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Resumen

Las condensaciones masivas en nubes moleculares gig@hé&3s] estan asociadas con
la formacion de estrellas de alta masa, las cuales sondaipai fuente de elementos
pesados y radiacion UV, jugando un papel importante enduenn de las galaxias. Para
estudiar este tipo de condensaciones, hicimos dos ingeg&iiges usando observaciones
haciala GMC G345.51.0. Esta nube esta localizadadk latitud sobre el plano galactico,
a una distancia de 1.8 kpc del Sol. De este modo, hay pocapagi@dn de polvo y de
estructuras moleculares a lo largo de la linea de visidninmizando la confusion en la
identificacion de las condensaciones.

La primera investigacion, “Formacion de estrellas masien la GMC G345:51.0:
Distribucion espacial de la emision del polvo”, tiene @ometa hacer un censo de la
formacion de estrellas masivas en la GMC G343.9 completa. Observamos la emision
continuaa 1.2 mm de la nube completa usando el “SEST Imagitanieter Array” (SIMBA)
montado sobre el “Swedish-ESO Submillimetre Telescope3H. Las observaciones
tienen una resolucion espacial de 0.2 pc y cubr&x2°2 en el cielo, con un ruido de
20 mJy beam'. Identificamos 201 condensaciones con un diametro pranukD.3 pc,
una masa promedio de 61JWy una densidad promedio deB0* cm3. La masa total de
las condensaciones es £10*M,, asi la eficiencia para formar estas condensaciones es
~0.02, estimada segln la razon de la masa total de las ceexienes a la masa total de
la GMC. La distribucion de las masas de las condensacianagusta bien por una ley
de potencia df{iMxM~*, con un indice espectraligual a 1.7Z-0.1. Dada la distribucibn
de sus masas, estas condensaciones no parecen ser pregeatiectos de estrellas in-
dividuales. Comparando la emision continua a 1.2 mm caganeés infrarrojas tomadas
por los satélites “Midcourse Space Experiment” (MSX) y BFER, encontramos que a



lo menos e~20% de las condensaciones estan formando estrellas, y ad@®n80%
aun no forman estrellas. Seis regiones de formacion dellastmasivas (MSFRs), que
estan inmersas en condensaciones y estan asociadaseoba fuintuales IRAS, tienen
una densidad promedio dd.0° cm3, luminosidades-1C® L, y distribuciones espectrales
de energia que pueden ser modeladas con dos componentsala diferentes tempe-
raturas. Los valores promedios de estas temperaturas s&nyZ80:10 K.

La segunda investigacion, “G34545.50: Una estructura en expansion con forma
de anillo y con formacion de estrellas masivas”, tiene coivjetivo determinar la condi-
ciones fisicas de la estructura con forma de anillo G345L40, la cual es parte de la
GMC G345.5-1.0 y contiene~54 condensaciones de polvo con una masa promedio de
75 M, detectadas en la emision continua a 1.2 mm. Observamodlel@mpleto en la
linea'*CO(3-2) usando el telescopio “Atacama Pathfinder Experit{@&®PEX). Las ob-
servaciones cubren 20 en el cielo, con una resolucion angular d¢ y8.na temper-
atura de ruido de1 K a la resolucion espectral de 0.1 kmh.sEl anillo contiene una masa
total de 6.%10° M, y se esta expandiendo con una velocidad de 1.4kmE&stimamos
un escala de tiempo de la expansion@4x1 yr y una energia total del.4x10* erg.

Un posible origen del anillo es la explosion de una supeanga que una fuente de-
tectada a 35.5cm, J165920-400424, esta cerca del certanitle, a ~90 arcsec, sin
tener contraparte en el infrarrojo. En la estructura fragaaa del anillo, identificamos
57 condensaciones con un diametros promedio de 0.6 pc, asa promedio de 93 M

y una densidad promedio de“®n3. Asumiendo que las condensaciones pueden ser
modeladas como esferas de Bonnor-Ebert, para estar emeaquiidroestatico las con-
densaciones requieren una presion externa promedig® K cm=3. En la region, cinco
eyecciones de materia molecular son identificadas, laggtiahen un tamafo promedio
de 2.0 pc, un gradiente promedio de rapidez proyectada denis? pc?, y una energia
proyectada dex810* erg. Hemos identificado fuentes infrarrojas como estr¢basnes
candidatas para impulsar tres de las eyecciones de mataeautar.



Abstract

Massive condensations in giant molecular clouds (GMCsJiaked to the formation of
high mass stars, which are the principal source of heavyeigsrand UV radiation, play-
ing an important role in the evolution of galaxies.

To study these kind of condensations or clumps, we manageds&arch using
observations toward the GMC G3455.0. This cloud is located one degree above the
galactic plane and at 1.8 kpc from the Sun, thus there ig Ktiperposition of dust and
molecular structures along the line-of-sight, minimizegnfusion &ects in identifying
individual clumps.

e Firstresearch, “Massive star formationin the GMC G348.9: Spatial distribution
of the dust emission”.

— Aims. We attempt to make a complete census of massive-staafmn within
all of GMC G345.5-1.0.

— Methods. We observed the 1.2 mm continuum emission acresegitble GMC
using the Swedish-ESO Submillimetre Telescope (SEST) imga§olometer
Array (SIMBA) mounted on the SEST. Observations have a apagsolution
of 0.2 pc and cover’Bx2°2 in the sky with a noise of 20 mJy beain

— Results. We identify 201 clumps with diameters between Bd2a6 pc, masses
between 3.0 and 1X&0®*M,, and densities betweenx®0® and 4x10° cm3.
The total mass of the clumps is ¥20*M,, thus the @iciency in forming
these clumps, estimated as the ratio of the total clump neatbettotal GMC



mass, is~0.02. The clump mass distribution for masses between 10 and
10° M,, is well-fitted by a power law diIM«<M~, with a spectral mass in-
dexa of 1.7+0.1. Given their mass distribution, clumps do not appeareto b
the direct progenitors of single stars. Comparing the 1.2cantinuum emis-
sion with infrared images taken by the Midcourse Space Expaat (MSX)
and by the SPITZER satellite, we find that at lea20% of the clumps are
forming stars, and at most80% are starless. Six massive-star forming re-
gions (MSFRs) embedded in clumps and associated with IRA8 pources
have mean densities 6fL0° cm3, luminosities>10° L., and spectral energy
distributions that can be modeled with two dust componenti&i@erent mean
temperatures of 28 and 20@10K.

e Second research, “G34545.50: An expanding ring-like structure with massive
star formation”.

— Aims. To determine the physical conditions of the ring-lgteucture G345.45
+1.50, which contains-54 clumps detected in 1.2 mm continuum emission
with an average mass of 75M The ring is located °’6 above the galactic
plane at 1.8 kpc from the Sun, thus there is little supermwsitf molecular
structures along the line-of-sight minimizing confusidteets in identifying
individual clumps.

— Methods. We observed the whole ring in f€0(3-2) line using the Atacama
Pathfinder Experiment (APEX) telescope. The observationercl7x20 in
the sky with an angular resolution of’1&nd a rms o1 K at spectral resolu-
tion of 0.1 kms?.

— Results. The ring contains a total mass of@.6° M, and is expanding with
a velocity of 1.4kmst. We estimate an expanding time scale-@f4x10° yr
and a total energy 0£1.4x10*" erg. A possible origin of the ring is a su-
pernova explosion, since a 35.5cm source, J165920-400g 2var to the
center of the ring, at 90 arcsec, without an infrared coyatetr In the frag-
mented structure of the ring, we identify 57 clumps with dedens between
0.3 and 1.0 pc, masses between 7.4 anckBX¥6M,, and densities between
2x10° and 5¢10*cm3. Assuming that clumps can be modeled as Bonnor-
Ebert spheres, to be in hydrostatic equilibrium the clungogiire an average



external pressures ofx1(® Kcm=3. In the region, 5 molecular outflows are
identified, which have an average size of 2.0 pc, an averagegbed speed
gradient of 1.7 kms pct, and an average projected energy ®i8* erg. We
have identified infrared sources good candidates to drietbf the observed
molecular outflows.



Acknowledgements

Thank my family, supervisors and teachers for all your heipray my Ph.D. thesis.

C.L. acknowledges partial support from the GEMINI-CONICYIND, project
number 32070020, ESO-University of Chile Student Fellapsthe Chilean Center for
Astrophysics FONDAP RN 15010003 and by Center of Excellence in Astrophysics and
Associated Technologies PFB 06.

Vi



Contents

Resumen i

Abstract iii

1 Introduction 1
1.1 Giantmolecularclouds . . . . . . . . . . . . . . ...
1.2 ClumpsinGMCs . . . . . . . . . . e
1.3 Massive star formation . . . . . . . ...
1.4 Ring like and shell like structuresinthelISM . . . . . . ... ... .. 3
1.5 Thisthesis . . . . . . . . .

