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Resumen

El ALMA-IMF Large Program observé 15 protoctimulos masivos en la Bandas
3y 6, capturando multiples lineas y emisiones de continuo. Aqui estudiamos
el protocumulo filamentoso masivo G351.77, ubicado a una distancia de 2 kpc.
Trazamos la emision del gas denso y la cinemadtica a través de la linea NoH™ (1-0)
de 3 mm. Para recuperar la emision, combinamos y reducimos los arreglos de
12m y 7m para luego fusionarlos con los datos de Total Power, obteniendo una
imagen que captura la emisién de NoH™ sobre el protoctimulo a una resolucién
de ~ 4 kUA. Modelamos el perfil de linea hiperfina de NoH™ con PySpecKit
con dos componentes de velocidad, obteniendo el excitation temperature (T.,),
optical depth (7), centroid velocity (v), y line width (o(V')) para cada componente.
En combinacién con el optical depth y un mapa de columna de densidad de H,
derivado de los datos de 1.3 mm, medimos la abundancia relativa de NoHT ~
(1.66 4 0.46) x 107'°. Estimamos una masa total de Hy ~ 1660 + 458 M
derivado de la emisiéon de NoH™ en el protociimulo. Examinando los diagramas
de posicién-velocidad a pequenias escalas, observamos claras seniales de inflow
asociados a los cores de la banda de 1.3 mm. En algunos casos, seniales similares
fueron observadas sin cores detectados, sugiriendo la existencia de cores por debajo
del limite de deteccién de la banda de 1.3 mm. La senal mas prominente, con
forma de '"V"' (V-shape), tiene un promedio de mass inflow rate ~ 4.08 x 10~*
Mg /yr y un promedio en timescale ~ 20.92 kyr. Nuestro analisis revela que
multiples componentes de velocidad impregnan el protocimulo, lo que indica una
compleja cinematica en el gas denso. El diagrama de posicién-velocidad a grandes
escalas muestra que el filamento que hospeda al protocimulo es separado en 2
estructuras de velocidad, las cuales parecen estar rotando entre si, mientras fluyen
hacia regiones mas densas de NoH'. Ademaés, sus timescales de acumulacién de

masa alcanzan ~ 20 kyr.
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Abstract

The ALMA-IMF Large Program observed 15 massive protoclusters in Band 3
and 6, capturing multiple lines and continuum emission. Here we study the
massive filamentary protocluster G351.77, located at a distance of 2 kpc. We
trace the dense gas emission and kinematics via the NoH' (1-0) 3 mm line. To
recover the emission, we combine and reduce the 12m-array and 7m-array to
then be feathered with Total Power data, obtaining an image that captures the
NoH* emission over the protocluster at ~ 4 kAU resolution. We model the NoH™
hyperfine line profile with PySpecKit with two velocity components, obtaining
the excitation temperature (T,,), optical depth (7), centroid velocity (v), and
line width (o(V')) for each component. In combination with the optical depth
and an Hy column density map derived from the 1.3 mm data, we measure the
NoHT relative abundance ~ (1.66 + 0.46) x 107'°. We estimate a total Hy
mass ~ 1660 + 458 M, derived from the NoH" emission in the protocluster. By
examining the position-velocity diagrams at small scales, we observe clear inflow
signatures associated with 1.3 mm band cores. In some cases, similar signatures
were observed without detected cores, suggesting the existence of cores below
the 1.3 mm band detection limit. The most prominent signature, shaped like
a '"V" (V-shape), has an average of mass inflow rate ~ 4.08 x 10~ Mg /yr and
an average timescale ~ 20.92 kyr. Our analysis reveals that multiple velocity
components pervade the protocluster, indicating kinematic complexity in the dense
gas. The large-scale position-velocity diagram shows that the filament hosting the
protocluster is separated into 2 velocity structures, which appear to be rotating
around each other, while they inflow towards denser NoH™ regions. Additionally,

their mass buildup timescales that reach ~ 20 kyr.
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Chapter 1. Introduction 1

Chapter 1
Introduction

The ALMA-IMF Large Program' observed 15 massive (2.5 - 33 x 10® M) and
nearby (2 - 5.5 kpc) protoclusters in the Milky Way down to ~ 2 kAU resolution,
with the main goal of understanding the origin of stellar masses. The ALMA-IMF
Large Program utilized the 12m-array, 7Tm-array and Total Power (TP) antennas
of the Atacama Large Millimeter /submillimeter Array (ALMA), employing the
1.3 mm and 3 mm bands. This provides observations of continuum images and
spectral lines ( : ; ) ). The 15 protoclusters
are classified as young, intermediate and evolved based on the 1.3 mm and 3 mm
fluxes, as well as the free-free emission at the H41a frequency ( , ).
This classification takes into account the extent of dense gas impacted by the H

IT regions ( , ).

The 1.3 and 3 mm continuum images provides the possibility of detecting
and analyzing cores and their key parameters such as temperature, molecular
composition, masses, etc ( , ; ) ; 5

; , , Louvet et al. submitted). These studies demonstrated
that cores are determined and characterized by the cloud formation process, their
evolutionary stage, and the history of stellar formation. Additionally, they show
that cores increase their masses during the protostellar phase through infalling
material, with massive cores exhibiting greater mass increments than their lower
mass counterparts. Simultaneously, spectral lines enable us to analyze core
kinematics via DCN ( : ), demonstrating that DCN can

Lhttps: //www.almaimf.com/
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trace different morphologies and complex velocity structures. These structures
are more extended and filamentary in evolved regions compared to intermediate
and young, where the DCN emission appears more compact. The NoyH™ spectral
line allows us to analyze the kinematics of the dense and cold gas (Stutz et al.
in prep; Alvarez-Gutiérrez et al. in prep; Salinas et al. in prep). Additionally,
SiO analysis facilitates cataloging SiO outflows in protoclusters (Towner et al |
2023), revealing that outflow properties are correlated with the total core mass

and relations between outflow mass and the total mass of the protocluster.

-0.60° |

53

351.80° 351.70°
IT°]

Figure 1.0.1: G351.77-0.53 filamentary region composite for IRAC bands, where

the 8.0, 5.6 and 3.6 pum are shown in red, green and blue, respectively. The orange

contour shows the coverage of the ALMA-IMF Large Program band 3 observation.

351.90°

Filamentary structures are present in several star-forming regions throughout the
Galaxy. They have been shown to hold significant importance in both low and high
mass star formation processes, presenting diverse and intricate scenarios (Motte

et al., 2018; Bally et al., 1987; Hacar et al., 2023; Stutz and Gould, 2016; Stutz



, ). Their formation can be triggered by different processes in which
they are involved, such as front shocks induced by cloud collision or feedback,
magnetic fields, gravitational instabilities and global environments ( ,

; , ). Recent kinematic studies have revealed intriguingly
complex scenarios within filamentary structures, encompassing fragmentation,

rotation, infall, slinghshots, and more ( , : ,

, : , : , ). Meanwhile,

a strong link has been established between filamentary structures, dense cores
and protoclusters ( , ; , ). This has led to the
discovery of relations between kinematics and chemistry of dense cores and the
gas surrounding the filamentary structure ( , ; ,
; , ). Understanding the kinematic processes within
filamentary structures, which are crucial to characterize the significant physical
mechanisms associated with the star formation within them. This allows us to link
mass, density, velocity gradients, etc, with the properties of the cores commonly

found in these regions.

An important analysis that can be applied to the velocity structure are Position-
Velocity diagrams (PV-diagrams), utilizing integrated intensity, velocities and
: ). These

diagrams enable the characterization of important patterns that can provide

positions ( , :
insight into rotation, infall or cloud-cloud collision ( , ;
). Additionally, PV-diagrams allows us to characterize velocity gradients,

measuring timescales, and mass inflow rates.

The fragmentation of the molecular clouds leads to the formation of clumps.
Regions where gas and dust are densely concentrated, eventually giving rise
to stellar cores where stars will later form ( : ). These
regions, where the gas is actively turning to young stars, are termed protocluster,
representing the previous phase of the stellar clusters. These structures offer
valuable insights into the initial stages of star formation within clusters, enabling

us to trace the evolution of the cluster and characterize the processes inherent in



the stellar formation ( :

: , 2009).
Given the emergent nature of protoclusters within the star formation process,
a precise tracer becomes crucial to delineate and comprehend the intricate gas
dynamics during these foundational phases, characterized by dense and freeze
gas conditions. The NyH'(1-0) transition produces emission at ~ 93 GHz.
Deeper research in nearby star-forming regions has revealed emissions at seven
different frequencies ( , : , :
) ; ) ), resulting in seven hyperfine structures in its spectra.
NoH* has critical densities between ~ 6.1 x 10* cm™ and 2.0 x 10* ecm ™2 at
kinetic temperatures from 10 to 100 K ( : ). NoH™T is formed during
the gas-phase reactions from Hf + N, = NoH' + H, at temperatures lower than
20 K ( : ; : ;

) and is resistant to freezing onto dust grains. However, at temperatures

Y i Y

above 20 K, it can be destroyed by CO molecules, which are defrosted from the
dust grains, leading to reactions such as NoHt + CO = HCO™ + Ny, or it can be
destroyed by free electrons in H II regions, resulting in reactions like NoH' + e~
=Ny + Hor HN + N ( , : , :

). These characteristics make NoH™T a reliable tracer for dense and cold gas.

