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I must not fear.

Fear is the mind-killer.

Fear s the little-death that brings total obliteration.

1 will face my fear.

I will permit it to pass over me and through me.

And when it has gone past I will turn the inner eye to see its path.
Where the fear has gone there will be nothing.

Only I will remain.

Litany against fear (Bene Gesserit)
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Resumen de la tesis

Formacion estelar masiva

Las estrellas masivas (M 2 8 M) juegan un papel importante en la determinacién de
las propiedades morfolégicas, dindmicas y quimicas de las galaxias que las albergan, a
través de fuertes vientos estelares, una intensa radiacién ultravioleta (UV) y finalmente,
explosiones de supernovas. A pesar de su gran importancia, sus primeras etapas evolutivas
aun no se conocen en detalle. Los modelos tedricos (e.g., Larson 1969; Shu et al. 1987)
que permiten explicar de forma acertada la formacién de estrellas de baja masa (similares
al Sol), presentan problemas cuando se aplican a las estrellas méds masivas.

El principal problema tedrico radica en el hecho que las estrellas masivas empiezan
a producir reacciones termonucleares en su interior cuando aun estan acretando material
del disco y de la envolvente. Si la estrella masiva en formacion alcanza una determinada
luminosidad (equivalente a la de una estrella de tipo espectral B), serd capaz de pro-
ducir un nimero de fotones ionizantes (v > 13.6 eV) suficiente como para ionizar el gas
que la rodea. Esta elevada radiacion produce una presién de radiacion que impediria la
acrecion, y por lo tanto, que la estrella alcanzara masas mds elevadas (i.e., no deberian
existir estrellas de tipo O; Kahn 1974, Wolfire & Cassinelli 1987). Actualmente hay dos
modelos tedricos diferentes que tratan de solucionar estos problemas para poder explicar
la formacion de las estrellas masivas. El primer método conocido como colapso monolitico
(Yorke & Sonnhalter 2002) intenta aplicar los modelos utilizados para estrellas de baja
masa modificando, principalmente, la simetria y las caracteristics en la cual es acretado
el material. El segundo método, acrecion competitiva o coalescencia (Stahler et al. 2000),
se basa en el hecho que las estrellas masivas se encuentran en ciimulos ntimerosos, y que
éstas se pueden formar, por ejemplo, a partir de la fusion de estrellas de menor masa.
Para determinar que modelo se ajusta mejor a la realidad, son necesarias observaciones
precisas de varias regiones de formacién estelar, lo cual no es sencillo de realizar.

A pesar de las enormes dificultades observacionales (e.g., las estrellas masivas se en-
cuentran generalmente muy lejos: =2 kpc, embebidas en nubes moleculares con un elevada
extincién: Ay 2 100, y en cimulos con varias estrellas en formacién), recientemente se
ha conseguido caracterizar algunas propiedades observacionales relevantes en la formacién
estelar masiva. De este modo, estudiando con detalle objetos como nubes oscuras en el
infrarrojo (Pillai et al. 2006), nicleos moleculares calientes (Cesaroni 2005), regiones de
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gas ionizado (Kurtz 2005), flujos moleculares y jets (Shepherd 2005), y mdseres molecu-
lares (Ellingsen 2007), deberia ser posible obtener las piezas suficientes para resolver el
rompecabezas e ir comprendiendo mejor el mecanismo de formacion de las estrellas més
masivas.

Emision de gas ionizado

De todas las propiedades observacionales que hemos listado, las regiones de gas ionizado
(o regiones H1I) son las que claramente diferencian las estrellas de alta masa de las es-
trellas de menor masa, ya que las estrellas menos luminosas no son capaces de generar un
numero de fotones ionizantes suficiente como para crear una region H1i. Esta emisiéon de
gas ionizado es facilmente identificable durante las primeras etapas evolutivas de las estrel-
las como emisién de continuo en el rango de las radiofrecuencias (correspondiendo al rango
de longitudes de onda centimétricas del espectro electromagnético). Una ventaja de las
radio-ondas, respecto a longitudes de onda como el éptico o el infrarrojo, es que no sufren
de extincién, y por lo tanto podemos ver aquellas fuentes (estrellas en formacién) pro-
fundamente embebidas en las nubes moleculares. De este modo, el gas ionizado (emisién
de continuo centimétrico) se convierte en un pardmetro a observar que puede aportar
informacién fundamental y relevante. A pesar de esto, no toda la emision de gas ion-
izado que se observa en las regiones de formacién estelar es producida por la presencia
de fotones UV ionizantes. Por ejemplo, los choques producidos durante la eyeccion de
materia (jet/outflow), caracteristica de estrellas en formacién, con el medio circundante
puede producir ionizacién del gas. Varios mecanismos y modelos se han propuesto para ex-
plicar la presencia del gas ionizado en las regiones de formacién estelar (e. g., regiones H11,
discos fotoevaporados, vientos ionizantes, flujos de acrecién ionizados, radiojets térmicos,
choques en el medio circundante). Observaciones de continuo centimétrico a diferentes
frecuencias, y con una elevada resolucion espacial que permita estudiar la morfologia de
la emisién, resultan necesarias para comprender el mecanismo de ionizacién, y determinar
cual es el que domina en cada etapa de la formacién de una estrella masiva.

Emision de gas molecular

Simultaneamente a la emision de gas ionizado, es necesario conocer el ambiente que rodea
al objeto estelar recién formado, el cual probablemente caracteriza y define a su vez la
emision de gas ionizado. Las propiedades del entorno de la estrella en formacién se pueden
determinar mediante dos tipos de observaciones (en radio-ondas) diferentes: i) observa-
ciones del polvo interestelar, y ii) observaciones de gas molecular. La emisién de polvo
es dominante en el continuo milimétrico, de esta forma, observando la emisién a varias
frecuencias milimétricas se puede determinar parametros como la temperatura y la masa
de polvo de la nube o ntcleo en el cual se encuentra embebida la estrella en formacion.
La emision de gas molecular aporta informacién que la emisiéon de polvo no proporciona.
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Maés de un cenetenar de moleculas han sido observadas e identificadas en el medio
interestelar. Cada una de estas moléculas presenta diferentes transiciones moleculares,
con frecuencias bien definidas, que pueden utilizarse para obtener informaciéon importante
del gas molecular que rodea a los objetos jovenes. Transiciones moleculares como las del
amoniaco (NHs) proporcionan informacién detallada de la temperatura y densidad del
ntucleo denso que alberga a la protoestrella. Moléculas organicas mas complejas, como
el CH3CN, proporcionan tambien medidas de la temperatura y densidad, pero en este
caso de la regiéon maés caliente y densa, préxima a la estrella, permitiendo caracterizar
las propiedades de los nicleos moleculares calientes. Otras moléculas mas abundantes,
como el mondxido de carbono (CO), son fundamentales para estudiar las eyecciones de
material asociadas a los jets, o flujos moleculares, que impulsan las estrellas en sus primeras
etapas. Finalmente, otras moléculas como el agua (H2O) presentan emisién maéser, la cual
permite conocer con detalle la cinematica del gas en regiones de muy elevada densidad y
temperatura.

Objetivos, estrategia y organizacién de la tesis

El objetivo principal de esta tesis es la caracterizacion de la emision de gas ionizado pre-
sente en regiones de formacion estelar masiva, y su relacion con el gas denso circundante.
Mediante observaciones multifrecuencia de continuo y linea espectral, con una elevada res-
olucién angular, se intentara caracterizar la emision y la naturaleza de los objetos estelares
jovenes en una muestra de once regiones de formacion estelar masiva, e investigar como las
estrellas recién formadas pueden afectar a su nube molecular materna. El anélisis y com-
paracion entre diferentes trazadores de la formacion estelar seran la base para identificar
y caracterizar diferentes estados de una secuencia evolutiva.

Seis regiones de formacién estelar masiva (con luminosidades > 103 L), y relativa-
mente préximas al Sol) fueron seleccionadas para ser observadas con los mejores radio-
interferémetros disponibles actualmente. Los trazadores utilizados en la caracterizacion de
cada una de las regiones de formacién estelar han sido: i) emisién de continuo centimétrico
que aporta informacién del gas ionizado, ii) emisién de continuo milimétrico para determi-
nar las propiedades del polvo, iii) emisién de linea del NH3 para estudiar las propiedades
fisicas del niicleo denso molecular, iv) emisién de linea de varios trazadores caracteristicos
de los ntcleos moleculares calientes (como por ejemplo el CH3CN o el CH30H), y v)
emision de linea del CO para estudiar la presencia y propiedades de los flujos moleculares.
Como complemento a estas observaciones, se ha buscado informacion en la literatura y en
bases de datos sobre la emision en el continuo submilimétrico e infrarrojo.

Los resultados obtenidos que se presentan en esta tesis se dividen en tres partes prin-
cipales (sin contar la introduccién). Las dos primeras partes incluyen los resultados de-
tallados de cada una de las seis regiones de formacién estelar observadas. Mientras que
en la tercera parte se presenta la muestra de once regiones de formacién estelar masiva

.
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(las seis estudiadas en esta tesis, més otras cinco de la literatura que fueron observadas en
condiciones similares a las nuestras), y la discusién general con las principales conclusiones
obtenidas durante este trabajo.

Resultados principales de las regiones estudiadas

Regiones H 11 ultracompactas emergiendo de la nube materna

De las seis regiones estudiadas, hay dos (IRAS 0011746412 e IRAS 22134+5834) que pre-
sentan emisién de continuo centimétrico (gas ionizado) similar a la encontrada en regiones
H 11 fotoionizadas. Por sus propiedades fisicas (determinadas a partir de la distribucién es-
pectral de energia) y su tamano, estas dos regiones H1I se corresponden a uno de los tipos
de regiones H 11 mds compactas (y presumiblemente jévenes) conocidas como regiones H 11
ultracompactas. El gas ionizado no presentan polvo ni gas denso directamente asociado,
aunque si parece estar afectando el gas que rodea la region H11.

En el caso de IRAS 0011746412, la regién H1I estd calentando ligeramente una
estructura filamentaria que aparece rodeando la region H1i por el sur. Este aumento de
temperatura en el gas molecular se produce por la intensa radiacién UV que genera la
estrella B2 en formacién. La distribucién de gas molecular (rodeando la parte sur y oeste
de la regién H1r) y la forma de cdscara que presenta el gas ionizado, sugieren que la regién
H 11 se ha expandido y estd dispersando el gas y polvo de la nube molecular original.

Por otro lado, la region Hil en IRAS 2213445834 forma parte de un gran ctimulo
formado por varias estrellas jévenes visibles en el infrarrojo. Rodeando el cimulo se ob-
serva emisién de diferentes trazadores de gas denso (e.g., NH3z y NoH™) en una estructura
circular, presumiblemente formada por los vientos y radiacién de las estrellas recién for-
madas que estan dispersando el gas denso. El gas molecular mas proximo a la regién H 11
muestra una temperatura y ancho de linea mas elevados, sugiriendo la interaccién de la
fuerte radiacién UV de la joven estrella B1 con el gas circundante. Cabe destacar, que
ninguna de estas dos regiones H1I estd asociada con fendémenos de eyeccion de materia
(jets o flujos moleculares), ni con emisién molecular densa y caliente tipica de los nicleos
moleculares calientes.

Fuentes de radiocontinuo embebidas impulsando flujos moleculares

En esta seccién se incluyen las cuatro regiones restantes que han sido observadas en esta
tesis. La propiedad comun de estas regiones es la presencia de una fuente de radiocon-
tinuo débil, muy compacta, y embebida en gas y polvo. Estas propiedades, asi como sus
distribuciones espectrales de energia, sugieren que estos objetos podrian ser més jévenes
que las regiones H 11 mencionadas en la seccién anterior.

En la regién de formacion estelar de masa intermedia llamada IRAS 2219846336,
la emisién de radiocontinuo parece estar trazando un radiojet térmico. La fuente estda
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asociada con dos flujos moleculares detectados en varias moléculas diferentes, y que estan
perturbando y dando forma al gas molecular circundante (en particular el amoniaco),
creando cavidades tras el paso del material eyectado a alta velocidad. En la region mas
interna y préxima a la fuente de gas ionizado, se descubrié un ntcleo caliente y denso, el
cual es catalogado como uno de los pocos niicleos moleculares calientes de masa intermedia
conocidos hasta la fecha. La emision de este gas mas denso presenta un gradiente de
velocidad perpendicular a uno de los dos flujos moleculares, que posiblemente traza la
rotacién de un disco o toroide entorno al objeto estelar joven.

Una situacion similar se encuentra en el complejo de formacion estelar masiva en
G75.78+0.34. Este complejo, mucho més luminoso y situado a una distancia mayor re-
specto el Sol, presenta varias fuentes de gas ionizado. La mds peculiar es una doble fuente
embebida en un ntucleo molecular denso y caliente con un gradiente de velocidad per-
pendicular a un flujo molecular, posiblemente impulsado por las fuentes de radiocontinuo.
Varios maseres de agua se detectan préximos a las fuentes de radio continuo, posiblemente
trazando los efectos del choque entre el material eyectado a alta velocidad y el medio cir-
cundante. Las dos fuentes de gas ionizado detectadas podrian ser: la fuente impulsora
(es decir, la estrella en formacién) y, la otra, el resultado del choque del gas eyectado
con el medio. Finalmente, el gas denso trazado por la emisién de amoniaco presenta una
morfologia que podria interpretarse como el resultado del paso del flujo molecular.

En la region IRAS 19035+0641, se detectan dos fuentes de gas ionizado, una parece
ser una regiéon H 11 ultracompacta, similar a las mencionadas en la seccién anterior, mien-
tras que la otra (mucho mas débil y de menor tamano) coincide espacialmente con una
condensacion de amoniaco. El gas denso asociado con la fuente de radiocontinuo presenta
un ensanchamiento en la linea alargado en una direccion perpendicular a un gradiente
de velocidad. A pesar de no disponer de informacion observacional precisa de los flujos
moleculares (se conoce la presencia de emisién de alta velocidad en la regién), podemos
sugerir que la fuente de radio continuo podria ser un radiojet térmico impulsando un flujo
molecular el cual esta afectando el gas denso trazado por el amoniaco.

Finalmente, en la tdltima region, IRAS 0457944703, la emisién de radio continuo
que detectamos parece provenir de un radiojet térmico, el cual impulsa un flujo molecu-
lar muy colimado. El objeto estelar joven esta asociado a un niicleo molecular denso con
escasa emisién de lineas moleculares, pero con alguna de ellas trazando un gradiente de ve-
locidad perpendicular a la direccién del flujo molecular (sugiriendo una posible estructura
en rotacion). Interesantemente, el flujo molecular parece estar deflectado por la presencia
de una condensacién de metanol (CH3OH) que se haya ligeramente desplazada respecto
la posicion del objeto en formacién.

En resumen, hemos estudiado seis regiones de formacion estelar masiva, centrando
nuestro andlisis en las fuentes de continuo centimétrico (trazadoras de gas ionizado) y en
las propiedades del gas molecular de su entorno.
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Discusion general: hacia una secuencia evolutiva

Con la finalidad de obtener conclusiones generales que permitan comprender mejor el
proceso de formacion estelar masiva, incrementamos la lista de regiones estudiadas en este
trabajo con cinco regiones de la literatura, las cuales han sido estudiadas y observadas de
forma similar a las nuestras. El resultado final es una muestra de 11 regiones de formacién
estelar masiva, las cuales contienen un total de 16 fuentes de radio continuo que han sido
estudiadas con alta resolucién angular y en varios trazadores (e.g., continuo, gas denso,
flujos moleculares), para poder determinar las propiedades y caracteristicas de una posible
secuencia evolutiva.

Respecto a la emision de gas ionizado, encontramos que las fuentes de radio continuo
se pueden clasificar principalmente en dos grandes grupos bien diferenciados: i) aquellas
que presentan distribuciones espectrales de energia planas (con indices espectrales carac-
teristicos de emisién épticamente delgada), con tamanos ~ 0.01 pc, y que parecen estar
ionizadas por fotones UV provenientes de la estrella, y ii) aquellas cuya emisién es par-
cialmente épticamente gruesa, con tamanos menores (o no resueltas), y que podrian estar
ionizadas por choques. El primer grupo se podria definir como regiones H 11 mientras que
los objetos del segundo grupo podrian estar trazando radiojets térmicos o regiones H 11
hipercompactas.

Respecto a la emisién de polvo y gas molecular, obtenemos otros dos grupos bien
diferenciados: i) objetos profundamente embebidos en condensaciones de polvo, asociados
a nucleos densos (varios de ellos con caracteristicas de nicleos moleculares calientes) y a
flujos moleculares, y ii) objetos con emisién de polvo débil (o no existente), con el gas denso
distribuido a su alrededor en forma de cascaras o pilares, y sin impulsar flujos moleculares.

Finalmente, con la emision a longitudes de onda infrarrojas y submilimétricas, hemos
construido la distribucién espectral de energia de cada objeto para determinar de forma
mas precisa su luminosidad y temperatura bolométrica, la cual se utiliza como indicador
del estado evolutivo en las estrellas de baja masa.

El estudio global de cada region nos permite construir una tabla con los parametros
principales de cada fuente de radio continuo, obtenidos a partir de los diferentes trazadores
de formacién estelar utilizados (e. g., continuo centimétrico y milimétrico, gas denso, flujo
molecular, infrarrojo). La comparacién de estos pardmetros nos ha permitido encontrar
signos de una posible secuencia evolutiva con dos grupos muy bien diferenciados:

e Fuentes de radio continuo débiles, con emisién parcialmente épticamente gruesa
(indices espectrales > 0.3) y muy compacta. Asociadas con una elevada cantidad de
polvo. Embebidas en niticleos denso, en la mayoria de casos asociados con los signos
caracteristicos de los ntcleos moleculares calientes. Impulsando flujos moleculares.
Con escasa emisién en el infrarrojo medio o préximo (emitiendo principalmente a
longitudes de onda largas), y temperaturas bolométricas bajas (< 70 K). Intere-
santemente, los objetos con estas propiedades pero sin emisién de nucleo molecular
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caleinte, presentan temperaturas bolémetricas mas elevadas y son visibles en el cer-
cano infrarrojo, indicando que podrian ser més evolucionados.

e Fuentes de radio continuo més intensas, con emisién Gpticamente delgada (indices
espectrales ~ —0.1) y mds extendida. Con escasa emisién de polvo, y sin presencia
de gas denso o flujos moleculares impulsados por el objeto joven. La emisién en el
infrarrojo es mas intensa, y en algunos casos son visibles en el éptico. Las temper-
aturas bolométricas son mas elevadas (> 70 K). Todas estas propiedades indicando
que son objetos mas evolucionados que los anteriores.

Las correlaciones entre los diferentes parametros utilizados para caracterizar estos
dos grupos son generalmente préximas al 80-90%, por lo que podemos indicar que los
parametros utilizados son buenos indicadores del estado evolutivo de la estrella en for-
macion.

Finalmente, utilizando los principales parametros que han permitido la diferenciacién
de los estados evolutivos, hemos analizado las propiedades de los flujos moleculares y del
gas denso. A pesar de la escasa estadistica disponible, se encuentra una tendencia con los
objetos mas luminosos impulsando flujos moleculares mas energéticos. Se intenté determi-
nar también si los objetos mas jovenes estan asociados a flujos moleculares mas colimados,
pero la ligera tendencia encontrada debe ser estudiada y confirmada con un mayor ntmero
de regiones observadas. Por iltimo, la temperatura del gas denso (amoniaco) parece es-
tar directamente relacionada con la luminosidad del objeto: objetos méas luminosos son
capaces de calentar mds el gas circundante. Dentro de esta tendencia se observa que
el gas denso afectado por la radiacion UV de regiones HII proximas es mas caliente en
comparacién al aumento de temperatura que puede producir la actividad de los flujos
moleculares, mientras que los flujos moleculares perturban cinematicamente el gas denso
de forma mas eficiente que la radiacion producida por las regiones H1I.

XXV







Part 1

Introduction







Massive star formation

1.1 Massive star formation

Massive stars (M 28 M) play a major role in shaping the morphological, dynamical, and
chemical structure of their host galaxies, through supersonic winds and strong ultraviolet
radiation that can ionize the surrounding gas and form H1I regions, and finally through
supernova explosions. In addition, when observing far galaxies, most of the stars we are
able to detect and study with the current instrumentation are, in fact, massive stars. Thus,
the properties that we infer for distant galaxies are commonly the result of the study of
massive stars. It is clear, then, that massive stars are key to understanding many physical
phenomena in our own Galaxy, and other galaxies. However, their first stages of formation
are still poorly understood. Observationally, it is not easy to study the formation of a
massive star since they tend to form in clustered mode, deeply embedded in molecular
dense cores highly obscured by circumstellar dust (with exctinctions Ay 2 100), and at
far distances (= 1 kpc). Additionally, from the theoretical point of view, there are some
questions that remain unsolved.

In the case of stars with masses of a few solar masses (the so-called low-mass stars),
the now-classical theory of star formation set out by Larson (1969) and Shu et al. (1987)
is used to explain how a dense core evolves into a star. The initial phase is a condensation
of gas in the interstellar medium (ISM) that becomes gravitationally unstable (probably
due to compressive turbulent motions in the ISM), forming a bounded dense core. The
core will collapse isothermally until it loses its ability to cool efficiently. This happens
at densities of ny, ~10'° ecm ™3, where the gas becomes optically thick and the excess of
energy due to the compression cannot be radiated away anymore. Then, the gas heats
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up until a temperature of ~ 2000 K is reached, which corresponds to the dissociation of
Hs molecules. Dissociation of Ho absorbs the excess of energy, and thus, the collapse
can continue until all Hy is dissociated. The prestellar phase comes to an end, and a
protostar has formed. The protostellar evolution proceeds in subsequent phases which can
be distinguished observationally by their spectral energy distribution. In the first phase
(Class 0), the protostar grows in mass by accreting gas from its surrounding envelope
through an accretion disk, and drives bipolar outflows. In the Class I phase, outflows
create cavities in the envelope, the protostars increases its temperature and turns visible
in the infrared. The envelope is totally removed in the Class II phase and the protostar
has stopped accretion. The protostar now starts its pre-main-sequence evolution. The
main source of energy for pre-main-sequence stars is gravitational contraction. When the
central temperature is sufficient to ignite hydrogen fusion, a main sequence star is born.
Reviews on low-mass star formation are Lada (1999); Shu et al. (1999); André et al. (2000).
The above scenario for star formation is accepted for stars with masses <2 Mg (i.e.,
low-mass stars), however, it is questioned for stars much more massive than this. The main
differences that call into question the above mentioned model, are related to the different
Kelvin-Helmholtz timescales. This timescale is the period in which nuclear reactions have
not yet been triggered, and the protostar compensates its energy losses by gravitational
contraction. The time for this Kelvin-Helmholtz phase (Huang and Yu 1998) is

GM?

- 1.1
tku RL (1.1)

with G being the gravitational constant, M the protostellar mass, R the protostellar radius,
and L the luminosity. By numerical calculations Iben (1965) estimates that this time is
5 x 107 yr for a 1 M, star, and 6 x 10* yr for a 15 My, star. The free-fall timescale (i. e.,
the period of accretion for the envelope) for low and high-mass stars can be calculated as

3 1/2
tg ~ 1.2
= (pe,) (1.2

resulting in ~ 4 x 10° yr, for densities ~ 10* ecm™3.

Thus, for massive stars txg < tg,
indicating that the star begins nuclear fusion while it is still accreting more gas (Palla and
Stahler 1993; Keto and Wood 2006). In this situation, the main problem arises from the
radiative pressure that newly-formed massive stars exert on the surrounding ambient cloud
(i.e., the accretion flow) as soon as they ignite, pushing against infalling material. It is
the interaction between the accretion flow and the radiation field of the massive protostar
that makes massive star formation different from low-mass star formation, and needs to
be understood. In the past decades, early spherically symmetric calculations based on the
low-mass star-formation scenario, demonstrated that the strong radiation pressure acting
on dust grains might be enough to halt the accretion onto the massive protostar (Kahn
1974; Wolfire and Cassinelli 1987; Stahler et al. 2000), and therefore, the theory had to
be adapted to account for the formation of massive stars.
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There are two main schools of thought in the theory of massive star formation (Zin-
necker and Yorke 2007; Krumholz and Bonnell 2007), that differ primarily in the way how
the gas that forms the massive star is assembled.

The first method is the so-called monolithic collapse, which tries to adapt the mech-
anism of low-mass star formation to solve the problem of the radiation pressure. Some
theoretical works reveal that the cavity created by a jet and outflow can be used by the
radiation from the massive protostar to escape without hindering accretion through the
disk and onto the protostar (Wolfire and Cassinelli 1987; Tan and McKee 2002; Yorke
and Sonnhalter 2002). Additionally, reduced dust opacities and very high accretion rates
of 10741073 M, yr~! (Osorio et al. 1999; Edgar and Clarke 2003), could also overcome
the radiation pressure problem. The observation of highly collimated jets and outflows
(e.g., Marti et al. 1993; Beuther and Shepherd 2005) and rotating structures (e.g., Patel
et al. 2005; Beltran et al. 2006a) around some massive protostars, support this scenario.
However, some authors caution that this scaled-up version of low-mass star formation can
be feasible only up to early B stars (see Zinnecker and Yorke 2007).

The second approach to explain the formation of massive stars is the theory of coa-
lescence and competitive accretion, based on the fact that massive stars are mostly
observed in clusters (e.g., Bonnell et al. 1998, 2007; Stahler et al. 2000). In isolation, a
forming star will accrete most of the mass of the parental cloud, which determines its final
mass. However, in clusters, stars ‘must’ compete for accreting cloud gas and gain mass.
In this scenario, the final mass of a star depends on its accretion domain, i.e., the region
from which gas can be gathered; and, simultaneously, the size of the accretion domain
depends on the mass of the protostar and the spatial distribution of nearby stars. Thus,
a massive star can gather and accrete more mass than a low-mass star, and become even
more massive. Under the assumptions of this scenario, the most massive stars found in
clusters must be located at the center of the cluster, where the cloud gas falls into the
potential well of the whole cluster, increasing the gas reservoir for each individual star.
The coalescence scenario, which requires high protostellar densities (> 106-10% pc=3),
suggests that the merging of two or more low-mass stars can form a more massive star.
Although these protostellar densities are not usually found in protostellar clusters, this
model naturally explains why massive stars are found in clusters.

1.1.1 Observational massive star-forming features

Observations of massive star-forming regions are completely necessary to confirm which
mechanism better explains and controls the formation of massive stars. However, since
massive stars are located far away from the Sun, in sites with large extinctions, and
in crowded clusters, their observation becomes a hardworking task. Inspite of all the
difficulties, observational efforts have revealed several features that are commonly found
in the formation of massive stars.
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Figure 1.1: Observational massive star forming features. Left: Infrared dark cloud G14.2—0.60
seen as an absorption feature against the bright infrared emission (red: 24 um, green: 8 um,
blue: 4.5 um); image courtesy of G. Busquet. Right: Example of a chemically rich spectrum
toward the hot molecular core G29.96—0.02.

e Infrared Dark Clouds (IRDCs): First recognized in mid-infrared images from
the Infrared Space Observatory (ISO; Perault et al. 1996) and the Midcourse Space
eXperiment (MSX; Egan et al. 1998), infrared dark clouds, seen at infrared wave-
lengths as absorption features against the bright galactic background, contain thou-
sand of solar masses of dense (n > 10° cm™3) and cold (T ~ 10-15 K) gas (e.g.,
Carey et al. 1998; Pillai et al. 2006). The high density, low temperature and large
masses make them a probable birth site for massive stars and clusters. In Figure 1.1
(left panel), we show an example of an IRDC.

e Hot Molecular Cores (HMCs): First discovered in the vicinity of massive pro-
tostars (e. g., Osorio et al. 1999; Kurtz et al. 2000; Kurtz 2005b; Cesaroni 2005), hot
molecular cores are compact (<0.1 pc) and dense (n =107 cm™3) objects with rel-
atively high temperatures (T 2100 K) that show a very rich chemistry in complex
organic molecules (e.g., CH3CN, CH3OH, CH30CHO,...). They are considered to
be one of the first evolutionary signspots of massive star formation. However, recent
works have revealed regions characterized by high temperatures and densities around
low-mass protostars (see Ceccarelli 2004 for a review). These so-called hot corinos
share many characteristics with HMCs, although being ~ 10? times less massive. A
typical spectrum from a HMC is shown in Figure 1.1 (right panel).

e H 11 regions: These objects are one of the first historical signatures used to search
for sites of massive star formation (e.g., Mezger et al. 1967; Yorke 1986; Wood and
Churchwell 1989; Kurtz 2005a). Once a massive protostar is formed and reaches
the hydrogen burning phase, the large amount of Lyman continuum photons they
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Figure 1.2: Observational massive star forming features. Left: Example of an H1I region
surrounded by molecular gas emission in the Eagle Nebula (M16). Right: Example of several
collimated molecular outflows in the massive star forming region IRAS 05358+3543; image
from Beuther et al. (2002a).

produce have a profound effect on the surrounding material, photoioinzing the gas
(mainly atomic hydrogen; see Figure 1.2 left). The number of ionizing photons
(hv > 13.6 eV) produced by the protostar and the recombinations will determine
the size of the H1rI region. Interestingly, observations reveal that these hot (10* K)
regions of ionized gas surrounding massive protostars, are found in various shapes
and sizes (see Figure 1.3, and Kurtz et al. 1994; Churchwell 2002). The study of
ionized gas can provide information about the environment surrounding massive
stars. It is interesting to note that low energy photons (6 eV< hr <13.6 eV) can
not ionize hydrogen, but will photodissociate molecules and ionize low ionization-
potential atoms (e. g., carbon, silicon) originating photodissociation regions (PDRs;
e.g., Hollenbach and Tielens 1997).

e Molecular outflows and jets: Similar to the low-mass star formation, different
phenomena of mass ejection have been observed associated with massive star-forming
sites. The most clear manifestations of outflowing gas associated with protostars are
the pc-scale Herbig-Haro (HH) jets and the bipolar molecular outflows. HH objects
(Herbig 1951; Haro 1952) are optical nebulosities in star-forming regions, observed in
highly excited molecular hydrogen (e. g., Eisloffel 2000), optical forbidden lines (e. g.,
Anglada et al. 2007), hydrogen Balmer emission lines (e.g., Lopez et al. 2009) and
radio continuum (e.g., Torrelles 1991). At smaller scales, close to the YSO where
the excitation is too high, radiojets and molecular outflows are the best tracers
of mass ejection. Thermal radiojets have been historically found toward low mass
YSOs (see Anglada 1995, 1996 for reviews), but recently, several massive protostar
show radiocontinuum emission tracing radiojets (e.g., HH 80/81: Marti et al. 1993;
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Figure 1.3: Different morphologies of UCH 11 regions: shell-like (top left), cometary (top right),
core-halo (bottom left), and bipolar (bottom right). Figure from Churchwell (2002).

Cepheus A: Garay et al. 1996; IRAS 16547—4247: Rodriguez et al. 2008). More
interestingly is the large number of molecular outflows detected in massive star
forming region (e. g., Beuther et al. 2002¢; Lopez-Sepulcre et al. 2009). In Figure 1.2
(right panel) we show the massive star forming region IRAS 05358+3543 in which
up to three distinct outflows have been identified.

e Molecular masers: Interstellar masers are one of the best observable signposts of
(massive) star formation. They are relatively common, intense, and because they
have transitions at centimeter wavelengths, are not affected by the high extinction
present in the star-forming sites. Furthermore, the maser emission is compact and
intense, which means that it can be studied at very high angular resolution using
VLBI techniques. All this makes masers ideal probes of the kinematics of the gas
in which they arise (e.g., Torrelles et al. 2005), and the physical conditions of the
regions where they are found (e.g., Cragg et al. 2001). However, the complexity of
maser pumping schemes introduce significant challenges for a correct interpretation
of the results, and thus, complementary information of other tracers observed at high
angular resolutions are necessary. Several species of masers have been identified in
the ISM: OH, H,0O, CH30H, SiO, Ho,CO, NH;s (see Ellingsen 2004, 2005; Ellingsen
et al. 2007, for reviews); with some methanol maser transitions probably being only
associated with massive star-forming regions (Minier et al. 2003).
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1.2 lonized gas

In the previous Section, we have briefly exposed the classical model for formation of low-
mass stars, the recent theories that try to explain the formation of massive stars, and
the most important observational signatures associated with massive young stellar objects
(YSOs). Among all these observational features, the presence of an HII region is the one
that clearly differentiates the bimodality of low-mass and high-mass star formation, since
only massive stars can produce enough UV photons to ionize the surrounding gas; and,
furthermore, is one of the major effects that complicates the understanding of massive
star formation with respect to the models for the low-mass stars. H1I regions are mainly
ionized gas (hydrogen) regions, with the continuum emission at centimeter wavelengths
coming from the interaction of free electrons with charged particles (e. g., protons or ionized
hydrogen nuclei). The ionized gas is a good, and necessary, starting point to study massive
YSOs; however, not all the continuum centimeter emission we detect in massive star-
forming regions comes from H 11 regions. Thus, it is necessary to comprehend the different
mechanisms that can produce radio continuum emission in massive protostars.

In the following, we will describe the mechanisms that can produce radio continuum
radiation in star-forming regions. We will make a differentiation between the two major
groups in which the electromagnetic radiation is usually categorized: thermal and non-
thermal radiation.

1.2.1 Thermal emission from ionized gas

Thermal radiation can be defined as electromagnetic radiation emitted from all matter
due to its possessing thermal energy which is measured by the temperature of the matter.
This kind of radiation is essentially produced by the interaction between electrons and
atoms: for example, as electrons move from one orbit to another in an atom, or as free
electrons interact with the Coulomb field of a charged particle. In general, some ionization
or excitation is required to obtain charged particles (e.g., ionized atoms from an initial
neutral component), or to change the orbit of the electrons within an atom. The ionization
of gas associated with star-forming sites, can be produced by two distinct mechanisms:
photoionization and ionization through shocks. In the following, we list some of the most
accepted mechanisms that have been proposed to model the thermal radiocontinuum emis-
sion detected toward YSOs.

Homogeneous H 11 regions —

Massive young stars with temperatures > 10* K and luminosities > 1000 L), radiate
large amounts of UV photons beyond the Lyman limit (912 A) that can ionize the cir-
cumstellar material and form an H1I region. Free electrons can recombine with a proton
producing new photons, which can ionize new atoms or escape from the region, or they
can heat the gas through collisions with other atoms. Thus, an extended region of ionized
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gas appears surrounding the massive young star. However, the radiation field decreases
with distance from the star due to different effects (e. g., geometrical dilution, isotropy in
the reemission of the new UV photons produced in the recombination, or production of
two or more less energetic photons after the recombination) and makes the ionized region
have a finite size. Classically, different evolutionary stages can be inferred in the formation
of an H1I region: from the first expansion of the ionizing front (which takes a short time),
to the situation in which the ionizing front becomes stationary (see Dyson and Williams
1997 and Stahler and Palla 2005, for details).

The morphology of the H1I region depends on the initial distribution of the surround-
ing medium, and the size depends on the total energy radiated by the protostar. The
most standard model to describe the size and properties of H1I regions was developed
by Stromgren, considering an homogeneous medium formed only by hydrogen. In this
scenario, the H1I region is a sphere of radius Rg (Stromgren’s radius), which is found by
equating the number of recombinations and the number of ionizing photons produced by
the massive young star

N; = (4/3)7 R n? o (1.3)

with N the number of ionizing photons (i.e., with A < 912 A) per unit of time emitted
by the protostar, and a(® the recombination coefficient to the level 2 or higher (recom-
binations to level 1 produce an ionizing photon, thus they must not be considered). The
value of (%) is estimated as 2 x 1073 (7.,)73/4 em® s, with 7, in units of 10* K.

In an ionized environment, electrons accelerate because of the electrostatic interaction
with protons and positive ions. The power emitted by a system of charges is given, as
a first approximation, by the Larmor equation. Electrons from ionized atoms are free
particles, unbounded, so the radiation produced will have a continuum spectrum. This
kind of emission is known as thermal bremsstrahlung or free-free emission, and the flux
density at radiowavelengths is obtained (see Appendix B) by

S, = / BJ(Ty) (1 — ™)) dq, (1.4)
QSOUI‘CE

with the optical depth of the free-free emission as

EM T —1.35 y _921

and the emission measure EM = [n? dl, with ne the electron density of the ionized
gas. Two different regimes can be identified in the spectral energy distribution of an
homogeneous H 11 region. For low frequencies or high optical depths (7, > 1), the source is
optically thick and S, o« #*2. On the other hand, for high frequencies or low optical depths
(1, < 1), the source is optically thin and S, oc v=%1 as B, (T.)  v2. These two regimes
are differentiated by the turnover frequency, v¢, which depends on the electron density

as v; o« n09% (see Appendix B): higher electron densities implie v; is located at higher
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frequencies, and thus, the optically thick regime is observed up to higher frequencies.
Taking this into account, homogeneous H1I regions can show different spectral energy
distributions at centimeter wavelengths, depending on their intrinsic properties. The so-
called hypercompact H 11 regions have large electron densities that make their emission be
optically thick up to frequencies ~ 100 GHz; however, for compact or ultracompact H 11
regions (with smaller electron densities) the emission becomes optically thin at frequencies
~ 1 GHz. Equations 1.4 and 1.5 can be used to fit the spectral energy distribution of
the H1I regions (input parameters: size of the H1I region, electron density, and electron
temperature) to obtain physical parameters such as the emission measure FM, the mass
of ionized gas M;j, and the flux of ionizing photons N;, which can be used to determine the
spectral type of the ionizing star (with the tables from Panagia 1973 or Thompson 1984).

Observationally, different morphologies have been identified for H 11 regions (e. g., Wood
and Churchwell 1989): cometary, shell-like, spherical, irregular, core-halo (see Figure 1.3).
These different morphologies suggest the gas surrounding newly-born massive stars is not
completely homogeneous, and thus, the ionized gas within H 11 regions could also have a
non-homogeneous distribution (see below).

Non-homogeneous H 1l regions —

As explained above, an homogeneous density distribution is generally assumed to de-
termine the properties of thermal radio continuum emission (assuming it comes from an
H1r region). In this case, the radio continuum has a well-studied behaviour (see above,
and Appendix B), with the assymptotic limits of S, oc v %! for 7, < 1, and S, oc v 2
for 7, > 1, and with the change of regime occurring in a narrow frequency range close
to 14. However, not all the thermal radio continuum sources show this behaviour. For
example, our Sun has an almost constant spectral index of +0.7 between 0.3 and 30 GHz.
In addition, newly-born stars are surrounded by dense gas with density distributions more
complex than the constant density model, implying that the ionized gas can also have a
non-homogeneous density distribution. Panagia and Felli (1975), and Olnon (1975) stud-
ied how the spectral energy distribution varies with changing the n. distribution. They
assumed a power-law distribution: ne oc r~9.

In Section B.4 of Appendix B, we present the equations that can be used to solve the
flux densities expected from a non-homogeneous H 11 region with a power-law distribution
for ne. In particular, it is interesting to note that in the case in which n, o< 72, the
spectrum at radio wavelengths behaves as v1%6 over a wide range of frequencies. For
steeper density distributions, such as n. oc r—*, the spectral index results in +1.4. Thus,
this simple model can account for the radio emission detected from some young stellar
objects, likely tracing stellar winds with spherical symmetry (as it happens in the radio
emission from the Sun), or H 11 regions with density gradients. In particular, hypercompact
H1 regions, with typical spectral indices of ~ +1, have been modeled by Franco et al.
(2000) as non-homogeneous H1I regions.

11
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Other works (e. g., Ignace and Churchwell 2004) model the radio continuum energy dis-
tribution of some H1I regions as an ensemble of spherical clumps (i. e., a non-homogeneous
distribution of ionized gas). They found that the radio continuum spectral index is gov-
erned by the population of clump optical depths N(7) such that: i) at frequencies where
all clumps are thick, a continuum slope of +2 is found, ii) at frequencies where all clumps
are optically thin, a flattened slope of —0.1 is found, and ii) at intermediate frequencies, a
power-law segment of significant bandwidth with slopes between these two limiting values
can result. With this model, the authors can properly fit the SED of W49N B2, which
has a spectral index of +0.9.

Ionized accretion flows —

As explained in Section 1.1, theoretical star-forming models suggest that massive pro-
tostars still accrete mass even after starting the nuclear reactions. In addition, molecular
line observations toward several massive star-forming regions show evidences for accretion
flows around small radio continuum sources (e. g., Guilloteau et al. 1983; Zhang and Ho
1997; Beltran et al. 2006a). Once the forming star has gained sufficient mass, tempera-
ture, and a luminosity equivalent to an early B-type star, the number of emitted Lyman
continuum photons will be enough to ionize the gas and produce an H1I region. If the
star is to accrete the additional mass to become a more massive star (for example, an
O-type star), then the accretion must continue past the mass when an H1I region forms,
resulting in an inevitable fact, the interaction of accretion flows and H1I regions in the
early evolution of massive stars.

Keto (2002b, 2003, 2007), and previously Walmsley (1995), studied the formation of
an H1I region within an accretion flow. If the radius of ionization equilibrium 7; (set by
the balance between the ionization and recombination within the H11 region) is less than
the gravitational radius, ry = GM,/c?, in the accretion flow, then the H1I region can
be trapped within the accretion flow. This model explains why the development of an
H1r region does not immediately end the accretion as would be expected in the classic
model for the evolution of H1I regions by pressure driven expansion, and relies on the
momentum of a massive accretion flow to overcome the radiation pressure of the stars.
The accretion flow, if not reversed by radiation pressure, will end when the ionization rate,
which increases with the increasing mass of the forming star(s), is high enough that the
radius of ionization equilibrium increases beyond the gravitational radius. Beyond this
point, the H1I region expands and the accretion phase ends.

Keto and Wood (2006) extended the model of Keto (2002b) to consider accretion flows
with angular momentum. In this model of accretion, the gas spirals in to the star on
ballistic trajectories conserving the angular momentum, and as a result a disk develops.
In this model, when 7; > r,, the HII region will expand around the disk, and the surface
of the disk (except for a small region in the center, where the density is higher) will
photoevaporate with an outward flow of ionized gas off the disk, as described in the
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Figure 1.4: Schematic view for the weak (left) and strong (right) photoevaporated disk model.
Figure from Hollenbach et al. (1994). Left: Weak stellar wind model for a star of mass M, and
Lyman continuum photon luminosity ®;. Inside 7, an ionized 10* K atmosphere forms with
scale height H(r). Diffuse Lyman continuum photons from recombinations in the atmosphere
at ~ 7y cause material to evaporate beyond . The disk extends to 7q. Right: Strong stellar
wind model for a star with a mass-loss rate M,,. Material evaporates beyond rg, but the
dominant flow is from ry, where the stellar wind ram pressure equals the thermal pressure of
the ionized flow of the disk. Diffuse photons still dominate the photoevaporation.

models for photoevaporating disks (see below).

The model for H1I regions trapped within an accretion flow was developed to explain
the observations of the inward flow of ionized gas toward the massive stars forming in
G10.6-0.4 (Keto 2002a). The accretion model assumed in Keto (2002b) is a spherical
steady-state flow which has a density gradient everywhere less steep than ne oc 7~3/2. Tt
seems that the model of gravitationally trapped H1I regions can explain the observations
(spectral energy distribution and kinematics of the ionized gas) in G10.6-0.4 and W51e2
(Keto and Klaassen 2008). van der Tak and Menten (2005) also test this model in three
other regions, obtaining acceptable fits for the SEDs.

Photevaporated disk winds —

Hollenbach et al. (1994) and Johnstone et al. (1998) proposed that unresolved UCH 11
regions, and HCH 11 regions, could arise from photoevaporating molecular disks. The pho-
toevaporation of circumstellar disks around massive stars occurs when the disk is ionized
and heated by the Lyman continuum photons from the star. Within the gravitational
radius, 7y, = GM, /c?, the heated gas is confined in the gravitational potential well of the
star, producing a static ionized dense atmosphere with a temperature ~10* K. For r > Tg,
the ionized gas can escape and an isothermal evaporative flow is established. The ionized
material flows away but is constantly replenished by the photoevaporation of the disk.
Depending on the disk mass, this phase can last ~ 10° yr. The static atmosphere will
exist if the wind of the star is weak. If the star has a strong stellar wind, the wind may
push the confined gas inside ry (i. e., the static dense atmosphere) out to a critical radius,
Tw, where the ram pressure of the stellar wind is balanced by the thermal pressure of the
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photoevaporated flow. In Figure 1.4, we show a schematic view for, both, the weak and
strong disk models. Simultaneously to the theoretical models, Yorke and Welz (1996) and
Richling and Yorke (1997) made hydrodynamical simulations of the evolution of photoe-
vaporated disks under a variety of conditions. In particular, they found that scattering of
ionizing photons on dust grains increases the photoevaporation rate.

Lugo et al. (2004) modeled the density and velocity structure of axisymmetric isother-
mal winds photoevaporated from a spatially thin Keplerian disk, and calculated the free-
free continuum emission expected to arise from the density structure of the weak and strong
disk models. Since the model assumes an isothermal wind, the intensity at frequency v is
given by

I, = B,(T) (1-exp ™), (1.6)

where B, (T) is the Planck function at temperature 10* K, and 7, is the free-free optical
depth 7, = [k(v)ds (see Equations B.1 and B.4). The flux density at frequency v is
given by the integral over the source solid angle, Qg, S, = [ I, dQ. The models of the
photoevaporated disk winds depend on several parameters. The solutions depend on the
gravitational radius g, on the slope of the density profile ¢, on the value of the normalized
z-velocity at the disk surface fp, on the inner radius of the disk 7;, and on the radius of the
disk rq. This model can properly reproduce the observed spectral energy distribution of the
objects MWC 349 and NGC 7538-1RS1, with a weak and a strong disk model, respectively.
Recently, photoevaporated disk model also tries to fit the observed radio recombination
lines of MWC 349 (M. Avalos, priv. comm.).

Ionized equatorial winds —

Mass loss appears to be an integral part of the star formation process, determining
(by reversing the infall process) the final mass of the star. Luminous YSOs not only drive
well-known large-scale bipolar molecular outflows, but also have small-scale ionized stellar
winds. They are differentiated from photoionized standard H 11 regions observationally by
their spectral index, which is usually close to that expected for a stellar wind of +0.6,
compared to the +2 for optically thick H1r regions or —0.1 for optically thin H 11 regions.
Furthermore, stellar wind sources have broad (few 100 km s~!) optically thick near-IR
H1 emission lines (Persson et al. 1984; Bunn et al. 1995). The ability to resolve the radio
emission from the stellar wind sources means that insights can be gained into the geometry
of the mass loss. Several works have revelead the presence of elongated structures oriented
in the molecular outflow direction, likely tracing thermal radiojets (see below). However,
there are some cases where the radio emission does not show the morphology expected for
a radiojet.

Hoare et al. (1994) and Hoare (2006) reported (thanks to very high angular resolution
observations) the existence of two massive YSOs (5106 IR and S140 IRS1) where the
elongation observed in the radiocontinuum emission is opposite to the direction of the
bipolar outflow. In Figure 1.5 (left), we show the continuum emission of the equatorial
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Figure 1.5: Left: Continuum image of the equatorial wind S140 IRS1 (Hoare 2006). There
are hints of an outflow/jet system in the southeast-northwest direction, perpendicular to the
elongation seen in the radio continuum image. Right: Continuum images (at 6 and 3.6 cm)
of a massive thermal radiojet (HH 80/81: Marti et al. 1993). In this case, the orientation of
the molecular outflow is in the same direction as the radio continuum emission.

wind S140 IRS1. They propose that the morphology of these sources is due to the fact
that the wind is predominantly equatorial. The radio properties of these objects can be
understood in terms of the radiatively driven disk wind model of Drew et al. (1998). The
main question is: why some objects have equatorial ionized winds an other massive YSOs
have ionized jets? Hoare et al. propose that since most of the radiojets are not visible in
the near-IR, while the two proposed equatorial ionized wind sources have a counterpart
at such short wavelengths, the differences in the radio continuum morphologies could
be due to a different evolutionary stage. Thus, there could be an evolutionary trend
in the differentiation between thermal radiojets (younger) and equatorial winds (more
evolved). However, a large sample of sources showing properties of equatorial ionized
winds is necessary to better constrain their properties, and up to date, only two sources
have characteristics similar to those expected for ionized equatorial winds, and scarce
examples have been found up to now.

Thermal radiojets —

For low-mass protostars, with luminosities < 100 L), photoionization mechanism by
UV stellar photons appears to be insufficient to explain the observed radio continuum emis-
sion. Torrelles et al. (1985) propose that radiocontinuum emission from low-luminosity
objects can be explained as shocked ionized gas, with UV photons coming from the col-
lision between intense stellar winds and the circumstellar material. Curiel et al. (1987,
1989) modeled this scenario. By assuming stellar winds with mass loss rates of 1075
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10~7 M, year™!, it is possible to generate enough UV photons to produce the centimeter
continuum emission observed in low-mass protostars such as IRAS 16293—2422 (Estalella
et al. 1991), or L723 (Anglada et al. 1991), see also the reviews of Anglada (1995, 1996).
The dependence of the flux density and deconvolved angular size with frequency of these
thermal radiojets can be explained with the equations of collimated stellar winds as jet-
like winds. Reynolds (1986) considers that the ionization of the material begins at a finite
radius, rg, with a width w, and assumes power-laws for the width, velocity, density, tem-
perature, and fraction of ionization, with €, q,, g7, ¢n, and ¢x being the power-law indices,
respectively. For an isothermal jet, with constant fraction of ionization and velocity, the
flux density and the deconvolved major angular axis of the source vary with frequency as

S, o 130T/ Omajor X y 0T/, (1.7)

Thus, the spectral index for collimated winds varies between —0.1 and +0.6, with o =
+0.6 for a biconical jet (e = 1), which is analogous to the spherical symmetric wind of
Panagia and Felli (1975). Anglada (1996) found a correlation between the radio luminosity
(calculated as S, d?: whith S, the flux density at centimeter wavelengths and d the distance
to the source) and the bolometric luminosity of the YSO. The theoretical models of Curiel
et al. (1987, 1989) also predicts a correlation between the momentum rate in the outflow
(P) and the radio luminosity, which is also confirmed by the observational work of Anglada
(1996).

For high-luminosity YSOs, the number of UV photons from the massive protostar is
enough to ionize the gas and produce the observed radio continuum emission (forming an
H 11 region). However, some massive YSOs have a radio continuum emission several orders
of magnitude weaker than expected for an H1I region. Furthermore, when observed with
high angular resolution, these radio continuum sources show an elongated morphology well
aligned with the direction of the molecular outflow (e. g., HH 80/81: Mart{ et al. 1993, 1998;
Cep A2: Rodriguez et al. 1994; Gémez et al. 1999; Curiel et al. 2006; IRAS 16547—4247:
Rodriguez et al. 2008). In Figure 1.5 (right), we show the HH 80/81 thermal radiojet.
Therefore, the mechanism found in the ionization of thermal radiojets from low-mass
YSOs seems to be also present during the formation of massive stars. These massive
thermal radiojets seem to show the same correlations between radio luminosity, bolometric
luminosity and outflow momentum rate as for low-mass protostars (Anglada et al. in prep.;
see Chapter 9).

Dense interstellar shock waves —

Observations and theoretical models propose outflows from young stars to be radiative
shock waves driven by mass accretion onto protostars. The shock waves often exhibit
ultraviolet, optical, and infrared line emission within Herbig-Haro (HH) bow shocks, being
also the responsible of the molecular outflows detected at millimeter wavelengths. At
radiowavelengths, several HH bow shocks emit in the centimeter continuum (e. g., HH 1/2:
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Pravdo et al. 1985; HH 80/81: Rodriguez and Reipurth 1989; Marti et al. 1993; HH 32:
Anglada et al. 1992). As shown above, the centimeter continuum has appeared as a useful
tool to study the ouflowing emission close to the source (thermal radiojets), when it is
deeply embedded in a molecular cloud; similarly these shock waves could also be studied
at centimeter wavelengths very close to the driving source.

The free-free radiation produced in these outflows is subject to radiative transfer effects
as it propagates through the post-shock gas: resulting that at frequencies ~1-15 GHz, the
radio continuum from these shocks (with velocities >100 km s~!, and ng ~103-10% cm~3;
Curiel et al. 1995) can be partially optically thick. Ghavamian and Hartigan (1998)
modeled the free-free emission from embedded stellar outflows, by solving the radiative
transfer equation in conjunction with the ionization, density, and temperature structure
of the post-shock gas. The authors present a grid of planar shock models that predict the
free-free radio emission for arbitrarily high optical depths, and estimate how the spectral
indices in the centimeter domain are influenced by the pre-shock density, shock velocity,
and viewing angle. Thus, by knowing the spectral index «, the flux intensity (1) at 1.5,
5 or 15 GHz, and the angular size of the object at one of these frequencies, the reader can
apply the models and obtain (as output parameters) the velocity of the shock Vj, the pre-
shock density ng, and the viewing angle ©. Or, in a different way, by fixing Vj, ng and ©
(i.e., fixing the parameters of the model) the observer can try to fit the observational radio
continuum parameters (i.e., I,,, «, and size of the source). This model seems to reproduce
the radio continuum properties observed in the massive YSOs DR21(OH) (Araya et al.
2009) and G31.41+0.31 (Araya et al. 2008).

We have presented different mechanisms that can produce thermal radio continuum
emission in massive star-forming regions. Among all of them, we can differentiate two
categories: those in which the ionization is directly produced by UV photons coming from
the protostar (e.g., (non-)homogeneous H1I regions, ionized accretion flows, photoevap-
orated, equatorial disk winds), and those in which it is necessary to have collisions to
produce the ionization (e.g., thermal radiojets, dense interstellar shock waves). Some of
the models, such as ionized accretion flows, photoevaporated winds and equatorial disk
winds, require observations with a high sensitivity and high spatial resolution to prop-
erly fit and test them. However, massive star-forming regions are generally located far
from us (22 kpc), and thus it is not easy to achieve the necessary angular resolution to
test, for example, if the ionized gas emission is or not within the gravitational radius (in
the case of the ionized accretion flow). Generally, the observer can only obtain sensitive
measurements of the flux density at different wavelengths, and thus construct the spec-
tral energy distribution of the ionized gas. In conclusion, although it is hardworking to
achieve high enough spatial resolutions to resolve, for example, the size of the ionization
and gravitational radii, we can properly construct the SED and calculate the dependence
of the flux density with the frequency, to determine, for example, if the ionized gas has a
homogeneous or non-homogeneous density distribution.
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1.2.2 Non-thermal emission from ionized gas

Simultaneously to the thermal emission, which is characterized by positive or flat spectral
indices (see Rodriguez et al. 1993), radio continuum sources can show negative spectral
indices suggestive of the presence of non-thermal radiation. This kind of radiation is
usually found toward extragalactic objects such as radio galaxies, pulsars or AGNs (Active
Galactic Nuclei), or toward very energetic galactic objects such as microquasars. However,
observational studies in star-forming regions have reported the presence of non-thermal
radio sources (e.g., Rodriguez et al. 1989; Zapata et al. 2006b). Here we list and briefly
explain the mechanisms that can produce non-thermal radio emission in star-forming
regions.

Synchrotron and gyrosynchrotron emission —

Non-thermal emission in star-forming regions was initially found toward low-mass
YSOs, mainly associated with T Tauri stars (see Feigelson and Montmerle 1999, for a
review). Observational studies at different wavelengths of low-mass stars during their
early stages of evolution, from protostars through the zero-age main sequence, show highly
elevated levels of magnetic activity. The result of strong magnetic activity at radio wave-
lengths is the presence of powerful non-thermal radiocontinuum flares. This kind of emis-
sion, seen in many Class III (and some Class I) objects (e.g., Feigelson and Montmerle
1985; White et al. 1992), is highly variable and sufficiently bright to have detectable circu-
lar polarization. The emission mechanism is quite clearly gyrosynchrotron radiation,
produced by mildly relativistic electrons with energies ~1 MeV, spiraling along large-scale
and well-ordered magnetic-field lines (within magnetic fields of ~1 Gauss; Dulk 1985).

Another mechanism that can produce non-thermal emission is the synchrotron radi-
ation produced by electrons accelerated to relativistic velocities. This emission is typical
of jets from AGNs and microquasars, where the large velocities allow the electrons to move
at ultra-relativistic velocities (several MeVs), which in the presence of a magnetic field can
emit linearly polarized synchrotron radiation (Pacholczyk 1970). This emission is charac-
terized at radio wavelengths by negative spectral indices. Some observational works (e. g.,
Garay et al. 1996) reported the detection of non-thermal radiocontinuum sources close to
molecular outflows and thermal radiojets driven by YSOs. This non-thermal emission can
be explained as synchrotron radiation coming from the region of interaction between the
outflow and the ambient cloud material. In these regions, thermal and non-thermal radia-
tion coexist, but if the density is below a critical value (~5 x 10% cm~3: Garay et al. 1996;
Henriksen et al. 1991), non-thermal emission dominates. Recently, Carrasco-Gonzélez
et al. (2010) report a clear evidence of synchrotron emission in a massive YSO. Radio
observations of the large-scale radiojet HH 80/81 reveal that the knots located ~ 0.5 pc
away from the central source have linearly polarized emission, indicating the presence of
synchrotron emission and implying the presence of relativistic electrons and a magnetic
field (wich is aligned with the outflow/jet direction).
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Very deeply embedded YSOs —

As explained above, radio sources with large negative spectral indices (o < —0.1) have
been found in star-forming regions. Rodriguez et al. (1993) explored if these negative
spectral indices can be obtained from sources of free-free emission with ad hoc electron
density and temperature distributions. The authors considered inhomogeneous sources
with different properties: density distributions, temperature distributions and morpholo-
gies; and found that if only free-free emission and absorption are involved, the spectral
index will always be a« > —0.1, regardless of the source characteristics.

Rodriguez et al. (1993) also explore the possibility of these large negative spectral
indices to be produced by dust absorption. However, the spectral indices become more
negative than —0.1 only for very high column densities of absorbing material, which are
not usually found in the interstellar medium. In addition, the extremely high column
densities required, would make the absorbing gas cloud unstable against gravitational
collapse. Thus, even when spectral indices well below —0.1 can be produced, the dust
absorption possibility does not seem to be realistic, and, as outlined by the authors, these
kind of sources (with negative spectral indices) found in star-forming regions are more
naturally intrepreted as optically thin synchrotron emitters.

Finally, it is important to note that non-thermal radio sources found in star-forming
regions could, in fact, have an extragalactic origin. Distances for each individual source
will clarify if these sources are associated with the star-forming region or are located in a
galaxy far, far away. However, determination of distances is not a straightforward work.
Some works (e. g., Anglada et al. 1998) studied the probability of a radio continuum source,
detected within a star-forming region, to have an extragalactic origin. In most cases, the
probability of extragalactic contamination is very weak. Furthermore, we can search for
positional coincidences of these non-thermal sources with other signposts of star formation,
to confirm the galactic origin of these sources.

1.3 Molecular gas

The centimeter continuum emission from YSOs objects can be used to study the con-
tribution from the ionized gas. However, we know the protostar is formed from a large
molecular cloud, and in its first evolutionary stages it is still embedded within a molecular
envelope. The study of this surrounding environment can be carried out with spectral
line observations of different molecules. More than 100 different molecular species have
been detected in the ISM, however, not all the molecules can be used in the same way.
Depending on which gas content we want to study (e.g., warm dense gas, hot gas, out-
flowing gas, rotating gas), we should use some specific molecular transitions to determine
the properties of the molecular gas.
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1.3.1 Ammonia (NHj) and other dense gas tracers

The ammonia (NHjz) molecule is a symmetric top, relatively abundant molecule in the
ISM (~ 1078; Herbst and Klemperer 1973). Its critical density, around 2 x 10* cm™3,
is similar to the density found in dense cores where stars form. Although the rotational
transitions are placed in the infrared regime of the electromagnetic spectra, its peculiar
molecular structure allows inversion transitions between different population levels to be
placed in the centimeter range (i.e., avoiding the high extinction commonly found in
molecular clouds and dense cores). More interestingly, the inversion lines of different
rotational transitions have similar frequencies, which allows simulateneous observations of
some of them with the same instrumental conditions (up to 6 transitions have frequencies
separated by only 1.5 GHz close to 23.7 GHz), and thus, an estimation of the temperature
of the gas can be obtained (see Appendix D). Additionally, each inversion transition line
shows hyperfine structure, which allows to properly determine the opacity or excitation
temperature by observing one single inversion transition. More details of the ammonia
molecule can be found in Ho (1972); Ho and Townes (1983); Sepilveda (2001).

The ammonia molecule, as a nitrogen-bearing molecule, is considered one of the most
reliable tracers of the dense gas. Several works (e. g., Tafalla et al. 2004; Pillai et al. 2007;
Alonso-Albi et al. 2010) have found that some molecules deplete (freeze onto dust grains)
for densities ~ 10%-10° cm™3. However, N-bearing species survive in the gas phase at
least up to densities ~10% cm™3. Thus, NH3 becomes a perfect tool to study the physical
properties (density and temperature) of the dense gas surrounding YSOs. Other useful
molecules, with critical densities and abundances similar to ammonia, which can be used
to determine the properties of dense cores are NoH™ and CS. In addition, a detailed study
of the abundance of different molecules can be used to determine the evolutionary stage of
dense cores (Caselli et al. 2002; Hotzel et al. 2004; Palau et al. 2007a; Friesen et al. 2010).

1.3.2 Methyl cyanide (CH3;CN) and other high density tracers

Several molecules found in the ISM can be used to trace and study the dense cores where
stars form, however, not all the molecules are equally useful. Molecules such as NHj3 or
CS can be used to determine the conditions of the dense gas up to densities ~ 10° —
—10% ecm™3. However, there are some objects associated with the formation of stars that
show higher temperatures and larger densities: the so-called hot molecular cores (HMCs;
see Section 1.1). These objects are better traced by complex molecules, that are mainly
produced in the hottest and densest regions.

The rotational transitions of methyl cyanide (CH3CN) have proved to be an excellent
tool to estimate the temperature and column density of HMCs (e.g., Loren and Mundy
1984; Hofner et al. 1996; Pankonin et al. 2001; Araya et al. 2005). The symmetric top
molecule CH3CN has a total number of K components for a given J — J — 1 tran-
sition (see Appendix D for details in the quantum numbers) whose relative intensities
can directly provide the temperature and column density of the region. The standar
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population-diagram (or rotational diagram; Goldsmith and Langer 1999) technique can
be used to derive these two physical parameters. Moreover, the K components of a specific
J transition are close together in frequency, which allows the observation of all of them in
the same bandpass, thus eliminating calibration errors for the line ratios. Among all the
J transitions of CH3CN, the higher levels (J 2 12), with higher energy transitions, are
the best suited to properly trace the hot temperatures (=100 K) usually found in HMCs
(e.g., Purcell et al. 2006).

Other complex (organic) molecules have also been used to determine the physical
properties of HMCs. Molecules such as CH3OH, HCOOH, CH;0OCHO, HNCO, CH3CCH
are abundant in hot cores, and have different rotational transitions (at millimeter and
submillimeter wavelengths) that can be used to estimate the hot core temperature.