2 Observations 6
2.1 1.2mmcontinuumemission . . . . . . . ... e e
2.2 BCO(3-2)line. . ... . . e

vii



23 RCOB2)NNE . o v o e 8

2.4 'CO(1-0) line survey of the Southern Galaxy . . . ... ......... 8

25 CS(2-1)linesurveytoward MSFRs . . . . . . ... .. ... ... ... 9

2.6 Onlinearchives . . . . . . . . . . . 9
2.6.1 IRASobservations . . .. .. ... ... ... ... ... 9
2.6.2 MSXobservations . . . ... ... 10
2.6.3 SPITZER (IRAC) observations. . . . . .. ... .. .. ..... 10
2.6.4 MGPSobservations . . ... ... . ... ... ... . ... . 10

Massive star formation in the GMC G345.5+1.0: Spatial distribution of the

dust emission 11

3.1 GMCG345.51.0. . . . . . . . e 11
3.2 1.2mmcontinuumemission . . . . . . ... 12
3.3 ldentificationofclumps . . . . . . ... ..o 20

3.4 Physical propertiesofclumps . . . . . ... ... ... 34

3.5 Association with infrared emission (IRAS - MSX - SPITZER . . . . . 40

3.6 Dust properties of massive star forming regions aststiaith clumps
and IRAS pointsSources . . . . . . . . . 43

viii



4 (G345.451.50: An expanding ring-like structure with massive star famation 52

4.1 BCO(3-2)lineemission. . . . ... . ... 52
4.2 Gastemperature . . . . . . .. e 58
4.3 Columndensityand massofthering . . . .. .. ... ... ...... 60
4.4 BCOB-2)ClUmPS . . . o o o 63
4.5 Gravitational stability . . . .. .. .. o o 71
4.5.1 \Virialequilibrium . . . . . ... o 71
4.5.2 Bonnor-Ebertsphere . . .. ... ... oL 73
4.6 Association ot>*CO(3-2) clumps with 1.2 mm continuum emission . . . . 77
4.7 Association with infrared emission (IRAS - MSX - SPITZER . . . . . 79
4.8 Kinematicstructure . . . . . . .. 28
4.8.1 Expandingring . . . .. .. .. .. 82
4.8.2 Molecularoutflows . . . . ... ... ... ... ... 86
5 Summary 92

5.1 Massive star formation in the GMC G345K0: Spatial distribution of
thedustemission . . . . . . . . . ... 92

5.2 G345.451.50: An expanding ring-like structure with massive stanfation 93



A LTE column density estimated from the 13CO(3-2) line

95



List of Figures

3.1

3.2

3.3

3.4

Spectra of th&CO(1-0) line emission integrated over the whole area of
the GMC G345.51.0 (between 344 and 3465 in Galactic longitude

and between @ and 20 in Galactic latitude; Bronfman et al. 1989).
Emission from the GMC under study is between -33 a@dkm s with a

peak at-13.6kms?t. . . ... 13

Map of the GMC G345:E1.0 in 1.2 mm continuum emission. Observa-
tions were made using SIMBA, with a spatial resolution offiz2 They
cover £8x2°2 in the sky, with an rms of 20mJybeain . . . . ... .. 16

Integrated?CO(1-0) emission toward GMC G345:5.0 in diferent LSR
velocity ranges (Bronfman et al. 1989). Top-left: frer200 to—33 km s,
Top-right: from-2 to 50kms?!. Bottom: from-33 to-2kms?. Ma-

genta circles mark spatial and spectral positions of detexin the CS(2-

1) line toward MSFRs (Table 3.2). Contours represent 1.2 immtiicuum
emission at 5 timesrms,0.1Jybeam‘. . . . ... ... ... ... ... 17

IRAS point sources along the line-of-sight of the GMC 6.341.0 ob-
served in the CS(2-1) line (Bronfman et al. 1996). Gray sogpeesents

1.2 mm continuum emission. Arrows mark CS(2-1) line obstsowna, and
crosses indicate observations without detection (seeeTaB). . . . . . . 18

Xi



3.5

3.6

3.7

Line profiles toward the IRAS point sources 17008-404D14009-4042:

top image,'2CO(1-0) line profiles (Bronfman et al. 1989), over a map of
their integrated emissions (color scale) and with contofidls2 mm con-

tinuum emission; middle and bottom images, CS(2-1) lindilgw (their
observing positions are indicated as black dots in the t@ganBronfman

etal. 1996). . . . . . . .. 19

Mass distribution of identified clumps in G345 50, plotted as diilog(M/M)
versus mass, where diog(M/M,,) is approximated by the number of
clumpsAN within a logarithmic mass intervallog(M/M,,). Here A log(M/M)
is constant;0.44. Error bars are estimated RYAN/Alog(M/M,). The
arrow shows the clump mass limit2.9 M,. The continuous line rep-
resents the mass distribution fit withN/d log(M/M;)ecM=¢ where the
spectral mass indexis 1.7+0.1 for masses betweerl0 and 1.3x10M.,.

The dashed line displays the spectral mass index for tHarsitatial mass
function (IMF) of the solar neighborhood for stellar masgesater than
0.5M; (e.g. Kroupa 2002); the line is forced to pass through th& péa

the clump mass distribution. . . . . . . ... ... o oL 35

Mass distribution of identified clumps in G345K0 with masses higher
than 100 M, plotted as diXdlog(M/M,,) versus mass, where diNog(M/M,,)

is approximated by the number of clumpBl within a logarithmic mass
interval Alog(M/M,). Here, Alog(M/M,) is constant;0.37. Error bars

are estimated by/AN/Alog(M/M,). The continuous line represents the
mass distribution fit witliN/d log(M/M,)cM %, where the spectral mass
indexe is 1.6+0.1 for masses betweerf00 and 1.3x10M,. . . . . .. 36

Xii



3.8

3.9

3.10

3.11

Mass versus diameter for the clumps detected toward@ G345.5+1.0

in 1.2 mm continuum emission with reliable diameters. Eib&cles indi-
cate clumps detected in infrared MSX and SPITZER bands. Opeles
indicate clumps that do not have an infrared counterpaitaingtes indi-
cate clumps associated with MSFR-IRAS sources, which hawenlosi-
ties>10°L,. Boxes indicate clumps associated with MSX sources that
satisfy MYSO candidate criterion (Lumsden et al. 2002). otus mark
detection limits for masses-2.9 M,) and diameters~0.2 pc). The con-
tinuous line indicates the detectable mass as a functiomaiater (sen-
sitivity limit), considering an intensity limit of five rms~0.1 Jy beam').
Dotted lines indicate mean densities a8, 100%, 1¢° and 16cm™. The
densities are computed assuming a mean molecular weightf9. . . 39

Image in 21.34m from MSX observations toward GMC G345.5.0
with contours of 1.2 mm continuum emission at three times #6 Jy beam'. 42

Images of 8.0m emission (SPITZER data) toward clumps detected in
1.2 mm continuum emission and associated with IRAS pointcssu Con-

tours represent 1.2 mm continuum emission at 0.06, 0.12, arzl 0.48 Jy bearh
(rms is 0.02 Jy beam). IRAS source names are given at the top of each
image, and clump numbers are indicated at the peak of 1.2 nmtineo

uum emission. Red circles are centered on the coordinal€A& point
sources, with diameters of gan approximation of the angular resolution

of IRAS observationsat 1Qdm). . . . . . . . . . ... ... ... 44

The SEDs of massive-star forming regions associatidmassive clumps
detected in 1.2 mm continuum emission; top labels show narhése
clumps. Dots with error bars are flux densities estimatech f&IMBA,

IRAS, and MSX observations. Each SED is modeled with two dast-
ponents at dierent temperatures (physical parameters for each model are
in Table 3.5); drawn lines are the total flux density of the tlust compo-
nents, and dashed lines are the contributions of each dogiaeent. . . . 45

Xiii



3.12 Dust opacity spectrum utilized in the SED models. It wsismated by
Ossenkopf & Henning (1993)assuming a Mathis-Rumpl-Nordsieck ini-
tial size distribution with thin ice mantles and°y@ of coagulation at a
gasdensityof 0cm™=. . . . . ... 47

3.13 Dependence of the SED model on variations in the fitteshpeters. Plots
show the SED for clump 1 with the best-fit model (see Table ark)
variations in each parameter, f6§0¢, DS, T4a™, D™ andNgy, when
increasing and decreasing the best-fitvalue. . . . ... ... .. .. 51

4.1 Average spectrum of thECO(3-2) line toward the ring-like structure
G345.45-1.50. Arrows indicate the two peaks in the emission. . . . . . 3 5

4.2 Integrated velocity’CO(3-2) line emission from the ring G345.50.50
between -26 and -24 km’s(top image), and between -22 and -2krhs
(bottom image). Contours show the emission integrated detw30 and
-2km st with levels of 9, 18, 36, 72 and 144Kkm's . . . .. ... .. 54

4.3 1.2mm continuum emission of the ring G345:2(0, with contours of
the 13CO(3-2) line emission integrated between -30 and -2 Knflsvels:
9,18,36,72and 144Kkm¥. . . .. .. ... ... 56

4.4 Radio and infrared observations in continuum emissivatd the ring
G345.506-1.50 with contours of thé3CO(3-2) line emission integrated
between -30 and -2 kms(levels: 9, 18, 36, 72 and 144 K km'3. Top-
left, at 35.6 cm from MGPS (Murphy et al. 2007). The arrow aades
the position of the J165920-400424 source, and the whitéedimdicates
the area where we looked for objects in NED database to knowtdbe
nature of this source; this circle is centered at the posiidhe J165920-
400424 source, and has a radius of 2 arcmin. Top-right, 842 from
MSX. Bottom-left, at 8.um from SPITZER. Bottom-right, at 4/m
from SPITZER. . . . . . . . . . e 57

Xiv



4.5

4.6

4.7

4.8

4.9

Ratio 0fN; omm t0 Nisco, considering emission in th€CO(3-2) line and

1.2 mm larger than three times rms. Contours repreS&®(3-2) line
emission integrated between -30 and -2 kin(tevels: 9, 18, 36, 72 and
144KKMSY). . . e, 62

Mass versus diameter for the clump detected ifi6©(3-2) line. Filled
circles represent clumps that have an infrared countefimant MSX and
SPITZER observations. Open circles symbolize clumps trehat as-
sociated with an infrared source. The triangle indicatescdlimp asso-
ciated with the MSFR IRAS 16562-3959. The arrows mark theimmh
detectable diameter and mas$,.2 pc and~1.3 M,, respectively. Dotted
lines indicate mean densities at®1@0* and 16cm™.. . . . .. ... .. 64

Line width velocity versus diameter for the clumps detddn the*CO(3-

2) line. Arrows mark observational detection limits for three widths and

for the diameters;0.111 km st and~0.2 pc, respectively. The line shows

the fit, AV=4kms1 (DpcH)®>. . ... ... .. ... L. 65

aviria Versus mass for the identified clumps. Arrow indicates thtecat
values ofiria, 1. . . . . . o e e e e e e 72

Dimensionless radiu&n.x versus mass for the clumps detected in the
13CO(3-2) line. The arrow marks the critical state for the BomBEbert
spheresdmax=6.5). . . . . . . 75