I

It allows us to investigate the initial stages in star-forming regions and understand
the chemistry, kinematics, and dynamics in filamentary structures, protoclusters
and cores ( , ; , ; , ;
, 2006; , 2019; , 2021).
The high-mass star-forming region G351.77-0.53 (IRAS 17233-3606) is a
filamentary mid-infrared dark cloud (IRDC) (see Fig. 1.0.1) located at ~ 2
+ 0.14 kpe ( , ). Recent observations, coupled with tracers
analyses such as CO, HCO*, CH3;0H, CH3;CN, SiO, *CO, C!70, C'#0, H,0 and
Hs, have shown a variety of physical processes along the filament. These processes
encompass fragmentation into different clumps and the generation of turbulences,
attributed to ongoing star formation activities within the region, magnetic fields
and gravitational effects produced by the high-mass star formation ( ,
; , ; , , ). Focusing in the most prominent
clump (G351.77 hence), clear signs of bipolar outflows has been discovered at

I

Y ) Y ) ; ) 7 Y ) * These

very high velocities with young kinetics effects ( , ;



outflows are closely linked to Young Stellar Objects (YSOs). Additionally, an
evident gradient is observed in several tracers, revealing two different velocity
components ( , ). Furthermore, the analysis of the observations
at scales < 1kAU, reveal the existence of disks with signals of outflows, infall and

rotation ( , : , ).

In this paper, we focus on the kinematics of the dense gas within the massive
G351.77 protocluster, analyzing the NoH' (1-0) spectral line, which serves as
a tracer for dense and cold gas, as mentioned previously. To achieve this, we
will process and combine the observations obtained form the 7m-array and 12m-
array configurations within ALMA-IMF Large Program, feathering them with
TP observations. We will utilize specialized software to fit the data. We plain
to make use of the PV-diagrams to characterize structures and comprehend the
physical process occurring inside the protocluster. We aim to identify patterns
that can provide insights into different motions probed by the radial velocity in

the dense gas.



6 Chapter 2. Data

Chapter 2

Data

We have obtained access to the NoHT (1-0) observations of G351.77 massive
protocluster in the 3 mm spectral band, observed by the 12m-array, 7m-array and
TP configurations obtained from the ALMA-IMF Large Program ( ,
). Our data has an spatial resolution of ~ 1540 AU and a spectral resolution
of 0.23 km/s. The beam sizes are (2.3" x 2.07"), (16.9" x 10.1") and (69.6" x
69.6") for 12m-array, 7m-array, and TP respectively. In our analysis, we have used
the core catalog (Louvet et al. submitted) derived from the continuum images of
the 1.3 mm band ( : ) and the core kinematics obtained from
DCN (3-2) spectral line fits ( : ). Additionally we are using
H, column density map of G351.77 derived of a combination of 1.3 mm band,
SOFTIA/HAWCH (53 pm, 89 pum, and 214 pm), APEX/SABOCA (350 um) and
APEX/LABOCA (870 pm) observations (Dell’Ova et al. submitted)

2.1 Ny;H" data reduction

The data reduction process was performed using CASA 6.2 along with the ALMA-
IMF data pipeline'. Initially, we started with the reduction of the 12m-array
data to determinate the optimal parameters settings to achieving the highest
quality results. Among the different parameters tested in tclean” CASA task, the
following were investigated: niter, threshold, deconvolver, pbmask, pblimit and

scales. These parameter values were selected based on the analysis of the residual,

Lhttps://github.com /ALMA-IMF /reduction
2https://casadocs.readthedocs.io/en /stable/api/tt/casatasks.imaging.tclean.html
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2.1. NyHT data reduction 7

model, and image returned after each reduction process. Subsequently, we applied
the same parameter values to combine the 12m-array and 7m-array data with
tclean to increase the Fourier coverage (TM12M, henceforth). However, in order
to improve the result of this combination it was necessary to change a few values

for some parameters.

Continuum subtracted was accomplished using the CASA task imcontsuv®. This
task involves the channels containing free line emission to generate a continuum
model, which is subtracted from the line emission channels. This process yields
the continuum subtracted YTM12M data.
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Figure 2.1.1: SNR map of the NyH' (1-0) line in the G351.77 protocluster.
Spectra with high SNR are distributed following filamentary structures. The black
contour shows the spectra with SNR > 9. The ellipse in the bottom-left corner
represent the beam size of the NoH™' data.

As a final step, we employed the CASA task feather® to feather the 7M12M
continuum subtracted data with TP, with the purpose of reconstructing the
extended emission of NoH™ line. Here we define TM12M continuum subtracted as

the high resolution data and TP as the low resolution data. Finally obtaining a

3https:/ /casadocs.readthedocs.io/en /stable/api/tt/casatasks.analysis.imcontsub.html
“https://casadocs.readthedocs.io/en /stable/api/tt/casatasks.imaging.feather.html


https://casadocs.readthedocs.io/en/stable/api/tt/casatasks.analysis.imcontsub.html
https://casadocs.readthedocs.io/en/stable/api/tt/casatasks.imaging.feather.html
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fully combined image (original data forward), ensuring consistency in intensities
without random peak divergences. This resulted in a broad Signal to Noise Ratio

(SNR) range and well defined structures with a favorable SNR (see Fig. 2.1.1).
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Chapter 3
Line fitting process

Since our main goal in this paper is to analyze the fine and large scale protocluster
kinematics of the dense gas, we require the use spectral line fitting to pull out
the velocity field. Moreover, the spectra line fitting of NoH™ provides additional
parameters of interest, i.e. the optical depth (7) and excitation temperatures
(Tez, see below). The first examination of the spectral cube immediately reveals
that multiple velocity components exist over a significant number of spectra (see
Fig. B.0.4). Hence, we adopt an iterative approach to the line fitting, described

in detail below.

In brief, we only fit spectra with SNR > 9. This approach stems out from our
experimental findings, which reveal that spectra with a SNR < 9 are inadequately
fitted, whose uncertainties increase as well (see Fig. 2.1.1 and § Appendix A). We
ultimately fit the spectral cube with 2-velocity components when possible (driven
mainly by signal-to-noise considerations, see below), and 1-component when the
spectra are either relatively simple, or the noise precludes more detailed velocity
decomposition. To accomplish this fitting, we begging with a 1-velocity-component
fit and a 2-velocity-component fit, which are independent. We call these two
relatively “raw” fits the First Fitting Procedures (FFPs). We then analyze the
signal-to-noise of the decomposed spectra to identify where we have reliable 2-
velocity-component fits; where we do not, we adopt the 1-velocity-component fit

for the spectrum being analyzed (see Fig. 3.0.1).
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Throughout, we use the NoH™ model n2hp vtau' from PySpecKit” (

, : , ) to fit the cube (e.g.
, : , : , ). This procedure
returns 4 parameters per velocity component: excitation temperature (T.,), optical
depth (7), centroid velocity (v), and line width (o(V')). To fit these, four different
guesses must be entered to initialize PySpecKit. Moreover, in addition to the
guesses, each parameter is assigned both a lower and upper limit value, defining
the range within which the final fitted values will lie. In Table 3.0.1 we show
the guess and limit values for each parameter used in the FFP and in the final
fit. After the fitting process PySpecKit returns the model spectra, parameter
values (see above) and associated parameter errors. See Fig. 3.2.1 and Fig. 3.2.2
for example maps of the spectral fits, specifically the integrated intensity and
the line width. Finally, we must merge the 1- and 2-velocity-component fits into
one model cube, as described below (see Fig. 3.4.1). In the text that follows we

present more details on the procedures outlined above.

Table 3.0.1: Guess and limit values entered for 1- and 2-velocity-component fits.

Parameters | T, [K] T v [km/s] oy [km/s] | T [K] T v [km/s] oy [km/s]
Single velocity component
FFP guesses 20.0 1.0 -3.0 1.0
Final guesses 124 3.64 -3.77 1.0
Limits (2.73, 100) (0, 100) (-13, 3) (0, 6)
First-velocity-component Second-velocity-component
FFP guesses 20.0 1.0 -5.0 1.0 20.0 1.0 -2.0 1.0
Final guesses 9.22 4.60 -5.0 0.83 9.0 74 -2.6 0.66
Limits (2.73, 100) (0, 100) (-13, 3) (0, 6) (2.73, 100) (0, 100) (-13, 3) (0, 6)

3.1 One-velocity-component fit

As an initial step, we employed a straightforward approach by fitting a 1-velocity-
component across the entire spectral cube entering the "FPP guesses" and "Limits"
listed in Table 3.0.1. Since our goal is to achieve the best fit possible, we can
utilize the parameters returned by the FFP to refine the entered guesses and
then, use them in a new fitting process. Thus we give to PySpecKit values that
are more representative of the data in order to improve the modeled cube and

parameters returned. We derive these new guesses measuring the average of each

Lhttps: //pyspeckit.readthedocs.io/en /latest /example_n2hp_cube.html
Zhttps://pyspeckit.readthedocs.io/en /latest /index.html#


https://pyspeckit.readthedocs.io/en/latest/example_n2hp_cube.html
https://pyspeckit.readthedocs.io/en/latest/index.html#

3.1. One-velocity-component fit 11

A
-0.52° F
-0.53° 2
(0]
C
[e]
— o
i 15
Q o
-0.54° F oy
(@]
S
<
-0.55° -
) I 1 - O
-0.56° - L 1V

351.79° 351.78° 351.77° 351.76° 351.75°
1]

Figure 3.0.1: Map of velocity component of NoH' in G351.77 protocluster.
The blue pixels represent the spectra maintained with a 1-velocity component fit
(59%), while the orange pixels represent the spectra maintained with a 2-velocity-
component fit (41%) after applying the criteria explained in § 3.3. Most of the
orange pixels are located in central regions, where we observe the highest SNR
and integrated intensity values. While the blue ones are located mostly in the
borders. The ellipse in the bottom-left corner represent the beam size of the NoH™
data.

parameter (see 'Final guesses" in Table 3.0.1), which are used to produce the final

model with 1-velocity-component fit.

However, the FFP reveals an issue produced by spectra with 7 < 1, which generate
misleading estimations of T, whose values lie between 80 K < T,, < 10* K (this
issue also occurs in 2-velocity-component fit process). Due the methodology used
by PySpecKit to estimate T.,, low values of 7 increases the uncertainties, making
difficult to estimate T,, correctly. Since we expect to keep the most of data and
use reliable values of each parameter, we fix this issue re-fitting the spectra with

T < 1, assigning them a constant T, value (e.g. : D).

The spectra with 7 < 1 are selected and separated from the cube to be re-fitted by

1-velocity-component with a constant T, value, whose value comes from averaging
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T., of spectra with 7 > 1. The re-fitted spectra use the "Final guesses" listed in
Table 3.0.1). However, the T, limits will be now (2.73 K, 12.4 K).

At the end of this process, we obtain two separated spectral model and parameters
fitted by 1-velocity-component. From the spectra with 7 > 1, and from spectra
with 7 < 1. As a final step in this process, we merge these two spectral models and
parameters, creating a final spectral model entirely fitted by 1-velocity-component,

with its parameters and associated errors.

3.2 Two-velocity-component fit

Upon examining the spectral cube, we noted the presence of two distinct velocity
components in several spectra. Consequently, a 1-velocity-component fit is not
enough to describe the kinematics of the data. This force us to fit two-velocity-
components in the spectral cube, entering the "FFP guesses" and "Limits" for each
velocity component, listed in Table 3.0.1. In a similar way as we made in § 3.1
and in order to get the best fit, we derive new guesses measuring the average of
the values returned for each parameter of each component (see "Final guesses'
in Table 3.0.1). These new guesses are used to generate the final model with

2-velocity-components fit.

As we mentioned in § 3.1, spectra with 7 < 1 produce bad estimations of the
T... Therefore, spectra with 7 < 1 is selected and separated to be re-fitted.
However, due we are fitting two-velocity-components, it is necessary to separate
the spectra in 3 different conditions (see Table 3.2.1), to assigning them a constant
T., value. These constant values come from averaging T., of spectra with 7 > 1
of each component. The re-fitted spectra will use the same "Final guesses" listed
in Table 3.0.1, while the T, limits depend of the condition (see Table 3.2.1).

Table 3.2.1: New T, limits applied for each different condition for the 2-velocity-
component fit based on 7 values.

Number ‘ Condition Tezn [K] Tesro [K]
1 n<l&mn>1 (273 922) (2.73, 100)
2 n>1&m<1 (2.73,100) (2.73,9.0)
3 |n<l&m<l. (273,922) (2.73,9.0)

The re-fitted process produce in some spectra a new 7 estimation, whose values can

be < 1. As we already know, this generate a bad estimation of T,,. Specifically,
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this occurs applying the condition number 1 and number 2. It is necessary to

select and separate the re-fitted model spectra in two new conditions:
a. The model returned from the condition number 1 with 7 < 1.
b. The model returned from the condition number 2 with 7, < 1.

These spectra are re-fitted again, using the "Final guesses" and "Limits" of the
Table 3.0.1. However, the T, limits are now T., = (2.73 K, 9.22 K) for the
condition "a', and T., = (2.73 K, 9.0 K) for the condition "b".

The separation of the cube in different conditions to re-fit the spectra with 7 < 1,
provide us the security of all spectra have the greater freedom in order to estimate

7 values and obtain good or more reliable T, values in each spectra.
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Figure 3.2.1: Integrated intensity map from the spectral model of G351.77. The
spectra inside the black contour are fitted by 2-velocity-components. The ellipse
in the bottom-left corner represents the beam size of NoHT data.

At the end of this process, we obtain 6 separated model spectra and parameter
cubes fitted by 2-velocity-components. As a final step in this process, we merge
these 6 spectral models and parameter cubes, creating a final spectral model

entirely fitted by 2-velocity-components, which components we will refer to
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Figure 3.2.2: Line width map from the spectral model of G351.77. The spectra
inside the black contour are fitted by 2-velocity-components. The ellipse in the
bottom-left corner represents the beam size of NoHT data.

as the "First-velocity-component', and the "Second-velocity-component", with
their centroid velocities being the lowest and highest, respectively, and with its

parameters and associated errors.

3.3 Best fit and merging models

In the § 3.1 and § 3.2 we showed the complete fitting process of the data, fitting
the whole cube with 1- and 2-velocity-components. However, our spectral cube
shows spectra where we can identify just 1-velocity-component (see Fig. 3.0.3),
spectra where we can identify 2-velocity-components (see Fig. B.0.4), and spectra
where it is not possible to make a clear identification by eye. Furthermore, it is
necessary to determine what fit (1- or 2-velocity-components) is better of each
spectra to simplify our analysis and to keep reliable kinematic information of the
protocluster, avoiding to add a velocity component where it does not really exist
or vice-versa. Thus, we devised a method to know if 1- or 2-velocity-components

fit is better for each spectra based on a signal-to-noise criteria, and the parameters
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associated to each spectra, specifically, the line width.

In order to determine if the spectra is better fitted by 1- or 2-velocity-components

we:

1. Check the o(V') value in the spectral model fitted by 2-velocity-components.
In a quick inspection of the spectral model fitted by 2-velocity-components,
we observe some spectra that look like flats, that is, without emission, and
whose (V') is equal to 0 (see Fig. B.0.1). Which implies that if (V') is
0 in the First- or the Second-velocity-component, one of the two modeled
velocity components is not real, and we are artificially forcing the fit a second
velocity component. All spectra with this characteristic is maintained with

the 1-velocity-component fit (see Fig. B.0.1).

2. Measure the SNR of the velocity component with lower intensity for each
spectra in the spectral model fitted by 2-velocity-components. Deeper
inspection shows that some additional velocity components have a peak
intensity lower or similar to noise value. In other words, we are fitting
noise. So, if the peak intensity is lower than 5 times the noise measured in
that spectra from the original cube, the 1-velocity-component fit is adopted.
Then, we ensure the reliability of the additional velocity component (see
Fig. B.0.2).

After of applying these 2 criteria, we obtain spectra fitted by 1-velocity-component
(see Fig. B.0.3), and spectra fitted by 2-velocity-components (see Fig. B.0.4). All
these spectra are merged in order to create a final spectral model with spectra
with 1- and 2-velocity components in it (see Fig. 3.0.1). It is possible to observe
that most of the spectra fitted by 2-velocity-components are located in internal

regions with high integrated intensity (see Fig. 3.2.1).

3.4 Bluest and Reddest velocity component

From the four parameters given by PySpecKit of NyH™ spectra, the centroid
velocity is the one that have the lowest uncertainties, and which give us information
about the velocity of the region where we observe the emission. The centroid
velocity map in Fig. 3.4.2 shows a clear large-scale velocity gradient (VG) that

looks perpendicular to the b coordinate axis and to the direction in which the
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Figure 3.4.1: The black histogram represent the centroid velocity distribution
of the spectra fitted by 1-velocity-component. The blue and red histogram shows
the centroid velocity distribution of the First- and the Second-velocity-component,
respectively. The black solid line represent the middle point X = 0.255 km/s
measured from the (Eq. 3.4.1), which is used to divide the black histogram in 2
parts, as we explained in § 3.4. The centroid velocity distribution of the 1-velocity-
component fit to the left of the black solid line, and the blue histogram, are
the Blues component. While the centroid velocity distribution of the 1-velocity-
component fit to the right of the black solid line, and the red histogram, are
the Reddest component. The dashed blue and red lines represent the average of
centroid velocity of the blue and red histograms, respectively.

molecular cloud that hosts the protocluster extends (Mother filament). On the
other hand, we observe big differences between the velocities of the spectra with
1- and 2-velocity-components (see Fig. 3.4.2). This occurs because the velocity
measured for the spectra with 2-velocity-components represent the averaged
centroid velocity between the First-velocity-component and the Second-velocity-
component in the spectra. In order to avoid this difference and clarify the analysis,
it is necessary to separate the spectra fitted by 1-velocity-component and set them
as part of the First-velocity-component or the Second-velocity-component. To
achieve this, we define a velocity limit as a middle point based on the velocity

distributions of the First-velocity-component and the Second-velocity-component
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(see Fig. 3.4.1).
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Figure 3.4.2: Centroid velocity map from the spectral model of G351.77. The
spectra inside the black contour are fitted by 2-velocity-components. The ellipse
in the bottom-left corner represents the beam size of NoHT data.

To measure the velocity limit to divide the 1-velocity-component, we apply the

following relation:
<Ul>+XX01<V):<UQ>—XXO'2(V) (341)

where < vy > is the average velocity of the First-velocity-component, o1(V') is the
standard deviation of the First-velocity-component, < vy > the average velocity
of the Second-velocity-component, o9(V') is the standard deviation of the Second-
velocity-component, and X is the velocity limit to use as middle point. Applying
the Eq. 3.4.1 we obtain a X = 0.255 km/s. This value allow us to separate the
velocity distribution of the 1-velocity-component fit into two parts, and combine
them with the First- and the Second-velocity-component. We define as "Bluest
component"' to the merger of the First-velocity-component, and the spectra from
1-velocity-component fit with centroid velocity < 0.255 km/s, while that we define

as "Reddest component" to the merger of the Second-velocity-component, and
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the spectra from 1-velocity-component fit with centroid velocity > 0.255 km/s,
deriving 2 centroid velocity maps (see Fig. 3.4.3 and Fig. 3.4.4).
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Figure 3.4.3: Bluest component derived from the spectral model fitted by 1-
and 2-velocity components. The spectra inside the black contour are fitted by

2-velocity-components. The ellipse in the bottom-left corner represents the beam
size of NoH™ data.
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Figure 3.4.4: Reddest component derived from the spectral model fitted by 1-
and 2-velocity-component. The spectra inside the black contour are fitted by

2-velocity-components. The ellipse in the bottom-left corner represents the beam
size of NoHT data.
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Chapter 4
Column Density and masses

The spectral line fitting of NoH™ shown in § 3 provides relevant information about
the NoH™ spectra, specifically excitation temperature (T.;), optical depth (7),
and line width (¢(V)). These parameters enable the estimation of column density
maps of NoH™ (N(NoH™)) (see Fig. 4.0.1 and Eq. 4.1.1) and the mass of NoH™
(M(NoH™)) (see Eq. 4.1.2) in the protocluster zone, which can be calculated for
both the Bluest component and the Reddest component (see below). Additionally,
the column density map of Hy (N(H,)) provided by Dell’Ova et al. submitted
(see Fig. 4.2.1), give us the opportunity of estimate the NoH* relative abundances
(X(NyHT)) in the protocluster (see Fig. 4.2.2) and over nine 1.3 mm band cores
from the core catalog of Louvet et al. submitted (see Table 4.1.1). Given the
lower resolution of the N(Hy) data, it is necessary to reduce the resolution of
NoH* raw data at the same resolution of N(Hj) and re-scale it to the same pixel
size of N(Hz) (see Fig. 4.2.3). Subsequently, is implemented the reduction and
fitting process shown in § 2.1 and § 3, respectively. In this way, it is feasible
to analyze and to work with both data at the same time without discrepancies
in order to estimate the X(NoH™) correctly. However, taking into account the
significant scatter of X(NoH™T), have been implemented two different methods to
maintain the most representative value of the protocluster (see below). On the
other hand, the X(NyH™) derived from the Eq. 4.2.1 is used to re-estimate the
N(Hz) at a higher resolution, derived from the NoH™ emission. This facilities the
measurement of mass of Hy (M(Hy)) at smaller scales, allowing to estimate Hy

masses related to cores and velocity gradients (see § 5).
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Figure 4.0.1: NyH* column density map in the G351.77 protocluster derived
from Eq. 4.1.1. The black contours shows the spectra with two velocity components.
The ellipse in the bottom-left corner represent the beam size of NoH™ data.

4.1 NyH" column density and mass

In order to estimate the column density of NoH' we are employing the following

expression ( , : , ):

47T3/2 1/3 . Q . O'(V) T . eEu/kaez

N(N,H*) =

11’1(2) 03 ‘ Aul * gu ehy/kaez _ 1 (411)

where o(V'), 7 and T,, correspond to the parameters returned by our fits, while
v is the frequency, @ is the partition function, ¢ is the speed of light, A,; is the
Einstein coefficient, g, is the statistical weight, h is the Planck’s constant, kp is
the Boltzmann’s constant and E, is the energy of the upper limit ( ,

; , ; , ). We apply this expression
over the Bluest component and the Reddest component to obtain the column
density of each one, Ny(NoH™) and No(NoH™) respectively. The total column
density N7(NoH™) is obtained by adding both column densities (see Fig. 4.0.1
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and Table 4.1.1). Then, we can measure the mass of NoH' applying the following

expression:

M(N,H?) = N(N,HT) - Apier - MmN, g+ (4.1.2)

where N(NoH™T) is given by the Eq. 4.1.1, A,;,; corresponds to the area of the
pixel, and my, i+ corresponds to the mass of NoH* molecule, where my,z+ =
4.817x10726 kg. Table 4.1.1 shows the mass for the Bluest and Reddest component,

and the total NoH* mass in the protocluster.

Table 4.1.1: N,H™ column density estimations. Where N;, Ny and Ny
corresponds to the Bluest component, the Reddest component and N; + No,
respectively.

New | N(NoHT) [1/em?] M(NH') [M]
N; (NoHT) 1.416 x 107 1.8 x 1076
Ny (NoHY) 1.755 x 107 2.2 x 1076
N7 (NoH™) 3.171 x 107 4.0 x 1076

4.2 N,H' Relative abundances

Since we expect to estimate N(Hz) at higher resolutions, as the provided by NoH*,
it is necessary to know the X(NyH™) in the protocluster, which is given by the

following expression:

N(N,H")

XOH) = )

(4.2.1)
However, the beam size of the N(Hy) data is (6” x 6”), whereas the beam size of
NoH™ is (2.3” x 2.07”). This implies that the angular resolution of NoHT raw data
must decrease. To achieve this, the NoH' raw data is convolved, obtaining the
NoH™ raw data whose beam size is the same as for N(Hy). Then, this convolved
NoH™ data is re-scaled at the same pixel size of N(Hy). This convolved and re-
scaled NoH* data go through the data reduction and line fitting process described
in § 2.1 and § 3, before to estimate the X(NoH™T).

With the purpose of reducing the uncertainties of X(NoH™), we select the spectra
with N(NyHT) and N(H) SNRs < 4. Applying the Eq. 4.2.1 on these spectra
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Figure 4.2.1: H, column density map of G351.77 protocluster . The black
contour represents the spectra with Np(NoH') > 1 x 10'® 1/cm?. The circle on
bottom left represents the beam size of N(Hy).

we obtain the relative abundance values for pixel, which appear to follow a log-
normal distribution (see Fig. 4.2.2). Based on this observations, our objective is to
determinate a reference value of X(NoH™T), whose value will be equal to the mode
of this distribution (the mean within the peak of the histogram (see Fig. 4.2.2)).
However, this value may vary depending on the bin width used. Therefore, we
utilized two different methods to derive the X(NoHT):

1. The Freedman Diaconis Estimator method: this function' from the Numpy
library provides the optimal number of bins (bin width) based on the kind
of the distribution, the variability, and the size of the data.

2. Measure the mean within the first, the second, and the third most prominent
peaks in the histogram (the dashed black, dashed yellow, and dashed blue
lines in Fig. 4.2.2, respectively). Then, taking the average of these 3 mean
values across varying bin widths, until the log-normal distribution shape is

lost.

Lhttps: //numpy.org/devdocs/reference/generated /numpy.histogram__bin_edges.htm|
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Applying the method 1), the estimated optimal number of bins for our data
distribution is 119 (see Fig. 4.2.2). With this number of bins, the mean within
the most prominent peak corresponds to X(NoHT) = (1.66 £+ 0.46) x 1071
Additionally, applying the method 2), we observe a clear convergence trend. And
as the bid width decreased, the average of the means converge to X(NoHT) =
1.66 x 1071 before losing the shape of the distribution.
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Figure 4.2.2: Distribution of X(NoH™) in G351.77 protocluster zone. The red
and green dashed lines represent the mean, and the median of the distribution,
respectively. While the black dashed, yellow dashed, and blue dashed lines
represent the mean inside the first, the second, and the third most prominent
peaks of the distribution, respectively. The shadow region represents the size of
the error around the mode.

Using these two methods, we can realize that the relative abundance is the same.
Thus, we define the relative abundance of G351.77 in the protocluster zone as
X(NoH') = (1.66 £ 0.46) x 1071), whose value is used to determinate N(Hs) at a
higher resolution based on N(NoH™), and then the M(Hs) following the Eq. 4.2.2
(see Table 4.2.1).

M(H,) = N(H,) - Apizer - o, (4.2.2)
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Figure 4.2.3: Integrated intensity map of the convolved and re-scaled NoH™
data of G351.77 protocluster to the same angular resolution and pixel size as
N(Hsz). The black contour represents the spectra with N(NoH™) SNR > 4. The
ellipse on bottom-left represents the beam size of N(H,).

where N(H,) is the new estimation derived from N(NoHT), A, is the area of

the pixel, and my, the mass of the Hy molecule, where my, = 3.347 x 107%7 kg.

Table 4.2.1: H; column density estimations. Where Ny, Ny and N corresponds
to the Bluest component, the Reddest component and N; + Ns, respectively.

Neo | N(Hy) [1/em®] M(Hs) [Mo]

N, (H) [ 0.851 x 107 740
Ny(Hs) | 1.054 x 1077 917
Nr(Hy) | 1.905 x 107 1658

We finally estimate a Hy total mass in G351.77 in the protocluster zone ~ 1660
+ 458 Mg, which we define as a lower mass limit for the G351.77 protocluster
region, as it corresponds to the mass derived from the regions with NoH™ emission.
Additionally, the total mass estimated directly from the Hy column density map
given by Dell’Ova et al. submitted, is M(Hs) ~ 2820 M. However, if we consider
the mass inside the NoH™ coverage, we estimate a M(Hz) ~ 2000 Mg,. Even if we

see a ~ 340 M, difference, it still inside of our uncertainties. We considered this
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Table 4.2.2: Physical parameters given by the spectral line fitting shown in § 3
and column density estimations shown in this section, inside the 1.3 mm core
regions. The numbers in the “Core" column represent the number of the cores
of Table E.11 in Louvet et al. submitted, and Table F.9 in

(2023).

n | Int x 10° Visg- <Visg>*  o(v)* Te, * T N(H,) M(H,)  X(NoH')*
[K km/s] [km/s] [km/s] K] x 10%* [em™2] (M) x 10710
10 0.593 -1.26 + 0.052 0.87 £ 0.038 11.03 &£ 0.65 13.07 4+ 0.74 4.62 4.01 £ 1.08 2.91
11 0.685 1.80 £ 0.032 1.29 £0.032 11.52 + 2.11 3.14 £ 047 1.93 1.67 £+ 0.45 0.34
12 0.669 0.70 £ 0.072 1.05 +£ 0.061 10.64 + 0.63 2.42 £+ 0.39 1.83 1.59 + 0.42 0.45
13 0.755 -2.05 + 0.031 1.33 £ 0.030 13.67 + 0.71 2.45 £+ 0.20 2.01 1.74 + 0.46 1.15
16 1.379 -0.67 + 0.025 0.59 £ 0.020 10.96 + 0.35 19.26 + 1.07 5.37 4.67 £ 1.26 2.90
18 1.646 -1.79 + 0.022 1.00 + 0.016 17.06 + 0.37 4.97 + 0.24 4.98 4.33 £ 1.16 0.83
19 3.303 -2.43 + 0.019 1.00 £ 0.017 21.21 + 0.78 7.47 £ 0.27 8.99 7.82 + 1.96 2.33
20 0.515 -2.19 + 0.038 0.90 £ 0.026 10.16 &= 0.11  6.21 + 0.44 4.04 3.51 £ 0.94 0.24
23 2.379 -1.56 + 0.055 0.77 £ 0.034 22.40 4+ 2.03 3.19 + 0.27 5.52 4.80 £ 1.29 0.33

* Average measurements inside core regions.

as a good estimation based on the high uncertainties of the parameters used to
estimate N(NoH™), and of X(NoH™). Additionally, we could consider the M(Hs)
mass estimation, derived from NyH™, more reliable due the better resolution.
Which result is still consistent with the total mass measured in the protocluster
zone in G351.77.

Additionally, we can provide new measurements inside the 1.3 mm core regions,
such as column densities, Hy masses, and NoH™ relative abundances, in addition to
the parameters obtained from the line fitting process (see § 3), such as integrated
intensities, excitation temperatures, optical depths, line widths, and centroid
velocities (see Table 4.2.2), complementing the information of the Table E.11 in
Louvet et al. submitted, and Table F.9 in ( ).
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Chapter 5
Kinematics analysis

The main goal of our research is to analyze the kinematics of the dense gas within
G351.77 protocluster, which is traced by NoH™*. The spectral line fitting process
detailed in § 3 provide us with the most reliable parameter we can measure over
each spectra, the centroid velocity, with error estimations mostly lower than
the 1%. This centroid velocity, coupled with the angular resolution of our data,
enables us to analyze the kinematics of the protocluster at different scales. To
achieve this, we utilize PV-diagrams, which allow us to characterize kinematic
patterns providing information about the physical processes occurring at both
small scales (core scales) and large scales (protocluster scale). These patterns may
include inflow, rotation, outflow, or cloud-cloud collision features ( ,
; , ; , ; : )-
We utilize four parameters to generate the PV-diagrams. These parameters are
the centroid velocity, integrated intensity, b and [ coordinates (e.g. ,
). The first view of the PV-diagram of NoH™

emission in the G351.77 protocluster reveals distinct features along the filamentary

Y Y

structure (see Fig. 5.0.1), some of which appear to be consistent in position with
the 1.3 mm band cores from the core catalog of Louvet et al. submitted, and
consistent in the estimated velocity of these cores (see Table F.9 in

(2023)). Moreover, we can distinguish two clear velocity structures in the PV-
diagram, separated by ~ 2 km/s. One of these velocity structures appears to be

predominantly associated with the Bluest component, while the other seems to be
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dominated by the Reddest component (see § 3.4 for further details). Furthermore,
these two velocity structures seem to merge towards the northern region of the

protocluster, going to the direction of the Mother filament extends.

The analysis at small scales provides clearer insights into the features observed
in the PV-diagram. Specifically, we observe association with 1.3 mm band cores

where we can distinguish two clear features:

1. The V-shape: where the core is positioned (or near) at the point where we
measure the highest velocity of NoH™, and the surrounding gas transitions

towards lower velocities (see Fig. 5.1.1, Fig. 5.1.2 and Fig. 5.1.3).

2. The Straight-shape: where the gas around the core transitions from high to
low velocities, while the core is situated in the middle of this straight (see
Fig. 5.1.4 and Figure 1 in ( ).

Several of these features are observed in the PV-diagram as part of the Bluest
component and the Reddest component along the protocluster. Some of these
features are even found without 1.3 mm cores detected. Additionally, we have
measured the Velocity Gradients (VG) and timescales associated with these
features in the regions with 1.3 mm band cores detected and without 1.3 mm
band core detection (see below). These measurements, along with the M(H,)
measured in § 4 provide us the opportunity to estimate mass inflow rates M(Hg)m
(see below). These measurements show us that the most prominent V-shape, that
reaches speeds ~ 4.5 km/s, is consistent in position with a non-detected 1.3 mm
band core, with an averaged M(Hy);, ~ (4.08 4 0.81) x 10~* My/ yr.

On the other hand, analyzing the PV-diagrams at large scales reveals that the
observed velocity structures shown in Fig. 5.0.1 are not only separated in velocity,
but also by spatial position (see Fig. 5.2.1), where we can distinguish different
N,oH™ filamentary structures. In order to improve the analysis at large scale, we

separate the protocluster into 4 different spatial regions (see Fig. 5.2.1):

e Two main filamentary structures where we locate most of the cores and
observe the highest SNR values. The spectra within these filamentary
structures are mostly fitted by 2-velocity-components. We refer to these

filamentary structures as F1 and F2.

o A third filamentary structure situated to the south of F1, characterized by
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mostly 2-velocity-components well defined with a Av reaching ~ 3 km/s.

We designate this structure as F3.

o A small region to the north of the protocluster where F1 and F2 structures

merge, identified as F4.
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Figure 5.0.1: Top left: Spatial distribution of NoH™ of G351.77. The x markers
indicate the position of the 1.3 mm band cores (Louvet et al. submitted). The
green, black and magenta markers represent the spectral type of the cores; single,
complex and non-detected, respectively ( , ). Dashed lines
are used to extend the position of the non-detected cores to the other panels. The
ellipse on bottom-left represent the beam size of NoH™ data. Top right and bottom:
PV-diagrams. It is possible to observe multiple V-shapes or Straight-shapes along
the filamentary structures, with some of them associated with cores in position
and in velocity. The blue and red colorbar show the integrated intensity of NoH™
of the Bluest component and Reddest component, respectively. We can observe
two clear and well-defined structures separated in velocities.

The separation of the protocluster into different spatial regions enables us to
measure the VGs of each region in the PV-diagram, estimating the timescales
and M(H,);, for each one (see Fig. 5.2.2). This approach delves deeper into the

kinematics of the protocluster and establishes the relation between each region
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and with the Mother filament.

5.1 Kinematics analysis at small scales

We analyze the NoH™ velocities around the 1.3 mm band cores within a radius 3
times the size of the core (see Table E.11 Louvet et al. submitted) to examine the
behaviour of the surrounding gas while avoiding the overlap of gas around other
cataloged cores. Subsequently, we re-create the PV-diagrams of NoH™ emission
around these cores, aiming to identify features associated with them. From the
1.3 continuum data, 18 cores have been cataloged (see Table E.11, Louvet et al.
submitted), with 9 of them located in zones with NoH' emission (SNR > 9).
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Figure 5.1.1: Top left: Position-Position diagram of a non-detected core from the
core catalog of Louvet et al. submitted, and which we found the most prominent
V-shape. The ellipse in the bottom-left corner represent the beam size of NoH™
data. Top right and bottom: PV-diagrams, where the blue and red colorbar
represent the integrated intensity of the Bluest and the Reddest component,
respectively. The dashed lines are used to extend the position of the non-detected
core to the other panels.
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However, only 6 cores have exhibited identifiable patterns (3 V-shapes and 3
Straight-shapes). To characterize the V-shapes, we applied a linear fit over the
VGs involved at the borders of the distribution, encompassing the upper and
bottom VG (see Fig. 5.1.2). These linear fits contemplate the position as a function
of velocity, while the integrated intensity is utilized as a statistical weight. We
propose that these points represent the inflowing gas with the highest velocity
along a filamentary structure, where the filament assumes a leg-like shape with

the core located at the knee (see Fig. 5.1.3).

VG = 31.91 *+ 1.49 [km s Y/pc], T = 30.64 + 1.43 [kyr] b 2.4

0050 ~ M(Hz) =10.01 276 [Mo], Mi(Hz) = (3.27 = 0.9) x 10* [Mo/yr] ]
r VG = 87.26 + 7.23 [km sYpc], T = 11.21 = 0.93 [kyr] 1
T M(H,) = 5.48 + 1.51 [Mo], Min(H,) = (4.89 = 1.35) x 10~ [Mo/yr] - 22
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Figure 5.1.2: PV-diagram of the most prominent V-shape. The red and blue
lines represent the line fit of the velocity gradients, which converge at ~ 0.015 pc
below of the central position of the core. The magenta errorbar represent the size
of the core, while the horizontal dashed line, represent the position of the core.
The colorbar is the integrated intensity of NoH™ without distinguishing between

the Bluest or the Reddest component. The gray errorbar represent the beam size
of the NoH™ data.

Once the VG have been measured, we can estimate the timescales associated with
these VGs following the Eq. 5.1.1 (e.g. , ). Furthermore,
we can estimate the Hy mass (§ 4) associated with the points used to measure the

VGs in order to determinate the mass inflow rate M(Hg)m following the Eq. 5.1.2.
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T=—— (5.1.1)

NI(Hy),, — 1(H2)

(5.1.2)

Focusing on the most prominent V-shape, we identify two clear VGs associated
with a non-detected core (see Fig. 5.1.2). This core is located in the region with
the highest NoH™ emission, where the spectra are fitted by 2-velocity-components.
It is also located next to the central part of the protocluster, where we observe the
continuum emission, along with the highest emission of molecules such as HyCO,
DCN, and HC3N. This region also exhibits a concentration of cores without nearby
NoH" emission (see , ; , , Louvet et al.
submitted). We measure the VGs, timescales, mass, and mass inflow rate of the 6

features associated with the 1.3 mm band core, and we listed these parameters in
Table 5.1.1.

Position

Velocity (I)

Figure 5.1.3: Left: Inflowing filamentary structure. The light blue and blue
arrows represent the velocity magnitude of the gas and the radial component of
the gas velocity, respectively. Right: PV-diagram of the inflowing filamentary
structure. The blue points represent the highest velocity measured along the
filament.

While the V-shapes associated with cores could be explained as inflowing gas
within a filamentary structure, as depicted in Fig. 5.1.3, the Straight-shapes may

be explained as a rotating filamentary structure (see Figure 1 in
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( )). This structure appears rotate following a solid-body rotation, with the
core located in the middle of the filament and the velocity of the gas increasing
towards the filament ends. However, filamentary structures with embedded cores
have been observed in protoclusters, where the filaments inflow towards the
inner and denser regions, and the cores follow the stream of the surrounding gas,

inflowing with the filaments ( , ; ) ;

Y Y ) )
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Figure 5.1.4: PV-diagram of a single core from the core catalog of Louvet et al.
submitted. The feature describe what we define as a Straight-shape. The red line
represent the line fit of the velocity gradient. The x marker indicate the position
and the velocity of the core. The green errorbar shows the size of the core, while
the gray errorbar represent the beam size.

Moreover, utilizing a Position-Position-Velocity diagram (PPV-diagram), we have
cataloged 16 features found in the protocluster without associated 1.3 mm band
cores. We have measured the VGs, timescales, mass, and M(Hy);, (see Table 5.1.2)
of these features. Given the integrated intensity measured in the regions where
these features are observed and the estimated M(HQ)m , which appear similar to
what we have estimated for the features associated with 1.3 mm band cores, we
suggest a relation between these features and possible cores that are under the

detection limit.
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Table 5.1.1: Velocity gradients, timescales, Hy mass, and mass inflow rate
associated with the 1.3 mm band cores that present NoHT features in the PV-

diagram.
n | Shape VG Timescale M(Hs) M (Hs )i
[km s /pc] [ky] [Maot] x 107" [Mo /yr]
13 | Straight 26.89 £ 0.95  36.49 4+ 1.29 9.66 + 2.67 2.65 £ 0.73
23.07 £ 2.76  42.39 £+ 5.07 1.71 £ 0.47 0.40 £ 0.11
16 | V-shape
22.67 £ 1.92 43.13 £+ 3.65 5.44 £+ 1.50 1.26 £ 0.35
18 | Straight 12.70 £ 0.96 77.01 + 5.81 18.03 £ 4.98 2.34 £0.65
31.91 £ 1.49 30.64 & 1.43 10.01 £ 2.76 3.27 £ 0.90
19 | V-shape
87.26 & 7.23 11.21 £ 0.93 5.48 + 1.51 4.89 &+ 1.35
23.99 + 1.94 40.76 £+ 3.30 1.02 £ 0.28 0.25 £ 0.07
20 | V-shape
30.62 + 3.63  31.93 £ 3.78 2.39 £+ 0.66 0.75 + 0.21
23 | Straight 2.46 + 0.14 397.63 £+ 23.10 38.21 + 10.56 0.96 £ 0.27
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Table 5.1.2: Velocity gradients, timescales, Hy mass, and mass inflow rate
measured in NoH™ features found in the PV-diagram without the 1.3 mm band

cores associated.

n | Shape VG Timescale M(H,) M(Hs):n
[km s~ /pc] [kyr] (M) x 107* [M /yr]
1 | V-shape 33.04 £+ 2.41 29.6 +£ 216  15.29 £+ 4.22 5.17 + 1.43
48.05 + 6.21  20.35 £ 2.63 12.44 £+ 3.44 6.11 = 1.69
2 | V-shape 33.34 £ 219 2932 £1.93 17.97 £ 4.96 6.13 = 1.69
44.40 &+ 3.53  22.02 £ 1.75 17.11 £ 4.72 777+ 2.14
3 | V-shape 58.51 £10.24 16.71 £ 292  6.58 £ 1.82 3.94 £ 1.09
2252 £1.03 4342 £1.99 23.65 = 6.53 5.45 £ 1.50
4 | V-shape 19.11 £ 1.65 51.17 +£4.41 13.21 4+ 3.64 2.58 £0.71
2249 £ 2.32 4347 £4.49 1245 £+ 3.44 2.86 £ 0.79
5 | V-shape 24.35 £2.73  40.16 £4.50 4.81 £ 1.32 1.20 + 0.33
3754 £4.13 26.05 £286 7.59 £ 2.09 2.91 £ 0.80
6 | Straight 24.35 +2.73  40.16 + 4.50 18.58 £+ 5.13 4.63 £ 1.28
7 | V-shape 16.10 =+ 1.38  60.75 £ 5.19  7.16 &+ 1.97 1.18 £ 0.32
15.30 £ 2.81 6392 £ 11.73  2.41 £ 0.66 0.38 £ 0.10
8 | V-shape 17.77 £ 1.19  55.01 &£ 3.68 22.79 4+ 6.29 4.14 £ 1.14
11.18 £ 0.78 8743 + 6.13  23.45 4+ 6.48 2.68 £0.74
9 | V-shape 11.06 = 0.90  88.40 &+ 7.16 13.51 4+ 3.73 1.53 £ 0.42
17.23 £ 3.55 56.76 = 11.70 6.14 + 1.69 1.08 £ 0.30
10 | Straight 25.32 + 1.13  38.62 £ 1.72 45.64 + 5.08 11.82 £+ 1.32
11 | V-shape 17.75 £ 1.61  55.08 £4.99 5.08 + 1.41 0.92 £ 0.26
2091 £1.88  46.77 £4.20 2.33 £ 0.64 0.50 £ 0.14
12 | V-shape 2047 £ 1.23 4777 £2.86 12.76 £ 3.52 2.67 + 0.74
33.46 £ 2.60  29.23 £ 2.27 10.65 + 2.94 3.64 £ 1.01
20.49 £ 2.41  47.72 £ 5.60 10.53 £ 2.91 2.21 £0.61
13 | V-shape
35.59 £4.61 29.23 £3.56 9.17 £ 2.53 3.14 £ 0.87
14 | V-shape 1255 +1.04 7790 &+ 6.43 3.18 + 0.88 0.41 £ 0.11
34.67 £ 244 2820 £1.98 3.62 £ 1.01 1.28 + 0.36
48.40 + 3.80  20.20 £ 1.58  8.81 £ 2.43 4.36 £ 1.20
15 | V-shape
42.72 £ 474 22.89 £ 254 5.01 £+ 1.38 2.19 £ 0.60
16 | V-shape 1227 +1.35  79.70 £ 874  9.08 &+ 2.51 1.14 + 0.31
16.56 &+ 2.11  59.03 + 7.53  8.22 £ 2.27 1.39 + 0.38
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5.2 Kinematics analysis at large scales

Examining the PV-diagram of the NoH™ emission at large scale reveals two distinct
large scale structures, each separated by velocity in ~ 2 km/s. The averaged
centroid velocities for these structures are ~ -1 km/s and 1 km/s, respectively.
One of them appears to be dominated by the Bluest component, while the other
is characterized by the Reddest component. These large-scale structures present
features like a zig-zag along the protocluster, which we suggest produced by
kinematic effects at smaller scales (see § 5.1). However, upon deeper examination
of the kinematic and inspection of the PPV-diagram, we realize that these large-
scale structures are separated both by velocity and spatially simultaneously. In
order to distinguish each structure, we have divided the NoH' emission of G351.77

protocluster into 4 regions based on its spatial location (see Fig. 5.2.1).
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Figure 5.2.1: Same caption of Fig. 5.0.1. The blue, red, green and purple
colorbar represent the NoH™ integrated intensity of the F1, F2, F3, and F4
structure.

e F1 structure: This corresponds to the primary filamentary structure within

the protocluster, where we observe the highest values of SNR, integrated
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intensity and column densities. It is connected with the 3 other large-scale
structures defined within the protocluster. Furthermore, 6 out of the 9 cores
located in regions with NoH™ emission are situated within this filamentary
structure. Notably, the most prominent V-shape and the 3 Straight-shapes
are located within this structure. Most of spectra in this structure are fitted

by 2-velocity-components.

F2 structure: Adjacent to the F1 structure, the F2 structure the second
primary filamentary structure within the protocluster. It connects to the F1
structure near to the protocluster’s center through regions with low SNR
and integrated intensity, but it merges with the F1 structure towards the
north of the protocluster. This structure appears as a twisted filament, less
defined as the F1. Nonetheless, two 1.3 mm band cores situated in regions
with NoH™ emission, and several V- and Straight-shapes are positioned
within this structure. Multiple spectra within this structure are fitted by

2-velocity-components.

F3 structure: Positioned to the south of the F1 structure, this filamentary
structure displays 2 clear velocity components along its length. It contains
one 1.3 mm band core, coinciding with the position where the filament

exhibits a large-scale V-shape in the PV-diagram.

F4 structure: Situated in the northern region of the protocluster, where the
F1 and F2 structures merge, the F4 structure present well defined V- and
Straight-shapes. This regions is connected with the Mother filament.

The PV-diagram at large scale, separated by spatial structures, reveals clear

large-scale features, which we can observe clear VGs. Employing a similar method

as in § 5.1 we measure VGs applying a linear fit to the distribution (see Fig. 5.2.2).

This approach enables the estimation of timescale and M(Hg)m associated with

these large-scale structures (see Table 5.2.1). We have identified 10 large-scale

VGs within the protocluster (see Fig. 5.2.2), which we have designated as follows:

B1 and B2 for the VGs associated with the F1 structure.
R1, R2, and R3 for the VGs associated with the F2 structure.
G1, G2, and G3 for the VGs associated with the F3 structure.

P1 and P2 for the VGs associated with the F4 structure.
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Figure 5.2.2: PV-diagram of NoH™ emission separated by spatial distribution.
The blue, red, green, and purple colorbar represent the F1, F2, F3, and F4 spatial
structure, respectively, shown in Fig. 5.2.1. The blue, red, green and purple solid
lines represent the VGs measured in the F1, F2, F3 and F4 large scale structures,
respectively. The dashed horizontal lines represent the position of non-detected
cores, while the green and black x markers represent the single and complex cores,
respectively.

From these VGs and their spatial position, we can infer kinematic processes

influencing these large-scale structures, as follows:

1. VGs B1 and B2 exhibit two large-scale velocity distribution converging near
the position of a non-detected core, where we observe the most prominent
V-shape (see § 5.1). Furthermore, along these velocity distribution, we find
four 1.3 mm band cores and several small-scales features that we suggest

represent cores under the detection limit (see § 5.1).

2. VGs R1 and R2 display two large-scale velocity distribution, but less well
defined than those observed in B1 and B2. Although these VGs do not
converge at a specific position or velocity, they apparently reach opposite
velocities to the most prominent V-shape (see Fig. 5.1.2). VG R3 looks

constant in velocity but presents several of small-scale features such as
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V-shapes.

3. VGs G1 and G2 show two large-scale velocity distributions that, although
they do not converge, appear to point towards the direction of a non-detected

core. VG G3 looks constant in velocity but presents a few small-scale features
like V-shapes.

4. VGs P1 and P2 display two large-scale velocity distribution. P1 exhibits
the velocity distribution connected to the F1 and F2 structure, while P2

shows the velocity distribution connected to the Mother filament.

Table 5.2.1: Velocity gradients, timescales, Hy mass, and mass inflow rate
measured for each large scale NoH™ feature in the PV-diagram.

n VG Timescale M(H,) M(Hs)in
[km s~ /pc] [kyr] [Mo] x 107% [Mo /yr]
Bl | 41.06 £+ 1.95 23.8 £1.13 81.0 £ 22.4 3.40 £ 0.95
B2 | 852+ 0.08 1147 + 1.17 153.3 £ 424 1.33 £ 0.37
R1 | 48.94 £ 5.63 20.0 £ 2.30 187.9 £ 51.9 9.39 £ 2.81
R2 | 31.51 £ 1.19 31.0 + 1.17 141.1 £ 39.0 4.55 £ 1.27
R3 | 1.21 £0.15 803.4 £ 104.0 69.7 £ 19.3 0.08 £ 0.02
Gl | 9.224+0.34 105.9 = 3.95 22.0 £ 6.0 0.20 £ 0.05
G2 | 3.93 £ 0.60 248.4 + 384 28.9 £ 8.0 0.11 £ 0.03
G3 | 0.09 £ 0.00 10689.1 £+ 220.2 83.8 + 23.1 0.007 £ 0.002
P1 | 15.70 &+ 1.15 62.2 £ 4.55 30.7 £ 8.5 0.49 £ 0.14
P2 | 26.17 + 1.14 37.3 + 1.63 75.6 &£ 20.9 2.02 £ 0.56

The highest VGs and M(H,);, are observed in the 2 main filamentary structures
(F2 and F1, respectively), whereas the lowest VGs and M(H,);, are measured in
the F3 filamentary structure. These differences may indicate that certain region
within the protocluster are experimenting higher levels of star formation activity,
which is consistent with the position of the 1.3 mm band cores and the cataloged

small-scales features.
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Chapter 6
Discussion

In the § 5.1 we characterized the features associated with the 1.3 mm band cores
and features without 1.3 mm band cores, suggesting that NoH™ is inflowing to
cores or with cores embedded ( , : , :

: : : ). Additionally, in § 5.2 we divided the NoH*
emission of the G351.77 protocluster by spatial regions. These structures have

been characterized by measuring VGs, timescales, and M(Hy);,.

From the analysis of the kinematic at large scale (see § 5.2) we realize that the
F1 filamentary structure is inflowing towards the non-detected core, where we
observe the most prominent V-shape in the PV-diagram, suggesting that this gas
comes from outside the protocluster. Furthermore, we find 1.3 mm band cores
associated with Straight-shapes in (G351.77 protocluster are located in the middle
of the F1 filament structure, near to the position where we observe the most
prominent V-shape. Considering the velocity distribution of NoH™ displayed in the
PV-diagrams of Straight-shapes, their location, and the consistency of the NoH™
velocities with the velocity measured for the cores (see Table F.9 in
), we propose that these cores are inflowing towards the location of
the most prominent V-shape, entrained in the potential slow contraction of the
protocluster ( , : , : , :
, ). All this, in addition with the measured M(H,);,, suggest that the

F1 structure is actively forming stars.

In contrast to the F1, the F2 filamentary structure does not show evidence of

inflowing gas towards a specific location but rather presents inflow towards different
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locations along the structure. Moreover, most of the features (which we suggest
associated with cores under the detection limit) are located within it. In addition,
with the highest M(Hg)m, this could suggest that the F2 structure presents equal

or more star formation activity than F1 structure.

The F3 filamentary structure shows few evidence of star formation activity within
it, where we find 1 non-detected core and 3 features without 1.3 mm band core
associated. However, the measured VGs suggest that the non-detected core is
strongly affecting the filamentary structure, which features indicate that the gas

in this filament is inflowing towards the non-detected core location.

The F4 structure present one of the highest M(H,);, estimations, which along
with the velocity distribution, could suggest that the gas that is inflowing to the

protocluster from outside, may also be forming star.

In order to complement and enhance understanding of the kinematic processes
occurring in the protocluster at large scales, we complement the PV-diagram
analysis making use of HoCO and DCN tracers (see § Appendix C), which coverage
the central part of the protocluster without NoH™ emission ( , :
, ). Additionally, we modeled rotating, infalling, and

rotating and infalling spheres (see § Appendix C), whose radial velocities are use
to recreate PV-diagrams ( , ; , ; ,
). This allowed us to analyze the features and velocities present in these

diagrams and how they describe the kinematic.

Fig. 6.0.1 shows the PV-diagram of NoH* and H,CO in comparison with the
contours of a rotating and infalling sphere. We observe that HyCO reaches Av
~ 13 km/s, with its velocity peaks in the PV-diagram aligning well with the
contours of the model. Furthermore, upon examining the velocity distribution of
DCN in the PV-diagram, we observe similar features with HoCO (see Fig. C.0.5
and Fig. C.0.6), which appear to correspond with the model of the rotating and
infalling sphere. Based on the spatial locations of HoCO and DCN, along with
the features in the PV-diagrams described by our model, we suggest large-scale

rotation and infall process in the center of the protocluster ( , ;
: ).

This scenario suggest that the 2 clear velocity structures observed in Fig. 5.0.1

are rotating parallel to the direction of the Mother filament, although the inflow
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process seems more dominant. On the other hand, analyzing the model of rotation
and infall by separate, the rotating sphere models in a better way the large
scale shapes presents in HoCO and DCN, suggesting that the central part of the
protocluster is more dominated by rotation than infall (see Fig. C.0.11, Fig. C.0.12,
Fig. C.0.8, and Fig. C.0.9).
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Figure 6.0.1: PV-diagram of NyH™ emission separated by spatial distribution.
The blue, red, green, and purple colorbar represent the F1, F2, F3, and F4 spatial
structure, respectively, shown in Fig. 5.2.1. The blue, red, green and purple solid
lines represent the VGs measured in the F1, F2, F3 and F4 large scale structures,
respectively. The dashed horizontal lines represent the position of non-detected
cores, while the green and black x markers represent the single and complex cores,
respectively

Nevertheless, the sphere used to obtain the models employs a mass of 270 M,
which is 10 times lower than the mass measured inside of radius of 0.8 pc in
G351.77, which is ~ 2720 M. This difference of mass affect directly to the radial
velocities measured in our models, going from Av ~ 14 km/s to Av ~ 44 km/s.
That is, underestimated velocities by a factor of ~ 3. However, although the radial
velocities present differences, the shapes observed in the PV-diagram are still the

same, which suggest that these shapes just depend of the kinematic process (

Y ) Y Y ) )‘



43

The velocities measured for NoH™, HyCO and DCN seems to be similar, and
the features observed in the PV-diagram of HoCO and DCN seems describe the
same kinematic process. All of this indicates that the measurements are reliable.
However, the modeled sphere suggests higher velocities than the observed, raising
questions such as: Why we measure lower velocities in the protocluster? What
other physical processes are affecting the kinematics of the gas? Current evidence
provides that processes such as infall and rotation are occurring at smaller scales
that in cores oh the central part of the protocluster ( , ;

: , , 7 ,b; : ; : )-
Additionally, bipolar outflows associated with YSOs in the center of G351.77 have
been cataloged. Moreover, the fragmentation into clumps observed along the
Mother filament have been attributed as triggered by turbulences and magnetic
fields produced by the high-mass star formation ( , ; ,

; , , ). Considering all these physical processes, we
could suggest that the kinematic behaviour of the gas traced by NoH™, H,CO and
DCN may not be as described in our model, which only considers 2 kinematic

processes.
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Chapter 7
Conclusions

We conducted an analysis of the kinematics of the dense and cold gas within
the massive G351.77 protocluster, traced by the spectral line NoH™ | utilizing the
PV-diagrams and characterization of physical processes involved in high-mass star
formation. The spatial resolution of the NoH' data cube is ~ 4000 AU, making
this the first study of this kind in G351.77.

Initially, we utilized specialized software, PySpecKit, to fit the NoH™ spectra, which
provided key physical parameters such as excitation temperature, optical depth,
centroid velocity, and line width. These parameters were subsequently utilized
in our analysis. Additionally, we performed an experiment to determinate the
SNR that require the spectra to obtain reliable models. We have implemented the
spectral line fitting over the entire data, fitting 1- and 2-velocity components. Later,
we developed a method two define and maintain each spectra with 1- or 2-velocity
component, based on the line width and SNR of the modeled spectra. Finally
obtaining a modeled data that posses spectra with 1- or 2-velocity components.
Based on the centroid velocity distribution of each spectra, we divided the data
into 2 velocity components, which we named the Bluest component and Reddest

component.

The excitation temperature, optical depth, and line width obtained from the
spectral line fitting enable the estimation of column density maps and masses
of NoHT. Additionally, we utilize the column density map of Hy provided by
Dell’Ova et al submitted, to estimate the relative abundance of NoHT (X(NoH™)).

However, due the difference of angular resolution between the column density map
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of NoH* and Hy, we convolved the NoH™ data, reducing its angular resolution to
the same as the column density map of Hy. Subsequently, we estimated an NoH™
relative abundance ~ (1.66 + 0.46) x 107! from which we derived an estimated
Hy mass in the protocluster ~ 1660 £+ 458 M,,.

The centroid velocity measured by PySpecKit allows the characterization of
kinematic patterns at different scales. To achieve this, we implemented the
analysis of the PV-diagram, identifying different small and large scales features.

Among the most significant results obtained from the PV-diagrams are:

1. The PV-diagram at small scales reveals features such as V- and Straight-
shapes associated in position and in velocity with the 1.3 mm band cores
cataloged. These features have been characterized measuring the VGs,
timescales, mass and M(H;);,. The most prominent V-shape reaches
velocities ~ -4.5 km/s, whose averaged M(Hy);, ~ 4.08 x 107* Mg /yr

and an averaged timescale ~ 20.92 kyr.

2. Similarly, the PV-diagram at small scales reveals features such as V-
and Straight-shapes without 1.3 mm band cores associated. We have
characterized these features measuring the VGs, timescales, mass and
M(Hg)m Based on the position-position of these features and their
characterizations, we suggest that they are formed by cores that are under

the detection limit.

3. We propose that the V-shapes describe inflowing gas in filamentary structures
where the cores is located near to vertex of the V-shapes. While that the
Straight-shapes describe inflowing filamentary structures with cores following

the stream produced by the gas.

4. The PV-diagram at large scales reveals 2 velocity structures, which reach
averaged velocities ~ -1 and 1 km/s, respectively. The separation of the
NoH™ emission by spatial location reveals that these 2 velocity structures

are in different locations in the protocluster.

5. Large scale features are found within each spatial structure in the
protocluster, which have been characterized measuring VGs, timescales,
mass and M(Hg)m Based on this characterization, we suggest what spatial

structures reveal more star formation activity.
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6. The analysis of large scale VGs reveals that one filamentary structure is
inflowing towards a core position, where we observe the most prominent
V-shape in the PV-diagram at small scale. This filamentary structure present
several of cores and features that we suggest as cores, suggesting that they

are inflowing along with the filament.

We have complemented the PV-diagram analysis with the HoCO and DCN tracers,

which cover areas without NoH™ emission. This allows to explore the relations

between the large-scale kinematics described by NoH™ and the central region

of the protocluster. In addition, we have implemented a rotating and infalling

sphere model in order to characterize the PV-diagram features produced by these

kinematic processes, which is consistent with previous work (e.g.
; , ; : ).

The PV-diagram features produced by H,CO and DCN suggest that the central

Y

region of the protocluster may be experiencing simultaneous rotating and infalling,
where the rotation appears to be the most dominant kinematic effect. On the
other hand, considering the velocity distribution and the position-position of the 2
large-scale velocity structures of NoH™ separated by ~ 2 km/s in the PV-diagram,
in addition with the possible rotation features described by Ho,CO and DCN, we
suggest that these 2 large-scale velocity structures could be rotating relative to
each other, with the rotating axis parallel to the direction of the maternal filament.
However, the most prominent kinematic process present at the NoH™ filamentary
structures corresponds appears to be inflow, which seems to be inflowing not
towards the center of the protocluster, but rather inflowing onto themselves

towards denser NoH™ regions.

Nevertheless, while the shapes and features presented in the model are consistent
with those observed in the PV-diagram by the tracers, the measured velocities
exhibit inconsistent with the velocities of returned by the models in a factor of 3.
We attribute these differences to the simplicity of the model, which only considers
2 kinematic effects. Whereas, different researches suggest the presence of rotation
and infall at small scales, bipolar outflows produced by YSOs, gravitational
instabilities along the filament, and magnetic fields produced by the high-mass
star formation in the protocluster, whose physical effect could be strongly affecting

the behaviour of the gas.
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Appendix A

PySpecKit experiment

To know the performance of PySpecKit and the SNR threshold at which it
provides good results, we applied the following test: It consists in selecting a
single spectra from the original data to fit it employing PySpecKit (with guesses
and limits defined), obtaining a model and their respective parameters (input
model). Then, we have created a grid with this model assigning a different SNR
for each spectra. This grid is fitted by PySpecKit (with the same guesses and
limits as before) obtaining a new model for each spectra (output models). This
way, we can compare the first parameters returned from the single spectra versus
the parameters returned from the grid. We have applied this on different spectra
from the original data and fitting one and two velocity components. The result
of this experiment are consistent whether it’s fitting one velocity component or
fitting two velocity component, which show that at SNR > 9 PySpecKit returns

reliable values.
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Good and bad fitting examples

8 -_VLSRY:L = -72]! + 0.0 [km/s] I
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Residuals [K]

Figure B.0.1:

Visg [km/s]

The green line represent the spectra of the second-velocity-

component fitted by PySpecKit, which is overlapping the red line. The blue line
represent the spectra of the first-velocity-component fitted by PySpecKit. The
first modeled component present a o;(V) = 0 km/s, without uncertainties in its

parameters.
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component fitted by PySpecKit.
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we measure for noise.
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Appendix C

Infalling and rotating sphere model

The sphere is under gravitational infall and keplerian rotation, its respective
velocities are described by equation (1) and (2). It has a density profile that

follows a power law described in equation (3)

2GM

Vi, = . (C.0.1)
M
Vew =1 & (C.02)

P\
)= 2) (0.3
where r is the radius of the sphere, GG is the gravitational constant, M is the
enclosed mass, and pg is a known density. To generate a infalling and rotating
sphere model, we utilize r = 0.8 pc, and v = 3.1. The total mass utilized is 270 M,
and 2700 M, deriving py = 3.466 Mg, /pc® and py = 34.66 My, /pc?, respectively.
Although the features observed in the PV-diagram are not affected by the mass,

the velocities present differences.
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Figure C.0.1: PV-diagram of a rotating sphere model. The velocities represent
the radial velocities derived from the Eq. C.0.2. The black solid line represent the

rotating axis, which is inclined 85° respect to the x axis.
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Figure C.0.8: PV-diagram of HoCO emission in G351.77 protocluster. The
magenta contour represents the features for a rotating sphere model, whose mass

is 270 M.
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Figure C.0.9: PV-diagram of DCN emission in G351.77 protocluster. The
magenta contour represents the features for a rotating sphere model, whose mass
is 270 M,
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Figure C.0.10: PV-diagram of NoH™ emission in G351.77 protocluster. The
blue contour represents the features for an infalling sphere model, whose mass is
270 M.



65

A b [pc]

Visr - <Visg> [km/s]

AR A SRR LA AR AL ARAR AL AARALE
0.2 b x single 4 43
F % NoDet - -

i :

[ 1 ]

C + 0T ]
0.0_ 5 T -

= x ¥ —-— - 2
i :
PP IFNPINS PR L P UL T PP I PP R | S B
7.5F ’ ] =50 -25 00 25 50 75
r k : Visr - <Visg> [km/s]
50 4
258  — 3 11
0.0F 3
T ]
-25¢ .
—5.0F ; 3
PN I IR TS T T S
-0.3 -0.2 -0.1 00 01 02 03

Al [pc]

\]0

log H,CO Integrated intensity [K km/s]

Figure C.0.11: PV-diagram of HyCO emission in G351.77 protocluster. The
blue contour represents the features for an infalling sphere model, whose mass in

270 M.
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Figure C.0.12: PV-diagram of DCN emission in G351.77 protocluster. The blue
contour represents the features for an infalling sphere model, whose mass is 270

M.
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