1.3.3 Carbon monoxide (CO) and other outflow tracers

The carbon monoxide (CO) molecule is the second more abundant molecule (~8 x 107?;
the most abundant molecule is Hy) in the ISM. This molecule has a simple diatomic
linear structure, with rotational transitions (J — J — 1) at frequencies 2ByJ (where
By = 57.636 GHz, and J is the rotational quantum number), which implies that the lower
energy transitions are found at 115 GHz and 230 GHz (in the millimeter range). Thanks
to its high abundance and low critical density (~3 x 103 em™3), the CO molecule is found
almost everywhere in the molecular clouds. It turns into a negative aspect, when the
emission becomes optically thick, resulting in emission arising only from the outer parts
of the molecular cloud (we cannot study the properties of deeply embedded dense cores
with the CO molecule). However, the CO molecule can be used with a different aim.

Several works (Bachiller 2009) have revealed that CO is a good tracer of shocks, and is
swept out and enhanced by the passage of a jet /outflow. As explained in previous sections,
jets and outflows, commonly found in the process of the formation of a star, consist of
ejection of mass at high velocities (~100 km s~!). The CO emission associated with the
jet/outflow also reaches large velocities. Thus, although the CO molecular emission can be
optically thick at the systemic velocity of the molecular cloud, the CO emission associated
with the outflow (with larger velocities) is usually optically thin, allowing us to detect all
the high-velocity CO emission. In this Thesis, we have used the CO molecular emission
to trace and study the outflowing mass associated with YSOs. Scoville et al. (1986) and
Palau et al. (2007b) provide useful tools to estimate the energetics of the outflow.

Carbon monoxide is not the only molecule used to study the outflow emission. Some
of its isotopologues (33CO, C'0) have been found to be also good tracers of the outflow
emission (e.g., Lépez-Sepulcre et al. 2009). Other molecules such as SiO, HCO™, or
shocked Hs gas, are also good tracers of outflows. Furthermore, it is interesting to note
that some outflows can be intense in some molecule, but not in other species (e. g., Zapata
et al. 2006a).
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1.3.4 Water (H,O) and other maser tracers

Water (Ho0) emission has been found in different astronomical objects, and in particular,
toward star-forming regions. It is an abundant molecule in the warm regions surrounding
newly-formed stars: the inner protostellar envelopes and the regions where the collapsing
matter interacts with the powerful jets driven by the protostar causing violent shocks.

The maser emission (stimulated spectral line emission) of the water molecule emitting
at 22 GHz is one of the brightest lines in the radio universe, and can be used to deter-
mine the kinematical and physical properties of the regions where it arises. Masers are
extremely compact sources, given the special conditions (e.g., high densities and temper-
atures) required to produce the pumping and maser emission, and thus can be studied in
great detail with the highest angular resolutions. By studying the emission of these maser
spots during several years, Torrelles et al. (2005, 2011), have obtained the kinematics of the
ejecting mass in different YSOs. Other works (e.g., Franco-Hernandez et al. 2009) have
determined the movements of rotating structures around YSOs thanks to the kinematics
of water maser spots. Thus, maser emission has proved to be a useful tool to study the
kinematics of the dense gas surrounding YSOs. Several other species of masers have been
found in the ISM (see Section 1.1; Ellingsen et al. 2007), being the OH and CH3OH the
most abundants after the HoO masers. An evolutionary scheme was proposed by Ellingsen
et al. (2007) with CH3OH masers appearing in the earliest evolutionary stages, and the
OH and H»O masers appearing later.

1.4 About this work

1.4.1 Goal of the thesis

Since massive stars are formed within dense cores it is reasonable to think that at some
point they will start to interact and ionize the surrounding gas. However, the details of
this interaction are not clear and the first footprints that a forming massive star leaves on
its dense natal gas are not well established yet.

The main goal of this thesis is characterizing the ionized gas emission found in massive
star-forming regions and its relation with the dense surrounding gas. Through continuum
multiwavelength and spectral line, high spatial resolution observations, we will try to
characterize the emission and nature of the YSOs in a sample of eleven massive star-
forming regions, and investigate how the massive newly-born stars can affect their natal
cloud. The analysis and comparison between different star-forming tracers will be used to

identify and characterize different stages of an evolutionary sequence.

1.4.2 Approach and strategy

We have mentioned that massive stars tend to form in clusters, usually located far from
the Sun. Thus, it is necessary to achieve high angular resolutions to study in detail
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the different members that can be forming in a cluster. Assuming that massive star-
forming regions are on average at distances =1 kpc, we need angular resolutions of <3”,
which correspond to spatial scales of ~ 5000 AU (or ~0.02 pc), good enough to resolve
the different members of the cluster. Single-dish telescopes generally provide angular
resolutions of a few tens of arcsec (e.g., Effelsberg-100m has a primary beam of 40"
at 8.5 GHz; IRAM-30m has 11”7 at 230 GHz). However, and fortunately, interferometric
observations allow us to achieve the requested angular resolutions: obtaining typical values
of ~0.1-4" between 8 GHz and 230 GHz. In this Thesis, we have used some of the most
powerful radio interferometers available at present. At centimeter wavelengths we used
the Very Large Array (VLA), while at millimeter wavelengths we used the Submillimeter
Array (SMA), the Plateau de Bure Interferometer (PdBI), and the Combined Array for
Research in Millimeter Astronomy (CARMA).

We focused our observations on the study of the ionized gas, the dust, the dense gas,
and the molecular outflow emission. Information of the ionized gas and dust content was
obtained by observing the continuum emission at centimeter and millimeter wavelengths,
respectively. The dense gas was studied mainly by observing different inversion line transi-
tions of the NH3 molecule, which is a good molecule to trace the physical conditions of the
gas where stars form (see Section 1.3.1). Finally, we studied the outflowing gas by observ-
ing some transitions of the CO molecule (or other outflow tracers such as SiO and HCO™).
The capabilities of some of the interferometers used, allowed us to simultaneously study
the emission of different high density tracers (such as CH3CN), typically found in hot
molecular cores. In addition, we complemented our observations with archival or already
published data at submillimeter and infrared wavelengths (from different radiotelescopes

and satellites), and with maser emission information.

1.4.3 Selection of targets

As outlined in previous sections, we want to study the ionized gas content in different
massive star-forming regions, and its relation with the envionment. Furthermore, high
spatial resolutions are required, and interferometers are the only instruments that can
be used to achieve our goals. To select the scientific targets of our sample, we searched
the surveys of Molinari et al. (1996); Mueller et al. (2002); Sridharan et al. (2002); Palau
(2006), for those sources with the following characteristics:

e Distances <2 kpe, to achieve the requested spatial resolutions (~5000 AU) necessary
for the individual study of the members of the star-forming clusters.

e Regions with bolometric luminosities > 10® Lg (usually determined from IRAS
fluxes), to ensure we are observing intermediate/high-mass protostars.

e Strong millimeter emission, from single-dish observations, favouring the presence of

a dust cloud characteristic of an early evolutionary stage.
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Table 1.1: Sample of regions selected for the study of this Thesis

d L cm-continuum mm-continuum
Region (pc) (Lo) references references

IRAS 0011746412 1800 1400  Sénchez-Monge et al. (2008)  Sénchez-Monge et al. (2008)
IRAS 04579+4703 2500 4000  Sanchez-Monge et al. (2008)  Sanchez-Monge et al. (2008)

IRAS 19035+0641 2200 8000 Sridharan et al. (2002) Beuther et al. (2002b)
G75.78+0.34 3800 100000 Carral et al. (1997) S. Kurtz (priv. comm.)
TIRAS 2213445834 2600 12600 Sridharan et al. (2002) Beuther et al. (2002b)
IRAS 22198+6336 760 450  Sénchez-Monge et al. (2008) Jenness et al. (1995)

e Faint radio continuum emission, suggestive of this emission to come from YSOs in
their first evolutionary stages (we tried to avoid the presence of large developed H 11
regions with strong centimeter emission).

We selected five regions that fullfilled these criteria, and added a sixth region which is
located farther (3.8 kpc), but for which we obtained higher angular resolution observations,
~ 0”5, corresponding to spatial scales ~2000 AU, similar to those obtained in the other
regions. In Table 1.1, we list the six selected regions with their distance, luminosity, and

references for the previous centimeter and millimeter data.

1.4.4 Outline of the thesis and status of the different works

This Thesis is the result of different works carried out between 2007 and 2010. During
this period, we have observed and studied in detail six massive star-forming regions. In
the following we outline the different parts of the present Thesis, and explain what is the
status of each work. This Thesis is divided in four main parts, with the first one corre-
sponding to this introduction to massive star formation. In the second and third parts,
containing Chapters 2-3 and Chapters 4-7 respectively, we show and discuss the results
of each of the six studied regions. In the last part, we compile a sample of 11 massive
star-forming regions (our six regions, plus five regions from the literature), and present
the general conclusions with the aim of searching for an evolutionary sequence.

Part 11, entitled “Ultracompact H11 regions emerging from their natal cloud’, contains
the results of two regions in which a developed UCH 11 region is affecting the surrounding
gas, resulting in a temperature enhancement and linewidth broadening, probably due to
the UV radiation field.

In Chapter 2, we present the study of the nearby intermediate-mass star-forming
region IRAS 0011746412, harbouring three main YSOs in different evolutionary stages
and with different properties. Our radio continuum data reveal two objects with centimeter
ionized gas emission in two different stages (a shell-like H 11 region, and a compact thermal
radiojet) with clearly differentiated properties regarding the molecular outflow and dense
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gas emission. The results of this work have been presented in a paper entitled Three
intermediate-mass young stellar objects with different properties emerging from the same
natal cloud in IRAS 00117+6412 and authored by Palau, A., Sdnchez-Monge, A Busquet,
G., Estalella, R., Zhang, Q., Ho, P. T. P., Beltran, M. T., and Beuther, H., appeared in
the Astronomy & Astrophysics Journal, 2010, volume 510, page 5A.

In Chapter 3, we have analyzed the radio continuum emission and dense gas emis-
sion of the massive star-forming region IRAS 22134+4-5834. The region is associated with
a large infrared cluster, with the brightest infrared source showing centimeter continuum
emission and likely tracing a cometary H1I region. The cluster is surrounded by several
dense gas clumps, likely affected by the presence of the H 11 region. The radio continuum
emission and ammonia data of this region will be presented in two different papers (in
preparation). The first one will contain the radio continuum emission from this and a
few tens massive star forming regions more, while the second paper will be based on the
ammonia emission of this region and six other massive star-forming regions.

Part I1I, entitled “Deeply embedded compact radio sources driving outflows”, contains
the results of the remaining four regions, in which a faint radio continuum source is
embedded in a dense gas clump and associated with molecular outflow emission.

In Chapter 4, we show the results for the intermediate-mass star-forming region
in IRAS 2219846336, which was observed with the VLA, the SMA and the PdBI. The
continuum observations at millimeter and centimeter wavelengths, together with the vast
set of molecular line emission suggest we have detected one of the few intermediate-mass
hot cores known up to date. Part of this work has been published in the letter entitled
IRAS 22198+6336: Discovery of an intermediate-mass hot core authored by Sanchez-
Monge, A., Palau, A., Estalella, R., Kurtz, S., Zhang, Q., Di Francesco, J., and Shepherd,
D., appeared in the Astrohpysical Journal Letters, 2010, volume 721 page 107. The
remaining data will be presented in two forthcoming papers.

In Chapter 5, we have studied with high-angular resolution and sensitivity, the ion-
ized gas content within the massive star-forming complex G75.784-0.34 (ON 2N). These
observations together with molecular line data tracing thermal gas and maser emission,
reveal three major sites of star formation, all of them associated with massive YSOs, being
the youngest one a hot molecular core driving a molecular outflow and with two very small
compact radio sources deeply embedded in. The results of this work will be published in
a paper in preparation entitled Deciphering the ionized gas content in the massive star
forming complex G75.78+0.34. The molecular data will be presented in a second paper.

In Chapter 6, we show high angular resolution VLA (continuum and ammonia) obser-
vations carried out toward IRAS 19035+0641. Two radio continuum sources with clearly
differentiated properties have been identified, both of them embedded in a large ammo-
nia clump. The results of this work (radio continuum and ammonia emission) will be
presented together with the results of IRAS 2213445834 (see above).
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In Chapter 7, we present the observations carried out toward the massive star-forming
site in IRAS 04579+4703. The radiocontinuum data reveal ionized gas at centimeter wave-
lengths, embedded in a dust condensation at millimeter wavelengths, and associated with
dense gas emission likely tracing rotation. The source is driving a powerful and collimated
outflow which is probably deflected due to the presence of high dense condensation.

Finally, in Part IV we conclude our work with two chapters. Chapter 8 contains the
compilation of a sample of 11 massive star-forming regions (our six sources plus five sources
from the literature) studied in detail in the centimeter and millimeter continuum, in dense
gas tracers, and in molecular outflow emission. The general discussion and conclusions
are presented in Chapter 9. In this chapter we compare the results found toward the
sample presented in previous chapter. We compare the properties of the ionized gas,
and its relation with the dust, dense gas, and molecular outflow emission searching for
correlations that will help to determine the main characteristics of different evolutionary
stages, and thus establish an evolutionary sequence.

At the end of this Thesis, there are four Appendices used to analyze the observational
data, and available for future works. Appendix A is a straighforward manual for in-
specting, calibrating and imaging VLA continuum data with AIPS. In Appendix B, we
summarize the main equations that describe the emission of ionized gas in H1I regions,
and we provide practical equations and a public code to fit the spectral energy distribu-
tion and derive physical parameters of homogeneous and non-homogeneous H 1I regions.
In Appendix C, we present the fundamental equations used to determine the dust prop-
erties from millimeter continuum emission. Finally, in Appendix D, we present the basic
theory and equations for the calculation of column densities for any molecule. We include
a public code that can be used to estimate the molecular column density, by using the
information from the most common molecular spectroscopy databases.

Additionally to the thesis work, I have been involved in other projects that have
resulted in different publications. Here I list a complete list of the publications in which I
have been involved (i.e., containing those of the thesis work and others projects):

o “Survey of intermediate/high mass star-forming regions at centimeter and millimeter
wavelengths”

Sanchez-Monge, A., Palau, A., Estalella, R., Beltran, M. T., Girart, J. M., 2008,
Astronomy & Astrophysics, 485, 497

o “Three intermediate-mass young stellar objects with different properties emerging
from the same natal cloud in IRAS 00117+6412"

Palau, A., Sanchez-Monge, A., Busquet, G., Estalella, R., Zhang, Q., Ho, P. T. P.,
Beltran, M. T., Beuther, H., 2010, Astronomy & Astrophysics, 510, 5A
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“The NHyD/NHs ratio toward pre-protostellar cores around the UCHII region in
IRAS 202935+3952"

Busquet, G., Palau, A., Estalella, R., Girart, J. M., Sanchez-Monge, A., Viti, S.,
Ho, P. T. P., Zhang, Q., 2010, Astronomy & Astrophysics Letters, 517, 6L

“IRAS 22198+6336: Discovery of an intermediate-mass hot core”
Sanchez-Monge, A., Palau, A., Estalella, R., Kurtz, S., Zhang, Q., Di Francesco,
J., Shepherd, D., 2010, The Astrophysical Journal Letters, 721, 107L

“Young starless cores embedded in the magnetically dominated Pipe Nebula’

Frau, P., Girart, J. M., Beltran, M. T., Morata, O., Masqué, J. M., Busquet, G.,
Alves, F. O., Sanchez-Monge, A., Estalella, R., Franco, G. A. P., 2010, The
Astrophysical Journal, 723, 1665

“NoH* depletion in the massive protostellar cluster AFGL 5142
Busquet, G., Estalella, R., Zhang, Q., Viti, S., Palau, A., Ho, P. T. P., Sdnchez-
Monge, A., 2011, Astronomy & Astrophysics, 525, A141

“Deuteration as an evolutionary tracer in massive star formation”
Fontani, F., Palau, A., Caselli, P., Sanchez-Monge, A., et al. in preparation

2

“Deciphering the ionized gas content in the massive star forming complex G75.784+0.3)

Sanchez-Monge, A., Kurtz, S., et al. in preparation

“Several outflows coming from the intermediate-mass hot core IRAS 22198+ 6336"
Sanchez-Monge, A., Palau, A., et al. in preparation

“Disks, outflows, and hot cores at sub-arcsecond resolution”
Palau, A., Fuente, A., Sdnchez-Monge, A. et al. in preparation
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Part 11

Ultracompact H1I regions
emerging from their natal cloud
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IRAS 001174-6412:
an UCHII region at the border of its natal cloud!

2.1 General overview

IRAS 0011746412 (hereafter I00117) is a intermediate/high-mass star-forming region with
a bolometric luminosity of 1400 Lg and located at a distance of 1.8 kpc (Molinari et al.
1996). Kumar et al. (2006) reported a cluster of infrared sources in the 2MASS. The
brightest infrared source is associated with a compact centimeter source, likely tracing an
optically thin UCH 11 region ionized by a B2 ZAMS star (Séanchez-Monge et al. 2008). The
UCH 11 region, located at the edge of a dusty cloud seen at millimeter wavelengths with
the IRAM 30 m, seems to be disrupting and dispersing the gas and dust that surround it
(Sédnchez-Monge et al. 2008). The dusty cloud, located ~15” to the west of the centimeter
source, shows some substructure with two main peaks and a dust mass of 21-30 M.
Interferometric millimeter observations carried out with the PdBI (Palau 2006) show two
main millimeter sources, MM1 and MM2, separated ~ 15" and coincident with the main
peaks observed in the single-dish map. These two millimeter sources are associated with
H50 maser spots (Cesaroni et al. 1988; Wouterloot et al. 1993) and with CO (2-1) bipolar
molecular outflow emission (Zhang et al. 2005; Kim and Kurtz 2006), suggesting they
harbour YSOs. However, only one millimeter source is associated with near-IR emission,
while the other seems to be a deeply embedded object without any infrared counterpart
(Palau 2006; Sanchez-Monge et al. 2008). Thus, 100117 seems to be a perfect star-forming

!This Chapter is based on the results published in Palau, Sinchez-Monge et al. 2010, A&A, 510, 5A.
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2. IRAS 0011746412: an UCH 11 region at the border of its natal cloud

complex to study intermediate/high-mass YSOs with different properties. Regarding the
dense gas emission, Molinari et al. (1996) report the detection of NHj (1,1) and (2,2)
emission in single-dish. Palau (2006) study the region in the NoH™ (1-0) transition with
the PdBI. The NoH™T emission ressembles the emission from the dust cloud, with two
main condensations associated with MM1 and MM2, and showing a velocity gradient in
the southeast-northwest direction.

In this Chapter, we present high-sensitiviy radio interferometric observations in the
continuum at centimeter and millimeter wavelengths, and in different molecular transitions
tracing the dense gas and molecular outflow emission.

2.2 Observations

2.2.1 Very Large Array

100117 was observed with the Very Large Array (VLA2) at 6.0 and 3.6 cm with 5-8
EVLA antennae in the array (which was in its C configuration). The phase center of
these observations was a(J2000) = 00"14™275725, and §(J2000) = +64°28'46”17. The
integration time was about 45 minutes at both wavelengths. Absolute flux calibration
was achieved by observing the quasar 3C48, with an adopted flux density of 5.48 Jy at
6 cm, and 3.15 Jy at 3.6 cm. The data reduction followed the VLA standard guidelines
for calibration and imaging, using the NRAO package AIPS. Images were performed using
different weightings. The robust parameter of Briggs (1995) was set equal to 1 and 3
(almost natural) respectively at 6 and 3.6 cm. In Table 2.1, we list more details of the
observations. Searching the archive of the VLA, we found B-array data at 3.6 ¢m and
C-array data at 1.3 cm observed in 1992 (project AC295). The data were reduced with
the standarg AIPS procedures for high frequency data.

Observations at 7 mm (together with NH3 observations, see Busquet 2010 for details)
were carried out with 9 EVLA antennas in the array. In order to minimize the effects of
atmospheric fluctuations, we used the technique of fast switching (Carilli and Holdaway
1997) between the source and the phase calibrator over a cycle of 120 seconds, with 80
seconds spent on the target and 40 seconds on the calibrator. The on-source integration
time was about 1.8 hours. Absolute flux and phase calibrations were achieved by observing
the quasars 3C286 (1.45 Jy) and 01024584 (see Table 2.1) Data reduction was performed
following the VLA guidelines for the calibration of high frequency data, using the NRAO
package AIPS. The image was constructed using natural weighting and tapering the uv—
data at 50 kA to increase the signal-to-noise ratio. In Table 2.1, we list the synthesized
beams and rms noise levels for each image.

2The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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Table 2.1: Main continuum observational parameters of IRAS 0011746412

A Project Epoch of Gain cal. / Flux Beam P.A.
(cm) VLA conf. Observation Bootstr. Flux® cal. (" x" (°)  Rms®
6.0 AB1217 C 2006 Oct 27 01024584 / 2.90(1) 3C48 5.2 x 4.0 —4 30
3.6 AC295 B 1992 Jan 06 22304697 / 0.42(2) 3C48 1.0x08 —66 100
3.6 AB1217 C 2006 Oct 27 01024584 / 3.17(1) 3C48 3.1x27 +3 20
3.6 AP476 D 2004 Jul 13 01024584 / 1.89(1) 3C48 149 x 85 476 40
1.3 AC295 C 1992 May 25 02284673 / 1.77(2) 3C48 1.3x1.0 +50 600
1.3 AP476 C 2004 Jul 13 01024584 / 2.26(2) 3C48 59x45 =21 70
0.7 AB1217 B 2007 May 12 01024584 / 3.08(5) 3C286 4.0x3.0 +64 170
0.32° PdBI CD 2004 Oct+Dec 02124735 / 1.15(20) MWC349 4.3 x34 +61 180
0.12°  PdBI CD 2004 Oct+Dec 02124735 / 0.62(20) MWC349 1.5x1.2 458 1000

0.13 SMA 2007 Jun 28 01024584 / 2.58(20) Uranus 3.2x20 445 800

® Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.
> Rms noise level in uJy beam™!.

¢ Observations from Palau (2006) that will also be used in this chapter.

2.2.2 Submillimeter Array

The Submillimeter Array (SMA?; Ho et al. 2004) in the compact configuration was used
to observe the 1.3 mm continuum emission and the 12CO (2-1) molecular transition line
(centered at 230.538 GHz, upper sideband) on 2007 June 28. The phase center of the ob-
servations was «(J2000) = 00"14™25%80, and §(J2000) = +64°28'43”0, and the projected
baselines ranged from 9 to 78 kA (12-101 m). System temperatures ranged between 80 and
200 K. The zenith opacities, measured with the NRAO tipping radiometer located at the
Caltech Submillimeter Observatory, were good during the track, with 7(225 GHz) ~0.08.
The correlator, with a bandwidth of 1.968 GHz, was set to the standard mode, which
provided a spectral resolution of 0.8125 MHz (or 1.06 km s~! per channel) across the full
bandwidth. The FWHM of the primary beam at 230 GHz is ~ 56”. The flagging and
calibration of the data were done with the MIR-IDL* package. The passband response was
obtained from observations of 3C454.3. The baseline-based calibration of the amplitudes
and phases was performed using the sources 01024584 and 0014+4-612. Flux calibration
was set by using Uranus, and the uncertainty in the absolute flux density scale was ~20%.
Imaging and data analysis were conducted using the standard procedures in MIRIAD
(Sault et al. 1995) and AIPS (see Table 2.1 for details). The continuum was obtained by
averaging all the line-free channels of the upper sideband and the lower sideband.

3The SMA is a joint project between the Smithsonian Astrophysical Observatory and the Academia
Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian Institution and the

Academia Sinica.
“The MIR cookbook by Charlie Qi can be found at http://cfa-www.harvard.edu/~cqi/mircook.html
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Figure 2.1: IRAS 0011746412 continuum maps. (a): Grey-scale: 2MASS Kg-band infrared
emission. Contours: VLA-C 6 cm continuum emission. Levels are —3, and 3 to 33 in steps of
6, times 0.03 mJy beam~!. (b): VLA-CD 3.6 cm continuum emission. Levels are —3, and 3
to 30 in steps of 3, times 0.03 mJy beam~!. (c): VLA-D 1.3 cm continuum emission. Levels
are —3, 3, and 6 times 0.07 mJy beam~!. (d): VLA-D 0.7 cm continuum emission. Levels are
—3, 3, and 6 times 0.17 mJy beam 1. (e): Black contours: PdBI 3.2 mm continuum emission.
Levels are —3, and 3 to 21 in steps of 3, times 0.19 mJy beam™!. Grey contours: IRAM 30 m
continuum emission tracing the ‘dusty cloud’, from Sdnchez-Monge et al. (2008). Levels are
4, 6, 8, 10, and 12 times the rms of the map, 8 mJy beam~!. (f): SMA 1.3 mm continuum
emission. Levels are —3, and 3 to 69 in steps of 6, times 0.62 mJy beam~!. Green triangles
indicate the position of the HoO masers in the region (Cesaroni et al. 1988). (g): VLA-BCD
3.6 cm continuum emission. Levels are 3 to 8 in steps of 1, times 0.05 mJy beam ™. (h): PdBI
1.2 mm continuum emission. Levels are —3, 3 to 11 in steps of 1, times 1.1 mJy beam 1.
In all panels, five-point red stars indicate the position of 2MASS sources associated with the
main centimeter and millimeter sources. Blue dots indicate the position of the UCH 11 region,
MM1-main, and MM2, in order of descending declination. Synthesized beams are shown at
the bottom-left corner of each panel, and correspond to those indicated in Table 2.2. Figure
from Palau et al. (2010).
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2.3 Continuum results

2.3.1 Centimeter continuum emission

We detected centimeter radio continuum emission at all wavelengths. In Figure 2.1a we
show the 6 cm continuum emission of the region. The field is dominated by a strong and
compact source associated with the brightest infrared source in the field, which is the
counterpart of the UCHII region detected at 3.6 cm by Sanchez-Monge et al. (2008).
Additionally, the wide field of the VLA at 6 cm allows us to detect two unresolved
sources to the north and east of the UCHII region. The northern one, with the coor-
dinates of «(J2000.0) = 00"14™03%.21, and §(J2000.0) = +64°32'26".5, has a primary
beam corrected flux density of 1.1 £ 0.2 mJy. The eastern one, with the coordinates of
«(J2000.0) = 00"14™575.69, and §(J2000.0) = +64°28'49" .6, has a primary beam corrected
flux density of 0.44 + 0.09 mJy. Both sources are outside the region shown in Figure 2.1a.

At 3.6 cm, we improved the angular resolution of previous observations by a factor of
five. These observations reveal two sources in the field: an eastern source coincident with
the UCH 11 region, and a second and fainter source located ~15” to the west. Figure 2.1b
shows the resulting image after combining the new VLA C-configuration observations
with previous VLA D-configuration observations (Sanchez-Monge et al. 2008). Since the
combined dataset has a better uv—coverage, we recovered faint structure to the south of
the UCH 11 region similar to the double-source structure detected at 1.3 cm by Sénchez-
Monge et al. (2008). The faint source to the west of the UCHII region is coincident with
the main 1.2 mm peak detected with the IRAM 30m telescope (Sénchez-Monge et al.
2008). By combining the 3.6 cm VLA-C and VLA-D datasets with archival VLA-B data,
we improved the angular resolution up to ~ 1.8”. With this angular resolution, the faint
source 15” to the west of the UCH 11 region is marginally detected, and the UCH 1T region
shows a shell morphology with three main peaks and with the 2MASS source falling at the
center of the peaks (see Figure 2.1g). In Figure 2.1c we show, for completeness’ sake, the
1.3 cm continuum emission map from Sanchez-Monge et al. (2008). At 7 mm we detected
one compact source at the position of the UCH 11 region (Figure 2.1d).

In Table 2.2, we summarize the main results of the sources detected in the region at
different wavelengths. The Table gives for each source the coordinates, peak intensity, flux
density, deconvolved size and position angle.

2.3.2 Millimeter continuum emission

Figure 2.1e shows the 3.2 mm PdBI continuum emission of the region. There are two
compact strong sources at 3.2 mm: the strongest source, MM1, lying ~ 15" to the west of
the UCH 11 region; and the other source, MM2, being located ~15” to the south of MMI1.
The peak of MM1 is associated with the faint 3.6 cm source shown in Figure 2.1b and with
a near-infrared 2MASS source. MM1 is partially extended to the southwest, also spatially
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Table 2.2: Multiwavelength results for the YSOs in IRAS 0011746412

A Beam P.A. I,Bcaka S,2 Deconv. Size P.A.

(em) ("x”) (°) Rms” (mJybeam™') (mJy) (" x") ©)

UCHu  «(J2000.0) = 00"14™28°23

8(J2000.0) = +64°2846"'6

6.0 52x4.0 -4 30 1.21 4+ 0.03 1.724+0.08 31x27+05 95+50
3.6 3.8x3.7 445 30 1.03 +0.03 1.884+0.09 3.7x31+£04 10+60
3.6 1.9%x 1.7 =70 50 0.43 £ 0.05 1.62+0.16 3.9x37+04 180+ 60
1.3¢ 59x45 —21 70 0.59 + 0.07 1.74£0.2  59x50+20 120=+50
0.7 4.0%x3.0 +64 170 1.35+0.17 14403  27x00+1.2 150430
0.32 43x34 461 180 <1
0.13 3.2x20 445 600 <4
0124 15x1.2 458 1000 <25

MMI1  «(J2000.0) = 0014™26505

§(J2000.0) = +64°28'43"'7

6.0 5.2 x4.0 —4 30 < 0.12
3.6 3.8x 3.7 445 30 0.14 +0.03 0.17+£0.07 6.4x3.0+£20 120=£30
3.6 1.9x 1.7 =70 50 0.21 £0.05 0.15+0.06 40x22£15 160=£50
1.3 59x45 =21 70 . < 0.27

0.7 4.0x3.0 464 170 e < 0.69 e e
0.32 4.3 x34 461 180 4.16 £0.19 51+0.9 3.2x0.0+£04 75+ 10
0.13 3.2x20 +45 600 51£1 71+14 24x1.0=£0.3 50 £ 10
0.12¢ 1.5x1.2 +58 1000 21+£1 65 £ 10 29x1.6+04 25+10

MM2  «(J2000.0) = 00"14™26531

8(J2000.0) = +64°28'27"'8

6.0 5.2 x4.0 —4 30 <0.12

3.6 3.8 x 3.7 445 30 <0.12

3.6 19x17 =70 50 < 0.21

1.3 59 x45 =21 70 e < 0.27

0.7 4.0x 3.0 +64 170 e < 0.69 e e
0.32 4.3 x34 461 180 2.8+£0.2 3.2£0.6 1.6 x1.0£1.0 160 =+50
0.13 3.2x20 445 600 19+£1 24+5 20x00£05 170£20
0.12¢ 1.5x1.2 +58 1000 20+5 50 £ 13 3.5x1.1+£08 140+30

a

Primary beam corrected. Error in intensity is 0. Error in flux density has been calculated as

\/(ow/OSOm.ce/Hbemn)2 + (CAux—scale)?, Where o is the rms noise level of the map, Osource and

Obeam are the size of the source and the beam respectively, and oqux_scale IS the error in the flux
scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Yuncertainty )-

Rms noise level in pJy beam~!.

Data from Sanchez-Monge et al. (2008). Deconvolved size and P.A. correspond to the com-
ponent VLA3 from Sdnchez-Monge et al. (2008), which is the component associated with the
easternmost 2MASS source shown in Figure 2.1c.

1.2 mm PdBI continuum map done with natural weighting; for flux densities and coordinates for
the different subcondensations detected in the uniform-weighted map, see Table 2.3.
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Table 2.3: Parameters of the 1.2 mm subcondensations associated with MM1 from the uniform-
weighted PdBI map?

Position IBeakb Syb Deconv. Size® P.A.C Menvd
Source «(J2000) §(J2000) (mJy beam™ 1) (mJy) (" x"y (®) (Mg)
MM1-main® 00 14 26.051 64 28 43.69 128+ 1.1 3946 3241.8x03+£03 -89+ 5 1.46
2.140.9x1.0+£0.3 +3+13
MM1-S 00 14 26.065 64 28 42.26 4.7+1.1 54414 1.6+0.5x084+0.2 —30%30 0.20
MM1-SW 00 14 25.861 64 28 42.25 5.9+ 1.1 6.4+1.5 1.3+£04x02+£01 48+ 9 0.24

2 Synthesized beam of the uniform-weighted map is 0796 x 0//77 with P.A.= +66°. The rms noise level of the map is
1.11 mJy beam 1.

Primary beam corrected. Error in intensity and flux density as in Table 2.2.

Deconvolved sizes and P.A. obtained from a fit with two Gaussian for MM1-main, and one single Gaussian for MM1-S and
MM1-SW.

Masses derived assuming a dust mass opacity coeffecient at 1.2 mm of 0.9 gcm_1 (agglomerated grains with thin ice mantles

in cores of densities ~ 10° cm_3, Ossenkopf and Henning 1994), and a dust temperature of 30 K. The uncertainty in the
masses due to the opacity law is estimated to be of a factor of 2.

Throughout all the text, we refer to MM1-main as MM]1, for simplicity.

coincident with a second infrared source detected in the 2MASS (J00142558+-6428416),
hereafter 2M0014256 (cf. Figure 2.1e). Note that the K;-2MASS image shows no infrared
emission toward MM2 (cf. Figure 2.1a).

The SMA map at 1.3 mm shows two compact sources clearly associated with MM1
and MM2 (Figure 2.1f). The 1.2 mm maps from the PdBI, with an angular resolution
three times better than the SMA images, but only covering the region of MM1 within the
primary beam of 22", show that this source splits up into at least three subcondensations:
a compact core, MM1-main, elongated in the east-west direction and with faint extensions
towards the north and the south; a faint 40 source about 1” to the south of MM1-main,
MM1-S; and a faint source at 50 located ~2” to the southwest of MM1-main, MM1-SW
(see Figure 2.1h and Table 2.3). We note that the PABI 1 mm and SMA 1 mm flux
densities are completely consistent, if we take into account that the PdBI is filtering out
emission at smaller scales than the SMA. In the following we will refer to MM1-main as
MMI.

In Table 2.2, we summarize the main results of the sources detected in the region
at millimeter wavelengths. For both MM1 and MM2, we estimated the mass of the dust
component assuming dust temperatures of 30 K and 20 K for MM1 and MM2, respectively
(as a first approximation, since MM1 is associated with near-infrared emission, while MM2
is not), and a dust mass opacity coefficient at 1.3 mm of 0.9 gcm™! (agglomerated grains
with thin ice mantles in cores of densities ~ 10° cm™3, Ossenkopf and Henning 1994).
With these assumptions, we estimated a mass for MM1 of ~ 3.0 Mg, and a mass for MM2
of ~1.7 Mg (both derived from the (SMA) flux at 1.3 mm given in Table 2.2). In order
to properly estimate the spectral index between 3.2 mm (PdBI) and 1.3 mm (SMA), we
made the SMA image using the same uv-range as the PdBI data (9-72 kA). By measuring
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Figure 2.2: Spectral energy distribution in the centimeter and millimeter range for the UCH 11
region. Dashed line: free-free optically thin fit with a spectral index of —0.03 + 0.08. Figure
from Palau et al. (2010).

the flux densities in the maps in the common uv-range, we obtained a spectral index of
3.140.2 for MM1 and 2.740.2 for MM2. Finally, we estimated the fraction of missing flux
resolved out by the SMA at 1.3 mm by comparing the total flux of MM1 plus MM2 with
the flux density measured with the IRAM 30 m Telescope of 1.2 Jy (Sanchez-Monge et al.
2008), and found that the fraction of flux filtered out by the SMA is 92% (see Appendix
of Palau et al. (2010), for details in the calculations).

2.3.3 Spectral energy distribution

The centimeter range (from 6 up to 0.7 cm) of the spectral energy distribution of the
UCH1I region can be fitted assuming free-free optically thin emission from ionized gas
with a spectral index (o, S, o< v®) of —0.03 £ 0.08 (see Figure 2.2). We calculated the
physical parameters of the H 11 region and found a size of 0.03+0.01 pc, an electron density
of 2 x 103 cm™2, an emission measure of 1.1 x 10° cm~% pc, and a mass of ionized gas
of 8.9 x 107* M. Such an H1I region can be ionized by a B2 ZAMS star, with a flux
of ionizing photons of 4.4 x 10* s~! (Panagia 1973). Regarding the centimeter emission
coming from MM1, we only have a detection at 3.6 ¢m, and thus we cannot measure the
spectral index. However, we can estimate a range of possible spectral indices, which is
—0.3 < apmm1 < 1.1, consistent with thermal free-free emission from ionized gas. More
sensitive observations at different wavelengths are necessary to confirm the value of the
spectral index in the centimeter range for the MM1 source.
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Figure 2.3: Right: Contours: CO (2-1) moment-zero map integrated for systemic velocities
(between —6 and +6 km s~! with respect to the systemic velocity, —36.3 km s™1). Levels

start at 24%, increasing in steps of 15% of the peak intensity, 22.9 Jy beam ™! km s~

Top-
left: 1dem for moderate velocities. Blue (solid) contours: emission in the velocity range from
—6 to —15 km s~! with respect to the systemic velocity. Red (dashed) contours: emission
in the velocity range from +6 to +15 km s~! with respect to the systemic velocity. Levels
start at 9%, increasing in steps of 15% of the peak intensity, 32.7 Jy beam~! km s~! and
25.8 Jy beam ™! km s~! for the blue and red-shifted velocities, respectively. Bottom-left: ldem
for high velocities. Blue (solid) contours: emission in the velocity range from —15 km s™! to
most negative values with respect to the systemic velocity. Red (dashed) contours: emission in
the velocity range from 415 km s~! to most positive values with respect to the systemic veloc-
ity. Levels start at 9%, increasing in steps of 15% of the peak intensity, 13.0 Jy beam ™! km s~!
and 11.1 Jy beam~! km s~! for the blue and red-shifted velocities, respectively. In all panels,
grey scale: NoHT zero-order moment map; grey solid lines indicate the possible orientation
(PA=45° and 20°) of the outflow(s). Black/white dots indicate the position of the UCH 11
region, MM1 (main, south, and southwest), and MM2. The synthesized beam, 2792 x 1”78
at P.A. = 44°7, is shown in the bottom left corner of each panel. Figure from Palau et al.
(2010).
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Figure 2.4: Spectrum of the 12CO (2-1) (thick line) and 3CO (2-1) (thin line) emission in
the IRAS 0011746412 region, averaging over all emission of outflow lobes. Blue (solid) and
red (dashed) vertical lines indicate the range of velocities (red wing: —30.0 km s~ up to
—8.0 km s7!, and blue wing: —72.0 km s™! up to —42.5 km s7!) used to estimate the
parameters of the outflow. Figure from Palau et al. (2010).

2.4 Molecular results

2.4.1 Molecular outflow gas

Interferometric CO (2-1) maps reveal emission spanning a wide range of velocities, from
—70 up to —14 km s~ with the systemic velocity at —36.3 km s~! (see Figure 2.3).
Blueshifted emission appears in different clumps toward the north and northeast of MM1,
while redshifted emission appears toward the southwest of MMI, suggesting a bipolar
structure centered on MM1.

The spectrum of the region, averaged over all the emission of outflow lobes, is shown
in Fig. 2.4, together with a preliminary spectrum of *CO (2-1). The CO spectrum shows
a dip from —6 up to +6 km s~! with respect to the systemic velocity, which could be
due to self-absorption by cold foreground gas or opacity effects, as the dip is coincident
with the peak of the 3CO line. We note that the dip could be partially produced by
the missing short-spacing information in the interferometer data as well. In order to
make a rough estimate of the fraction of flux filtered out by the SMA (due to the lack
of uv sampling at spacings smaller than 9 k), we compared the single-dish spectrum
(from Zhang et al. 2005) at certain velocities with the SMA spectrum (extracted from
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Figure 2.5: Left: CO(2-1) pv-plot in the northeast-southwest direction with PA=45°, at the
offset position (3”36; 0796), with respect to the phase center. Right: CO (2-1) pv-plot in the
north-south direction with PA=20°, at the offset position (2”07; —0”04), with respect to the
phase center. For both panels, contours are —12%, —6%, 6% to 96% in steps of 10% of the
peak intensity, 3.63 Jy beam ™! for the plot at PA=45°, and 3.59 Jy beam™! for the plot at
PA=20°. Both pv-plots have been convolved with a gaussian of 570 x 2”0, at P.A. = 135°0
and P.A. = 110°0 respectively. The labeled clumps are identified in Figure 2.3, see Palau
et al. (2010) for more details.

the channel maps convolved to the single-dish beam, of 30”) at the position of the IRAS
source. The missing flux is around 99% for the systemic velocities, indicating that at these
velocities the CO emission mainly comes from structures much larger than ~10”, which is
the largest angular scale observable by an interferometer whose shortest baseline is ~ 9 kA
(see Appendix of Palau et al. 2010). On the other hand, the missing flux decreases as one
moves to higher velocities. For example, the fraction of missing flux goes down to 50% at
—7 and 5 km s~! (with respect to the systemic velocity) for the blueshifted and redshifted
sides, respectively; and the SMA recovers all the single-dish flux at —13 and 7 km s~! with
respect to the systemic velocity. This indicates that the high-velocity CO (2-1) emission
has a characteristic source size <10”.

In Figure 2.3, we show the zero-order moment maps of the CO emission integrated
over three different velocity ranges: (1) systemic velocities from —6 to +6 km s~! with re-
spect to the systemic velocity (Figure 2.3 right panel), (2) moderate velocities from —6 to
—15km s~!, and from +6 to +15 km s~! with respect to the systemic velocity (Figure 2.3
top-left panel), and (3) high velocities from —15 km s~! to most negative velocities, and
from +15 km s~! to most positive velocities with respect to the systemic velocity (Fig-
ure 2.3 bottom-left panel). At systemic velocities the emission appears concentrated in
two main structures, a clump associated with the NoH™ MM1 ridge (grey scale in the
image; see next sections), and a multipeaked-arc located to the north of MMI1, just bor-
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Table 2.4: Physical parameters of the outflows driven by IRAS 00117+6412%

OUtﬂow/IObe tdyn size Niol Mot Mout Pouwt  FPout  Exin Lmech
(1) (2) (3) (4) (5) (6 (M B (9 (10
Outflow A — P.A.=40°

CO (2-1) — red 3600 12x9 3.1x10' 005 15 1.2 33 26 046
CO(2-1) ~blue 3300 14x7 29x10% 0.05 14 14 42 42 085
CO(2-1) 3500 ... 6.0 x 1016 0.10 29 26 75 67 131

& Parameters are calculated for an inclination with respect to the plane of the sky equal to 0°, and
are corrected for opacity effects (following the expressions given in Palau et al. 2007b). Notes

and units for each column: (1) blue/red lobe for each molecular species; (2) dynamical age in

years; (3) size of the lobe in arcsec; (4) column density of the molecule in cm~2; (5) outflowing

mass in Mg); (6) rate of the outflowing mass in 10=¢ Mg yr=!; (7) momentum of the outflow
in Mg km s™1; (8) outflow momentum rate in 1075 Mg km s~ yr=!: (9) kinetic energy in
10*? erg; and (10) mechanical luminosity in L.

dering the NoH™ emission. At moderate and high velocities, which are less affected by the
missing short spacings in the interferometric data, the emission has a bipolar structure
centered near the position of MM1 and is elongated in the northeast-southwest direction
(see Figure 2.3 left panels). Note that the position angles of the high-velocity CO emission
are almost perpendicular to the direction of the NoH™ velocity gradient, found at ~ 130°
(see next Section).

We performed different position-velocity (pv) plots close to MM1 in cuts with PA=45°
and PA=20° (see Figure 2.5): the two directions indicated in Figure 2.3. Both pv-plots
have been convolved with a Gaussian (5" x 2" at PA=135° and 110°, respectively). In
both plots, positive and negative positions correspond respectively to northeastern and
southwestern positions with respect to MM1. In the first cut (45°) we can distinguish a
strong velocity gradient from clump Ra to clump Ba (see Figures 2.3 and 2.5 for clump
identification), with velocities increasing with distance, following a Hubble-law pattern
(up to 34 km s~! with respect to the systemic velocity in the case of clump Ba). We
note that in the cut at PA=45°, the clump Bc shows moderate velocity emission of up to
14 km s~! with respect to the systemic velocity. Regarding the pv plot at PA=20°, the
redshifted emission and the blueshifted clump Ba also follow a Hubble-law, as in the cut
at 45°.

We calculated the energetics of the outflow for each blue and red lobe separately (for
the blue lobe we included both clumps Ba and Bb), assuming that all the emission comes
from a single outflow, and listed the values in Table 2.4. The expressions used to calculate
the outflow CO column density, N(CO), from the transition J — J — 1, and the outflow
mass, Moy, are given in Palau et al. (2007b). We adopted an opacity in the line wings of
~2 (from preliminary '3CO data). For the red lobe we integrated from —30 to —8 km s~!,
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2.4. Molecular results

and for the blue lobe from —72 to —42.5 km s~!. The dynamical timescale of the outflow,
tdyn, was derived by dividing the size of each lobe by the maximum velocity reached in the
outflow with respect to the systemic velocity (28.3 km s~! for the red lobe, and 35.7 km s~!
for the blue lobe).

2.4.2 Molecular dense gas

Palau (2006) and Palau et al. (2010) studied the dense gas emission toward 100117 by
mapping the NoH™ (1-0) molecular transition with the PdBI, while Busquet (2010) studied
the dense gas emission coming from the NHs (1,1) and (2,2) inversion line transitions. In
Figure 2.6 top panels, we show the zero-order moment (intensity) maps of these dense gas
tracers. The NH3 and NoH™ emission consists of two main clumps named MM1 ridge and
MM2. The MM1 ridge, with a size of ~20” (~0.2 pc at a distance of 1.8 kpc), is elongated
in the northeast-southwest direction, i.e., the same direction as the CO (2-1) molecular
outflow (cf. Figure 2.3). The NoH™ main peak (in MM1 ridge) is spatially coincident
with the centimeter/millimeter source MM1. This dense core, is resolved into two main
components when observed in the ammonia emission. The MM2 clump, located ~ 20"
to the south of MM1, is elongated in the southeast-northwest direction, with a length of
~10”. This clump, coincident with the millimeter source MM2, shows a double peak in
the ammonia (1,1) transition. It is worth noting that the MM2 clump is fainter in the
(2,2) transition than the MM1 clump. The energy level of the NHj3 (2,2) transition is
higher than the energy levels of the NH3 (1,1) and NoH™ (1-0) transitions. Thus, it seems
there is no hot gas related to the MM2 clump. Toward the west of this main dense gas
structure, there is a third faint clump (western clump) easily detected in the NoH™ map,
and located within the extended emission in the ammonia lines. The emission of NHg
roughly mimics the NoH™' emission, but being the NH3 emission more extended (possibly
as a consequence of the VLA being more sensitive to larger angular scales than the PdBI).
Finally, it is worth noting that the dense gas emission is not directly associated with the
UCH 11 region, but close to (and surrounding) the UCH 11 region, in an elongated structure
(seen in ammonia) toward the south of the UCH 11 region.

In the middle and bottom panels of Figure 2.6, we show the velocity and linewidth
maps (obtained from the first and second-order moment maps) of the NHz and NoH™
emission. A clear velocity gradient is found in the two main clumps (MM1 ridge and
MM2 clump) in the southeast-northwest direction in both cases. These velocity gradients
are perpendicular to the direction of the CO (2-1) molecular outflow (cf. Figure 2.3),
suggesting the dense gas could be rotating around the two dust condensations. Assuming
the Keplerian rotation hypothesis, we estimate the dynamical mass to be 4 Mg, with
Vot = 0.7 km s71 and Ryop = 4”7 (we used Mayn = v%; Riot/G sin?i, with i = 90°). Tt
is interesting to note, that the NHs (1,1) and NoH™ (1-0) emission show an enhancement
of the linewidth in the direction of the ridge, and along the direction of the molecular
outflow, as expected in the case of the outflow being perturbating the dense gas.
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Figure 2.6: NH3(1,1) (left-column), NH3(2,2) (center-column), and NoH™t (1-0) (right-
column) maps toward IRAS 00117+46412. In top panels: we show the zero-order moment
(intensity) maps. Levels start at 5%, increasing in steps of 15% the intensity peak: 36, 22,
360 Jy beam ™ m s™!, for NH3(1,1), NH3(2,2) and NoH™, respectively. In middle panels:
we show the first-order moment (velocity field) maps. In bottom panels: we show the second-
order moment (linewidth) maps. In middle and bottom panels, contours show the zero-order
moment maps in steps of 20%. In all panels, the black star marks the position of the UCH 11
region, and the white stars mark the position of MM1 and MM2 (see Table 2.2). Synthesized
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2.4. Molecular results

The dense gas associated with MM2 shows some hints of rotation and infall (Palau
et al. 2010). This object, with no centimeter continuum emission, no near/mid-IR and no
outflow emission, has typical characteristics of starless cores. However, and interestingly,
it is associated with a water maser spot (Cesaroni et al. 1988; A. Sanchez-Monge, priv.
comm.), suggesting MM2 could be a very young dense core, harbouring an object in
an evolutionary stage between the starless core and the onset of the star formation (see
Section 2.4.4 for more details on maser interpretation). In this work, we will focus our
analysis in the two centimeter continuum sources and their surroundings. More details
in the analysis of the NoH™ (1-0) transition are reported in the works of Palau (2006)
and Palau et al. (2010). Finally, Busquet (2010) studied the NH3/NoH™ ratio toward
the different clumps in 100117, finding lowest values of the ratio toward MM1 and higher
values toward MM2. Higher values of this ratio are expected in starless cores, while lower
values are generally found in dense cores already harbouring a protostar.

The wide band of the SMA is a powerful tool in the detection of several molecular
lines, typically tracing hot molecular core emission (see Chapter 1). We searched for other
dense gas tracers toward 100117 in the wide SMA band spectrum, and we did not detect
dense gas emission associated neither with the UCH 11 region nor with the MM2 source.
At the position of MM1, we only detect emission from the 2CO (2-1), 3CO (2-1) and
C80 (2-1) transitions. Thus, no hot core signatures are found toward none of the three
main sources in the 100117 star forming complex.

2.4.3 Dense gas analysis

The chemical environment of 100117 has been studied by analyzing the column density,
rotational temperature, opacity and velocity of the NHs emission. We computed the
column density maps by extracting the spectra for positions in a grid of 175 x 1”5. Using
CLASS® we fitted the hyperfine structure of each spectrum for NH3 (1,1) and a single
Gaussian for the NHj3 (2,2) transitions. We fitted only those positions with an intensity
greater than 50 for NH3 (1,1) in order to ensure we are detecting the hyperfine components,
whereas for the (2,2) transitions we fitted the spectra with an intensity greater than 4.
The hyperfine structure fitting program in CLASS (Forveille et al. 1989) has been used
to determine the LSR velocities (v), the intrinsic linewidths (Av), and opacities of the main
line (7(1,1); the total opacity for the (1,1) transitions can be obtained from 7 = 27 1))).
From the results of the fits of the NHj3 (1,1) and (2,2) spectra, we computed the excitation
temperature (Tux), column density (Nnm,), and rotational temperature (7yot) following
the procedures described in Ho and Townes (1983) and Harju et al. (1993) (see also
Appendix A of Busquet et al. 2009 and Busquet 2010). We assumed a filling factor of
1. In Figure 2.7, we present the resulting maps. The velocity and linewidth maps show
similar results as those shown in Figure 2.6, with a broadening of the line at the position
of MM1, probably due to the presence of the molecular outflow. The ammonia (1,1)

®From the GILDAS packaged, see http://www.iram.fr/TRAMFR/GILDAS.
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Figure 2.7: Ammonia parameters towards IRAS 00117+6412. From top to bottom, and left
to right: velocity map of the NH3 (1,1) line (units in km s~!); line-width map of the NH3 (1,1)
line (units in km s™1); excitation temperature map from NHz(1,1) (units in K); map of the
optical depth of the NH3 (1,1) main line; rotational temperature map from NHs(1,1) and
NH3 (2,2) (units in K); and NH3 column density map (units in cm™2). In all panels, black
contours show the intensity map of the NH3 (2,2) line, the black star marks the position of the
UCH 11 region, and white stars mark the position of MM1 and MM2. The synthesized beam is
indicated in the bottom-right corner of each panel. Small white crosses in the T,y map show
the position for which we extracted the (1,1) and (2,2) spectra.
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Figure 2.8: Left panel: NHs(1,1) zero-order moment map (shown in Figure 2.6) in colour
scale. Red/blue contours correspond to the redshifted and blueshifted CO (2-1) molecular
outflow emission (as in Figure 2.3, moderate velocities). Right panel: Linewidth (FWHM;
in km s~!) obtained from the second order moment of the NH (1,1) emission (as shown in
Figure 2.6). Vertical scale units are km s~1. Black/blue contours correspond to the redshifted
and blueshifted CO (2-1) emission (as in left panel). In both panels, the stars mark the position
of the three YSOs (UCH 11, MM1 and MM2; see Table 2.2).

emission is optically thick (7 ~ 1) in all the cloud, and the column density has a value
around 8 x 10 ¢m™2, with an enhancement (up to 3 x 10> ecm~2) toward the northwest
of MM2 (see next section). The rotational temperature is low (10-18 K) through all the
ammonia cloud, reaching values ~17 K at the position of MM1, and lower values ~12 K
towards MM2. It is interesting to note that the temperature rises up to 26 K toward the
east of the cloud, close to the UCH 11 region. At this position, there is a faint filament
surrounding the southern part of the H1I region. This fillament is stronger in the (2,2)
transition than in the (1,1) line (cf. Figure 2.6), suggesting this gas is hot (as found in the
map of the rotational temperature). The temperature enhancement of the gas could be
due to the large UV radiation field produced by the shell-like UCH 11 region.

2.4.4 Outflow-dense gas interaction

In Figure 2.8, we show an overlay of the outflow emission (in contours) and the ammonia
(integrated emission in the left panel, and linewidth in the right panel). It is interesting
to note how the red lobe (in black contours) is spatially anticorrelated with respect to the
peaks of the ammonia emission, except for the position of the MM1 source. It likely sug-
gests that the outflow is advancing against the dense gas creating cavities in the molecular
cloud, or that the outflowing gas can only go through the less dense regions of the cloud.
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Figure 2.9: Images at infrared wavelengths for IRAS 00117+6412. White/black stars mark
the position of the radio continuum sources UCH11, MM1, and MM2 (see Table 2.2). The
UCH 11 region is associated with the strongest IR source, and with faint emission in the red
plate of the DSS.

At the position where the outflow reaches the MM2 ammonia clump, an enhancement in
intensity and column density (see Figure 2.7) is seen, likely as the result of the collision
of the high-velocity outflowing gas with a pre-existing dense core. Furthermore, at this

position there is a broadening of the line (up to 1.5 km s~!

, see right panel). The water
maser emission detected with single-dish telescopes towards MM2 could be, in fact, the
result of this collision rather than protostellar activity form MM2. Finally, the ammo-
nia emission close to MM1 and extending toward the southwest, shows a moderate line
broadening (~ 1.1 km s~!), which could be the result of the passage of the outflow. In
conclusion, it seems that the ammonia emission (intensity and kinematics) are determined

by the effects of the outflow.

2.5 Summary and brief discussion

We have analyzed with high angular resolution and good sensitivity the centimeter and
millimeter continuum, the outflow gas with the CO (2-1) transition, and the dense gas
with the NoH™ (1-0), NH3 (1,1) and (2,2) transitions, towards the star-forming region
IRAS 001174-6412. Our main conclusions can be summarized as follows.
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e Centimeter continuum emission is detected in all the maps, coming from two distinct
sources. An UCH 11 region is located at the border of a dusty cloud, with a shell-like
morphology and a flat spectral index of —0.03+0.08. Its SED can be well fitted by an
optically thin H 11 region with a size of 0.03 pc and an electron density of 2x 10% cm ™2,
ionized by a B2 ZAMS star. The second centimeter source, MM1, is located 15" to
the west of the UCH 11 region and is embedded in a dust cloud. Although we only
detect emission at 3.6 cm, the upper limits at the other wavelengths indicate that the

centimeter emission for MMI1 is thermal, with a spectral index —0.3 < apnip < 1.1.

e At millimeter wavelengths we detect two main sources, MM1 and MM2. Both sources
seem to be tracing dust envelopes of a few solar masses. The main difference is that
MML1 is associated with thermal centimeter continuum emission and with a 2MASS
source, while MM2 has no counterparts at infrared or centimeter wavelengths. We
searched the Spitzer database for observations toward 100117, and found images at
4.5 and 3.6 pm. No emission is detected at these wavelengths at the position of MM2
(see Figure 2.9). Finally, both objects are associated with water maser emission.

e A molecular outflow driven by MM1 is detected in the CO (2-1) transition, with
a northeast-southwest orientation. The outflow emission consists of different high
velocity condensations in a wide-angle outflow morphology. The physical parameters
of the outflow are similar to those found in outflows from intermediate-mass YSOs.

e Dense gas emission is detected in the NH3 and NoH™ lines, coming from a cloud that
resembles the morphology of the dusty cloud. The two main dense gas condensations
are spatially coincident with the position of MM1 and MM2, and show a velocity
gradient in the southeast-northwest direction, perpendicular to the direction of the
molecular outflow. A dynamic mass of 4 Mg is estimated from the velocity gradient
at the position of the MM1 source (assuming the gradient is due to Keplerian rota-
tion). The temperature of the gas toward MM1 is ~ 17 K, while it drops up down
to ~ 12 K for MM2. Although no dense gas is directly associated with the UCH 11
region, a faint ammonia filament is detected surrounding the H 11 region toward the
south. Its rotational temperature is ~26 K, suggesting the UV radiation is heating
the gas close to the H1i region. The global picture suggests that the UCH 11 region
has started to dispers and disrupt its natal cloud. It is interesting to note that
faint extended emission in the red band of the DSS is found toward the north of
the UCH 11 region (Figure 2.9), i.e., the opposite site where we find the ammonia
filament.

e The morphological distribution seen in the maps of the ammonia intensity (and
column density) and linewidth, seems to be the result of the passage of the molecular
outflow driven by MM1 through the molecular cloud.
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IRAS 221344-5834: a small UCH 1I region
disrupting the parental cloud

3.1 General overview

IRAS 2213445834 (hereafter 122134), with a bolometric luminosity of 12600 L at a dis-
tance of 2.6 kpc, is located within a compact molecular cloud detected in 2CO and C'30O
by Dobashi et al. (1994). At millimeter wavelengths, the region is dominated by an ex-
tended and elliptical source with a single resolved peak centered on the IRAS source (Chini
et al. 2001; Beuther et al. 2002b), and associated with a centimeter compact source of a
few mJy (Sridharan et al. 2002). The dusty cloud is associated with an embedded cluster
(Kumar et al. 2006), HoO maser emission (Cesaroni et al. 1988; Wouterloot et al. 1993),
and a massive molecular outflow (Dobashi and Uehara 2001; Beuther et al. 2002c), prob-
ably associated with Ho knots (Kumar et al. 2002). Additionally, emission from a vast set
of molecular line transitions has been reported in single-dish surveys (Beuther et al. 2002b;
Richards et al. 1987; Fuller et al. 2005; Sridharan et al. 2002; Lépez-Sepulcre et al. 2010).
Regarding the near-infrared emission, Kumar et al. (2003) find a rich centrally symmet-
ric and flattened embedded cluster and a central dark region, probably an empty cavity,
surrounded by a ring of bright and massive stars associated with the FIR/(sub)millimeter
emission. All the bright stars in the ring are found to have intrinsic infrared excess emission
and are likely to be early-to late-B type stars.

In this Chapter, we present new interferometric continuum and dense gas observations
that reveal that 122134 seems to be associated with a small cometary UCH 11 region, within
a large infrared cluster, dispersing the dust and gas that surrounds it.
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3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

3.2 Observations

3.2.1 Very Large Array

The 122134 star forming region was observed with the Very Large Array (VLA!) at 6.0,
3.6, 1.3, and 0.7 cm continuum in the A, B, and C configurations of the array, on 2007
and 2009, with 1021 EVLA antennas in the array. In Table 3.1 we list the main pa-
rameters of the observations. The data reduction followed the VLA standard guidelines
for calibration of high frequency data, using the NRAO package AIPS. First images were
produced with a natural weighting to obtain a good sensitivity. We complemented our
continuum observations with archival data from projects AC295, AB1101 and AS643, and
data from the NVSS (Condon et al. 1994), which contains observations of 122134 at 20,
3.6, and 1.3 cm in different configurations (see Table 3.1). Several images were done, by
changing the robust weighting parameter of Briggs (1995). We avoided to combine the
uv—data sets at the same frequencies due to the large differences between the observations
(mainly affecting the rms noise levels, and thus the brightness sensitivity). In order to
properly compare the flux density at each frequency of the main source (see Section 3.3)
we created images with the same uv-range (15450 kA) and convolved with the same syn-
thesized beam (077 x 0”7). We used only those observations with good angular resolution
(~0”3-0"5) and high sensitivity. In Table 3.3 we provide the resulting synthesized beams
and rms noise levels of the combined images.

The VLA was also used to map the (J, K)=(1,1) and (2,2) inversion lines of the
ammonia molecule with the array in its D configuration. The archival data (project
AK558) were obtained during 2003 May 01. The adopted flux density of the absolute
flux calibrator 13314305 (3C286) was 2.41 Jy at the frequencies of 23.69 and 23.72 GHz.
Amplitude and phase calibration were achieved by monitoring 21484611, resulting in an
rms of the phases of ~40° and a bootstrapped flux of 0.595 4+ 0.004 Jy. The bandpass was
fixed by observing the bright quasars 12294020 (3C273) and 03194415 (3C84). The 4IF
spectral line mode was used, allowing simultaneous observations of NHjs (1,1) and (2,2)
lines with two polarizations for each line. The bandwidth used was 3.1 MHz, with 63
spectral channels with a channel spacing of 48.8 kHz (~0.6 km s~!) centered at v gg =
—18.3 km s™!, plus a continuum channel that contains the average of the central 75% of
the bandwidth. The data reduction followed the standard guidelines for calibration of high
frequency data, using the software package AIPS. Imaging was performed using natural
weighting, resulting in a synthesized beam of 3”7 x 3”1 with a P.A.=+86° and a 1 o rms
of 1.7 mJy beam ™! per channel.

'The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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3.2. Observations

Table 3.1: Main VLA continuum observational parameters of IRAS 2213445834

A Project Epoch of Gain cal. / Flux Beam P.A.

(cm) VLA conf. Observation Bootstr. Flux® cal. (" x") (°)  Rms®

20.0 NVSS D 1995 Mar 12 o . 45. x 45. +0 470
6.0 AS1038 D 2010 Apr 23 2148+611 / 1.29(1) 3C48 147 x 11.0 +38 22
6.0 AsS902 A 2007 Jun 05 21484611 / 1.28(1) 3C286 041x0.36 —17 45
3.6 AS1038 D 2010 May 07  2148+611 / 1.02(1) 3C48 8.3 x5.9 +44 35
3.6 AC295 B 1992 Jan 06 2229+695 / 0.43(1) 3C48 0.74 x0.59 81 123
3.6 AS643 BnA 1998 Jul 02  2320+506 / 1.71(1) 3C286 1.16 x 0.66 +88 64
3.6 AS902 A 2007 Jun 05 21484611 / 1.05(1) 3C286 0.24x0.19 +25 24
1.3 Ac295 C 1992 May 25 22294695 / 0.27(3) 3C48 129 x0.94 +58 674
1.3 AB1274 B 2007 Oct 23 21484611 / 0.72(3) 3C286 0.30 x0.22 431 76
1.3 AB1101 B 2003 Nov 08 23224509 / 0.72(3) 3C286 0.35x0.23 +51 135
0.7 As981 C 2009 Jun 28 21484611 / 0.68(5) 3C286 0.63x0.39 +68 204
0.7  AB1274 B 2007 Oct 23 21484611 / 0.50(20) 3C286 0.45 x 0.32 —63 211

# Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.

P Rms noise level in uJy beam ™.

3.2.2 Expanded Very Large Array

We also observed 122134 with the new capabilities of the VLA: the Expanded Very Large
Array (EVLA). The EVLA was used on 2010 April 23 and May 07 to observe the continuum
emission at 6.0 and 3.6 cm in its D configuration, with a bandwidth of 2 x 256 MHz
(up to 5 times better than the standard VLA observations). In Table 3.1, we list the
main parameters of these observations. The data reduction followed the EVLA standard
guidelines for continuum emission, using the NRAO package CASA. Images were done
with the CLEAN procedure in CASA, by setting the robust parameter of Briggs (1995) to
+2 (natural) for the 3.6 cm image, and to 0 for the 6 cm image. The resulting rms noise
levels and synthesized beams are shown in Table 3.1.

3.2.3 Combined Array for Research in Millimeter-wave Astronomy

The Combined Array for Research in Millimeter-wave Astronomy (CARMA?) was used
to observe the 3.2 mm and NoH™ (1-0) molecular transition towards 122134. We carried
out a 5 hour track on 2008 June 23, with the array (five 10.4 m antennas and nine
6 m antennas) in the D configuration. The phase center was a(J2000) = 22P15™09323,
and §(J2000) = +58°4908”9, and the baselines ranged from 9.6 m to 137.6 m. The
FWHM of the primary beam at the frequency of the observations was 132" for the 6 m

2Supports for CARMA construction was derived from the Gordon and Betty Moore Foundation, the
Kenneth t. and Eileen L. Norris Foundation, the Associates of the California Institute of Technology, the
states of California, Illinois, and Maryland, and the National Science Foundation. Ongoing CARMA devel-
opment and operations are supported by the National Science Foundation under a cooperative agreement,
and by the CARMA partner universities.
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3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

antennas, and 77” for the 10.4 m antennas. System temperatures were around 200 K. The
digital correlator was configured to observe simultaneously the continuum emission and the
NoH™ (1-0) group of hyperfine transitions (93.176331 GHz, in the lower sideband). The
continuum data were recorded in two 500 MHz units, covering the frequency ranges 93.47—
93.91 GHz and 96.06-97.50 GHz. All the hyperfine NoH™ transitions were covered with
two overlapping 8 MHz units, with 63 channels each one, providing a spectral resolution
of ~0.42 km s~!. Bandpass calibration was performed by observing the quasar 3C454.3.
Amplitude and phase calibrations were achieved by monitoring BL Lac. The absolute flux
density scale was determined from MWC349, with an estimated uncertainty around 20%.
Data were calibrated and imaged using the standard procedures in MIRIAD. Imaging
was performed using natural weighting, obtaining a synthesized beam of 5”5 x 4”72 with
a P.A.=—87° and 1 o rms of 0.56 mJy beam~! for the continuum, and 45 mJy beam™!
per channel for the line.

3.3 Continuum results

3.3.1 Centimeter and millimeter continuum results

We detected radio continuum emission associated with the TRAS source 22134+5834 at
all wavelengths. In Figure 3.1, we show a global overview of the region at all radio
wavelengths, and at 3.6 pm of Spitzer/IRAC. At the four IRAC bands, the cluster of
IR sources reported by Kumar et al. (2003) is visible and appears surrounded by faint
emission (dominant at 8 ym) engulfing all the components of the cluster, and extending
in a cometary-like morphology to the west (see Figure 3.1 top panel, and Figure 3.5).
At radio wavelengths we will differentiate our observations in low (Z5"”) and high (<17)
angular resolution. At low angular resolution, the emission is dominated by a strong and
compact source (VLA1L) associated with one of the strongest IRAC sources located at the
head of the infrared cometary structure (see Figure 3.1 middle panels). A second radio
continuum source (VLA2) is located ~ 15" to the northwest of VLA1, and is also associated
with an TRAC source. In this case the IRAC source is much fainter and is located at the
tail of the cometary structure. At 3.2 mm, we only detect emission from VLA1 showing
a small extension toward the southeast. VLA2 is not detected at millimeter wavelengths
probably due to the low sensitivity of the CARMA observations. In Table 3.2, we list the
coordinates, intensity peak, flux density and deconvolved size of the two radio continuum
sources.

Our higher angular resolution observations (< 1”) allow us to gain insight into the
nature of VLA1. The source appears clearly resolved in a cometary-like morphology,
with the head of the cometary arc located to the southeast. It is important to note that
the orientation of the centimeter cometary source is similar to the large-scale cometary
emission seen at infrared wavelengths. The flux density of VL AT is almost constant at all
the centimeter wavelengths. However, the highest-angular resolution observations (7 mm
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Figure 3.1: Continuum maps for IRAS 22134+5834. Top: IRAC/Spitzer 3.6 um image. Red
ellipse marks the position of the IRAS source Middle panels: Low-angular resolution images:
EVLA (D-config) 6.0 cm continuum image, EVLA (D-config) 3.6 cm continuum image, and
CARMA (compact) 3 mm continuum image. Levels start at 3% (15% for 3.2 mm), increasing
in steps of 10% the peak intensity: 4.2, 4.0, and 8.6 mJy beam ™!, respectively. The white box
shows the region zoomed in bottom panels. Bottom panels: High-angular resolution images:
VLA (A-config) 6.0 cm continuum image, VLA (A-config) 3.6 cm continuum image, VLA
(B-config) 1.3 cm continuum image, and VLA (C-config) 0.7 cm continuum image. Levels
start at 5% (15% for 1.3 cm, and 35% for 0.7 cm), increasing in steps of 10% of the peak
intensity: 1.6, 0.8, 0.8, and 1.5 mJy beam ™!, respectively. The white star marks the position
of VLAL. Synthesized beams are shown in the bottom-right corner.
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3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

Table 3.2: Multiwavelength results for the YSOs in IRAS 2213445834

A Beam P.A. I},’C&ka S,? Deconv. Size P.A.
(cm) ("x") (°)  Rms” (mJy beam™')  (mJy) (" x") )

VLAL  a(J2000.0) = 22"15™09°23
§(J2000.0) = +58°49'08"'9

20.0 45. x 45. +0 470 1.3£0.9 29+£14 e e
6.0 14.7 x 11.0 438 22 4.3£0.1 5.1+£0.2 42x32 +03 45+ 15
6.0 0.41 x 0.36 —17 45 1.6£0.1 3.7+0.3 0.48 x0.38 £0.05 85+ 15
3.6 8.3 x5.9 +44 35 3.6£0.1 4.3+0.2 26x16 =£0.5 50 £ 15
3.6 0.74 x0.59 81 123 1.6 £0.3 21+£05 043x0.39 £0.2 140 £ 50
3.6 1.16 x 0.66 488 64 2.7£0.2 3.6£04 0.45x0.42 £0.1 95 + 45
3.6 0.27x0.19 425 24 0.8+0.1 3.5+0.2 048 x0.37 £0.05 85+ 15
1.3 1.29 x 0.94 458 674 < 2.7
1.3 0.30 x 0.22  +31 76 0.8£0.2 23£05 049x0.32 £0.1 90 £ 20
1.3 0.35 x 0.23 451 135 0.7+0.3 244+£07 0.71x0.51 £0.2 5+ 50
0.7 0.63 x 0.39 468 204 1.54+0.4 2.7+£09 0.70x0.45 £0.3 80 £ 40
0.7 0.45x0.32 —63 211 0.9+0.4 1.2£08 0.84 x0.37 £0.3 130 +£ 40
0.32 5.5 x 4.2 —87 560 8.6 +1.2 25. £ 11. 7T8xT71 £1.2 30£50

VLA2  «(J2000.0) = 22"15™07526
§(J2000.0) = +58°49'17"9

6.0 14.7 x 11.0 438 22 1.6£0.1 1.2£0.1 8.9 x5.7 £20 150 £+ 30
3.6 8.3 x 5.9 +44 35 0.4+0.1 0.5£0.1 5.5 x33 £25 35 440

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as

\/(20\/9301““:9/6’beam)2 + (20fiux—scale )2, Where o is the rms noise level of the map, Osource and
Opeam are the size of the source and the beam respectively, and ogux—scale i the error in the flux

scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Youncertainty )-

b Rms noise level in uJy beam™1.

with the VLA in its B configuration) filter out almost all the continuum emission (see
Table 3.2). In order to properly compare the flux density at different wavelengths, we
decided to make images taking into account the same range of projected baselines (15—
450 kA). We convolved the resulting images to the same circular beam of 077 x 0”7. In
Table 3.3, we list the flux densities for the images done with the same uv-range. The flux
density of VLA1 is ~3 mJy, and remains almost constant at all centimeter wavelengths.

3.3.2 Spectral energy distribution

In Figure 3.2, we show the spectral energy distribution (SED) of VLAIL in 122134. At
centimeter wavelengths, the flux of the cometary source remains practically constant, with
a spectral index (a; S, o< v%) equal to —0.18 £0.08 between 6 and 0.7 cm. The centimeter
range of the spectrum is well fitted by an optically thin H 11 region with a size of 0.01 pc,
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3.4. Molecular results

Table 3.3: Continuum flux density for VLAL in IRAS 2213445834 with the same uwv-range

A Beam P.A. I},’C‘"‘ka S,? Deconv. Size P.A.
(m) ("x") (°) Rms” (mJybeam™') (mly) (" x") ©)
VLAl — same uv-range (15450 k), and convolved with a 07 x 07 beam
6.0 0.7 x 0.7 +0 40 2.7£0.1 3.6+0.2 048 x0.38 £0.05 80 £ 10
3.6 0.7 x 0.7 +0 35 2.7£0.1 3.0£02 044 x0.34 £0.05 80 £ 10
1.3 0.7 x 0.7 +0 74 2.0+£0.2 25£04 044x0.32 £0.1 80 £ 25
0.7 0.7 x 0.7 +0 173 1.9+04 2.8+0.8 0.62x0.37 £0.3 85+ 30

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as

\/(20\/950urce/9bea1n)2 + (20fux—scale)?, Where o is the rms noise level of the map, Osource and
Opheam are the size of the source and the beam respectively, and ogux_scale is the error in the flux

scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Yuncertainty )-

> Rms noise level in pJy beam™!.

3 an emission measure of 3.3 x 10 cm™% pc, an ionized

an electron density of 1.8 x 10% cm™
gas mass of 3.8 x 107* M), and a flux of ionizing photons of 1.7 x 10> s~! (corresponding
to a Bl ZAMS star; Panagia 1973). At 3.2 mm, the flux increases by a factor of 10
with respect to the centimeter emission®. The millimeter emission can be understood as
emission coming from a dust envelope surrounding the cometary H1I region. Assuming a
source radius of 5”, a dust emissivity index 3 = 2, and a dust mass opacity coefficient of
~1at 1.3 mm (Ossenkopf and Henning 1994), the mass of gas and dust is 28 M,

for a dust temperature of 50 K. Higher angular resolution observations at 2 and 1 mm have

0.9cm? g

revealed that the millimeter continuum emission is not directly associated with the H 11
region, but surrounds it in a shell-like morphology with four main dust condensations (A.
Palau, and F. Fontani, priv. comm.). All this suggests that VLA1 is a cometary H1I region
driven by a B1 ZAMS star, that has started to disrupt the surrounding dust envelope.

3.4 Molecular results

3.4.1 Molecular dense gas: morphology and velocity fields

The zero-order moment (integrated intensity) maps of the NHs (1,1) and (2,2) transitions
are shown in the top panels of Figure 3.3. We also show the zero-order moment map
of the NoH™ (1-0) transition in the same figure. The ammonia (1,1) emission in 122134
consists of several clumps with sizes ranging from 0.02 pc to 0.06 pc, forming an extended
(almost circular) structure of ~ 70" around the cometary UCH 11 region, and the cluster

3Tt is important to note that we are not filtering a large amount of the flux at centimeter wavelengths.
The flux density at 6 and 3.6 cm with the EVLA in its D configuration, is only a 20-30% larger than the
fluxes listed in Table 3.3 for more extended configurations.
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3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

= IRAS 2213445834 — UCHII region E
F === a=-0.18 £ 0.08 8

Flux Density (mdy)

w 10" 10°
Frequency (GHz)

Figure 3.2: Spectral energy distribution for IRAS 22134+4-5834. Grey dots correspond to the
observational data from Table 3.2. Stars correspond to VLA high-angular resolution data, after
convolving with a 0”7 x 0”7 beam, and taking into account only the data in the uv-range
15-450 kA (from Table 3.3). Red dot-dashed line: linear fit (S, o v*) to the centimeter data
(stars) with a = —0.18 = 0.08. Black solid line: sum of an homogenerous H1I region with an
electron density of 1.8 x 10* cm™3 and a size of 0”4 (~1000 AU at 2.6 kpc), and a modified
blackbody law for the dust envelope with a dust emissivity index 3 = 2, a source radius of 2"
(~ 5200 AU), a dust temperature of 50 K, a dust mass of 28 M, and a dust mass opacity

1

coefficient of 0.9 cm? g~! at 1.3 mm.

of infrared sources (cf. Figure 3.1). Similarly, the NH3 (2,2) and NoH™ (1-0) molecular
transitions follow the same structure seen in the NHs (1,1), but being more compact. It is
important to note an elongated filament seen in the (1,1) transition toward the southwest
of the UCH 11 region, and almost at the center of the circular structure. This filament,
clearly seen in NH3 (1,1), is much fainter in the NH3 (2,2) and NoH™ maps. No dense
gas is spatially coincident with none of the centimeter continuum sources. However, the
cometary UCH 11 region is surrounded by several dense cores forming a cavity structure
around it. It is important to note that the cometary arc of the H 11 region, located toward
the southeast (cf. Figure 3.1) points to the southeastern dense gas condensations, while
the tail of the H 11 region is oriented toward the northwest, i.e., the direction where there
are no dense gas clumps close to the UCH 11 region.

The first-order moment maps tracing the velocity field of the gas (Figure 3.3 middle
panels) do not show a clear velocity trend (or gradient) in the different clumps for none
of the three molecular transitions. Rather, almost all emission is at —18.5 km s~!, with
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Figure 3.3: NHj5(1,1) (left-column), NHs(2,2) (center-column), and NoH™ (1-0) (right-
column) maps toward IRAS 22134+5834. In top panels: we show the zero-order moment
(integrated intensity) maps. Levels start at 10% (5% for NH3 (2,2)), increasing in steps of
10% the intensity peak: 0.03, 0.02, and 3.8 Jy beam ! km s1, respectively. In middle pan-
els: we show the first-order moment (velocity field) maps. In bottom panels: we show the
second-order moment (velocity disperion) maps. In middle and bottom panels, contours show
the zero-order moment maps in steps of 20%. In all panels, the star marks the position of the
cometary H I region, and the triangle marks the position of VLA2 (see Table 3.2). Synthesized
beams are shown in bottom-left corners.

59




3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

the exception of the central filament seen in the (1,1) transition, which is blueshifted by

~1km s 1.

Regarding the linewidth, those clumps located close to the UCH 11 region
(toward the southeast and east) show wider spectral lines (1.5-2 km s~!) in comparison

to the linewidth in the other dense clumps (0.5-1 km s 1).

3.4.2 Molecular dense gas: temperature and density

We performed the same chemical study of the ammonia emission toward 122134, as in the
previous chapter. See Chapter 2 or Busquet et al. (2009) for details in the method used.
We extracted spectra of the NHs (1,1) and (2,2) lines for positions in a grid of 174 x 1”4, in
order to obtain maps of the rotational temperature, column density, opacity and velocity
of the NH3 emission. In Figure 3.4, we show the resulting maps. The emission is mainly
(partially) optically thick (7 > 0.5) for all the ammonia clumps, reaching the higher values
(~3) in the southwestern clump. Concerning the rotational temperature, there is a clear
gradient of the temperature which progressively increases when approaching the UCH 11
region, achieving the highest value of 30 £5 K at the position of the cavity that surrounds
the centimeter source. On the other hand, the lowest temperatures are found toward
the western clumps, with values of 14 £ 2 K. We can also see the line broadening close
to the UCH I region. All this, temperature progressively increasing toward the UCH 11
region and broad linewidths, suggests that the HII region could be radiatively affecting
the surrounding dense gas. Finally, the column density reaches its highest values in the
western cloud (2 x 10'® cm™2), while the surrounding gas close to the UCH I region has
a lower column density (2 x 10 cm™2), where a cavity is possible created by the UV
photons.

Busquet (2010) studied the NH3/NoH™ ratio toward the different clumps in 122134,
finding that the highest values (around 250-600) are found in the western cores, whereas
the main cloud to the southeast of the UCHII region is associated with slightly lower
values (in the range of 50-200). Busquet (2010) suggests that the NHs could be more
affected than the NoHT under a strong UV radiation field (e.g., coming from an HII
region). Thus, it seems that the cometary UCH 11 region is affecting the surrounding gas
chemically (the NH3/NoH™ ratio) and physically (with an enhancement of the linewidth
and the temperature).

3.4.3 Ionized gas emission within the molecular emission

In Section 3.3, we reported the detection of two radio continuum sources in the low an-
gular resolution observations: VLA which seems to be a cometary UCH 11 region (when
observed at high angular resolutions), and VLA2 with a flux density decreasing with
frequency (the spectral index between 6 and 3.6 cm is ~ —1), and non detected in the
high-angular resolution maps. In Figure 3.5, we show the emission in 122134 from submil-
limeter wavelengths (850 pum and 450 pm; Di Francesco et al. 2008) up to the red plate
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Figure 3.4: Ammonia parameters towards IRAS 22134+5834. From top to bottom, and left to
right: velocity map of the NH3 (1,1) line (units in km s™1); line-width map of the NH3 (1,1) line
(units in km s™1); excitation temperature map from NHz (1,1) (units in K); map of the optical
depth of the NH3 (1,1) main line; rotational temperature map from NH3(1,1) and NH3 (2,2)
(units in K); and NH3 column density map (units in cm~2). In all panels, black contours show
the intensity map of the NH3 (2,2) line. The star and the triangle mark the position of the
centimeter sources VLAL and VLA2, respectively (see Table 3.2). The synthesized beam is
indicated in the bottom-right corner of each panel. Small white crosses in the T,y map show
the position for which we extracted the (1,1) and (2,2) spectra.
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3. IRAS 22134+4-5834: a small UCH 11 region disrupting the parental cloud

of the DSS (Digital Sky Survey). Both centimeter continuum sources are embedded in a
large submillimeter source. Howevever, in the images with a better angular resolution (at
70 pm) we see that the emission comes mainly from the UCHII region. In the mid/near-
infrared images (from 8.0 up to 2.2 um) we can distinguish the cluster of infrared sources,
and the infrared cometary morphology discussed previously. There is an infrared source
associated with each of the two radio continuum sources. However, it is interesting to
note that the infrared counterpart of the UCH II region is stronger at longer wavelengths
and decreases its intensity when approaching the near-infrared or visible regime. On the
other hand, the source associated with VLA2 gets stronger at shorter wavelengths, being
still visible in the red band of the DSS survey. Thus, VLA2, with a negative spectral
index and showing emission in the visible bands, could be a T-Tauri star with synchrotron
emission in the centimeter range (Feigelson and Montmerle 1985), or a background source
with a possible extragalactic origin; while VL A1 seems to be definitely an UCH 11 region
still associated with some dust.

3.5 Summary and brief discussion

We have presented new high angular resolution observations in the continuum and molec-
ular dense gas tracers of the massive star-forming complex TRAS 221344-5834. We sum-
marize our main conclusions in the following.

e Low angular resolution (~4”) observations allow us to detect two centimeter con-
tinuum sources within the cluster of infrared sources in 122134. One of the sources,
VLA2, has a negative spectral index and is associated with an infrared and optical
source. The main radio continuum source, VLA1, shows a cometary morphology
when observed with high angular resolution (< 1”) and has a spectral index of
—0.18 £ 0.08, consistent with the emission coming from an optically thin UCH11
region, ionized by a B1 ZAMS star.

o At millimeter wavelengths, we detect a source coincident with the UCH 11 region,
likely tracing a dust envelope. Higher angular resolution at 2 and 1 mm reveal that
the millimeter emission comes from a shell-like structure surrounding the UCH 11
region (A. Palau and F. Fontani, priv. comm.). Thus, it seems that the cometary
UCH 11 region is already dispersing the dust around it.

e Dense gas emission is detected in the NH3 and NoH™ molecules, coming from several
clumps that surround the cluster of infrared sources. The UCH 11 region lies close
to the main dense gas clump, with the cometary arc pointing toward the dense
gas. Furthermore, two extended ammonia structures appear surrounding the UCH 11
region toward the north and south. The dense gas close to the UCH 11 region shows
large linewidths (1.5-2 km s~!) and high temperatures (~ 30 K). On the other
hand, the clumps far from the radio continuum source show narrow lines and low
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Figure 3.5: Images at infrared/submillimeter wavelengths for IRAS 2213445834 (from Di
Francesco et al. 2008, Spitzer, 2MASS, and DSS). The two stars mark the positions of the
radio continuum sources VLAL and VLA2 (see Table 3.2). The infrared emission of VLAL is
stronger at longer wavelengths, while the infrared counterpart of VLA2 is stronger at shorter
wavelengths (and still visible in the red plate of the DSS).

temperatures. All this suggests that the UCH I region is radiatively affecting the
dense gas, enhancing its temperature and increasing the linewidth.
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[RAS 22198+6336:

a radiojet within an intermediate-mass hot core!

4.1 General overview

IRAS 2219846336 (hereafter 122198) is an intermediate-mass young stellar object located
at a distance of 760 pc, in the L.1204/S140 molecular complex, with a bolometric luminosity
of ~450 Le (Hirota et al. 2008). The presence of a strong and compact submillimeter
dust condensation (Jenness et al. 1995) with no near-infrared neither mid-infrared emission
(from 2MASS and MSX surveys) suggests it is a deeply embedded object, classified as an
intermediate-mass Class 0 source by Sénchez-Monge et al. (2008). Single-dish telescope
observations reveal a CO outflow well centered on the position of the dust condensation
(Zhang et al. 2005; Jenness et al. 1995). Sénchez-Monge et al. (2008) detect slightly
resolved partially optically thick centimeter emission consistent with a thermal ionized
wind (or radiojet). The region is associated with dense gas emission (e.g., NHs: Tafalla
et al. 1993; CS: Larionov et al. 1999) and HoO and OH maser emission (Felli et al.
2007; Edris et al. 2007; Valdettaro et al. 2002; Tofani et al. 1995; Palla et al. 1991),
but not with CH3OH maser emission (Fontani et al. 2010). The recent high angular
resolution observations of HoO maser emission performed by Hirota et al. (2008) reveal
expanding movements in the region close to the centimeter source (072-074), likely tracing
the kinematics of the outflow. All this suggest that 122198 is in a very early evolutionary
stage.

!This Chapter is based on the results published in the letter Sanchez-Monge et al. 2010, ApJL, 721,
107L, and in two forthcoming papers: Sanchez-Monge et al. in preparation, and Palau et al. in preparation.
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

In this Chapter, we present new interferometric continuum and molecular line obser-
vations that reveal that 122198 is associated with an intermediate-mass hot core and two
distinct outflows, with the centimeter emission likely tracing a thermal radio jet.

4.2 Observations

4.2.1 Very Large Array

The 122198 star forming region was observed with the Very Large Array (VLA?) at 3.6,
1.3, and 0.7 cm continuum in the D and C configurations of the array, on 2004 and 2008. In
Table 4.1, we list the main parameters of the observations. The data reduction followed the
VLA standard guidelines for calibration of high frequency data, using the NRAO package
AIPS. First images were produced with a natural weighting to obtain a good sensitivity.
The D-array 7 mm observations and all the C-array observations were carried out with
8-14 EVLA antennas in the array. We complemented our continuum observations with
archival data from projects AO145 and AB601, which contains observations of 122198 at
20, 6.0, and 3.6 cm in different configurations (see Table 4.1). We combined the uv-data
sets at the same frequencies to obtain final images with a better uv—coverage, sensitivity
and angular resolution. In Table 4.3 we provide the resulting synthesized beams and rms
noise levels for the combined uv—data sets.

The VLA was also used to map the (J, K)=(1,1) and (2,2) inversion lines of the
ammonia molecule with the array in the C and D configurations. The D-array archival
data were obtained during 1999 March 27. The adopted flux density of the absolute
flux calibrator 0137+331 (3C48) was 1.05 Jy at the frequencies of 23.69 and 23.72 GHz.
Amplitude and phase calibration were achieved by monitoring 22304697, resulting in
an rms of the phases ~ 40° and a bootstrapped flux of 0.426 £ 0.007 Jy. The C-array
observations were carried out on 2008 April 21, with 14 EVLA antennas in the array. The
flux scale was calibrated with observations of 01374331 (3C48) and 1331+305 (3C286),
with adopted fluxes of 1.11 and 2.52 Jy, respectively. The quasar 22534161 (3C454.3)
was used to correct for the bandpass. Amplitude and phase corrections were achieved
by observing 2146+611, resulting in an rms phase ~ 50° and a bootstrapped flux of
0.722 + 0.018 Jy. In both observations, the 4IF spectral line mode was used, allowing
simultaneous observations of the NHs (1,1) and (2,2) lines with two polarizations for each
line. The bandwidth used was 3.1 MHz, with 63 spectral channels with a channel spacing
of 48.8 kHz (~0.6 km s!) centered at vpgsg = —10.5 km s~! (~11.1 and —6.1 km s~ for
the archival (1,1) and (2,2) D-array observations, respectively), plus a continuum channel
that contains the average of the central 75% of the bandwidth. The data reduction followed
the standard guidelines for calibration of high frequency data, using the software package

2The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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4.2. Observations

Table 4.1: Main VLA continuum observational parameters of IRAS 22198-+6336

A Project Epoch of Gain cal. / Flux Beam P.A.
(cm) VLA conf. Observation Bootstr. Flux® cal. (" x") (°)  Rms®

20.0 A0145 B 1999 Nov 18+19  2148+611 / 1.78(1
6.0 A0145 1999 Nov 18419 21484611 / 1.14
3.6 AP476 2004 Jul 10 2148+611 / 0.97
3.6 AB601 1991 Mar 31 22304697 / 0.60

B
D
D
3.6 As926 C 2008 Apr 21 2148+611 / 1.04
D
C
D

)  3C286 56x52 425 22
1)  3C28 1.6x14 430 20
1)  3C48 10.4 x 8.8 +7 27
1) 3C286 12.0 x 8.5 +1 29
2) 3C48 2.7x 2.0 +4 32

1.3 AP476 2004 Jul 10 22304697 / 0.60(1) 3C48 3.6 x2.9 -5 63
1.3 AS926 2008 Apr 21 21484611 / 0.72(3) 3C48 1.2x0.9 +5 42
0.7  AS896 2007 Feb+Mar  2148+611 / 0.53(6) 3C48 22x13 —43 226

0.7 As926 C 2008 Mar 21 21484611 / 1.02(10)  3C48 0.8 x 0.7 -3 290

_ === ==

* Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.

> Rms noise level in pJy beam ™.

ATPS. We combined the calibrated D and C uv—data, after taking into account the different
vLSR in the observations, to increase the uv—coverage and recover extended and faint NHg
emission. However, since the spectral rms noise was almost 2 times better for our C-
array observations, we decided to use only the C-array data when obtaining spectral NHs
information at the main core (see next Sections). Imaging was performed using natural
weighting, resulting in a synthesized beam of 3”7 x 3”1 with a P.A.=—41° for the CD
combined maps, and 279 x 275 with a P.A.=—13°, and 1 ¢ rms of 1.9 mJy beam™! per
channel for the C-array observations, after tapering the uv—data at 60 k.

4.2.2 Plateau de Bure Interferometer

The IRAM Plateau de Bure Interferometer (PdBI?) was used to observe the CO (1-0)
(115.12 GHz) and SiO (2-1) (86.85 GHz) molecular transitions toward 122198. We carried
out 2-pointing mosaic observations (primary beam of 54-56"), in 2008 and 2009, with
the array in the C and D configurations. The two spectral setups, tuned at 115.27 GHz
(2.7 mm) and at 86.85 GHz (3.5 mm), include several molecular transitions. In Table 4.2,
we list some of the main observational parameters for the spectral line observations. Ad-
ditionally, a number of 320 MHz continuum units were used to image the continuum, six
at 115 GHz and three at 86 GHz (see Table 4.2). The typical system temperatures for
the receivers were ~ 200 K at 115 GHz and ~ 100 K at 86 GHz. Bandpass calibration
was performed by observing 3C273 and 3C454.3. Amplitude and phase calibrations were
achieved by monitoring 01164731, 19284738 and 20374511, resulting in a phase rms of
around 30°. The absolute flux density scale was determined from MWC349 and 3C84, with
an estimated uncertainty around 25%. The data were calibrated with the program CLIC,

3The Plateau de Bure Interferometer (PdBI) is operated by the Institut de Radioastronomie Mil-
limetrique (IRAM), which is supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain).
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

Table 4.2: Main PdBI observational parameters of IRAS 22198+6336

Molecular Frequency = Bandwidth Number Spec. resol. Beam P.A.
transition (MHz) (MHz) of channels  (km s~ 1) (" x" (°)  Rms*
Spectral line observations

H'CN (1-0) 86 340.167 40 512 0.28 44 x40 80 7.8
SiO (2-1) 86 847.010 40 512 0.28 4.6 x4.2 117 9.5
H™®CO™ (1-0) 86 754.330 40 512 0.28 46x4.6 98 7.8
HCN (1-0) 88 631.847 20 512 0.14 4.4 x 3.9 82 15.
HCO™ (1-0) 89 188.526 40 512 0.28 4.3 x 3.9 64 12.
C'"0 (1-0) 112 358.780 20 512 0.11 3.0x26 105 15.
1200 (1-0) 115 271.202 40 512 0.21 3.0x25 80 40.
Continuum observations

3.5 mm 87 790.295 960 e e 4.5 x 4.0 81 0.3
2.7 mm 113 971.362 1920 . e 3.0x 2.5 107 0.6

2 Rms noise level in mJy beam ™! for continuum images, and mJy beam ™! per channel for line images.

and imaged with MAPPING, both parts of the GILDAS? software package. Imaging was
performed using natural weighting, obtaining the synthesized beams and rms noise levels
listed in Table 4.2.

4.2.3 Submillimeter Array

We observed the 122198 star-forming region with the Submillimeter Array (SMA®; Ho
et al. 2004) in the 1.3 mm (230 GHz) band using the compact array configuration on 2008
June 11. The phase center was a(J2000) = 22"21™275617, and 6(J2000) = +63°51/42"18,
and the projected baselines ranged from 7 kA to 100 kA. The two sidebands of the SMA
covered the frequency ranges of 219.4-221.4 GHz and 229.4-231.4 GHz, with a spectral
resolution of ~ 0.5 km s~!. System temperatures ranged between 200 and 300 K. The
zenith opacities at 225 GHz were around 0.15 and 0.20 during the track. The FWHM of the
primary beam at 1.3 mm was ~56”. Bandpass calibration was performed by observing the
quasar 3C454.3. Amplitude and phase calibrations were achieved by monitoring 0019+734
and 19284739, resulting in an rms phase of ~ 30°. The absolute flux density scale was
determined from Callisto and Jupiter with an estimated uncertainty around 15%. Data
were calibrated and imaged with the MIRIAD software package. The continuum was
constructed in the (u,v) domain from the line-free channels. Imaging was performed using
natural weighting, obtaining a synthesized beam of 3”0 x 2”2 with a P.A.=50°, and 1 o
rms of 80 mJy beam ™! per channel, and 3.9 mJy beam ™! for the continuum.

*Grenoble Tmage and Line Data Analysis System, see http://www.iram.fr/TRAMFR/GILDAS.

5The SMA is a joint project between the Smithsonian Astrophysical Observatory and the Academia
Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.
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Figure 4.1: L1204/S140 star forming complex (IRAS 22198+6336). Top: Spitzer/MIPS
24 um image of the L1204 molecular cloud. The black box marks the region of
IRAS 2219846336, which is zoomed in the bottom panels. Bottom-left: VLA 3.6 cm
continuum emission Levels start at 18%, increasing in steps of 10% of the peak intensity
0.41 mJy beam™!. There are three centimeter sources in the field: VLA1, VLA2, and VLA3.
Note that VLA3 is stronger at 20 and 6 cm (see Table 4.3). Bottom-right: PdBl 3.5 mm
continuum emission. Levels start at 5%, increasing in steps of 10% of the peak intensity
15 mJy beam™!. There are three millimeter sources in the field: MM1, MM2, and MMS3.
Only VLA2 and MM2 are coincident, see Figure 4.2 for a close-up of this source. Red ellipse
marks the position of the IRAS source.
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

4.3 Continuum results

4.3.1 Centimeter and millimeter continuum results

In Figure 4.1 (top panel), we show a global overview of the L1204 star-forming complex
at 24 pm (Spitzer/MIPS), showing the location of 122198. In the bottom-left panel, we
show a close up of the 122198 region at 3.6 cm. We detect centimeter radio continuum
emission at all wavelengths. As shown in the figure, there are three main sources: VLAL,
VLA2 and VLA3. In Table 4.3, we list their fluxes and sizes together with the beams and
rms noise levels of the combined maps. We note that at 20 cm and 6.0 cm, we detect
up to 15 different sources, but we will not consider them since they are located further
than 0.2 pc from the IRAS source, and in most cases they probably have an extragalactic
origin. Regarding the three main centimeter continuum sources, VLA1 and VLA3 have
a flux density <1 mJy decreasing with the frequency (see Table 4.3). Differently, VLA2,
which is associated with the IRAS source 22198+6336, and for which we show a close-up
at different frequencies in Figure 4.2, has a flux density increasing with frequency (see
Figure 4.3). It is interesting to note that at all frequencies, VLAZ2 is slightly elongated in
the southeast-northwest direction with a P.A.~150° (Table 4.3).

At millimeter wavelengths (Figure 4.1 bottom-right panel), the continuum emission is
dominated by a compact source, MM2, surrounded by a faint structure extended toward
the southwest. The source is clearly detected at 3.5, 2.7, and 1.3 mm and has a similar
morphology at the three wavelengths. Toward the northwest and southeast of MM2 there
are two faint and compact millimeter continuum sources, MM1 and MM3. The flux
densities and deconvolved sizes of the millimeter continuum sources are listed in Table 4.3.
For the three sources, the flux increases with frequency, and the emission is likely tracing
dust envelopes of young stellar objects, or dust entrained by the passage of molecular
outflows (see Section 4.4.1).

Among all the centimeter and millimeter continuun sources, only VLA2 and MM?2
are coincident, and directly associated with the IRAS source 22198+6336. However, the
primary beam at millimeter wavelengths does not include the coordinates of VLA1 and
VLA3, and we cannot ensure there is no millimeter continuum emission associated with
these sources. Hereafter, we will refer to VLA2 (or MM2) as 122198.

4.3.2 Spectral energy distributions

We searched the literature for data from 2MASS, MSX, and SCUBA (Di Francesco et al.
2008) to complement our radio continuum observations. For VLA1, VLA3, MM1, and
MMS3, there is no emission at other wavelengths different from the radio continuum emis-
sion reported in this work. Their spectral energy distributions are shown in Figure 4.3
(bottom panels). For the main source, VLA2 or 122198, there is a submillimeter source
directly associated with the IRAS source (Jenness et al. 1995), but no near-/mid-infrared
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Figure 4.2: IRAS 22198+6336 (VLA2) continuum images. Each panel shows the continuum
emission at the wavelength indicated at the top-left corner of the panel. For panels from a) to
e), levels are —4, —3, and 3 to 9, in steps of 1 times the rms noise level of the map: 17, 20, 23,
44, and 170 p1Jy beam ™1, respectively. For panels from f) to h), levels are —9, —3, and 3 to 63,
in steps of 6 times the rms noise level of the map: 0.3, 0.6, and 3.9 mJy beam™!, respectively.
For the close-up panel of 0.7 cm emission, (0,0) corresponds to a/(J2000) = 22M21™275617, and
§(J2000) = +63°51'42”180. In all panels, the blue star indicates the position of VLA2/MM2:
«(J2000) = 22121m265758, and §(J2000) = +63°51'377822, and green triangles mark the
positions of MM1 and MM3 (see Table 4.3).

counteparts from the 2MASS and MSX catalogues. We searched the Spitzer database and
found observations from the Spitzer Space Telescope Infrared Array Camera (IRAC; PI:
Giovanni Fazio, project: 40147). We retrieved the images using the Leopard® software,
and evaluated the fluxes using the MOPEX" software. In Figure 4.3 (top panel), we show

Shttp://ssc.spitzer.caltech.edu/warmmission/propkit /spot/
"http:/ /ssc.spitzer.caltech.edu/dataanalysistools/tools/mopex/
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

Table 4.3: Multiwavelength results for the YSOs in IRAS 2219846336

A Beam P.A. Iﬁcaka S,® Deconv. Size P.A.
(cm) "x") ) Rms”  (mJy beam™') (mJy) (" x" )
VLA1  a(J2000.0) = 22"21™24543
§(J2000.0) = +63°52'20"2
20.0  48x38 +25 17 0.56 + 0.04 0.56 +£0.08 0.6x0.0 £0.6 65+30
6.0 14x11 425 20 0.50 £ 0.05 0.50+0.10 0.7x0.4 +£0.4 160 +40
3.6 35x25 40 23 0.35 £ 0.05 0.35+£0.09 0.7x0.0 £0.7 35+60
MM1  «(J2000.0) = 22"21™24272
§(J2000.0) = +63°51'50"4
0.35 45x4.0 481 307 341 442 29x1.8 £0.1 90410
027 3.0x25 107 606 6+1 10+5 3.7x23 £0.1 130+ 10
013  3.0x22 450 3920 26+ 8 75430 6.2x20 +£0.8 140410
VLA2°  «(J2000.0) = 22"21™26576
§(J2000.0) = +63°51'37"8
200 48x38 +25 17 0.15 +0.04 0.17+0.06 3.3x0.0 £1.5 150440
6.0 14x11 425 20 0.39 +0.05 0.39+0.09 0.3x00 £0.3 170450
3.6 35x25 40 23 0.41 +0.05 0.62+0.12 2.7x1.8 £0.5 170+50
1.3 23x1.9 =5 44 0.50 £ 0.09 0914023 46x1.2 £1.2 150+10
0.7 1L.1x1.0 —24 174 2.240.3 28409 09x0.7 +£03 170440
0.35 4.5x4.0 481 307 1541 31412 38x28 +£0.1 165410
027 3.0x25 107 606 30+1 72427 27x1.9 £0.1 140410
013 3.0x22 450 3920 260 + 8 6204150 2.7x1.8 £0.2 140+ 10
VLA3  «(J2000.0) = 22"21™27:31
§(J2000.0) = +63°51'13"'7
20.0  4.8x38 +25 17 0.68 + 0.04 0.68+0.05 2.1x08 +0.8 20420
6.0 1.4x1.1 425 20 0.23 £0.05 0.23+£0.07 0.7x0.0 £0.7 70+40
3.6 35x25 40 23 0.1140.05 0.1140.05 2.7x1.8 £0.5 170+ 50
MM3  «(J2000.0) = 222127575
§(J2000.0) = +63°51'25"9
0.35 4.5x4.0 481 307 441 542 41%x24 £01  50+10
027 3.0x25 107 606 641 8+4 22x0.7 £01 60410
013  3.0x22 450 3920 1848 22413  46x1.7 +£1.7 155415

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as

\/(20\/950urce/9beam)2 + (20fux—scale)2, Where o is the rms noise level of the map, Osource and

Opeam are the size of the source and the beam respectively, and ogux—scale is the error in the flux
scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Yuncertainty )-

b Rms noise level in pJy beam™1.

¢ VLA2 and MM2 are coincident. We consider them as the same source, and associated with the

IRAS source 22198+6336.
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Figure 4.3: Top: Spectral energy distribution for VLA2. Bottom panels: Spectral energy
distributions for VLAL (top left), VLA3 (bottom left), MM1 (top right), and MM3 (bottom
right). Blue and red lines orrespond to linear fits to the centimeter and millimeter data,
respectively. We indicate the spectral index a (S, o< v®) in all the cases. We note that for
MM1 and MM3 (likely tracing dust envelopes) the dust emissivity index (3 is related to the
spectral index by 8 = a — 2, assuming the dust emission is optically thin.

the SED for VLA2 in the range of centimeter to millimeter wavelengths (a global SED
of VLA2 can be found in Sanchez-Monge et al. 2010; see also Chapter 9). At centime-
ter wavelengths, the data can be fitted with a power-law distribution (S, o« v®) with
a = +0.6, while at millimeter wavelengths, the spectral index seems to be 3.7, which
would correspond to a dust emissivity index of § = 1.7 (a« = 2+ (3, in the case of optically
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

thin dust emission). With this dust emissivity index, we estimated the mass of gas and
dust at millimeter wavelengths to be ~5 M), assuming a dust temperature of 36 K (from
the global SED fit; Sdnchez-Monge et al. 2010), and a dust mass opacity coefficient of
0.9 cm? ¢! at 1.3 mm (Ossenkopf and Henning 1994).

4.4 Molecular results

4.4.1 Molecular outflow gas

Interferometric *2CO (1-0) and '2CO (2-1) (Figure 4.4 top panels) maps reveal an outflow
with a quadrupolar morphology clearly centered on the position of VLA2 (and MM2). The
outflow emission spans a velocity range from —25 km s™! to +5 km s™! for the J =1 — 0
transition and —30 km s~! to +10 km s~! for the J = 2 — 1 transition (the systemic
velocity is vpgr ~ —10.5 km s~!). The quadrupolar morphology of the outflow can be
interpreted as the walls of a single outflow or as the superposition of two bipolar outflows:
outflow A in the southwest-northeast direction (with a P.A.=40°), and outflow B in the
northwest-southeast direction (with a P.A.=125°). Different to CO outflow emission, high
velocity HCO™ (1-0) maps (Figure 4.4 bottom-left) reveal emission mainly associated with
outflow B, spanning a range of velocities similar to the CO (1-0) outflow B emission. Only
faint blueshifted emission is also found associated with the blueshifted lobe of outflow A.
On the other hand, the integrated high-velocity SiO (2-1) emission, spanning a velocity
range from —25 to —13 km s~! (shown in black contours in Figure 4.4 bottom-right
panel) is only coincident with the blueshifted lobe of outflow A. No redshifted counterpart
is observed for the SiO emission. Additionally, HCN (1-0) emission showing moderate
blue/red-shifted velocities (Figure 4.4 bottom-right) is clearly associated with outflow B.
Finally, we also note that the IRAC 4.5 um band (grey scale in Figure 4.4) shows extended
emission (“green fuzzy”) associated mainly with the blueshifted CO outflow lobes. Such
4.5 pm extended emission is thought to be associated with shocked Hy emission (De
Buizer and Vacca 2010). Hg emission at 2.12 pm observed with the 3.5 m Telescope of
CAHA (Almeria, Spain) reveal a number of Hy knots coincident with some of the ‘sources’
detected at 4.5 pm (Spitzer/IRAC), and clearly following the red lobe of outflow B (A.
Palau, priv. comm.).

Thus, it seems we are facing two distinct outflows associated with 122198: outflow A in
the southwest-northeast direction mainly traced by CO, SiO, HCN, and 4.5 um shocked
gas emission, and with faint HCO™ emission; and outflow B in the northwest-southeast
direction traced by CO, HCO™, and 4.5 pum shocked gas emission. Both outflows are
centered on the position of the millimeter continuum source, which could be a millimeter
clump harbouring at least two sources. In fact, higher angular resolution observations
(0.4” or 300 AU) with the PdBI at 1.3 mm reveal a strong source with indications of
a faint extension to the south (Palau et al., in prep.). We estimated the physical pa-
rameters of outflows A and B (see Table 4.4) and found values similar to the outflow
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Figure 4.4: IRAS 2219846336 outflow emission. Top-left: Blue/red contours: CO (1-0) inten-
sity map for blue/red-shifted velocities (from —5 to —15 km s~! and from +5 to +15 km s~*
with respecto to the vpgg). Black contours: 1.3 mm continuum map. Levels are —4, and 4 to
60 in steps of 8, times 3.92 mJy beam~!. Top-right: Blue/red contours: CO (2-1) intensity
map for blue/red-shifted velocities (from —5 to —20 km s~! and from +5 to +20 km s~}
w.r.t. the vrsr). White contours: CH3CN (123-113) intensity map as in Figure 4.5. Bottom-
left: Blue/red contours: HCO™ (1-0) intensity map for blue/red-shifted velocities (from —5 to
—15 km s~ ! and from 45 tp +15 km s~! w.r.t. the vLsr). Bottom-right: Blue/red contours:
HCN (1-0) intensity map for blue/red-shifted velocities (from —4 to —7 km s~! and from
+4 to +7 km s™! w.r.t. the v gr). Black contours: SiO (2-1) intensity map for blueshifted
velocities (from —5 to —15 km s~! with respect to the vr,gr). In all panels, grey scale: 4.5 um
IRAC/ Spitzer image. Levels for blue/red contours start at 5%, increasing in steps of 15% of
the peak intensity: 5.2/5.4, 51/41, 0.7/0.8, 0.5/0.1, and 0.4 Jy beam~! km s~! for CO (1-0),
CO(2-1), HCO™, HCN, and SiO, respectively. Synthesized beams are shown in the bottom-
left (for the first image listed in the top of the panel) and in the bottom-right (for the second
image listed in the top of the panel) corners. The white star marks the position of VLA2, and
white triangles mark the positions of MM1 and MM3. Black lines mark the orientations of the
pv-cuts shown in Figure 4.9.
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

Table 4.4: Physical parameters of the outflows driven by IRAS 22198+6336*

OUtHOW/IObe tdyn size Nimol Moww Mowye  Pour  Pows  Ekin Lmech
(1) (2) (3) (4) G 6 M B (9 (10
Outflow A — P.A.=40°
CO (1-0) — red 1200 9x5 1.5x10% 0002 1.7 0.05 20 11.5 0.06
CO (1-0) — blue 1600 11x6 5.7x10% 0.012 73 026 82 581 0.23
CO (1-0) 1400 ... 72 %101 0.014 98 031 11.1 69.7 0.29
CO (2-1) — red 1100 9x5 23x10% 0.003 30 008 36 185 0.10
CO (2-1) — blue 1100 11x6 2.7x10% 0.0056 48 0.16 7.2 485 0.26
CO (2-1) 1100 ... 5.0x 10 0.009 7.9 024 109 67.1 0.36
SiO (2-1) — blue 1600 11x6 3.6x 102 0007 46 017 52 368 0.15

HCO™ (1-0) — blue 2700 8x4 2.0x102 0.003 1.0  0.06 1.0 11.1  0.02
Outflow B — P.A.=125°

CO (1-0) - red 1300 10x6 23x10 0004 32 009 34 195 0.08
CO (1-0) - blue 1200 8x5 50x10 0006 53 014 6.0 306 0.17
CO (1-0) 1250 ... 73x10 0010 83 023 92 501 0.25
CO (2-1) - red 1200 10x5 3.1x10 0005 40 012 48 276 0.3
CO (2-1) - blue 1000 10x5 20x10 0003 31 009 46 280 0.17
Co(2-1) 1100 ... 52x10 0008 7.2 021 95 556 0.0
HCO* (1-0) ~red 2000 15x7 14x102 0002 0.6 003 06 4.6 0.02
HCO™ (1-0) ~ blue 1400 10x6 2.3 x 102 0002 08 003 08 42 0.02
HCO™ (1-0) 1700 ...  38x10'2 0003 1.3 005 13 88 003

& Parameters are calculated for an inclination with respect to the plane of the sky equal to 30°,
following the expressions given in Palau et al. (2007b). Notes and units for each column: (1)
blue/red lobe for each molecular species; (2) dynamical age in years; (3) size of the lobe in
arcsec; (4) column density of the molecule in cm~2; (5) outflowing mass in M; (6) rate of the
outflowing mass in 107° Mg, yr=!; (7) momentum of the outflow in Mg km s™!; (8) outflow
momentum rate in 107° Mg km s~! yr=1; (9) kinetic energy in 10*2 erg; and (10) mechanical
luminosity in Ls. We have used the following abundances with respect to Hy: Xco = 1074,
Xgio = 10_8, and Xgco+ =4 X 1078,

parameters found in other intermediate-mass YSOs (e.g., IC 1396 N: Beltrén et al. 2002;
TRAS 2227246358 A: Beltran et al. 2006b).

4.4.2 Molecular dense gas

The zero-order moment maps of the NH3 (1,1) and (2,2) transitions are shown in Fig-
ure 4.5. The integrated NHj3 emission consists on one main clump associated with the
centimeter source and showing a morphology similar to the extended millimiter contin-
uum emission. Additionally, an extended structure elongated in the southeast-northwest
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Figure 4.5: Zero-order moment (integrated intensity) maps for different molecules detected
towards IRAS 22198+6336. The white star marks the position of the centimeter source, and
the blue triangles the position of the millimeter sources. Red crosses are IRAC-Spitzer sources.
Levels start at 5%, increasing in steps of 20% of the peak intensity. Synthesized beams for
each molecule are shown in the bottom-right corner.

direction is clearly seen in the (1,1) ammonia map, being slightly filtered out in the (2,2)
transition. Within this elongated structure there are two NHs peaks almost coincident
with the positions of MM1 and MM3. It is interesting to note, that the main NHj3 clump
has a peak directly associated with the centimeter source, surrounded by some conden-
sations and holes or cavities (see next sections for a discussion on the nature of these
structures, and for a close-up of the ammonia emission).
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Figure 4.6: 230 GHz continuum-free spectra in the image domain from the SMA data, for the
lower sideband (LSB) in the top panel and the upper sideband (USB) in the bottom panel.
The molecular transitions used in the rotational diagrams (Figure 4.13) are shown in blue and
red.

Similar to the NH3 emission, the H'3CO™ (1-0) intensity map (see Figure 4.5) consists
on a main clump associated with the centimeter source, and elongated components in the
southeast-northwest direction. The H'3CN (1-0) zero-order moment map resembles the
NHj3 (2,2) emission, with the emission mainly contributing to the main clump, and showing
some hints of the extended elongated structure 40” to the northwest of the main clump. It
is interesting to note that in the main clump, the NHs (2,2) emission is elongated toward
the southeast, while the H>CN emission is elongated toward the southwest, following the
direction of outflow A (which was traced by HCN, among other molecules; cf. Figure 4.4).
Differently from the NH3 maps, the H*COT and H'CN emission at the main clump is
more compact and does not show the cavities (holes) seen in NH3. Other molecules, such
as SO and C'®O (see Figure 4.5), show emission associated only with the main clump. In
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4.5. Analysis

these cases, the emission clearly peaks at the position of the centimeter source, with faint
extended emission that matches up with the morphology of the previously discussed dense
gas tracers and dust emission.

Several other molecules (e.g., CH3CN, CH3OH, HNCO, OCS) have been detected
towards 122198, with the emission coming from a compact source (2”1 x 1”3, with P.A. =
15°) at the position of the millimeter continuum source and clearly coincidient with the
centimeter source (see right panels in Figure 4.5). In these cases, there are no hints of
extended emission from the envelope of the main clump or from the elongated structure,
suggesting this molecular emission arises from a very compact source. In fact, the wide-
band SMA spectrum toward the compact molecular core (Figure 4.6) reveals a chemically
rich dense core with typical hot core features (e.g., Cesaroni et al. 1999; Gibb et al.
2000). Molecular line transitions detected with 75 2 0.2 K have been identified and
imaged (Figure 4.5). Around 15 different molecular species have been identified in this
compact molecular core. We note that the linewidths observed for most of the molecules

are 5-8 km s~ 1.

4.5 Analysis

4.5.1 Velocity fields

In Figures 4.7 and 4.8, we show the first-order moment (velocity) and linewidth (FWHM,
obtained from the second-order moment) maps for the molecules shown in Figure 4.5.
Several velocity gradients can be identified in these maps (Figure 4.7). For those
molecules with emission elongated in the southeast-northwest direction (NHsz, H'3CO™),
there is a velocity gradient along the extension with velocities similar to the systemic
velocity (~—10 km s~!) close to the centimeter source, and slightly blueshifted velocities
(~—11.5 km s7!) toward the northwest. In Figure 4.9 (left panels), we show position-
velocity plots in a cut with P.A.=125° (outflow B direction), for these two molecular
transitions (NHg, H**CO™) overlayed with the emission from the molecular tracers of out-
flow B (CO, HCO™: in black contours). The bipolar molecular outflow is clearly seen

~1. The velocity gradient

in these pv-plots spanning velocities from —20 up to +5 km s
detected in the dense gas tracers along the elongated structure (with the blueshifted emis-
sion at the position of the blueshifted outflow lobe) is consistent with gas being swept up
by the passage of outflow B. It is interesting to note that MM1 and MMS3 are roughly
situated in the same direction as outflow B. Thus, these two millimeter sources could be
tracing dust entrained by outflow B.

In Figure 4.9 (right panels), we show pv-plots in a cut with P.A.=40° (i.e., in the
direction of outflow A, almost perpendicular to the elongation of the NHz and H!3CO™
emission). Black contours reveal the emission of outflow A traced by different outflow
tracers, spanning velocities from —20 up to +0 km s~!. The dense gas emission (overlayed

as green contours) reveals a small velocity gradient with blueshifted dense gas emission at
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

IRAS 22198+6336 — velocity maps (km/s)
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Figure 4.7: First-order moment (velocity) maps for different molecules detected towards
IRAS 22198+6336. The white star marks the position of the centimeter source, and the
blue triangles the position of the millimeter sources. Contours correspond to the intensity map
shown in Figure 4.5.

the position of the blueshifted outflow lobe, consistent with the dense gas being progres-
sively swept up by outflow A. This velocity gradient can also be identified in the first-order
moment maps of C180 and H'3CN (Figure 4.7). Although the ammonia emission is being
perturbated by the outflow, its overall morphology could just be the initial filamentary
structure of the cloud (note a second filamentary structure seen at 24 pm, Figure 4.1 top
panel), in the same direction as the NH3 elongation, toward the northeast of 122198.

At smaller scales, first-order moment maps for high-density tracers (Figure 4.7 right
panels) show velocity gradients in the northwest-southeast direction, perpendicular to
outflow A, presumably the youngest outflow. SiO high velocity emission is only found
associated with outflow A, and SiO generally traces younger outflows since gas-phase SiO
abundances may decrease with time (Shang et al. 2006; Klaassen and Wilson 2007; Lépez-
Sepulcre et al. 2011). Although the maps of each molecule show a source barely resolved,
and we could doubt about this velocity gradient to be an instrumental effect, higher angular
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IRAS 22198+6336 — linewidths (km/s)
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Figure 4.8: Linewidth (FWHM) maps, obtained from the second-order moment, for different
molecules detected towards IRAS 22198+6336. The white star marks the position of the
centimeter source, and the blue triangles the position of the millimeter sources. Contours
correspond to the intensity map shown in Figure 4.5.

resolution observations with the PdBI reveal the same velocity gradient at scales of 300 AU
(Palau et al., in prep.). Most of these molecules generally trace disks and/or toroids in
other massive YSOs (e.g., Beltran et al. 2006a). However, the presence of outflow B
perpendicular to outflow A makes the interpretation of these velocity gradients uncertain.
Assuming that these gradients trace rotation, the dynamical mass has been calculated

from the expression Mgy, = V2 Riot /G Sin2z', where v, is the velocity estimated from

rot
the gradient, Ry the radius of the core, G the gravitational constant, and ¢ the inclination
angle assumed to be 90° (edge-on). In our case, with vyo; ~2 km s™! and Ry 1" for the
molecules shown in Figure 4.7 right panels, the dynamical mass is ~ 3.5 M. Additionally,
following the models of Palla and Stahler (1993), and assuming a luminosity for the object
of ~370 Lg (Sanchez-Monge et al. 2010), the mass of the embedded YSO is about 4-5 M.
Thus, the mass of the internal YSO estimated from both methods is ~4 Mg, which is

similar to the dust envelope mass (~5 Mg), as is characteristic of Class 0 objects.
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Figure 4.9: IRAS 22198+6336 position-velocity (pv) plots. Left column: Pv-plot along out-
flow B, in a cut with P.A.=125° (northwest-southeast) and centered on the position of the
centimeter source VLA2. From top to bottom panels, black contours show the emission of
the molecular outflow tracers CO (2-1), CO (1-0) and HCO™ (1-0), and green contours show
emission from dense gas tracers H!3CO™ (1-0) and NH3 (1,1). Levels start at 15%, increasing
in steps of 20% of the peak intensity: 4.4, 1.4, 0.6, 0.35, 0.04 Jy beam 1. Right column:
Pv-plot along outflow A, in a cut with P.A.=40° (southwest-northeast) and centered on the
position of the centimeter source VLA2. From top to bottom panels, black contours show
the emission of the molecular outflow tracers CO (2-1), CO (1-0) and SiO (2-1), and green
contours show emission from dense gas tracers H'3CO™ (1-0), NH3 (1,1), and C!80 (2-1).
Levels start at 15%, increasing in steps of 20% of the peak intensity: 6.0, 1.7, 0.1, 0.3, 0.03,
0.9 Jy beam™".

4.5.2 Dense gas analysis

Following the method used in Chapters 2 and 3, we studied the chemical environment of
122198 by analyzing the column density of several molecular species, and estimating the
temperature of the dense gas. We used the NHj3 (1,1) and (2,2) data from the C-array
observations to derive the temperature of the extended dense gas emission. We computed
the column density maps by extracting the spectra of the (1,1) and (2,2) transition lines for
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Figure 4.10: Ammonia parameters towards IRAS 22198+4-6336. From top to bottom, and left
to right: rotational temperature map from NHjs (1,1) and NH3 (2,2) (units in K); NH3 column
density map (units in cm~?2); excitation temperature map from NH3 (1,1) (units in K); map of
the optical depth of the NH3 (1,1) main line. In all panels, black contours show the intensity
map of the NH3 (2,2) line, and the white star marks the position of the centimeter continuum
source. Triangles mark the position of MM1 and MM3. The synthesized beam is indicated in
the bottom-right corner of each panel. Small white crosses in the T,y map show the position
for which we extracted the (1,1) and (2,2) spectra.

positions in a grid of 1” x 1” (see Busquet et al. 2009 and Busquet 2010, for more details in
the method used). In Figure 4.10, we present the rotational temperature, column density,
opacity and excitation temperature maps of the NHs emission. The emission of NHs (1,1)
is essentially optically thin (7(;;) < 1) for all the main clump, with higher values close
to the position of MM1. Large values of the excitation temperature (up to 80 K) are
found in some ammonia condensations, however, this is a low opacity effect. For opacities
7 < 0.1, CLASS cannot obtain a reliable opacity value, which turns into a high excitation
temperature (see Equation D.42). It is important to note, that the determination of the
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Figure 4.11: In all panels, colour scale show the NH3 (1,1) zero-order moment map (shown in
Figure 4.5). Red/blue contours correspond to the molecular outflows (as in Figure 4.4, but in
steps of 20%) traced by CO (1-0) (left), HCO™ (1-0) (middle), and HCN (1-0) (right). The
synthesized beams of the ammonia and outflow tracers are shown in the bottom left and right
corners, respectively. In all panels, white star marks the position of VLA2, and the triangles
mark the positions of MM1 and MM3 (see Table 4.3).

rotational temperature and column densities are not affected by this problem®. The values
of the rotational temperature are close to 15-20 K in all the main clump, with values of
the column density close to 10 ¢cm~2. Note the V-shaped structure in T}, with values
for the temperature up to 34 K close to the centimeter source VLA2, and the temperature
enhancement seen close to MM3 (see next section).

8For optical depths < 0.1, the main beam temperature of the transition is obtained directly from A X 7,
(see Equation D.41), and the rotational temperature will depend only on the main beam temperatures
of the (1,1) and (2,2) transitions (cf. Equation A.4 in Busquet et al. 2009), and the column density only
depends on the rotational temperature.
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Figure 4.12: Rotational temperature (in K; left panel) from the NHs(1,1) and (2,2) transi-
tions, and NH3 (1,1) linewidth (in km s~!; 7ight panel) maps, obtained from the spectral fits
done at each pixel (see Section 4.5 and Figure 4.10). In both panels, red/black contours cor-
respond to the molecular outflow traced by CO (1-0) (see Figure 4.4). There is a temperature
enhancement and line broadening close to the position of the centimeter source VLA2. In all
panels, white star marks the position of VLA2, and the triangles mark the positions of MM1
and MM3 (see Table 4.3).

4.5.3 Outflow-dense gas interaction

As shown in Section 4.5.1 (see also Figure 4.9), the two molecular outflows associated with
VLAZ2 are perturbing kinematically the dense gas emission as traced by NHz or H*COT.
In addition, we have searched for any hints of perturbation in the morphology of the
NHj emission. As shown in Figure 4.11, where we show an overlay of the ammonia and
outflow emission, the ammonia cores are spatially anticorrelated with the outflow lobes.
Thus, and similar to the case of MM1 in IRAS 0011746412 (see Chapter 2), it seems that
the passage of the outflows are affecting morphologically the ammonia emission, creating
several cavities and holes around the centimeter source.

Regarding the physical properties of the ammonia (see Figure 4.12), the enhancements,
with a V-shaped morphology close to VLA2, in temperature (up to 34 K) and linewidth
(up to 2.7 km s~1) seem to be the result of the outflow interaction with the dense gas. Note
also that the ammonia clump close to the MM3 dust condensation shows a temperature
slightly higher (~25 K), likely produced by the presence of both outflows.
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Figure 4.13: CH3CN (blue squares) and CH30H (red circles) rotational diagrams. Open
symbols and dashed lines refer to the optically thin approximation, while filled symbols and
solid lines refer to the opacity which yields the best linear fit. For the optically thick fit we
give the values in the figure, and adopt them in the main text. For the optically thin fit,
Trot = 160 + 30 K and Npo = (1.7 £0.3) x 10 cm~2 for CH3CN, and Tyt = 220 + 60 K
and Npe = (4.6 £1.6) x 106 cm~2 for CH30H. Vertical left and right axes refer to CH3CN
and CH3O0H, respectively. (Figure from Sdnchez-Monge et al. 2010).

4.5.4 Hot molecular core properties

In addition to the NHs emission, we used the other observed molecules (detected in the
compact core) to better estimate the physical conditions of this object: the hot molecu-
lar core. Because of the wide SMA band (Figure 4.6), one can observe several CH3CN
and CH30OH transitions simultaneously. Following the rotational diagram method (Gold-
smith and Langer 1999; Araya et al. 2005), which assumes that all molecular levels are
populated according to the same excitation temperature, we can derive this tempera-
ture, Tiot, and the total column density, Ny, for these molecules. We constructed the
rotational diagrams following two methods. First, we assumed optically thin emission
(open symbols in Figure 4.13). Second, we estimated the opacity for each transition
(following Goicoechea et al. 2006; see also Girart et al. 2002) and we adopted the value
that yielded the best linear fit (filled symbols in Figure 4.13). The resulting opacities
for the different CH3CN and CH3OH transitions range from 0.3 to 3.5 and from 0.2 to
6.5, respectively. In the discussion we will use the results of the latter fit, which are
Tror = 1004+ 30 K and Ny = (3.6 +0.4) x 10! ecm =2 for CH3CN, and Ty = 150 +40 K
and Ny = (8.6 £1.3) x 10'® cm™2 for CH30H. The high temperatures, together with
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Table 4.5: Physical parameters derived from the molecular transitions observed

68

Frequency [T dv Vpeak Av Tpeak Tex Eq. Al Ny Nol
Molecule Transition (MHz) (K km s~ 1) (km s—1) (km sfl) (K) (K) (K) (s™h (cm72) (cm72)
SMA molecular transitions
ct®o 2 -1 219 560.354 3.840.2 —9.740.1  1.540.1 2.460 4242 15.8  6.0x 1077 85+0.9 x10'* 4.0 x 10'°
HNCO 102,90 — 92,8 219 733.850 0.6+02  —106£0.2 1.6+£0.8  0.342 54+2 2283 1.4x107% 54428 x10'' 3.5 x 10
HNCO 1028 — 92,7 219 737.193 0.8+0.2 —10.34+0.3 2.5+0.7  0.314 5042 2283 1.4x10"* 7.7+24 x10'' 6.3 x 10'*
HNCO 100,10 — 90,9 219 798.274 3.9 4 0.2 —12.240.2 7.24+04  0.514 79+ 2 58.0 1.5x10"* 3.4+0.3 x 102 1.2x 10"
SO 56 — 45 219 949.442 11.1 4+ 0.2 —11.4+0.1 6.14+0.2 1.713 31+2 350 1.3x10"* 1.1+0.1 x 10 1.9 x 10"
t-HCOOH 100,10 — 90,9 220 037.967 1.0 + 0.2 —11.7+0.4 4.3+0.8 0.212 36 + 2 54.6 1.2x10"* 1.0+0.2 x 102 9.4 x 10'3
CH30H (E) 80,8 — 71,6 220 078.561 4.5+0.2 —11.14+0.2 6.7+0.3  0.633 69 + 2 96.6 2.5x107° 1.640.1 x 10" 8.6 x 106t
13co 21 220 398.684 15.9 6.1 x 10°7
HNCO 101,9 — 91,8 220 584.751 2.9+0.7 —~10.9+1.0 8.9+23 0.308 50+2 101.5 1.5x10"% 26+0.7 x 102 1.7 x 10'*
CH3CN 12¢ — 11g 220 594.423 1.140.5 —11.340.2 6.7£0.7  0.156 2042 3259 6.9x10°% 23+20 x10'' 3.6 x 10"}
t-CH3CHo OH 131,13 — 120,12 220 601.941 1.1+0.5 —12.44+1.0 4.6+27  0.229
CH3CN 125 — 115 220 641.084 1.240.5 —11.34+0.2 6.7+0.7  0.164 2242 2474  7.6x107%*  1.9+0.9 x 10'' 3.6 x 10'%¢
CH3CN 124 — 114 220 679.287 2.0 4+ 0.5 —11.34+0.2 6.7+0.7  0.289 334+2 1831 82x10"* 2.7+0.3 x10'' 3.6 x 10'*¢
CH3CN 125 — 113 220 709.017 3.5+ 0.3 —11.3+0.2 6.7+0.7 0.488 56+ 2 1332 87x10"* 3.8+05 x10'' 3.6 x 10'%}
CH3CN 129 — 11, 220 730.261 3.3+0.3 —11.3+0.2 6.7+0.7 0.462 54 + 2 97.4  9.0x10"% 34404 x 10" 3.6 x 1047
CH3CN 127 — 11, 220 743.011 4.840.3 —11.3+0.2 6.7+0.7 0.676 59 + 2 76.0 9.2x10"% 3.6+0.5 x 10" 3.6 x 1014}
CH3CN 129 — 11g 220 747.261 3.34+0.3 —11.34+0.2  6.7+£0.7  0.471 63+ 2 68.9 92x10"% 45405 x 10 3.6 x 10%+
CH3OH (E) 154,11 — 163,13 229 589.073 3.4+0.3 —~11.9+0.3 6.24+0.5 0.519 58 +2 3744 2.1x107° 1.6+0.2 x 103 8.6 x 1016}
CH30H (E) 8_1,8 — To,7 229 758.760 7.340.3 —10.74£0.1  5.1+0.2 1.324 139 +3 89.1 4.2x107% 1.7+£0.1 x 103 8.6 x 10161
3450, 435 — 31,3 229 857.628 1.1+0.2 —~10.0+0.6 7.3+ 1.5 0.135 25 4 2 18,7 7.1x107° 20405 x 102 6.9 x 10%3
CH30H (A+) 195,15 — 204,16 229 864.190 1.84+0.2 —11.34+0.3 5.1+0.5  0.325 384+2 5786 2.1x107° 84+1.2 x10'2 8.6 x 10'0%
CH30H (A—) 195,14 — 204,17 229 939.180 1.4+0.2 —~11.6+0.4 .60+ 1.3 0.216 27+2 5786 2.1x107% 65+1.8 x 102 8.6 x 10'0;
CH3O0H (E) 300 —4_1.4 230 027.060 5.3 + 0.2 —11.2+0.1 6.34+0.3 0.789 85 + 2 39.8 1.5x107° 3.5+0.2 x10'¥ 8.6 x 10'0%
CH30CHO (A) 229 13 — 22g.14 230 293.951 1.340.3 —10.440.7 8.5+2.1 0.142 20943 2034 1.6x107° 1.1+0.3 x 103 3.5 x 1016
CH3CHO (A—) 12511 — 113,19 230 301.880 1.8+ 0.3 —12.1+0.4  6.34+0.9 0.261 43+ 2 81.0 4.2x10"% 58+1.0 x 10 2.1 x 10'*
o'3cs 19 — 18 230 317.527 1.140.2 —8.44+04 4.640.9 0.224 38+2 1105 3.5x 1072  4.3+1.0 x 102 2.7 x 10'*
2co 2 -1 230 538.000 16.6 6.9 x 107
ocs 19 — 18 231 060.993 3.84 0.3 —11.0+0.2  6.44+0.4 0.554 13+1 1109 3.6x107° 1.6+0.3 x 103 7.8 x 106
13cs 5 — 4 231 220.685 2.2+0.4 —12.9+0.4 58+1.0 0.356 57 +2 33.3 2.5x10°%  1.2+40.2 x 102 1.0x 10'3
faint line ? 7 231 270.000 2.340.3 —10.24+0.4 59409  0.366 . .. . . .
CH30H (A—) 1029 — 936 231 281.100 8.8+ 0.4 —10.6 +£0.2 8.0+0.4 1.031 109+3 1653 1.8x10°° 4.74+0.4 x 102 8.6 x 10'6%¢
T Molecular column density estimated from the rotational diagram with the 7 rotational transitions of CH3CN (12-11). We estimate a

Trot = 100 +30 K and a Ny = 3.6 £ 0.4 x 10 cm~2 (see Figure 4.13).

1 Molecular column density estimated from the rotational diagran with the 7 rotational transitions of CH3OH. We estimate a T}t = 150+40 K
and a Nyl = 8.6 1.3 x 10 cm~2 (see Figure 4.13).
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4. IRAS 22198+6336: a radiojet within an intermediate-mass hot core

the chemically rich spectrum, are clear evidence that 122198 is an intermediate-mass hot
core.

Finally, in Table 4.5 we list all the molecules detected in the compact core likely trac-
ing a hot core. Following the procedures indicated in Appendix D we have estimated
the column densities of each molecule, except for those molecules with several rotational
transitions observed, for which we have listed the column density derived from their ro-
tational diagrams. The molecular abundances can be estimated taking into account the
column density of Hy (obtained from the dust millimeter continuum emission). Assuming
T = 100 K and a size of 2”1 x 1”3, which is the deconvolved size of the CH3CN core, we
obtain Ny, = 7 x 10%* em~2. The derived abundances, calculated as Xyl = Nmol/Nu,,
for some of the molecules are Xcisg = 1 x 1078, Xpnco = 8 x 10710, Xgo =5 x 10719,
Xncoon = 2.4x 10719 Xocs =2 x 1077, Xiscg = 2.5 x 107 and Xcopson = 9 x 10710,
XcHs0H = 2.2 X 107, with uncertainties close to a factor of 2 or 4. These abundances are
similar to the values found in NGC 7129-FIRS2 (Fuente et al. 2005), an intermediate-mass
hot core similar to 122198 (see Sanchez-Monge et al. 2010 for more details).

4.6 Summary and brief discussion

We have studied with high angular resolution observations the nearby intermediate-mass
star-forming complex associated with the IRAS source 22198+4-6336. In the following, we
summarize the main conclusions obtained.

e Our radio continuum study has revealed the presence of five sources close (< 0.2 pc)
to IRAS 22198+4-6336. Two of them (VLA1 and VLA3) are only detected at centime-
ter wavelengths likely tracing non-thermal emission. MM1 and MM3, only detected
at millimeter wavelengths, could be tracing dust condensations or dust entrained by
the molecular outflows. The main radio continuum source is VLA2 (associated with
the TRAS source), with the centimeter emission likely tracing a thermal radiojet or
ionized wind (with a spectral index of 0.6) and the millimeter emission tracing a
dust envelope of 5 M, for a dust temperature of 36 K.

e We have detected two distinct outflows in different molecular species, centered on the
position of the centimeter (and millimeter) source. Outflow A (P.A.= 40°) traced
by CO, SiO, HCN and 4.5 pm shocked gas emission, and outflow B (P.A.= 125°)
traced by CO, HCO™ and 4.5 um shocked gas emission. Both outflows have physical
properties similar to the values found in other intermediate-mass molecular outflows.

e The cold (15-20 K) dense gas seen at large scales (mainly NHg and H'3CO™) seems to
be kinematically affected by the passage of the two molecular outflows. Additionally,
we have found evidences of the outflows shaping the morphology of the ammonia
emission (creating holes and cavities that perfectly match the blue/red lobes of the
two outflows). In conclusion, and similar to the case of IRAS 0011746412, the
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4.6. Summary and brief discussion

ammonia molecule seems to be affected by the passage of the outflows driven by
YSOs.

At smaller scales we have found a compact dense core with emission from 15 different
molecular species. This chemically rich and compact emission is characteristic of hot
cores. By using the rotational diagram technique we estimated the temperature of
this compact core to be 100-150 K. Thus, the chemically rich spectrum and the
high rotational temperature, make 122198 one of the few intermediate-mass hot
cores (IMHCs) known at present. Finally, a velocity gradient, perpendicular to
outflow A, is found in almost all the molecular transitions associated with the hot
core. Assuming this velocity gradient traces Keplerian rotation of a disk, we have
estimated a central mass for the YSO to be 3.5 My, which is similar to the dust
envelope mass (~5 Mg), as is characteristic for Class 0 objects.
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G75.784-0.34:

compact radio sources embedded in a hot core!

5.1 General overview

The G75.7840.34 (hereafter G75) massive star-forming region, close to the IRAS source
2019843716, is located within the ON-2 molecular cloud at a distance of 3.8 kpc (Ando
et al. 2010). At centimeter wavelengths, the region is dominated by a cometary ultracom-
pact (UC) H1 region reported by Wood and Churchwell (1989). Hofner and Churchwell
(1996) detected a cluster of water masers located about 2" (10* AU) southwest of the
UCH 11 region, coincident with a compact radio continuum source (Carral et al. 1997)
with a spectral index from 6 cm through 3 mm of +1.5+0.4. Franco et al. (2000) modeled
this compact continuum source as a hypercompact (HC) H1I region with a density gradi-
ent of ne oc r~*. Additionally, emission from a vast set of molecular line transitions has
been reported in single-dish surveys (e.g., Shirley et al. 2003; Roberts and Millar 2007;
Klaassen and Wilson 2007; Bisschop et al. 2007). Interferometric observations of different
ammonia transitions reveal that the most of the molecular emission seems to come from
the compact radio continuum source associated with the cluster of water masers (Codella
et al. 2010). Finally, up to four distinct outflows have been identified in the ON-2N molec-
ular cloud (Shepherd et al. 1997). All this makes G75 an excellent target to study the
nature of multiple centimeter continuum sources in a massive star forming region.

In this Chapter, we present high angular resolution VLA centimeter continuum obser-

!This Chapter is based on the results that will be published in Sanchez-Monge, Kurtz et al. in prep.
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5. G75.78+0.34: compact radio sources embedded in a hot core

Table 5.1: Main continuum observational parameters of G75.78+0.34

A Project Epoch of Gain cal. / Flux Beam P.A.

(cm) VLA conf. Observation Bootstr. Flux® cal. ("< (°)  Rms®
6.0 AF381 B 2001 Apr 23 2015+371 / 2.50(1) 3C48 1.6 x 1.3 —87 0.49
3.6 AK440 B 1997 Mar 16 20254337 / 3.50(1) 3C286 1.0 x 0.7 +6 0.14
3.6 AK490 A 1999 Sep 12413 20154371 / 2.01(1) 3C286 0.3 x0.2 —-73  0.05
2.0 AK423 CnB 1996 Jan 29 20254337 / 2.72(2) 3C286 1.7x1.4 +66  0.36
20  AF381 B 2001 Apr 23 20154371 / 2.62(1)  3C286  0.6x04 -84 0.1
1.3 AK440 B 1997 Mar 16 20254337 / 3.48(2) 3C286 0.31x0.26 —14 0.12
1.3 AK490 A 1999 Sep 12413 20154371 / 1.82(2) 3C286 0.10x0.08 +52  0.13
0.7 AK423 CnB 1996 Jan 29 20254337 / 2.33(2) 3C286 2.5 x0.5 —64  0.46
0.7 AK500 B 1999 + 2000 20154371 / 2.10(4) 3C286 0.14 x0.12 437 0.25
0.31  OVRO 1997 + 1998 BL Lac / 5.4(20) Uranus 2.0x 1.7 —88 0.59
0.13 OVRO 1997 Sep—Dec BL Lac / 2.5(30) Uranus 1.6 x 1.5 —51 4.0
0.12 SMA 2010 Jun 10 2025+337 / 1.7(15)  Callisto 6.4 x 27  —76 8.4

® Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.

> Rms noise level in mJy beam™!.

vations, and HoO and CH3OH maser emission, together with OVRO and SMA millimeter
continuum and spectral line observations toward G75.

5.2 Observations

5.2.1 Very Large Array

G75.7840.34 was observed with the Very Large Array (VLA2) at 6.0, 3.6, 2.0, 1.3, and
0.7 cm from January 1996 to April 2001, using the array in the CnB, B, and A configura-
tions. In Table 5.1 we report details of the observations. The data reduction followed the
VLA standard guidelines for calibration of high frequency data, using the NRAO package
AIPS. First images were produced with the robust parameter of Briggs (1995) set to 1.
Regarding the angular resolution, we distinguish two groups in our data set: one with
Opeam > 170, and the other with Opeam ~0”3. The continuum images at 1.3 cm and 0.7 cm,
from projects AK490 and AK500, were self-calibrated with the strongest HoO and CH3OH
maser components, respectively, observed simultaneously to the continuum emission (see
below). Finally, we combined our uv—data at the same frequencies to obtain final images
with a better uv—coverage, sensitivity, and angular resolution. The resulting synthesized
beams and rms noise levels are shown in Table 5.3. At 6 cm, the H1I region G75.77+0.34
to the southwest (see Figure 5.1) produced non-imageable artifacts. Excluding the short-

2The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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Table 5.2: Main spectral line observational parameters of G75.78+0.34

Frequency Bandwidth Vref Beam P.A.
Line (GHz) and Spectral Resol.* (km s~ 1) (" x" (°)  Rms
H20 (616-523) 22.235080 1.56 / 0.0244 (0.33) +1.0 0.07 x 0.07 —67  T77.
6.25 / 0.0977 (1.3) —10.0 0.10 x 0.07 —69  50.
NHs (1,1) 23.694495 3.13 / 0.0488 (0.6) —2.0 3.72 x 3.43 57 2.8
6.25 / 0.0977 (1.2) —0.2 1.04 x 0.97 —10 1.7
1.56 / 0.0061 (0.08) —-3.5 1.03 x0.96 —63 1.7
NH; (2,2) 23.723360 3.13 / 0.0488 (0.6) —-2.0 3.72 x 3.43 —58 2.5
3.13 / 0.0244 (0.3) —-0.2 1.06 x 0.93  +27 2.0
NHs (4,4) 24.141748 3.13 / 0.0244 (0.3) —0.2 1.09 x 0.83 442 2.5
CH3OH (70-61) 44.069410 1.56 / 0.0244 (0.17) +3.0 0.11 x 0.10 +32  30.
H40« 99.022960 128. /2.0 (6.1) —8.0 5.6 x 2.8 +33 10.
H30« 231.900940 128. /2.0 (2.6) —8.0 3.9x1.8 +29 15.
SMA lines 4000. / 0.38  (1.0) —-0.2 6.4 x 2.7 —76  90.

 Bandwidth in MHz. Spectral resolution in MHz (number in parenthesis in km s™).

> Rms noise level per channel, in units of mJy beam™".

est baselines (< 5 k\) produced essentially no change in the measured flux density but
significantly improved the quality of the map.

The water maser line at 22.23508 GHz (616 — b3 transition) was observed with the
VLA in the A configuration (project AK490) simultaneously to the 1.3 ¢cm continuum
emission. Two different spectral configurations (see Table 5.2) were used providing two
different spectral resolutions (0.3 and 1.3 km s™1). The class I methanol maser line at
44.06941 GHz (79 — 61 AT transition) was observed with the VLA in the B configuration
(project AK500) simultaneously to the 0.7 cm continuum emission. Details on the spectral
configuration can be found in Table 5.2. The HoO and CH30H maser data were calibrated
following the AIPS guidelines for the calibration of high frequency data. Self-calibration
was performed on the strongest maser component, and the solutions were applied to the
spectral line and continuum data. The images were constructed using uniform and natural
weighting to obtain the highest angular resolution and to estimate the intensity of the
different maser components, respectively.

The VLA was also used to map the (J, K)=(1,1) (2,2) and (4,4) inversion lines of the
ammonia molecule with the array in the C and D configurations. The archival (1,1) and
(2,2) line data were obtained during 2002 January 12 (project AF386) with the array in
its D configuration. The adopted flux density of the absolute flux calibrator 13314305
(3C286) was 2.41 Jy at the frequencies of 23.69 and 23.72 GHz. Amplitude and phase
calibration were achieved by monitoring 2025+337, resulting in an rms of the phases of
~40° and a bootstrapped flux of 2.50 + 0.04 Jy. The 4IF spectral line mode was used,
allowing simultaneous observations of NHs (1,1) and (2,2) lines with two polarizations for
each line. The bandwidth used was 3.1 MHz, with 63 spectral channels with a channel
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5. G75.78+0.34: compact radio sources embedded in a hot core

spacing of 48.8 kHz (~ 0.6 km s~!) centered at vpsg = —2.0 km s~!, plus a continuum
channel that contains the average of the central 75% of the bandwidth. The (1,1) (2,2)
and (4,4) inversion lines were observed with the array in the C-configuration on 2009 July
(project AS984). The flux scale was calibrated with observations of 1331+305 (3C286),
with an adopted flux of 2.40 Jy at 23.87 GHz. The quasar 1642+398 (3C345) was used
to correct for the bandpass. Amplitude and phase corrections were achieved by observing
2015+371, resulting in an rms phase of ~40° and a bootstrapped flux of 3.81 + 0.06 Jy.
The (1,1) line was observed with two different bandwidths and spectral resolutions (1.2
and 0.08 km s™!; see Table 5.2). The small bandwidth (1.56 MHz) of the high spectral
resolution (1,1) observations, together with the large (~5 km s~!) linewidth measured in
the observations (see next Sections), and the VLA-EVLA aliasing problem, make difficult
to properly substract the continuum baseline to the higher spectral resolution observations.
We decided not to use these data, since we have new observations of all the (1,1) hyperfine
transitions with a high spectral resoltuion (0.2 km s~!; Expanded VLA project: AS1031,
in process of calibration). The (2,2) and (4,4) lines were observed simultaneously with

a spectral resolution of 0.3 km s~ 1.

See Table 5.2 for more details of the observations.
The data reduction followed the standard guidelines for calibration of high frequency
data, using the software package AIPS. Imaging was performed using natural weighting,

resulting in the synthesized beams and rms noise levels listed in Table 5.2.

5.2.2 Owens Valley Radio Observatory

The Owens Valley Radio Observatory (OVRO?) observations at 3 and 1 mm were made
in the L (Low) and H (High) resolution configurations during September, October and
December 1997. In March 1998, additional 3 mm observations were made in the uH (ultra-
High) resolution configuration. All the observations were made in the double sideband
mode, simultaneously observing at 3 and 1 mm. The continuum was observed in two
1 GHz channels, centered at 95.78 GHz and 98.78 GHz for 3 mm and 228.85 GHz and
231.85 GHz for 1 mm. In addition, spectral line modules covered the H40« (99.02296 GHz)
and H30« (231.90094 GHz) radio recombination lines (RRLs). Each spectral line setup
consisted of 62 Hanning smoothed channels of 2 MHz each, providing resolutions of 6.1
and 2.6 km s~! at 3 mm and 1 mm, respectively. The assumed LSR velocity for both lines

was —8 km s~ 1.

Bandpass calibration was performed by observing the quasar 3C454.3.
Amplitude and phase calibration were achieved by monitoring BL Lac during the different
observing tracks. The absolute flux density scale was determined from Uranus, with an
estimated uncertainty of 20% at 3 mm and 30% at 1 mm. The data were reduced using
a combination of routines from the OVRO reduction package MMA, from MIRIAD, and
from AIPS. Imaging was performed with the task IMAGR of AIPS. In Tables 5.1 and 5.2

we list details of the continuum and radio recombination line observations.

30VRO was operated by the California Institute of Technology with support from the National Science
Foundation.
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Figure 5.1: G75.78+0.34 star-forming region. (a): VLA 6.0 cm continuum image. Levels are
-3, 3, 6, 10, 15, 25, 35, 45, and 55 times 490 uJy beam 1. Ten-point red stars indicate
CH3OH masers, and three-point yellow stars indicate HoO masers. The dashed box shows the
region zoomed in the panel b. (b): VLA 3.6 cm continuum image. Levels are —4, 4, 8, 12, 20,
30, and 40 times 50 pJy beam™!. Synthesized beams of the continuum images are shown in
the bottom-left corner. (c): Spitzer/IRAC 5.8 um image. The white circle shows the position
of the large H1I region G75.77+0.34. The dashed box shows the region of G75.78+0.34,
zoomed in panel (a). The red ellipse marks the position of the IRAS source 20198+3716.
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5. G75.78+0.34: compact radio sources embedded in a hot core

5.2.3 Submillimeter Array

G75.78+0.34 was observed with the Submillimeter Array (SMA?) in the 1.3 mm (230 GHz)
band using the compact configuration on 2010 June 10. A total of 2 x 4 GHz were used,
covering the frequency ranges 218.2-222.2 GHz and 230.2-234.3 GHz, with a spectral
resolution of ~ 1 km s~!. System temperatures ranged between 150 and 250 K. The
zenith opacities at 225 GHz were around 0.10 and 0.15 during the 3-hour track. The
FWHM of the primary beam at 1.3 mm was ~56”. Bandpass calibration was performed
by observing the quasar 3C454.3. Amplitude and phase calibrations were achieved by
monitoring 2025+337 and 2015+371, resulting in an rms phase of ~ 40°. The absolute
flux density scale was determined from Callisto with an estimated uncertainty around 15%.
Data were calibrated and imaged with the MIRIAD software package. The continuum was
constructed in the (u,v) domain from the line-free channels. Imaging was performed using
natural weighting, resulting in a synthesized beam of 6”4 x 2”7 with a P.A.=—76°, and
1 o rms of 8.4 mJy beam™! for the continuum. The wide SMA band includes several
molecular transitions in the frequency range 220.2-222.2 GHz and 230.3-232.2 GHz.

5.3 Continuum results

5.3.1 Centimeter continuum emission

In Figure 5.1, we show a global overview of the G75 region at 6.0 cm (panel a), 3.6 cm
(panel b), and 5.8 ym (panel ¢). We detected centimeter radio continuum emission at
all wavelengths. As seen in the figure, the centimeter continuum emission is dominated
by three strong and compact components (UCH1I, EAST, and CORE) and by a large
and faint extended structure toward the north-east of the three compact sources. In
Figure 5.2, we show the maps of the combined images at each frequency for each of the
three main centimeter continuum sources, and in Table 5.3 we list their flux densities
and sizes, together with the beams, and rms noise levels of the combined images. The
strongest source (UCH1I) is a cometary UCHII region with an integrated flux density of
~35 mJy and an angular size of ~1” (~0.02 pc at a distance of 3800 pc; already imaged
by Wood and Churchwell 1989 and Carral et al. 1997). Located ~ 6 ” to the east, we
identify a compact source (EAST), with a flux density of ~4 mJy and an angular size of
~0.2" (~0.004 pc at a distance of 3800 pc). Finally, at the head of the cometary arc
we find a compact source (CORE) slightly elongated in the northeast-southwest direction,
with a flux density of a few mJy increasing with frequency. This source is coincident with
the 7 mm continuum source reported by Carral et al. (1997) and with the clump of HoO
masers (Hofner and Churchwell 1996). Our higher angular resolution observations (<0”3)

4The SMA is a joint project between the Smithsonian Astrophysical Observatory and the Academia
Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.
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Figure 5.2: Left column: UCH1I region continuum maps. Each panel shows the continuum
emission at the wavelengths observed with the VLA. For all panels, levels are —4, 4, 8, 12,
20, 30, and 40 times the rms noise level of the map: 485, 61, 138, 67, and 159 uJy beam 1!,
for 6.0, 3.6, 2.0, 1.3, and 0.7 cm maps, respectively. Middle column: CORE (North and
South) region continuum maps. Each panel shows the continuum emission at the wavelengths
observed with the VLA. For all panels, levels are —3, 3, 6, 12, 18, 24, and 30 times the rms
noise level of the map: 61, 144, 67, and 186 uJy beam™!, for 3.6, 2.0, 1.3, and 0.7 cm
maps, respectively. Right column: EAST region continuum maps. Each panel shows the
continuum emission at the wavelengths observed with the VLA. For all panels, levels are
—4, 4, 8, 12, 16, 20, 25, and 30 times the rms noise level of the map: 61, 138, 67, and
159 pJy beam™1, for 3.6, 2.0, 1.3, and 0.7 cm maps, respectively. See Table 5.3 for details
of the flux and beam of each image. Blue crosses indicate the position of the four continuum
sources: UCH 11, EAST, CORE-N and CORE-S (see Table 5.3). The scale in arcseconds is
shown in each 2.0 cm continuum image panel (multiply by 3800 to obtain astronomical units.)
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5. G75.78+0.34: compact radio sources embedded in a hot core

Table 5.3: Multiwavelength results for the YSOs in the star-forming region G75.78+0.34

A Beam P.A. [peaka S, Deconv. Size P.A.
(cm) (" =" (°)  Rms®  (mJy beam™!) (mJy) (" x" (®)

UCHu «(J2000.0) = 20"21m445098
§(.J2000.0) = +37°26/39747

6.0 1.30 x 1.11  +89 485 24 +1 49+6 1.3x1.2 +£04 60 + 40
3.6 0.33 x 0.26  —75 61 30+1 32+4 1.0x0.8 +0.1 70 + 10
2.0 0.60 x 0.40  —69 138 741 34+4 1.1x09 +£0.1 70 £ 10
1.3 0.19 x 0.19  +33 67 33+1 32+4 1.0x0.9 £0.1 80 + 10
0.7 0.35 % 0.33 —74 159 441 27+ 4 1.2x0.8 +0.2 754 10
0.31 1.96 x 1.74  —88 579 21+2 34+ 14 20%x08 403 120410
0.13 1.61 x 1.49  —51 4000 <16
EAST a(J2000.0) = 20121™445499
§(J2000.0) = +37°26'37//80
6.0 1.30 x 1.11  +89 485 4.1+£1.0 45+1.5 1.3x1.0 +£07 130450
3.6 0.33 X 0.26  —76 61 2.940.2 45406 0.25x0.20 £0.04 135+40
2.0 0.60 x 0.40  —69 138 3.840.3 39407 015x0.0 4015 105+40
1.3 0.19 x 0.19 433 67 2.240.2 39406 020x0.15 £0.05  90+20
0.7 0.35x0.33 —74 159 29404 33407  02x01 402 90 + 50
0.31 1.96 x 1.74  —88 579 6.0+ 1.2 9.9+4.7 28 x 1.7 +£0.5 25 4+ 20
0.13 1.61 x 1.49  —51 4000 <17

CORE «(J2000.0) = 20721445030
5(J2000.0) = +37°26'3767

6.0 1.30 x 1.11  +89 485 <19

3.6 0.33 x0.26 76 61 0.8+£0.2 1.4+0.3
2.0 0.60 x 0.40 —69 138 21403 3.14+07 0.45x0.23 £0.09 50 £ 20
1.3 0.19 x 0.19 433 67 22+£0.2 4.84+0.7
0.7 0.35 x0.33 —T4 159 4.0£0.3 79+12 06x02 =£0.1 55+ 15
0.31 1.96 x 1.74  —88 579 23+2 36 + 14 20x14 £0.3 145 £+ 10
0.13 1.61 x1.49 —51 4000 98 £ 10 300 £ 100 40x22 =£03 145 £ 10

CORE-N  «(J2000.0) = 20"21™445041
§(J2000.0) = +37°26'37//76

3.6 0.33 x0.26 76 61 0.8+0.2 0.84+0.2 0.4x01 =£0.1 50 £+ 20
2.0 0.43 x0.35 —84 144 2.0+0.3 2.14+0.5 04x01 =£0.1 50 £ 15
1.3 0.19x0.19  +33 67 22+0.2 27+£04 0.15x0.08 £0.04 30+£10
0.7 0.15 x 0.13 440 186 2.6+04 26+08 0.05x0.0 =£0.05 55 £+ 30

CORE-S  «(J2000.0) = 20"21™445016
§(J2000.0) = +37°26'37/'55

3.6 0.33 x0.26 76 61 0.6 +£0.2 0.6 +£0.2 0.5x0.1 =£0.1 55 £ 15
2.0 0.43 x0.35 —84 144 1.8+0.3 1.8+0.5 04x01 =£0.1 50 £ 15
1.3 0.19 x 0.19 433 67 1.9+0.2 2.14+04 0.20x0.07 £0.05 45+ 10
0.7 0.15 x 0.13 440 186 2.7+£04 32409 010x0.0 =£0.05 10030

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as
\/(20\/050urce/9beam)2 + (20fux—scale)2, Where o is the rms noise level of the map, fsource and
Opeam are the size of the source and the beam respectively, and ogux—scale i the error in the flux
scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Yuncertainty )-

b Rms noise level in uJy beam™1.
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Figure 5.3: G75.7840.34 millimeter continuum maps. Each panel shows the continuum emis-
sion at the millimeter wavelengths observed with OVRO and SMA. Levels are —4, 4, 8, 12,
20, 30, and 40 times the rms noise level of the map: 0.6, 4, and 8.4 mJy beam ™!, for OVRO
3.1 mm, OVRO 1.3 mm, and SMA 1.3 mm maps, respectively. See Table 5.3 and Section 5.3.2
for details of the flux and beam of each image. Blue crosses as in Fig. 5.2.

allow us to resolve the CORE source in two different (almost unresolved) condensations:
CORE-NORTH and CORE-SOUTH (see Figure 5.2). In Table 5.3, we also provide the
flux densities and sizes for these two components.

5.3.2 Millimeter continuum emission

In Figure 5.3, we show the millimeter continuum images of the G75 region (from OVRO
and SMA observations). At 3.1 mm we detect emission from the three main sources, with
the emission from the UCHTII region and the CORE source only slightly separated. At
1.3 mm, we only detect emission associated with the CORE source, probably due to a
lack of sensitivity that does not allow to detect (faint) emission coming from the EAST
and UCH 11 sources. The angular resolution achieved in our millimeter continuum images
(up to 10-15 times poorer than the angular resolution at centimeter wavelengths) does
not allow us to resolve the components CORE-NORTH and CORE-SOUTH. In Table 5.3,
we list the flux densities and sizes, and the beams and rms noise levels of the OVRO
observations. For the SMA 1.3 mm source, we fit a two-dimensional gaussian obtaining a
primary beam corrected flux density of 0.60+0.17 Jy with a deconvolved size of (4x2+1)"
at a P.A.=(75+£10)°. The SMA 1.3 mm source, although centered on the CORE position,
encompasses the UCH 11 source and shows an extension to the EAST source. We refrain
from combining the OVRO and SMA 1.3 mm continuum images due to the low uv—coverage
and sensitivity of the SMA image. Higher sensitivity maps are needed to confirm the 1 mm
continuum emission associated with the UCH 11 and EAST sources.

5.3.3 Spectral energy distributions

In Figure 5.4, we show the spectral energy distributions (SEDs) of the radio continuum
sources found towards G75. The UCHII source has a flat distribution, with a spectral
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Figure 5.4: Spectral energy distributions. Circles and upper limits correspond to the obser-
vational data from Table 5.3. Red dashed lines: linear fit (S, o< v®) to the centimeter data
(from 6 up to 0.7 cm; see Table 5.4). Blue dotted lines: homogenous H1I region with an
electron density specified in the panel. Green dotted lines: modified blackbody law for the
dust envelope with a dust emissivity index of 3 = 1, a source radius of 3”, a dust temperature
of 50 K, a dust mass of 30 M, and a dust mass opacity coefficient of 0.9 cm? g=! at 1.3 mm.
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5.3. Continuum results

Table 5.4: Physical parameters of the H1I regions and dust properties for the sources in
G75.78+0.34

H 1 region physical parameters® Dust?
Diameter EM Ne M; N; Spectral Ssglsntm szfgm Maust©
Source (pc) (cm™% pe) (cm™3) (Mg) (s7h Type (mJy) (mJy) (Mg)
UCH 1 0.019 2.5 x 107 3.7 x 10* 4.7%x 1073 4.2 x 106 BO 7
EAST 0.004 6.6 x 107 1.3 x 10° 1.4x 1074 4.4 x 10%° BO0.5 8 <12 7-30
CORE < 0.001 >2.1x10°  >14x10% <29x107° 1.1 x10% B0.5 30 190 30
5 110 17
CORE-N < 0.001 >1.2x10°  >1.2x10% <14x107° 4.2 x10% B0.5 < 40 < 200 <30
CORE-S < 0.001 >1.4x10° >13x10% <1.3x107° 4.1 x 10%° BO0.5 < 40 < 200 < 30

2 Physical parameters of the H1I regions assuming homogeneous ionized gas. For the EAST and UCHII sources we assumed
optically thin emission at all centimeter wavelengths (see Figure 5.4). The spectral type is determined from Panagia (1973)
using the number of ionized photons, Nj.

b Ssngm and Ss‘l‘;,fm correspond to the (dust) millimeter continuum flux density after substracting the contribution from

free-free emission (from the fits shown in Figure 5.4). For the CORE source, the first value assumes the centimeter emission
is described by an homogeneous H1I region, and the second value assumes the centimeter emission is fitted with a power law
fit (Sp o< v?) with o = 1.1.

Dust and gas mass estimated from the millimeter emission (after substracting the contribution of the ionized gas). For the
UCH 11 source, all the millimeter continuum emission is thermal ionized gas emission. For the EAST source we assumed a

dust emissivity index of 1.5, a dust mass opacity coefficient of 0.9 cm? g71 at 1.3 mm (Ossenkopf and Henning 1994), and a

dust temperature of 100 and 30 K, respectively. For CORE, CORE-N and CORE-S sources we provide the mass estimated

assuming a dust emissivity index of 1, a dust mass opacity coefficient of 0.9 cm? g71 at 1.3 mm, and a dust temperature of

50 K. The upper limits are due to the low angular resolution at millimeter wavelengths that does not allow to resolve the
CORE-N and CORE-S sources.

index (a; S, o< v%) of —0.19 + 0.06, typical of optically thin free-free emission. This SED
is well fitted by an optically thin H1I region with an electron density of 3.7 x 10* cm ™ and
a size of ~0.019 pc (3800 AU), and ionized by an early BO type star. In Table 5.4, we list
the main physical parameters of the cometary UCH 11 region. At millimeter wavelengths,
the emission detected at 3.1 mm and the upper limit at 1.3 mm are consistent with the
millimeter continuum emission coming from ionized gas, suggesting that no (or few) dust
is directly associated with the cometary UCH 11 region.

The eastern continuum source (EAST) is almost unresolved showing an irregular (or
spherical) shape (cf. Figure 5.2 and Table 5.3), and with a flat spectral distribution (o =
—0.16 £ 0.12). Thus, its SED (see Figure 5.4) can be fitted, at centimeter wavelengths,
by an optically thin H11 region with a size of ~ 0.004 pc (900 AU; consistent with the
deconvolved size listed in Table 5.3) and an electron density of 1.3 x 105 cm™3, being
ionized by at least one B0.5 star. Its physical parameters are listed in Table 5.4. At
3.1 mm there is an excess of continuum emission with respect to the optically thin H11
region assumption, probably coming from a dust envelope of ~7-30 Mg (see last column
in Table 5.4). We refrain from fitting a dust envelope to the millimeter wavelengths of the
SED, since at 1.3 mm we only have an upper limit.

Finally, we have constructed the SED for the CORE source (taking into account all the
emission) and the SEDs for CORE-N and CORE-S, separately. At centimeter wavelengths,
the emission is partially optically thick, with a spectral index of +1.1 + 0.2 for the entire
emission of the CORE. The major difference for the SEDs of CORE, CORE-N and CORE-
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Figure 5.5: Outflow emission G75.78+0.34. Left: Blue/red contours: 2CO (2-1) intensity
map for blue/red-shifted velocities (from —6 to —60 km s~! and from +10 to +70 km s !
with respect to the v sg ~—0.2 km s™1). Levels start at 5%, increasing in steps of 15% the
peak intensity: 107 and 162 Jy beam ™! km s, for blue and red respectively. Right: Blue/red
contours: 13CO (2-1) intenisty map for blue/red-shifted velocities (from —6 to —20 km s~*
and from +7 to +30 km s™! w.r.t. the vrgr). Levels start at 10%, increasing in steps of
15% the peak intensity: 30 and 16 Jy beam™! km s, for blue and red respectively. In both
panels: Black contours: VLA 3.6 cm continuum map (CORE-N and S sources are identified
with white circles). Grey scale: intensity map for the CH3CN (12-11) molecular transition.
Ten-points red stars mark the position of methanol Class | masers (see Table 5.6). Synthesized
beams for the outflow and continuum emission are shown in the bottom-left and right corners,
respectively.

S sources is the flux density at 7 mm. However, in all cases the centimeter emission can be
well fitted by an H 11 region with an electron density of ~10% cm™2 and a size < 0.001 pc
(see Table 5.4). An H11 region with these properties has a turnover frequency at ~20 GHz,
and thus we can detect the optically thick and thin regimes of the spectrum at centimeter
wavelengths: it is an hypercompact HII region. At millimeter wavelengths, where we
cannot separate the contribution of CORE-N and CORE-S sources, we have assumed the
emission comes from a hot dust envelope (50 K and 30 Mg; see Table 5.4).

5.4 Molecular results

5.4.1 Molecular outflow gas

Interferometric SMA 12CO (2-1) and 3CO (2-1) (Figure 5.5) maps reveal an outflow with
a clear bipolar morphology centered on the position of the CORE source. The outflow emis-
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5.4. Molecular results

Table 5.5: Physical parameters for the molecular outflow in G75.78+0.34

Outflow/lobe tagn  Size  Nupol Mows Mows Pout Pows Fiin  Lumech
(1) (2) B @& 6 6 @O B (9 10
Outflow — P.A.=30°

12C0(2-1) ~red 2600 10x8 1.6 010 3.7 57 22 34 10

12CO(2-1) ~blue 3000 10x8 1.1 007 23 37 12 20 5
12C0 (2-1) 2800 ... 2.7 017 59 94 34 54 14
1BCo(2-1) - 4800 8x7 02 050 106 11.6 24 2.7 4
13CO(2-1) - blue 7200 8x7 0.2 058 80 82 1.1 1.1 1
13C0O (2-1) 6000 ... 04 109 181 198 3.3 3.8

& Parameters are calculated for an inclination with respect to the plane of the sky equal to 0°,
following the expressions given in Palau et al. (2007b). Notes and units for each column: (1)
blue/red lobe for each molecular species; (2) dynamical age in years; (3) size of the lobe in
arcsec; (4) column density of the molecule in cm~2; (5) outflowing mass in M; (6) rate of the

outflowing mass in 107> M, yr—!; (7) momentum of the outflow in Mg km s™!; (8) outflow

momentum rate in 1072 Mg, km s~1 yr=1: (9) kinetic energy in 10*° erg; and (10) mechanical

luminosity in Lg.

sion spans a velocity range from —60 km s~! to +70 km s~! for the '?CO and —20 km s~!

to +30 km st for the ¥CO (the systemic velocity is vpsg =~ —0.2 km s=1). At larger
scales, Shepherd et al. (1997) identified four distincts outflows in the G75 star-forming
region with low angular resolution maps. The ‘central” outflow of Shepherd et al. (1997)
is spatially coincident with the outflow detected in the SMA observations, but more ex-
tended toward the northeast. However, at large scales, the red lobe of the ‘central’ outflow
is located toward the south, while the blue lobe is located toward the north(east). We have
identified, in our interferometric observations, an outflow in roughly the same direction
of the ‘central’ outflow (P.A.~ 30°), but with the blue/red lobes reversed. An accurate
study of Fig. 7 in Shepherd et al. (1997) reveals some hints of the presence of the outflow
we detect in the SMA data. All this confirms that the identification of molecular outflows
in clustered star-forming regions is laborious and not straightforward from single-dish ob-
servations, due to the presence of a high number of YSOs driving outflows. In Table 5.5,
we provide the physical parameters derived for the outflow seen in the SMA maps. The
energetics of the outflow are similar to those found in other massive molecular outflows

(Shepherd 2005).
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Center columns: First-order moment (velocity field) maps. Right columns:

Linewidth (FWHM) maps, obtained from the second-order moment. The two top rows cor-

respond to VLA ammonia observations with the array in its most compact configuration (D),

while the three bottom rows show the maps of the observations with the array in its C con-

figuration. The grey box in the panel NH3 (4,4) marks the region of the NH3 core zoomed in

Figure 5.7.

In all panels, white and black stars mark the position of the centimeter continuum

sources (see Table 5.3). Synthesized beams are always shown in the bottom-left corner.
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Figure 5.7: Zero-order moment (integrated intensity) maps for different molecules detected
towards G75.78+0.34. Levels start at 10%, increasing in steps of 20% the peak intensity. The
white/black stars mark the position of the centimeter sources (see Table 5.3). The energy of
the upper level for each transition is indicated in the bottom-right corner (in units of K).

5.4.2 Molecular dense gas

The zero-order moment maps of the NHs (1,1) and (2,2) transitions (with the VLA in its D
configuration) are shown in the top-left panels of Figure 5.6. The dense gas traced by NHj
reveals a compact core at the position of the CORE/UCH1I sources (labeled NHj core
in Figure 5.6) and a filament extending ~ 50" to the east of the EAST source. A second
filamentary structure can be identified in the north-south direction in the (1,1) transition
map. When observing with high angular resolution (VLA-C observations; Figure 5.6
bottom rows), the filamentary structure is slightly resolved out in the (1,1) and (2,2)
transitions, and practically not detected in the (4,4) ammonia transition maps. The NHg
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5. G75.78+0.34: compact radio sources embedded in a hot core

core, associated with the radio continuum sources, appears resolved (see Figure 5.7, for a
close-up), showing a double-peak in the (2,2) transition and a V-shaped morphology in the
(4,4) transition map. It is important to note that there is no NH3 emission associated with
the EAST source. Additionally, the ammonia emission from the dense core, is spatially
well-centered on the CORE source, laying the UCH 11 source at the border of the dense gas
condensation. The close-up images in Figure 5.7 reveal that the two centimeter sources
(CORE-N and CORE-S) are located exactly in the middle of the double peak, seen in the
(2,2) transition, and at the middle of the V-shaped structure, seen in the (4,4) transition.

Several other molecules (e.g., CH3CN, CH30H, CH3CCH, HNCO, OCS) have been
detected towards G75, in the wide SMA band observations. All these molecules show a
compact unresolved source (see Figure 5.7) at the position of the SMA 1.3 mm source
(see Section 5.3.2). Similar to the dense core seen in ammonia, these other molecular
species peak at the position of the CORE source. However, the low angular resolution
of the SMA observations does not allow to determine the morphology of this dense gas
core in the other molecular tracers. It is important to note that no extended emission
(from filaments) is detected in the SMA molecular transitions, suggesting this molecular
emission arises from a very compact source. In fact, the wide-band SMA spectrum toward
the compact molecular core (Figure 5.8) reveals a chemically rich dense core with typical
hot core features (as seen in 122198: Chapter 4 — note that the frequency range is different
for 122198 and G75). Molecular line transitions detected with 75 = 0.1 K have been
identified and imaged. Around 16 different molecular species have been identified in this

compact molecular core.

5.4.3 H,0 and CH3;0H maser emission

Hofner and Churchwell (1996) reported a cluster of water masers located 2” southwest from
the UCH 11 region, at the same position as the CORE source (as reported by Carral et al.
1997). Our HyO maser observations at 22.235 GHZ have a double aim: to cross-calibrate
the radio continuum data at 1.3 cm, and to observe the masers with higher angular res-
olution (~ 0”1 versus ~ 0”4 of previous observations). Two different spectral resolutions
(~0.3 and ~1.3 km s~!) were used to observe the HoO maser emission, allowing us to look
for maser components in a velocity range of (—40, +40) km s~!. In Figure 5.9, we show
the different HoO maser components (colour circles) with respect to the 1.3 cm continuum
sources. All the components appear forming an arc at a distance of ~2 ” from the head
of the cometary UCHII region (cf. Figure 5.1), with only a few of them directly associ-
ated with the CORE-SOUTH continuum source. We note that there are no instrumental
offsets to be considered between the 1.3 ¢m continuum and the HoO maser images, since
the observations were simultaneous. In Table 5.6 we list the position, intensity, velocity,
and integrated intensity of the different HoO maser components, indicating in the last
column at which frequency resolution the component was detected. In Figure 5.9 we use
different colours as an indicator of the velocity of the maser component. No clear velocity
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Figure 5.8: 230 GHz continuum-free spectra (for the dense core in G75.78+40.34) in the
image domain from the SMA data, for the lower sideband (LSB) in the top panel and the
upper sideband (USB) in the bottom panel. The molecular transitions used in the rotational
diagrams (Figure 5.14) are shown in blue and red.

gradients are found in the HoO maser emission, although most of them appear redshifted
with respect to the cloud velocity, vpsg ~—0.2 km s~ 1.

For the class I methanol masers at 44.069 GHz toward G75 we detect four different
groups (with a total of 8 different components). However, none of them appear directly
associated with any of the three main continuum sources. All the 44 GHz CH30H maser
components are close to or inside the faint extended continuum centimeter emission (cf.
Figure 5.1) at a distance of 10"—20" (0.2-0.4 pc for a distance of 3800 pc) from the main
YSOs in the region. In Table 5.6 we list the position, intensity, velocity, and integrated
intensity for all the methanol maser components. As in other star-forming regions (e. g.,
Kurtz et al. 2004), class I methanol masers rarely coincide with other signposts of star
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Figure 5.9: HyO maser distribution. Grey scale and black contours: VLA 1.3 cm continuum
image. Levels are —3, 3, 6, 12, 18, 24, and 30 times 67 uJy beam™'. Colour circles show
the position of water masers (see Table 5.6). Colours indicate different velocity ranges: blue
for (—50,—5) km s—!, green for (=5,—1) km s—! yellow for (=1,41) km s~! orange for
(+1,+5) km s7!, and red for (+5,+30) km s~1. Sizes are correlated with the peak intensity
of the maser.

formation (e.g., H1I regions, OH masers, class II methanol masers). Theoretical models of
methanol masers suggest that the class I masers arise in an environment where collisional
processes dominate (Cragg et al. 1992; Pratap et al. 2008). The G75 star-forming region
contains up to four different molecular outflows (Shepherd et al. 1997), suggesting that
the 44 GHz CH3OH masers could be pumped by collisions resulting from the molecular
outflows. In particular, some of the methanol masers we detect are close to or within
the red lobe of the molecular outflow (cf. Figure 5.5). Futhermore, the velocity of these
maser components is red-shifted (see Table 5.6) as expected from these masers to have
been pumped in the collisions of the red lobe of the molecular outflow.

5.4.4 Radio recombination lines emission

We used the OVRO interferometer to observe the radio recombination lines at 3 mm
(H40a) and 1 mm (H30«) towards G75, with the main aim of determining the contribution
of the ionized gas component at millimeter wavelengths. However, we do not find clear
detections of these lines. The channels are dominated by the continuum emission coming
from the dust emission discussed in previous sections. Our 1o rms noise levels for the line
(continuum-free emission) are 10 and 15 mJy beam ™! for the H40a and H30q, respectively.
Although we do not detect emission from the radio recombination lines, the upper limits
we can obtain are still useful to determine the ionized gas content in the millimeter range
(see Section 5.5.4 for more details).
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Table 5.6: 22 GHz water and 44 GHz methanol masers in G75.78-+0.34

@(J2000.0)  §(J2000.0)  Speak Vpeak S Sdv
(hms) (e (Jy) (kms~!)  (Jykms~!) Notes®

H2O maser components

20 21 43.968 37 26 37.77 0.3 +7.0 0.4 L
20 21 43.971 37 26 37.89 1.5 +3.0 1.7 H
20 21 43.979 37 26 37.79 3.9 +6.9 3.1 H
15. +2.3 16.4 H,L
20 21 43.979 37 26 37.88 2.4 +0.0 1.4 H
1.0 -0.8 1.3 L
20 21 43.980 37 26 37.67 4.5 +2.6 6.3 H
0.2 +0.5 0.3 L
20 21 43.980 37 26 37.89 1.5 +0.5 2.0 L
0.7 —2.6 0.6 H,L
20 21 43.990 37 26 37.58 7.5 +3.0 10.5 H,L
20 21 43.981 37 26 37.74 5.1 +1.7 2.6 H
20 21 43.983 37 26 37.71  122. +3.0 220. H
20 21 43.983 37 26 37.89 1.7 +1.3 0.9 H
20 21 43.983 37 26 37.85 53. +6.9 111. H,L
20 21 43.985 37 26 37.67 0.2 +6.9 0.12 H
0.3 +4.6 0.6 H,L
20 21 43.986 37 26 37.84 6.5 +4.3 3.9 H,L
0.6 —11.0 1.6 L
20 21 43.988 37 26 37.53 3.1 +0.3 2.5 H,L
1.0 —2.3 1.0 H
20 21 44.005 37 26 37.53 0.6 +5.5 0.6 H,L
1.1 +1.7 0.9 H
7.2 —-1.3 15.1 H,L
15. —5.6 20.4 H,L
20 21 44.017 37 26 37.58 0.5 —30.0 0.7 L
1.4 —36.0 1.8 L
20 21 44.018 37 26 37.53 47. +7.3 65.5 H,L
0.4 +4.9 0.2 H
2.7 +2.0 3.0 H
56. —-0.7 150. H,L
3.7 —6.2 6.7 H,L
20 21 44.028 37 26 37.41 0.7 +14.0 0.9 L
20 21 44.068 37 26 37.34 2.3 +0.3 3.0 H,L
20 21 44.201 37 26 37.98 2.4 +0.7 24 H,L
CH3OH maser components
20 21 44.397 37 26 48.14 0.06 +1.3 0.04
20 21 44.403 37 26 48.15 0.07 —0.3 0.06
20 21 44.412 37 26 48.04 0.4 +1.3 0.4
20 21 44.424 37 26 47.96 1.6 +0.5 2.4
20 21 44.701 37 26 41.30 6.8 +3.8 5.6
20 21 44.710 37 26 41.47 1.2 +4.2 1.0
20 21 44.763 37 26 42.17 5.8 +3.2 6.7
20 21 44.943 37 26 56.28 1.8 +0.5 1.2

2 Labels H and L refer to the VLA observations done with a spectral resolution of 0.33 km s—!

and 1.3 km s™!, respectively.
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Figure 5.10: First-order moment (velocity field) maps for different molecules detected to-
wards G75.7840.34. Levels as in Figure 5.7. The white/black stars mark the position of the
centimeter sources (see Table 5.3).

5.5 Analysis

5.5.1 Velocity fields

In Figures 5.10 and 5.11, we show the velocity field (first-order moment) and linewidth
(FWHM, obtained from the second-order moment) maps, for those molecular transitions
shown in Figure 5.7. Almost all the molecular transitions have linewidth ~3-5 km s,
and show a velocity gradient in the southeast-northwest direction (P.A.~130°, with red-

shifted velocities to the northwest). The gas at large scales (NHj filament; see Figure 5.6)
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Figure 5.11: Second-order moment (linewidth) maps for different molecules detected towards
G75.7840.34. Levels as in Figure 5.7. The white/black stars mark the position of the cen-
timeter sources (see Table 5.3).

also shows the same velocity gradient in the southeast-northwest direction.

This velocity gradient (seen in almost all the molecules) perpendicular to the outflow,
can be interpreted as rotating gas from a molecular disk or toroid. However, for the large-
scale eastern filament, we cannot discard the scenario in which the filamentary cloud seen in
ammonia corresponds to two distinct filaments with different velocities: a redshifted one in
the north-south direction, and a blueshifted one in the east-west direction. High spectral-
resolution ammonia observations can help to test the two-filament scenario by searching for
two distinct velocity components in the region where the two filaments overlap. Although
the two-filament hypothesis must be taken into account, it seems that the dense gas (NHj)
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5. G75.78+0.34: compact radio sources embedded in a hot core

emission comes from a large rotating cloud that is fragmenting and forming different YSOs.
The fact that there is no connection between the dense core and the filamentary structure
can be due to the presence of the EAST and UCH 11 sources. The UV photons of the
EAST and UCH 11 regions could have cleared up the dense gas, and produced this gap in
the ammonia emission.

Assuming that the velocity gradient traces Keplerian rotation, the dynamical mass
Rt/ G sin%i (see
Chapter 4). In this case, with vy ~ 1 km s7' and Ryt ~2 7, the dynamical mass is

for the dense core has been calculated from the expression My, = vZ;
~9 Mg, for a rotating structure seen edge-on (i = 90°). The mass of the internal object
(~9 M) is similar to the mass of the dust envelope (~7-30 Mg; see Table 5.4), suggesting
that the embedded objects can still accrete an important amount of mass.

5.5.2 Dense gas analysis

As in previous chapters, we studied the chemical environment of G75 by analyzing the
column density, rotational temperature, opacity and velocity of the NH3 emission and
other molecular dense gas tracers detected in the dense core. We used the NH3 (1,1) and
(2,2) data from the D-array observations to derive the temperature of the dense gas along
the filamentary structure and in the dense core. We computed the column density maps
by extracting the spectra for positions in a grid of 079 x 0”9, and using CLASS to fit the
hyperfine structure of each spectrum for NHs (1,1) and a single Gaussian for the NHjs (2,2)
transitions. See Chapter 2 or Busquet (2010) for more details in the procedures used.

In Figure 5.12, we present the rotational temperature, column density, opacity and
excitation temperature maps of the NHs emission for the large cloud seen in G75. A
close-up of the dense core region is shown in the four bottom panels of Figure 5.12. The
emission is essentially optically thin (7(171) < 1) in all the filamentary structure, while
in the dense core the emission appears partially thick at the east of the CORE-N and
CORE-S sources, and optically thin towards the west. This differentiation (also seen
in the Tyo, N, and Tex maps) could be understood as different ammonia components
in the dense core, however there are no hints of a double component in the spectrum
(down to a spectral resolution of 0.6 km s~!). The high excitation temperatures (~80 K)
are due to the low opacities measured in some parts of the cloud (see Section 4.5.2 in
Chapter 4 for more details). The column density is 2 or 3 times lower in the filament than

in the dense core, in which it reaches values ~4 x 10'° cm™2

. Regarding the rotational
temperature: the filament has values between 15 and 25 K, while the dense core has hotter
temperatures, between 30 and 45 K. The temperature of 25 K for the filament could be
due to internal heating of embedded YSOs (in fact, several IRAC sources are found at the
positions of the temperature enhancements; cf. Figure 5.12 top panels), or, alternatively,
the passage of outflows could play a role as well (several outflows have been indentified
in this region; Shepherd et al. 1997). In order to see in more detail the distribution of

the gas temperature along the dense core, we have constructed a RGB composite image
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Figure 5.12: Four top panels: Ammonia parameters towards G75.78+0.34. From top to
bottom, and left to right: excitation temperature map from NHz (1,1) (units in K); map of
the optical depth of the NH3 (1,1) main line; rotational temperature map from NH3 (1,1) and
NH3 (2,2) (units in K); NH3 column density map (units in cm~2). In all panels, black contours
are zero-order (intensity) map of the NH3 (2,2) line, and white/black star marks the position
of the centimeter continuum sources. The synthesized beam is indicated in the bottom-right
corner of each panel. Four bottom panels: Close-up of the NH3 dense core. Maps and symbols
are the same as for the top panels.
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Figure 5.13: Ammonia RGB composite image of G75.78+0.34. Blue: NH3(1,1) C-array
observations; Green: NHj3(2,2) C-array observations; Red: NH3(4,4) C-array observations.
Red contours: NHs (4,4) C-array integrated emission (see Figure 5.7). White/black contours:
3.6 cm continuum emission.

with the NHz (1,1) (blue), NH3 (2,2) (green) and NHs (4,4) (red) emission from the C-
array observations (Figure 5.13). Since there are no ortho/para effects between the (1,1)
(2,2) and (4,4) ammonia transitions (all are para transitions), a direct comparison of the
intensity of each line can be used as an indicator of the temperature. Those regions with
emission from the (4,4) line will be hotter than those regions with only emission from
the (1,1) and/or (2,2) lines. As can be seen in Figure 5.13, the reddenned regions do not
spatially peak in the CORE-N and CORE-S sources, but appear surrounding them. Thus,
the enhancements of the temperature could be due to shocks in the molecular outflow
in combination to the presence of the YSOs. Such a scenario in which the hot ammonia
appears surrounding the YSOs, is consistent with the gas being disrupted (or pushed
away) by the YSOs, as in the case of 122198 (see Chapter 4).

5.5.3 Hot molecular core properties

Additionally to the NH3 emission, we used the other molecules detected in the NHj3 core
to better estimate the physical conditions of this object. The wide SMA band shown in
Figure 5.8 includes a large list of different rotational transitions of the same molecule, in
particular we have detected more than 3 different transitions for CH3CN and CH3CCH.
Additionally, we used the three transitions of the NH3 molecule observed with the VLA
in its C configuration. Following the rotational diagram method (Goldsmith and Langer
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Figure 5.14: Rotational diagrams towards G75.7840.34. CH3CN in blue squares, CH3CCH
in red circles, and NHj in red triangles. CH3CN and CH3CCH were fitted assuming optically
thin emission, while NH3 was fitted using the derived opacities from the hyperfine transitions.
Note that the NH3 can be fitted by two different temperature components. A hotter one at
~90 K likely tracing the gas close to the hot core, and a colder one at ~ 30 K likely tracing
the outer layers of the gas envelope. Vertical (blue) left axis refers to CH3CN, while vertical
(red) right axis refers to CH3CCH and NHs.

1999; Araya et al. 2005) which assumes that all molecular levels are populated according
to the same excitation temperature, we can derive this temperature, T}, and the total
column density, N1, for these molecules. In Figure 5.14, we show the rotational diagrams
for three molecular species: CH3CN, CH3CCH, and NHs. It is interesting to note that
for low energy transitions (e.g., NH3 (1,1) and (2,2)) the derived temperature is ~30 K,
similar to the temperature derived from the ammonia analysis in Figure 5.12. However,
those transitions with higher energy levels (from 100 up to 300 K) provide a temperature
estimation of ~ 100 K. Thus, it seems we are detecting two different dense gas components:
a cold/warm envelope observed in the lower molecular transitions, with Ty, ~30 K, and
a hotter component with Ty, ~ 100 K. All this indicates that not all the molecular
transitions can be used as thermometers to estimate temperatures of hot gas. Finally,
the high temperature derived for the dense core in G75, together with the chemically-
rich spectrum shown in Figure 5.8, are evidences of G75 harbouring a hot molecular
core. The derived molecular column densities are 4.6 x 104 cm™2, 3.5 x 106 ¢cm—2,
and 1.3 x 106 cm~2 for CH3CN, CH3CCH, and NHjs, respectively. At this point, it is
important to remember that the temperature derived from the ammonia emission does not
peak at the position of the two radio continuum sources (cf. Figure 5.13). Higher angular
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Table 5.7: Physical parameters derived from the molecular transitions observed

Frequency ST dv Upeak Av Tpeak Tex B, Ay Ny Nuol
Molecule Transition (MHz) (K km s~ 1) (km s~1) (km s~1) (K) (K) (K) (571 (cm™2) (cm™2)
SMA molecular transitions

13Co 2 —1 220 398.684 15.9 6.1 x 107
CH,CHCN 241,24 — 231,23 220 561.394 05+04 +214+1.6 24412 0192 1104£11 1349 89x107* 27419 x 101" 1.2 x 10
HNCO 1010 — 91,8 220 584.751 49408 +1.5+03 3.8£07 1202 102410 1015 15x107% 1.740.6 x 1013 1.1 x 10
CH3CN 12¢ — 11g 220 594.423 1.940.7 —0.14+01 51402 0.353 202 3259 6.9x107% 1.34£20 x108 4.6 x 10*+
CH3CN 125 — 115 220 641.084 1.94+0.7 —0.1+0.1 51+02 0.349 2242 2474 T7T.6x107%* 12409 x 103 4.6 x 104}
CH3CN 124 — 114 220 679.287 32404 —0.1+0.1 51+£02 0.583 33+£2 1831 82x107% 1.940.3 x 108 4.6 x 10'*%
CH3CN 125 — 113 220 709.017 7.6+0.4 —0.14+0.1 51402 1.407 564+2 133.2 8.7x107% 44405 x 103 4.6 x 104}
CH3CN 129 — 119 220 730.261 6.5+0.4 —0.14+01 51402 1.197 54 + 2 97.4 9.0x10* 3.6+04 x 103 4.6 x 1014}
CH3CN 12 — 11, 220 743.011 7.8+0.4 —0.1+0.1 51402 1.433 59 4 2 76.0 9.2x107% 42+0.5 x 1018 4.6 x 1014+
CH3CN 120 — 11p 220 747.261 7.6+0.4 —0.14+0.1 51402 1.402 63+ 2 68.9 9.2x107% 41405 x 103 4.6 x 104}
3450, 22290 — 22121 221 114.897 0.6+0.1 +0.44+04 50+0.7 0.117 69+7 2478 9.4 x107° 3.2+1.1 x10'2 1.7x 1015
CH2CHCN 231,00 — 22121 221 123.856 0.440.1 +1.3+0.2 154+03 0239 135+13 1302 89x10~* 21+£0.8 x 10 1.1 x 10
34530, 132,12 — 131,13 221 735.715 0.8+0.1 +1.14£02 29404 0258 146414 924 6.1x107° 64422 x 102 9.0 x 10™
CH,CHCN 240,24 — 230,23 221 766.035 0.5+0.2 +2.0+04 31x1.1 0.148 85+8 1345 9.0x107* 26+1.5 x10'! 1.1x 10
SO, 111,11 — 100,10 221 965.220  26.8 0.2 +0.7+0.1 594+0.2 4.305 95+ 8 60.4 1.1x10"% 1.34+0.3 x10% 1.2 x 1016
CH3CCH 133 — 123 222 128.815 2.0£0.1 +0.6 £ 0.1 30+0.1 0.618 63+2 1397 40x107° 27405 x 10 3.6 x 1016%
CH3CCH 135 — 129 222 150.010 1.84+0.1 +06+01 30£01 0554 63+2 103.5 40x107° 2340.5 x10 3.5 x 1016%
CH3CCH 131 — 123 222 162.730 2.5+0.1 +0.6+0.1 3.0+01 0.762 63+ 2 81.9 4.0x107% 32405 x10'* 3.5 x 1016¢
CH3CCH 130 — 129 222 166.971 3.1£0.1 +0.64+0.1 3.0&0.1 0.979 63+ 2 746 4.0x107% 4.04£0.5 x10'* 3.5 x 10161
CH2CO 1139 — 1038 222 199.883 1.0+ 0.1 +0.94+0.2 29404 0.320 63 + 2 68.9 9.2x107% 45405 x 101 3.6 x 101
CH2CO 1138 — 1037 222 200.213 1.0+0.1 +0.9+02 29+04 0.320 6342 68.9 9.2x107* 45+0.5 x 10t 3.6 x 1014
o!3¢Cs 19 — 18 230 317.527 0.5+0.1 +06+02 27+05 018 106+10 1105 35x1075 7.94+3.1 x10'2 2.1 x 10
2co 2 1 230 538.000 16.6 6.9 x 1077
0OCS 19 — 18 231 060.993 7.440.1 +0.1£0.1 50401 1.388 117+11 1109 3.6x107° 1.1+0.3 x10'* 3.0 x 10'®
13¢s 5—4 231 220.685 4.8+0.2 +0.64+0.1 38402 1.179 3042 33.3 25x107% 1.240.3 x 102 8.8 x 103
CH30H (A-) 102,90 — 936 231 281.100 3.2+0.2 —09+0.1 33+02 0897 170+16 165.3 1.8x107° 92+24 x 10 3.6 x 1016
t-HCOOH 101,0 — 91,8 231 505.608 0.5+0.1 —-0.3+£0.3 33+£05 0.153 89+ 8 64.5 1.4x107% 21407 x10'2 2.9 x 10
CH30CH3 130,13 — 121,12 231 987.933 1.5+0.1 —044+02 37+03 0375 TAET 80.9 9.1x107° 87425 x10'2 1.5x 1016

1 Molecular column density estimated from the rotational diagram with the 7 rotational transitions

Trot = 150+ 10 K and a Npo1 = 4.6 £ 1.0 x 10'* cm~2 (see Figure 5.14).

of CH3CN (12-11). We estimate a

I Molecular column density estimated from the rotational diagran with the 4 rotational transitions of CH3CCH (13-12). We estimate a
Trot = 70420 K and a N1 = 3.5 £ 1.0 x 106 cm~2 (see Figure 5.14).
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5.5. Analysis

Table 5.8: Properties of the hot molecular cores: IRAS 2219846336 and G75.78+0.34*

IRAS 2219846336 G75.78+0.34

distance (pc) 760 3800
Lol (Le) 370 73000
Thor (K) 61 50
Meny (MQ) 5 27
clustering (mm) no no
TRAC source yes yes
Len (mJy kpc?) 0.36 20
outflow yes yes
hot core information
Trot (K) 100-150 100-150
Ny, (cm™2?) 4 x 1023 1.6 x 10?3
X 0N 9 x 10710 3 x 107"
XcH;0H 2 x 1077 2 x 1077
XHNCO 8 x 10710 7x 1077
Xocs 2 x 1077 2x10°8
Xiscg 3x 1071 6 x 1010
outflow information

tayn (yT) 1300 / 1200 2800
M (10-SMg yr=1) 10/8 59

P (Mg km s71) 0.3 /0.2 9.4

& References are Chapter 4 and the current Chapter. For details in the estimation of the bolometric
luminosity and temperature, see Chapter 9.

resolution observations at millimeter wavelengths are necessary to determine how is the
morphology of the hottest dense gas and its temperature distribution. Recently, Zapata
et al. (2010) reveal, thanks to the morphological distribution of the dense gas tracers, that
the ‘hot core’ in Orion KL seems to be not a real hot core, i.e., the hot and dense gas
is not heated by an internal embedded object but by outside objects or powerful shocks.
The morphology of the NH3 (2,2) and (4,4) emission in G75, together with the presence of
the molecular outflow and water masers, make this object an excellent candidate to study
if the ‘hot core’ molecular emission is internally or externally heated. A similar case is
the intermediate-mass hot core in 122198 (see Chapter 4), in which the ammonia emission
shows a morphology affected by the presence of the outflows, but in this case with the
hot core being compact and directly associated with the YSO (i.e., the hot core seems to
be produced by internal heating in 122198). Higher angular resolution observations of hot
core tracers, with the SMA in more extended configurations or ALMA, are necessary to
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5. G75.78+0.34: compact radio sources embedded in a hot core

unveil the origin of the hot molecular core emission in G75.

In Table 5.7, we list all the molecules detected with the SMA in the dense core.
Following the procedures indicated in Appendix D we have estimated the column density
for each molecule. In order to derive molecular abundances, we used the dust millimeter
continuum emission to calculate the column density of Hs, which is 1.6 x 10** cm™2
(assuming a dust temperature of 150 K, and a size of 5”). In Table 5.8, we list the
calculated abundances and show a comparative of the properties of the hot molecular
cores in 122198 and G75 (we also list some additional information on the centimeter,
millimeter, infrared and outflow properties). These two sources are clearly different, in
distance and luminosity, however their hot molecular core properties are rather similar for
molecules such as CH3CN or CH3OH, but different (up to 1 order of magnitude) in other
species such as '3CS or OCS. A complete chemical analysis of these two hot molecular
cores, together with other objects from the literature, can be useful to search for differences

in this star-forming features seen in low, intermediate and high-mass stars.

5.5.4 Nature of the ionized gas emission

In Section 5.3, we reported the detection of four distinct radio continuum sources: UCH 11,
EAST, CORE-N and CORE-S (the last two corresponding to the CORE source when the
angular resolution is not good enough).

The UCH1I and EAST sources seem to be two H1I regions with a size (0.019 and
0.004 pc) and phsyical properties (n. of 3.7 x 10* and 1.3 x 10%) characteristic of ul-
tracompact H1I regions (Kurtz 2005a), probably ionized by B0 and B0.5 ZAMS stars,
respectively, and with the emission at centimeter wavelengths being optically thin (i.e.,
spectral index of —0.1). However, there are some differences, regarding the morphology
and infrared properties, between the two sources. The UCH 11 source has a clear cometary
shape, while the EAST source seems to be spherical or irregular (with a smaller size).
Regarding the infrared emission, in Figures 5.15 and 5.16, we show some infrared maps of
the G75 star-forming complex. An infrared source between 8 and 3.6 um is clearly asso-
ciated with the EAST source, however, there is no infrared emission at these wavelengths
associated with the cometary UCH 11. This is surprising because both sources have sim-
ilar properties in the centimeter range or even that the EAST source should be younger
than the UCH 11, as it is visible at millimeter wavelengths (cf. Figure 5.3 and Table 5.3)
and at mid-infrared wavelengths. However, if the cometary UCH I region was a more
evolved source, having already dispersed the dust (no emission at millimeter wavelengths,
neither at mid-infrared), it should be visible at (near)infrared wavelengths, while there
is no infrared counterpart. We can think that the UCHI1I is not visible at infrared due
to the presence of a large dusty cloud which obscures the region. This large dusty cloud
is detected at submillimeter wavelengths in emission (Di Francesco et al. 2008), and at
infrared wavelengths as a dark (obscured) region (cf. the obscured region to the northeast
in the infrared panels of Figure 5.15).
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Figure 5.15: Images at infrared wavelengths for G75.78+0.34. The stars mark the position of
the radio continuum sources: UCH 11, EAST and CORE (N and S); see Table 5.3. The large
infrared and submillimeter source toward the southwest of the images correspond to the H 11
region G75.77+0.34. A dark region is seen toward the northeast in the infrared images (at the
position of the radio continuum sources discussed in this Chapter). At the same position of this
infrared dark region there is a strong submillimeter source, detectable at 850 and 450 um. The
images at 24 ym and 8 um are saturated at the position of the large H11 region G75.77+0.34.

Regarding the emission from the CORE (N and S) source, we test different models to
explain the mechanism that is producing the ionized gas. Franco et al. (2000) modeled
the CORE source as an H1I region with a density distribution ne oc »~4, with partially
optically thick centimeter continuum emission up to frequencies ~ 100 GHz. However, our
new observational data seem to indicate that the ionized gas emission becomes optically
thin at frequencies ~ 30 GHz (Figure 5.4). The upper limits for the RRLs at 99 and
232 GHz (cf. Section 5.4.4) can be used to confirm if the emission is optically thin at
v > 40 GHz. Assuming optically thin emission for line and continuum, and 3¢ upper
limits for H30a and H40« (i.e., 30 and 45 mJy beam ™!, respectively), we can calculate
the expected continuum emission from ionized gas with (Rohlfs and Wilson 2004)

Sul Av 171 T, —115r Ll
sl o] (] law] 63

where Sy, is the line flux density, S¢ is the continuum flux density, Av is the width of
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Figure 5.16: Zoom of the images at infrared wavelengths for G75.78+0.34. The stars mark the
position of the radio continuum sources: UCH 11, EAST and CORE (N and S); see Table 5.3).
No infrared emission is associated with the cometary UCH 11 region. The image at 8 um is
saturated at the center of the EAST source.

the radio recombination line (assumed to be 30 km s~!; Kurtz 2005a), T, is the electron
temperature assumed to be 10* K, and v is the frequency of the line. We obtain that
the continuum flux density of ionized gas at 3 and 1 mm sould be < 30 and < 18 mJy,
respectively. These values are in agreement with the homogeneous H 11 region fits discussed
in Section 5.3.3, for which the expected fluxes at 3 and 1 mm for free-free emission are
~3mly (i.e., < 18 mJy). Thus, we can assume the ionized gas emission becomes optically
thin for frequencies > 30 GHz (as seem to suggest the observations at 7 mm).

From the SED analysis done in Section 5.3.3, we can fit the centimeter emission of
each of the two sources by using a simple model of homogenous H1I region, with sizes
< 0.001 pc and electron densities of ~ 10 cm™3. Both sources would be ionized by a
B0.5 ZAMS star, and separated by a distance of 0736 (1400 AU at a distance of 3.8 kpc).
This scenario implies a close massive binary system. We searched the literature for similar
systems, with two close massive radio continuum sources, and found that in the massive
star-forming complex G31.41+40.31 there is a system of two centimeter continuum sources
separated by 0719 (1500 AU at 7.9 kpc; Araya et al. 2008); in G10.4740.03 there are

two similar sources separated by 0753 (5700 AU at 10.8 kpc; Cesaroni et al. 2010); and

122



5.5. Analysis

in DR21(OH) a similar system is separated by only 0745 (900 AU at 2 kpc; Araya et al.
2009). Thus, it seems that it is not unusual to detect double radio continuum sources,
separated by ~1000 AU in massive star-forming regions.

At this point, it is important to note that the double radio continuum source of some of
the previous listed systems, is not always explained as emission coming from homogenous
H 11 regions. Araya et al. (2009) propose that the radio continuum emission in DR(21)OH
is, in fact, free-free radiation coming from interstellar shock waves. In Chapter 1, we
discussed this mechanism (see also Ghavamian and Hartigan 1998 for more details). In
this scenario, the ionized emission arises from shocked emission instead of photoionized
gas. The molecular outflows and collimated jets originated in the star formation process,
produce shocks when interacting with the surrounding environment, typically seen as HH
objects in the optical. Ghavamian and Hartigan (1998) provide some graphs that can be
used to test their model. The input parameters are the flux density at 1.5, 5 or 15 GHz,
the angular size of the source at one of these frequencies, and the spectral index between
some pairs of these frequencies. In our case, assuming a flux of ~ 2 mJy beam™! at
15 GHz (or 22 GHz), an angular size of 0”705, and a spectral index between 5 and 15 GHz
of 1.1, we can roughly estimate that we need a preshock density of 109107 cm™3, with
shock velocities of 100-250 km s~!. These parameters are consistent with the presence
of the dense (and hot) core traced by several molecules (cf. Section 5.5.2), for which we
estimated an Hy density of ~2x 10% ecm =2 from the 1.3 mm continuum emission), and with
the velocities for the molecular outflow (~70 km s~! for the CO). In conclusion, it seems
that the radio continuum emission from CORE-N and S sources could be due to shocks
between the jet/outflow and the molecular surrounding gas. In addition, it is interesting
to note the elongated structure visible between 3.6 and 5.8 um (see Figure 5.16), and
‘emanating’ from the position of the CORE source. This elongated structure is more
prominent at 4.5 pum, as expected for shocked Hy emission (the Hy shocked emission lines
are more abundant and bright in the 4.5 ym IRAC band). This emission seems to favor
the presence of shocked gas related to the CORE source, and following the outflow blue
lobe detected by us with the SMA.

Other mechanisms that can also be tested to explain the centimeter emission from
CORE N and S (see Chapter 1). Equatorial winds (Hoare 2006) or thermal radiojets
(Anglada 1996) typically predict constant spectral indices of +0.6 and a relation between
the size of the source and the frequency. However, our observations suggest spectral indices
~-+1, and we cannot test the dependence of size with frequency since we only revolve the
source at one wavelength. Photoevaporated disk has been proposed to explain the contin-
uum emission of the double peak source (hour-glass morphology) MWC 349. The CORE
source with the two peaks (N and S sources) could be fitted as a photoevaporated disk.
However, recent studies indicate that the double peak of the hour-glass morphology from
a photoevaporated disk should change its separation, getting closer for larger frequencies
(M. Avalos, priv. comm.). In our case, the peak position of N and S sources does not
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5. G75.78+0.34: compact radio sources embedded in a hot core

change up to a precision of ~0”02 from 3.6 up to 0.7 cm. In addition, the double contin-
uum peak morphology is not consistent with the outflow orientation, in a photoevaporated
disk scenario.

In conclusion, the centimeter continuum emission from CORE (N and S) source can be
well-fitted as homogeneous H 11 regions likely tracing hypercompact H 11 regions around two
B0.5 ZAMS star, or as free-free radiation coming from interstellar shock waves produced
by the interaction of a jet/outflow system with the surrounding environment. The water
maser spots reported in Figure 5.9 can help up disentangly which scenario is mot probable.
While the CORE-S source has some maser spots associated with, the N source has no maser
emission directly associated. In some regions, water masers have been found to trace
the kinematics of jets/outflows, and associated with centimeter continuum sources likely
tracing shocked gas emission (e.g., IRAS 201264+4104: Hofner et al. 2007). G75-CORE
could be a similar case, with the CORE-S continuum source tracing a shock between the
jet and the dense gas, which would enhance the water maser emission. In this situation
the shock would be produced in a region of high density, as is likely suggested by the V-
shaped morphology seen in ammonia. The CORE-N source could be the driving source,
or a secondary shock produced in a less dense region, without enhancement of maser
emission. This scenario can be test with future centimeter continuum observations with
the EVLA, to confirm if the CORE-S source (and water maser spots) have been displaced
with respect to the other continuum sources. In less than five years, we should be capable
to disentangle the movement of CORE-S, assuming a velocity of the jet of ~100 km s~

5.6 Summary and brief discussion

We have studied the massive star-forming complex G75.7840.34 achieving high angular
resolutions for centimeter and millimeter continuum emission, and complemented these ob-
servations with spectral line data, tracing ionized gas (radio recombination lines), molecu-
lar outflows, and dense gas emission. We summarize our main conclusions in the following.

e Our radio continuum data revealed the presence of four distinct centimeter sources.
The strongest one, UCH 11, is a cometary UCH 11 region, with a size of 0.02 pc, an
electron density of 3.7 x 10* cm ™2 and ionized by a BO ZAMS star. A second source,
EAST (located ~ 6" to the east), can also be fitted as an UCH 11 region with a smaller
size (0.004 pc) and n, = 10° cm ™3 probably ionized by a B0.5 ZAMS star. The
remaining two sources (CORE-N and S) are found very close (0736, 1400 AU) and
show similar properties: flux density increasing with the frequency, and unresolved
emission. When observed with lower angular resolution both sources appear as in a
single compact source labelled CORE. The ionized gas emission could be produced
by two HCH 11 regions ionized by B0.5 ZAMS star, or by the collisions between a jet
and its environment.
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e The continuum emission at millimeter wavelengths seems to have different origins for
each source. For the UCH 11 source all the emission is likely tracing the ionized gas
of the cometary UCH 11 region, however, for the EAST source there is an excess at
3 mm suggesting that this second UCH 11 region is still embedded in dust. Finally,
the strong millimeter clump detected at the position of the CORE source is well
fitted by a dust core of ~30 M.

e A molecular outflow has been identified in the 2CO and 3CO (2-1) transitions,
with a northeast-southwest orientation likely powered by the CORE source. The
energetics of the outflow are similar to those of other massive molecular outflows.

e A dense core, traced by different molecules, is found associated with the CORE
source. The ammonia data, with higher angular resolution, reveal a double peak or
V-shaped morphology surrounding the two continuum sources. The emission of other
dense gas tracers, observed with lower angular resolution, comes from a compact
(unresolved) core with the peak coincident with the CORE source. The richness
in complex organic molecules and the high temperature (7' ~ 100 K) derived from
rotational diagrams confirms that there is a hot molecular core associated with the
CORE continuum source. Finally, a velocity gradient, perpendicular to the outflow
direction, is seen in all the molecular tracers, likely tracing a rotating structure.

e We also have reported high angular resolution observations of HoO and class I
CH3OH maser emission. Several water maser spots have been associated close to
the CORE N and S sources, with only a few of them spatially coincident with the
S source. The class I methanol maser spots are found far from any of the radiocon-
tinuum sources, but close to the red lobe of the molecular outflow. Furthermore,
the velocity of these methanol masers is redshifted, suggesting they could have been
pumped by the collisions of the outflow.
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[RAS 19035+0641:

a compact radio source embedded in dense gas

6.1 General overview

IRAS 1903540641 (hereafter 119035) is a massive star-forming region, with a bolometric
luminosity of 8000 L, at a distance of 2.2 kpc (Sridharan et al. 2002; Osterloh et al. 1997),
observed in several continuum, molecular and maser line surveys. At (sub)millimeter
wavelengths, single-dish maps reveal a compact and strong source with extended emission
toward the north, likely tracing a dust envelope of ~300-900 Mg (Beuther et al. 2002b;
Williams et al. 2004). 119035 is also detected at far and mid-infrared wavelengths (De
Buizer et al. 2005; IRAS, MSX and Spitzer GLIMPSE and MIPSGAL surveys). Fazal
et al. (2008) modeled the SED spanning the mid-infrared to millimeter wavelengths as an
envelope with a high accretion rate. Several molecular line transitions have been detected
in the region (CS, C3*S: Bronfman et al. 1996; Larionov et al. 1999; Beuther et al. 2002b;
CH3CN, HyCO: Araya et al. 2005, 2007; HCO™, NoH™: Fuller et al. 2005). CO single-dish
maps reveal a velocity gradient in the (south)east-(north)west direction likely tracing a
massive molecular outflow (Beuther et al. 2002¢; Lépez-Sepulcre et al. 2010). Finally, the
region is very rich in maser emission: 6.7 GHz (class II) methanol, water, and 1.6 and
6.7 GHz hydroxil masers (e.g., Caswell and Vaile 1995; Szymczak et al. 2000; Sridharan
et al. 2002; Beuther et al. 2002d; Fish et al. 2005; Fish and Reid 2006; Edris et al. 2007
have been found associated with the peak of the dust condensation, as clear evidence of
star formation activity. At centimeter wavelengths one compact source of a few mJy has
been reported close to the dust peak (Hughes and MacLeod 1989; Sridharan et al. 2002).

127
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Table 6.1: Main VLA continuum observational parameters of IRAS 19035-+0641

A Project Epoch of Gain cal. / Flux Beam P.A.

(cm) VLA conf. Observation Bootstr. Flux® cal. (" x" (°)  Rms®

20.0 NVSS D 1996 Jul 04 . 45. x 45. +0 620

20.0 AR177 DnC 1988 May 15 20294121 / 0.85(1) 3C286 20. x 14. -3 3060
6.0 AR177 DnC 1988 May 15 2029+121 / 0.77(1) 3C286 5.0 x3.8 —6 84
6.0 AsS902 A 2007 Jun 05 19224155 / 0.62(1) 3C286 0.41 x0.35 —60 48
6.0 AH329 A 1988 Oct 29  1923+210 / 1.69(1) 3C286 0.50 x 0.40 —65 49
3.6 AS643 BnA 1998 Jul 02 19204154 / 0.81(1) 3C286 1.04 x0.74 450 62
3.6 AS902 A 2007 Jun 05 19224155 / 0.58(1) 3C286 0.23 x 0.22 -7 32
2.0 AH329 A 1988 Oct 29  1923+210 / 1.86(5) 3C286 0.41 x0.34 +59 141
1.3 AB1274 B 2007 Oct 23 18514005 / 0.90(3) 3C286 0.29x0.26 —13 81
0.7 As981 C 2009 Jun 29 18564061 / 0.21(5) 3C286 0.54 x 0.42 +44 213
0.7 AB1274 B 2007 Oct 23 18514005 / 0.76(20) 3C286 0.41 x 0.35 —10 211

® Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.

> Rms noise level in pJy beam™!.

In this Chapter, we present VLA continuum and NHs line observations that reveal the
presence of two radio continuum sources in 119035, one of them being deeply embedded
in a dense ammonia and dust clump.

6.2 Observations

6.2.1 Very Large Array

The 119035 star-forming region was observed with the Very Large Array (VLA!) at 6.0,
3.6, 1.3, and 0.7 ¢m continuum in the A, B, and C configurations of the array, on 2007 and
2009, with 10-21 EVLA antennas in the array. In Table 6.1 we list the main parameters
of the observations. The data reduction followed the VLA standard guidelines for calibra-
tion of high frequency data, using the NRAO package AIPS. First images were produced
with a natural weighting to obtain a good sensitivity. We complemented our continuum
observations with archival data from projects AR177, AH329 and AS643, and data from
the NVSS (Condon et al. 1994), which contain observations of 119035 at 20, 6.0, 3.6, and
2.0 cm in different array configurations (see Table 6.1). We combined the uv-data sets
at the same frequencies to obtain final images with a better uv—coverage, sensitivity and
angular resolution. In Table 6.2 we provide the resulting synthesized beams and rms noise
levels for the combined uv—data sets. We did not combine the 0.7 cm observations due to
the low sensitivity of the B-array observations.

'The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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The region was observed with the VLA to map the (J, K)=(1,1) (2,2) and (3,3) in-
version lines of the ammonia molecule with the array in a compact configuration. The
archival (1,1) and (2,2) line data were obtained during 2002 January 01 (project AF386)
with the array in its D configuration. The adopted flux density of the absolute flux calibra-
tor 13314305 (3C 286) was 2.41 Jy at the frequencies of 23.69 and 23.72 GHz. Amplitude
and phase calibration were achieved by monitoring 18494005, resulting in an rms of the
phases ~40° and a bootstrapped flux of 0.814 + 0.007 Jy. The 4IF spectral line mode was
used, allowing simultaneous observations of NHs (1,1) and (2,2) lines with two polariza-
tions for each line. The bandwidth used was 3.1 MHz, with 63 spectral channels with a
channel spacing of 48.8 kHz (~0.6 km s~1) centered at vpsg = +31.0 km s~!, plus a con-
tinuum channel that contains the average of the central 75% of the bandwidth. The (3,3)
inversion line was observed with the array in the C-configuration on 2005 September 19
(project AC787). The flux scale was calibrated with observations of 13314305 (3C 286),
with an adopted flux of 2.40 Jy at 23.87 GHz. The quasar 1229+020 (3C 273) was used
to correct for the bandpass. Amplitude and phase corrections were achieved by observing
18514005, resulting in an rms phase ~ 50° and a bootstrapped flux of 0.928 4+ 0.010 Jy.
The bandwidth used was 3.1 MHz, with 127 spectral channels with a channel spacing of
24.4 kHz (~ 0.3 km s~!) centered at vpsg = +32.4 km s~!, plus a continuum channel
that contains the average of the central 75% of the bandwidth. In both observational
projects, the data reduction followed the standard guidelines for calibration of high fre-
quency data, using the software package AIPS. Imaging was performed using natural
weighting, resulting in a synthesized beam of 4”0 x 3”7 with a P.A.=—12° and a 1 ¢ rms
of 1.4 mJy beam™! per channel for the D-array maps, and 3”4 x 3”1 with a P.A.=—15°
and 1 o rms of 2.5 mJy beam ™! per channel for the C-array observations, after tapering
the data at 60 kA.

6.3 Continuum results

6.3.1 Centimeter continuum results

We detect centimeter radio continuum emission at all wavelengths, except at 20 cm, maybe
due to the low sensitivity of the images (see Figure 6.1 and Table 6.2). At 6 cm, with
the VLA in a compact configuration, we detect only an unresolved source centered at
«(J2000.0) = 19"06™01550 and §(.J2000.0) = +06°46'35"6, and with an intensity peak of
2.6 0.4 mJy beam ™!, in agreement with the observations of Hughes and MacLeod (1989)
and Sridharan et al. (2002). The source is slightly displaced (1”3) of an Spitzer/IRAC
source (see Figure 6.1 top panel). When observed at higher angular resolution, the radio
continuum source splits into two components: VLA1 and VLA2 (see bottom panels in
Figure 6.1). In Table 6.2, we list their coordinates, fluxes and sizes, together with the
beams and rms noise levels of the (combined, when available) maps.

The brightest radio source, VLA1, has a similar flux density (of a few mJy) and is
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Figure 6.1: Continuum maps for IRAS 19035+-0641. Top: Colour scale: 5.8 um Spitzer/IRAC
map. White contours: VLA-DnC 6.0 cm continuum map. Levels start at 5%, increasing in
steps of 20% of the peak intensity 2.6 mJy beam™!. The synthesized beam is shown in the
bottom-right corner. The (part of) red ellipse mark the IRAS source. The spatial scale is
indicated, and the black box marks the region shown in the bottom panels. Bottom: For all
panels, grey scale and contours: VLA continuum maps. Levels start at 5%, increasing in steps
of 10% of the peak intensity: 1.8, 1.2, 1.1, and 1.9 mJy beam ™!, for 6, 3.6, 1.3, and 0.7 cm,
respectively. Synthesized beams are shown in the bottom-left corner. The stars in all panels
mark the position of sources VLAL and VLA2 (see Table 6.2).
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6.3. Continuum results

Table 6.2: Multiwavelength results for the YSOs in IRAS 1903540641

A Beam P.A. Iﬁcaka S,? Deconv. Size P.A.
(cm) (" x") (°)  Rms" (mJy beam™!) (mJy) (" x") )

VLAL  «(J2000.0) = 19"06™01°48
8(J2000.0) = +06°46'35"'4

20.0 45. x 45. +0 620 e <25 e e
6.0 0.45x0.39 —89 36 1.8+£0.1 2.54+0.2 0.33 x 0.20 £0.05 55+ 10
3.6 0.30 x 0.29 +1 34 1.2+£0.1 2.8+0.3 0.50 x 0.24 £0.05 80 + 20
2.0 0.41 x 0.34  +59 141 0.9+0.3 1.4+0.6 0.40 x 0.30 £0.30 75 £ 45
1.3 0.29 x0.26 —13 81 0.34+0.2 1.9+04 0.28 x 0.23 +£0.07 75 1+ 30
0.7 0.54 x 042 +44 213 1.9+0.4 1.9+0.7

VLA2  «(J2000.0) = 19"06™ 0160
6(J2000.0) = +06°46'36"'2

20.0 45. x 45. +0 620 e <25
6.0 0.45x0.39 —89 36 0.21 £0.06 0.21£0.13
3.6 0.30 x 0.29 +1 34 0.15£0.05 0.19+£0.10
2.0 0.41 x 0.34  +59 141 e < 0.6
1.3 0.29x0.26 —13 81 0.31 £0.11 0.35£0.25

0.7 0.54 x 042 +44 213 0.81 +£0.27 0.81 +0.54

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as

\/(20\/950urce/0beam)2 + (20fux—scale)2, Where o is the rms noise level of the map, fsource and
Obeam are the size of the source and the beam respectively, and ogux—scale is the error in the flux

scale, which takes into account the uncertainty on the calibration applied to the flux density of
the source (S, X Youncertainty )-

b Rms noise level in puJy beam™!.

elongated in the (north)east-(south)west direction (axis ratio of ~1.5 and PA~75°) at all
wavelengths. The elongation is probably due to the cometary morphology of the source,
seen at 3.6 cm (Figure 6.1). Around 1”5 to the east of VLA1, we detect VLA2 (at a level of
3-40 in all the maps). Its flux density, of a few tenths of mJy, is almost constant between
6 and 1.3 cm (taking into account the uncertainties) and increases at 7 mm, suggesting
that at this wavelength we could have contribution of dust emission. The cometary source
VLAT1 is clearly located displaced of the strongest IRAC source, but VLA2 is spatially
coincident with the infrared source, which is detected in all the four Spitzer/IRAC bands.
In a 3-colour composite image (blue: 3.6 pum; green: 4.5 um; red: 8.0 pm) this IRAC
source appears as a red object (see Figure 6.6), suggesting that emission from larger
infrared wavelengths dominates, as expected in YSOs deeply embedded in dust.

6.3.2 Spectral energy distributions

In Figure 6.2, we show the spectral energy distributions (SEDs) of VLA1 and VLA2, in
the centimeter range. VLA1 has a flat distribution, with a spectral index (a; S, o v?) of
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Figure 6.2: Spectral energy distributions for the YSOs VLAL and VLA2 in IRAS 19035+0641.
Circles and upper limits correspond to the observational data from Table 6.2. Red dashed
lines: linear fit (S, o v“) to the centimeter data (from 6 up to 0.7 cm). The value of the
spectral index « is indicated in each panel. Blue dotted line: homogenous H1I region with an
electron density of 7 x 103 cm™3. Green dotted lines: modified blackbody law for the dust
envelope with a dust emissivity index of 3 = 2, a source radius of 10”, a dust temperature of

-1

20 K, a dust mass of 40 M, and a dust mass opacity coefficient of 0.9 cm? g=! at 1.3 mm.

—0.14 + 0.11, typical of optically thin free-free emission. This SED can be produced by

an H1I region with a size of 0.005 pc, an electron density of 2.7 x 10* ¢cm™3

, an emission
measure of 4.7 x 10° cm™6 pe, an ionized gas mass of 1.5 x 1074 My, and flux of ionizing
photons of 10> s~ (corresponding to a Bl ZAMS star; Panagia 1973). On the other
hand, the flux of VLA2 seems to increase with the frequency. In Figure 6.2 we show its
SED. A linear fit to the centimeter SED provides an spectral index of +0.63 +0.37, typical
of partially thick emission (as found in thermal radio jets or non-homogeneous H 11 regions
with a density gradient n. oc 2, see Appendix B). However, the large uncertainties in the
fluxes of VLA2, makes the interpretation of its SED challenging. It can also be fitted by

optically thin free-free emission, with the 7 mm excess in the flux density coming from
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a dust envelope. In this case, the optically thin emission would be produced by an H11

3. an emission measure of

region with a size of 0.006 pc, an electron density of 7 x 103 cm™
3.1 x 10° em ™% pc, and flux of ionizing photons of 6.4 x 10*3 s=! (corresponding to a B3
ZAMS star; Panagia 1973). More sensitive observations are necessary to better estimate
the flux density of VLA2 at different frequencies, and thus better determine its spectral

distribution, and the nature of the ionized gas.

6.4 Molecular results

6.4.1 Molecular dense gas: morphology and velocity fields

The zero-order moment (integrated intensity) maps of the NHs (1,1), (2,2) and (3,3) tran-
sitions are shown in Figure 6.3 (top panels). As can be seen from the (1,1) line, the
ammonia emission shows one major clump surrounded by three fainter clumps located
toward the north, east and (south)west. All the four clumps are located within a larger
and fainter structure consisting of two major filaments: one in the east-west direction, and
the other with a north-south orientation. The emission of (2,2) and (3,3) inversion lines,
is mainly associated with the main clump, although there are some hints of faint extended
emission tracing the same morphology seen in NHs (1,1). It is important to note that the
two radio continuum sources lie within the main NH3 clump (cf. white stars in Figure 6.3).
VLAL1 is displaced 1”5 to the west of the dense clump with the cometary arc of the H11
region directly facing the dense clump. More interestingly, VLLA2 is spatially coincident
with the peak of the NHs emission. We note that the IRAC source, likely tracing dust
emission from an embedded YSO, is spatially coincident with VLA2 and the NH3 main
clump.

In the middle and bottom panels of Figure 6.3, we show the first-order moment (velocity
field) and second-order moment (linewidth) maps for the three ammonia transitions. A
velocity gradient (~2 km s~!) can be identified in the southeast-northwest direction, well
centered at the position of the main ammonia clump and the source VLA2. Single-dish
observations of the CO (2-1), HCO™ (1-0) and C'®0(2-1) molecular transitions reveal
a velocity gradient, in the same direction as the ammonia velocity gradient, which was
interpreted as a molecular outflow (Beuther et al. 2002c; Lépez-Sepulcre et al. 2010).
New interferometric observations of outflow tracers are necessary to confirm the outflow
direction, and thus better interpret the nature of the ammonia velocity gradient. The
highest velocity dispersion (corresponding to linewidths of ~ 5 km s7!) is found at the
position of VLA2, possibly indicating that NHjs gas is affected by outflow motions.

6.4.2 Molecular dense gas: temperature and density

As in previous chapters, we studied the chemical environment of 119035 by analyzing the
column density, rotational temperature, opacity and velocity of the NH3 emission: the
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Figure 6.3: NH3(1,1) (left-column), NHs(2,2) (center-column), and NH3(3,3) (right-
column) maps toward IRAS 190354-0641. In top panels: we show the zero-order moment
(integrated intensity) maps. Levels start at 5%, increasing in steps of 10% the intensity peak:
0.38, 0.16, and 0.18 Jy beam™! km s~ !, respectively. In middle panels: we show the first-
order moment (velocity field) maps. In bottom panels: we show the second-order moment
(linewidth) maps. In middle and bottom panels, contours show the zero-order moment maps
in steps of 20%. In all panels, the white stars mark the position of the centimeter continuum
sources VLAL and VLA2 (see Table 6.2). Synthesized beams are shown in bottom-left corners.
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Figure 6.4: Ammonia parameters towards IRAS 19035+0641. From left to right, and top to
bottom: velocity map of the NH3 (1,1) line (units in km s~1); linewidth map of the NH3 (1,1)
line (units in km s™1); excitation temperature map from NH3(1,1) (units in K); map of the
optical depth of the NH3(1,1) main line; rotational temperature map from NHjs(1,1) and
NH3 (2,2) (units in K); and NH3 column density map (units in cm™2). In all panels, black
contours are zero-order (integrated intensity) map of the NH3 (2,2) line, and the white/black
stars mark the position of the centimeter continuum sources. The synthesized beam is indicated
in the bottom-right corner of each panel.
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Figure 6.5: NHj rotational diagram for main ammonia peak toward IRAS 19035+4-0641. The
linear fit corresponds to Tyt = 36 +£5 K and Ny, = (1.8 £0.1) x 10'® cm™2, in agreement
with the values obtained from the (1,1) and (2,2) analysis shown in Figure 6.4.

(1,1) and (2,2) ammonia spectra were extracted for positions in a grid of 1”7 x 1”. See
Chapter 2 or Busquet et al. (2009) for a more detailed description about the methods
used in the analysis. In Figure 6.4, we present the resulting maps. The emission of
NHj (1,1) is essentially optically thin (7(; ;) < 1) for all the main clump, and it increases
to opacities of ~0.5 close to the peak (near the position of VLA2), yielding to an ammonia
column density of 1.8 x 10" ecm™2 at the position of VLA2. Regarding the rotational
temperature, it is around 20 and 30 K in all the clump, with higher values toward VL.A2
and along a north(east)-south(west) direction (centered on VLA2). As for the kinematics
a clear velocity gradient is seen associated also with VLA2, where line broadening is also
noticeable. The high temperature and column density, the change in velocity and the line
broadening found at the position of VLA2 suggest that this source is perturbating the
dense gas, possibly through the presence of a molecular outflow (already imaged in single-
dish; Beuther et al. 2002c; Lépez-Sepulcre et al. 2010). Other regions where the ammonia
is perturbated by the passage of an outflow are IRAS 20126+4104 (Busquet 2010; Cesaroni
et al. 1999), IRAS 20293+3952-MM1 (Palau et al. 2007a), AFGL5142 (Zhang et al. 2002,
2007), and 122198 or 100117 (see Chapters 4 and 2 of this work).

Using the three ammonia observed transitions, we constructed the rotational diagram
for the NH3 molecule at the peak of the ammonia main clump. In Figure 6.5, we show the
rotational diagram constructed following the technique explained in Goldsmith and Langer
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Figure 6.6: Colour scale: 3-color RGB composite image of the Spitzer-IRAC image (red:
8.0 um, green: 4.5 um, blue: 3.6 um). White contours: zero-order moment NH3 (1,1) image.
Levels start at 5%, increasing in steps of 10% the peak intensity.

(1999), (see also Chapter 4). The estimated temperature is 36 + 5 K and the molecular
column density is (1.8 40.1) x 10'® cm ™2, in agreement with the values obtained from the
(1,1) and (2,2) transitions analysis. Araya et al. (2005) observed this region with the SEST
single-dish telescope in the CH3CN (6x—5k) transitions. Only the K = 0 and 1 rotational
transitions (those with the lower energy) are detected, but this does not mean that there
is no hot molecular emission associated with 119035. Some works have revealed that hot
cores can show low temperatures in low-energy transitions (e. g., Purcell et al. 2006) which
typically trace colder/warmer envelopes, rather the inner hot core. Thus, observations at
higher rotational transitions (e.g., CH3CN (12-11)) are necessary to confirm the presence
of a hot core in 119035.

In order to study the relation of the dense NH3 gas with the mid-infrared emission at
IRAC bands we overplotted the moment-zero NH3 map on the 3-color RGB composite
Spitzer-IRAC image (Figure 6.6; red: 8.0 pm, green: 4.5 um, blue: 3.6 pm). A main
conclusion from the figure is that the infrared emission associated with the NHg dense gas
has a clear infrared excess, indicative of the region being deeply embedded in dust.

Interestingly, in many cases the NH3 emission extends until it finds an IRAC source
with no IR excess (i.e., rather blue in the figure). The best example of this behaviour is
the blue star to the west of the field, which is remarkably well bordered by the extended
NHj3 emission. This indicates a close relation between the NH3 gas and the forming cluster
of IR stars, suggesting that the NH3 emission is tracing in fact the bulk of the true natal
cloud, which seems to be shaped by the nascent stars.
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Figure 6.7: Images at infrared wavelengths for IRAS 19035+0641. The two stars mark the
positions of the radio continuum sources VLAL and VLA2 (see Table 6.2). VLA2 is clearly
associated with an infrared source. The image at 24 um is saturated at the center. Note that
the top panels show a region of the sky larger than bottom panels.

6.4.3 Ionized gas emission within the molecular clump

In Section 6.3, we reported the presence of two radio continuum sources: VLA1 seems to
be a cometary UCH 11 region offset from the peak of the ammonia emission, and VLA2 is
an unresolved and faint continuum source clearly located at the peak of the main ammonia
clump. VLA2 is located at the center of the ammonia velocity gradient and at the position
where the linewidth achieves its higher values, i.e., VLA2 seems to be located at the center
of the possible molecular outflow discussed in previous sections, thus being the driving
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source. In this scenario, the centimeter emission could be tracing a thermal radiojet,
with the typical spectral index of +0.6 and a faint flux density at centimeter wavelengths
(see Section 6.3.2 and Chapter 9 for more details). However, since our radio continuum
maps are not sensitive enough, we can not infer the morphology of VLA2 (and search
for the elongated morphology characteristic of radiojets). Interferometric observations of
molecular outflow tracers are still necessary to confirm this hypothesis.

On the other side, VL A1 seems to be a small cometary UCH 11 region. We searched for
the infrared counterpart of the centimeter continuum source, but we do not find any source
associated with it. In Figure 6.7, we show maps from 850 pm up to 1.6 um. There is an
infrared source associated with VLA2, but there is no emission (except for images with
large beams, such as 850 um and 70 pm) at the position of the cometary source. This case
is similar to the cometary UCH 11 region in G75.7840.34 (see Chapter 5). The presence of
a large dust and gas envelope, could be masking the infrared emission of the young star
that is producing the H 11 region, while for VLA2 the infrared source that we clearly detect
at mid/near-infrared wavelengths would be dust from the surrounding envelope. Thus,
it seems that VLAZ2 is still associated with dust, while the cometary source VLA1 would
have faint or no dust associated with. However, interferometric observations at millimeter
wavelengths are necessary to confirm this scenario through observations of outflow tracers,
such as CO, and millimeter continuum.

6.5 Summary and brief discussion

We have studied the massive star-forming region IRAS 1903540641 with the VLA, in the
continuum and in three ammonia transitions. In the following, we summarize the main
conclusions obtained in this study.

e Two centimeter continuum sources are found associated with the IRAS source. VLA1
is a cometary UCHII region with a small size of 0.006 pc and an electron density
of 2.7 x 10* cm™2, ionized by a B1 ZAMS star. The second source, VLA2, is much
fainter and unresolved. Its spectral index between 6 and 0.7 cm is 40.63 4 0.37,
characteristic of thermal radiojets driven by YSOs.

e Ammonia emission is found coming from different clumps, with the strongest one
spatially associated with VLA2. The cometary arc of VLA1 is oriented towards the
position of this main ammonia clump. The rotational temperature close to VLA1
and VLA2 is 25-30 K, while the NH3 column density is ~ 10'® cm~2, reaching a
maximum value of 1.8 x 10" c¢m™2 at the position of VLA2.

e A velocity gradient (of ~2 km s™1) is seen in the NH3 emission, with a southeast-
northwest direction, with VLA2 located at the center. Furthermore, the linewidth
of the ammonia emission increases up to 4-5 km s~! at the position of the faint
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centimeter continuum source, and along a northeast-southwest direction (perpendic-
ular to the velocity gradient). This could suggest that the ammonia gas is being
perturbated by the passage of a molecular outflow, and VLA2 could be the radiojet
driving this outflow. Interferometric observations of molecular outflow tracers are
necessary to confirm this scenario.
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[RAS 04579+4703:

a radiosource—outflow system

7.1 General overview

IRAS 0457944703 (hereafter 104579), with a bolometric luminosity of 4000 Ls at a dis-
tance of 2.5 kpc (Molinari et al. 1996), was identified as a possible luminous YSO by
Campbell et al. (1989). The region is associated with a dense core detected in ammonia
emission (Molinari et al. 1996) and with several water maser components (e.g., Wouter-
loot and Brand 1989; Palla et al. 1991; Brand et al. 1994), but no emission is detected
in the 6.7 and 12.2 GHz maser transitions (Wouterloot et al. 1993; Fontani et al. 2010).
The presence of molecular outflow emission has been detected in the CO (1-0) transition
(Wouterloot and Brand 1989), but failed to be detected in CO (2-1) (Zhang et al. 2005).
At radiowavelengths, Sénchez-Monge et al. (2008) report partially optically thick cen-
timeter continuum emission associated with the IRAS source. A single-dish 1.2 mm map
shows a main dust condensation of 23 My engulfing the centimeter emission, with the
peak slightly displaced (< 5”) to the east of the centimeter source. Sdnchez-Monge et al.
(2008) report a cluster of infrared (2MASS) sources within the dust emission, showing high
and moderate infrared excess and with the strongest 2MASS source associated with the
centimeter emission. Recently, the near-infrared study of Varricatt et al. (2010) confirmed
the existence of a compact cluster of redenned stars, with faint Hy and Brvy emission likely
tracing an outflow in the southeast-northwest direction powered by the strongest infrared
source. All this suggests that 104579 contains a very young massive YSO surrounded by
lower-mass YSOs that are likely in the first phases of formation.
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In this Chapter, we present interferometric continuum and molecular line observations
that confirm the existence of a forming cluster and a molecular outflow consistent with
the shocked gas in Ho maps.

7.2 Observations

7.2.1 Very Large Array

104579 was observed with the Very Large Array (VLA!) at 3.6, 1.3, and 0.7 cm in 2004
and 2007, using the array in the D configuration. We complemented our observations with
archival data from projects AM462, AC216 and AC295, at 6.0 and 3.6 cm. In Table 7.1
we report details of the observations. The data reduction followed the VLA standard
guidelines for calibration of high frequency data, using the NRAO package AIPS. First
images were produced with the robust parameter of Briggs (1995) set to 0, for an optimal
compromise between sensitivity and angular resolution. At 6.0 and 3.6 cm we combined
the uv—data sets to obtain final images with a better uv-coverage, sensitivity and angular
resolution. However, the higher angular resolution observations at these wavelengths did
not improve the quality of the combined images. We decided to use only the individual
6.0 cm VLA-DnC and the 3.6 cm VLA-D uv-data sets.

The VLA was also used to map the (J, K)=(1,1) and (2,2) inversion lines of the ammo-
nia molecule during 2007 April 21, with the array in its D configuration. The observations
were carried out with 8 EVLA antennas in the array, but with the old correlator. The
adopted flux density of the absolute flux calibrator 01374331 (3C 48) was 1.05 Jy at the
frequencies of 23.69 GHz and 23.72 GHz. The quasar 0319+415 (3C 84) was used to
correct for the bandpass. Amplitude and phase calibration were achieved by monitoring
05024416, resulting in an rms phase of ~50°. We used the 4IF spectral line mode, which
allows simultaneous observations of NHs (1,1) and (2,2) lines with two polarizations for
each line. The bandwidth used was 3.1 MHz, with 63 spectral channels with a channel
spacing of 48.8 kHz (~0.6 km s~!) centered at vp,gg = —16.5 km s~!, plus a continuum
channel that contains the average of the central 75% of the bandwith. The data reduction
followed the standard guidelines for calibration of high frequency data. Imaging was per-
formed with natural wrighting and tapering the uv-data at 30 kA, with an rms noise level
of 2 mJy beam™! per channel, and a synthesized beam of 775 x 6”3 with a P.A.=—50°.
No NHj3 emission was detected at the systemic velocity (—16.5 km s~!), but there is a
condensation at a velocity of —5 km s~!'. A problem with the doppler tracking could be
the cause in vrggr to be not well determined (see next sections).

'The Very Large Array (VLA) is operated by the National Radio Astronomy Observatory (NRAO), a
facility of the National Science Foundation operated under cooperative agreement by Associated Univer-
sities, Inc.
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Table 7.1: Main VLA continuum observational parameters of IRAS 04579+4703

A Project Epoch of Gain cal. / Flux Beam P.A.
(cm) VLA conf. Observation Bootstr. Flux® cal. (" x" (°)  Rms®

6.0 AC216 DnC 1988 Apr 04 04384488 / 0.508(1) 3C48 4.2x36 27 45
6.0 AM462 CnB 1994 Oct 04 05554398 / 6.139(1) 3C48 58x1.6 —63 110
)

3.6 AP476 D 2004 Jul 10 04234418 / 1.986(1 3C48  87x83 433 60
3C286

3.6 AC295 B 1992 Jan 07 03594509 / 1.484(2) 3C48  15x11 —65 90

1.3 AP476 D 2004 Jul 10 0423+418 / 1.617(1) 3C48  5.2x44 445 100
3C286

0.7 AS896 D 2007 Feb+Mar  0502+416 / 0.424(3) 3C48  3.8x31 +34 115

# Bootstraped flux in Jy. In parenthesis: the percentage of error in the flux.

> Rms noise level in pJy beam ™.

7.2.2 Submillimeter Array

We observed the 104579 region with the Submillimeter Array (SMA?; Ho et al. 2004)
in the 1.3 mm (230 GHz) band using the compact array configuration on 2008 March
21. The phase center was a(J2000) = 050139592, and §(J2000) = +47°07'21”1, and
the projected baselines ranged from 7 kA to 100 kA. The two sidebands of the SMA
covered the frequency ranges of 219.4-221.4 GHz and 229.4-231.4 GHz, with a spectral
resolution of ~ 0.5 km s~!. System temperatures ranged between 200 and 300 K. The
zenith opacities at 225 GHz were around 0.15 and 0.25 during the 7 hours track. The
FWHM of the primary beam at 1.3 mm was ~56”. Bandpass calibration was performed
by observing the quasar 3C 279. Amplitude and phase calibrations were achieved by
monitoring 0533+483 and 0359+509, resulting in an rms phase of ~ 50°. The absolute
flux density scale was determined from Saturn’s moon Titan with an estimated uncertainty
around 20% (we flagged data corresponding to frequencies 230-231, due to the large CO (2—
1) emission coming from the moon’s atmosphere). Data were calibrated and imaged with
the MIRIAD software package. The continuum was constructed in the (u,v) domain
from the line-free channels. Imaging was performed using natural weighting, obtaining a
synthesized beam of 3”6 x 2”6 with a P.A.=—63°, and 1 ¢ rms of 60 mJy beam™' per
channel, and 1 mJy beam™! for the continuum.

7.3 Continuum results

In this region we detect radio continuum emission from 6 cm up to 1.2 mm (see Figure 7.1

bottom panels). A single compact (almost unresolved) and faint centimeter continuum

2The SMA is a joint project between the Smithsonian Astrophysical Observatory and the Academia
Sinica Institute of Astronomy and Astrophysics, and is funded by the Smithsonian Institution and the
Academia Sinica.
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Figure 7.1: Continuum maps for IRAS 04579+4703. Top: MSX 8.28 um image for
IRAS 04579+4703. The black box marks the region zoomed in the lower panels. Red el-
lipse marks the IRAS source. Bottom: Each panel shows the continuum emission at the
wavelengths shown at the top-left corner. For a), b), c) and d) panels (VLA), levels are
—4, =3, and 3 to 9, in steps of 1 times the rms noise level of the map: 45, 60, 100, and
115 pJy beam™!, respectively. For e) panel (SMA), levels are —9, —3, and 3 to 66, in steps
of 6 times the rms noise level of the map: 1 mJy beam~!. In panel f) we show the 2MASS
Ks-band image. Color stars indicate infrared sources with infrared excess. In all panels, the
star indicates the position of the radio continuum source (see Table 7.2).
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7.3. Continuum results

Table 7.2: Continuum fluxes for the radio source in IRAS 0457944703

A Beam P.A. If,’caka S,2 Deconv. Size P.A.
(cm) ("x") () Rms” (mJybeam™') (mJy) (" x") ()

VLAL  (J2000.0) = 05"01™39°95
§(J2000.0) = +47°07'20"9

6.0 42x3.6 =27 45 0.23 £ 0.09 025+0.14 24x13 £24 100=£50
3.6 8.7x83 433 60 0.37£0.12 0.37+0.15 41x22 £41 115+£50
1.3 52x44 445 100 0.51£0.20 0.51£0.23 35x0.0 £3.5 18050
0.7 3.8x31 +34 115 0.70 £0.23 1.35+£049 6.5x3.1 £1.5 70 £ 30
0.13 3.6x26 —63 1000 13£2 173 £ 70 5.2x29 £0.5 90 + 10

& Primary beam corrected. Error in intensity is 20. Error in flux density has been calculated as

\/(20\/930urce/9beam)2 + (20ux—scale)2, Where o is the rms noise level of the map, fsource and
Obeam are the size of the source and the beam respectively, and ogux—scale IS the error in the flux
scale, which takes into account the uncertainty on the calibration applied to the flux density of

the source (S, X Youncertainty )-

b Rms noise level in pJy beam™!.

source is found associated with the IRAS source 0457944703 and with an MSX source
(see Figure 7.1 top panel), with its flux density increasing with frequency (see Table 7.2).
At 7 mm the source is slightly resolved with a P.A. of 70°. The SMA 1.3 mm continuum
image reveals the presence of a compact source clearly elongated in the east-west direction
(consistent with the P.A. of the 7 mm source). It is worth to note that the peak of the
centimeter source is associated with a near-infrared source (2MASS-Kg and Varricatt et al.
2010), while the millimeter continuum source has its peak displaced 2” to the east. This
offset and the east-west elongation of the millimeter emission could be due to the presence
of two sources, or it could be dust entrained by the molecular outflow (see Section 7.4.1).

In Figure 7.2, we show the spectral energy distribution (SED) of 104579 in the cen-
timeter and millimeter range. Taking into account the uncertainties in the flux densities,
the SED can be fitted by two distinct models. First (left panel), we fitted an homoge-
neous H I region with a small radius of 0703 (158 AU in diameter at a distance of 2.5 kpc,
consistent with our ‘unresolved’ size from the observations) and a high electron density of
5x10° cm ™2 (corresponding to an emission measure of 1.5 X 108 cm ™ pc). These proper-
ties are characteristic of hypercompact (HC) H1I regions surrounding massive stars, and
in this case the ioinizing star would be an intermediate-mass star (B2 ZAMS star; Panagia
1973). At 7 and 1.3 mm we would have contribution of a dust envelope with a mass of
15 Mg, assuming a temperature of 30 K, a dust emissivity index of 2, and a dust mass
opacity coefficient of 0.9 cm? g~! (Ossenkopf and Henning 1994). The second model used
to fit the SED (Figure 7.2 right panel) consists of a thermal radiojet or a non-homogeneous
H 11 region, with a resulting spectral index of +0.6 consistent with the spectral index de-
rived from the observations between 6 and 1.3 cm (a = 0.4 £ 0.2), plus a dust envelope
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Figure 7.2: Spectral energy distribution for IRAS 04579+4703. Circles: VLA and SMA con-
tinuum data (see Table 7.2). Left panel: Black solid line: sum of the modified blackbody
law and the homogeneous H I region, with a source radius of 0”03 and an electron density
of 5 x 10° cm™3. Right panel: Black solid line: sum of the modified blackbody law and the
thermal radio jet, with a spectral index o = 40.6 (S, o v®). In both panels, the modified
blackbody law for the dust envelope is constructed with a dust emissivity index of § = 1.84+0.2,
a source radius of 570, a dust temperature of 30+ 2 K, a dust mass of 15+2 M, and a dust

1

mass opacity coefficient of 0.9 cm? g=! at 1.3 mm.

with a mass of 15 Mg and a temperature of 30 K (as in the previous model). More sensi-
tive and higher angular resolution observations are necessary to determine the size of the
centimeter source, and thus better establish the origin of the ionized emission: thermal
radiojet versus HCH 11 region.

7.4 Molecular results

7.4.1 Molecular outflow gas

In Figure 7.3, we show the interferometric map of the 12CO (2-1) transition. Blueshifted
emission, spanning a velocity range from —38 km s~! to —20 km s~!, is located toward
the northwest of the centimeter/millimeter source, clearly elongated and collimated (with
an axis ratio of ~15/3 ~5 an P.A.~120°). Redshifted emission, spanning a velocity range
from —12 km s~! to 4+6 km s~! with respect to the vrgg, is found to the southeast/south,
showing also an elongated morphology, but with a P.A.~170°. In Table 7.3, we list the
physical parameters of the outflow.

The shocked Hs emission, reported by Varricatt et al. (2010), likely tracing the di-
rection of an outflow is consistent with the elongated morphology we found in the 2CO
emission (cf. black circles tracing the shocked Hg emission in Figure 7.3). However, the
red-shifted CO emission has a different orientation with respect to the blue-shifted CO
and the Hso emission. The distinct Hy features also show a slightly different orientation
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Figure 7.3: Molecular outflow emission toward IRAS 04579+4703. Left panel: Grey scale:
13CO (2-1) zero-order moment (integrated intensity). Blue/red contours: 2CO (2-1) mod-
erate blue/red-shifted emission in the velocity range of —4 to —7.5 km s~ and +4 to
+7.5 km s~ with respect to the systemic velocity (vpsg = —16.5 km s™1), respectively.
Right panel: Grey scale: CH3OH (8-7) zero-order moment (integrated intensity) map (see
Figure 7.5). Blue/red contours: '2CO (2-1) high blue/red-shifted emission in the velocity
range of —7.5 to —21.5 km s~! and +7.5 to +21.5 km s~! with respect to the systemic ve-
locity, respectively. In both panels, levels for blue/red contours start at 5% increasing in steps
of 30% the peak intensity: 21/18 (left) 7.7/5.3 (right) Jy beam™! km s~!. The 2CO (2-1)
synthesized beam is shown in the bottom-right corner. The star marks the position of the

centimeter source. Black circles correspond to shocked Hg emission (Varricatt et al. 2010).

Table 7.3: Physical parameters of the outflow driven by IRAS 04579+4703%

OUtHOW/IObe tdyn size Nmol Mout Mout Pout Pout Ekin mech

(1) (2) () (4) G © (M @ (9 10
Outflow — P.A.=120°

CO(2-1) — red 3500 15x7 2.4x10" 0.008 2.4 0.38 55 17.6  0.33

CO(2-1) ~blue 6700 20x7 5.6x10% 0.026 3.9 0.88 6.6 29.8 0.31

CO (2-1) 5100 ... 8.0x10Y 0034 6.7 127 124 474 0.63

& Parameters are calculated for an inclination angle equal to 30°, following the expressions given
in Palau et al. (2007b). Notes and units for each column: (1) blue/red lobe for each molec-
ular species; (2) dynamical age in years; (3) size of the lobe in arcsec; (4) column density

of the molecule in cm~2;

; (5) outflowing mass in My; (6) rate of the outflowing mass in

107% Mg yr=1; (7) momentum of the outflow in My km s™!; (8) outflow momentum rate
in 1075 Mg km s~ yr=1; (9) kinetic energy in 10*2 erg; and (10) mechanical luminosity in L.
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Figure 7.4: Left panel: Grey scale and black contours: NHjs(1,1) zero-order moment (inte-
grated intensity) map (see text for details). Synthesized beam is shown in the bottom-right
corner. Blue/red contours: 12CO (2-1) blue/red-shifted emission shown in Figure 7.3 left
panel. Right panel: Close-up of the ammonia emission (in grey scale) overlayed with the
CH3O0H (8-7) zero-order moment map (in white contours; see Figure 7.5) The white/blue star
marks the position of the centimeter continuum source.

toward the northwest with respect to the signatures found in the southeast (see Figure A2
from Varricatt et al. 2010). However, this difference in position angle is much larger in
the CO emission than in the Hs images. It is worth noting that we also detect outflow
CO emission close to the Hy features toward the southeast.

7.4.2 Molecular dense gas

Molinari et al. (1996) report the detection of the ammonia (1,1) and (2,2) inversion lines,
using the 100-m Radiotelescope in Effelsberg (Bonn, Germany) with a line velocity of
—16.5 and —17 km s~!, respectively. Our VLA ammonia observations, however, do not
have line emission at these velocities, but at ~ —5 km s~!'. It seems that problems
with the doppler tracking setup (due to the combined EVLA-VLA baselines during the
observations) could be affecting the ammonia observational data (see Section 7.2.1). In
Figure 7.4, we show the emission we detect in our VLA observations (at the velocity of
—5 km s7!). This faint compact source could be: i) sporadic high noise rather than
ammonia emission, ii) emission coming from the main hyperfine NH3 (1,1) transition line,
or iii) emission from one of the satellites of the ammonia hyperfine structure. The compact
emission appears almost coincident with the centimeter continuum source (VLA1), and
well positioned at the center of the blue/red lobes of the outflow described in previous
section, suggesting it is ammonia emission. However, the small offset (~2") to the east,
with respect to the centimeter source, calls into question if the emission we detect is real
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Figure 7.5: Molecular emission toward IRAS 04579+4703. Left column: Zero-order moment
(integrated intensity) maps for different molecules. Levels and grey scale range from 5 to
85%, in steps of 20% of the peak intensity: 5.3, 8.2, 1.2 and 1.2 JJy beam ™! km s~!, for
C!80 (2-1), SO (5-4), '3CS(5-4) and CH30H (8-7), respectively. Middle column: First-order
moment (velocity field) maps. Right column: Second-order moment (linewidth) maps. In all
panels, the white star indicates the position of the radio continuum source (see Table 7.2).
The synthesized beams are shown in the bottom-right corners of each panel. In the first panel,
color stars refer to the 2MASS sources as in Figure 7.1.
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Figure 7.6: 230 GHz continuum-free spectra in the image domain from the SMA data, for the
lower sideband (LSB) in the top panel and the upper sideband (USB) in the bottom panel.
Note that the frequency coverage is the same as for 122198 (see Chapter 4) for which we detect
a rich chemistry, different to the 104579 case.

or not. At this point, it is important to note that methanol emission (see below and
Figure 7.5) has the peak at exactly the same position as the ‘ammonia’ emission (cf.
Figure 7.4 right panel), and that the fainter extended structure resembles that of other
molecules such as 13CO or SO (see below and Figure 7.5). In conclusion, it seems that the

emission we detect at —5 km s~ 1

, is in fact ammonia emission. However, problems with
the doppler tracking could be affecting the reference velocity, and we can not ensure if this
emission comes from the main or some satellite lines of the ammonia hyperfine structure.
Thus, we will not go further in the analysis of this emission. New observations must be

done to confirm the presence of NH3 associated with this centimeter continuum source.

The SMA observations, allow us to detect molecular line emission from different
molecules, with line velocities ~ —16 km s~! (confirming that the velocity measured by
Molinari et al. 1996 in their single-dish ammonia observations is correct, and there is a
technical problem in our VLA observations). In Figure 7.5, we show the zero-order mo-
ment (integrated intensity), the first-order moment (velocity field) and the second-order
moment (linewidth) maps of molecules detected toward 104579. A clear compact condensa-
tion is found associated with the centimeter/millimeter continuum source. The molecular
emission is resolved for the C'80 and SO lines, but it is unresolved in the case of high den-
sity tracers such as '3CS and CH30H. Note that the methanol core is slightly offset (~ 2"
toward the east) with respect to the centimeter source. We searched for more molecules in
the wide SMA band spectrum (see Figure 7.6), but, distinctly to 122198 and G75 and sim-
ilar to 100117, we do not detect many molecular lines, suggesting that this dense core has
not properties of hot molecular cores. In Figure 7.7, we show the spectra for each molecule
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Figure 7.7: Spectra for the different molecules detected towards IRAS 04579+4703 (averaged
over the region of emission). The spectra of 12CO and ¥CO must be multiplied by 15 to
obtain the line temperature, while the C'80 spectra must be multiplied by 7, and the SO
spectra by 10. Vertical dotted lines are used only as a reference, and correspond to velocities
of —18, —16.5 (systemic), and —15 km s~L.

151




7. IRAS 04579+44703: a radiosource—outflow system

o "1 '%s (5-4) © PA=50° | ‘[ CHOM (8-7) PA=50" |
5 i
~ O L
- L :
O
= -2 :
I T P
4 4 4t % .
- AR \/) \ 3 L&
—21 —-18 —-15 —21 —-18 —-15
Velocity (km/s) Velocity (km/'s)

Figure 7.8: Left: Position-velocity (pv) cut with P.A.= 50° for the 13CS (5-4) transition. Levels
start at 20%, increasing in steps of 20% the peak intensity 0.3 Jy beam™'. The cut is centered
on «(J2000) = 05"01™40%04, and §(J2000) = +47°07'21"9, which corresponds to the peak
of the 13CS condensation. Right: Pv-plot with P.A.= 50° for the CH30H (8-7) emission.
Levels start at 20%, increasing in steps of 20% the peak intensity 0.5 Jy beam™!. The cut is
centered on «(J2000) = 057014027, and §(J2000) = +47°07'21”5, which corresponds to
the peak of the CH3OH condensation.

detected toward 104579. The 2CO, ¥CO, and C'®O lines show absorption features at the
systemic velocity (between -2 and +2 km s~! with respect to v sr), which could be due to
self-absorption by cold foreground gas or opacity effects. We note that the dip could also
be partially produced by the missing short-spacing information in the interferometer data.
The CO isotopologues show small blue/red-shifted wings in the spectra, however, these
molecules do not show the bipolar and collimated morphology seen in 2CO, but show a
more compact structure. It is interesting to note the blue-asymmetry in the C'80 spectra,
which is typical of infall motions (e. g., Bernard et al. 1999). For the other three molecular
transitions (i.e., SO, 13CS, CH30H), we fitted a gaussian to the line to derive the column
density of each molecule, obtaining Ngo = 1.3-0.2 x 10'5 cm ™2 for opacities between 0.01
and 0.3, and Nisgg = 0.32-1.8 x 10 ecm™2 and Ncp,on = 0.35-29.9 x 10 cm™2 for
7 =0.01-0.1.

Regarding the velocity field of the dense core, no clear velocity gradients are found
in the C'¥O and SO lines (see Figure 7.5 middle panels). However, the compact 3CS
core seems to show a gradient in the northeast-southwest direction, perpendicular to the
outflow direction. In Figure 7.8, we show a position-velocity (pv) cut with P.A.= 50°,
centered at the dense core peak for the *CS and CH30H molecular transitions (note
that the (0,0) position is different for each pv-plot, we centered the cut at the center of
each condensation). The '3CS cut shows a clear velocity gradient of ~ 1.5-2 km s},

which is perpendicular to the direction of the molecular outflow. Assuming that this
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gradient traces keplerian rotation, the dynamical mass, estimated from the expression
Mayn = v, Riot/G sin?i, for an edge-on disk with vyo ~ 1 km s7! and Ry ~ 175 is
around 4 Mg. For the methanol condensation, no clear evidences of rotation are found.
However, the methanol profile shows a small blue-shifted wing (see Figure 7.7; also visible
in the pv-plot, Figure 7.8 right panel), suggesting that outflow/rotation motions could
affect the emission of this molecule.

At this point it is important to note that the methanol condensation is offset with
respect to the centimeter source and the other dense gas tracers (cf. Figure 7.5). Fur-
thermore, the position of the methanol core spatially coincides with the position at which
the red lobe of the molecular outflow traced by CO changes its direction (cf. Figure 7.3).
Thus, it seems that the molecular outflow traced by CO could have been deflected by
the presence of a dense condensation traced by CHzOH. The blueshifted profile seen in
the methanol transition could be interpreted as this condensation being displaced toward
us, due to the collision with the outflowing gas. Additionally to the deflection of the red
lobe, some outflowing material could have changed its direction toward us (blue-shifted
emission) resulting in the blue-shifted CO emission that is detected ~10” to the southeast
of the centimeter source. A similar case of outflow deflection produced by the presence of

a dense gas condensation is found in IRAS 2131945802 (Beltran et al. 2002).

7.5 Summary and brief discussion

We have studied with high angular resolution observations the massive star-forming region
in IRAS 04579+4703. In the following, we summarize the main conclusions obtained.

e We detect a radio continuum source from 6 up to 0.7 cm, with its flux density
increasing with the frequency, which can be fitted by an hypercompact H1I region
ionized by a B2 ZAMS star (and with a very small size, 150 AU) or by a thermal
radiojet with the characteristic spectral index of +0.6. Higher angular and more
sensitive observations are needed to better estimate the size of the centimeter source,
and thus confirm the nature of the ionized gas. The source is associated with a
millimeter source likely tracing a dust envelope of 15 + 2 M), and with an infrared
source (from the 2MASS survey, the region has not been observed by Spitzer) showing
high infrared excess.

e A highly collimated molecular outflow is detected in the 12CO (2-1) transition with
a southeast-northwest orientation, consistent with the Ho shocked gas reported by
Varricatt et al. (2010). The outflow has physical parameters similar to the param-
eters found in other intermediate/high-mass molecular outflows. The red CO lobe

seems to be deflected toward the south, changing the main position angle measured
for the blue lobe.
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7. IRAS 04579+44703: a radiosource—outflow system

e A dense core is found in different molecules (e. g., C'80, SO, 13CS) with the emission
from 13CS (5-4) showing a velocity gradient perpendicular to the main direction of
the molecular outflow. Assuming keplerian rotation, the velocity gradient implies a
mass of 4 M, for the central object.

e Methanol emission is detected in a condensation slightly offset (2" to the east) with
respect to the other dense gas tracers and the centimeter source. Interestingly, the
ammonia observations (although with some instrumental setup problems) show a
compact core at the same position. This condensation, placed at the position where
the CO molecular outflow is deflected, could be responsible for the change in direction
of the outflow (similar to the massive star-forming region IRAS 21391+5802; Beltran
et al. 2002). Furthermore, the spectra of the methanol emission shows a blue-shifted

wing profile, probably produced by the shock/collision of the outflow.
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(General discussion
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The sample of massive star-forming regions

8.1 Archival data of additional sources

In this Thesis, we have studied a sample of six massive star-forming regions with high
angular resolutions (<5”), in the centimeter and millimeter continuum, and in different
dense gas and outflow tracers, with the aim of deciphering their ionized and molecular gas
content. We have focused our study on those sources showing faint centimeter continuum
emission, likely tracing early evolutionary stages in the formation of massive stars.

We plan to carry out a comparison of the properties (i. e., continuum, dense gas, outflow
gas, and infrared emission) of the detected centimeter continuum sources, in order to search
for common characteristics, and try to establish an evolutionary sequence. In order to
improve the statistics, we have added to our sample five other massive-star forming regions
from the literature, which have been studied with similar spatial resolutions (~ 1000
5000 AU) and continuum/molecular tracers as the sources studied in this Thesis. A brief
description of these regions is shown in Section 8.2. In some cases, we retrieved continuum
data from the archive of the VLA to complement the already published information. The
results of the centimeter continuum archival data are shown in Table 8.1 and Figure 8.1.
We also searched for archival ammonia observations toward IRAS 05358+3543, for which
there is no information in the literature. The resulting images are shown in Figure 8.2.
We performed the same analysis to study the ammonia emission as in previous sources,
obtaining the results that are shown in Figure 8.3.
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8. The sample of massive star-forming regions

Table 8.1: Radio continuum fluxes for archival data toward the regions from the literature®

A Beam P.A. Iﬁcakb S,P Deconv. Size P.A.
(cm) ("x") (°)  Rms® (mJy beam ) (mJy) (" x") ()
IRAS 0535843543 — VLA1 «(J2000.0) = 05"39™13°07

8(J2000.0) = +35°45'51"'2
3.6 028x022 —80 21 0.56+0.04  0.63+0.11 0.09 x 0.00 £0.09 125+ 30

2.0 4.67 x 4.57 —1 105 1.3+0.2 1.4+£0.5 2.70 x 0.00 £1.10 105+ 20

1.3 3.63 x 3.28 475 88 1.4+0.2 1.9+£0.5 2.44 x1.94 +£0.80 90 + 50
IRAS 2029343952 — IRS1 a(J2000.0) = 20"31™11:20
§(J2000.0) = +40°03'09"9

3.6 0.87x 0.86 432 30 0.34 £0.06 4.5+0.4 3.90 x 3.40 £0.30 160 + 20
IRAS 2029343952 — IRS2 a(J2000.0) = 20"31™10°31

§(J2000.0) = +40°03'16"5
36  0.87x0.86 +32 30 0264006  030+£0.11 0.38x0.00 +£0.38 13550

IRAS 20343+4129 — IRS3 (.J2000.0) = 20"36™07525
§(J2000.0) = +41°39'52""4

3.6 2.45 x 0.81 460 50 0.63 +£0.10 1.214+0.34 2.50 x 0.80 £0.80 85+ 20

1.3 3.02x298 —14 87 0.96 £0.17 0.96 £0.35 1.70 x 0.00 £ 1.50 25 4+ 30

0.7 4.67 x 4.57 -39 261 e < 1.04 o ce.

& VLA archival data projects. IRAS 05358+3543: AC295, AS643 and AS831; IRAS 20293+5932:
AS831; and IRAS 20343+4129: AS643, AP525 and AP533.

b Primary beam corrected. Error estimated as in Table 2.2; and rms noise level in pJy beam™1.

8.2 Summary of sources of the sample

In the following, we will make a brief summary of each region (those studied in this work,
and those from the literature), emphasizing the properties of the emission associated with
the centimeter continuum sources. The regions studied in this work are:

IRAS 0011746412 — This intermediate-mass star-forming region is associated with an
IRAS source located at a distance of 1.8 kpc and with a bolometric luminosity of
1400 L. The region is dominated by a shell-like UCH 11 region, with a size of 0.03 pc

and ne ~2 x 10% cm ™3

, associated with a strong near-infrared source showing some
infrared excess, but nor with dust neither dense gas emission. The UCH 1I region
is located at the border of a large cloud detectable in dense gas and dust, with a
temperature of ~ 28 K for the gas that surrounds the ionizing source. Embbeded
in the cloud, there is a faint centimeter source within a dust envelope of ~3 Mg,
MM1, driving a molecular outflow and associated with a colder (~ 17 K) dense
clump, showing a velocity gradient perpendicular to the direction of the outflow.

References.- Chapter 2 of this Thesis, and references therein.
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8.2. Summary of sources of the sample

H T T T ‘ T T T T \;A‘ H T T T ‘ T T T T T H =3 T T T ‘ T T T T T H

* | 05358+3543 ° | | 05358+3543 1 | 05358+3543 ]

’Q [ 3.6 cm 1 [ 2.0 cm 1 L1.3cm Q’

8L * 1 1 ]
~ <[ MM 1 1T 1 C ]
o Tl I . _]
S 9P i 1 F :
S 1 C 1 ]
3 L L L L ‘ L L L L L ‘ L L L L L ‘ L L L L L ‘ L L L L L ‘ L L L L L ‘ L
C 5"39™13%2  12% 5"39™13%2  12% 5"39™13%2  12%
(@]
é ED 7‘ T T ‘ ] U T T T ‘ T T T T ‘ T T mr T T T ‘ T T T T ‘ T T T
= O | 20203+3952 1 [ 20343+4129 11 20343+4129 )
$ B r36cm - % | 3.6 cm 1L 1.3 cm J
o ol &« |9

I o 1T o = — = |

Y. ’ IRS2 1 ©

= It I |

oL 1z i i

Mo |

o[ IRS1 130 an i

o L 4 ™M

< | I | o [ R NI N NN NN TNAN| [ N A AU N R A R

20"31M12% 10% < 20"36™07% 07°0 20"36™07°5 07°0

Right Ascension (J2000)

Figure 8.1: Continuum maps for the regions from the literature. See Table 8.1 for the measured
flux densities and synthesized beams. Levels start at 20%, increasing in steps of 10%, the peak
intensity, indicated in the Table. The stars in all panels correspond to the centimeter continuum
sources, see their coordinates in Table 8.1.

IRAS 0457944703 — The region, located at a distance of 2.5 kpc with a bolometric
luminosity of 4000 Lq, has a cluster of embedded infrared sources, showing high
infrared excess. The brightest source is associated with partially optically thick
centimeter continuum emission, likely tracing a thermal radiojet. This source, VLAT,
is embedded in a dust envelope of 15 4+ 2 M, and seems to be the driving source of
a highly collimated molecular outflow. Some dense gas tracers are found associated
with the source, with the 3CS molecule showing a velocity gradient perpendicular
to the direction of the molecular outflow. The molecular outflow is deflected by the
presence of a methanol condensation.

References.- Chapter 7 of this Thesis, and references therein.

IRAS 19035+0641 — The region is located at a distance of 2.2 kpc with a bolometric
luminosity of 8000 Ls. At centimeter wavelengths we detect two different sources.
VLAL1 is a cometary UCH 11 region with a small size of 0.005 pc, ne ~2.7x 10* cm™3,
and ionized by a B1 ZAMS star. VLA2 is a faint source with partially optically thick
emission, located at the peak of a warm (~ 29 K) and dense clump traced by ammo-
nia. The dense gas shows a velocity gradient in the southeast-northwest direction,
and an enhancement in the linewidth perpendicular to the velocity gradient. The
region is also associated with singledish outflow emission.

References.- Chapter 6 of this Thesis, and references therein.

159




8. The sample of massive star-forming regions
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Figure 8.2:  NH3(1,1) (left-column) and NH3(2,2) (right-column) maps toward
IRAS 05358+3543. In top panels: we show the zero-order moment (intensity) maps. Levels
start at 5%, increasing in steps of 10% the intensity peak: 0.23, and 0.19 Jy beam™! km s 1,
respectively. In middle panels: we show the first-order moment (velocity field) maps. In bottom
panels: we show the second-order moment (linewidth) maps. In middle and bottom panels,
contours show the zero-order moment maps in steps of 20%. In all panels, the white stars
mark the position of the centimeter continuum source (see Table 8.1). Synthesized beams are
shown in bottom-left corners.
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8.2. Summary of sources of the sample
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Figure 8.3: Ammonia parameters towards IRAS 05358+3543. From top to bottom, and left
to right: rotational temperature map from NHs (1,1) and NH3 (2,2) (units in K); NH3 column

density map (units in cm~?2); excitation temperature map from NH3(1,1) (units in K); map
of the optical depth of the NH3 (1,1) main line; velocity map of the NH3 (1,1) line (units in

km s~1); and line-width map of the NH3(1,1) line

(units in km s™1).

In all panels, black

contours show the intensity map of the NH3(2,2) line, and the star marks the position of

the centimeter continuum sources (see Table 8.1). The synthesized beam is indicated in the

bottom-right corner of each panel. Small white crosses in the Tox map show the position for

which we extracted the (1,1) and (2,2) spectra.
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8. The sample of massive star-forming regions

G75.7840.34 — This massive star-forming complex is located at a distance of 3.8 kpc
close to the IRAS source 2019843716 (with a bolometric luminosity of 100000 Lg)).
At centimeter wavelengths the region is dominated by a cometary UCHII region
with a size of 0.02 pc, ne ~3.7x 10* em™3, and ionized by a BO ZAMS star. Located
6” to the east, there is a second UCHII region, labelled EAST, with a smaller
size (0.004 pc) and a higher electron density (ne ~ 1.3 x 10° cm™3). The EAST
source is associated with strong mid-infared emission likely tracing a dust envelope
of 7-30 Mg, also detectable at millimeter wavelengths. Finally, 2” to the south of
the cometary arc of the main source, there are two (almost unresolved) centimeter
continuum sources likely tracing two HCH I1 regions or gas ionized by shocks. These
two continuum sources, associated with water masers and a molecular outflow, are
embedded in a hot (~ 100 K) and dense molecular core, with a velocity gradient
perpendicular to the direction of the outflow.

References.- Chapter 5 of this Thesis, and references therein.

IRAS 2213445834 — This massive star-forming region, located at a distance of 2.6 kpc
and with a bolometric luminosity of 12600 L), is associated with a large cluster of
infrared sources. One of the brightest infrared sources is associated with a cometary
UCH 11 region with a size of 0.006 pc, ne ~ 5 x 10* ecm™3, and ionized by a Bl
ZAMS star. The cometary morphology of the centimeter source is in agreement
with the orientation of the cometary shape seen in the cluster of infrared sources.
The UCH 11 region is surrounded by millimeter continuum emission, likely tracing a
dust envelope at the beginning of its disruption, probably due to the development
of the H1I region. Dense gas emission from NHs and NoHT is detected in several
clumps surronding the infrared cluster, with the higher temperatures (~30 K) and
linewidths close to the position of the cometary UCH 11 region.

References.- Chapter 3 of this Thesis, and references therein.

IRAS 2219846336 — This intermediate-mass star-forming region, with a bolometric
luminosity of 450 L at a distance of 0.76 kpc, is dominated at centimeter wave-
lengths by a partially optically thick source, likely tracing a thermal radiojet and
embedded in a dust envelope of ~5 M. Two bipolar molecular outflows are asso-
ciated with this source, and detected in many different molecules. Warm (2025 K)
dense gas traced by ammonia appears perturbated by the passage of the outflows,
while a compact core of hot (~ 100 K) dense gas is detected in several organic
molecules tracing one of the few known intermediate-mass hot cores. The dense gas
tracers associated with the hot molecular core show a velocity gradient perpendicu-
lar to one (probably the youngest) of the molecular outflows, likely tracing rotation.
References.- Chapter 4 of this Thesis, and references therein.

The five regions selected from the literature are listed (and briefly described) below:
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8.2. Summary of sources of the sample

AFGL 5142 — Located in the Perseus arm at a distance of 1.8 kpc, this high-mass star-
forming region is close to the IRAS source 0527443345 with a bolometric luminosity
of 3800 Lq. Faint partially optically thick radio continuum emission is detected
about 30” to the east of the IRAS source, coinciding with the peak position of a
dust and ammonia condensation. In the near-infrared, a cluster of 44 embedded
sources is reported close the position of the centimeter source, in a region of 0.3 pc
of radius. Three collimated molecular outflows are reported in different molecules, all
of them being originated at the position of the millimeter source, which is in fact, a
cluster of several radio continuum sources. The extended structure of the NHg and
NoH™ emission has an hour-glass morphology, likely originated by the passage of
the molecular outflows. The ammonia condensation associated with the millimeter
clump has a temperature of 20 K, however, a hot (~200 K) dense molecular core is
detected in several organic species.

References.- Torrelles et al. (1992); Estalella et al. (1993); Hunter et al. (1995, 1999);
Zhang et al. (2002, 2007); Goddi et al. (2007); Qiu et al. (2008); Busquet (2010);
Busquet et al. (2011).

IRAS 0535843543 — The region, located at a distance of 1.8 kpc and with a bolometric
luminosity of 6300 L), has strong evidences of massive star formation, as evidenced
by maser emission from different molecules and multiple outflow activity. In the
centimeter range, there exists a faint radio continuum source, with its flux density
increasing with the frequency. This source, located at the border of a molecular cloud
traced by ammonia and with temperatures ~28 K close to the centimeter source (see
Figures 8.2 and 8.3), is also associated with a cluster of millimeter sources, being
MMI1 the one that spatially coincides with it. When observed with higher angular
resolution, MM1 splits up into different components, with the strongest one still
associated with the centimeter source. Finally, several complex organic molecules
have been detected at the position of the radio continuum source, likely tracing a
hot molecular core with a temperature of ~220 K.

References.- Beuther et al. (2002a, 2007); Leurini et al. (2007) Figures 8.1 and 8.2
and Table 8.1 of this Thesis.

IRAS 2012644104 — This massive star-forming region, with a bolometric luminosity
of 13000 L, is located in the Cygnus X complex at a distance of 1.7 kpc. High-
angular resolution observations at centimeter wavelengths reveal the presence of
three components, likely tracing ionized gas from the shocks of a thermal radiojet.
A well-collimated molecular outflow, in the southeast-northwest direction, has been
identified in a wide variety of tracers, including the proper motions of water masers.
The source is embedded in a compact dusty cloud with some extended structure. The
dense gas emission as traced by NHj3, consists of a compact core with a temperature
of 22 K at the position of the centimeter source, while emission coming from a large
variety of molecular dense gas tracers has been reported and identified as emission

163




8. The sample of massive star-forming regions

from a hot molecular core with a temperature of ~200 K.
References.- Zhang et al. (1998); Cesaroni et al. (1997, 1999, 2005); Hofner et al.
(1999, 2007); Moscadelli et al. (2000, 2005); Busquet (2010).

IRAS 2029343952 — In this region, located at a distance of 2.0 kpc and with a bolo-
metric luminosity of 6300 L), the star formation is taking place in a closely-packed
environment. The main source in the centimeter domain, is a UCH 11 region, ionized
by a B1 ZAMS star and located at the edge of a large molecular cloud, with its UV
radiation heating the dense gas close to it (which achieves a temperature ~ 38 K).
Several clumps harbouring YSOs in different evolutionary stages, have been detected
in NHs and NoH™ within the molecular cloud, and chemically studied, finding an
evolutionary trend from the most evolved objects close to the UCH 11 region to star-
less cores in the outer region of the cloud. A second centimeter continuum source is
detected ~ 10” to the northwest of the UCH 11 region. Although several molecular
outflows are found in the region, none of them is associated with the centimeter
continuum sources. The two centimeter sources are associated with the brightest
infrared sources in the field, but with faint millimeter dust emission, suggesting that
both objects are H 11 regions that have started to disperse the natal cloud.
References.- Sridharan et al. (2002); Kumar et al. (2002); Beuther et al. (2002b,
2004); Palau (2006); Palau et al. (2007a); Busquet (2010); Busquet et al. (2010);
Table 8.1 and Figure 8.1 in this Thesis.

IRAS 2034344129 — This massive star forming region, with a bolometric luminosity
of 3200 Ly at a distance of 1.4 kpc, is dominated by three infrared sources. The
southern one, IRS3, is associated with optically thin centimeter continuum emission
likely tracing an H I region ionized by a B2 ZAMS star. This source, also visible in
the red band of the DSS, is surrounded by several dust clumps forming a shell-like or
cavity morphology. Several dense gas tracers (e.g., NoH'; F. Fontani, priv. comm.)
also present the same cavity structure around the infrared/centimeter source. A
molecular outflow is found associated with a younger source, IRS1, located 15" to
the north, but there is no high velocity molecular emission associated with the H 11
region. The H1I region associated with IRS3 seems to have disrupted its natal cloud
forming a cavity around it.

References.- Miralles et al. (1994); Carral et al. (1999); Sridharan et al. (2002);
Kumar et al. (2002); Beuther et al. (2002b); Fuller et al. (2005); Palau (2006); Palau
et al. (2007b); Table 8.1 and Figure 8.1 in this Thesis.

In conclusion, we have compiled a list of 11 massive star-forming regions, studied in
detail in the radio continuum and in different molecular lines. Within this sample, we
can identify 16 (faint) centimeter continuum sources likely tracing ionized gas from young
stellar objects in their first evolutionary stages.
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Towards an evolutionary sequence

9.1 lonized gas emission

In this Section, we will focus on the analysis of the properties of the centimeter continuum
emission detected in a sample of 11 massive star-forming regions, which were listed (and
briefly summarized) in Chapter 8. In Table 9.1, we present a list of the 16 detected cen-
timeter continuum sources, with their coordinates and main properties regarding the radio
continuum emission. For almost all the sources, we have information of their flux density
at different wavelengths in the range from 21 cm to 0.7 cm. Thus, we can test the models
described in Chapter 1 by constructing and fitting their spectral energy distributions in
the centimeter domain. It is important to note that not all the models are easily applica-
bles. For some models it is necessary to have information about the size of the source at
different wavelengths, but most of our sources are faint and unresolved, or only resolved at
one wavelength. As outlined in Chapter 1, we can distinguish two major different groups
of models: (1) the classical model developed by Stromgren for an homogeneous H1I region,
and (2) those models that assume the ionized gas has not a uniform density distribution
(e. g., non-homogeneous ionized gas, thermal radiojets, ionized accretion flows, for which
we can use a density distribution of ne oc 777).

We have developed a simple code to fit these two density distributions. In Appendix B,
there are some notes about the models used: homogeneous and non-homogeneous. The
results obtained by fitting the spectral energy distributions are shown in the last columns of
Table 9.1. From columns (7) to (10), we list the parameters of the homogeneous H 11 region
fit. The main inputs of the model are the source size (listed as the diameter of the source)
and its electron density, which is assumed to be constant for all the source (we assume an
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Figure 9.1: Spectral energy distributions in the centimeter range. Blue dotted line: non-
homogeneous fit. Red dashed line: homogeneous fit (see Table 9.1 for parameters of the fits).
See Tables 9.3 and 9.4 for the data used.
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Table 9.1: Parameters for the ionized gas of the radio continuum sources®

Homogeneous” Non-homogeneous?
«(J2000) §(J2000) Sy diameter Ne EM Spectral no 70
#  Region—Source (hms) (e (mJy) a (pe) (em™3)  (cm~™6 pc) Type q (cm—3) )
1 ®@ (3) (4) (5) (6) (7) (8) 9) (10) (11) (12) (13)
1 0011746412-MM1 00 14 26.05 64 28 43.7 0.17£0.06 —-03<a<l1.1 . - - 2 50 1.5
2 0011746412-UCH 11 00 14 28.23 64 28 46.6 1.62 +£0.16 —0.03 £ 0.08 0.0280 2 x 103 1.1 x 10° B2 0 . Ce.
3 04579+4703-VLA1 05 01 40.02 47 07 21.2 0.37 £0.15 +0.4+0.2 0.0006 5 x 10° 1.5 x 108 B2 2 30 2
4 AFGL 5142 05 30 48.01 33 47 54.1 1.5+04 +1.0+0.3 S L. S S 3 270 0.45
5 05358+4-3543-MM1 05 39 13.07 3545 51.2 0.63 £0.11 +1.1+0.4 0.0003 2 x 109 1.0 x 10° B2 3 10 0.9
6 19035+0641-VLA1 19 06 01.48 06 46 35.4 2.84+0.3 —0.14 £0.11 0.0046 3 x 10* 4.7 x 106 B1 0 . .
7 19035+0641-VLA2 19 06 01.60 06 46 36.2 0.19 +£0.10 4+0.6 £ 0.4 - - - - 2 2300 0.2
8 2012644104 20 14 26.04 41 13 32.5 0.15 £+ 0.02 +1.4+0.2 0.0002 3 x 109 1.5 x 10° B2 4 100 0.11
9 G75.784+0.34-CORE 20 21 44.04 37 26 37.8 1.44+0.3 +1.1+0.2 0.0011 1 x 109 1.1 x 10° B0.5 3 2700 0.16
10 G75.7840.34-UCH11 20 21 44.10 37 26 39.5 32+4 —0.19 £ 0.06 0.0190 4 x 10% 2.3 x 107 BO 0
11 G75.784+0.34-EAST 20 21 44.50 37 26 37.8 4.5+0.6 —0.16 £ 0.12 0.0050 1 x 10° 5.3 x 107 B0.5 0
12 202934-3952-TRS2 20 31 10.31 4003 16.5 >0.284+0.11 ? 0.0048 1 x 10% 5.9 x 10° B3 ?
13 20293+-3952-UCH 11 20 31 11.20 40 03 09.9 4.5+04 ? 0.0350 2 x 103 1.8 x 10° B1 ?
14 20343+4-4129-1RS3 20 36 07.25 41 39 524 1.24+04 —0.02 £ 0.30 0.0115 4% 103 2.2 x 10° B2 0
15 22134+-5834-VLA1 22 15 09.23 58 49 08.9 3.6 0.4 —0.18 £ 0.08 0.0055 5 x 104 1.1 x 107 B1 0 . Ce.
16 22198+-6336-VLA2 22 21 26.76 63 51 37.8 0.62 £0.12 +0.6 £ 0.2 2 250 1.1

L91

Information for the columns: (1) identification number; (2) name of the region and centimeter source; (3) right ascension; (4) declination; (5) flux density (in
mJy) at 3.6 cm; (6) spectral indext of the cm radio continuum emission (S, o v®). From columns (7) to (10), information about a fit of the centimeter spectral
distribution assuming an homogeneous ionized gas source (for details, see Appendix B: (7) diameter size (in pc) of the cm source; (8) electron density (in cm~3) of
the homogeneous ionized source; (9) emission measure (in cm~% pc); (10) spectral type of the ionizing star estimated from the ionizing photons rate and Panagia
(1973). From columns (11) to (14), information about the fit of the centimeter spectral distribution assuming a non-homogenous ionized gas source (for details, see
Appendix B): (11) index of the power law used for the density distribution (ne = no (r/r0)~9); (12) electron density (in cm—3) at the reference radius ro; (13)
reference radius (in arcsec) used in the power-law distribution.

The symbol *...’

is shown when the homogeneous or non-homogeneous ionized gas model was not possible to be fitted to the observational data. Empty spaces

(for the sources in 20293+5932) are due to the lack of centimeter continuum emission at different wavelengths, there are only measures at 3.6 cm (due to the high
angular resolutions in 2029345932 continuum images we can be filtering faint and extended emission in IRS2, and thus we consider its flux density as a lower limit).
In these cases, the physical parameters derived for the homogeneous H 11 region have been calculated assuming the emission at 3.6 cm is optically thin.
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9. Towards an evolutionary sequence

electron temperature of 10* K). For completeness, we also list the emission measure, which
is estimated from the electron density and the size of the source, and the spectral type
(estimated using the tables of Panagia (1973), and the flux of ionizing photons) of a single
star that can ionize the gas and create the H 11 region that we are detecting at centimeter
wavelengths. From columns (11) to (13), we list the parameters of the non-homogeneous
fit: ¢, ng and rg are three constants used in equation ne = ng(r/rg)~% that defines the
density distribution. To solve the integral equations used in this model, it is necessary
the use of two additional parameters: ryi, and ryax (see Appendix B). i, was set to a
minimal value (typically 07005), while 7. was set to have the same value as ro. Finally,
note that in column (6) we provide the spectral index (a; S, < %) estimated from a
linear fit to the flux densities between 20 cm and 1.3 cm (we do not use the 7 mm data
to avoid possible contamination from dust emission). In Figure 9.1, we show the spectral
energy distribution for each source, and the homogeneous and non-homogeneous fits listed
in Table 9.1.

From the results shown in Table 9.1 and Figure 9.1, we can see some differences between
groups of sources. Sources with optically thin emission (o ~—0.1) can be well fitted by
an homogeneous H 11 region model, while sources with partially optically thick emission
(v > +0.3) are better fitted by non-homogeneous density distributions. We note that
optically thin emission can also be fitted with any power-law density distribution, since we
do not have any observational evidence about the optically thick regime, which determines
the properties of the density gradient. However, we favoured the homogeneous fit because
it depends on a smaller number of parameters, in comparison with the non-homogeneous
model.

In Figure 9.2, we show a plot of the main physical parameters (emission measure
and size) for the homogeneous H1I regions fitted in Table 9.1. As several works have
revealed (see Kurtz 2005a, for a review), the physical parameters of HII regions span
orders of magnitude in scale. Assuming an electron temperature (e.g., 10* K), these
homogeneous H 11 regions are determined by only two parameters: the size and the emission
measure (or electron density). Thus, taking into account these two parameters, we can
define different classes of HII regions: giant, classical, compact, ultracompact (UC), and
hypercompact (HC) H1I regions; with the classes most closely linked to the first stages
of the star formation probably being the smallest and densests, i.e., ultracompact and
hypercompact H1I regions. In Figure 9.2, we have marked different regions with coloured
boxes, corresponding to the different classes of H1I regions. The black dots correspond
to the centimeter continuum sources studied in this work (see Table 9.1), while grey dots
show the data from the survey of HII regions carried out by Kurtz et al. (1994). It is
interesting to note, that our sources split up into two groups. A group of sources, with
sizes between 0.004 and 0.04 pc and emission measures between 10° and 10® cm =% pc, has
physical parameters typical of UCH 11 regions. The other group, with four sources with
sizes < 0.002 pc and emission measures > 10® ecm ™ pc, show properties similar to those
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Figure 9.2: Plot of the centimeter size versus the emission measure, of those centimeter
continuum sources with a spectral energy distribution fitted by an homogeneous H I region.
Black dots correspond to the data of this Thesis (see Table 9.1), while grey dots correspond to
data from a survey of ultracompact (UC) H 11 regions carried out by Kurtz et al. (1994). The
colored boxes indicate the different categories (determined by the size and emission measure)
in which an H11 is usually classified. The youngest ones are pressumably the hypercompact
(HC) H11 regions. Grey dotted lines indicate the electron density, rember that EM = [ n.dl,
with [ the size of the H11 region.
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9. Towards an evolutionary sequence

found toward HCH 11 regions. It is also worth noting that most of the sources lying close to
the UCH 11 box, have small sizes (almost one order of magnitude smaller than typical values
for UCH 11 regions): similar to the sizes found in HCH 11 regions. However, these sources
show moderate values of the emission measure (or electron density): similar to the values
found in ultracompact H1I regions, and far from the large densities measured in HCH 11
regions. Which kind of HII regions are we detecting? One possibility could be that we
are observing the ionized gas from intermediate-mass stars (B2-B5 ZAMS stars), which
creates faint and small H1I regions. With the improvement in the efficiency of current
interferometers, and with high enough sensitivity observations, we should be capable of
detecting (easily) these small H1r regions. Thus, these small but low-density objects can
be the population of H1I regions produced by B2-B5 ZAMS stars. Alternatively, we can
think about an evolution between HCH 11 and UCH 11 regions, with these particular faint
objects being an intermediate evolutionary stage. The two proposed scenarios for these
small and faint radio continuum sources, can be tested, for example, by comparing the
observed size of the centimeter emission with the radius derived in the classical Stromgren
H 11 region model®. If the emission comes from an UCH 11 region ionized by a B-type star
we should find Rg to be similar to the observed size, however, if the emission comes from
an intermediate stage between HC and UC H 11 regions we could find that the observed size
is smaller than Rg. With the improvement in bandwidth (sensitivity) of the new EVLA, it
is expected that we will start to detect more of these H 11 regions, which could be studied
in detail allowing us to asses their true nature. The advent of the EVLA and ALMA will
allow to study with high angular resolution and high sensitivity the continuum and radio
recombination line emission toward these objects.

We have analyzed the structure of the ionized gas emission (non-homogeneous and
homogeneous density distributions) for the centimeter continuum sources studied in this
Thesis. However, we have still not considered which is the physical mechanism that can
produce the ionization. As explained in Chapter 1, two mechanisms can be responsable
for the ionization of the gas surrounding YSOs: photoionization and ionization through
shocks. The classical example of photoionization is the H 11 region, where the UV photons
(with energies > 13.6 V) coming from the newly-born massive star can ionize the atomic
hydrogen. On the other hand, the ionization through shocks in YSOs is expected to arise
from the interaction of the jet with the environment. Thermal radiojets are the classic
example of ionization through shocks. Anglada (1995, 1996) study the dependence of
the radio luminosity (S, d?; being S, the flux density at centimeter wavelengths, and d
the distance) with the bolometric luminosity of the source (see grey dots in Figure 9.3).
Recently, Anglada et al. (in prep.) are sudying some radiojets associated with massive
YSOs, obtaining a correlation between the radio and bolometric luminosities, similar to

'The Stromgren radius, Rgs, can be measured using Equation B.17, with N; estimated from the flux
density (see Equation B.18) and n. estimated from the observations of radio recombination lines at different
frequencies (e. g., Keto et al. 2008).
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Figure 9.3: Observed radio continuum luminosity, S, d?, as a function of the bolometric lumi-
nosity, Lyo). Sy is the observed flux density at centimeter wavelengths (in particular at 3.6 cm)
and d is the distance to the source. Grey dots represent data on low luminosity YSOs (Anglada
1996) and high luminosity radio jets (Anglada et al. in prep.). Black dots correspond to the
data of the sources studied in this Thesis (see Table 9.1), while blue circles correspond to the
same sources but changing the value of the bolometric luminosity, see text (from Table 9.3 and
9.4). The black solid and dotted lines are least square fits to the data of low luminosity and
high luminosity YSOs, respectively. Dot-dashed line represents the values expected from Ly-
man continuum radiation for a zero-age main-sequence star of the given bolometric luminosity
(Thompson 1984). At the top and right axes you can find the spectral type corresponding to
a given centimeter luminosity (or flux of ionizing photons) and a given bolometric luminosity.
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9. Towards an evolutionary sequence

Radiojet/Outflow low—mass fit
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Figure 9.4: Observed radio continuum luminosity, S,d* (as in Figure 9.3), as a function of
the outflow momentum rate, P. Grey dots represent data on low luminosity objects (Anglada
1995) and high-mass radiojets (Anglada et al., in prep.). Black dots correspond to the data
from Table 9.1. Black solid line is a least square fit to the data of low luminosity YSOs.

the low-mass case. This observational correlation can be used to investigate the origin
of the ionization in our sources. Black dots in Figure 9.3, correspond to the sources
studied in this Thesis (see Table 9.1). It is interesting to see that some of these sources
lie close to the linear fit obtained for radiojets, suggesting that the ionized gas emission
for these sources is due to shocks. This is the case of 122198-VLA2 or 120126. On the
other hand, there are other sources for which the ionization that we detect can easily be
explained by photoionization from a H1I region. For example: 100117-UCH 11, 120293
UCHI, and 122134-VLA1. However, most of our sources have bolometric luminosities
between 500 L and 10000 L. In this regime, it is difficult to confirm if the ionization is
produced by photons or by shocks, and, thus, it is necessary to obtain more information
about the characteristics of the centimeter continuum sources (e. g., information about the
morphology of the source, proper motions, molecular outflow emission). In addition, large
uncertainties in the bolometric luminosity make still more difficult to properly confirm
the ionization mechanism. Blue circles in Figure 9.3, correspond to the sources studied in
this Thesis, but taking into account the bolometric luminosity of the specific source (see
Section 9.3), instead of the luminosity of all the region. Clusters are common in massive
star forming regions and thus, typical bolometric luminosities estimated from TRAS fluxes
do not correspond to the real luminosity of a specific source within the cluster. We can see
that some sources change their position in the diagram. The clear cases mentioned above
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9.2. Dust and molecular gas emission

keep the initial classification we have given. But with the new bolometric luminosity, we
can disentangle the mechanism for other sources. For example, 100117-MM1 appears as
a clear example of ionization through shocks, while G7T5—EAST seems to be produced by
photoionization.

Finally, we can also test the shock-ionization mechanism by comparing the radiocon-
tinuum flux with the outflow momentum rate, for which a relation was obtained in the
theoretical works of Curiel et al. (1987, 1989). In Figure 9.4, we compare the results for
our sources (those associated with molecular outflow emission) with the results obtained
in well-known thermal radiojets. All the considered sources lie close to the theoreti-
cal relationship, suggesting that the centimeter emission that we detect in sources like
100117-MM1 or 122198-VLA2, can be produced by a thermal radiojet.

To summarize, we have investigated the ionized gas content in our sample of sources,
and found that our centimeter continuum sources can be differentiated in two major
groups. Sources with optically thin emission can be fitted with homogeneous H1I re-
gion models, and their ionization seems to be produced by UV photons. On the other
hand, there are sources with partially optically thick emission that in most of the cases
can only be fitted by non-homogeneous density distributions for the ionized gas, and their
ionization seems to be produced by shocks.

9.2 Dust and molecular gas emission

In the previous section, we have analyzed the properties of the ionized gas of our sample
of massive YSOs. We will focus now on the properties of the dust and molecular gas
emission associated with each centimeter continuum source. All the regions (except one)
have been observed with interferometers at millimeter wavelengths, providing us with
1 mm (or 3 mm) continuum information, i.e., the regime in which the dust typically
dominates the emission. In Table 9.2, we list the flux density at millimeter wavelengths
from interferometric observations. Following Appendix C, we have used the flux density at
millimeter wavelengths to estimate the mass of dust and the column density of Hy for two
different temperatures (listed in the table). The range of temperatures has been chosen
taking into account the temperature estimated from different dense gas tracers (mainly
NH3 and CchN)

The last four columns in Table 9.2 refer to the molecular gas emission. We indicate
if the centimeter source is associated with: dense gas typically traced by ammonia (in
column 6, we describe the morphology of this dense gas); other denser gas tracers, such as
CH3CN, likely tracing a hot molecular core; and high-velocity molecular emission, usually
traced by CO, indicating the presence of a molecular outflow.

It is interesting to note that the sources can be grouped in two different categories, as
found in the previous section. Sources with strong millimeter emission are associated with
dense gas cores, drive molecular outflows, and in most of the cases they are associated with
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9. Towards an evolutionary sequence

Table 9.2: Millimeter continuum and molecular gas data®

Dust emission® Molecular gas
Sz/ Mdust NH2 Tdust morphology

# (mJy) (M) (em™2) (K) dense gas NH3z CH3CN CO
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 71+ 14 7-3 1.9-0.9x10**  16-30 core Y - Y
2 <4 pillar - - -
3 173 £ 70 24-10  5.6-2.4x10%%  20-40 core - - Y
4 126+ 10° 30029  3.3-0.3x10%  20-200 core Y Y Y
5 215 + 22 12-1 3.0-0.3x10%*  25-220 displaced Y Y Y
6 displaced Y

7 core Y

8 181 + 20 10-1 7.3-0.7x10%*  22-200 core Y Y Y
9 300 £100  41-10  7.1-1.7x10*  40-150 core Y Y Y
10 < 16 e . . displaced - - -
11 < 17 displaced - - -
12 2.4 +1.0° 9-4 1.2-0.6x10%*  17-34 displaced - - -
13 2.4 +1.0¢ 9-4 1.2-0.6x10%*  17-34 pillar - - -
14 <8 cavity - - -
15 25 £+ 11° 11-5 6.1-2.9x10%%  25-50 cavity -

16 620 + 150 82 6.2-1.0x10%*  20-100 core Y Y Y

@ Information for the columns: (1) identification number; (2) flux density (in mJy) generally at
1.3 mm; (3) dust mass (in M) estimated for two distinct temperatures; (4) column density of
Ha (in cm~2) estimated for two distinct temperatures; (5) two different temperatures (in K) used
to derived the mass of dust, the values correspond to the temperature measured with different
molecular dense gas tracers; (6) morphology of the dense gas emission (mainly ammonia); (7)
detection of NH3 with radio interferometers; (8) detection of CH3CN as a hot molecular core
tracer; (9) detection of CO as a molecular outflow tracer. For the last three columns: 'Y’ indicates
detection, ‘-' indicates non detection, and an empty space means it has not been observed.

The dust mass and molecular column density have been calculated following Appendix C, as-
suming a dust mass opacity of 0.09 cm? g~! at 230 GHz (Ossenkopf and Henning 1994), and a
dust emissivity index of 2.

¢ Flux density in mJy, at 3.2 mm.

hot molecular core signatures. Differently, sources that are not associated with outflow
emission, show no (or faint) millimeter continuum emission, and are located displaced
from the main dense gas condensations, which appear forming a cavity (or pillar structure)
around (or close to) the centimeter continuum source.
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9. Towards an evolutionary sequence

Table 9.3: Flux densities at different wavelengths for the centimeter continuum sources (I)*

A v Flux density at different wavelengths (Jy)

(mm) (GHz) #1 #2 #3 #4 #5 #6 #T7 #8
Lol (L) 300 1000 4000 2300 3600 ? 7700 10200
Thor (K) 85 > 90 123 57 62 ? 66 59

2.00(+2)  1.49(+0) <2.50(=3)  <2.50(=3)

6.00(+t1)  4.86(+0)  <1.20(~D 1.72(=3)  250(=% 1,003 2.50(=3) 2.10(-4)

3.60(t1)  g.46(+0) 1.70(=4 1.62(=3)  3.70(=%  1.51(=3) 6.30(—4) 2.80(—3) 1.90(—%) 1.50(—%)
2,000+ 1.49(+D) 1.40(=3) 1403 <6.000-% 3.90(—%
1300t 224+ 2o 70(=4) 1.70(-3)  5.10(=%  6.00(—3) 1.90(=3) 1.90(—3) 3.50(—%) 5.60(—4)
7.000+0) 443+ <6.90(—D 1.40(=3)  1.35(-3) 1.90(—3) 8.10(—% 3.10(-3)
3.40(+9)  g.go(+1) 1.25(=1) 2.80(=2)
3.20(+0) 950+ 51073 <1.00(—%) 1.26(—1) 2.00(—2) 2.20(=2)
2.70(+0)  1.14(+2)

2.00(+0)  1.49(+2) 5.60(—1)
1.30(+0)  2.30(+2) 7.100-2) <4003 173D 2.60(+0) 1.74(+0)
1.20(+0)  2.49(+2) 3.90(—1) 2.15(=1) 1.81(-1)
8.75(—1)  3.42(+2) 5.29(—1)

8.50(-1)  3.54(+2) 2.10(+1) 3.52(+1) 1.59(+1) 1.90(+1)
4501 6.66(+2) 1.53(+2) 1.62(+2)
1.000-1)  2.99(+3) 4.13(+H) 1.66(+2)  2.31(+2) 6.55(1+3) 9.23(+2) 1.95(+3)
7.00(72)  4.28(+3) 3.53(+2) 3.85(12) 3.70(+2) 8.44(+2)
6.00(—2)  4.99(+3) 2.21(+1) 8.85(+1)  1.88(+2) 3.61(+2) 6.10(1+2) 1.38(+3)
2.50(=2)  1.20(+4) 3.35(+0) 134+ 449D 3.73(+1) 6.67(+1) 1.09(+2)
2.40(=2)  1.25(+4) 4.90(+0) 2.57(+1) 2.27(+1) 3.10(+1)
2.13(=2)  1.41(+4) 2.34(+0) 6.69(+0)  2.50(+1) 2.82(+1) 2.91(+1) 4.43(+1)
2.08(=2)  1.49(+%) 2.15(+1) 3.00(—1)
1.46(=2)  2.05(+4) 2.61(—1) 1.05(+0)  1.17(+D) 1.13(+0) 4.94(+0) 3.98(1+0)
1.21(-2) 247+ 4.95(=1) 1.98(+0)  g.21(+0) <1.72(+0) 2.29(+0) 1.10(+0)
1.20(-2) 249+ 5.80(—1) 2.32(+0) g .82(+0) 2.81(+0) 2.27(+0) 2.53(+0)
1.17(=2)  2.49(+4) 5.80(—1) 2.32(+0)  4.82(+0) 2.81(+0) 1.16(+0)

1.100-2)  2.50(+9) 5.80(—1) 2.32(+0) g .82(+0) 2.81(+0) 9.30(—1)

8.28(=2)  3.62(+4) 4.05(=1) 1.62(10)  3.41(+0) 5.53(—1) 9.82(—1) 9.65(—1)
8.00(=3)  3.75(+%) 2.60(=2) 3.71(=1) 1.68(+0) 1.27(+0)
5.80(=3)  5.17(+4) 2.00(=2) 2.86(—1) 8.92(=1)

4.50(73)  6.66(11 3.20(—2) 1101 1.20(~2) 7.90(=2) 3.86(—1)

3.60(=3)  g.33(+4) 1.90(=2) 1.15(-1) 6.00(—3) 2.50(=2) 7.00(=2)

2.17(=3)  1.38(+5) 3.20(=3) 9.28(=3)  3.28(=2) 3.03(73)  <1.70(—2)
1.65(=3)  1.82(+5) 1.86(—3) 4.99(=3) 4043 <3.40-1  <2.17(-2)
1.25(=3)  2.40(+5) 3.30(—4) 1.69(=3)  g.41(=1) <9.60(7%)  <2.38(-2)

2 In this Table we list the flux densities at different wavelengths/frequencies for the 16 centimeter
continuum sources. The two first columns correspond to the wavelengths (in mm) and the
frequency (in GHz). The number must be read as follows: 2.00(t2) corresponds to 2.00 x 1012
(i.e., 200 mm, or 20 cm); or for the frequency: 1.49(+0) corresponds to 1.49 x 109 GHz. For each
wavelength, we provide the flux density, or an upper limit, (in Jy) if the source has been observed.
The source is identified by its identification number (see Table 9.1) at the header of each column.
Finally, we also provide the bolometric luminosity (in Lg) and bolometric temperature (in K) for
each centimeter continuum source (see text for details in the calculation). This Table continues

in Table 9.4.

9.3 Spectral energy distribution: bolometric luminosity

In previous sections, we have briefly introduced the problems in determining the bolomet-

ric luminosity of massive YSOs, which are usually found in crowded clusters containing

other (generally less massive) YSOs. We have compiled information at submillimeter and
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9.3. Spectral energy distribution: bolometric luminosity

Table 9.4: Flux densities at different wavelengths for the centimeter continuum sources (I1)*

A v Flux density at different wavelengths (Jy)

(mm) (GHz) #9 #10 #11 #12 #13 #14 #15 #16
Lol (Lg) 73000 ? 23000 4800 7200 1500 11800 370
Thor (K) 50 ? 70 141 136 101 90 61

2.00(+2)  1.49(+0) 2.87(=3) 1.70(—%
6.00(t1)  4.86(+0)  <1.90(—3) 1.90(=2) 4.50(=3) 1.05(=3) 3.65(—3) 3.90(—%)
3.60(+D)  g.46(+0) 1.40(—3) 3.20(—2) 4.50(=3) 3.00(—4) 4.80(—3) 1.20(—3) 3.56(—3) 6.20(—4)
2,000t 1.49(+1D) 3.10(—3) 3.40(—2) 3.90(—3) 1.00(—3)

1.30(+1)  2.24(+1D) 4.80(=3) 3.20(—2) 3.90(—3) 2.40(=3) 9.10(=%)
7.00(+0)  4.43(+1) 7.90(=3) 2.70(=2) 3.30(~=3) <1.04(=3) 1.16(—3) 2.80(—3)
3.40(+0)  g.go(+1) <8.00(=3) 3.10(-2)
3.20(+0)  9.50(+1) 3.60(—2) 3.40(—2) 9.90(—3) 2.40(—3) 2.40(—3) 2.50(—2)

2.70(+0)  1.14(+2) 7.20(=2)
2.00(+0)  1.49(+2)

1.30(+0)  2.30(+2) 3.0 <1.60(-2)  <1.70-2)  <7.000-1D  <4.20(+0) 2.50(+0) 6.20(—1)
1.20(+0)  2.49(+2)

8.75(—1)  3.42(+2)

8.50(=1)  3.54(+2) 3.02(+1) 3.02(+D)  <1.72(+0) g 72(+0) 2.25(+1) 1.70(+1) 5.20(+0)
450" 6.66(+2) 4.76(+2) 4762 <g8.04(+2) g 04(+2) 2.02(+2) 3.50(+1)
1.000-1)  2.99(+3) 1.40(+3) 2.75(+2) 6.42(+2) 3.42(+2) 7.13(+2) 4.15(+2)
7.00(-2)  4.28(+3) 2.81(+3) 7.03(+2) 4.43(+2) 3.99(+2) 1.93(+2) 5.55(+2)

6.00(=2)  4.99(+3) 4.36(12) 1.09(+2) 1.93(+2) 4.50(+2) 2.28(+2) 5.53(1+2) 1.87(+2)
2.50(=2)  1.20(+%) 5.41(+1) 1.26(+2) 5.01(+1) 1.78(+2) 2.33(+1)
2.40(=2)  1.25(+4) 8.59(+0) 1.43(+1D) 3.34(+1) 2.54(+1) 4.05(+1) 1.82(+1)
2.13(-2)  1.41(+9) 1.53(+1) 3.06(+1) 3.30(+1) 6.60(+1) 4.54(+1) 8.50(+1)

2.08(2)  1.49(+4)

1.46(=2)  2.05(+1 3.29(+1) 6.58(+1) 1.55(+1) 7.74(+0) 1.19(+1) 2.03(+1)

1.21(-2)  947(+4) 2.57(+0) 5.14(+0) 1.55(+1) 8.46(+0) 8.56(+0) 1.11(+D)

120072 2.49(+9) 1.69(+1) 8.46(10) 7.27(+0) 1.44FD) <2.50(-1)
1.17(=2) 249+

1102 2.50(+9

8.28(—2)  3.62(+1) 1.15(+0) 2.31(+0) 1.13(+1D 5.65(10) 5.12(1+0) 4.29(+0)

8.00(—=3)  3.75(+1) 1.15(-1) 5.71(—1D 2.64(+0) 3.13(+0) 2.62(+0) 2.62(+0) 1.65(—1)
5.80(—3)  5.17(+4) 9.60(—2) 3.56(—1) 2.53(+1) 1.60(+1) 1.07(+0) 1.07(+0) 9.22(=2)
14503 g.66(+%) 5.10(—2) 9.30(~2) 6.65(—1) 2.19(+0) 2.08(~1 2.08(—1 3.70(=2)
3.60(=3)  g.33(+%) 4.00(—3) 2.90(—2) 5.61(—1) 6.08(10) 2.08(—1) 2.08(—1) 3.98(—3)
2.17(=3)  1.38(+5) 3.14(-1) 4.02(-1 5.90(—2) 120072 <4179
1.65(=3)  1.82(+5) 5.18(-2) 1.72(=1) 3.84(=2)  <2.99(=3)  <3.91(-D
1.25(=3)  2.40(+5) 6.18(—3) 4.38(=2) 17902 <1.79(=%)  <6.20(=5)

& Continuation of Table 9.3.

infrared wavelengths for our 16 radiocontinuum sources. By inspecting the images at each

wavelength we have calculated the emission at each wavelength coming from our specific

source. In Tables 9.3 and 9.4, we show the flux densities obtained at each wavelength

for each source (catalogued with the identification number of Table 9.1). We note that

in some cases the uncertainty in the flux density is large (up to 40% or 50%), but gener-
ally it is close to 10% or 20%. With these flux densities, we have derived the bolometric
luminosities and bolometric temperatures for each source.

The bolometric luminosity, Ly, is calculated by integrating over the full observed

spectral energy distribution,

Lo = 41 d? / S, dv,
0

(9.1)

with the flux densities at each frequency obtained from Tables 9.3 and 9.4. It is important
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9. Towards an evolutionary sequence

to note that for two sources (G75-UCH 11 and 119035-VLAL1), we were not able to estimate
the bolometric luminosity, since there is no clear infrared emission associated with these
two sources (see Chapters 5 and 6 for details on the interpretation of these sources, and
their emission at infrared wavelengths).

The bolometric temperature, 1,1, is defined as the temperature of a blackbody with
the same flux-weighted mean frequency as the source (Myers and Ladd 1993; Dunham
et al. 2008). A practical expression to calculate T, is

o0

Tooy = 1.25 x 10-1140_ VS 4V (9.2)

fo S, dv
The bolometric temperature has been used as a standard evolutionary indicator (e.g.,
Chen et al. 1995; Dunham et al. 2008). For low-mass YSOs, bolometric temperatures
< 70 K are associated with Class 0 objects (young); while temperatures > 70 K are
measured for Class I objects (more evolved). Although T}, is not usually used for the
high-mass star formation case, it is a measure of the importance of the (sub)millimeter
flux relative to the infrared flux, thus we will adopt T}, in this work as an indicator of
how much the potostar is embedded in cold dust and gas. These two parameters, Ly and
Thol, are listed in Tables 9.3 and 9.4, for each of the centimeter continuum sources of our
sample (except for the particular cases G75-UCH 11 and 119035-VLA1). In Figure 9.5, we
show the SED for each radio continuum source.

9.4 Towards an evolutionary sequence

9.4.1 ‘Color-color’ diagrams

In Sections 9.1 to 9.3, we have analyzed the ionized gas, dust, molecular gas, and infrared
properties of a sample of 16 faint radiocontinuum sources associated with massive YSOs.
The main parameters obtained for each source have been compiled and listed in Tables 9.5
and 9.6.

Table 9.5 contains basic information regarding the centimeter continuum source, such
as its identification number (column 1), its name (column 2) and the heliocentric distance
(column 3). We also list some general (bolometric) parameters such as Lo (column 4)
and Tyo (column 5). Centimeter and millimeter properties are listed in the following
columns (columns 6-10, and columns 11-13, respectively). We note that, similar to the
radio luminosity at centimeter wavelengths, we have estimated the luminosity at millimeter
wavelengths as S, d?, with S, being the flux density at 1.3 mm and d the distance. Finally,
in the last column (14) we indicate if the source is visible in the optical red band of the
DSS, in the near-infrared, and in the mid-infrared.

In Table 9.6, we list, for the same centimeter continuum sources, the properties in-
ferred from the dense gas (NHs and hot core tracers), outflow and maser emission. For
the ammonia emission (columns 15-19) we indicate information about the morphological
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9.4. Towards an evolutionary sequence

distribution of the dense gas, its positional offset with respect to the centimeter source
(in the case where a dense ammonia clump is found associated with the radio continuum
source, we list an upper limit of 1” for the offset), the linewidth, the column density, and
the rotational temperature derived from the (1,1) and (2,2) inversion transition lines. For
the hot core emission (columns 20-22), we list the temperatures derived from CH3CN
observations in the (6 — 5) transition (obtained in most of the cases from single-dish ob-
servations?), and in the (12 — 11) transition (derived from interferometric observations,
see previous Chapters of this Thesis). For the outflow emission (columns 23-25), we list
the outflow momentum rate (either from the literature or derived in this work; note that
for all the sources we give the value of the outflow momentum rate assuming optically
thin emission), its collimation (measured for all the sources as the ratio of the outflow’s
length to its width), and notes on the molecular species that have been found tracing the
high velocity emission. In the last column (26), we list information about maser (H2O,
OH and CH30H, respectively) emission detected in the region.

In order to study a possible evolution with time for the different parameters listed in
the table, we have plotted the parameters against the bolometric temperature, supposed
to be a reasonable indicator of how much the protostar is embedded (see Section 9.3).
We did not plot the millimeter source size against T}, due to significantly different beam
sizes of the observations, and we neither plotted the hot core temperature against T,
because we could only determine this parameter for very few sources. For the case of the
flux density at millimeter and centimeter wavelengths we have constructed parameters
which are not dependent on the distance (i.e., luminosities) and which are expected, in
general terms, to evolve with time. The analized parameters to evaluate the centimeter
and millimeter emission are:

e centimeter-to-bolometric luminosity ratio, Lcy,/Lpo: this parameter is related
to the intensity of the centimeter continuum emission in comparison to the bolometric
luminosity of the YSO (taking into account the distance of the source). In the high-
mass regime, for example, a luminous object with an already developed H 11 region
is expected to have a Ley, /Lpo larger than a luminous object with no H1I region or
with faint centimeter continuum emission (e.g., tracing a thermal radiojet).

e millimeter-to-centimeter luminosity ratio, Ly, /Lem: this parameter evaluates
the dust content with respect to the ionized gas, in a similar way to the disruption
degree parameter used by Sanchez-Monge et al. (2008). A deeply embedded source
will have a Ly, / Lem larger than a similar source that has already disrupted its natal
cloud.

2T am involved in a project to study the deuteration in a large sample of massive young stellar objects
in different evolutionary stages. The observations of deuterated species, carried out with the IRAM 30 m
telescope, also include data for the CH3CN (6-5) transitions. The PI of the project, F. Fontani, kindly
provided me with the CH3CN data to derive the Tyot using the rotational diagram technique.
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Table 9.5: Parameters of a large sample of sources, observed with interferometers (1)*

cm mm
d Lyl Thol size Lem size Lmm
#  Source (kpc)  (Lo) (K) morphology (AU) o q (mJy kpc?) morphology (AU)  (Jy kpc?)  red/IR
n © 3) (4) (5) (6) (M (8) 9) (10) (11) (12) (13) (14)
1 100117-MM1 1.8 300 85 unresolved <5000  thermal 2 0.55 compact 3900 0.23 N YY
2 100117-UCH 11 1.8 1000 >90 shell-like 6800 —0.03 0 5.3 no dust S <0.013 Y YY
3 104579-VLA1 2.5 4000 123 unresolved <6800 +0.4 2 2.3 compact 9700 1.1 N YY
4 A5142 1.8 2300 57 double 2600 +1.0 3 2.7 comp multipeak 4600 1.9 N NY
5 105358-MM1 1.8 3600 62 compact 3900 +1.1 3 2.0 compact 2900 0.70 N NY
6 119035-VLA1 2.2 ? ? cometary 1000 —0.14 0 14. N NY
7 119035-VLA2 2.2 7700 66 unresolved <700 +0.6 2 0.92 N YY
8 120126 1.7 10200 59 double 450 +1.4 4 0.43 compact 1000 0.52 N NY
9 G75-CORE 3.8 73000 50 double 450 +1.1 3 15. compact 8000 4.5 N NY
10 G75-UCHI1 3.8 ? ? cometary 3800 —0.19 0 500. no dust .. <0.23 N NY
11 G75-EAST 3.8 23000 70 compact 1600 —0.16 0 70. compact 12000 0.30 N NY
12 120293-IRS2 2.0 4800 141 unresolved 800 ? ? >1.2 faint dust 0.10 N YY
13 120293-UCHII 2.0 7200 136 shell-like 7300 ? ? 19. faint dust 0.10 Y YY
14 120343-1IRS3 1.4 1500 101 unresolved 2400 —0.02 0 2.0 no dust . <0.01 Y YY
15 122134-VLA1 2.6 11800 90 cometary 1200 —0.18 0 24. surrounding 19000 <34 N YY
16 122198-VLA2 0.76 370 61 sligth resolv 1700 +0.6 2 0.36 compact envel 1900 0.32 N NY

2ouanbas Aieuonnjons ue spiemo] "6

Information for the columns: (1) identification number; (2) name of the source; (3) distance (in kpc); (4) bolometric luminosity (in L) estimated taking into
account the different contribution of the mid/far-IR sources to each source in the field (see text), typical errors are around 20-30%; (5) bolometric temperature
(in K) estimated in a similar way to the bolometric luminoisity (see text), typical errors are around 20-30%; (6) morphology of the cm source, unresolved reads for
sources with no deconvolved size determination from the task JMFIT in AIPS, while compact reads for sources with a deconvolved size (from JMFITS) with an error
of 100%; (7) diameter size of the cm source (in AU) taking into account radio continuum maps with similar spatial resolution; (8) spectral index of the cm radio
continuum emission; (9) index of the power-law distribution for the electron density, ne o< 79, as explained in Appendix B; (10) radio continuum luminosity (in
mJy kpc?, estimated from the flux density at 3.6 cm and the distance of the source; (11) morphology of the mm source; (12) size of the mm source (in AU); (13)
luminosity at millimeter wavelengths (in Jy kpc?) estimated from the flux density at 1.3 mm and the distance of the source; (14) IR and optical information (Y: yes
and N: no), first subcolumn refers to emission in the red band of the DSS survey, second refers to near-IR emission (between 1.2 and 3 um), and third to mid-IR
emission (between 3 and 50 pm). Continues in Table 9.6.




Table 9.6: Parameters of a large sample of sources, observed with interferometers (I1)*

NH3z dense gas Hot core Molecular outflow
offset Av Nnw, Trot Te—5 Tia—11 size P collimation molecular
# morphology (pe) (km s™1) (cm—2) (K) (K) (K) (AU) (Mg km s—! yr—1) (axis ratio) species Masers
(1) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26)
1 peak <0.009 1.6 0.7 x 1015 17 41 3.5 x 1074 13/10 = 1.3 CcO Y--
2 pillar 0.090 0.7 0.4 x 1015 28 N--
3 no detect 1.2 x 1074 15/4 =4 CcO Y-N
4 peak <0.009 4.7 2.6 x 105 20 60 200 3600 2.4 x 104 14/4 = 3.5 CO, Sio, ... Y-Y
5 ~peak 0.017 1.3 1.0 x 1015 28 38 220 3000 1.0 x 10~ 40/7 =6 CO, Ha, ... Y-Y
6 ~peak 0.020 3.3 1.2 x 101> 25 YYY
7 peak <0.011 4.2 1.8 x 101 29 YYY
8 peak <0.008 2.7 2.6 x 1015 22 150 200 5000 2.4 x 1072 10/2 =5 CO, Sio, ... Y-Y
9 V-shaped  <0.018 4.0 3.8 x 1015 40 65 150 <12000 3.4 %1073 10/(< 6) > 1.7 co Y-N
10 displaced 0.045 3.3 x 1015 42 N-N
11 displaced 0.115 N-N
12 displaced 0.080 e e e Y--
13 pillar 0.050 2.4 1.3 x 101° 38 Y--
14 cavity 0.070 1.0 1.2 x 10 20 Y--
15 cavity 0.060 1.5 0.3 x 1015 30 30 Y--
16 ~peak <0.004 2.0 0.9 x 1015 25 31 100 1700 1.1 x 10~ 10/4 =25 CO, Sio, ... YYN

IS8T

& Continuation from Table 9.5. Information for the columns: (1) identification number as in Table 9.5; (15) morphology of the NH3 emission; (16) offset (in pc)
of the cm source with respect to the NH3 gas emission, for sources directly associated with a peak of ammonia emission we assumed an accuracy uncertainty
of 1”7; (17) linewidth (in km s™!) of the ammonia emission, for sources not directly associated with a clump we list the linewidth of the emission closer to the
cm source; (18) ammonia column density in (cm™2), for sources not associated with a clump we list the column density of the ammonia gas closer to the cm
source; (19) rotational temperature (in K) estimated from the NH3 (1,1) and (2,2) observations with the VLA; (20) rotational temperature (in K) derived from the
CH3CN (6x—5K) transitions, observed with the IRAM 30 m (Sanchez-Monge, priv. comm.); (21) rotational temperature (in K) derived from the CH3CN (12x—-11k)
transitions, observed with the SMA; (22) size (in AU) of the hot core; (23) momentum rate of the outflow (in Mg km s~! yr=1); (24) collimation of the outflow
estimated from the axis ratio; (25) molecular species detected in the outflow; (26) masers (H2O, OH, CH30H) associated with the outflow (Y: yes, N: no, -: not

observed).

2ouanbas Aieuoinnjons ue spiemo] ‘6
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Figure 9.6: Graphics of several parameters versus T},,. From left to right and top to bottom,
we present the Lem /Lol (in 1072 mly kpc?/Le), the Liym/Lem (in mJy kpc?/Jy kpc?), the
cm spectral index, the cm source size, the offset between the NH3 peak and the cm source,
the ammonia linewidth, the rotational temperature derived from ammonia, the abundance of
ammonia with respect to Ho, the collimation of the outflow, and the outflow momentum rate
(in Mg km s~ yr=!). Numbers correspond to the identification number of each centimeter
continuum source. Blue dots correspond to those centimeter sources associated with outflow
emission (plus the 119035-VLA2 source; see text). Red dots correspond to those centimeter
sources not associated with outflow emission. The green dot corresponds to the case of 104579-
VLAL. Dotted lines correspond to different thresholds that divide the sources in groups.
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9.4. Towards an evolutionary sequence

It is worth rembering that each of the parameters plotted in the following figures, has
been obtained from different star formation tracers, at different frequencies, and tracing
different components (e. g., ionized gas, dust, dense gas, outflow, infrared), assessing thus
different aspects of the star formation process. In the following figures there is a number
located at the top of each dot (data), corresponding to the identification number for the
centimeter continuum source (see Table 9.1 or 9.5). Furthermore, we have used different
colors for the dots to make easier the discussion. Blue dots correspond to those centimeter
sources associated with outflow emission, plus the 119035-VLA2 source, which, despite
the lack of interferometric outflow observations, it is highly probable that it is associated
with a molecular outflow (see Chapter 6 for more details). Red dots correspond to those
centimeter sources not associated with outflow emission. Finally, the green dot corresponds
to the particular case of 104579—VLA1 for which we do not have a dataset comparable to
the datasets of the other sources (see Chapter 7).

Figure 9.6 shows the results of the plots of the parameters of Tables 9.5 and 9.6
with respect to Tyo. From the figure, it is remarkable the fact that the sources driving
no outflows (red dots) in general have larger bolometric temperatures, compared to the
sources driving outflows (blue dots), indicating that the outflow-driving sources tend to be
more embedded and fainter in the infrared, thus being probably less evolved. Furthermore,
for certain parameters the sources are joined up into two groups, one associated with
smaller bolometric temperatures and a given value of the parameter, and the other group,
of larger values of bolometric temperature, showing a different value of the parameter.
In particular, the parameters Lcy/Lyol, Lmm/Lem, the NHg offset, and the centimeter
spectral index seem to success fully in separate into two groups the sources of our sample.
The other parameters do not separate so clearly the sample. For example, the average
centimeter source size of the sources driving outflows is < 4000 AU, and the size of UCH 11
regions covers the range 2000-8000 AU. Concerning Tyqt, Av, and the outflow parameters
(P and collimation) it is not obvious their relation with T}, and we will discuss them in
subsequent sections. Finally, since the behavior of the NH3 abundance in massive star-
forming regions involves complex physical and chemical processes (e.g., Busquet 2010),
we refrain from considering this parameter for further discussion in this work.

To summarize, Figure 9.6 shows that there are mainly four parameters (Lem/Lbol,
Liym/Lem, NHs offset, and cm spectral index) which seem to separate the sources with
small Ty from the sources with larger Ti,,. The advantage of these 4 parameters is
that they are easily determined from the observations (considering that Ly is known)
and easily comparable among different samples of sources. This is not the case of T3, for
which one needs be sure to equally sample the SED of the objects that are being compared,
as T},,1 depends on the sampling of the SED (Kauffmann et al. 2008)3. Thus, to investigate
a 4-dimension parameter space we will do 2-dimension projections plotting each one of

3Note that the SEDs of the sources of this work are sampled wuite similarly for most of the sources
(see Section 9.3) and thus Ty is comparable among them.
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Figure 9.7: Graphics of the four main parameters discussed in the text: Lem/Lbol, Lmm/Lem,
NHj offset, and cm spectral index. Symbols as in Figure 9.6. See text for more details and
interpretation of each panel.

these 4 parameters against another parameter, in a similar way to the color-color diagrams
in the infrared or optical. The six 2-D projections of this 4-D parameter space are plotted
in Figure 9.7.

Our sample of sources is well split up into two groups for the six panels of Figure 9.7,
and these two groups correspond to the outflow driving sources and the no-outflow sources.
For example, from panel A (spectral index vs Ley/Lpo)) it is seen that the sources with
larger cm spectral index are also the sources with fainter centimeter luminosity, suggesting
that the fainter ionized gas (relative to Ly,) is typically associated with partially optically
thick emission (cm spectral index larger than 0.3), while the sources with stronger cm
continuum emission (relative to Ly)) typically show optically thin emission. In addition,
the sources with larger cm spectral index show the largest millimeter luminosities (relative
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Figure 9.8: Graphics of Lem /Lol (in 1073 mly kpc?/La), Linm/Lem (in mJy kpc?/Jy kpc?),
cm spectral index, and NH3 offset (in pc), versus the bolometric luminosity (in Lg). Data
(black dots) obtained from Tables 9.5 and 9.6. Numbers correspond to the identification
number of each centimeter continuum source. No clear correlations are found in these graphics,
indicating that the data do not have biases with respect to the bolometric luminosity.

to Lem, see panel B), and are found associated with an NHjz core (see panel C), and the
opposite behavior is found for the sources with no outflows (faint Ly, and large NHg
offset). Thus, the cm spectral index seems to move from optically thick (> 0.3) to optically
thin (—0.1) as the nascent protostar progressively gets rid of its natal cloud. The relation
between the millimeter emission and the NHs emission is eminent in panel D, where the
sources with strong Ly, (relative to Lcy) or with a large amount of dust associated
(blue dots) are also the sources found embedded in an NHs core. Finally, as expected
from the previous trend, panels E and F indicate that the faintest centimeter sources are
found embedded in dust and dense NHs gas. Therefore, sources driving outflows (blue
dots) are in general associated with faint and optically thick centimeter emission which
is embedded in dense gas and dust, while sources with no outflows (red dots) seem to be
rather associated with strong and optically thin centimeter emission and small amounts
of gas and dust. At this point it is important to note that the faint optically thick cm
sources are most likely tracing thermal radiojets and/or hypercompact H 11 regions, while
the strong optically thin centimeter sources seem to be more evolved ultracompact H 11
regions, already in the process of dispersing the natal cloud.

As a final test for the validity of these four parameters, we must ensure that biases are
not affecting our conclusions. The main biases can be produced by the different distances
and bolometric luminosities of our sample. In Figures 9.8 and 9.9, we show the plots of
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Figure 9.9: Graphics of Lem/ Lol (in 1072 mly kpc?/Le), Linm/Lem (in mJy kpc?/Jy kpc?),
cm spectral index, and NHs offset (in pc), versus the distance (in kpc). Data (black dots)
obtained from Tables 9.5 and 9.6. Numbers correspond to the identification number of each
centimeter continuum source. No clear correlations are found in these graphics, indicating that
the data do not have biases with respect to the heliocentric distance of the source.

the four parameters (Lem/Lbol, Lmm/Lem, spectral index, and NHgs offset) with respect
to the bolometric luminosity and to the heliocentric distance. No clear correlations are
found in these graphics, indicating that there are no biases (in distance and Ly,)) in our
list of parameters. Thus, the four selected parameters seem to be well-suited to separate
the most embedded massive protostars.

In the following we will discuss the general properties of outflows, hot core and dense
gas NHjs emission for the sample of massive star-forming regions studied in this work.

9.4.2 Outflow properties

In the previous section we have seen that the sources with faint and optically thick cen-
timeter emission are the sources driving outflows (blue dots in Figure 9.7), and that these
sources are deeply embedded in dust and gas. This would suggest that the sources driving
outflows should have the smallest T},.. In Figure 9.10 we test this relation, finding that
in general outflow-driving sources have small T}, (< 70 K) and sources without outflows
have large Ti,o1 (> 70 K). However, a couple of sources (I100117-MM1 and 104579) are asso-
ciated with outflows and have bolometric temperatures in the range 90-120 K, indicating
that the outflow phase is still active when the infrared emission starts to be important
compared to the (sub)millimeter emission.
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Figure 9.10: Presence/absence of outflow against bolometric temperature. Sources with a
small Ty, are driving molecular outflows, while, generally, sources with a larger T}, are not
found associated with outflows.

Since we have found that several parameters (7}, and the 4 parameters discussed
in Figure 9.7, see Section 9.4.1) seem to be appropriate to separate between the most
embedded sources and sources deprived of gas and dust, we consider here the possibility
that these parameters allow us to search for evolutionary trends in the outflow properties
(only available for the most embedded sources).

For the low-mass star formation case, the outflow momentum rate has been proposed
to decrease as time evolves (e.g., Bontemps et al. 1996; Wu et al. 2004). In Figure 9.11,
we plot the outflow momentum rate vs Tio on one hand, and Lcy /Ly, and the cm
spectral index on the other hand, these last as indicators directly related to the emission
of possible thermal radiojets (which is supposed to be related to the outflow momentum
rate, see Section 9.1 and Figure 9.4). As seen in Figure 9.11 (left-column panels), the two
sources with largest outflow momentum rate (G75-CORE and 120126) are on average the
sources with smallest T, smallest Ley, /Liol, and largest cm spectral index (as expected
for the less evolved sources), possibly indicating that, as in the low-mass case, the outflow
momentum rate could be decreasing with time. However, it is important to note that the
two sources with largest P are exactly the two sources with largest Ly (see Table 9.5),
and in fact a trend of P with Ly has been observed in the high-mass regime in many
cases (e.g., Beuther et al. 2002c; Wu et al. 2005; Takahashi et al. 2008), although using
single-dish telescopes. Clearly, a larger number of regions is required to properly study
these relations with high angular resolution.

Another outflow parameter which has been proposed to evolve with time, both from the
theoretical (e. g., Shang et al. 2006) and the observational (e. g., Jorgensen et al. 2007; Seale
and Looney 2008) point of view, is the collimation of the outflow, supposed to decrease
(angle opening) with time. For the high-mass regime, some authors (e.g., Beuther and
Shepherd 2005; Keto 2007) have proposed a similar trend. In Figure 9.11 (right-column
panels) we present the collimation against Thol, Lem/Lbol, and the cm spectral index.
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Figure 9.11: Graphics of the outflow momentum rate (left-column panels) and collimation
(right-column panels) against the bolometric temperature, Lcy/Lpo, and the cm spectral
index. Vertical dotted line typically separate outflow-driving and no-outflow sources (blue and
red dots in Figures 9.6 and 9.7). Note that we have no plotted red dots, since these sources
are not associated with outflows.

Although we would need a larger number of sources to make a statistical study, the plot
of collimation against Ley /Lo shows a possible trend of larger collimation with fainter
centimeter emission (relative to Lyep), which should be further studied. The outflow
collimation vs T, and the spectral index do not show any clear trend, and we would need
a larger sample to study if sources with less collimated outflows show higher values of T},
and if there is a relation of the cm spectral index with the collimation of the outflow.
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Figure 9.12: Presence/absence of hot molecular core versus Thol, Lm/Lem, Lem/Lbol, and cm
spectral index. Symbols as in Figure 9.6. See Section 9.4.3 for more details and interpretation
of each panel.

9.4.3 Hot molecular core properties

We study in this section the presence/absence of hot core in our source sample related to
other parameters discussed in previous sections (see Section 9.4.1). As seen in Figure 9.12,
all the sources with hot cores have small T, (< 70 K), have strong Ly /Lem (thus are
embedded in dust), and show faint and (partially) optically thick centimeter emission.
Interestingly, all these sources with hot core emission are driving outflows, indicating
that both phenomena (outflow and hot core) seem to be co-eval. However, there are two
sources (I00117-MM1 and 104579) associated with molecular outflows and with no hot
core emission. It is worth noting that these two sources are the same two that show
bolometric temperatures > 90 K and still outflow emission. Consequently, our data seem
to suggest that the hot core phase could be short-lived and may vanish before the outflow

phase.

9.4.4 Ammonia properties

Finally, we will search for evolutionary trends in the dense gas phyiscal parameters derived
from the ammonia emission, in particular the rotational temperature derived from the (1,1)
and (2,2) ammonia inversion lines and the linewidth.

We study now how the ammonia linewidth can be affected by the presence of a newly-
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Figure 9.13: Graphics of the ammonia rotational temperature (left-column panels) against Ly,
and Ty,o1; and linewidth (right-column panels) against Lyo1, Tho and NHs offset. Symbols as
in Figure 9.6. See Section 9.4.4 for more details.

born massive protostar (see Figure 9.13 right-column panels). In this case (top-right
panel) there is no a clear trend between the linewidth and the luminosity of the young
stellar object. However, it is worth noting (middle-right panel) that on average sources
with larger Ty, are associated with less perturbed dense gas (with typical linewidths of
1.7 km sfl), while sources with smaller T}, and driving outflows are associated with dense
gas showing larger linewidths (up to ~4 km s~!). In addition (see bottom-right panel),
the dense gas surrounding UCH I regions has larger linewidths if it is found closer to
the massive protostar, and linwidth decreases as the gas is found spatially farther away
from the massive YSO. Thus, it seems that the dense gas is more perturbed when it is
closely associated with the massive protostar (typically driving outflows) and when it is
less evolved. Among possible mechanisms of line broadening for the sources of our sample,
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mainly infall and outflow, we suggest that outflows can play an important role as seen in
previous chapters that the NH3 seems to be perturbed by the passage of the outflow.

Regarding Tiot, in Figure 9.13 (top-left panel) we find that sources with large luminosi-
ties (e. g., G7T5-CORE) show higher rotational temperatures (~40 K), while less-luminous
objects (e.g., 100117-MM1 and 122198) are embedded in colder dense gas (Tror ~ 22 K).
In fact, all the data seem to suggest a trend in which the temperature derived from the
ammonia gas is directly related to the luminosity of the young stellar object. In order
to avoid the effects of the luminosity and search for evolutionary trends, we decided to
consider only those sources with similar bolometric luminosities (in the range between 103
and 10* L). In middle-left panel, we do not find any clear trend of T} evolving with Tjq1,
indicating that T}t seems to be mainly determined by the luminosity of the object rather
by an evolutionary effect. The main heating mechanisms of dense gas for sources of our
sample seem to be radiative heating from a nearby massive YSO (e.g., 100117-UCH 11,
120293-UCH 11, 122134) or from embedded internal objects (e.g., 100117-MM1, 105358,
G75-CORE), or heating through shocks of molecular outflows (e.g., 122198, G75-CORE,
AFGL5142, 120126).

9.4.5 Final discussion: evolutionary stages

In this last Chapter of the thesis, we have analyzed different massive star formation tracers,
with the aim of searching for signposts of different evolutionary stages in the process of
formation of a massive star. The sources of our sample can be mainly divided into two
well-differentiated groups: on one hand, sources with faint and (partially) optically thick
centimeter emission are found embedded in dense gas and dust, driving outflows and in
most of the cases associated with hot molecular cores; while on the other hand, sources
with strong and optically thin centimeter emission, do not have dense gas or dust directly
associated, but dispersed surrounding them, and are not found associated with outflows or
hot cores, suggesting they are more evolved. This suggests the following question: which
is the main ionizing mechanism dominating in each of these two groups of sources?

In Section 9.1, we have shown a plot of the centimeter luminosity (Ley, or S,d?) against
the bolometric luminosity (Lye1) which can be a useful tool to answer this question. In Fig-
ure 9.14, we show this kind of plot (similar to that shown in Figure 9.3) where three main
distinct regimes can be identified: low-mas thermal radiojets, massive thermal radiojets,
and photoionized H1I regions (Anglada 1996, Anglada et al. in prep., Thompson 1984).
For the low-mass star formation case (with luminosities < 100 L) it seems acceptable to
assume that the (thermal) radiocontinuum emission we detect toward protostars is due to
the presence of thermal radiojets. However, for the high-mass case, the picture becomes a
bit more complex. On one hand, for the most luminous objects (> 10° L) the centimeter
luminosity expected for a thermal radiojet is more than 2 orders of magnitude fainter
than the luminosity expected for the Lyman continuum. Thus, the measurement of the
centimeter emission for such a luminous object should allow us to distinguish which is the
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Figure 9.14: Observed radio continuum luminosity, S,d?, as a function of the bolometric
luminosity, Ly, as in Figure 9.3. We indicate the regions in which it is expected to find low-
mass thermal radiojets, massive (intermediate/high-mass) thermal radiojets, and photoionized
H 11 regions. The hypercompact H1I regions can be probably found in the region in between
the massive thermal radiojets and more evolved H 11 regions.

mechanism that produces the ionization. However, in the very first stages of massive star
formation the developement of an HII region could be slowed down due to a high mass
accretion rate, resulting in a trapped or quenched H 11 region (Keto 2007; Walmsley 1995)
with a faint centimeter luminosity (similar to that expected for a thermal radiojet). Thus,
for a luminous object with faint centimeter emission we cannot easily disentagle which
mechanism produces the ionization. The new and upgraded instruments (such as EVLA
and ALMA), providing a sensitivity more than one order of magnitude better than the
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current instrumentation, would allow us to study the emission and morphology of these
objects helping to understand the ionizing mechanism.

On the other hand, for objects with luminosities from 10% to 10* L), the expected
centimeter emission from thermal radiojets is overlapping with the centimeter luminosity
expected for the Lyman continuum, and thus the centimeter emission alone is not enough
to elucidate the ionization mechanism nor the evolutionary stage. Consequently, for re-
gions in this luminosity range, information from other star formation tracers (outflow,
dense gas, hot core, dust, SED) is essential to have a first approximation on the nature of
these sources.

As shown in Sections 9.4.1 to 9.4.4, information on the dust, dense gas, outflow, hot
core and infrared has allowed us to distinguish groups of sources with different proper-
ties suggesting their evolutionary stage. In particular we used the ‘color-color’ diagrams
presented in Figure 9.7, and information about the presence/absence of hot cores and
outflows. All the plots that can be done with the main parameters from Tables 9.5 and
9.6, are statistically summarized in the table shown in Figure 9.15. The table is divided by
a line of grey cells: the numbers shown in the bottom-left cells refer to the total number
of sources (of our sample) that fullfill the criteria of each pair of parameters, while in the
top-right cells of the table we list the percentage of sources. By using this table, one can
easily identify how many sources have, for example, a bolometric temperature < 70 K and
a Lem /Lol smaller than 1.25 x 1072 mJy kpc? /L, (in this example: 6 sources, or a 43% of
the total of sources). In the cells with the percentage values (top-right cells with respect to
the line of grey cells), we have bolded those percentages that are significant (over a 33%)
just to find easier the correlations discussed in previous sections. The bimodality in each
pair of parameters turns evident, with typical correlation factors of ~80-90%. We have
marked in blue the cells that refer to the ‘color-color’ diagrams of Figure 9.7, in red the
cells that compare the main 4 parameters (‘color-color’ diagrams) with 73,01, and in green
the cells that provide information about the presence/absence of hot core and outflow.
In summary, by analyzing different star formation tracers one can make a first estimate,
using the table, of the evolutionary stage of a particular massive protostar.

After this analysis, and focusing first on the ionized gas (Figure 9.14), we propose a
scenario where the forming massive protostar, which is deeply embedded in an infalling
envelope and driving outflows, first ionizes the surrounding medium through shocks. This
object would be located in the ‘massive thermal radiojet’ box (yellow box) of Figure 9.14.
As the forming massive protostar grows in mass, it eventually will start to radiate UV
photons and ionize the medium creating an hypercompact H11 region. This region, at
the begining, could be trapped or quenched, but when infall has decreased enough it will
develope to a classical H11 region. This final object would appear in the ‘photoionized
H 11 region’ box in the plot (blue box in Figure 9.14). Therefore, we would expect to find
some sources in the intermediate region of the plot (between the yellow and blue boxes)
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Figure 9.15: In this Table we summary the stathistics obtained in this observational work. We
show some of the main parameters estimated for each centimeter continuum source, presented
in Tables 9.5 and 9.6, and discussed in Chapter 9. Definitions for each parameters are provided
in Section 9.4. Units for each parameters: Tyo in K; Lem /Lo in 1073 mly kpc2/L@; ais
the spectral index at centimeter wavelengths; Ly /Lem in Jy kpc?/mJy kpc?; NHj offset in
pc; hot core refers to yes or no hot molecular core signatures; outflow refers to yes or not
molecular outflow emission; red/IR refers to source associated only with MIR (MIR), with
MIR+NIR (NIR), with MIR+NIR and red emission from the DSS (red). In the bottom-left
cells of the Table we show the number of centimeter sources, while in the top-right cells we
show the percentage of sources. For example, by combining the T}, and Ley, /Lol parameters
we have found that 6 sources (43%) have a low Ti,,) and faint Ly, /Lyol; 2 sources (14%) have
a high Ti,o and faint Ley/Lyor; and 6 sources (43%) have a high Ti,o1 and strong Lem /Lol
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Figure 9.16: Sketch for the evolutionary stages proposed in this work.
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tracing possible evolutionary tracks from the massive thermal radiojets zone up to the
photoionized H 11 regions zone.

This sequence, based on the ionized gas content, can be fitted within a more general
context taking into account the different star formation tracers analyzed in this work.
In Figure 9.16, we show a sketch of the main evolutionary stages that can be infered
from the results of this work. The first stage (top panel in the figure) would consist of
a contracting and rotating massive dense core, with still no (or very faint) ionized gas
emission, and thus not considered in this work. In the second stage, during the first
phases in which ionized gas is detectable (second panel in the figure), the newly-formed
massive protostar appears deeply embedded in dust and dense gas. The faint ionized gas
likely tracing thermal radiojets or hypercompact H 11 regions has partially optically thick
emission and a very small size. The forming star drives a molecular outflow that interacts
(heating and perturbing) the dense gas as traced by ammonia, and is associated with hot
molecular cores. Regarding the infrared properties, the protostar is generally not detected
at near infrared wavelengths resulting in small bolometric temperatures. The third stage
(corresponding to the third panel of the figure) would be mainly differentiated from the
previous stage due to the abscence of a hot core associated with the protostar. The source
is still associated with faint centimeter continuum emission (from a radiojet or a HCH 11
region); appears embedded in (less) dust and dense gas; drives a molecular outflow (which
is expected to be less energetic); and becomes visible in the near-infrared, resulting in
larger bolometric temperatures. Finally, the last stage starts when the ionization of the
massive (proto)star is dominated by the UV photons, and an ultracompact or compact
H11 region has developed (thus the main contribution to the centimeter emission comes
from photoionization rather than ionization through shocks). The outflow activity (and
accretion) has been halted, and the dust and dense gas do not appear associated with the
UCH 11 region but surrounding it in cavities or pillar structures. The protostar is visible
in the near-infrared (and in some cases in the optical), resulting in larger bolometric
temperatures.

9.5 Future prospects: open questions

In this section, we suggest a few points and questions to take into account for further
work aimed at better establishing the properties of different evolutionary stages in the
formation of massive stars.

e Improve statistics. Several surveys of star formation tracers toward massive pro-
tostars have been carried out in the last decades, most of them using single-dish
telescopes or low angular resolutions. However, the complexity of the massive star-
forming regions require high-angular resolution interferometric observations to un-
derstand the scenario in which massive stars form. A large sample (hundreds of
sources?) studied in great detail is necessary to confirm and extend the results
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presented in this thesis. We note that not only a large number of sources is impor-
tant, but also a careful comparison of observations and results from the different
regions, ensuring the use of the same techinques and methods in the analysis of the
properties.

From radiojets to UCH 11 regions. Different questions arise when considere-
ing the ionized gas content in massive star-forming sites. One of the main ‘open’
questions is based on the existence of UCHII regions driving molecular outflows.
Although first (low angular resolution) observations suggested the association of
UCH 11 regions with massive molecular outflows, the improvement in angular reso-
lution thanks to the interferometers revelead that in several cases the outflows are
not driven by the UCH 11 region but by YSOs located close to it. The results of our
work also point in this direction (no UCH1I regions driving outflows are found). If
this scenario is confirmed, it would suggest that the transition between the phase in
which the molecular outflow is active (with faint ionized gas likely coming from ther-
mal radiojets or HCH 11 regions) and the phase in which an UCH 11 region dominates
the radio continuum emission must be fast. More accurate observations, and mod-
els, are necessary to study and understand this transition between thermal radiojets
or HCH 11 regions and the UCH 11 regions: when does the photoionization start to
dominate over the ionization through shocks? Can radiojets be photoionized before
the developement of an H 11 region? Does the photoionization affect the properties of
molecular outflows? Higher sensitivity and angular resolution observations provided
by EVLA and ALMA will contribute for sure to answer these questions.

Hot molecular core phase. Almost one half of the sources studied in this work
(the presumably younger ones) have revealed hot molecular core signatures (large
temperatures and a rich chemistry). Although the number of hot core detections
has increased in the last years thanks to the advent of new instruments, several
questions remain still open regarding this kind of objects: do all protostars (both
low and high-mass) undergo the hot molecular core phase? When does it start and
how long does it take? What is the mechanism that produces this emission (shocks
or internal heating)? Are there (important) differences between the hot corinos and
the massive hot cores? Observational surveys of reliable hot core tracers toward
large samples of sources will help to answer these questions.
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First steps in VLA continuum data reduction with

ATPS

The NRAO Astronomical Image Processing System (AZPS) is a software package for interac-
tive calibration and editing of radio interferometric data and for calibration, construction, dis-
play and analysis of astronomical images made using Fourier synthesis methods. A more com-
plet and detailed description of this software and a cookbook manual can be found in the web
http://www.aips.nrao.edu/.

Here we present some basic steps to be done during the calibration and edition of VLA radio
continuum interferometric data. It is important to note that the present manual is not an
exhaustive guide of the AZPS sofware. With the aim of making an easy manual which could be
followed with no major problems, only the tasks and inputs more relevant during the reduction of
interferometric data are indicated. Full explanations of these and other tasks and inputs can be
found in the AZPS CookBook or in the EXPLAIN task available for each task in the AZPS software.

The first and main step is to get a uv—data file with VLA observations. Archive VLA data
files can be downloaded from the web https://archive.nrao.edu/archive/advquery.jsp. Once we have
the uv—data file, the next step is to load it in AZPS. To do this, it is necessary to assign in the
linux terminal a variable name to the path of the directory where the VLA data file is saved. For
example, if our observation data file is located in /home/username/aips_data, we should export a
variable (for example, the variable Z):

> export Z=’/home/username/aips_data/’

Hereafter, we will consider that our astronomical data is contained in two files named AS896_1,
and AS896_2. The science targets are named sourcel and source2. The interferometer phase is
calibrated by observations of the calibrators call and cal2. The flux density scale is calibrated by
observing the flux calibrator flzcal. Finally, we can enter to the AZPS system by tipping:

> aips tv=local:0
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A. First steps in VLA continuum data reduction with AZPS

A.1 Loading and inspecting the data

To load typical uv—data files from VLA observations it is common to use the FILLM task, although
other similar tasks, as FITLD, which allow to load FITS files, are also good options. Some inputs
in FILLM may change if our observations correspond to high frequency, typically 0.7 and 1.3 cm
in the VLA, or centimeter frequencies, from 3.6 cm to 21 cm. Additionally, with the new EVLA
antennas some differences must take into account when loading and calibrating the data.

FILLM Using the FILLM task we load a uv—data file into AZPS. Multiple VLA archive files
may be loaded at the same time.

> TASK ’FILLM’; INP to review the inputs

> DATAIN ’Z:AS896. to load a set of files AS896_1,... AS896_n. Let the in-
verted commas opened to read lower-case

> DOUVCOMP -1 if we want the data to be compressed, put 1

> DOALL 1 to include all data

> NCOUNT 7 n is the number of files to be loaded

> DOWEIGHT 10 to apply weights

> CPARM 0 default

> BPARM 0 default

> GO FILLM to run the program

For high frequency observations you must use:

> CPARM(8) 0.05 to use a short time in the CL—table entries; in minutes
> BPARM 20, 1 to apply opacity and gain curve corrections

If you have some EVLA antennas in the array during the observations:

> CPARM(2) 2 to use back-end Ty
> CPARM(8) 0.05 only if you have high frequency observations
> BPARM 0O default; tipping curves for opacity determination are not

implemented yet on the EVLA antennas

More information about the treatment of EVLA antennas in observations and calibration
can be found in the web http://www.vla.nrao.edu/astro/guides/evlareturn/

A file with an associated catalog slot number will be created in AZPS for each band observed (L,
X, K, ...) in the observational project. This catalog slot number differentiates each file from the
others. To list all the files we can use:

> PCAT to list all files catalogued (uv—data and image files)
> UCAT to list only wv—data files
> MCAT to list only image files

In order to obtain more information of each file loaded in AZPS, and to look for the tables
associated to each file, we can use the IMHEADER command.
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> GETN % to select the file, 7 is the catalog slot number
> IMHEADER to list header information

In case we need to delete a file in AZPS, we have to do:

> GETN % to select the file, i is the catalog slot number
> ZAP to delete the file... definitely!

Finally, you can reinitialize all the input parameters with RESTORE command.

> RESTORE 0 to initialize all the input parameters

VLANT Determines the antenna position corrections applied by the VLA operations staff after
your observation. It copies a CL table and applies the correction to the antenna phases.

> TASK ’VLANT’; INP to review the inputs

> GETN 1 to specify the input file

> GAINVER O to select the last CL table version
> GO VLANT to run the program

A.2 Tools for data examination

Once we have loaded all our files, it is important to print the array configuration. The task PRTAN
prints the antenna (AN) table, and allows us to know the antenna position, baseline parameters in
meters, and which antennas were out of operation. This information will be useful when selecting
a reference antenna, which should be located in the central part of the array, and must have not
too many problems (it can be explored using UVPLT and LISTR tasks, see below).

> TASK ’PRTAN’; INP to review the inputs

> GETN 1 to specify the input file

> DOCRT 132 use -1 to print in a printer or in an output file
> GO PRTAN to run the program

Now we have to explore carefully the data received for each antenna, during each scan, for each
frequency (IF), for each polarization (identified with the Stokes parameters), and for each source.
To do this, there are different tasks, being LISTR and UVPLT the most common ones.

LISTR  First of all, it is useful to print, for each observed band, all the source names and
coordinates and the integration times of each scan.

> TASK °LISTR’; INP to review the inputs

> GETN 1 to specify the input file

> OPTYPE °’SCAN’ to list all the observed scans

> DOCRT 132 use -1 to print in a printer or in an output file
> GO LISTR to run the program
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With LISTR we can print information of a uv—data file in a variety of forms. By using OPTYPE
‘MATX’, it prints out the amplitude or phase data, and their rms values, once per scan in a

matrix format.

vV V V V

V V V V VvV V

TASK ’LISTR’; INP

GETN <
OPTYPE °’MATX’
SOURCE ’source’

CALCODE ’ ?
ANTEN O

TIMER O

STOKES ’stokes’
BIF 1

DPARM dp; dpy O

> DOCRT 132
> GO LISTR

> BIF 2
> WAIT; GO LISTR

to review the inputs

to specify the input file

to select matrix listing format
to select the source,
only one source, we must specify the name, for example:

"sourcel’ or 'call’ or ’flzcal’
to select all kind of sources, default

to list data for all antennas

to select an interval of time; 0 means all the observation
to select the polarization, different options are 'RR’, 'LL’
to list the first IF

it allows to print different information, for example:

3 1 0 to print amplitude and rms, scalar scan averaging

4 1 0 to print phase and rms, scalar scan averaging
use -1 to print in a printer or in an output file

to run the program

b

means all sources. To select

to list the second IF, each IF must be listed separately
to wait for the previous execution and rerun the program

To locate the bad data more precisely you might rerun LISTR with the following new inputs:

> OPTYPE °’LIST’
> SOURCE ’source’

V V V V V V V

ANTEN a, O

TIMER O

STOKES ’stokes’
BIF O

EIF O

DPARM O

DOCRT 132

GO LISTR

to select column listing format

to select the source; '’

means all sources. To select
only one source, we must specify the name, for example:

"sourcel’ or 'call’ or ’flzcal’
to select the antenna a, where a is the number of the

antenna. It is possible to select more than one antenna

at the same time
to select an interval of time; O means all the observation

to select the polarization, different options are ‘RR’, ‘LL’
to list the IFs, beginning with the first IF

to list the IFs, ending with the last IF

to select amplitudes with no averaging

to print the information in the shell command

to run the program

These inputs produce a column listing, in your terminal, of the amplitude for the antenna
A for all baselines. It is possible to select only some baselines with the input BASEL, which

works similarly to the ANTEN input.

Another tool for examinating the data is by plotting it in the TV display. UVPLT is the most basic
task that allows us to plot the uv—data in a great variety of forms.

224



UVPLT This task complements the information provided by LISTR. Usually, UVPLT allows us
to detect easily bad data by plotting it in the TV display.

> TASK °UVPLT’; INP
> GETN ¢
> SOURCE ’source’

vV V V VvV V

vV V V V

BIF 0

EIF 0

ANTEN a, O

BASEL b, 0
TIMER d h m s d’

UVRANG min mazx

BPARM bp; bpy 0

DO3COL 1
DOTV 1
DOWEIGHT 1
GO UVPLT

h’ m’ s’

to review the inputs

to specify the input file

to select the source; ’ ' means all sources. To select
only one source, we must specify the name, for example:

"sourcel’ or 'call’ or ’flrcal’
to plot the IFs, beginning with the first IF

to plot the IFs, ending with the last IF

to print the antenna a; ANTEN O mean all antennas

to print the baseline b; BASEL 0 mean all baselines

to specify the beginning day, hour, minute, and second;
and ending day, hour, minute, and second. 0 means all

the timerange
to specify the minimum and maximum range of pro-

jected baselines; 0 means all the range
it allows to print different information, for example:

11 1 0, to print amplitude versus time
11 2 0, to print phases versus time

0, to print amplitude versus uv—distance
6 7 2 0, to print the uv coverage

See Fig. A.1
to plot each IF/STOKES with a different colour

to plot the data in the TV display
default
to run the program

During the exploration of the data we have to look for bad data, i. e., points that have annomalous
amplitude or phase values which may corrupt the final callibrated data due to their presence. This
data have to be flagged. To FLAG data different tasks can be used.

QUACK Usually, bad data can be found at the beginning of each scan. To flag the first seconds
of each scan we can use the QUACK task.

V V V V V V V V Vv V

TASK ’QUACK’; INP
GETN %

DATAIN > °
SOURCE ’source’
ANTEN 0O

TIMER O

FLAGVER 1

OPCODE °’BEG’
APARM O m O

GO QUACK

to review the inputs

to specify the input file

default

to select the source

to select all antennas

to select the scans of all the observation

to put all the flags in the version 1 of FG table
to specify the beginning

to flag the first m minutes; for example m=1/10
to run the program
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UVFLG The next step is to flag bad data (e.g., timeranges, antennas, stokes) found during
the exploration with the LISTR and UVPLT tasks. To do this we can use two tasks: UVFLG
and TVFLG. TVFLG is a more interactive one that allows you to flag the data using the TV
display, the reader is referred to the AZPS CookBook and to the EXPLAIN task in AZPS for
a complete understandig of TVFLG. Here we will present the UVFLG task. See also Fig. A.2.

V V V V V V V V V V V V Vv VvV

TASK ’UVFLG’; INP
GETN <
SOURCE ’source’

DATAIN ° °
TIMER d h m s d’
BIF bef

EIF eif

ANTEN a, O
BASEL b, O
STOKES ’stokes’
OUTFGVER 1
APARM O

OPCODE °’FLAG’
GO UVFLG

h’ m’ s’

to review the inputs

to specify the input file

to select the source with bad data

you can specify bad uv—points from an external file
range of time to be flagged

initial bad IF

last bad IF

antennas to be flagged

baselines to be flagged

bad stokes parameter; stokes can be RR, LL, RL, LR
to put all the flags in the version 1 of the FG table

to ignore amplitude in flagging

to flag the data

to run the program

If we have flagged erroneously some good data, we can undo our error by running the UVFLG
task with the same inputs, and changing the OPCODE to ‘UFLG’.

A.3 Calibration strategy

Once we have examinated all data and flagged bad points or antennas, we can begin the calibrarion.
As the calibration procedures change if we have or not have high-frequency data, we will expose
two different techniques. First, the basic calibration strategy, for centimeter wavelengths. Second,
the procedure that should be used to reduce 7 mm (and sometimes 1.3 cm) data.

Global calibration process

SETJY To enter/calculate the flux density of each primary flux density calibrator, flzcal.

V V V V V VvV V

TASK ’SETJY’; INP
GETN <

SOURCE ’ flzcal’
OPTYPE ’CALC’
APARM O

BPARM O

GO SETJY

to review the inputs

to specify the input file

to select the flux calibrator

to perform the calculation of the flux density
default

default

to run the program

After running SETJY, the flux density for each calibrator and for each IF will appear in the
message window. These values should be writen and saved to be checked later.
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CALRD Usually, the AZPS software provides a model for the main flux calibrators. Using a
model during the calibration will produce better results. To load the model we must do:

vV V V V Vv V

CALDIR

TASK ’CALRD’; INP
OBJECT ’3(C?22’
BAND ’band’
OUTDISK 1

GO CALRD

it will list all the available models

to review the inputs

see Table A.3 to know the name of your flux calibrator
the band of our observations

to write the model image on disk 1

to run the program

If we type PCAT, we will find a new file that corresponds to the image of the model loaded.

CALIB The CALIB task writes the amplitudes and phases for all the calibrators in a SN (solution)
table, in order to be used later during the creation of the CL (calibration) table. We run
first the CALIB task over our flux calibrators.

V V V V V V V V V V V V V V V V V.V

TASK ’CALIB’; INP
GETN 1

CALSOUR ’ flzcal’
TIMER O

ANTEN a b
UVRANGE 0 O
DOCAL 2

GAINUSE 0
FLAGVER 1

GET2N j

FLUX 0

REFANT r

SOLINT O

APARM O

CPARM 0O

SOLMODE ’A&P’
SNVER 1

GO CALIB

to review the inputs

to specify the input file

to select the flux calibrator

or that corresponding to the observation

antennas per arm (Tables A.2 & A.3); ANTENA O default
default if you are using a model, if not see next CALIB
to apply the CL calibration to the data

to apply latest CL table

to apply flags from FG table 1

j is the catalog slot number of the model

default

one antenna centered in the array and with no problems
default

default

default

to do amplitude and phase calibration

to write the solutions in SN table 1

to run the program

CALIB Now we have to do the same for the phase calibrators.

V V V V VvV V

TASK ’CALIB’

GETN 2

CALSOUR ’call’ ’cal2’
TIMER O

ANTEN O

UVRANGE min mazx

> DOCAL 2
> GAINUSE 0; FLAGVER 1

to review the inputs

to specify the input file

to select the phase calibrators

or that corresponding to the observation

to select all the antennas

if the source has a limited uvrange; it can be checked in:
http://www.vla.nrao.edu/astro/calib/manual /csource.html,

sources with different UVRANGE must be run separately
to apply the CL calibration to the data

to apply latest CL table, and flags from FG table 1
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> clr2n

> REFANT r
> SNVER 1
> GO CALIB

to clear out the model

to select the reference antenna
to write solutions in SN table 1
to run the program

GETJY This task is used to determine the flux density of the secondary calibrators, i.e., the
phase calibrators, from the primary flux calibrator, based on the flux densities in the SU

(source) table and the antenna gain solutions in the SN tables.

GETN <
SOURCE ’

TIMER O
SNVER 1
GO GETJY

V V V V V V VvV V

TASK ’GETJY’;

call’

INP

‘call’

CALSOUR ’ flzcal’
BIF 0; EIF O

to review the inputs

to specify the input file

phase calibrators

flux calibrator

to select all the IFs

or that corresponding to the observation
to use the data from SN table 1

to run the program

After running GETJY, the flux density for each IF of each phase calibrator will appear in the

message window. These values should be copied and saved to be checked later.

CLCAL At this point we have gain and phase solutions for the times of all calibrator scans,

including the corrected flux density for the phase calibrators. The next step is to interpolate
the solutions derived from the calibrators into the CL table for all the sources. This is done
by using the CLCAL task. First, you can self-calibrate all the calibrators individually.

GETN <

TIMER O

V V. V V V V V V V Vv VvV

GO CLCAL

TASK ’CLCAL’;

GAINVER 1
GAINUSE 2
INTERP ’self’
OPCODE ’CALI’

INP

SOURCE ’ flzcal’
CALSOUR °’ flzcal’
BIF 0; EIF 0

to review the inputs

to specify the input file

first we will look for solutions on the flzcal

to calibrate its solutions with itself (self-calibration)
to select all the IFs

or that corresponding to the observation

input CL version; 2 if you have baseline corrections
output CL version; 3 if you have baseline corrections
to select the interpolation method

to combine SN tables into a CL table

to run the program

We can do the same for the phase calibrators:

> SOURCE ’
> CALSOUR
> GO CLCAL

call’
’call’

> SOURCE ’calZ2’

> CALSOUR
> GO CLCAL

‘cal2’

calibrating call
using itself for self-calibration
to run the program

calibrating cal2
using itself for self-calibration
to run the program
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Now we can calibrate the science targets, interpolating with the solutions of the phase

calibrators:

> TASK ’CLCAL’; INP to review the inputs

> GETN % to specify the input file

> SOURCE ’sourcel’ ’source2’ all the science targets

> CALSOUR ’call’ ’cal2’ all the phase calibrators

> BIF 0; EIF O to select all the IFs

> TIMER O or that corresponding to the observation

> GAINVER 1 input CL version; 2 if you have baseline corrections
> GAINUSE 2 output CL version; 3 if you have baseline corrections
> INTERP ’2pt’ to select the interpolation method

> OPCODE °’CALI’ to combine SN tables into a CL table

> GO CLCAL to run the program

After finishing the calibration process, it is important to check amplitudes and phases for
all the calibrators and sources. The flux of the calibrators should be in agreement with
those obtained with the SETJY and GETJY tasks. It is possible that data have still wrong
amplitudes or phases after this first calibration, and we can use again the UVPLT or LISTR
tasks to detect the new bad data, and flag it with UVFLG. We can use the same inputs as
explained in § A.2 for UVPLT and LISTR tasks, but changing:

> DOCAL 2 to apply the calibration
> GAINUSE 2 input CL version; 3 if you have baseline corrections

EXTDEST If some data is bad and must be flagged for some calibrator, we must delete the SN
and CL tables, and start again the calibration. To delete theSN and CL tables we have to do:

> TASK ’EXTDEST’; INP to review the inputs

> INEXT °’SN’ or ’CL’, to delete a table

> INVER 4nv to delete the last version of the table; version 1 of the
CL table should not be deleted

> GO EXTDEST to run the program

Remember to reset INTEXT °> ’ and INVERS 0, to avoid future problems.

SPLIT Once we have done all the calibration, and checked that there is no more flagging to be
done, we can create an specific (calibrated) uv—data file for each source.

> TASK ’SPLIT’; INP to review the inputs

> GETN 1 to specify the input file

> SOURCE ° ’ to do a split for all the sources

> CALCODE ’ ° default

> STOKES ° ° all the stokes

> BIF 0; EIF O all the IFs

> TIMER O all the time range, or that corresponding to the obser-
vation
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A. First steps in VLA continuum data reduction with AZPS

> DOCAL 2 to apply the calibration

> GAINUSE 2 input CL table; 3 if you have baselines corrections
> FLAGVER 1 to apply the flags of FG table 1

> APARM 0 default

> GO SPLIT to run the program

If we list the files with PCAT we will find a SPLIT file for each source. These files are what we need
to construct images.

High frequency (and/or high resolution) calibration process

When reducing high frequency data, the standard procedure can be a source of frustration. The
main reason for more complication calibration lies in the achieved high resolution and the rapid
phase atmospheric fluctuations. Remember that FILLM task have to be run with special inputs.
Once we have run appropriately FILLM and tasks VLANT, PRTAN, LISTR, QUACK, UVPLT and UVFLG,
we can start the calibration for high-frequency (or high-resolution) data

SETJY With the same input parameters as for the global calibration procedure.
CALRD As in the standard calibration it is posible to use models for the flux calibrators.
CALIB Run CALIB to correct for phase only, with a small solution interval (e.g., 20 seconds)

on all you calibrator sources, except for the flux calibrators, if you want to use a model for
them. The inputs you must change with respect to the global calibration are:

> CALSOUR ’call’, ... all your calibrators (without models)

> DOCAL 2 to apply the CL calibration to the data

> GAINUSE 0 to apply latest CL table

> REFANT r one antenna centered in the array and with no problems
> SOLINT 20/60 interval of 20 seconds, it is useful to try some values

> SOLMODE ‘P’ to do phase calibration only

> SNVER 1 to write the solutions in SN table 1

> clr2n to clear out any model previously used

For the absolute flux calibrators, you have to use the above inputs together with:

> CALSOUR ¢ flzcal’ your flux calibrator
> GET2N j j is the catalog slot number of the model
> INVERS 0; NCOMP O to use all the components of the latest CC version

It is useful to try different SOLINT values, or change the REFANT or UVRANG, in order to obatin
a larger relative portion of good versus bad solutions. During all the proofs you may be
performing, we recommend you to delete all the extra SN tables you are creating with CALIB
using EXTDEST, you can use IMHEAD to see how many SN tables do you have. Once you have
run CALIB with a model, remember to do clr2n in order to clear out the model.
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CLCAL Once you are satisfied with the solutions from CALIB, it is time to apply phase cor-
rections in your calibrator scans before you determine the absolute flux density scale. The
inputs you must change with respect the global calibration are:

V V V V V V Vv VvV

SOURCE > ’; S0UCOD ’x*’

CALSOUR ’ 7
OPCODE °’CALI’
INTERP ’self’
SNVER 1
GAINVER 1
GAINUSE 2
REFANT r

CALCOD %’

to correct phases only for calibrator sources

include all your calibrators, flux and phase

to merge solutions from SN into CL table

to self-calibrate in the interpolation method

to use data from SN table 1

input CL version; 2 if you have baseline corrections
output CL version; 3 if you have baseline corrections
to select the reference antenna

CALIB Now we have to rerun task CALIB with the corrected phases to obtain the flux density
scale. Thus, we will calibrate now amplitudes and phases.

V V V V V V V

CALSOUR ’call’,

DOCAL 2
GAINUSE O
REFANT r
SOLINT O
SOLMODE ’A&P’
SNVER 2

all your calibrators (without models)

to apply the CL calibration to the data

to apply the latest CL table

to select the reference antenna

scan lengths; phase variations are applied

to do full calibration to get the flux densities
to collect solutions in a new SN table (2)

For the absolute flux calibrators (with models) use the previous inputs together with:

> CALSOUR ’ flzcal’,

>

GET2N j

your flux calibrators (with models)

j is the catalog slot number of the model

GETJY Run GETJY to obtain the secondary calibrator flux densities.

> SOURCE ’call’,
> CALSOUR °’ flzcal’

>

SNVER 2

all your phase calibrators
your flux calibrators
to use the version 2 of the SN table

CLCAL The final flux density calibration table is obtained by running CLCAL again, first self-
calibrating the calibrators:

vV V V V V V

SOURCE > ’; S0UCOD ’x*’

CALSOUR ’ ’;
INTERP ’self’
SNVER 2
GAINVER 2
GAINUSE 3

CALCOD %’

all the calibrators

all the calibrators

to self-calibrate in the interpolation method

to use data from SN table 2

input CL version; 3 if you have baseline corrections
output CL version; 4 if you have baseline corrections

...and now we interpolate for the science targets:

231
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> SOURCE ’ ’; sS0uUcOD ’ ° all the sources

> CALSOUR ’call’, ... all the calibrators, including flux and phase

> CALCOD ’ ° default

> INTERP ’2pt’ to select the interpolation method

> SNVER 2 to use data from SN table 2

> GAINVER 2 input CL version; 3 if you have baseline corrections
> GAINUSE 3 output CL version; 4 if you have baseline corrections

From here you can continue as usual according to the standard procedure. Checking, with UVPLT
and LISTR tasks, the amplitudes and phases after the calibration. And splitting the data into
single source data sets with SPLIT task.

A.4 Imaging

To elaborate maps, the IMAGR task can be used. Two main inputs: IMSIZE and CELLSIZE, which
correspond to the size in pixels of the map, and the size in arcseconds of a pixel, respectively, must
be carefully chosen. Here we show how to calculate these two parameters.

By knowing the frequency of our observations we can calculate the primary beam, pp (i.e., the
area of the sky observed with the telescope). Usually it is interesting to plot a region 3 times larger
than the primary beam. The size of the map in arcseconds can be estimated by using

S| f th 1
{blzeo t emap] _ [8 OO} . (A1)
arcsec VGHz

How to determine the CELLSIZE? Using the UVPLT task with BPARM 0 and selecting the newly-
created SPLIT file, we can determine the longest uv—distance (in k). The inverse of this distance
will be the size of the synthesized beam in radians, and we can convert it into arcseconds. To
obtain a good image we can make the size of each pixel (CELLSIZE) 4 times less than the size of
the beam. Consider now an example where the longest uv—distance is 25 kA. Then

1
beam size = —— =4-10° rad =4-107° 3600 360

=8".2 A2
25000 2m 87.25, (A.2)

b .
cellsize = w ~ 2" /pixel . (A.3)

How to determine the IMSIZE? Dividing the size (in arcseconds) of the map by the CELLSIZE we
will find the value for the size of the map in pixels (IMSIZE). Typical values for the IMSIZE are
powers of 2 (e.g., 128, 256, 512, 1024).

IMAGR Now we can start to make the image map using the IMAGR task. This task is one of
the most important tasks in the imaging process, as it offers a wide range of options for

cleaning.
> TASK ’>IMAGR’; INP to review the inputs
> GETN < to specify the input file, it is usually a .split file
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> STOKES ’I’ to do a map of intensity (stokes parameter I)

> CELLSIZE cs cs to specify the cellsize (cs)

> IMSIZE 4s s to specify the imsize (is)

> UVTAPER u v to specify widths in v and v directions of a gaussian
function to weight down long baselines; the default is 0

> UVRANGE min maz to specify minimum and maximum project baselines to

include; 0 is the default and recommended
> ROBUST R it can take a value between -5 and +5

>+4 is close to natural weighting
<-4 is close to uniform weighting

> GAIN 0.1 0.3 for compact and strong sources
0.05 for extended sources

> FLUX fluz to stop the cleaning process when residual image maxi-
mum is < fluz; 0 is the default and recommend

> NITER N a long number, for example 10000

> DOTV 1 to do cleaning interactively using the TV display

> GO IMAGR to run the program

Read the EXPLAIN IMAGR task in AZPS to obtain help in every input.

With the TV display on (DOTV 1), you can follow the progess of your imaging. Furthermore, a menu
of interactive options is also displayed (see Fig. A.3). To select an option from the menu, click with
the mouse on the name of the option and press A or F3 in the keyboard. Some of the most common
options in this menu are: tvflame to change the grey scale into a fire scale (i.e., a more beautiful
color to work with, i think); tvzoom to make a zoom of a region of the map, press A (or F3) to
zoom in and B (or F4) to zoom out; tvbox to define different boxes when cleaning. To begin the
cleaning you must select continue clean (select it with the mouse and press A or F3). During the
cleaning process, look in detail the message window, some important values appear during each
cleaning iteration: the total fluz cleaned and the number of clean components (or iterations). For
each iteration the total cleaned flux is expected to rise. When this value becomes estable or starts
to decrease, you should stop the cleaning. To stop the process you must select stop cleaning.
The IMAGR task will create two files (you can list them by using PCAT). The .IBM0O1 (.ibm) file
corresponds to the beam image, and the .ICL0O01 (.icl) file to the cleaned map. This last file is
the image we were expecting to get since the begining of the manual... hooray!

Using the TVLOD or TVALL tasks we can plot the image in the TV. TVALL allows us to modify the
color of the grey scale, and the contrast level. There are two tasks that provide some information
about the image, they are the IMSTAT and TVSTAT tasks.

IMSTAT To read a portion of an image and print the mean and rms brightnesses found. It also
prints the location and value of the maximum and minimum brightness in that portion.

> TASK ’IMSTAT’; INP to review the inputs

> GETN 1 to select the cleaned image, it is usually a .icl
> BLC @min Ymin bottom left corner; 0 for the minimum corner
> TRC Zmax Ymax top right corner; 0 for the maximum corner

> IMSTAT to run the program
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TVSTAT Similar to the IMSTAT task, but TVSTAT uses the current TV image rather than an image
specified, and it determines the values over irregular regions (not only boxes or circles).

vV V V V

GETN <
tvinit
TVLOD
TVSTAT

to select the cleaned image, it is usually a .icl

to initialize the TV screen

to load the image on the TV screen

with the mouse click on the TV image, and press A (or
F3) to select the first vertex of the area. Repeat three,
four or as many times as you want. At the end press D
(or F6) to close the area and estimate the rms

The IMPOS task allows you to read a celestial (also pixels) position from a TV image using the

cursor. By clicking on the TV screen with the mouse, and typing A (or F3), it prints in the terminal
the celestial coordinates of that point, and the pixel coordinates. These pixel coordinates can be
used to define BLC and TRC positions. TVWIN can be used to set BLC and TRC with the mouse.

KNTR To plot a contour and/or grey—scale plot for one or two images. We will consider only
plotting one image.

V V V V V V VvV V

TASK ’KNTR’; INP
GETN 12

DOCONT 1
DOVECT -1
DOGREY -1

BLC ZTmin Ymin

TRC Zmax Ymax
PLEV 0

> CLEV 7ms
> LEVS 11, 1o, l3,

V V V V V

FACTOR O
CBPLOT 1
DOTV 1
tvinit
GO KNTR

to review the inputs

to select the cleaned image, it is usually a .icl

to plot countours

use 1 to plot polarized vectors

use 1 to plot a grey scale map

bottom left corner

top right corner

percent of peak for the contour increment; use 0 if you

want to indicate the rms noise level in the CLEV input
rms of the map, for example: 5e-5, 5e-4, or 5e-3

the levels to be plotted, one example is:
-5, -4,-3,3,4,5,7,9, 12, 15, 20
default; used in polarization

to plot the beam at bottom left corner
to plot directly on the TV screen

to initialize the TV screen

to run the program

To print in the printer the map generated with KNTR we have to do:

vV V V V

TASK ’KNTR’; INP
DOTV -1

GO KNTR

GO LWPLA

to review the inputs

to select the printer or and output file
to run the program

to print the file created with KNTR,
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JMFIT This task allows you to fit a gaussian function to a portion of an image, for example to
your source. By doing this you can obtain basic physical parameters of your source as the
peak intensity, flux density, deconvolved size, celestial position of the source, and so on.

> TASK ’JMFIT’; INP to review the inputs

> GETN % to select the cleaned image, it is usually a .icl

> BLC @min Ymin coordinates of the bottom left corner

> TRC Zmax Ymax coordinates of the top right corner

> NGAUSS 0 you can fit up to 4 gaussians in a portion of an image
> NITER 1000 use up to 2000 to fit one gaussian

> DOCRT 132 to print the result of the fit in the message window

> GO JMFIT to run the program

You must especify a portion of the map by using the BLC and TRC inputs. It is possible to
define a portion of the box by loading the image with TVALL and then by using TVWIN to
define over the window the portion you want to analyze. It is important to note also, that
with IMHEADER you can find information of the synthesized beam.

IMFIT is a task similar to JMFIT, although with little differences. If your source has extended and
a complex structure, it is obvious that fitting a gaussian is not a good procedure to estimate the
flux density. In these cases, you can use TVSTAT (as explained before) to select the portion of the
image that have emission from your source.

At this point I have to say... Congratulations! You have calibrated your data, you have made an
image and a map of your source, and finally you have estimated some physical parameters of your
source. Now you can submit it to your favourite astronomical journal.

And remember... AZPS is your friend!

If you have any question, any suggestion, or any problem when using this manual, do not hesitate
to contact me at asanchez@am.ub.es. It would be a pleasure for me to help you.
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UVPLT examples with different BPARM inputs
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Figure A.1: UVPLT plots with different BPARM options Top: BPARM 11 1 0, which correspond to amplitude
versus time in hours. By plotting all the sources we can distinguishe the flux calibrator (in this case it has an
apmlitude of ~ 750 mJy), the phase calibrator (it has an amplitude of ~ 120 mly), and the source (it has an
amplitude of ~0 mlJy). Bottom-left: BPARM 6 7 2 0, which correspond to the uv—coverage of a single source.
Bottom-right: BPARM 0, which correspond to the amplitude versus the uv—distance for a single source.
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Bad points in your map... use UVFLG
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Figure A.2: Example of plots to show typical bad data points to be flagged with UVFLG task. In right panel
we can find some points with and amplitude of 90-95 mJy. By inspecting the data carefully we found that the
IF number 2 of the antenna 22 is the responsible. If we flag this IF of this antenna, we obtain the plot shown
in left panel. Now, all points seem to be good points.

Table A.1: Primary beam of the VLA at diferent wavelengths

Wavelength  Frequency Primary Beam Size of the map

Band (cm) (GHz) 45 /van, (arcmin) (arcmin)
P 90.0 0.33 130 ~410
L 20.0 1.4 30 ~90
C 6.0 5.0 9 ~27
X 3.6 8.5 5) ~15
U 2.0 15 3 ~9
K 1.3 23 2 ~6
Q 0.7 45 1 ~3
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Table A.2: Information of the uv—range and antennas per arm for the flux calibrators

3C48, 3C147, 3C138

uv-range Antennas
Band (kX) Configuration  per arm Notes
P 90 cm 0—40 All All
L 20 cm 0—40 A 7
0 — 40 B,C,D All
C 6.0cm 0— 40 A 3
0—40 B,C,D All
X 3.6 cm 0—40 A 2
0— 40 B 6
0— 40 C,D All
U 20cm 0—40 A 1 Not recommended
0 — 40 B 4
0 — 40 C,D All
K 1.3 cm 0—40 A 1 Not recommended
0 — 40 B 3
0 — 40 C,D All
3C286
uv-range Antennas
Band (kX) Configuration  per arm Notes
P 90 cm 0—18 A 7
0—18 B, C,D All
L 20 cm 0—18 A 4
0—18 B,C,D All
90 — 180 A All Reduce flux 6%
C 6.0 cm 0—25 A 1 Not recommended
0—-25 B 4
0—25 C,D All
150 — 300 A All Reduce flux 2%
X 3.6 cm 50 — 300 A 3 Reduce flux 1%
50 — 300 B 4 Reduce flux 1%
50 — 300 C All Reduce flux 1%
0—-15 D All
U 2.0cm 0— 150 A 3
0— 150 B,C,D All
K 1.3 cm 0— 185 A 2
0— 185 B 7
0—185 C,D All
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Table A.3: Information for the standard VLA flux calibrators

3C48  0137+331 J2000 01" 37™ 41°.299431  33° 09’ 35”.132990
0134+329 01" 34™ 49°.826400  32° 54’ 20”.259000

—
—_
No]
(S0
o

BAND A B C D FLUX (Jy) UVMIN (k\) UVMAX (kX))
P 90 cm S S S S 42.00
L 20 cm X P P P 16.50 40
C 6.0cm X S P P 5.48 40
X 3.6cm X X S P 3.25 40
U 20cm X X S P 1.78 40
K 13cm X X X S 1.13 100
Q 7 cm X X X S 0.64 100
3C286  1331+305 J2000 13" 31™ 08°.287984  30° 30’ 32".958850
13284-307 J1950 13" 28™ 49%.657700  30° 45’ 58”.640000
BAND A B C D FLUX (Jy) UVMIN (k\) UVMAX (k))
P 90 cm S S S S 26.00
L 20 cm s S P P 15.00
C 6.0cm S S S P 7.47
X 3.6 cm S P P P 5.23 400
U 20cm S S S S 3.40
K 13 cm X S S P 2.59
Q 7 cm X S P P 1.45 300
3C138 05214166 J2000 05" 21™ 09°.886021  16° 38’ 22".051220
05184165 J1950 05" 18™ 16°.514100 16° 35" 26”.834000
BAND A B C D FLUX (Jy) UVMIN (k\) UVMAX (k))
P 90 cm S S S S 17.50
L 20 cm X S P P 8.47 45
C 6.0cm X X S P 3.78 45
X 3.6 cm X X S S 2.52 45
U 2.0cm X X X S 1.56 45
Q 7 cm X X 7 7 0.40
3C147  0542+498 J2000 05" 42™ 36°.137916  49° 51’ 07”.233560
0538+498 J1950 05" 38™ 43°.517500 49° 49’ 42”.837000
BAND A B C D FLUX (Jy) UVMIN (k\) UVMAX (k))
P 90 cm S S S S 52.30
L 20 cm X S P P 22.50 50
C 6.0cm X X S P 7.94 50
X 3.6 cm X X S P 4.84 50
U 20cm X X X S 2.78 50
Q 7 cm X 7 7 7 0.91
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IMAGR example
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Figure A.3: TV display for the IMAGR task. When executing IMAGR with DOTV 1, you can interactively clean
your image. An image similar to the one in the figure will appear in your TV display. You have different menus
(words in yellow) to select. You must click with the mouse in one menu, and then press A (or F3) to select it.
In some case you have to press D (or F6) to get out of the selected option. The main options are: tvflame to
change frew scale into a fire scale; tvzoom to mke a zoom in the region of interest; tvbox to define different
boxes, i.e., regions that you want to clean, because you know there is a source (in the figure there is a box
defined at center of the image, the source is inside the box); continue clean to iterate cleaning the image,
and stop cleaning to stop the cleaning. You usually will have your source at the center of the image, and an
hexagonal patern all around the map. These extra sources are due to the secondary lobes. You will see that
they start to disappear when cleaning your source. You should finish cleaning when your image shows a uniform
colour scale (i.e., all is noise, there are no more sources).

240



Physical parameters of HII regions

The emission at centimeter wavelengths of young stellar objects is majorly dominated by
free—free continuum emission and radio recombination lines from ionized gas. Two ma-
jor mechanisms are responsable of the ionization: photoionization and ionization through
shocks. The former associated with the large amount of ultraviolet (UV) photons coming
from newly-born early-type stars, and the later associated with collisions between intense
stellar winds and/or outflows and the circumstellar medium. In this Appendix, we will fo-
cus our attention in the continuum emission coming from regions of gas (mainly hydrogen)
ionized by UV photons, the so-called H1I regions.

B.1 Fundamental equations of H 1I regions

In an ionized environment, electrons accelerate because of the electrostatic interaction with
protons and positive ions. The power emitted by a system of charges is given, as a first
approximation, by the Larmor equation. Ionized electrons are free particles, unbounded,
so the radiation produced will have a continuum spectrum. This kind of emission is known
as thermal bremsstrahlung or free—free emission.

The free—free absorption coefficient at radio frequencies is given by (Gordon 1988)

ne ni 8 Z%2¢% /N2 [(me 3/2
_ Z e B.1
) = " () () <> B.1)

where ne and n; are the electron and ion densities (for pure hydrogen n. = n;), v is the
frequency, Z is the ion charge (for hydrogen Z = 1), e is the elementary electron charge,
me is mass of electron, c is the speed of light, k£ is the Boltzmann constant, T; is the

241




B. Physical parameters of H 11 regions

kinetic temperature of electrons and < ¢ > is the Gaunt factor, which can be defined, for
temperatures < 106 K, as (Gayet 1970)

2kT, 3/2 Me

€ Me me Zelv

3
<g> £ In

T
with e the Euler constant equal to e . At radio frequencies, the absorption coefficient
can be approximated as (Altenhoff et al. 1960)

[“ff(”)] ~ 0.08235 [" ”i] [T] 1'35[

, (B.2)

(0.577)

pct em 0| | K (B3)

By integrating Equation B.3 along the line of sight, [, we obtain the optical depth of the

—2.1
GHZ] '

free-free emission

EM T, —1.35 |: U :| —2.1
Tee(v) = kep(v) dl = 0.08235 | ——— | | == , B.4
ff( ) Ane of sight ff( ) |:CH1_6 p0:| |:K:| GHz ( )

where FM is the emission measure along the line of sight, EM = fhne of sight "e i dl.

For a source with thermal free-free emission, the general solution of the radiative
transfer equation for the continuum intensity, Iys(v), is

!

T - —7rr(v) Tt =" g

ff(V) = Io € + Sl, (& dr
0

= (S, — Io) (1—e sy, (B.5)

where [ is the background intensity and S, is the source function of the H11 region. The
second equality in Equation B.5 is true for an uniform medium. The source function, S,,
for the free—free radiation can be defined as

2h? 1
2 ehw/kTe _ 1’

S, =B,(T,) = (B.6)

with A the Planck constant and B, (7;) the Planck function at a temperature T. At radio
frequencies, where the Rayleigh-Jeans approximation (hv < kTg) is valid, Equation B.6
becomes

N 2kTo1?

SI/ = BV(Te) = (B?)

2
c
By integrating the specific intensity, I;¢(v), from Equation B.5 over the angular size of
the source, Qsource, We obtain the flux density, S,

S, :/ Ii4(v) dQ :/ (S, — Ip) (1 —e ™5™y dQ. (B.8)
Qsource

Qsource
Taking into account that the background radiation will generally have a temperature of
~2.7 K and the source function of the H1I region has ~10* K, we can assume S, > Iy,
obtaining

S, = / S, (1 —e W)y aq. (B.9)
QSOHI‘CG
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B.2. Physical parameters of optically thin H 11 regions

For an homogeneous H 11 region, with constant density, Equation B.9 is expressed as

S, =8, (1—e 7)) Qupurce. (B.10)

B.2 Physical parameters of optically thin H 11 regions

Depending on the optical depth, and thus on the frequency, we can observe two different
behaviours. The frequency for which the optical depth is 7, = 1, is known as the turnover
frequency, v, and can be given in practical units, from Equation B.4, as

0.48 —0.64
G Y L. . (B.11)
GHz 106 em=6 pc 10* K

For low frequencies, v < vy, (or optical depths 7, > 1) the source is optically thick, and
the flux density can be written, in the Rayleigh-Jeans approximation, as

2kT.1?
02

Il

SV Qsource~ (B12)

For high frequencies, v > 14, (or optical depths 7, < 1) the source is optically thin, and
the flux density, expanding the exponential of Equation B.10, can be expressed as

2kT, 12
C2

112

Sy Tr£(V) Qsource- (B.13)

When observing typical H 1I regions at centimeter wavelengths, v > 5 GHz, we can usually
consider optically thin emission. With this assumption, we can estimate some physical
parameters of HII regions. Let us consider an optically thin source of angular diameter
fs, corresponding to an angular size of the source Qsource = (7/41n2) 9%, observed at a
frequency v. The emission measure can be estimated from

EM S v 1" 7% 6s 177
————— | =1.682x 10" | =~ L : B.14
[cm_6 pc} 082 > 10 {Jy} |:GHZi| [K] [arcsec] ( )

If the source has a geometrical depth, L, equal to its diameter, which can be estimated from
the observed angular diameter, g, and its distance, D; the electron density, considering
a spherical geometry, is given by

(B.15)

arcsec

1/2 ~1/2 —1/2
e | 5563 x102| 2L |2 bs .
cm—3 cm % pe pc

From the electron density, and considering a spherical geometry, the mass of ionized gas,
M; = [ne my dV, is

® cm—3 arcsec

{jf]::1472x1018[”e][;j3{ bs }i (B.16)
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B. Physical parameters of H 11 regions

where my is the Hydrogen mass, and V' is the volum of a sphere with diameter fg. It
is also possible to estimate the flux of ionizing photons, N, necessary to produce the ob-
served ionized region. By considering the Stromgren’s sphere model, the balance equation
between the number of recombinations and the number of photoionizations within the H 11
region is

N; = gw Rin2a® (B.17)
with Rg the Stromgren’s radius, Nj the number of photons with A < 912A per unit of time
emitted by the protostar, and a(?) the recombination coefficient to the level 2 or higher
(recombinations to level 1 produce a ionizing photon, thus they must not be considered),

which can be estimated as 3 x 10713[T;]73/4 ¢cm?® s, with 7, in K. In practical units, the

flux of ionizing photons is

Ni B 10 Su v 0.1 Te 0.35 D 2

With the flux of ionizing photons, and assuming the H1I region is produced by a single

star, we can estimate the spectral type of the ionizing star using the tables of Panagia
(1973), Thompson (1984), Vacca et al. (1996), or Diaz-Miller et al. (1998).

B.3 Optically thick H 11 regions

It is important to note, that not all Hil regions are optically thin at centimeter wave-
lengths. In the last years, observations toward several H 11 regions have revealed a number
of objects being exceptionally small (< 0.05 pc) and dense (n, > 10 cm™3; EM >
10° pc ecm~%), the so-called hypercompact H 11 regions (see ?, for a review). In this kind of
H 11 regions, the turnover frequency is located at frequencies 2 20 GHz, resulting in a spec-
tral energy distribution with the optically thick regime detectable at radio wavelengths
(see Figure B.1).

It is obvious that we can not use equations of Section B.2 to estimate the physical
parameters of hypercompact HII regions. The most appropriate way to estimate their
physical parameters is by constructing the spectral energy distribution, and fitting it to
the expression

Sl/ = By(Te) (1 - e_Tff(V)) Qsource

2hv3 1 L
= c2 ehl//kTe -1 (1 —¢€ 711 )) Qsourcea (B.lg)

where the optical depth and angular size of the source are defined by

EM T, —1.35 —-2.1
=0.08235 | ——— | | == B.2
71(v) = 0.08 35Lm6 chK} [GHZ} , (B.20)
m
Qsource - meg (B21)
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B.4. H1 regions with density gradient
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Figure B.1: Radio spectrum of thermal bremsstrahlung emission from a spherical, homoge-
neous, isothermal H 11 region. The solid line corresponds to an HI1I region with the optically
thin (S, o v~%1) regime at radio wavelengths, and with the turnover frequency (vertical
dotted line) at 5 GHz. The dot-dashed line corresponds to an HCH 11 region, optically thick
(S, oc v*2) in the radio regime, and with a turnover frequency at 50 GHz.

Note that we are still assuming homogeneous H 11 regions. To obtain the physical parame-
ters we only have to find the values of EM (or n.) and fg that better fit the observational
data (assuming some certain value for T, e. g., 10* K). Since the angular size of the source
is usually determined observationaly, we only have to find the best emission measure that
fits our data.

In Section B.5, we introduce the HIIregions.f program that allow the user to fit the
spectral energy distribution of any H1I region, obtaining its physical parameters.

B.4 H11 regions with density gradient

We can now try to estimate and model non-homogeneous H 11 regions. The easiest way is
to assume the electron density depends on the distance from the ionizing protostar in a
power-law distribution, ne o< 77%. Olnon (1975) and Panagia and Felli (1975) deal with
this assumption and calculate the spectral energy distributions of non-homegeneous H 11
regions. In the program HIIregion.f (see Section B.5) you can also fit the observational
data of such non-homogeneous H 11 regions.
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b—axis

> A

observer

layers of the“"‘._

HIl region

Figure B.2: Scheme of a spherical, non-homogeneous H1I region. We assume the H1I region
is divided into diferent shells of inner and outer radius r and r + dr. The observer's line of
sight corresponds to the z-axis.

The two main equations to be solved, assuming n, = n;, are

2h3 1
— _ _Tff(V)
Sl/ [)source C2 ehl//kTe - 1 (1 e ) dQ (B'22)
n2 T —1.35 v —2.1
= 0.08235 | —¢ == dl. B.23
Tff(y) /hne of sight |:Cm_6:| |: K :| |:GHZ:| ( )

One way to solve these integrations is taking into account the adimensional variables z and
b (see Figure B.2). In this scheme, the spherical H11 region can be divided into different
shells with inner and outer radii » and r + dr, respectively. If the observer is located in
the z-axis, we can divide the region in cylinders of radius . Thus, we can first calculate
the elemental flux density of each cylinder, and then integrate over all the range of radii
b. The emission measure can be expressed as

EM = n? dz
line of sight

oo
B 9 rdr
—/b nz(r) WSl (B.24)
where we have used the relation r? = b? + z2. By introducing a power-law distribution in
density, ne = no(r/ro) 9, we obtain

EM(b) 2></Oo Z(T)_2q rdr (B.25)

= ng [ — —_— .
b \ro Vr? — b2

note that we have introduced a factor of 2, that accounts for the two sides of the sphere

(i.e., to the left and to the right of the b-axis in Figure B.2). The solution to the integral
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B.4. H1 regions with density gradient

Table B.1: Gamma functions and spectral indices® for different density gradients

power qb F[q] F[(q _ 1) + 1/2] EM(b)C athick aintermediate athin

2 1 V)2 xb® 420 +0.6 —0.1
3 2 3/r/4 xb® 420 +1.16 —0.1
4 6 15 /7/8 xb™T 420 +1.4 —0.1
5 24 105 \/7/16 xb? 420 +1.53 —0.1

@ Spectral indices a (.S, o< ) at centimeter wavelengths for different electron density power-laws.
P Power g, of the electron density power-law, ne o r 9.

¢ Proportionality of the emission measure (Eq. B.26) in function of the coordinate b (see Fig. B.2).

of Equation B.25 is

oo ,.1-2q dr
EM(b) =2 x (ng r8)? / L
() (no 7ﬁO) b m

_ g I'[(2¢—1)/2] 11 o,
= (no r)* Vx — T b2, (B.26)

where I'[z] is the Gamma function. In Table B.1 we list the values of the Gamma function
in Equation B.26 for different values of ¢. Using the result of the emission measure
(Equation B.26) we can calculate the optical depth as

7rp(v) = 0.08235 [m] ﬁ;] o [G'I/{Z] - (B.27)

Finally, we can use Equations B.26 and B.27 to solve Equations B.22 and B.23. We can
numerically integrate EM (or 7¢5) over b, in a range of values that cover the extension of

our radiocontinuum source.

Observationally, we can determine which is the most appropriate power-law density
distribution (see Figure B.3). Each density distribution produces three well differentiated
regions in the spectral energy distribution: an optically thick regime with a spectral index
of +2 (i.e., S, x /?), an optically thin regime with the typical spectral index of —0.1 (i.e.,

0-1) "and an intermediate regime with a spectral index between —0.1 and +2. The

S, xv~
intermediate spectral index directly depends on the power-law distribution (value of ¢;
Table B.1). For a density distribution n. oc 7~2, the intermediate spectral index is +0.6
(equal to the spectral index of a biconical, collimated ionized stellar wind; Reynolds 1986).

For a density distribution n. oc 7~%, the intermediate spectral index is +1.4.
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Figure B.3: Thermal bremsstrahlung spectra for spherical, non-homogeneous H 11 regions. The
blue solid line corresponds to a non-homogeneous H1I region with a density gradient in the

2 we can appreciate three different regimes: the optically thick regime with

form ne o< r—
a spectral index of +2, the intermediate regime with 40.6, and the optically thin regime
with —0.1. The red dotted line corresponds to a non-homogeneous H 11 region with a density
gradient in the form n. oc 7~4. The three different regimes are also visible, with the spectral

index of the intermediate regime equal to +1.4.

B.5 Program HIIregions.f

Alvaro Sénchez-Monge! developed a FORTRAN 77 program to estimate the physical pa-
rameters of H1I regions and to fit the spectral energy distributions: HIIregions.f?. The
program can be used to fit not only the H1I region spectra but also the spectral energy
distribution of up to two dust (modified blackbodies) components. You only need an input
file SOURCE.dat with the observational data of your source, with the format:

SOURCE I'source

2000. ldist

1 Indat

2 I'nfow

3.60d+01 8.4601d+0 1.42d-03 0.294-03
1 Inext

2 Infowext

6.00d+01 4.8601d+0 -1.90d-03 -0.01d-03

You can contact him (me) in asanchez@am.ub.es
2A version of this program can be found at http://www.am.ub.es/~asanchez/utilities/HIIregions
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B.5. Program HIIregions.f

The SOURCE.dat input file must have a small header including the name of the source
(it must be the same as the name of the input file, i.e., SOURCE) and the distance to the
source in parsec (in the example it corresponds to 2000 pc). The ndat integer parameter
indicates the number of observational data you want to introduce, and the nfow integer pa-
rameter indicates if you want to read the wavelength (nfow=1) or the frequency (nfow=2)
from your list of observational inputs. The list of observational data inputs must contain
six different numbers: the wavelength in mm, the frequency in GHz, the flux density and
its error in Jy, and the . The
next and nfowext integer parameters are similar to the ndat and nfow inputs, but they
refer to the list of observational data inputs listed at the end of the file. This observa-
tional data inputs have the same structure as the previous ones, and they refer to those
extra observational data not directly related with the ionized gas, i.e., data at millimeter
or submillimeter wavelengths associated with the dust envelope, or upper/lower limits at
each wavelength.

To compile and execute the FORTRAN 77 code you can use the executable file g77g
also provided in the webpage. You should type:

$ g77g HlIregions
$ ./HIIregions

When executing the program you will find a menu with different options, each option
contains a submenu that allows you to change different parameters, from physical parame-
ters associated with the dust envelope or H1I region to parameters related with the aspect
of the axis in the plot. The main menu reads as

sk ok ok ok ok ok ok ok ok sk sk sk sk s o ok ok sk sk sk ok ok ok ok ok sk ok ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk ok s ok o ke k k
sk Main Menu skokoskskskskokokokokokokokokok ook ok ok sk ok sk sk sk sksk sk ok ok ok ok ok ok ok ok
0.- Exit program

1.- Input data file

.~ Modify dust envelope parameters

.— Modify disk component parameters

Modify homogeneous HII region parameters

.— Modify density gradient HII region parameters

D OB W N
|

.— Modify plot parameters

You should be able to follow the instructions provided in the different menus, in order
to properly fit the spectral energy distribution of your target. Any comment, question,
doubt, suggestion or whatever can be sent to: asanchez®am.ub.es.
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Dust mass estimation

Young stellar objects, formed within galactic molecular clouds, are surrounded by large
amounts of gas and dust. The dust grains (only 1% with respect to the mass of the
gas) absorb the radiation (with wavelengths shorter than the grain sizes, typically around
0.01 pm and 1 pm) emitted by the protostar, causing high extinction at optical wavelengths
in star-forming regions. The absorbed radiation is then reemitted as continuum emission
at longer wavelengths, mainly at infrared and (sub)millimeter wavelengths, due to the low
temperature of dust.

C.1 Fundamental equations of dust emission

Dust emission can be approximated by a modified blackbody law characterized by the
temperature of dust, Tyq. Such a spectrum corresponds to a blackbody law, B, (Ty), with
an optical depth 7, that depends on frequency. The intensity emitted at a given frequency
v is given by

I, =B,(Ty) (1—-e™), (C.1)

where the Planck function is

2hv? 1

Bl/(Td) = 02 th/de — 17

(C.2)

with h the Planck constant, ¢ the speed of light and k£ the Boltzmann constant. By
integrating the specific intensity over the angular size of the source (source, we obtain the
flux density

S, = / By(Ty) (1—e¢ ™) d, (C.3)
Qsource
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C. Dust mass estimation

which, for an homogeneous source, turns into
S, =By(Ta) (1—e™) Qsource- (C.4)

The angular size of the source can be obtained observationally from the angular diameter,
Os, as Qsource = (7/41n2) g, and the optical depth, 7, is proportional to the column
mass density along the line of sight, [,

T, = / Ky p dl, (C.5)
line of sight

with k, being the absorption coefficient per unit of total mass (gas and dust) density. In
the millimeter and submillimeter range, , is generally well described by

B
Ky _ v
[ngl} = o [1000 GHZ] ’ (C.6)

with 3, the dust emissivity index, taking values close to 2 in the interstellar medium,
and between 1 and 2 in most star-forming regions, depending on the composition of dust
grains, and on variations of the homogeneity and size of the region (Walker et al. 1990;
Mezger et al. 1991). The value of kg is not well known. Generally accepted values can be
found in Beckwith et al. (1990), 0.1 cm? g~! at 1000 GHz, and in Ossenkopf and Henning
(1994), who compute and tabulate the opacity dust in dense protostellar cores for different
gas densities between 1 ym and 1.3 mm. Note that the values provided by Ossenkopf &
Henning are dust opacities, if we want to compute the total (gas and dust) mass (see
below) we need to take into account the gas-to-dust ratio. Since the dust is generally a
1% of the mass of gas, we must divide the Ossenkop & Henning dust opacities by 100 to
obtain total (gas and dust) mass opacities.

The mass of gas and dust can be estimated from the observed flux density. From
Equation C.4, and assuming optically thin emission, we can write

A
S, ~ Bu(Td) Qsource Tv = By(Td) ﬁ HV/] R 1Y dl
ine of sight

(C.7)

where A is the area of the source and D is the distance to the source, and we have defined
the mass of gas and dust as Mg, = A [ p dl. From Equation C.7 it is possible to write

S, D?

Moy = —2 =
d+g BV(Td)K,V,

(C.8)

or in practical units

[Aﬁ@*g] — 0.00325 [T’;IZ} - [Cm;"’”g_l] {exp <0.048 [’[’;3%]) - 1] [fy] Lf;cr’ (C.9)
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C.1. Fundamental equations of dust emission

which, introducing the absorption coefficient per unit of total mass (Equation C.6) of
Beckwith et al. (1990), i.e., ko = 0.1 cm? g~!, results in

|=oomfarem] oo (oonb) - [R][R co

From the total mass, we can estimate the volumn density, 144, and column density, Nqg,

Mg
Mg

of dust and gass. Since the major contribution to gas is due to molecular Hydrogen, Ho,
it is commong to find in the litetarure that authors refer to these two variables as ny, and
N, respectively. Assuming a spherical cloud, the volumn density comes from

_ 1 Mg
wmy (4/3)7 R3’

(C.11)

nH,

where p is the mean molecular mass per Hydrogen atom, my is the Hydrogen mass, and
R is the radius of the cloud. In practical units it reads as

-1 -3 -3
nH, | s|Matg || 1 Os D
Lm—?’} = 29510 [ Mg ] [2.3] [arcsec] [kpc ' (C.12)

The column density, Ny,, can be obtained from

NH2 :/ NH, dl, (C.l?))
line of sight

or in practical units

Nu, | _ oa| Matg | | 1 N D _2
Lm—Q} = 22110 Mg |23 arcsec kpe| (C.14)

It is important to note, that typical uncertainties in the mass estimation can be around a
factor of 5, due to the large uncertainties involved in the distance determination.

We have introduced the opacity laws of Beckwith et al. (1990) and Ossenkopf and
Henning (1994). However, there are other useful works that deal with the estimation of
the gas and dust mass from radio continuum observations at (sub)millimeter wavelengths.
Hildebrand (1983) and Beuther et al. (2005) use the opacities given in Hildebrand (1983)
obtaing the equations

M, . —2 2 —(3+8)
[ d+g]:20><10 a p RS,,<D>( v > 7 (C.15)

Mg, J,(T7) 0.1 pm3 g cm=3 100 Jy \ kpe 1.2 THz
Nasg] _ 125x102 p RS, ( v O (©.16)
cm—? Jy(Tq) Qsource 0.1 pm 3 g cm=3 100 Jy \ 1.2 THz ’ '

where J,(Ty) = [exp(hv/kTy)—1]7!, and a, p, and R are the grain size, grain mass density,
and gass-to-dust ratio. Frau et al. (2010) provide in their Appendix A the equations to
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C. Dust mass estimation

estimate the mass and column density without the assumption of optically thin emission.
They estimate the optical depth as

Sy
=—In(l—————— |, C.17
v ( Qsource Bu (Td)> ( )
and the mass and column density as
p Ty

N, —/n dl—/ dl = ——, C.18

d+g d+g My LM Ky ( )

Md+g = K My D2 NdJrg Qsourcea (Clg)

where p is the mean molecular mass per Hydrogen atom, and my is the Hydrogen mass.
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Molecular Column Density Calculation

D.1 Column Density Calculation

D.1.1 Radiative transfer equation

The specific intensity of the radiation, I,,, that is propagated through the empty space is
constant along the path it follows. If radiation interacts with matter in some region of the
space, the matter will absorb a fraction of the radiation and will emit at the same time
its own radiation. The intensity variation through the path x can be described with the
absorption coefficient k,, (the atenuation per length unit at the frequency v), and with the
emission coefficient j, (intensity produced per length unit). The equation that provides
the variation of the intensity per unit of length, taking into account these two coefficients,

is the radiative transfer equation

dl, )
= kI, + 7. D.1
dx " ] ( )

Lem=3 sr=! Hz ™!, while the absorption

The emission coefficient j,, has dimensions of erg s~
coefficient r, has dimensions of cm~!. The inverse ot &, has units of length and is known
as the mean free path, of the radiation or photon: I, = 1/k,. Its physical meaning is the
mean distance travelled by a photon of frequency v before it is absorbed. The propagation
in empty space corresponds to the particular case where k, = j, = 0, i.e., without any
radiation-matter interaction.

We can define the absorption and emission coefficients with the absorption and emission
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D. Molecular Column Density Calculation

g, E upper, w

Ny

u ul u

g lower, ¢

Figure D.1: Scheme of a two-energy level system, u and [ are the upper (red) and lower (blue)
levels, separated by an energy hv. Each level is characterized by an energy E and a degeneracy
g. The absorption and emission Einstein coefficients characterize the population between both
levels.

FBinstein coefficients. Thus, the emission coefficient can be defined as

o Aul
47

= hvy o(v), (D.2)
where subindices u and [ refers to the upper and lower levels (see Fig. D.1), n, is the
density of particles in the upper level, v,; is the frequency of the transition, A is the
Planck constant, ¢(v) is the line profile, and A,; is the Einstein spontaneous emission
coefficient. The absorption coefficient is defined as

ny Blu — Ny, B

Ky = - “ by d(v), (D.3)

where n; is the density of particles in the lower level, By, is the FEinstein absorption
coefficient, and B, is the Einstein estimulated emission coefficient.

D.1.2 Optical depth, source function and temperatures

In some cases it is useful to rewrite the radiative transfer equation in terms of two new
variables: the optical depth 7, (adimensional) and the source funcion S, (with dimensions
of intensity), both defined from the absorption and emission coefficients as follows

dry, = Kkyd, (D.4)
Jv
L= D.
S p (D.5)

Thus, the radiative transfer equation can be written as

dl,
—=-1, 1) D.
i +8 (D.6)
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D.1. Column Density Calculation

which solution can be expressed as
L=Le™+S,(1—e™), (D.7)

where I0 is the intensity for 7, = 0.

We can define the excitation temperature Tey as the temperature associated with the
source function, i.e., the excitation temperature is the temperature (usually, function of
the frequency) for which the value of the source function is equal to the value of a Planck
function for a given frequency v,

2w 1
c2 ehu/kTex —1 :

(D.8)

Similarly, we can define the brightness temperature T as the temperature (usually,
function of frequency) for which the intensity I, is equal to the value of the Planck function
for a given frequency v,

2hv3 1
2 ehv/kTs _ 1~

I,=B,(Tg) = (D.9)
At low frequencies or high temperatures, we can use the Rayleigh-Jeans approximation
(hv << kT) and obtain

2kv?
~ =

I, Ts, (D.10)

with the intensity proportional to the brightness temperature. Since this proportionality
between intensity and temperature is useful, but it is only applicable in the Rayleigh-
Jeans regime, we can define the radiation temperature Ig, that in the Rayleigh-Jeans
approximation is equal to the brightness temperature,

2k1?
I, = 2 TR, (D.11)
but in general it is written as
hv/k
TR = J,(TB) = /KT 1’ (D.12)

where J,, is the energy in units of temperature.
The solution to the radiative transfer equation (Equation D.7) can be written in terms
of temperatures (taking into account Equations D.8 and D.9) as follow

TR = JV(TB) = Jy(Tbg) e+ Jy(TeX) (1 — e_T”) , (D.13)

where J,, is the energy in units of temperature, T3 is the brightness temperature, Ty is the
excitation temperature, T, is the background temperature assumed to be 2.74 K which
corresponds to the background intensity 10, and Tg is the radiation temperature.
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D. Molecular Column Density Calculation

D.1.3 Molecular column density

In this Appendix we will briefly present how to calculate the molecular column density,
by assuming a simple two-level molecule model (see Fig. D.1), and that all the molecular
levels can be described by a single excitation temperature. You can find more detailed
discussions on radiative processes in Spitzer (1978) and Estalella and Anglada (1999).

From the general definitions of the source function (Equation D.5) and the excitation
temperature (Equation D.8), we can directly obtain

ju = Bl/(TeX) Ry. (D.14)

Since we want to evaluate the observed radiation over a measured spectral line profile and
along a specific line-of-sight, we need to integrate Equation D.14 over these two parameters:

//j,, dv dz = // By(Tex) 5 dv da. (D.15)

Substituting Equations D.2 and D.8 into this equation results in

Ny Ayl B 2hv,? 1
// g hvy ¢(v) dv dx = // 2 ch T 1 dv dx. (D.16)

If we integrate over x we obtain

Nu Aul o th/ulg 1
i hvy /(b(y) dv = Ry T /Ty dv, (D.17)

where the monochromatic frequency v,; can be taken out of the integral, and the column

density NV, (the number of molecules in the energy level u integrated over the pathlength
dz) and the optical depth 7, along the path x, are defined as

N, = / n, dx (D.18)
line of sight

T, = / Ky dz (D.19)
line of sight

Since [ ¢, dv =1, and writing the optical depth in terms of the velocity (using [ 7, dv =
(vui/c) [ T dv, where c is the speed of light), we obtain from Equation D.17

Nu Aul 2hl/u14 1
g hvy = R T T /TU dv. (D.20)

Additionally, the optical depth in terms of the velocity can be rewritten in terms of the
maximum optical depth 7y (at the center of the line) and the linewdith Awv, using the
profile function ¢, (v),

To = To Avgy(v). (D.21)
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D.1. Column Density Calculation

Substituting Equation D.21 into Equation D.20, and using [ ¢, dv = 1, we can finally

obtain

3
0 Av = ———N, Ay (eh“ul/kTex - 1) . (D.22)

8T vy

Solving for the column density in level u, IN,, in Equation D.22 results in the following

N - 8 Uul?’i 70 Av
LT3 Ay (ehyul/kTex _ 1)’

(D.23)

It is important to note that we have only assumed a two-level molecule model to derive an
expression to calculate the column density of a molecular transition, i.e., no assumptions
on (local) thermodinamic equilibrium have been used. In order to estimate the total
molecular column density, we will assume that all the molecular levels are well described
by a single excitation temperature. Thus the population of each level i is given by the
Boltzmann equation

Nu gu

where g, and F, are the upper state degeneracy and energy, and ¢g; and FE; are the

Ni  gi ¢~ (BimBu) [KTux. (D.24)

degeneracy and energy for the level i. The total molecular column density can be obtained
from the sum of all the i-level column densities as follow

Naot= Y. Ni=N, Y %e—(Ei—EuV’“Tex. (D.25)
u

all levels all levels

We can define the partition function @ (check Equation D.50 in Section D.1.5) as

Q= Y gie Bl (D.26)

all levels

Taking into account the partition function (Equation D.26), and solving for the molecular
column density, Nyol, in Equation D.25 results in

Nypol = NUQ eFu/kTex (D.27)
gu
Thus, Equations D.23 and D.27 can be used to calculate the molecular column density
from astronomical observations. We only need to know the excitation temperature, Tey,
the observed linewidth, Av, and the optical depth at the center of the line, 79, together
with constants (specific for each molecule and transition) that will be explained in next
sections.

D.1.4 Observational terms

As said in the previous section, we need some observational parameters to estimate the
molecular column density: Ty, Av, and 79. The determination of these three observational
parameters is slightly different depending on the kind of transition. Thus, at this point
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we must differenciate between single transitions, and transitions with hyperfine structure.
We will focus our analysis taking into account that we have obtained the observational
parameters via a CLASS! fit of the spectra. However, most of these parameters can also
be obtained from fits done with other softwares. Additionally, we must take into account
the coupling between the radiation and the telescope (e. g., filling factor effects).

Line temperature and filling factor

When observing a spectral line, the observed intensity, L?N, includes both contribution

from the line emission and from the background continuum emission
IN=1e™+S8, (1-e ™). (D.28)

The baseline substraction consists in substracting the intensity of the background contin-
uum emission, I9¥F = 1Y (i.e., the intensity where 7, = 0), to the line emission. At this
point, the spectral line intensity can be written as

L=I0N—10"" =[S, - I0] (1 —e ™), (D.29)
and in units of temperature, we can define the line temperature, T1,, as

2k 12
I, = 2 Ty (v). (D.30)

Similar to Equation D.11, the line temperature is a radiation temperature, 71, = J,(1B).
Using the line temperature and the opacitiy in terms of the velocity, we can write Equa-
tion D.32 as

Ti(0) = [ (Tex) — Ju(Tog)] (1 — ™) (D.31)

The line intensity at the center of the line is
To = [Jo(Tex) — Ju(Tig)] (L — €7 ™). (D.32)

It is worth to note that the line intensity is positive (emission line) when Tox > Ti,s. We
will see negative line intensity (absorption line) when Tix < Ti,. The later can happen
when we are observing some molecular line transition (e. g., NH3) toward a hotter/brighter
continuum background source (e.g., an hypercompact H1I region).

The line temperature defined in Equation D.31 describes the spectral line temperature
of the source, but this value may differ from the temperature measured with the telescope.
The relation between the observed radiation (main beam temperature, Tyg) and the
radiation of the source (line temperature, 71,) depends on the angular size of the source
(Qsource) and the beam size of our observations (Qpeam) through a factor known as filling

factor, f,
Twg = f 11, (D.33)

LCLASS can be found in the software package GILDAS, Grenoble Image and Line Data Analysis System,
see http://www.iram.fr/IRAMFR/GILDAS.
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which is < 1 for unresolved sources (Qsource << Qpeam) and f ~ 1 for resolved sources
(Qsource > Qbeam). The angular size (€2) can be expressed in terms of the Full Width at
Half Maximum (FWHM,; 6) as

62 ~ 1.133 6°. (D.34)

0 =
4 In2

The filling factor, one of the main uncertainties when estimating the column density, can
be roughly estimated (Araya et al. 2005) as
02

— source D . 3 5
f (0520111‘08 + G%eam ) ’ ( )

where Osource and Opeam are the source FWHM and the beam FWHM. The latter is also
known as the Half-Power Beam Width (HPBW). In practical situations we can assume the

filling factor to be ~ 1 for interferometric observations, and < 1 for single-dish observations.

Single transitions

When observing a single transition, a CLASS fit of the spectra provides us with four
parameters: the integrated area of the line A (in K km s™!), the central velocity of the
line vpsg (in km s71), the linewidth Av (in km s7!), and the main beam temperature of
the line Tyip (in K). We note that it is interesting (advisable) to have the spectra in units
of temperature and velocity. If you have it in intensity (Jy beam™!) and/or frequency
(Hz), you should be able to convert it easily into K and km s~! by using the Doppler

equation dv = —c/v,; dv and
Ty 3 I, Obeam - Vul -2
“MBY 122 %10 _ D.36
[ K ] . [mJy beam_l] [arcsec GHz ( )

Out of all the terms that the CLASS fit provides you, the linewidth and the main beam
temperature are the ones you need to estimate the molecular column density. Hereafter,
we will use v instead of v, to simplify the notation.

From Ty you can obtain the excitation temperature Ty (necesary in Equations D.23
and D.27). Using Equations D.31, D.33 and D.35 we can relate the measured temperature
Ty with the excitation temperature Toy. Thus, solving for T,y results in
hv/k

hv/k
T /(1—exp(—=70))+Ju (Thg)

Ty = (D.37)

In +1
Remember, that for interferometric observations 11, >~ Tyg, and in the case of single-

dish observations we can estimate f through Equation D.35 assuming a source size. The

opacity at the center of the line, 7y, can be obtained by observing different isotopologues

of a molecule (e.g., CS and C**S, CO and '3CO) as follow (from Equation D.31)

T _[ T5(Tex) — J5°(Tig) Hl—e—%“]

Tﬁnain Jll;nain (Tex) _ Jll;nain (Tbg) 1_ e,,,.énain

(D.38)
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where iso and main refer to two different isotopologues. By assuming that Ji°(T) ~
Jmain(T) (i e, the frequency of both isotopologues are similar), and taking into account
that 7340 = R 71% (where R is the main to iso abundance ratio), we obtain

iso

Tiso 1— ¢ 70
L _ [ c ] . (D.39)
Tﬁnaln 1— e R

If we do not have observations of two or more isotopologues we may assume some value
for 7y (e.g., 0.1-0.3, if we are not sure if the transition is optically thin, 7 < 1; or optically
thick, 7 > 1).

Hyperfine transitions

In the case of hyperfine transitions, the CLASS fit provides us with A X 7, vpsr, Av, and
Tm, Where 7y, is the opacity of the main line (it corresponds to the opacity at the center
of the line of one of the hyperfine lines), and A is

A=f (J(Tex) — JV(Tbg)) ) (D.40)

where f is the filling factor. Thus, for hyperfine transitions, and taking into account
Equations D.31 and D.33, we can write

T = (1—e ™). (D.41)

As in the case of single transitions, we need to calculate the excitation temperature
to estimate the column density. Substituting Equation D.41 into Equation D.37 (with
Tve = f11), and taking into account that, for the main line, 79 = 7, we can write

hv/k
hv/k

Tex = .
In |:(AXTm/(Tmf))+JV(Tbg) +1

(D.42)

D.1.5 Molecular (catalogued) terms

In previous sections we have explained how to obtain the observational terms. How-
ever there are some terms in Equations D.23 and D.27 which are specific (different) for
each molecule. You can find definitions and expressions for all these terms in Townes
and Schawlow (1975) and Gordy and Cook (1984). In this document we will present
theoretical expressions and how to obtain the values for each molecule using two molec-
ular databases: the Cologne Database for Molecular Spectroscopy (CDMS?) and the Jet
Propulsion Laboratory Molecular Spectroscopy (JPL?).

http://www.astro.uni-koeln.de/cdms/
Shttp://spec.jpl.nasa.gov/
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Einstein coefficient A4,
The Einstein spontaneous emission coefficient has the form

A, = 647T41/31
3he3

| pat 1%, (D.43)

where | j1,; |? is the dipole moment of the transition, and is defined as Su?/g,, where S is
the line strength, p is the molecular dipole moment, and g, is the degeneracy of the upper
level. In some texts you can find | py |> = Sp?. In our case we will use the expression
given in the CDMS and JPL databases, and thus, the Einstein coefficient is calculated as

= 6473, Su?
“ 3hed gy’

(D.44)

where the degeneracy of the upper level, g, is given in databases (see Section D.1.5), and
the line strength times squared dipole moment, Su?, can be calculated as

o _ 3he I(T) Q(T)
B = 818 1y e Bi/kT _ g Bu/KT’

(D.45)

or in practical units

S 2
r 2] - (D.46)
erg cm statC™° Debye

1 OlOg(IgOO)
nm?2 MHz

200 [ Vul ]71 exp (4.796 x 1072 [E;/cm™1])

2.4025 x 10*
. MHz)  1T— exp(—1.6 x 10~ [ry/MHz])’

with v, the frequency of the transition in MHz, Ej the lower state energy in cm™!, Q3%
the partition function at 300 K (see Section D.1.5), and log(73"") the base 10 logarithm
of the integrated intensity at 300 K (obtained from databases, see Section D.1.5).

Partition function @

The total partition function ), which is needed to estimate the total column density from
the column density of a single molecular transition v — [, can be expressed in terms of
their translational and internal components

Q(T) = Qu(T) Qun(T). (D.47)

As is explained in Appendix A of Araya et al. (2005), the translational partition function,
Q1r, is not needed to estimate the total column density. Thus, we only need to calculate
the internal partition function Qin (hereafter, @ to simplify notation).

In general, the coupling between vibration, rotation and electronic modes can be ne-
glected, and thus the internal partition function can be factorized as

Qint(T) = Qelec(T) Qvibr(T) Qrot(T)a (D'48)
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where Qelec = 1 for molecules in ground electronic singlet ¥ states (most stable organic
molecules at ordinary temperatures fulfill this condition under astrophysical conditions).
The vibrational partition function (), under the harmonic-oscillator approximation (e. g.,
Herzberg 1991; Araya et al. 2005) can be expressed as

—d;
Qvibr(T) — H <1 - e—whc/lcT) s (D49)

i
where the product is done for all vibrational modes of frequency v; (expressed, as is
customary, in cm™!) and degeneracy d;. Finally, the rotational partition function Qe

Qrot(T) =Y (gz- e Fil ’“T) : (D.50)

)

can be expressed as

where the sum is done for all rotational transitions of energy FE; and degeneracy g;.

By assuming that the vibrational modes are negligible (i.e., Qyipy ~ 1) we can write
Q =~ Qrot, and by approximating the sum by an integral we can write simplified expressions
for the partitions function for different kind of molecules. For linear molecules (e. g., CO,
CS, OCS, NoH™) the partition function is approximated by

KT 1 1 hBo kT

Q= Qrot = 7 +

L, 1hbB, kT D.51
hBo 3 15 kT By’ (D-51)

and for symmetric-top (e.g., CH3CN, NH3) and asymmetric-top (e.g., HNCO, HyCO,
NH3D) molecules the partition function is approximated by

33 q1/2
mh ] (D.52)

Q ~ Qrot ~ [h?’AOBOCO

where Ay, By and Cy are the rotational molecular constants, that can be found in the
databases or in some books (e.g., Townes and Schawlow 1975; Gordy and Cook 1984).
For linear molecules Ayp = Cy = 0, for symmetric-top molecules Ay = Cyp # 0, and
for asymmetric-top molecules Ay > By > Cp (a prolate symmetric top corresponds to
By = Cy, and an oblate symmetric top to By = Ap).

In some cases the vibrational partition function is not negligible (as reported by Araya
et al. 2005, in the case of the CH3CN). In order to avoid tedious calculations of the
partition function for each molecule, we can use some estimations of the partition function
(including rotational and vibrational terms) available in the CDMS and JPL databases
(see Section D.3). In these two databases we can find a document file for each molecule
with the value of the partition function at different temperatures (usually from 7 up to
300 K). The method we use in the program ColDens.f (see Section D.4) consists in using
the partition function values provided by the databases. First of all, we have to calculate
the excitation temperature of our transition (Equations D.37 or D.42). From the databases
we can obtain the value of the molecular partition function for different temperatures, thus
we can obtain a list of pair of values (@, T'). These pair of values can be fitted, in a first
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order approximation, by the Equations D.51 or D.52. Thus, if we want to obtain the value
of the partition function at our excitation temperature T,y, we should interpolate (fit)
the pair of values (@, T'), and evaluate the partition function at our estimated excitation
temperature.

Upper state degeneracy g,

The upper state degeneracy g, depends on each molecule and transition. You can find
detailed descriptions on this in Townes and Schawlow (1975) and Gordy and Cook (1984).
A molecular level is generally described by a set of quantum and pseudo-quantum numbers.
For linear molecules we only have to take into account the rotational quantum number
J, while for symmetric and asymmetric top molecules we have to take into account .J,
and other pseudo-quantum numbers such as K, K,, K., and for hyperfine structure we
have to include Fy, F' (see Townes and Schawlow 1975; Gordy and Cook 1984). Here we
will describe? how to estimate g, in some cases (useful for most molecules of astrophysic
insterest). The upper state degeneracy can be factorized as

9u = 9J,, 9K Ynuclear, (D53)

where g7, is the rotational degeneracy of the upper level given by
95, =2 Jy,+1, (D.54)

gk is the degeneracy associated with the internal quantum number K in symmetric and
asymmetric top molecules, given by

(D.55)

] 1 for K =0, and for all linear and asymmetric top molecules
K 2 for K # 0 in symmetric top molecules only

and gnuclear 1S the nuclear spin degeneracy which takes account of the statistical weights
associated with identical nuclei in a nonlinear molecule with symmetry (which most non-
linear molecules have). When there is no symmetry and no nuclear hyperfine splitting,
each molecular rotational level will have a degeneracy

Inuclear = H (2IZ + 1) ) (D56)
1
where I; is the spin of the i nucleus and where the product is taken over all nuclei of the
molecule. Symmetry and hyperfine splitting changes gnuclear for all practical cases. You
can find a complete description on the calculation of spin degeneracies in Chapter 3 of
?7. In Table D.1 of this document we list the values of the nuclear degeneracies for some
molecules with symmetry: Csp, and Cs, molecules®.

“From the document elaborate by Jeff Mangnum (NRAO) and Yancy Shirley (University of Arizona),
that can be found in https://safe.nrao.edu/wiki/pub/Main/Mollnfo/column-density-calculation.pdf

5Cay and Cs, symmetries refer to those molecules with two or three identical nuclei. The number
of symmetry states for a molecule are determined by the number of configurations within which the
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Table D.1: Nuclear statistical weight factors for Cs, and Cs, molecules®

Identical nuclei Spin Ju K Jnuclear
2 3.3, any even (2I; +1)I;
2 3. 3, any odd (2L;+1)(L; +1)
2 0,1, 2, any odd (2L; +1)(L; +1)
2 0,1, 2, any even (2[; +1)I;
3 any even =3 L2 +1)(41* + AL + 3)
3 any even or odd #3  1(2[; + 1)(4L;* + 41,)

@ From Gordy and Cook (1984), Table 3.2 and 3.3.

As can be seen from Townes and Schawlow (1975) and Gordy and Cook (1984), the
calculation of the degeneracies for some kind of molecules can be a tedious work. Thus
we can take profit of the already created databases CDMS and JPL. Both databases have
different tables for each molecule. These tables contain several lines, and each line is
referred to an specific transition, which reads as follows

1872169.0570 0.2000 3 887.6325165 30327 325 26 324
1872505.7621 0.2374 3 1107.9703 55 30327 622 26 621

with the frequency of the line (in MHz), and its uncertainty (in MHz);

; the degree of freedom in
the rotational partition funtion (0 for atoms, 2 for linear molecules, and 3 for non-linear
molecules); the lower state energy (in cm!); the upper state degeneracy gy;

: coding® of the quantum numbers; and finally the quantum numbers.
At this point, it is important to note that in some databases common factors have
been factorized in order to keep () and g, small. Therefore, it is strongly advizable to
compare ()/g, rather than @ from various databases. Thus, if we are using the partition
function of CDMS/JPL database we have to use the degeneracy given in CDMS/JPL. In
the program ColDens.f (see Section D.4) we use the degeneracies given by the databases.
Non-trivial spin-statistical weight ratios are given explicitely in the documentation of
a given molecule (also available in the databases, see Section D.3). When estimating
column densities of molecules with hyperfine splitting (for example) it is important to
read carefully the documentation provided for these given species, since we may have to
multiply the column density obtained from the program ColDens.f by a certain factor.

wavefunction of the molecule is unchanged with a rotation of m about a symmetry axis and a reflection of
7 through the symmetry plane.
%You can find a description of the coding in http://www.astro.uni-koeln.de/node/477#qnfmt
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Upper state energy F,

The upper state energy F, can be obtained from F, = E; + hv,, or in a usable form

hc h
Eo="g " D.
u A 1+ L Vul, ( 57)
Ey o E —5 [ Vul
[K] — 1.4338 Lml} +4.799 x 10 [MHZ} , (D.58)

where the energy of the lower level, Ej, can be found in the database (see section D.1.5).
Note that with this expression, F, is in units of temperature, thus, in all those equations
(e.g., Equations D.23 and D.27) where we have to calculate E,/kT we can use the sim-
plified expression E, /T where energy and temperature are given in units of temperature

D.1.6 Summary of equations: step-by-step guide

In this section we want to write only those equations you really need to estimate the
molecular column density. Details on how to obtain all these equations are explained
in previous sections. The idea of this section is to provide the user with a step-by-step
guide to explain the main steps you should follow to obtain N, and Ny, from the initial
observational parameters.

A. Observational terms (Section D.1.4)

The first step is to obtain observational information. From your observations you
will obtain some observational terms, different if you are observing a single transition
or a transition with hyperfine structure. Single transitions fitted with CLASS
provide you main beam temperature Tyg and linewidth Av. You must assume an
opacity 7g. Hyperfine transitions fitted with CLASS provide you A X 7, the
linewidth Aw, and the opacity of the main line 7,,. The filling factor f can
be assumed to be ~ 1 for interferometric observations, and can be estimated for
single-dish observations as ,

0

f _ source

B (QSQOHI‘CG + 02 ) ’

beam

where Ogource is the angular diameter of the source size, and Opeam is the angular
diameter of the beam.

B. Excitation temperature (Section D.1.2)

The excitation temperature Tgy is directly obtained from the observational terms
following two different expressions. For single transitions we can use

hv/k
hu/k ’
In | e oy @ T1

Tex =
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and for transitions with hyperfine structure we can use

T, — hv/k

hv/k ’
n [(Am/mfwu(ng) 1
where h is the Planck constant, k£ is the Boltzmann constant, v is the frequency of
the transition (vy), Th is the background temperature assumed to be 2.74 K, and
Jy is the energy in units of temperature and reads

hv/k

Jo(T) = ch /KT _ 1"

C. Catalogued terms (Section D.1.5)

From molecular databases (CDMS and JPL) we can obtain estimations for other
terms involved in the calculation of the molecular column density. The Einstein
spontaneous emission coefficient A,; is obtained by

A, = 6473, Sp?
“ 3hed gy

where g, is the upper state degeneracy given directly in the databases, and Sy’
is the line strength estimated as

Sp? ] B
erg cm statC~2 Debye 2 B
04095 « 10° |10 oo [ }‘1 exp (4.796 x 10~% [E/em ™)
’ nm? MHz MHz 1 —exp(—1.6 x 1077 [, /MHz])’

where the partition function at 300 K, Q3%°, and the base 10 logarithm of the inten-
sity at 300 K, log(I3%?), are given in the databases, and the upper state energy
F, is calculated as

E, E 5T
{] — 1.4338 [C ! ] 44799 x 1075 [L} ,

K m~—! MHz

where the energy of the lower level Ej is given in the databases.

D. Molecular column density (Section D.1.3)

Finally, we can estimate the column density of the transition, NV, as

81 VulB T0 Av

Ny = S Ay (/M — 1)

and the total molecular column density, Ny, as

Nmol = Nui eEu/kTex7
u

where @ is the partition function given in the databases.

268



D.2. Rotational diagrams

D.2 Rotational diagrams

To be written, but you can check Goldsmith and Langer (1999) for a detailed description.

(Here we can describe the “new” method).

D.3 Resources from databases (CDMS and JPL)

As indicated in previous sections, we can use the resources of some molecular spectroscopy
databases to estimate the column density of several molecules without calculating the
partition function, degeneracies and so on, independently for each molecule. Two examples
of databases are the Cologne Database for Molecular Spectroscopy (CDMS”) and the Jet
Propulsion Laboratory Molecular Spectroscopy (JPL®). In Figure D.2 we show a screenshot
of the home webpages for both databases.

Impressum [~

Universitat zu K&in
Mathematisch-Naturwissenschaftliche Fakultat
Fachgruppe Physik

I. Physikalisches Institut

| ok )

Horre »

E The Cologne D for Sp 19Y
Metheds

CbmMs

coms !

C

Links H. S. P. Miiller, F. Schléder, J. Stutzki, and G. Winnewisser,

Jet Propulsion Laborator

[ roe | om | oo | sumeowwe | omm |

us ftp file system for spec.ipl.nasa.gov

Figure D.2: Database webpages. Top: Screenshot of the CDMS database home page. Bot-
tom: Screenshot of the JPL database home page.

TCDMS can be foung in http://www.astro.uni-koeln.de/cdms/
8JPL can be found in http://spec.jpl.nasa.gov/
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D.3.1 The Cologne Database for Molecular Spectroscopy, CDMS

CDMS is a molecular spectroscopy database developed by the Universitat zu Koln. You
can find a detailed description of the project in the webpage or in Miiller et al. (2001,
2005). You can gain access to the catalog by clicking in Catalog and then Entries, on
the left menu bar of the home webpage. You will find a webpage with a list of molecules
and different links/documents for each molecule. You must select those files named HTML
and eXXXXXX.cat, where XXXXXX is the tag number of the molecule. The HTML file is an
ascii table (Fig. D.3 bottom) with the information specified at the end of section D.1.5,
i.e., frequency, intensity, uper state degeneracy, lower state energy, quantum numbers of
the molecular transitions for the chosen molecule. The eXXXXXX.cat file (Fig. D.3 top)
contains the information of the molecule that you need to estimate column densities, e. g.,
names of the molecule, dipole moment, the rotational molecular constants, the partition
function at different temperatures.

CH 3C N,v=0
Methyl cyanide, acetonitrile, cyanomethane, v=0
Species tag 041505 | |Lines Listed 1728
Version 17| [Frequency s aHz <1864
Date of Entry Dec. 2009 | [Max. J 99
IContributor H. 8. P. Miiller| Jlog STRO -7.0
[This entry is a combined GDMS and JPL entry. log STR1 8.5
IThe latest combined fit has been reported by
(1) H. S. P. Miller, B. J. Drouin, and J. G. Pearson, 2009, Astron. Astrophys. 508, 1487, (el ol 9:0
This work provides new data in the 1.58 — 1.63 THz region. Addiional, extensive data betwsen 1 ans| [Egy / ™! 0.0
112 GHz were published in
(2) G. Cazzoli and C. Puzzarini, 2006, ... Mol. Spectrosc. 240, 153 Hy!D 3.9220
/As in that work, ackitional data were taken from
() S. G Kukalich, D. J. Ruben, J. H. S. Wang, andlJ. B. Williams, 1973, J. Chem. Phys. 58, 3155; Hy/D
from
4) S. G. Kukolich, 1882, J. Chem. Phys. 76, 97; 4, /D
land from
(5) D. Boucher, J. Burle, J. Demaison, A, Dubrule, J. Legrand, and B, Segard, 1977, J. Mol. Spectrose. | [[ A /MHz 158099.0
63, 290,
IThe purely Kependent terms were determined through AK = 3 infrared loops from B/MHz 9198.8991
(6) R. Anttila, V.M. Homeman, M. Kolvusaari, and R. Paso, 1993, J. Mol. Spectrosc. 157, 128, G/MHz =8
IThe predictions should be reliable throughout with the exception of K = 14 transiions between about
| = 36 and 48 which are perturbed by a weak resonant interaction with v, = 1 Q(500.0) 48625.8971 (21788.9238)
"#N hyperfine splitting may be resolvable at low values of J and possibly at the highest K. Therefore, | || Q(300.0) 14683.6324 (10118.2635)| ||
(For units and further details on the catalog entries see the General section.)
frequency [uncert.|intens.| | E.lover | | tag | | quantun nos: up-lov | molecule

18397,7830 0,0000 -5,3265 3 0,0000 6 415052021 ©
36794.765L 0.0000 -4,5607 3 5.5803 10 41505 202 2 1
36795.4747 0.0000 -4.4253 3 0.6137 10 41505 202 2 0
55188.7268 0.000L -4.1970 3 21,7065 14 41505 202 3 2
55191.9193 0.006L -3.9618 3  6.8077 14 41505 202 3 1
55192.9836 0.000l -3.9003 3 1.8410 14 41505 202 3 0
73577.4513 0.000L -3.6812 3 48,3748 35 41505 202 4 3
73584.543L 0.000L -3.6963 3 23,5474 18 41505 202 4 2
73588,7994 0,0001 -3,5684 3  8,6467 18 41505 2024 1
73590.2183 0.000 -3.5200 3 3.6821 18 41505 202 4 0
01058.7260 0.0061 -3.8544 3 85,5791 22 41505 202 5 4
©1671.1304 0.00L -3.2310 3 50.8290 44 41505 202 5 3
©01979.9943 0.006L -3.3622 3 26.0019 22 41505 202 5 2
91985.3141 0.0061 -3.2731 3 11.1034 22 41505 202 5 1
01087.0876 0.006L -3.2450 3 6.1368 22 41505 202 5 0
1103303450 0.0001 -3.7883 3 133.3111 26 41505 202 6 5
1103494703 0.0001 -3.4355 3 88,6465 26 41505 202 6 4
1103643537 0.0001 -2.9316 3 53.8969 52 41505 202 6 3
110374.9890 0.0001 -3.1071 3 29,0700 26 41505 202 6 2
1103813720 0.0001 -3.0371 3 14,1717 26 41505 202 6 1
110383.4999 0.0001 -3.0145 39,2052 26 41505 202 6 0
128590.1106 0.0001 -3.4699 3 191.5599 60 41505 202 7 6
126717.3592 0.0001 -3.3908 3 136.9914 30 41505 202 7 5
1267306687 0.0001 -3.1504 3 02,3274 30 41505 202 7 4
128757.0300 0.0001 -2.7023 3 57.5782 60 41505 202 7 3
128769.436L 0.0001 -2.9004 3 32,7517 30 41505 202 7 2
1287768617 0.0001 -2.8413 3 17.8536 30 41505 202 7 1
128779.3639 0.0001 -2.8219 3 12,8872 30 41505 202 7 0
1470358351 0.0001 -3.7949 3 260.3123 33 41505 202 8 7
o ona1_-3 o 1505 20

([T

Figure D.3: CDMS: Top: Screenshot of the eXXXXXX. cat file for CH3CN. Bottom: Screen-
shot of the HTML file for CH3CN.
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D.3. Resources from databases (CDMS and JPL)

D.3.2 Jet Propulsion Laboratory, Molecular Spectroscopy, JPL

JPL Molecular Spectroscopy is a facility developed by the Jet Propulsion Laboratory of the
California Institute of Technology. Documentation explaining more details of the database
can be found in the webpage and in Pickett (1991) and Pickett et al. (1998). You can gain
access to the catalog by clicking in Catalog Directory with links. You will find a webpage
with a list of molecules and different links/documents for each molecule. You must select
those files named cXXXXXX.cat and pdf, where XXXXXX is the tag number of the molecule.
The cXXXXXX.cat file is an ascii table (Fig. D.4 bottom) with the information specified
at the end of section D.1.5, i.e., frequency, intensity, uper state degeneracy, lower state
energy, quantum numbers of the molecular transitions for the chosen molecule. The pdf
file (Fig. D.4 top) contains the information of the molecule that you need to estimate
column densities, e.g., names of the molecule, dipole moment, the rotational molecular
constants, the partition function at different temperatures.

®® (3% o ]

56846 B

Figure D.4:

18397.7830 0.0000 -5.3265 3 0.0000 6 41001 20: =
36794.7651 0.0000 -4,5607 3 5.5803 10 41001 20:
36795.4747 ©.0000 -4.4253 3 0.6137 10 41001 20: =
55188.7268 0.0001 -4.1070 3 21.7065 14 41001 20:
55191,9193 0.000L -3.9618 3  6.8077 14 41001 20:
55192,9836 0.000L -3.9003 3 1.8410 14 41001 20:
73577,4513 0,0001 -3,6812 3 48,3748 36 41001 20:
73584,5431 0.0001 -3.6963 3 23.5474 18 41001 20:
73588.7994 0.0001 -3.5684 3 8.6487 18 41001 20:
73590.2183 0.0001 -3,5209 3 3.6821 18 41001 20:
01958.7260 ©0.000L -3.8544 3 85.5791 22 41001 20:
01671.1304 0.0001 -3.2310 3 50.8290 44 41001 20:
©01979.9943 ©0.0001 -3,3622 3 26.00L9 22 41001 20:
©01985.3141 0.000L -3.273L 3 11.1034 22 41001 20:
91987,0876 0,000 -3,2450 3 6.1368 22 41001 20:

110330, 3450
116349, 4703
110364, 3537
110374, 9890
110381.3720
110383, 4999
1286901106
128717,3592
128739, 6687
128757.0300
128769, 4361
128776, 8817
128779.3639
147035, 8351
147072, 6021
147103, 7380
147129, 2302
147149, 0683
147163, 2441
147171, 7519

©.0001
6.0001
©.0001
©.0001
9.0001
©.0001
©.0001
09,0001
©.0001
.0001
©.0001
©.0001
0.0001
©.0001
©.0001
09,0001
©.0001
.0001
0.0002
0.0002

Species Tag: 41001 Name: CH3CN L1
Version: 4 Acetonitrile

Date: Dec. 2009 Methyl Cyanide

Contributor: H. S. P. Miiller g5

Lines Listed: 1728 Q(300.0)= 10118.2635 l
Freq. (GHz) < 1864 Q(225.0)= 6570.5621

Max. J: 99 Q(150.0)= 3576.3518

LOGSTRO0= -7.0 Q(75.00)= 1265.1853

LOGSTR1= -85 Q(37.50)=449.0803

Isotope Corr.: 0. Q(18.75)= 164.3168

Egy. (em™') > 0.0 Q(9.375)= 64.0955

g = 3.92197(13) A= 158099.0

= B= 0198.9

by = C= B

21
2 2
2 2
232
2 3
2 3
2 4
2 4
2 4
2 4
25
25
25
25
25
-3.7883 3 133.3111 26 41001 202 6
-3.4355 3 88.6465 26 41001 202 6
-2.0316 3 53.8960 52 41001 202 6
-3.1071 3 29.0700 26 41001 202 6
-3.0371 3 14,1717 26 41001 202 6
-3.0145 3  9.2052 26 41001 202 6
-3.4699 3 191.5599 60 41001 202 7
-3,3908 3 136,994 30 41001 202 7
-3.1594 3 92,3274 30 41001 202 7
-2.7023 3 57.5782 60 41001 202 7
-2.0004 3 32,7517 30 41001 202 7
-2.8413 3 17.8536 30 41001 202 7
-2.8219 3 12,8872 30 41001 202 7
-3.7949 3 260.3123 34 41001 202 &
-3.0883 3 195.8526 68 41001 202 &
-3.1316 3 141,2849 34 41001 202 &
-2.0482 3 96.6217 34 41001 202 &
-2.5156 3 61.8731 68 41001 202 &
-2.7270 3 37.0470 34 41001 202 &
-2.6748 3 22,1491 34 41001 202 &

FNWANONEFNWENDOFNWENOFNWEOFNWO RN RG

fa;

I

JPL: Top: Screenshot of the pdf file for CH3CN. Bottom: Screenshot of the
cXXXXXX.cat file for CH3CN.
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D. Molecular Column Density Calculation

D.4 Program ColDens.f

Alvaro Sénchez-Monge? developed a FORTRAN 77 program to estimate column densities
and make rotational diagrams: ColDens.f!'’. The program can be used to calculate
column densities of almost all kind of molecules., you only need to write the information
of the specific molecule (if it does not exist yet) in a MMMM.mol file, where MMMM is the
name of the molecule, saved in a directory libmol. In this file you must introduce the
information, in a specific format (described in a README file that comes together with the
code), of the molecule (e. g., rotational molecular constants, partition function at different
temperatures, if the molecule is linear, symmetric-top or asymmetric-top) and at the end
of the file you have to introduce the molecular transitions you want to study. All the
information required to create the MMMM.mol file can be found in the CDMS and JPL
databases (as explained in Section D.3).

You can also create an input file SSSS.rd, to create a rotational diagram from this
file. This file, that is saved in the directory rotdia, contains observational information
indicating the molecule, the frequency of the transition, the main beam temperature of
the line, the linewidth, the integrated area, the optical depth, the source size, and the
beam size. The format of the SSSS.rd file is also explained in the README file.

When executing the program you will find a menu with different options

sk ok K o ok K ok ok 3 oK K 3 ok K 3K ok 3 ok ok 3 ok 3K 3 ok 3 ok ok 3 oK ok 3 ok K 3 ok 3 3K ok 3 oK ok 3 ok K 3 ok 3k ok ok 3 ok oK
sokskokk Main Memul kokskokskskok sk sk ok sk ok ok 3 ok ok 3 ok 3k 3 ok 3k 3k ok 3k ok ok 3 ok ok 3 ok 5k K oK
0.- Exit program
1.- Choose molecule 1lib file (.mol) molecule
2.- Choose molecular transition

Frequency (MHz) 220743.0106
3.- Observational parameters
4.- Print results on terminal
5.- Rotational diagram (CH3CN et al.)

You should be able to follow the instructions given in the different menus, in order
to properly estimate the column density. Any comment, question, doubt, suggestion or
whatever can be sent to: asanchez@am.ub.es.

9You can contact him (me) in asanchez@am.ub.es
10A version of this program can be found in http://www.am.ub.es/~asanchez/utilities/ColDens
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D.5. Astrophysical constants and conversion factors

D.5 Astrophysical constants and conversion factors'

Number

Constant Symbol
Mathematical constants

Number pi T

Euler’s constant e

3.141 592 653 6
2.718 281 828 5

Physical constants

Speed of light c
Planck constant h
Boltzmann constant k
Gravitation constant G

2.997 924 58 x 10 cm s~!
6.626 075 5 x 10727 erg s
6.626 0755 x 1073* J s

4.135 671 5 x 1071% eV s
1.380 658 x 10716 erg K1
1.380 658 x 10723 J K1
8.617 385 x 107° eV K1
6.672 59 x 10~® dyn cm? g2
6.672 59 x 10~ m?3 kg=! s72

Units of distance
Astronomical unit AU
Parsec pc

Light (Julian) year -

1.495 978 706 6 x 10 cm
3.085 677 6 x 10'® cm

3.261 563 8 light (Julian) year
206 264.806 AU

9.460 730 472 x 10'7 cm
6.955 08 x 10*° cm

Solar radius Rg
Units of mass

Solar mass Mg

Mass of electron Me

Mass of proton mp

Mass of neutron My

Mass of 'H atom mu

1.989 1 x 1033 g

5.485 799 03 x 10728 g
1.672 6231 x 107 g
1.674 928 6 x 10~ g
1.673 5344 x 107 g

Units of time
Julian year -

3.155 76 SI seconds
525 960 minutes
8766 hours

365.25 days

Units of energy, electric charge and fluxz density

Solar luminosity Lo
Elementary charge e
Joule J
Electron Volt eV
Jansky Jy
Debye D

3.845 x 1033 erg s~!
4.803 206 8 x 10712 C
1.602 177 33 x 10720 esu
107 erg

1.602 176 46 x 10719 J
1.602 176 46 x 1072 erg
1072 erg s™! em ™2 Hz !
10726 W m~2 Hz !
10718 statC cm

7 From Cox (1999)
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