4.10 External pressui, versus mass for the clumps identified in théO(3-

2) line. The arrow indicates the internal pressure of the GB845.5+1.5,
PGMCa ~3><105 K Cm‘3. ........................... 76

4.11 Ratio of mass estimated from 1.2 mm continuum emissiamdt esti-

mated from the"*CO(3-2) line, versus mass estimated from 1.2 mm for
the 32 associations between the clumps detected in the 1.@mission
and the clumps detected in thie€O(3-2) line. . . . . . . . ... ... .. 78

XV



4.12 BCO(3-2) line emission integrated over declination (lefage) and over
right ascension (rightimage). . . . . . .. ... ... ... ... .... 80

4.13 13CO(3-2) line emission integrated between -30 and -2 Kmshowing
the expanding ring and the 5 molecular outflows identified...... . . . 81

4.14 Sketch of the expanding ring model in 3D. The model issshaith o=
-50degan@®=50deg. ... .. .. .. .. ... ... 84

4.15 The expanding ring. Top-left, tACO(3-2) line emission integrated be-
tween -16 and -9 knts. The black ellipse shows the spatial distribution of
the ring. Top-right, the position-velocity diagram of theeeage**CO(3-

2) line emission following the spatial distribution of thiemg, which is
displayed in the left image; the magenta line shows the ipositelocity
distribution of the ring model. Bottom, 36.5cm emissionnfrddGPS
data. The arrow marks the position of MGPS source J16592@224) the
yellow ellipse and the cross indicate, respectively, thegiapdistribution
and the spatial center of the ring. Contours are'fi@O(3-2) line inte-
grated between -30 ane2 kms? (5.4, 9.0, 18, 36, 72 and 144Kkm'y. 85

4.16 Sketch of the outflow model. The model is shown Wwith50deg. . .. 87

XVi



4.17 Observations toward the three southern outflows: aloweard the out-

flow 1; middle, toward the outflow 2; bottom, toward the outflBwLeft
images show th&CO(3-2) line emission integrated between -14 an@
kms? for the outflow 1, between -20 and -10 kmi gor the outflow 2,
and between -20 and -14 km'sfor the outflow 3. Middle images show
the position-velocity diagrams of the averdd§€0O(3-2) line emission fol-
lowing the fitted spatial distributions of the outflows diepdd in the left
images (black lines). Magenta lines show the fitted positielocity dis-
tributions of the outflows. Right images show thar8 emission from
SPITZER data. Arrows mark the position of MSX sources goautica
dates to drive the outflows. Lines indicate the fitted spaigttibutions of
the outflows. In the left and right images, contours displa/tCO(3-2)
line emission integrated between -30 and -2 kin(fevels: 5.4, 9.0, 18,
36,72and 144KKmM3). . . ... ...

4.18 Observations toward the two northern outflows: abowwatd the out-

flow 4; bottom, toward the outflow 5. Left images show #R€0(3-2)
line emission integrated between -14 and -11kinfer the outflow 4,
and between -20 and -10 kmtsfor the outflow 5. Middle images show
the position-velocity diagrams of the averdd€O(3-2) line emission fol-
lowing the fitted spatial distributions of the outflows depéd in the left
images (black lines). Magenta lines show the fitted positielocity dis-
tributions of the outflows. Right images show thar8 emission from
SPITZER data. Lines indicate the fitted spatial distribogiof the out-
flows. In the left and right images, contours display tF@€0O(3-2) line
emission integrated between -30 and -2 kinkevels: 5.4, 9.0, 18, 36, 72
and 144Kkmsh). . ...

90

XVii



List of Tables

3.1

3.2

3.3

3.4

3.5

Summary of main characteristics of G3481%0. . . . . ... ... ... 12

List of IRAS point sources along the line-of-sight to G&IC G345.5-1.0
observed in the CS(2-1) line by Bronfman et al. (1996). . . ...... . . 15

Properties of identified clumps in the GMC G34515. Column 1 gives
clump names; columns 2 and 3, galactic coordinates of peakimm
continuum emission; column 4, 1.2 mm flux densities; columdidme-

ters; column 6, masses; column 7, densities; column 8, coldensities;

and column 9, if clumps are detected in all infrared MSX antTEER-

IRAC bands (“Y”) or not (“N”). The densities and the columnndies

are computed assuming a mean molecular weight=@£29. . . . . . . . 21

Summary of the physical properties of the identified gam. . . . . . . 38

SED models for MSFRs associated with IRAS point sournds@assive
clumps detected in 1.2 mm continuum emission. Each moddisisnof

two dust components with equal densities dfelient temperatures (cold
and warm components). Column 1 shows names of IRAS pointesur
Column 2, names of clumps; in Columns 3 to 8, we show the fittgdp

ical parameters: dust temperature, diameter, and columsitgierespec-
tively, for the cold (Cols. 3-5) and warm (Cols. 6-8) compuotse Column

9, masses of the cold component; and Column 10, total luritiess. . . 50

XViii



4.1 Listof observations in théCO(3-2) line in the position switching observ-
ing mode toward peaks of tHéCO(3-2) line emission. Columns 1 and 2
show equatorial coordinates, column 3, peaks of antennpesatures,
and column 4, estimated kinematic temperatures. . . . . ... ... 59

4.2 Summary of the physical properties of the identified gam. . . . . .. 66

4.3 Physical properties 3CO clumps. Column 1 gives names; columns 2
and 3, equatorial coordinates (J2000); column 4, diametaisimn 5,
masses; column 6, line widths; column 7, densities; columoo8imn
densities; and column 9, if clumps have an infrared couatéfppm MSX
and SPITZER observations. . . . . . . . .. .. .. ... .. ....... 67

4.4 Characteristics of the expandingring. . ... ... ............ 83

4.5 Characteristics of the 5 outflows found. Column 1 showlaw names;
Columns 2 and 3, equatorial coordinates of the spatial cen@olumn
4, initial LSR velocities ; Column 5, projected spatial siz€olumn 6,
projected velocity gradients; Column 7, directions of gf@ts; Column 8,
expansion times; Column 9, projected energies; Column &8srautflow
rates; and Column 11, infrared sources that are good caeditia drive
theoutflow. . . . . . . . . . ... 89

XiX



Chapter 1

Introduction

1.1 Giant molecular clouds

High-mass stars are known to be born in massive and denseskeimbedded within giant
molecular clouds (GMCs; Zinnecker & Yorke 2007). These GMh@se typical radii of
~60 pc, masses of #M,, and temperatures 6f10 K, and are found to be concentrated
toward the Galactic plane (Grabelsky et al. 1988). Thisgn&e to spatial and kinematic
blending along the line-of-sight. For example, the CO emigghe most frequently used
tracer of molecular gas for GMCs, with a low critical dengiyt 02 cm3), is often com-
plex with multiple profile components. To overcome thesecokational dificulties and
perform a complete census of massive-star forming regibt&Rs) in a whole GMC,
ideally requires one to study GMCs above and below the Galplztne using a high den-
sity tracer. Recent surveys of dust condensations withialevleMCs have been made
toward RCW 106 (Mookerjea et al. 2004), Cygnus X (Motte e28l07), and NGC 6334
(Muioz et al. 2007) using millimeter continuum emissioradsgh density tracer.



1.2 Clumpsin GMCs

Observations in molecular lines (e.g. Bains et al. 2006) @t continuum emission
(e.g. Muiioz et al. 2007) on spatial scales smaller thapc show that GMCs have a
fragmented structure, and these sub-structures have bfred to as clumps (Williams
et al. 2000).

Clumps in GMCs have masses from 4 t¢* M),, diameters from 0.2 to 2 pc, and
densities from 19to 1 cm3. The clump mass distribution is consistent with a power
law dN/dMo« M~, where dNdM is the number of objects by mass interval, M is the
mass, and is the mass spectral index. The derived mass spectral xcacge between
1.3 and 1.8 (e.g. Mookerjea et al. 2004; Muiioz et al. 200dles similar to those
found for the mass distribution of molecular clouds as a whek1.5-1.6; Sanders et
al. 1985; Solomon et al. 1987; Williams & McKee 1997). The itamity between the
spectral mass indices suggests a common origin; howeu&eralit mechanisms have
been proposed to explain the formation of clumps and GMCs.th@rone hand, large-
scale gravitational instabilities, in the combined meduiithe collisionless stars and the
collisional gas, drive spiral density waves (e.g. Li et ab02), and are likely to be the
main mechanism behind GMC formation. On the other handedédCs are considered
turbulent and supersonic, it is expected that the clumpdion is, to first order, produced
by ram pressures from supersonic flows, which can providesdlees for a gravitational
fragmentation (Ballesteros-Paredes et al. 2006 and 2007hd@l et al. 2007; Klessen et
al. 1998).

1.3 Massive star formation

MSFRs are embedded in GMCs, generating a high Lyman contiminoton flux £2x10%
photons sed; Panagia 1973) that ionizes the surrounding gas and heatithounding
dust. These MSFRs can thus be identified by infrared emi$sianheated dust arar by
radio emission from ionized gas. They can also be identif@sgt on both their molecular
lines from high density gas and their millimeter and sublim#ter continuum emission



from dust.

Bronfman et al. (1996) showed that 60% of the IRAS point sesiia the Galactic
plane with far infrared (FIR) colors typical of ultra compgtJC) HIl regions (Wood
& Churchwell 1989) are associated with dense moleculacstras seen in the CS(2-1)
line (x10*-10°cm3). Hereafter, these sources will be referred to as IRAS-G8css.
From observations in 1.2 mm continuum emission of 146 IRASs0urces, Falndez et
al. (2004) showed that MSFRs are associated with condensaif gas and dust. Infrared
studies, however, cannot provide a complete census oftiesltes of massive stars, since
there are massive condensations that are undetectedamenhfvavelengths. For example,
Garay et al. (2004) found four clumps with masses betweet04and 2<10°M,, and
densities of~2x10° cm3, without infrared emission, located close to clumps asgedi
with MSFRs. They suggested that these catd{K), dense, and massive clumps will
eventually form high mass stars. Hill et al. (2005) found Td8 clumps, which have
a mean mass 0f800 M,, a mean radius 0£0.4 pc, and a mean density ef.0° cm™3.
Beltran et al. (2006) found 95 cold clumps with a mean ma$6dfl,, a mean radius of
0.4 pc, and a mean density a£90* cm 3,

1.4 Ring like and shell like structures in the ISM

Observations in HI, molecules and dust show that the presehing like and shell like

structures in the interstellar medium (ISM) is ubiquitoasy( Churchwell 2008; Heiles
1979; Martin-Pintado et al. 1999; Oka et al. 1998; Schudkeal. 2009; Wong et al.
2008). In the galaxy, these structures range up to 1.2 kpadius, 2x10 M., in mass

and 13%erg in kinetic energy. Their formations have been assatiai¢h the energy

released by massive stars, as stellar winds, supernovasexps and ionizing radiation, or
collisions of high-velocity HI clouds with the galactic #i€Tenorio-Tagle & Bodenheimer
1988). Shells with size less than 100 pc have been correlaithdOB associations or
stellar clusters in their interiors (Tenorio-Tagle & Botiemmer 1988), or with hot cores
and molecular clumps in their borders (e.g. Martin-Pinteal. 1999; Wong et al. 2008).



1.5 This thesis

This thesis is based in two research using observationgdoive GMC G345.51.0 in
the 1.2 mm continuum emission and in fi€0(3-2) line. The determination of physical
properties of a sample of clumps belonging to a single GMCewrdble since, in this
way, the distance to the GMC is a factor that influences neitieemass distribution or the
relationships between physical properties. Howevergistsdies are flicult because of
the superposition of dust and molecular structures aloadinie-of-sight to GMCs in the
Galactic plane. The GMC G345:8.0 is chosen as our target for two reasons. First, it is
located~1° above the Galactic plane, so our observations in 1.2 mmroaunth emission
are roughly free of confusion with background or foregrostrdctures along the line-of-
sight. Second, itis at 1.8 kpc from the Sun, near enough tdveslumps associated with
MSFRs, but far enough away to permit a complete coverageed&C.

e Firstresearch, “Massive star formation in the GMC G344.9: Spatial distribution
of the dust emission”.

To undertake a complete census of dense and massive clungbsding those
with and without infrared emission, the whole of GMC G34E19) is observed
in 1.2 mm continuum emission.

The main characteristics of both the GMC G345L9 and the clumps within the
GMC are determined.

e Second research, “G34545.50: An expanding ring-like structure with massive
star formation”.

We observed the whole ring G3454550 in the*CO(3-2) line to study the phys-
ical conditions for the formation of massive stars. Thissture is part of the GMC
G345.5+1.0.

The total mass and the column density of the ring are estanate study its kine-
matic structure, and find that the ring is expanding and @osita molecular out-
flows. Clumps are identified and their masses, sizes andtaEnare calculated.
Their masses are compared with those found in 1.2 mm contiremission. In-
frared observations, from MSX and SPITZER, are comparet thié molecular
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structure and cold clumps are distinguished.



Chapter 2

Observations

2.1 1.2 mm continuum emission

We observed the whole GMC G345.5.0 in continuum emission at 1.2 mm using SIMBA
mounted on the SEST. The SEST is a 15-m diameter radio tglesadich operated be-
tween 70 and 365 GHz, and SIMBA is a 37-channel hexagonahtetier, operating at
250 GHz (1.2 mm), with a passband equivalent width of 90 GH¥KMM). The configu-
ration SEST-SIMBA had a beamsize of24vhich corresponds to a spatial resolution of
~0.2 pc at the GMC distance (1.8 kpc).

Observations were made in October 2002 and July 2003, ubedgast mapping
mode, and consist of 185 images of {&zimuth)x10 (elevation) in size. The scans were
made in azimuth at a rate of 881, and they were separated in elevation by e total
integration time per map was about 25 minutes. Measurerétite atmospheric opacity
were made through skydips about every three hours, ands/atube zenith ranged be-
tween 0.09 and 0.31. Data were reduced using the MOPSI gseffdaveloped by Robert
Zylka, IRAM, Grenoble, France), and calibrated (in termglax density) with observa-
tions toward Uranus, one made in October 2002, and an addit@ght made in July
2003. Bolometer channels were corrected for the correlabése by inspecting the sur-



rounding channels. The noise correlation between 1 andrg8é@ and between 100 and
900 arcsec inferred an uncertaifggror smaller than 20% in the flux densities of detected
sources. The calibration factor has a value of 0.086 Jy soufdr October 2002, and a
mean value 0f0.069:0.005 Jy counts for July 2003. These variations agree with the
uncertainty estimated by Faundez et al. (2004) of 20% irflthedensity measurements
using SIMBA data.

For the 185 images, we achieved an rms of between 0.023 agd ly®eam', with
a median of 0.036 Jy bear for a beam calibration area 653 arcset(“SIMBA Data
Reduction Handbook”). The individual maps were combined mosaic of 18x2°2 in
size, centered at 3440 in Galactic longitude ané1°10 in Galactic latitude, and with a
final rms of~20 mJy bearm.

2.2 13CO(3-2) line

We made observations in th& O(3-2) line at 330.588 GHz, using the On-The-Fly (OTF)
observing mode with the APEX-2A heterodyne receiver matiote in the APEX tele-
scope. These observations cover the whole ring-like strac345.451.50, with a beam
size of 18, ~0.2 pc at 1.8kpc from the Sun, and with a spectral resolutfal?@ kHz,
~0.1kms? at 331 GHz. The bandwidth is 1 GHz with 8192 channels. Thestizep was

6 arcsec and the dump integration time was 1.0 sec. Thesevaheas were performed
on October 17th, 18th, 19th 2005, May 28th 2006, June 24tth, 2Hth 2006, October
7th, 8th, 9th and 10th 2006. The total time on sourcelid hrs. The main beanttiency

is estimated to be0.73 (Gusten et al. 2006).

Data were reduced using XS software, developed by Per Ber¢hREX team). We
created a data cube ofl 7x22 arcmir, that consists of 3036 spectra with an averaged rms
in the antenna temperatufg;, of ~1 K at a spectral resolution ef0.1 kms*.

1This research is based on data acquired with the AtacaméirREhExperiment (APEX). APEX is a
collaboration between the Max-Planck Institut fur Radioanomie, the European Southern Observatory,
and the Onsala Space Observatory.



2.3 12C0O(3-2) line

To estimate the gas temperature in the region, we observeuka@s of the'3CO(3-2)
line emission in thé2CO(3-2) line using the ASTE telescope in the position sviitgh
observing mode on August 27th 2010. We tried to observe 5itipos (see Sect. 4.4),
however this was impossible by bad weather conditions.€eldd gives the positions of
the observed peaks in equatorial coordinates. Att8©(3-2) line transition frequency,
~345.796 GHz, the beam size of the ASTE telescope2®’, ~0.2pc at 1.8 kpc from
the Sun. We used the CATS-345 GHz receiver, integrating émtv20 and 30 seconds
on source. Data have a spectral resolution of 125 KHz1 kms? at the?CO(3-2) line
transition frequency. The bandwidth is 128 MHz with 1024raiels. ASTE team estimate
a main beamféciency of~0.7.

Data were reduced using NEWSTAR software, resulting 29tspedth a rms of
~0.2 K (antenna temperature) at 0.1 krh's

2.4 12CO(1-0) line survey of the Southern Galaxy

To estimate the properties of the GMC 345150, we utilize the Columbia University

- Universidad de Chilé?CO(1-0) line survey of the Southern Galaxy (Bronfman et al.
1989). It was the first out-of-plane CO survey of the southdilky Way, completed

in 1984 using the 1.2 m Columbia Southern Millimeter-Wavée$eope at Cerro Tololo,
Chile. The Survey covers a strig thick in Galactic latitude, from$-2° to 2° , and ex-
tends from 300to 348 in longitude. Observations were made with a sampling iraties{/
0°125 for|b|<0°75 and of 025 for |b|>2°0, an angular resolution of 047, and sensitiv-
ity of 0.1 K (antenna temperature) at a spectral resolutfdh®km s®. The main beam
efficiency was 0.82. Necessary data was directly acquired framfBian.



2.5 CS(2-1) line survey toward MSFRs

To associate 1.2 continuum emission with the GMC, we usereéisen made toward
MSFRs in the CS(2-1) line (Bronfman et al. 1996). Survey talthe Southern Galaxy
was made with SEST, between 1989 and 1992. The 15m SEST hasnavizith of 50
atthe CS(2- 1) line frequency {97.981 GHz). Observations have a spectral resolution of
0.13kms?, but were smoothed in velocity by a factor of 4, to obtain a noise of 0.1 K

in the spectra at a velocity resolution of 0.52 krth Necessary data was directly acquired
from Bronfman.

2.6 Online archives

To analyze clumps identified in 1.2 mm continuum emission iandCO(3-2) line, we
include online data from four archives, IRAS observatiddSX observations, SPITZER
(IRAC) observations and MGPS observations.

2.6.1 IRAS observations

InfraRed Astronomical Satellite (IRAS) was a mission stdfin 1983 during 11 months,
observing the all sky in four bands, 12, 25, 60 and @0 Resolutions for the instruments
are ~0.5, 0.5, 1.0 and 2.0arcmin, for 12, 25, 60 and A00) respectively. However,
resolutions for data is determined by the size of detectdr'xs5’, 1'x5’, 2 x5 and 4x5/,

for 12, 25, 60 and 100m, respectively. Necessary data was acquired from IRSAeserv
(httpy/irsa.ipac.caltech.edy trough of both the IRAS Point Source Catalog (IRAS PSC;
version 2.0, 1986) and the IRAS Sky Survey Atlas (ISSA).



2.6.2 MSX observations

Midcourse Space Experiment (MSX) is a satellite that obegrat 8.28m (Band A),
12.13um (Band C), 14.6xm (Band D) and 21.am (Band D) all galactic longitude be-
tween -5 and 5 galactic latitude between 1996 and 1997. Resolution of mhsens
is 18.3’ for all bands, and is determined by the size of detectors.ebkary data was
acquired from IRSA server (httfirsa.ipac.caltech.edy trough of both the MSX Point
Source Catalog (MSX PSC; version 2.3, 2003) and the MSX DétsA

2.6.3 SPITZER (IRAC) observations

Spitzer Space Telescope is a satellite equipped with tharkd Array Camera (IRAC),
which detect at 3.6, 4.5, 5.8 and . This satellite was lunched in 2003, and is still
active. IRAC Bands have resolutions of 1,6L..6", 1.8’ and 1.9 at 3.6, 4.5, 5.8 and
8.0um bands, respectively (Fazio et al. 2004). Necessary dataasguired from IRSA
server (http/irsa.ipac.caltech.ed\trough of the Galactic Legacy Infrared Midplane Sur-
vey Extraordinaire (GLIMPSE) Atlas.

2.6.4 MGPS observations

Molonglo Galactic Plane Survey (MGPS) was carried out whith Molonglo Observa-
tory Synthesis Telescope at frequency of 843 MHz (35.6 crd)waith a restoring beam
of 45"x45cscld])” (Murphy et al. 2007). The survey covgl¥<10° and 248<I1<365.
Necessary data was acquired trough of mosaics (hitpw.astrop.physics.usyd.edu/au
mosaicg) and trough of The Molonglo Galactic Plane Survey (MGPS-@n@act Source
Catalogue (httg/iwww.astrop.physics.usyd.edu/mgpscaimgpscat.Aug-15-2007).
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Chapter 3

Massive star formation in the GMC
G345.5+1.0: Spatial distribution of the
dust emission

3.1 GMC G345.5+1.0

The GMC G345.51.0 was first observed as part of the Columbia University versidad
de Chile2CO(1-0) Survey of the Southern Galaxy (Bronfman et al. 1989% located
approximately between 348 and 3465 in Galactic longitude, and betweet2tand 20 in
Galactic latitude. Figure 3.1 shows the spectrum of- 3 (1-0) line emission integrated
over the area of the GMC. The emission of the GMC is betweg®hand-2 kms?! (LSR
velocities) with a peak at13.6 kms™.

We estimate the kinematic distance using the rotation cdetermined by Alvarez
et al. (1990), with a Galactocentric solar distance of 8&&pd a solar LSR velocity of
220km . Considering a Galactic longitude of 346and LSR velocity of-13.6 kms?,
the GMC is within the solar circle with two possible kinentatistances=~1.8 and 15 kpc.
Thus, the GMC is-31 or 262 pc above the Galactic plane, a factor 0.5 or 4.4 dfithéliM
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Table 3.1: Summary of main characteristics of G344.9.

Distance 1.8kpc
Total mass 6.5x1M,
Radius 34 pc
2Density 70cm?®
2Column density 1€ cm?

LSR velocity  -13.6kmg (between -33 and -2 kmy
& The density and the column density are computed assumingaa melecular
weight of u=2.29.

of the molecular Galactic disk-60 pc; Bronfman et al. 2000), respectively. Therefore,
1.8 kpc is the most probable kinematic distance to the GMC.

Physical properties of the GMC are estimated using6©(1-0) line observations.
The2CO(1-0) line emission integrated over the full spatial apéctral extension of the
GMC is 192 Kkms'dedg. Using a ratio of H column density to integratetfCO(1-
0) line emissiorNy, /W, equal to 1.56x18 cm2 (K kms 1)~ (Hunter et al. 1997), the
total mass of the GMC is 6.3x¥M,, corrected by a factor of 1.3 to account for 25% of
helium. Since its angular size iS@1°8, the GMC has a mean radius ©84 pc, mean
column density of£10?2cm? and mean density 6f70 cnt3, where the depth of the cloud
has been assumed to be same as its radius. Table 3.1 sunstiagiseain characteristics
of this GMC. The derived physical properties confirm thatiest probable distance to
the GMC is~1.8kpc. If at the far kinematic distance (15 kpc), the GMC lddave a
mean radius of 280 pc and a total mass of 4.4%0, values much higher than the typical
value of 60 pc in radius and $®, in mass (Dame et al. 1986); Williams & McKee (1997)
found that the molecular cloud mass distribution withingbéar circle has an upper mass
limit of 6x10° M.

3.2 1.2mm continuum emission

Figure 3.2 presents the 1.2 mm emission image of the whole GI345.5+-1.0. The total
flux density of the GMC G345:£1.0 is ~365 Jy, which is estimated by integrating the
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Figure 3.1: Spectra of thECO(1-0) line emission integrated over the whole area of the
GMC G345.5-1.0 (between 34% and 3465 in Galactic longitude and betweef20and

2°0 in Galactic latitude; Bronfman et al. 1989). Emission frima GMC under study is
between -33 and2 km s with a peak at-13.6 kms™.
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intensity over the whole area of the cloud.

As can be seen in the integrated spectrum of (1 - 0) line (Fig. 3.1), across
GMC G345.5-1.0 (LSR velocity between33 and-2 km s1), there are additional molec-
ular gas components along the line-of-sight, particuliartye ranges-170 to—100 km s?,
~75t0-33kms?, and 0 to 5kms.. Hence, the question arises as to whether the 1.2 mm
continuum emission only traces dust condensations wittitC&345.5+1.0? To exam-
ine the association of the GMC with 1.2 mm continuum emisstog. 3.3 shows images
of the velocity-integrated?CO(1 — 0) emission in three velocity ranges200 to —33
kms?, -33to-2 kms?, and-2 to 50 km s') superimposed with contours of the 1.2 mm
continuum emission. Figure 3.3 shows that most of the eonsdetected in 1.2mm is
associated with the GMC. About 1% of the total observed arigdhtalso be associated
with gas at velocitiesc—-33 kms? (Fig. 3.3, top), localized mainly in the region of the
IRAS point sources 17008-4040 (G345.499354) and 17009-4042 (G345.46m311).

From the survey of Bronfman et al. (1996), we find that theeeaaght IRAS-CS
sources within the region and two IRAS point sources thahateletected in the CS(2-1)
line (see Table 3.2). As is shown in both tH€O(1-0) maps (Fig. 3.3) and the 1.2 mm
continuum emission map (Fig. 3.4), these MSFRs, or IRAS-Q@8cgs, are associated
with the GMC and have a counterpart in 1.2 mm. They correspotite most dense and
massive dust condensations (see Table 3.3). The two IRAS® pources not detected in
the CS(2-1) line were also not detected in the continuumKsge3.4). The eight IRAS-
CS sources include the IRAS point sources 17008-4040 and91Z042. Line profiles
toward these two objects in tHéCO(1-0) and CS(2-1) lines are shown in Fig. 3.5. Gas
components with velocities—33 km st observed in thé°’CO(1-0) line are not observed
in the CS(2-1) line, suggesting that they correspond tcoregof low density gas. Since
1.2 mm continuum emission traces high densities (e.g. dediat al. 2004), it should not
be detected in these clouds. In summary, from observatiotigef2CO(1-0) and CS(2-1)
lines, we conclude that the 1.2 mm continuum emission iscéatsal only with the GMC.
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Table 3.2: List of IRAS point sources along the line-of-gighh the GMC G345.51.0
observed in the CS(2-1) line by Bronfman et al. (1996).

IRAS name  Galactic coord.  LSR velocity FWHM?

longitude latitude [kms] [kms™]

16533-4022 344.845 1.646 undetected

16571-4029 345.208 1.028 -15.6 4.9
16577-4028 345.286  0.933 undetected

16575-4023 345.332 1.014 -14.5 2.8
16561-4006 345.393 1.399 -11.9 3.5
16557-4002 345.395 1.512 -12.4 3.1
17009-4042 345.490 0.311 -16.7 6.0
16562-3959 345.494 1.468 -11.6 55
17008-4040 345.499 0.354 -16.4 4.8
16596-4012 345.717 0.817 -11.5 4.9

1 Values from Bronfman et al. (1996).
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Figure 3.2: Map of the GMC G3454.0 in 1.2 mm continuum emission. Observations
were made using SIMBA, with a spatial resolution of 0.2 pceykover 18x2°2 in the
sky, with an rms of 20 mJy bearh
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Figure 3.3: Integrated®?CO(1-0) emission toward GMC G345:%.0 in diferent LSR
velocity ranges (Bronfman et al. 1989). Top-left: fror200 to—33 kms?t. Top-right:
from -2 to 50 km st. Bottom: from-33 to—2 kms. Magenta circles mark spatial and
spectral positions of detections in the CS(2-1) line towd&FRs (Table 3.2). Contours

represent 1.2 mm continuum emission at 5 times r0s] Jy beam'.
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Figure 3.4: IRAS point sources along the line-of-sight & @MC G345.51.0 observed
inthe CS(2-1) line (Bronfman et al. 1996). Gray scale regmées1.2 mm continuum emis-
sion. Arrows mark CS(2-1) line observations, and crosseégate observations without
detection (see Table 3.2).
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Figure 3.5: Line profiles toward the IRAS point sources 178080 and 17009-4042:
top image,'2CO(1-0) line profiles (Bronfman et al. 1989), over a map ofrthreegrated
emissions (color scale) and with contours of 1.2 mm contim@mission; middle and
bottom images, CS(2-1) line profiles (their observing posg are indicated as black dots
in the top image; Bronfman et al. 1996).
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3.3 Identification of clumps

The structure of the GMC observed in 1.2 mm continuum emis@iag. 3.2) is frag-
mented, and it is possible to distinguish several clumps.

To identify clumps we utilize CLUMPFIND (Williams et al. 1994), which creates
contours over data, searches for peaks of emission to lotatgps, and follows them
down to the lower intensity contour.

CLUMPFIND finds 201 clumps in the 1.2 mm continuum emissiopmi&he GMC,
containing~100% of the total emission abover3We used a lower intensity contour of
three rms~0.06 Jy beam, and a contouring interval equal to twice the rms noige04
Jy beam?. To delete fictitious structures, we imposed two conditimmghe CLUMPFIND
output, that the angular size of the emission and the enmiggak of clumps had to be
greater than the beam size24”x24”, and five times rms;-0.1 Jy beam', respectively.
The angular size is defined to be the angular area insidewestantensity contour (three
rms). The 201 identified clumps have areas betwe@ri8 and 7.3 arcmfy emission
peaks between 0.1 and 9 Jy bednand flux densities between 0.089 and 40 Jy.

Table 3.3 shows the characteristics of each clump calaulat¢his section, Sect.
3.4 and Sect. 3.5. Column 1 gives clump names; columns 2 a@alactic coordinates
of peaks in 1.2 mm continuum emission; column 4, 1.2 mm fluxsdes; column 5,
diameters (deconvolved FWHM sizes); column 6, massespuoll, densities; column 8,
column densities; and column 9, if clumps have ("Y”) or do hatre ("N”) an infrared
counterpart from MSX and SPITZER observations.

Ihttpy/www.ifa.hawaii.edyusergpw/clumpfind.shtml
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Table 3.3: Properties of identified clumps in the GMC G344.9. Column 1 gives
clump names; columns 2 and 3, galactic coordinates of p@ak®imm continuum emis-
sion; column 4, 1.2 mm flux densities; column 5, diameterfyroo 6, masses; column
7, densities; column 8, column densities; and column 9,uings are detected in all in-
frared MSX and SPITZER-IRAC bands (“Y”) or not (“N”). The deities and the column
densities are computed assuming a mean molecular weighaiZP9.

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared

long. lat. Jy pc \V/ cm3 cm2 counterpart
1 345.490 1.471 40 0.5 300 2.9x10° 3.2x10% Y
2 345.488 0.316 38 0.6 300 2.3x10° 2.7x10% Y
3 345.006 1.795 32 0.5 x10° 3.9x10° 3.6x10% Y
4 345.506 0.347 22 0.6 HAC  1.4x10° 1.6x1073 Y
5 345.193 1.026 11 0.3 3Aa0¢ 3.3x10° 2.3x10% Y
6 345.385 1.428 9.8 0.3 330 3.3x10° 2.2x10% Y
7 345.006 1.820 12 0.4 400 2.4x10° 1.9x1073 Y
8 345.179 1.043 9.1 0.5 300 8.2x10° 8.4x10%? Y
9 345.213 1.022 9.4 0.4 10 1.6x10° 1.3x1073 Y
10 344.992 1.821 10 0.5 XA 8.0x10* 8.6x10% Y

Continued on next page
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared

long. lat. Jy pc M cm3 cm2 counterpart
11 345.115 1592 6.6 0.5 X207 7.4¢<10° 7.0x10%? Y
12 345.716 0.818 7.2 0.5 Xa0® 7.5x<10° 7.3x10% Y
13 345337 1.018 7.2 0.5 Xa0® 8.3x10 7.8x10% Y
14 344976 1.783 5.7 0.4 XA 9.3x10° 7.8x1072 N
15 344980 1.752 3.5 0.3 x20° 9.6x10% 6.8x10%? N
16 345.367 1.434 3.8 0.3 X207 1.3x10° 8.5x10%? Y
17 345.296 1.452 10 0.6 3xA¢ 4.4x10° 5.8x10?2 Y
18 345.401 1.419 4.7 0.4 X80 1.1x10° 8.1x10?? N
19 345418 1.401 29 0.3 95 %03 1.0x1073 N
20 345.395 1.380 45 0.5 x30? 4.0x10° 4.1x10%? Y
21 345411 1.406 2.9 0.3 96 KO0° 1.0x1073 Y
22 345434 1405 2.8 0.3 94 x10° 7.0x10% N
23 345.443 1.387 35 0.4 %207 7.9x10° 6.0x10%? N
24 345453 1.386 3.2 0.4 X107 7.4x<10° 5.5x10%? N
25 345.406 1.394 2.9 0.3 95 kB0° 7.6x10% Y
26 345.389 1.531 2.0 0.3 66 k20° 6.5x10%? Y

Continued on next page
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
27 345554 1508 1.7 0.2 58 kP 7.0x10%? N
28 345.398 1.538 1.7 0.2 55 ka0 6.7x10%? N
29 345244 1.021 1.8 0.3 58 %90t 5.5x10%? N
30 345.301 1.040 1.8 0.3 60 K20° 6.3x10%2 Y
31 345525 1.567 1.8 0.3 59 &40t 4.1x10% N
32 345396 1.389 15 - 49 — - Y
33 345251 1.038 2.1 0.3 68 K10° 6.3x10%? N
34 344878 1.437 3.9 0.5 x30% 4.1x10° 4.0x1072 Y
35 345353 1.448 25 0.5 82 %10t 2.8x10% Y
36 345.236 1.040 2.1 0.4 70 530 3.9x10% N
37 344946 1.796 1.6 0.4 54 %10 2.8x10%? N
38 345442 1558 1.2 0.2 41 k10° 5.3x10% N
39 345.257 1.073 1.6 0.3 54 *a0t 4.4x10%? Y
40 345.368 1.036 1.6 0.5 53 Koo 1.8x10?2 Y
41 344942 1.241 0.55 - 18 — - N
42 345539 1567 1.5 0.3 49 450 3.1x10% N
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
43 345.254 1.052 1.9 0.4 64 %20 3.7x10%? N
44 344904 1.803 1.9 0.4 62 4 B0 3.3x10% N
45 345502 0.842 0.88 0.3 29 &0t 2.6x10% N
46 345559 1.531 0.85 0.3 28 %0 2.8x10%? N
47  345.360 1.389 0.80 0.2 26 &0 3.1x10% Y
48  345.441 0.206 1.8 0.5 61 X 20t 2.0x10% Y
49 345.137 1.564 0.61 0.2 20 (0 2.7x10%? Y
50 345.312 1.046 0.95 0.3 31 500t 2.9x10%? Y
51 345445 1371 1.3 0.5 42 k50 1.4x10%2 N
52 345.334 1.428 15 0.4 49 X 60 2.6x10%? Y
53 345563 1.486 1.1 0.3 35 &30 3.5x10% N
54 344929 1.836 0.50 - 17 — - N
55 345335 1.434 1.1 0.5 36 x10 1.1x10?2 Y
56  345.434 1.445 1.00 0.3 33 %50 3.8x10% N
57 345.211 1.049 0.55 0.3 18 370 2.0x10% N
58 345.968 0.598 1.5 0.4 49 K4 0 2.3x10% N

Continued on next page
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
59 344945 1.229 0.43 — 14 — — N
60 345.006 1.532 1.1 0.4 36 x50 1.9x10?2 Y
61 345.265 1.085 1.2 0.3 39 %60 2.5x10% N
62 344.952 1.195 0.88 0.3 29 &60* 3.3x10% N
63 345.337 1.037 0.99 0.4 33 x 10t 1.4x1072 Y
64 345.436 1.418 0.67 0.3 22 400 2.2x10% N
65 345.501 0.418 0.66 0.2 22 x40t 2.7x107 N
66  345.457 0.428 0.81 0.3 27 60 2.2x10% N
67 344.933 1.251 0.73 0.2 24 *10 3.3x10% N
68 345.064 1.747 0.57 0.2 19 &0 2.7x10%? N
69 345501 0.389 1.3 0.5 42 k20 1.2x10%? N
70 345.468 1.431 0.33 - 11 — - Y
71 345,558 1.522 0.40 - 13 — - N
72  345.010 1.764 0.60 0.3 20 (0 1.2x10%? N
73 345590 1.491 0.19 - 6.2 - - N
74 344,932 1.231 0.23 - 7.5 - - N
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
75 344.927 1.806 0.82 0.3 27 00t 1.9x10?2 N
76 344947 1.813 0.48 0.4 16 x10t 8.3x10% N
77 344955 1.170 0.72 0.2 24 &0 3.0x10% N
78 344.936 1.245 0.30 - 10 - - N
79 345.384 1.038 0.68 0.3 23 80 2.0x10% N
80 345.548 1.480 0.34 - 11 - - Y
81 345,513 0.407 0.82 0.3 27 480 2.6x1072 N
82 345563 1.526 0.36 0.2 12 900 1.5x10%2 N
83 345450 1.364 0.34 - 11 - - N
84 345429 1.455 0.88 0.3 29 310 2.3x10% N
85 345.010 1.617 0.45 - 15 — - N
86 345.001 1.615 1.2 0.5 41 kB0 1.3x10%2 N
87 345.319 1.484 0.68 0.4 22 x50 1.3x10?2 Y
88 345519 1.639 0.71 0.3 24 490 2.5x1072 N
89 345.133 1.069 1.3 0.6 42 %00° 8.4x10% N
90 345.396 1.519 0.42 - 14 — - Y

Continued on next page
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Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared

long. lat. Jy pc M cm3 cm2 counterpart
91 345.033 1.632 0.76 0.3 25 370 2.2x1072 N
92 345.476 1.568 0.31 - 10 - - N
93 344966 1.181 0.41 - 14 - - N
94  345.240 0.390 0.49 - 16 - - N
95 345.524 0.404 0.46 0.2 15 80 1.9x10%? N
96 345,590 0.374 0.40 - 13 - - Y
97 345.031 1.781 0.56 0.4 19 *B0° 8.0x10%t N
98 345.451 0.435 0.39 - 13 - - N
99 345.078 1.786 0.64 0.3 21 xo0 1.3x10%? N
100 345.854 1.415 0.47 — 16 — — N
101 345.217 0.999 0.51 0.3 17 B 1.2x10%? N
102 344936 1596 0.44 - 15 - - N
103 345.065 1.615 1.3 0.5 44 (0 1.5x10%? N
104 345.338 1.463 0.73 0.5 24 8B’ 8.2x10%t N
105 345585 1.484 041 0.2 14 IR 1.8x10%? N
106 345.854 1.421 0.29 - 9.5 - - N

LC
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
107 345.062 1.842 0.53 0.2 18 5B 2.4x1072 N
108 345.477 1.563 0.22 - 7.2 — - N
109 345.454 1.358 0.16 - 5.4 — - N
110 345.959 0.608 0.33 - 11 - — N
111 344949 1.213 0.27 - 8.8 — - N
112 344942 1.589 0.45 - 15 - — N
113 345539 1.488 0.29 0.3 9.5 ¥ 7.4x10%t N
114 345,576 0.258 0.26 - 8.5 — - N
115 345.681 0.318 0.43 - 14 - — N
116 345.330 1.049 0.45 0.2 15 st 1.9x10?2 N
117 345.776 1.445 0.34 - 11 — — N
118 345.511 1.578 0.40 0.3 13 B 9.8x10% N
119 344909 1.182 0.65 0.3 22 218 1.6x10?2 N
120 345.518 0.835 0.34 - 11 — — N
121 345.873 0.811 0.30 - 10 - — N
122 345.489 0.430 0.23 - 7.7 — - N
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
123 344951 1.096 0.37 0.2 12 s 1.7x10%? N
124 344906 1.196 0.38 0.2 13 4B 2.0x10% N
125 345.092 1.733 0.36 - 12 - — N
126 345.261 1.108 0.42 0.3 14 210t 1.2x10%? N
127 345.467 0.419 0.45 0.2 15 %8B 2.2x10% N
128 344.801 1.082 0.27 - 8.9 — - N
129 345482 1.233 0.23 - 7.5 — - N
130 345.464 1.443 0.21 — 7.0 — - Y
131 344849 1.312 0.24 - 7.9 — - N
132 345.484 0.856 0.17 - 55 — - N
133 345.304 0.435 0.12 - 3.9 — - N
134 344945 1.600 0.64 0.3 21 a0t 1.4x1072 N
135 344.950 1.587 0.22 - 7.3 — - N
136 345.272 1.051 0.36 0.3 12 ¥ 9.8x10% N
137 345.060 1.727 0.37 - 12 - — N
138 345.479 0.400 0.26 - 8.7 — - N

Continued on next page
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
139 344.846 1.293 0.21 — 7.1 — - N
140 345.909 0.514 0.36 0.2 12 st 1.6x10?2 N
141 345.812 1.756 0.26 - 8.5 — - N
142 344957 1.188 0.24 — 7.9 — — N
143 345.320 1.417 0.29 0.4 9.6 B’ 5.5x10% Y
144 345.869 1.820 0.21 - 6.8 — - N
145 345.278 1.112 0.35 0.2 12 210 1.4x10%? N
146 345.634 0.770 0.33 0.2 11 B! 1.6x10%? N
147 345.044 1.618 0.32 0.3 11 0 1.2x1072 N
148 344.809 1.075 0.12 - 3.8 — - N
149 345.683 1.459 0.30 0.3 9.9 9% 0 1.1x10?2 N
150 345.566 0.267 0.17 - 5.7 — - N
151 344925 1.316 0.33 - 11 - — N
152 345.699 1.508 0.18 - 5.9 — - N
153 345.286 0.412 0.14 - 4.6 — - N
154 345.611 0.365 0.27 - 8.8 — - N
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
155 344916 1.826 0.17 — 55 — — N
156 345.472 0.412 0.22 - 7.2 — - N
157 345.038 1.848 0.28 0.2 9.2 B 1.3x10%2 N
158 345.792 1.757 0.17 — 5.7 — — N
159 345.254 1.012 0.089 — 3.0 - - N
160 345.708 1.456 0.24 - 8.0 — - N
161 345472 1.231 0.71 0.4 24 ¥ B 1.1x10%? N
162 345.497 1.437 0.19 0.3 6.4 8IF° 5.0x10% N
163 344.783 1.105 0.28 - 9.3 — - N
164 345.638 0.330 0.11 - 3.7 — - N
165 345.699 1.853 0.21 - 7.1 — - N
166 344.986 1.109 0.10 - 3.4 — - N
167 345.018 1.762 0.17 - 5.7 — - Y
168 344.893 1.335 0.45 0.4 15 x0 7.8x10% N
169 344.956 1.348 0.47 0.4 16 &10° 5.6x10% N
170 345.948 0.723 0.14 - 4.5 — - N
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Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
171 344891 1.345 0.20 - 6.6 — - N
172 344924 1.824 0.19 - 6.4 — - N
173 344929 1.610 0.15 - 5.0 — - N
174 345.247 0.385 0.18 - 5.9 — - N
175 345.547 0.960 0.13 - 4.4 — - N
176 344.892 1.847 0.25 - 8.3 — - N
177 345.888 1.414 0.26 0.2 8.6 B 1.1x10%? N
178 345.510 0.159 0.095 — 3.2 - - N
179 345.418 1.469 0.15 0.2 4.8 10 7.5x10% N
180 344920 1.419 0.17 — 55 — - N
181 345.079 1.847 0.12 — 4.1 — — N
182 345.236 1.000 0.20 - 6.6 — - N
183 345.375 1571 0.14 - 4.7 — - N
184 345.684 1516 0.14 — 4.7 — — N
185 345,532 1.634 0.13 - 4.3 — - N
186 345.697 1.459 0.19 - 6.1 — - N
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Table 3.3 — continued from previous page

Name Galactic coord. 3., Diameter Mass Density Columndensity Infrared
long. lat. Jy pc M cm3 cm2 counterpart
187 345,501 1.415 0.23 0.3 7.5 $B* 8.2x10% N
188 345.816 1.765 0.23 - 7.5 — - N
189 345.086 1.611 0.32 0.4 11 50° 4.4x<10% N
190 345.043 1.838 0.21 0.3 7.0 0 7.5<10% N
191 345.442 1572 0.11 - 3.8 — - N
192 345.468 1.225 0.13 - 4.2 — - N
193 344951 1.082 0.34 0.3 11 QB 6.7x10% N
194 345.482 0.431 0.27 0.3 8.8 ¥ 9.8x10%* N
195 344913 1.165 0.13 - 4.4 — - N
196 344.933 1.820 0.17 - 5.7 — - N
197 345.458 1.559 0.13 0.2 4.5 a0t 5.3x10% N
198 345.792 1.440 0.096 — 3.2 - - N
199 345.098 1.726 0.11 - 3.7 — - N
200 345.293 1.093 0.14 - 4.5 — - N
201 344991 1.150 0.11 - 3.8 — - N




3.4 Physical properties of clumps

First, we estimate the minimum gas column density that caddbected given the rms
noise of our observations. Assuming that 1.2 mm continuunsson is optically thin
and produced by dust, the column densitys (Hildebrand 1983)

_ S1.2 mm I:\>gd
Q My Ky2mm Bl.2mm(Tdust),

(3.1)

whereQ is the beam solid angl&; >, is the flux density at 1.2 mm, is the mean mass
per particle, equal te-2.29 for an H cloud with a 25% contribution of helium (Evans
1999),my is the hydrogen atom mads,,mm is the dust absorption cigient at 1.2 mm,
equal to~1 cn? g! for protostellar cores (Ossenkopf & Henning 1998) o mm(Taus) iS
the Planck function at both 1.2 mm and a dust temperdigte equal to~30 K for regions
of massive-star formation (Falundez et al. 2004), Bpds the ratio of gas to dust mass,
~100 (Hildebrand 1983). For a solid angle limit of’2€4”’ and an intensity limit of
five rms,~0.1 Jy beamt, the minimum flux density is88 mJy and the minimum column
density that can be detected~igx10(** cm2, which corresponds to a visual extinction of
4 mag, assuming that,, /Ay~10"*cm~2mag™ (Bohlin et al. 1978).

Masses of clumps, Mare estimated as

S1.2r'nm I:\>gd d2
Bl.2 mm(Tdust) k1.2 mm’

M, = f,umHNdA:

where dA is the dferential element of area (dAd?>dQ) andd is the distance to the
GMC (~1.8kpc). Since we insist that identified clumps have integgsand dimensions
greater than 0.1 Jy beafmand 24'x24" respectively, the lower limit to their masses is
~2.9M,. The derived masses of clumps range from 3.0 t&xc1BM,, with a total mass
of 1.2x10 M,, (see Tables 3.4 and 3.3). Thi&eiency in forming these clumps, estimated
as the ratio of the total clump mass to the total GMC masspis+0.02.

The clump mass distribution (CMD) is shown in Fig. 3.6, pgatasdN/d log(M/M,)

versus mass, wher@N/dlog(M/M,) is approximated by the number of clumpsN,
within a logarithmic mass interval log(M/My). In this figure,A log(M/M,) is constant,
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Figure 3.6: Mass distribution of identified clumps in G34E&l9), plotted as
dN/dlog(M/M,) versus mass, where diog(M/M,) is approximated by the number
of clumpsAN within a logarithmic mass interval log(M/M). Here, Alog(M/M,) is
constanty0.44. Error bars are estimated RyAN/Alog(M/M,). The arrow shows the
clump mass limit~2.9 M,. The continuous line represents the mass distribution tt wi
dN/dlog(M/My)cM¥=2, where the spectral mass indexs 1.7+0.1 for masses between
~10 and 1.3x1®M,,. The dashed line displays the spectral mass index for tHarststial
mass function (IMF) of the solar neighborhood for stellasses greater than 0.5Me.g.
Kroupa 2002); the line is forced to pass through the peaketibimp mass distribution.
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Figure 3.7: Mass distribution of identified clumps in G3451% with masses higher than
100 M,, plotted as didlog(M/M,) versus mass, where diNog(M/M,,) is approximated
by the number of clumpaN within a logarithmic mass interval log(M/M;). Here,
Alog(M/M,) is constant;0.37. Error bars are estimated hyAN/Alog(M/M,). The
continuous line represents the mass distribution fit wiithyd log(M/My)ecM =, where
the spectral mass indexis 1.6+0.1 for masses betweer100 and 1.3x19M,,.
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at a value 0f~0.44. The CMD is well-fitted by a power ladN/d log(M) «cM~2*1, which
can be expressed dbdl/dM «M~*, with the spectral mass index, equal to 1.#0.1 for
masses betweenl0 and 1.3x1®M,. The correlation cd@cient of the fit is 0.993. Be-
tween 10 M, and 1.3x10M,, bin size variations of log(M/M,) between 0.18 and 1.1
result in values ofr consistent with 1.¥0.1. Sincex is 1.7, the population is dominated
by clumps with low masses, but the total mass is dominatetiéynost massive clumps;
for example, 50% of the population is between 10 and 27bdt contains only 10% of the
total mass. The turnover belowl0 M, is produced by an incompleteness of the clump
catalog caused by the combination of the spatial resol@mhflux density limit of the
survey. However, observations of higher spatial resatufi0.01 pc) could result in a
spectral mass index 6f2.35, resolving core structures (e.g. Motte et al. 1998)tr&e

et al. (2006) studied a sample of IRAS sources associatdtdM&FRs in 1.2 mm con-
tinuum and found a spectral mass index of 1.5 for clumps wilsses betweenl0 M,
and 16 M, and 2.1 for clumps with masses betweel?? and 10 M. For clumps iden-
tified here with masses higher than 109,Mve find a spectral mass index of £@&1, as

is shown in Fig. 3.7, in agreement with the previous fit coasity clumps with masses
between 10 and 1:3L.0°M,,. It is necessary to observe more whole GMCs to confirm
these results.

Clump diameterd),, are estimated from the deconvolved FWHM size of their emis-
sions. We used the FWHM sizewnv estimated by CLUMPFIND algorithm, thus

Dc = \IHI%WHM - Qtz)eam’

wherebpean IS the beam-size. Considering a distance of 1.8 kpc to the @RtCclumps
that have a reliabl®,, i.e. Dc>60heam, Clumps have diameters between 0.2 and 0.6 pc.

From the masses and sizes, and assuming a spherical andémenog density dis-
tribution, we estimate mean clump densities, using theesgion

p=pmyn,

wherep is the mass density antis the particle density. Densities of clumps are between
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Table 3.4: Summary of the physical properties of the idexttiilumps.

Siomm Diameters Masses  2Densities
Jy pc M, cm3

Range 0.089-40 0.2-0.6 3.0-kB0O® 5x10>-4x10°
Total 3.%10? 1.2x10
& The densities are computed assuming a mean molecular wdighp.29.

5x10° and 4x10° cm3. Mean column densities of clumpy,, are estimated as

N Me
¢ umym(De/2)

and range betweenx4 (! and 4x10?*cm2. Tables 3.4 and 3.3 show physical properties
for each clump and a summary of them, respectively.

Figure 3.8 shows a plot of mass versus diameter for the cluleiested toward GMC
G345.5+1.0 with reliable diameters. The dotted lines indicate tamisdensities at £
10%, 13, and 16 cm3. The majority of clumps have densities betweefh diid 10 cm3.

The physical properties of detected clumps are similardaeeHlound in other GMCs
(e.g. Mookerjea et al. 2004).
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Figure 3.8: Mass versus diameter for the clumps detectedrtbthe GMC G345.51.0

in 1.2 mm continuum emission with reliable diameters. Hikkécles indicate clumps de-
tected ininfrared MSX and SPITZER bands. Open circles atdiclumps that do not have
an infrared counterpart. Triangles indicate clumps assediwith MSFR-IRAS sources,
which have luminosities10°L,. Boxes indicate clumps associated with MSX sources
that satisfy MYSO candidate criterion (Lumsden et al. 200&8jrows mark detection
limits for masses~+2.9 M,) and diameters~0.2 pc). The continuous line indicates the
detectable mass as a function of diameter (sensitivityt)jroonsidering an intensity limit

of five rms (0.1 Jybeamt). Dotted lines indicate mean densities af,100*, 10° and

1P cm3. The densities are computed assuming a mean molecular vadigh?2.29.
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3.5 Association with infrared emission (IRAS - MSX -
SPITZER)

Stars form in clumps, heating their surrounding dust, wheshadiates at infrared wave-
lengths. This is illustrated in Fig. 3.9 that shows a stropafial correlation between the
1.2 mm continuum emission and infrared emission at 24m4from MSX observations).
To quantify the correlation, we searched for infrared emissside clump emission areas,
using MSX images at 8.28, 12.13, 14.65, and 21uB#and SPITZER (IRAC) images
at 3.6, 4.5, 5.8, and 8/n. We find that~20% of all clumps have an infrared coun-
terpart in all MSX and SPITZER bands (see Table 3.3). Theakste clumps~80%,
are not detected in all MSX and SPITZER bands, particuladtyin 12.13, 14.65, and
21.34um. Since 8.um MSX band and SPITZER IRAC bands are sensitive to the poly-
cyclic aromatic hydrocarbon (PAH) emission and the phdtesp emission from stars
(e.g. Chavarria et al. 2008), clump not detected in all M&A SPITZER bands are con-
sidered to have no counterpart at infrared wavelengthgseSioth the MSX and SPITZER
bands have sensitivity limits, the percentage of detestisra lower limit to the number
of clumps that are forming stars, and the percentage offfaiétections is an upper limit
to the number of clumps that are not forming stars.

Nine clumps are associated with six IRAS point sources ifladsas MSFRs with
luminosities>10° L, (see Sect. 3.6 and Table 3.5). As Fig. 3.8 shows, these clhaygs
densities of~10° cm3, suggesting that there is a threshold density above whicsive
stars can form. These values are consistent with the typaadity of clumps associated
with MSFRs 10° cm3; Falndez et al. 2004).

As Fig. 3.8 shows, clumps that emit detectable infrared gimistend to be more
massive than remaining clumps. Clumps without infraredssian (cold or starless clumps)
have a mean mass of 21Jvand clumps with an infrared counterpart have a mean mass of
2.1x10* M,,. Furthermore, all clumps with masses higher th&00 M, have an infrared
counterpart.

2httpy/irsa.ipac.caltech.edu
3httpy/irsa.ipac.caltech.edu
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MSX point sources associated with clumps within the GMC GB345.0 have mid-
infrared colorsS,,/Sg from 0.9 to 30,S14/Sg from 0.4 to 8, andS;,/Sg from 0.7 to 4,
whereSg, Si,, S14, andS,; are the flux densities at 8.28, 12.13, 14.65, and 21184
respectively. These ratios cover those of massive youligrapbjects (MYSOs; Lumsden
et al. 2002):S,,/Sg > 2 andS;,; > Si4 > Sg. About 7% of the clumps contain MSX
sources that satisfy this criterion, and these clumps hasse® 36 M, (see Fig. 3.8).

The existence of clumps with and without infrared emissioggests that clumps
in the GMC are at dferent evolutionary stages. Cold clumps have masses be3v@en
and 1.%10? M., where the most massive ones are possible progenitors oREISFor
example, we estimate that the least massive clump assbevétea MYSO has a mass of
~36 M, and we identify seven cold clumps with densitigd® cm~2 and masses36 M,,
which will eventually collapse to form high-mass stars.

Do clumps form single stars? One way to assess this is to aentipa slope of the
clump mass distribution with that of the stellar initial redanction (IMF) (e.g. Motte et
al. 1998; Lada et al. 2007). Equal slopes would indicatettie@brigin of the stellar IMF
has its direct roots in the origin of the clump mass distitiut The spectral mass index
a of the clump mass distribution determined here is condistéth that of other inves-
tigations (e.g. Mufioz et al. 2007), butfidrs from that estimated for the stellar IMF of
the solar neighborhood for stellar masses higher than Q.6MM2.35; e.g. Kroupa 2002).
This suggests that the detected clumps do not directly foéans,sand other processes are
necessary to determine the stellar initial masses, sucheagdagmentation of clumps,
mainly of the most massive ones. Figure 3.6 compares the MEtsal mass index with
the clump mass distribution.
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Figure 3.9: Image in 21.34n from MSX observations toward GMC G345.5.0 with
contours of 1.2 mm continuum emission at three times #0)6 Jy bearm.
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3.6 Dust properties of massive star forming regions asso-
ciated with clumps and IRAS point sources

Regions of massive star formation are embedded in massivgpsl, and the intense Ly-
man flux produced by them heats the surrounding dust, whigmiés mainly at far in-
frared wavelengths with characteristic colors. To studyhysical properties of dust in
these regions, we examine the spectral energy distriba{®BDs) of MSFRs associated
with IRAS point sources and clumps detected here, assuinatgiteir emissions are from
dust.

Within the GMC, there are eight MSFRs associated with IRASg0Ources (Table
3.2). We added one more source, IRAS 16533-4009, which isdddd in 1.2 mm con-
tinuum emission, has a high luminosity9x10* L, and increasing IRAS flux densities
from 12 to 10Q:m; however it does not satisfy the far-infrared color craerdefined by
Wood & Churchwell (1989), since its flux density in 28 is an upper limit. Figure 3.10
shows 8.Q«m images from SPITZER data with contours of 1.2 mm continuamssion
for all these sources. For six of these objects, the SPITZ2BRs0n is embedded within
1.2 mm continuum emission. For more reliable estimates irS&D study, we only con-
sider these six sources: IRAS 16533-4009, IRAS 16562-3858S 16571-4029, IRAS
16596-4012, IRAS 17008-4040, and IRAS 17009-4042.

Figure 3.11 displays the six SEDs constructed using ourrgagens in 1.2 mm
continuum emission, infrared data at 12, 25, 60, andul®@®om the IRAS Point Source
Catalog (version 2.0), and at 8.3, 12.1, 14.7 and ghh3rom the MSX Point Source
Catalog (version 2.3). Because observations were pertbusig diferent beam sizes,
for IRAS ~300’, for MSX ~20”, and for 1.2 mm 24, we consider all emission within the
IRAS beam; thus, two SEDs are associated with more than @marh.clump.
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Figure 3.10: Images of 8/m emission (SPITZER data) toward clumps detected in
1.2mm continuum emission and associated with IRAS pointcgsu Contours rep-
resent 1.2mm continuum emission at 0.06, 0.12, 0.24, andJ§.Beam' (rms is
0.02 Jy beam). IRAS source names are given at the top of each image, anthatum-
bers are indicated at the peak of 1.2 mm continuum emissi@d ditcles are centered
on the coordinates of IRAS point sources, with diameters ¢&® approximation of the
angular resolution of IRAS observations at 100).
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detected in 1.2 mm continuum emission; top labels show naini® clumps. Dots with

error bars are flux densities estimated from SIMBA, IRAS, B&IX observations. