tex ) − 1

) . (3.3.1)

Here, ν represents frequency of the N2H+ (1−0) emission, Q is the statistical
weight, c is the light speed, A is the Einstein coefficient, Eu corresponds to the
upper limit energy of the transition, kb is the Boltzmann constant, and h is the
Planck constant. We extract the spectroscopic constants Q, A, and Eu from
Shirley (2015) and Redaelli et al. (2019).

As we reported in Appendix A1, when PySpecKit fits optically thin pixels (τ «
1), the Tex parameter automatically adopts its available upper limit (with Tex

errors equal to zero) or unusually constant values in specific regions, leading to
anomalies in its distribution. To mitigate potential biases introduced by poorly
defined values and prevent anomalies in the column density estimates, we excluded
all pixels influenced by the τ and Tex estimations. Specifically, we removed pixels
where Tex=150 (the fitting upper-limit) and τ <0.2, discarding 30% of the pixels
due to outliers. We then consider the final column density map as the sum of the
FVC and the SVC column densities.

The R1 column density map displays similar values to R2, but we observe small
differences in their column density distributions. Overall, the R1 overdensities
appear more interconnected, compact, and filamentary. Meanwhile, the R2 column
density values are distributed more homogeneously, taking high values of around
1× 1014 cm−2 in most of the region. We convert N2H+ column density to mass
units as follows:

M(N2H
+) = N(N2H

+) ·mN2H+ · Apix. (3.3.2)

Here, mN2H+ and Apix represents the N2H+ molecule mass and the pixel area,
respectively. The total N2H+ mass in the entire protocluster is of 1.72× 10−5 M�.
Both main filaments, R1 and R2, contribute approximately in a 12% and 17% to
the protocluster mass, respectively.
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3.4 Relative abundance

Estimating line-mass profiles in filamentary structures (Sec. 4.2) is imperative for
capturing their physical conditions, and specifically the effects of gravity. Thus it is
the starting point for any filamentary analysis. In G012, previous estimates of H2

column density map (Dell’Ova et al., 2024) lack the full coverage captured by the
N2H+ map at 3mm. Here, the H2 column density map from Dell’Ova et al. (2024)
is the best tool with which to estimate the relative abundance in G012; this maps
was constructed based on the technique of Point Process MAPping (PPMAP),
using continuum observations in band 6 and 3 (ALMA-IMF LP), APEX/LABOCA
(870µm), SABOCA (350µm), Herschel/SPIRE (250µm, 350µm, and 500µm),
PACS (70µm, 160µm), SOFIA observations (53µm - 214µm), and Spitzer (MIPS
and GLIMPSE). To take full advantage of the N2H+ data, we use the N2H+

column density to estimate the total masses (Mtot) in the protocluster as a whole,
and in areas where the H2 map lacks complete coverage. Our method is described
below, and is based on the Sandoval-Garrido et al. (2024) procedure.

First, we calculate the relative abundance or average ratio between both N2H+

and H2 column density maps (see Eq. 3.4.1) where we have coverage in both. To
estimate this ratio, we reproject the N2H+ image to match the pixel scale of the
H2 data, which is slightly larger (with a pixel scale of 0.83). The reprojection can
introduce artifacts at the data boundaries because in particular the N2H+ regions
with sufficient signal to noise (see above) are highly irregular. This irregularity
in the spatial distribution can induce artificially low values at the boundaries of
the emission, if not addressed properly. To mitigate these effects, we conducted
a test following the methodology described in Sandoval-Garrido et al. (2024).
Specifically, we identify the portion of the N2H+ column density image impacted
by the reprojection following the steps below:

1. Creating a mask map: We generated a binary map from the N2H+ column
density data, assigning a value of 1 to valid data pixels and 0 to the pixels
below our signal to noise cut (see above).

2. Reprojecting the mask map: This binary map was reprojected to the Dell’Ova
et al. (2024) H2 pixel scale. Pixels affected by reprojection artifacts were
identified as having intermediate values between 0 and 1. We observed that
the boundaries of the reprojected image were affected, with typical impacts
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extending 1-3 pixels around the map edges, as expected.

3. Defining a final mask: Based on the above results, we defined a mask to
exclude pixels impacted by reprojection artifacts. That is, all pixels with
values < 1 in the binary mask are excluded from the regridded N2H+ column
density map.

This process produces an N2H+ column density map reprojected onto the H2 map
coordinate system that is free from reprojection artifacts.

Figure 3.4.1: Relative abundance map in G012. The black contour highlights
the mask of τ

e(τ) >2 applied to the column density; most of the pixels removed
by this mask do not affect the main filaments significantly. The areas lacking
data (top of R1 and bottom of R2) are due to the H2 column density map lack
of coverage in the filaments. Inside the contour we find a representative relative
abundance value of 9.3× 10−11 (see text). The black circle in the bottom-left
corner represents the beam size of the H2 map.

Subsequently we calculate a relative abundance map by taking the pixel-to-pixel
ratio of the two maps:

X(N2H
+) = N(N2H

+)
N(H2) (3.4.1)

Here, N(N2H+) is the N2H+ column density map described above, and N(H2) is
the H2 column density map from Dell’Ova et al. (2024) (see above). For the N(H2)
map, we consider a S/N >3 based on the ratio between the column density and
the associated errors. In Figure 3.4.1, we show the resulting relative abundance



3.4. Relative abundance 19

map.

To analyze the distribution of the relative abundance values, we construct a
histogram using the Freedman-Diaconis method to determine the optimal bin
width and number of bins for the distribution, following Sandoval-Garrido et al.
(2024). This method incorporates key statistical metrics, including the first
quartile (Q1), third quartile (Q3), interquartile range (IQR=Q3 -Q1), and the
overall data range. Using this approach, we determined an optimal bin width
of 3.77× 10−11, resulting in a total of 40 bins for the distribution. To estimate
a representative value for the relative abundance, we selected the mode, or the
most prominent bin. We note that previous studies have shown that the mode, in
relative abundance maps, remains consistent even when different numbers of bins
are used (see Sandoval-Garrido et al., 2024).

Figure 3.4.2: Relative abundance histogram of the values inside the black contour
in Figure 3.4.1. The red-dashed line represents the mode of the distribution. In
the upper-right corner, the values of the mode and standard deviation are shown,
which we consider as the representative value and error of the sample.

Considering the full sample, the mode in the most prominent bin is of 8.4× 10−11.
Up to this point, we had adopted relatively conservative error limits for the τ
parameter (i.e., τ

e(τ) >1, see Sec. A1) to estimate the N2H+ column density. To
test the effect of more stringent limits and their effect in the relative abundance
estimates, we applied progressively stricter masks to the N2H+ column density,
specifically:
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1. τ
e(τ) >1.5 (∼ 3% pixels removed)

2. τ
e(τ) >2 (∼ 7% pixels removed)

3. τ
e(τ) >3 (∼ 15% pixels removed)

For each, we recalculated the relative abundance using the same methodology
described above. We found that the mode of the distribution consistently resulted
in values in the range between 8.4× 10−11 to 10.7× 10−11, despite slight variations
in the number and width of the bins. To avoid the potential effect of high τ errors in
the relative abundance estimation, we adopted the mode derived using the τ

e(τ) >2
mask, which preserves most of the information in the relative abundance map
(only excludes ∼ 7% of pixels) and minimally impacts the filamentary structures
in the region. Therefore, the final relative abundance value adopted for the overall
region is of X(N2H+) = (9.3 ± 1)× 10−11 (see Figure 3.4.2). We use this value
to estimate the masses associated with the line-mass profiles in Sec. 4.2 and,
consequently, to analyze the kinematic profile in the R1 filament in Sec. 5.

3.5 N2H+ and DCN core velocity estimates

Cores represent the immediate sites of star formation and allows us to investigate
the kinematic relationship between the dense gas filaments and the forming
protostars. Here we estimate velocities of cores detected in catalogs described in
Sec. 2 by using N2H+ and DCN spectral lines. First, we verified how many of the
previously detected cores in DCN are also detected in N2H+. Out of the 38 cores
in Cunningham et al. (2023), 36 have N2H+ detections with S/N > 12.

We also use cores detected by Armante et al. (2024), which include a total of
63 detections, in addition to those previously detected in Cunningham et al.
(2023). These 63 cores do not present velocity estimates. To derive velocity
measurements we fit both DCN and N2H+ emission, using only S/N data > 5
and > 12 respectively, with one Gaussian velocity component (see Appendix A1
for line fitting and S/N definition). We use the size of the major and minor axes
of each core (see Table A4.1 and Table A4.3) to define a region where we estimate
the average spectrum, the associated velocity center, and the mean of all other
PySpecKit parameters and errors from the line fitting. One core was excluded
from the analysis described below due to poor spectral quality.
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From the Armante et al. (2024) catalog, we find a total of 26 cores detected
in both tracers (hereafter the DCN ∪ N2H+ sample), 22 cores detected only in
N2H+ (hereafter the N2H+ sample), 3 cores detected only in DCN data (hereafter
the DCN “new" sample), and 11 cores not detected in any of these two tracers
(hereafter the 1.3mm sample).

For DCN and N2H+, we follow the method outlined in Cunningham et al. (2023),
and define VDCN and VN2H+ as the velocity centroid of the core resulting from
the DCN and N2H+ fits. As DCN has previously proven effective in estimating
core velocities, and traces denser and more compact emission than N2H+, we
prefer the velocities measured with DCN for cores in the DCN ∪ N2H+ sample.
To validate the use of N2H+ velocities for cores lacking DCN velocity estimates
(the N2H+ sample), we calculated the velocity difference between DCN and N2H+,
VDCN − VN2H+ (a similar procedure was perform for the G353.41 protocluster in
Álvarez-Gutiérrez et al., 2024), for a total of 62 cores detected in both tracers
(36 cores from the previous DCN catalog, and 26 cores from the DCN ∪ N2H+

sample).

On average, we found that the N2H+ velocities in the core samples are redshifted by
approximately 0.1 km s−1 compared to the DCN core velocities, in a similar manner
as described by Álvarez-Gutiérrez et al. (2024). This difference represents a small
fraction of the N2H+ (0.23 km s−1) and DCN (0.34 km s−1) velocity resolution.
With the approach described above we increase the core velocities sample from 51
cores (26 cores from the DCN ∪ N2H+ sample, 22 cores from the N2H+ sample,
and 3 cores from the DCN “new" sample).
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Chapter 4

R1 & R2 analysis

The R1 & R2 filaments are the predominant N2H+ integrated intensity structures
(see Sec. 3). These regions present highly different velocity structures and cores
masses, suggesting the presence of multiple star forming environments taking
place in the same protocluster. In this section we focus in the characterization of
these two filaments, aiming to set constraints on their star forming stage.

Table 4.0.1: Global parameters of the R1 & R2 filaments

Region Length Width <V>a <σ>a <τ>a Mb
f Mf/Mc

tot

pc pc km/s km/s 103 M�
R1 0.56 0.22 34.4 ± 0.05 0.81 ± 0.05 1.96 ± 1.4 1.78 0.12
R2 0.56 0.22 36.8 ± 0.07 0.75 ± 0.06 2.49 ± 1.8 2.53 0.17

(a) Mean of the FVC and SVC fitted parameters. (b) Total H2 filament mass determined by
N(N2H+). (c) Fraction of the filament mass respect to the total protocluster mass, where for
the G012 protocluster Mtot =14.8× 103 M� (see Sec. 3.3).

4.1 R1 & R2 average filament velocity gradients

Above, we highlight the kinematic differences in the PV diagrams along the extent
of the R1 & R2 filaments. Specifically, the R1 filament is associated with a
potential signature of filament rotation (e.g., Álvarez-Gutiérrez et al., 2021), while
R2 presents a relatively compact velocity distribution (see Fig. 4.1.1, upper-right
panel). Here we begin by analyzing the velocity gradients perpendicular to both
filaments through average-velocity gradients estimations. We use an adaptation
of the method described Álvarez-Gutiérrez et al. (2021) and divide the procedure
into the following steps:
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1. We determine the total integrated intensity in each region (i.e., the moment
0 of the FVC and SVC, see above) and calculate peak integrated intensity
values along the long axis of both filaments in order to determinate a
representative filament ridgeline. In Appendix A2 we show this procedure
for the R1 filament.

2. For each slice along the Y axis we straighten both filaments by centering
the peak integrated intensity from the ridgeline to a fixed arbitrary position.
This is applied for the data in the integrated intensity (see Fig. A2.1),
velocity centroids, and velocity dispersion. After this step, each point has a
projected radius to the center of the filament.

3. We generate “average" PV diagrams as follows. For each point, at each
projected radius from the ridgeline, we plot the radial velocities. Here the
color of each point indicates their integrated intensity. These velocity vs.
projected radius diagrams therefore capture PV structures integrated over
the length of the filament. If a given filament has a prominent velocity
gradient approximately perpendicular to the ridgeline, these diagrams will
reveal these structures. This is the case for R1 (and see below), while for
R2 no such equivalently prominent structure is observed.

4. We apply a linear fit to the velocity gradient in the R1 filament, taking as a
weights for each point their integrated intensity.

In Fig. 4.1.2 we show the R1 (l.h.s.) and R2 (r.h.s.) ridgeline-averaged PV
diagram described above. The global R1 velocity gradient has a magnitude
of VG=10.4 km s−1 pc−1 (with an associated statistical fitting error of ±
0.29 km s−1 pc−1).

In R2, as mentioned above and in sharp contrast to R1, we do not observe an
equivalent global average velocity gradient. On the contrary, R2 is dominated
by a compact velocity structure, clumping at velocities around ∼ 1 km s−1 in
the center of the diagram. Spatially, this feature traces the central and densest
part of the filament. We also observe ∼ 3 different additional features that are
spatially related with different regions of R2 outside of the ridgeline. These are
subdominant and characterized by lower integrated intensity values. For example,
we can appreciate a more spread out structure extending up and to left in the
diagram and ending near - 0.05 pc, 0.75 km s−1. This structure is associated with
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Figure 4.1.1: PV diagrams of R1 (l.h.s.) & R2 (r.h.s.) with the cores (with the
same color scheme and symbols as in Fig. 3.2.1). These diagrams highlight the
different structures in each region. R1 presents a wrapping “double-helix" signature
that is most obvious toward the top of the diagram and which is dominated by
the FVC velocities (blue color scale, as in Fig. 3.2.1). R2 exhibits comparatively
compact velocity variations and smooth positional undulations along the filament,
and contains a high number of massive cores.

the ∼ eastern edge of the R2 filament, and has associated elongated SiO emission
likely tracing protostelar outflows and shocks (Towner et al., 2024).

4.2 R1 & R2 line-mass profiles and associated
3D model quantities

Characterization of the mass distribution, and hence of the gravitational potential,
is an absolute requirement for interpreting the kinematics in these systems since
the gravitational field of the gas serves as governor of the dynamics of a system
(e.g., Stutz and Gould, 2016). Here we use the above mass estimates derived to
obtain the average line-mass profiles in the R1 & R2 filaments.

Since Dell’Ova et al. (2024) mass map lacks full coverage the of the R1 filament,
we use mass estimates from Sec. 3.4, which are derived from the N2H+ data and
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Figure 4.1.2: Average velocity gradients perpendicular to R1 (l.h.s.) & R2 (r.h.s.)
filaments. In both diagrams, the ∆V and ∆r axes have the same range, allowing
for direct comparison of slopes between panels. In R1 the red line represents
the linear fit weighted by the integrated intensity points of the velocity gradient
(VG). The associated VG timescale (τ) estimation is displayed in the upper left
corner. On the other hand, R2 lacks a clear velocity gradient structure as in R1
and is instead comparatively compact. In addition, we identify three different
structures that spatially correspond to different regions in this R2 diagram. The
most compact and central structure is related to the densest region of the filament.
The most elongated feature is spatially related to the eastern edge of the R2
filament, characterized by the presence of elongated SiO emission. In the diagram,
the lower intensity and scattered points represent regions surrounding the filament.

calibrated to the measurements by Dell’Ova et al. (2024). In order to validate our
mass map selection, we calculate the line-mass profile in a portion of R2 filament
that has coverage in both N2H+ and Dell’Ova et al. (2024) column density maps
(see Appendix A3). We find minor variations, less that 28%, between the two
methods. Therefore, we adopt the N2H+ mass map to estimate the line-mass
profiles below.

We follow the formalism outlined in Stutz and Gould (2016) to estimate these
line-mass profiles (see also González Lobos and Stutz, 2019; Stutz, 2018; Álvarez-
Gutiérrez et al., 2021; Reyes-Reyes et al., 2024). Briefly, we first align the filament
mass maps with respect to their ridgelines (see Appendix A2). We use a box
size of 0.56 pc × 0.22 pc (box length × box width) to capture the densest parts
of both filaments, shown in Fig. 1.0.1, right panel. We then construct N2H+

cumulative mass distributions for both filaments. As expected for elongated and
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Table 4.2.1: Line-mass profiles, volume density, gravitational potential, and
acceleration distributions

Region ζa βb ψc ξd γe Projected Lengthf Total Gas Massg
M�pc−1 M�pc−3 km2s−2 km2s−2pc−1 pc M�

G012.80-R1 5660 211.3 123.1 37.4 0.30 0.56 1780
G012.80-R2 6943 181.3 269.3 51.3 0.20 0.56 2532

L1482-Sh 205 9.60 1.27 0.81 0.64 0.90 380
ONCh 866 25.9 27.6 6.40 0.23 0.50 1300
Orion ISFh 385 16.5 6.30 2.40 0.38 7.30 6200

G351.77h 1660 78.7 13.5 8.38 0.62 8.60 10200

Normalization constants for: (a) the M/L profile in Eq. 4.2.1, (b) the volume density in Eq.
4.2.3, (c) the gas gravitational potential in Eq. 4.2.4, and (d) the gravitational acceleration in
Eq. 4.2.5. (e) Power-law index in the M/L profile. (f) Filament length for the M/L estimates
(see Sec. 4.2). (g) Total gas mass in the filaments (see Sec. 4.3). (h) Regions described in Sec.
4.2 and shown in Fig. 4.2.1.

dense structures, we find that the cumulative mass distribution profiles in both
R1 and R2 are almost linear (see Fig. A3.2), meaning that the mass distribution
along the filament is approximately uniform. This permits averaging a line-mass
profile as a function of projected radius from the ridgeline, over the filament as a
whole.

Following the formalism in Stutz and Gould (2016), and the above references, we
find that the line-mass profiles are well-described by power laws of the form:

λapp(ω) = ζ

(
ω

pc

)γ
, (4.2.1)

where ω is the projected radius in the POS (or impact paramenter from the
ridgeline), γ corresponds to the index in the enclosed mass over length (M/L)
vs. projected radius diagram (see Fig. 4.2.1), and ζ is the M/L normalization
constant. For R1 and R2 we obtain:

ζR1 = 5660M�pc , γR1 = 3
10 , λR1(ω) = 5660(ω/pc)0.30;

ζR2 = 6943M�pc , γR2 = 1
5 , λR2(ω) = 6943(ω/pc)0.20.

(4.2.2)
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In Fig. 4.2.1, we display the M/L profiles of the R1 & R2 filaments (red and blue
lines), along with with other star-forming regions (black dashed lines) described
below and in Table 4.2.1.

We follow Stutz and Gould (2016); Stutz (2018); Álvarez-Gutiérrez et al. (2021) to
estimate the density, gravitational potential, and acceleration assuming cylindrical
3D geometry, which will also be useful for comparison with other protoclusters.
All quantities are estimated in the POS since we do not have access to inclination
information (and see below). We refer to these as “apparent" profiles following
Álvarez-Gutiérrez et al. (2021). We estimate the apparent volume density as:

ρapp(r) = β

(
r

pc

)γ−1

, (4.2.3)

where for the R1 & R2 filaments, we obtain βR1 =211.3M� pc−3 and
βR2 =181.3M� pc−3. We estimate the gravitational potential as:

φapp(r) = ψ

(
r

pc

)γ
, (4.2.4)

where, considering the R1 & R2 parameters described above, we estimate
ψR1 =123.1 km2 s−2 and ψR2 =269.3 km2 s−2. Finally, we estimate the gravitational
acceleration as follows:

gapp(r) = −ξ
(
r

pc

)γ−1

. (4.2.5)

For R1 & R2 we obtain ξR1 =37.4 km2 s−2 pc−1 and ξR2 =51.3 km2 s−2 pc−1,
respectively.

For simplicity, we assume the inclination angle (θ) of the filaments with respect to
the POS to be zero in all previous equations. In Table 4.2.1 we include previous
M/L profiles estimations for the parent filament of G351.77 protocluster, the
Orion Nebula Cluster (ONC), the Orion ISF, and the California L1482-S cloud
(Stutz and Gould, 2016; Stutz, 2018; Álvarez-Gutiérrez et al., 2021; Reyes-Reyes
et al., 2024). Relative to other star-forming regions (Table 4.2.1 and Fig. 4.2.1),
the filaments in G012 exhibit significantly higher line-mass profiles, up to three
times more massive than extended regions such as the G351.77 protocluster.
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Figure 4.2.1: Line-mass profile of the R1 & R2 filaments (red and blue lines).
We include profiles of the Orion ISF, the ONC, the California L1482 regions, and
the G351.77 protocluster (black lines). The main filaments of G012 reveal higher
line-mass distributions than those found in other star-forming regions compared
to here.

4.3 Star formation rate and efficiency in the R1
& R2 filaments

The star formation rate (SFR) and efficiency (SFE) are critical parameters to
understand the current star formation activity, offering insight into the efficiency
in which gas is converted into stars. The SFR and SFE provide key metrics to
evaluate in combination with the kinematics (see below). This also permits a
comparison to other systems that have been characterized in a similar fashion.
For the SFR and SFE estimates, we use the formalism outlined in Megeath et al.
(2022) and consider the core masses provided in Motte et al. (2024, accepted).

To estimate the SFR (Eq. 4.3.1), we assume lifetimes based on observational
studies of stellar cores. The lifetimes of prestellar cores, typically associated with
the slow gravitational contraction of low-density material, have been estimated to
be around 1Myr in nearby molecular clouds (Jessop and Ward-Thompson, 2000;
Könyves et al., 2015). For protostellar cores, studies suggest lifetimes between
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200 kyr and 500 kyr, depending on the mass regime (Duarte-Cabral et al., 2013;
Megeath et al., 2022, Valeille-Manet et al. submitted).

In the R1 & R2 filaments, Armante et al. (2024) and Motte et al. (2024, accepted)
identified a total of 16 cores. Fourteen of these are located in R2, and only 2 are in
R1. These cores are classified as either being prestellar or protostellar (Armante
et al., 2024, Motte et al. accepted), with masses ranging from 0.3 to 5M�. For
our analysis, we adopt a prestellar timescale of 1.2Myr, the expected value for
prestellar cores in the mass range of 0.003 - 10M�(Könyves et al., 2015). We
also use protostellar lifetime of 0.5Myr, assuming a low-mass protostellar regime
around 0.5M� (Megeath et al., 2022).

Both cores in R1 are clasified as prestellar, while the R2 filament exhibits five
cores in this phase. In addition, the R2 filament contains 9 protostellar cores.
Considering the pre- and protostellar lifetimes described above, we estimate the
SFR as follows:

SFR(M�Myr−1) = Mcores

tcores
. (4.3.1)

Here, Mcores is the mass of the prestellar/protostellar core population and tc is
the approximate lifetime of the prestellar/protostellar cores in Myr. For the R1
and R2 filaments, we obtain:

SFRR1 - prestellar = 4.24 M� Myr−1,

SFRR2 - prestellar = 12.1 M� Myr−1,

SFRR2 - protostellar = 43.2 M� Myr−1,

SFRR2 - total = SFRprestellar + SFRprotostellar → 55.3 M� Myr−1.

(4.3.2)

For intermediate to high-mass regime (with a lifetime of 0.3Myr), the SFR could
potentially increase to 84M�Myr−1.

In addition, we estimate the SFE as:

SFE = Mcores

Mcloud + Mcores
. (4.3.3)

In this case Mc represents the same core mass used for the SFR estimate, and
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Mcloud corresponds to the R2 filament mass (see Table 4.0.1). In the R1 and R2
filaments, we obtain:

SFER1 - prestellar = 0.002,

SFER2 - prestellar = 0.003,

SFER2 - protostellar = 0.005,

SFER2 - total = SFEprestellar + SFEprotostellar → 0.008.

(4.3.4)

The absence of protostellar cores and the limited presence of prestellar cores in
the R1 filament suggest notable differences in the evolutionary status of the cores
in both filaments. These differences imply that R1, compared to R2, might exist
in an earlier evolutionary stage that has not (yet) achieve the central filament
concentration and star formation that R2 is undergoing today. The detection
of a pronounced velocity gradient in R1, combined with the almost complete
absence of any such equivalent structure in R2, tends to corroborate the above
evolutionary scenario (and see below).
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Chapter 5

A filament rotation model
applied to R1

In the N2H+ PV diagram, the R1 filament shows a helical pattern, a feature also
observed in the California L1482-S cloud and attributed to filamentary rotation
(Álvarez-Gutiérrez et al., 2021). In Fig. 4.1.1 (left panel), we highlight this feature
at the top of R1 which is also associated to a clear average-velocity gradient of
∼10.4 km s−1 pc−1 in Fig. 4.1.2 (left panel). To determine if rotation or gravity is
the dominant factor in the R1 filament, we compare the estimated gradient to the
filament mass distribution.

We apply the formalism from Álvarez-Gutiérrez et al. (2021) to estimate the
centripetal force associated to the rotation of the R1 filament, and also to derive
the gravitational force. We then calculate the ratio between both forces as follows:

Fc
Fg

= v2pc−1

ξcos3(θ)

(
r

pc

)−γ
; v = 10.4 km

s pc , ξ = 37.4 km2

s2 pc . (5.0.1)

Here, Fc and Fg represent the centripetal and gravitational forces, v is the average-
velocity gradient along the R1 filament, ξ is the constant associated with the
gravitational acceleration distribution (see Table 4.2.1), and θ represents the
inclination angle of the filament relative to the plane-of-sky (POS).

In Fig. 5.0.1, we present the resulting profile for the ratio of forces in the R1



32

filament (red line), assuming cos(θ)= 1. The R1 profile indicates that the filament
is predominantly influenced by gravity rather than rotation, similar to the internal
rotation pattern observed in the California L1482-S cloud (dashed-grey line). The
high line-mass profile seen in the R1 filament, combined with the gravitational
dominance in this profile, suggest that the filament is primarily supported by
gravity, even in the presence of rotation.

Figure 5.0.1: Ratio between the centripetal (Fc) and gravitational (Fg) forces in
the R1 filament (red line), where θ represents the inclination angle of the filament
relative to the plane-of-sky (POS). We assume cos(θ)= 1, corresponding to a
filament aligned with the POS. For N2H+, the gravitational force dominates over
rotational force, with a distribution similar to the internal rotation observed in
the California L1482-S filament (Álvarez-Gutiérrez et al., 2021).

In contrast with California L1482-S, we not observe rotation in the C18O gas in the
R1 filament. The observation of rotational motion in star-forming regions traced
by different molecular species can provide insights into their evolutionary stages. If
the rotation is observed in C18O emission (Álvarez-Gutiérrez et al., 2021), it could
indicates an earlier evolutionary phase compared to rotation traced by N2H+ (R1
filament). These two molecules trace distinct physical conditions within molecular
clouds, revealing differences in density, temperature, and chemical composition,
which evolve over time in a star-forming region (e.g., Tafalla et al., 2004; Tanaka
et al., 2013).

C18O is a stable isotopologue of CO and tends to remain in the gas phase in
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environments that are relatively warm and have lower densities. Consequently,
C18O serves as an effective tracer for gas that has not yet reached the conditions
necessary for significant CO depletion, which is common in the early stages of
cloud collapse (e.g., Tafalla et al., 2004; Friesen et al., 2010; Punanova et al., 2016).
As the cloud evolves and contracts under gravity, it cools and reaches densities
that favor the depletion of CO onto dust grains, creating conditions suitable for
the formation and stability of N2H+ (Caselli et al., 2002). This progression from
gas traced by C18O to N2H+ highlights the changes in physical conditions as a
molecular cloud transitions from a quiescent state to a denser, active star-forming
region.

Consequently, although both the California L1482-S region and R1 share similar
kinematic features and low core formation rates, the R1 filament appears to be in
a slightly more advanced evolutionary phase.
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Chapter 6

Discussion

Despite the morphological similarities between the two main G012 filaments, our
analyses revealed differences in their gas kinematics, mass distributions, and cores
population. In the following discussion, we explore the different star-forming
scenarios that may be associated with the R1 and R2 filaments, emphasizing their
potentially different evolutionary paths.

L1482 south - C¹⁸O R1 - N H⁺2

0.
33

 M
yr

R2 - N H⁺2 ISF OMC-2 - N H⁺2

Figure 6.0.1: Comparative PV diagrams of California L1482-south (left panel),
OMC-2 (right panel), R1 & R2 filaments (center panels). Similar to California,
R1 presents a “double helix" feature, low presence of cores, and low temperatures
(< 25K, see Dell’Ova et al., 2024). Despite this, line-mass profile of both regions
(estimated within the range of the gray lines) shows that R1 is more massive
than California L1482-south. On the other hand, R2 shows PV diagram features
compare to ISF OMC-2 region. Specifically, R2 presents smooth undulations in
velocities characterized with uniform velocities. R2 is also characterized by a high
presence of cores, indicating that the gas velocities should be mostly influenced
by the accretion of these sources.
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6.1 Core accretion signatures in the R2 filament

Recently, Dell’Ova et al. (2024) estimated a dust temperature map in the G012
protocluster, finding temperatures of around 35 K at the beginning of the R2
filament. In addition, they also found a spatial shift at the top of the filament
between the peak column densities of H2and N2H+ (see Fig.,10 in Dell’Ova et al.,
2024). To explain this shift, they propose a scenario in which a detected hot core
(Armante et al., 2024) is heating the region and destroying the N2H+ emission at
the top of the filament. In this case, the accretion scenario could be consistent
with the small spreads in velocity that we observed in the R2 filament, as well as
the absence of N2H+ in the hot core location.

Previous studies link core accretion in filaments with “V-shapes" structures in PV
diagrams (e.g., Álvarez-Gutiérrez et al., 2024; Sandoval-Garrido et al., 2024). The
N2H+ PV diagram in R2 lacks these kind of features, mainly because N2H+ is
absent at the top of R2. However, we observed that the DCN emission reveals a
clear V-shape in the same region where the detected hot core is located, along
with an SiO elongated structure perpendicular to the top of R2 (see Fig. 3 in
Armante et al., 2024). This suggests that the V-shaped feature traced by DCN at
the hot core location is related to a strong outflow and, consequently, to potential
accretion processes at the top of R2.

In addition, as shown in Fig. 4.1.2 (right panel), we observe that the velocities
associated with the central and densest region of the filament are clumping at the
center of the average-velocity diagram. This clumping structure at∼ 1 km s−1 could
indicates the presence of dense structures within the R2 filament (accumulations of
gas), as is observed in the integrated intensity map, suggesting ongoing accretion
processes in the protocluster (e.g., Hacar et al., 2013; Kainulainen et al., 2016;
Ladjelate et al., 2020). Such structures in PV space can be indicative of the
formation of dense cores, which are crucial for star formation, as they represent
regions where the gravitational forces outweigh the thermal pressures of the
surrounding medium (e.g., André et al., 2010; Palau et al., 2013). Therefore, this
clumping structure highlights the kinematic complexity within the filament that
is apparent dominated by their cores.

In our comparative assessment of the R2 filament and other star-forming
regions, we analyzed the star formation rate and efficiency for protostellar
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cores in the ISF OMC-2 region (Megeath et al., 2012, 2016; Furlan et al., 2016;
Kainulainen et al., 2017; Stutz, 2018; González Lobos and Stutz, 2019), obtaining a
SFR=95M�Myr−1 and a SFE=0.008. In addition, previous studies estimated a
line-mass profile of λ(ω) = 385(ω/pc)0.38 in this region (Stutz, 2018). Interestingly,
while the R2 filament has a more pronounced line-mass profile, it forms prestellar
and protostellar cores at a similar but lower SFR than that observed in the
ISF OMC-2 (see Sec. 4.3), with both regions exhibiting comparable efficiencies.
Considering the line-mass profile in the R2 filament, along with the distinct
kinematic features presented in this study, the R2 filament could be in an evolved
state, possibly earlier but still comparable to regions like the ISF OMC-2.

6.2 Timescales of the prestellar and protostellar
cores

The formation of stellar objects occurs over diverse timescales, reflecting the
intricate processes governing their evolution (Bergin and Tafalla, 2007; Evans
et al., 2009; Dunham and Vorobyov, 2012; Dunham et al., 2014; Motte et al.,
2018). Prestellar and protostellar cores represent distinct phases in star formation,
each characterized by specific physical conditions and evolutionary mechanisms.
Understanding these timescales is essential to set further constraints on the
processes shaping star-forming environments and their evolution.

Prestellar cores are believed to be the initial gravitationally bound structures that
precede star formation. The timescale associated to the evolution of these cores
can vary significantly depending on environmental factors and initial conditions
(Motte et al., 2018). Observations suggest that the lifetime of prestellar cores
ranges from about 0.5 to 2Myr (e.g., Jessop and Ward-Thompson, 2000; Merín
et al., 2008; Alcalá et al., 2008; Evans et al., 2009; Könyves et al., 2015). The
duration of this phase is influenced by the efficiency of the gravitational collapse,
which is affected by the core’s density and the presence of external pressures from
surrounding environment inside molecular clouds (Tafalla et al., 2004; Könyves
et al., 2015, Valeille-Manet et al. submitted). For instance, lifetimes for high-mass
prestellar cores (PSCs) reported in Valeille-Manet et al. (submitted) tend to
be considerably shorter than those observed in low-mass star-forming regions,
approximately 0.12–0.24Myr for cores with masses ranging from 8 to 16M�, and
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0.05–0.1Myr for cores with masses from 30 to 55M�, in which the contraction of
massive cores is driven by fast converging flows.

As cores evolve into protostellar phases, the associated accretion timescales
decrease. The transition from prestellar to protostellar cores is often marked by
significant increases in temperature and density, driven by gravitational contraction
and accretion from surrounding material (Bontemps et al., 2010; Dunham et al.,
2014). The protostellar phase, particularly in high-mass regimes, also varies with
mass (Motte et al., 2018, Valeille-Manet et al. submitted). Studies suggest a
decrease in protostellar lifetime with increasing mass, estimated to range from
0.5Myr in lower masses (e.g., Megeath et al., 2022) to 0.1–0.3Myr in high-mass
cores (e.g., Duarte-Cabral et al., 2013, Valeille-Manet et al. submitted). For
instance, Dunham et al. (2014) provides essential insights into the relationship
between protostellar core properties and their evolutionary timescales, indicating
that the initial mass of a core significantly influences its rate of accretion and
subsequent timescale.

The different timescales for prestellar and protostellar cores have significant
implications for star formation processes in different environments, particularly in
the G012 protocluster. In the R1 filament, which contains only prestellar cores
(Armante et al., 2024, Motte et al. accepted), the low SFR of 4.24M�Myr−1

and an SFE of 0.002 indicate a prolonged timescale for star formation, despite
the high density of the filament. Conversely, filament R2 exhibits a considerably
higher total SFR of 55.3M�Myr−1, encompassing both prestellar and protostellar
cores, with an SFE of 0.008. The presence of multiple protostellar cores in R2
indicates a more dynamic and efficient star formation environment. The higher
SFR and SFE suggest that R2 is a more active star formation region than R1,
potentially driven by local turbulence or shocks (e.g. by the influence of the hot
core detected at the top of the R2 filament, see Armante et al., 2024; Dell’Ova
et al., 2024) within the molecular cloud that enhance the accretion processes.

This highlights the complex interplay between core evolution and environmental
conditions in determining star formation outcomes. The differences between
R1 and R2 illustrate how variations in the core population and their associated
timescales can influence the overall protocluster star formation efficiency and the
kinematic patterns.
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6.3 Different evolutionary stages inside
protoclusers

In Fig. 6.0.1, we compare the PV-diagram features and M/L profiles at 1 pc for the
R1 & R2 filaments in G012, the G351 filament, the ONC, the Orion ISF, and the
California L1482-S region. The key differences observed in the line-mass profiles
and PV diagrams emphasize the potentially different evolutionary stages and their
impact on filamentary structures, kinematics, and the star formation conditions in
the protocluster. By comparing these regions, we gain insights into the progressive
changes that occur as filaments evolve from their early (California L1482-S), more
chaotic stages to more structured and evolved forms (ISF OMC-2).

Considering all the features revealed in this study, we propose that the R1 filament
is still rotating and is younger than R2, in a similar behavior as California L1482-S.
In contrast, the R2 filament exhibits kinematics and star formation patterns in
congruence with more evolved and efficient stages of star formation, such as that
of the ISF. Thus, G012 contains massive filaments at different evolutionary stages.

Recent observations and theoretical studies have demonstrated the presence of
filaments in different evolutionary stages within the same protocluster. These
findings have provided significant insights into the complex processes of star
formation and the role of filamentary structures in guiding the evolution of
molecular clouds (Tafalla et al., 2004; André et al., 2010; Schneider et al., 2012;
Hacar et al., 2013; Peretto et al., 2014; Zhou et al., 2022). Several investigations
highlighted the coexistence of filaments in distinct evolutionary phases, offering a
detailed view of the sequential and sometimes parallel pathways through which
filaments form stars.

In this context, a common finding is the identification of filaments that display
different physical characteristics within a single star-forming region. For instance,
Hacar et al. (2013) observed the Taurus cloud, which revealed a 6 pc-long velocity-
coherent filament. This filament exhibited regions of near-sonic motions alongside
denser and potentially more evolved segments, suggesting different evolutionary
phases coexisting within the same cloud. Similarly, Peretto et al. (2014) analyzed
the SDC13 system and identified filaments in the early stages of collapse, alongside
with more evolved areas that were actively forming stars. The authors concluded
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that the different conditions in temperature and density across the cloud were
likely responsible for these differences. Schneider et al. (2012), using Herschel data,
provided another striking example by studying the Rosette molecular cloud. This
work highlighted how filaments in the same cloud can exhibit significantly different
densities, temperatures, and levels of fragmentation. Some filaments were at the
onset of collapse, while others were already forming dense cores, indicating that
different parts of the cloud were evolving at different rates. Similarly, André et al.
(2010) observed filamentary networks in the same molecular cloud transitioning
from gravitationally unbound filaments to dense star-forming cores.

Several processes can lead to the presence of filaments at different evolutionary
phases within a single protocluster. One primary factor is the initial density
distribution within the molecular cloud. Denser regions tend to collapse more
quickly under their own gravity, leading to the formation of stars, while lower-
density filaments remain stable for longer periods. This process is well illustrated
in Peretto et al. (2014), where higher density region showed signs of active
star formation, while the more diffuse parts of the cloud had not yet collapsed.
Additionally, feedback mechanisms from protostellar outflows and winds can affect
the evolution of nearby filaments. In environments where stars have already begun
to form, their outflows can compress adjacent gas, potentially accelerating the
collapse of nearby filaments while preventing others from fragmenting (e.g., Tafalla
et al., 2004). André et al. (2010) emphasized how such interactions can result in
a wide variety of evolutionary outcomes, even within close proximity.

Another critical factor is the differential accretion of material along filaments.
Hacar et al. (2013) proposed that the accretion of gas onto filaments plays a key
role in determining their evolution, with some filaments gaining enough mass to
trigger collapse while others remain below the critical threshold. This “selective"
growth process, driven by local conditions and the amount of available gas, could
explain the simultaneous existence of quiescent and collapsing filaments in the
same molecular cloud.

Understanding the coexistence of filaments at different evolutionary stages within
the same protocluster is crucial for constructing a comprehensive model of star
formation. Filaments are recognized as the primary structures through which
molecular clouds fragment into star-forming cores (Kirk et al., 2013; Hacar et al.,
2013; André et al., 2014; Stutz and Gould, 2016; Stutz, 2018; Hacar et al., 2023;
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Louvet et al., 2024). The presence of filaments at different stages of collapse and
fragmentation within a single region suggests the star formation is not a “uniform"
process, but rather one that is highly dependent on local physical conditions. It
also suggests that star formation within a protocluster can occur over extended
periods of time. This means that young stellar objects in the same cluster can
have significantly different ages, a characteristic that has been previously observed
in star-forming regions (Schneider et al., 2012; Peretto et al., 2014). The kinematic
interaction between filaments and their surrounding environments also indicates
that feedback mechanisms play a crucial role in shaping the star formation history
of a molecular cloud.
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Chapter 7

Conclusions

G012 is one of the most evolved and massive regions in the ALMA-IMF dataset. Its
dense gas emission, traced by the N2H+ molecule, reveals a morphology composed
of two large filaments and additional irregular but similarly dense structures.
The center of G012 presents an absence of N2H+, however other tracers indicate
the existence of large-scale H ii regions, which destroy the dense gas forming a
disrupted structure in the protocluster center. In this research we focus on the
kinematical analysis of the N2H+ emission of the G012 protocluster, including
mass distribution analysis, and the characterization of its two main filamentary
structures R1 & R2. Our main conclusions are summarized below:

1. We find multiple velocity components in G012. Around 55 % of the spectra
are well fitted by two velocity components, while the remainder is well
described by a single component. Using a velocity threshold set at 35.6 km s−1

we distributed the single velocity component into two velocity component.

2. The integrated intensity map reveals two filamentary structures that we
denoted as R1 & R2. Despite their similarity in morphology, we find several
differences in their kinematics.

3. R1 is characterize by a velocity gradient in the moment 1 map. We review
the PV diagram features which showed a helical structure at the top of
the filament associated with filament rotation. We find an average velocity
gradient of ∼ 10.4 km s−1 pc−1 (0.1Myr) in this feature.

4. In the N2H+ PV diagrams, R2 is characterize by smooth and compact
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velocity undulations. In contrast with R1, R2 lacks a large-scale velocity
gradient. However, R2 has a large population of massive cores, relative to
R1, and it is associated with a perpendicular SiO outflow at the top of the
filament.

5. We estimate line-mass profiles of both filaments that are well described by
λ(ω)= 5660 (ω/pc)0.30 and λ(ω)= 6943 (ω/pc)0.20 for R1 & R2, respectively.
When we compare these distributions with those from other well-studied
regions, such as the G351.77 parent filament, the ISF, the ONC, and the
L1482 in California, we found that R1 and R2 stand out as being more
massive.

6. We compare the centripetal and gravitational forces in the R1 filament
finding that the rotation in the filament is subdominant compared with the
gas gravitational potential.

7. We calculate SFR and SFE of protostellar cores population in both filaments.
R1 lacks protostellar cores, and the few cores present are in prestellar
phase. On the other hand, R2 forms protostellar cores at a rate of
SFR=55.3M�Myr−1 with a similar efficiency than the Orion ISF.

8. Using N2H+ and DCN spectral lines, we estimate new velocity for 51
previously detected cores. We conclude that the absence of DCN data in
some regions should not be a constraint in the study of cores inside molecular
clouds. In such cases, the use of N2H+ provides a reliable alternative (see also
Álvarez-Gutiérrez et al., 2024), allowing the estimation of cores velocities.

9. Considering the different gas and cores kinematics, cores masses, and M/L
profiles present in R1 & R2, we propose that R1 is still rotating and younger
than the R2 filament, which has further collapsed to a more efficient state
of star formation.

The results presented in this study emphasize the role of dense filamentary
structures in high-mass star formation, especially when found at different stages
of evolution within the same protocluster. Detecting filaments at different
evolutionary phases within a single protocluster allows us to characterize multiple
stages of star formation, from the earliest accretion processes to later stages of
core collapse. By uncovering these kind of filaments, we also gain valuable insights
into the diverse mechanisms and chemistry governing gas kinematics including
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gas accretion and filament rotation. This ability to observe a “snapshot" of the
different stages in one region presents a unique window into the ongoing processes
shaping these dense structures.
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A1 N2H+ (1−0) line fitting: one and two
velocity components

In this appendix, we describe the data preparation steps prior to line fitting,
including S/N analysis and input parameter selection. We also characterize the
output modeling parameters and associated uncertainties, identifying the velocity
structures used in the above analysis.

A1.1 Data preparation

Before fitting, we evaluate the robustness of the N2H+ data cube by examining
negative bowls and noise. We find the most negative values concentrated in a
central and compact area of G012. Next, we construct an S/N map to locate the
most reliable values. The noise is measured by identifying emission-free channels
within the velocity ranges of 12 km s−1 to 20 km s−1 and 49 km s−1 to 61 km s−1,
defining the noise as the standard deviation over these channels and the signal as
the maximum intensity per pixel. We apply an S/N threshold of 12 to retain the
majority of the N2H+ structure while excluding unreliable spectra that cannot be
accurately fitted.

We construct the preliminary moment 0 and 1 maps, using the full line for the
integrated intensity map and the isolated component for the mean velocity (see
Álvarez-Gutiérrez et al., 2024, for details on isolated component identification).
The integrated intensity map (right panel in Fig. 1.0.1) reveals prominent N2H+

structures along two main filaments and shows a disrupted central morphology
in G012. The moment 1 map reveals a velocity gradient perpendicular to the
R1 filament ridgeline (discussed in Sec. 4.1), and regions with high and spread
velocities in the central area, potentially related to multiple velocity components
(see below).

A1.2 Choosing input parameters

To model the N2H+ data, we used the specfit fitting tool based on the built-in
n2hp_vtau fitter. The specfit task requires the following input values:

1. fittype: specifies the model type and requires the number of velocity
components and model parameters,
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Figure A1.1: N2H+ two velocity component fitting example: The panels, from
top to bottom, display the raw data (grey curve), the first velocity component
(blue curve) overlaid on the raw data, the second velocity component (green curve)
overlaid on the raw data, the total model (black curve) fitted to the raw data, and
the residuals of the model (grey dashed curve). The PySpecKit parameters for
both the first and second velocity components are shown in each respective panel.
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2. guesses: initial model parameter values (only applied to the first pixel fit),

3. limits: lower and upper parameter bounds; used across all pixels via the
Levenberg-Marquardt algorithm, optimizing the χ2 function,

4. limited: applies or disregards the limits defined above,

5. errmap: the error map, calculated as the standard deviation in the noise
channels (see above),

6. signal_cut: defines the signal lower limit for the modeling, where
S/N > signal_cut, and

7. start_from_point: the initial pixel for fitting.

We test models with one and two velocity components, using four main parameters:
the excitation temperature (Tex), optical depth (τ), velocity centroid (Vc), and
velocity dispersion (σ). For the initial guesses and limits, we select values based
on the preliminary moment maps described above. The start_from_point is
chosen as a pixel with high S/N and a well-defined spectrum. Testing various
signal_cut values confirms that pixels below an S/N of 12 yield poor fits or
large uncertainties in critical parameters like radial velocities errors. The input
parameters for one- and two-component fits are listed in Table A1.1.

Table A1.1: Starting guesses for spectral fitting

Parameters Text(1) τ(1) Vc(1) σ(1) Text(2) τ(2) Vc(2) σ(2)
[K] [km s−1] [km s−1] [K] [km s−1] [km s−1]

One velocity component

Guesses 31.3 3.8 37 0.78 — — — —
Limits (2.8, 150) (0.001, 10) (25, 45) (0.23, 5) — — — —
Limited (T,T) (T,F) (T,T) (T,F) — — — —

Two velocity components

Guesses 15 1 33 1.4 20 3 37 0.47
Limits (2.8, 150) (0.001, 10) (25, 45) (0.23, 5) (2.8, 150) (0.001, 10) (25, 45) (0.23, 5)
Limited (T,T) (T,F) (T,T) (T,F) (T,T) (T,F) (T,T) (T,F)

A1.3 Output parameters and dependencies

PySpecKit creates a cube containing the best-fit parameters (Tex, τ , Vc, and σ )
and their associated errors for each spectrum and velocity component. We then
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obtain an N2H+ modeled cube using these parameters and we separate the FVC
and SVC into their own cubes.

To assess potential dependencies of certain parameters on our results, we
analyze the two most prominent and well-defined N2H+ filaments (R1 & R2
in Fig. 1.0.1). We first investigate the start_pixel parameter by keeping all other
input parameters constant. We perform 716 tests for region R1 and 576 tests
for region R2, where each start_pixel corresponds to a pixel within our test sub-
regions. Our results indicate that parameters and uncertainties are independent
of the initial pixel. In addition, we observe that it is necessary to change the
starting pixel when adjusting multiple velocity components and respective initial
guesses. This change should be to a pixel that exhibits a spectrum where the
number of components are well resolved. Furthermore, we test different limits
for the parameters ranges in both sub-regions and evaluate their impact on the
fitting. We conclude that our selected range is sufficiently wide to avoid biasing
the results.

A1.4 Output cleaning

With this modeling approach certain fitted spectrum may yield poor fits due
the data being too noisy or having a different number of velocity components.
Therefore, it is crucial to properly identify the number of velocity component for
each spectrum and review the quality of the associated fitting parameters and
errors.

We analyze the error distribution of the four fitted parameters with the goal
of accurately describe the kinematics of the G012 N2H+ data. We find that
errors associated to the centroid and dispersion velocity determination are mostly
distributed under 0.3 km s−1, with only 5 pixels and 26 pixels exceeding this
value, respectively. This is a conservative value relative to the N2H+ velocity
resolution (slightly less than two velocity channels), therefore, we adopt this value
as the maximum allowed error to constrain the Vc and σ errors that we consider
associated with a well-fitting spectrum. Additionally, we note that in 184 fits
their uncertainties in σ are equal to 0 km s−1. This issue occurs when the value
associated to the best fit model is one of the limits of the parameter’s range. This
issue indicates that these fits require a more in depth revision, possibly being
better adjusted with more than one velocity component.
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The parameter τ is challenging to constrain due to its potential to be infinitely
large. In consequence, we set a mask based on the error ratios, using τ

e(τ) > 1,
where e(τ) is the associated error of τ . Overall, large values of τ are associated
with large errors, and a top-flat issue on the spectrum. Therefore, we removed
from the model all pixels outside the mask (∼ 860 pixels). We found the τ values
preferably below 25.

For the temperature parameter, we observed that optically thin pixels (τ <1)
yield temperature values at the input upper limit with uncertainties equal to 0K.
However, the temperature parameter does not significantly affect the spectral
profiles, even when temperatures reach their extreme values in optically thin pixels.
Therefore, to ensure that the cleaning prioritizes accurate the velocity estimates
at the initial steps, we not constrain and retain the original Tex output values
from the line-fitting, until the column density estimation in Sec. 3.3.

We review the spectra excluded based on the all above criteria, finding that
rejected spectra are often associated with multiple velocity components. These
initial considerations may be insufficient to detect pixels with multiple velocity
components, particularly when two components are difficult to resolve within
a single spectrum. To address this, we refit the entire cube with two velocity
components, checking whether this approach improves the fit for the spectra
within and outside the previously established limits.

For spectra that exhibit only one velocity component, fitting two components
often yields suboptimal fits for either the first (bluest) or second (reddest) velocity
component. In these cases, we retain the values from the one component fitting,
where parameter uncertainties are low and the fit quality is satisfactory (as
described above).

Our results show that poor fits in the two velocity components model are associated
to high uncertainties, over 0.3 km s−1 in velocities errors (∼ 15% pixels over this
upper limit), larger τ errors relative to their values (∼ 30% pixels), parameters
with zero values (11% of pixels), and high τ values. In addition, we set a τ upper
limit of 100 for each velocity component, with 52 pixels over.

In total, we obtain ∼ 15,000 spectra with a well defined model for one (∼ 45%)
or two (∼ 55%) velocity components. Two velocity components are spacially
distributed in the whole region, without a prefered location, but with a slight
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Figure A1.2: Histograms of the velocity distributions for single- (grey) and
two-component (blue and green) velocity fits to the spectra (see text). The black
dashed line shows the velocity boundary, at 35.6 km s−1, used to distribute one
velocity component fits in the merged model cube.

concentration in the R2 filament and in regions with large σ values.

A1.5 Model cube merging

We obtain the final modeled cube by merging the fits with single and double
velocity component. To carry out this step we follow a similar method than the
one performed by Sandoval-Garrido et al. (2024).

To define a limit between the two velocity components, we calculate the midpoint
based on their mean values and standard deviations. Specifically, we take the
average of the upper boundary of the first component (mean plus one standard
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deviation) and the lower boundary of the second component (mean minus one
standard deviation).

limit = 〈Vc,1〉+ std(Vc,1) + 〈Vc,2〉 − std(Vc,2)
2 → 35.6 km s−1. (A1.1)

Here Vc,1 and Vc,2 correspond to the velocity center parameter of the first (bluest)
and second (reddest) velocity component from the double component model,
respectively. This approach ensures the limit reflects a balanced division between
the two velocity distributions observed in the histogram in Figure A1.2, resulting
in a velocity boundary of 35.6 km s−1.

This limit allows us to classify one velocity component into either the first (FVC)
or second (SVC) velocity component group. Specifically, components below
35.6 km s−1 (∼ 3,535 pixels) are assigned to the FVC, while those above (∼ 2,984
pixels) are assigned to the SVC, resulting in two new velocity structures: 7,675
pixels in the FVC and 7,124 pixels in the SVC.

A1.6 Complementary tracers line fitting

For other tracers not previously modeled (DCN, H41α, and SiO), we apply a simple
Gaussian model using PySpecKit. The one Gaussian model requires three input
parameters: amplitude (Amp), velocity centroid (Vc), and velocity dispersion (σ),
with initial guesses based on moment map values for each spectrum. Since we
used a simple model and the computational time required is low, we unlimited
the parameter ranges.

In addition, we apply S/N values for each region as signal_cut parameter fitting.
We determine the S/N for each tracer by measuring the peak intensity for each
spectrum and dividing it by their root-mean-square (RMS), estimated using
emission-free channels (values reported in Table 2.2.1).

A2 Data alignment

We applied an alignment process to perform different estimates throughout the
above sections. For instance, in Sec. 4.1, we aligned the filaments relative to the
peak integrated intensity as a function of the filament’s length to estimate average
velocity gradients, and in Sec. 4.2, we aligned the filament mass map based on
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the column density distributions.

Figure A2.1: Example of the R1 filament alignment relative to the integrated
intensity moment map. Left panel: Integrated intensity map of the FVC in the
R1 region. The red line represent the rigdeline estimated based on the integrated
intensity peak along to the filament. The X and Y axis represent the R1 length
and width in units of pc. Right panel: Integrated intensity map aligned respect to
the rigdeline. The X axis represent the projected radius result of the alignment
process.

Below, we describe the alignment process for the first case (see Figure A2.1),
although the same method can be used to align any dataset to a filament:

1. Map rotation: First, we spatially rotate the N2H+ maps (including the
integrated intensity, velocity center, and any other maps involved in the
procedure) to align the main filaments in the region along the vertical axis
(see Figure 3.2.1, upper-left panel as reference).

2. Ridgeline estimation: We then estimated the ridgeline based on the total
integrated intensity map of N2H+. Specifically, we defined a custom function
that accumulates the peak intensity values along the y-axis, helping to trace
the integrated intensity spine of the filament (red line in Figure A2.1). The
function was applied separately to the R1 and R2 filaments to track their
ridgelines individually.
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3. Ridgeline smoothing: We used a one-dimensional uniform filter from the
scipy.ndimage library to smooth the ridgeline. Specifically, we smooth the
x-axis of the rigdeline, using a window size of 1 pixel (the same window size
was used to align filaments with respect to the column density). This step
is relevant to reduce any sharp fluctuations in the ridgeline and create a
smoother, more accurate representation of the filament’s path.

4. Visualization and analysis: We align the different maps to the smoothed
rigdeline (see Figure A2.1, right panel), this alignment allowed us to
transform the x-axis into projected radius, facilitating a more refined analysis
of velocity and mass profiles.

A3 Mass validaton

In order to validate our mass selection for the line-mass profiles (Sec. 4.2) we
compare the mass distribution obtained from the H2 column density map (Dell’Ova
et al., 2024) and the one estimated from N2H+ in Sec. 3.3. We select a small and
elongated region inside the R2 filament, which well detected in both mass maps,
of lenght and width of 0.4 pc and 0.03 pc, respectively.

Figure A3.1: Mass over length profile of the selected region for the mass
validation step. Red line represents the resulting profile considering H2 mass
estimated in Sec. 4.3, while blue line shows the final profile considering H2 mass
from the column density estimated in Dell’Ova et al. (2024).

We aligned the filament mass to estimate and compare the cumulative mass
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distribution within the test region. The cumulative mass distributions appear
to be similar following a linear profile but varied slightly in mass values (∆M ∼
300M�). Given the uniform and linear nature of both distributions, we estimated
the M/L profiles in the region following the approach presented in Sec. 4.2.

We find minor differences in the inclination of both profiles, as well as the expected
difference in the normalization constant. In Fig. A3.1, we present both resulting
profiles. Additionally, we estimated the normalization constants of the apparent
volume density (Eq. 4.2.3), gravitational potential (Eq. 4.2.4), and gravitational
acceleration (Eq. 4.2.5) using both mass distributions. We observed an average
difference of 35% in the line-mass profile parameters and associated metrics.

Considering the small differences between both distributions in a delimited region,
and the necessity to improve the mass distribution profile in the R1 filament for
the M/L analisis, we choose the total H2 mass (Mtot) map estimated through the
N2H+ data to the analysis described above in Sec. 4.2.

Using Mtot, we obtain a cumulative mass profile in the R1 filament almost linear
at different projected radius, considering a filament length of 0.6 pc (see Fig. A3.2)

Figure A3.2: Example of cumulative mass profile in the R1 filament. Color
curves highlights cumulative mass measurements at different filament radius.
Profiles show a linear trend of the cumulative mass along the filament.

A4 Cores tables
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Table A4.1: Cores velocities detected in this study I.

DCN and N2H+ detected sources
ID1 RA DEC F(A) F(B) PA Vel2 ∆(V)3

[′′] [′′] [deg] [km/s] [km/s]
6 273.5557352 -17.9151274 6.80 5.90 141.5 34.5 ± 0.030 +0.08
10 273.5561448 -17.9288124 7.20 4.80 161.5 38.5 ± 0.131 +2.21
15 273.5595282 -17.9203648 14.7 11.7 209.6 34.5 ± 0.064 +0.81
20 273.5585587 -17.9208742 25.9 19.9 138.5 35.2 ± 0.029 +0.29
21 273.5581258 -17.9329013 12.2 10.9 217.1 36.2 ± 0.015 -1.60
24 273.5420287 -17.9327274 10.5 6.60 146.6 36.8 ± 0.064 +0.27
27 273.5587301 -17.9276784 9.10 6.50 172.6 34.8 ± 0.098 -0.18
28 273.5574005 -17.9281480 7.90 4.90 147.4 35.5 ± 0.068 -0.53
35 273.5621830 -17.9302229 23.7 15.1 211.8 35.5 ± 0.005 +0.31
38 273.5511506 -17.9252426 12.5 7.00 128.8 34.5 ± 0.001 -1.42
45 273.5614832 -17.9294106 12.0 8.40 207.1 34.8 ± 0.050 -0.06
49 273.5512430 -17.9221040 7.60 4.80 131.6 34.5 ± 0.022 -1.35
51 273.5456695 -17.9286524 7.40 6.90 144.9 37.5 ± 0.029 +0.29
53 273.5559769 -17.9272312 8.40 5.70 171.6 35.8 ± 0.039 -4.85
55 273.5585399 -17.9322517 9.00 8.80 233.3 35.8 ± 0.087 -2.78
63 273.5559545 -17.9280031 8.50 7.70 175.6 34.8 ± 0.081 -1.01
72 273.5559098 -17.9210339 11.3 7.50 186.2 34.5 ± 0.055 -0.85
80 273.5551376 -17.9282374 8.20 7.20 187.7 36.2 ± 0.026 +0.27
82 273.5541355 -17.9372087 14.1 12.0 173.6 37.2 ± 0.014 +0.94
84 273.5466969 -17.9270489 6.40 4.80 149.7 38.5 ± 0.076 +0.61
87 273.5661498 -17.9243080 7.90 6.40 140.5 35.2 ± 0.017 +0.09
92 273.5644636 -17.9275000 11.4 9.20 140.4 35.5 ± 0.029 +0.47
94 273.5573333 -17.9209924 9.30 5.80 165.6 33.1 ± 0.036 -1.65
96 273.5538282 -17.9203791 15.8 11.2 155.9 36.5 ± 0.056 +0.24
97 273.5534924 -17.9302818 7.20 5.00 154.1 36.5 ± 0.054 +0.71
101 273.5578973 -17.9200468 10.5 8.00 93.50 35.8 ± 0.035 +0.15

(1) We conserve the core ID from Armante et al. (2024) for reference. (2) Centroid velocity
estimated trhought the DCN model. (3) VDCN - VN2H+ , positive and negative symbols indicate
if the N2H+ velocity is blueshifted or redshifted relative to the DCN core velocities.
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Table A4.2: Cores velocities detected in this study II.

N2H+ detected sources
ID1 RA DEC F(A) F(B) PA Vel2 ∆(V)3

[′′] [′′] [deg] [km/s] [km/s]
4 273.5481868 -17.9458387 7.50 5.00 179.0 35.2∗ ± 0.009 —
9 273.5541976 -17.9141605 7.40 4.40 166.3 33.2 ± 0.010 —
30 273.5472394 -17.9220959 10.0 9.00 178.6 36.4 ± 0.075 —
31 273.5714747 -17.9249529 6.30 4.10 159.5 35.7 ± 0.005 —
47 273.5573736 -17.9253241 7.70 5.90 169.2 36.8 ± 0.047 —
48 273.5599387 -17.9247874 11.2 7.80 133.0 37.8 ± 0.066 —
54 273.5741063 -17.9183977 6.40 5.00 147.4 36.1 ± 0.012 —
66 273.5574878 -17.9319110 9.30 8.30 246.9 38.7 ± 0.021 —
68 273.5655452 -17.9186858 14.4 12.7 235.1 36.4 ± 0.040 —
70 273.5425468 -17.9318786 10.4 7.20 254.2 37.1 ± 0.006 —
71 273.5596700 -17.9235735 10.8 6.60 176.5 38.2 ± 0.055 —
75 273.5384638 -17.9342166 6.20 5.00 140.1 36.8 ± 0.009 —
76 273.5562608 -17.9398390 21.8 18.2 184.3 35.7 ± 0.015 —
77 273.5402299 -17.9333798 8.70 7.10 121.0 36.6 ± 0.006 —
81 273.5453666 -17.9406316 7.10 6.00 246.7 35.7 ± 0.014 —
83 273.5609797 -17.9336253 10.5 7.00 182.6 35.5 ± 0.056 —
86 273.5612818 -17.9299304 9.30 6.60 192.0 34.8 ± 0.049 —
88 273.5693683 -17.9265363 20.1 14.8 97.12 34.3 ± 0.031 —
90 273.5455200 -17.9412705 9.40 7.20 202.1 35.2 ± 0.013 —
93 273.5569036 -17.9273685 7.90 5.60 161.1 36.8 ± 0.050 —
95 273.5437775 -17.9373519 7.50 6.10 239.4 36.1 ± 0.007 —
98 273.5605095 -17.9290040 10.6 8.60 121.9 34.3 ± 0.031 —

DCN detected sources
79 273.5576220 -17.9229346 8.90 5.80 179.1 37.2 ± 0.030 —
85 273.5636654 -17.9250109 8.30 3.40 140.4 34.8 ± 0.100 —
100 273.5529552 -17.9256818 7.60 4.60 105.0 35.8 ± 0.030 —

(1) We conserve the core ID from Armante et al. (2024) for reference. (2) Centroid velocity
estimated trhought DCN model. (3) VDCN - VN2H+ , positive and negative symbols indicate if
the N2H+ velocity is blueshifted or redshifted relative to the DCN core velocities. (*) For cores
without DCN emmision we used N2H+ velocity center (and associated uncertainties) extracted
from the PySpecKit line-fitting.
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Table A4.3: N2H+ velocities for DCN core catalog by Cunningham et al. (2023)

ID RA DEC F(A) F(B) PA Vel1 ∆(V)2

[′′] [′′] [deg] [km/s] [km/s]
1.0 273.5493292 -17.9256817 1.60 1.17 57.00 37.11 ± 0.05 +1.36
3.0 273.5573504 -17.9225106 1.84 1.52 8.000 36.02 ± 0.04 -0.24
4.0 273.5444266 -17.9375329 1.41 1.09 91.00 36.16 ± 0.08 +0.66
6.0 273.5531484 -17.9208183 1.59 1.11 54.00 32.60 ± 0.12 -3.80
8.0 273.5486150 -17.9262103 2.35 1.54 69.00 36.60 ± 0.03 +0.10
11.0 273.5547682 -17.9278997 1.72 1.42 76.00 35.81 ± 0.03 +0.32
12.0 273.5444858 -17.9302895 1.50 1.37 71.00 36.87 ± 0.04 +0.07
13.0 273.5484365 -17.9412478 1.75 1.54 17.00 35.40 ± 0.06 +0.60
16.0 273.5526754 -17.9285675 1.35 1.07 66.00 33.85 ± 0.04 -0.43
19.0 273.5561582 -17.9212927 1.78 1.46 176.0 34.77 ± 0.06 -0.92
20.0 273.5569282 -17.9233073 1.82 1.27 40.00 36.15 ± 0.07 —
22.0 273.5661028 -17.9234199 1.56 1.18 54.00 35.46 ± 0.03 +0.64
23.0 273.5464417 -17.9286205 1.68 1.35 61.00 36.98 ± 0.01 +0.25
24.0 273.5689656 -17.9390182 2.10 1.31 67.00 37.33 ± 0.09 +0.51
25.0 273.5690243 -17.9247231 1.85 1.23 90.00 36.08 ± 0.03 +0.39
27.0 273.5561592 -17.9348499 1.97 1.82 171.0 37.53 ± 0.03 +0.73
29.0 273.5516652 -17.9189507 1.91 1.67 112.0 35.86 ± 0.07 +0.37
30.0 273.5576077 -17.9311763 1.68 1.49 15.00 40.03 ± 0.07 +0.90
31.0 273.5676865 -17.9204887 2.18 1.55 158.0 33.48 ± 0.05 -5.58
32.0 273.5470383 -17.9333909 1.60 1.32 29.00 35.39 ± 0.08 +0.59
33.0 273.5581592 -17.9252346 2.16 1.68 25.00 35.28 ± 0.03 -1.79
34.0 273.5465089 -17.9276804 1.63 1.42 37.00 37.66 ± 0.02 +0.47
36.0 273.5569394 -17.9239001 1.71 1.45 67.00 35.79 ± 0.04 —
39.0 273.5665414 -17.9228278 1.80 1.36 49.00 35.17 ± 0.02 +0.67
40.0 273.5457926 -17.9284661 2.12 1.76 40.00 37.35 ± 0.03 +0.21
41.0 273.5662283 -17.9256745 1.69 1.47 48.00 35.02 ± 0.06 +0.02
42.0 273.5648070 -17.9262439 2.01 1.65 97.00 36.06 ± 0.06 +1.79
45.0 273.5557839 -17.9182388 2.75 2.44 7.000 35.86 ± 0.12 +0.49
46.0 273.5579243 -17.9306652 1.83 1.75 44.00 39.70 ± 0.05 +1.71
47.0 273.5479984 -17.9272905 2.22 1.72 43.00 35.97 ± 0.03 +0.08
51.0 273.5458037 -17.9289719 1.75 1.43 77.00 37.23 ± 0.03 +0.43
52.0 273.5503813 -17.9228494 1.60 1.12 67.00 34.41 ± 0.04 -0.09
53.0 273.5463654 -17.9421570 1.84 1.37 33.00 36.48 ± 0.06 +1.28
57.0 273.5614471 -17.9187094 2.34 1.89 61.00 35.70 ± 0.03 -0.39
58.0 273.5595440 -17.9178954 1.59 1.45 158.0 34.19 ± 0.09 -0.23
61.0 273.5475497 -17.9266400 1.69 1.04 59.00 37.89 ± 0.02 +0.70
62.0 273.5533917 -17.9280329 2.13 1.63 94.00 34.05 ± 0.02 -0.27
65.0 273.5597707 -17.9186860 1.70 1.52 51.00 34.87 ± 0.07 -0.35

(1) N2H+ velocity center (and associated uncertainties) extracted from the PySpecKit line-fitting.
(2) VDCN - VN2H+ , positive and negative symbols indicate if the N2H+ velocity is blueshifted or
redshifted relative to the DCN core velocities.
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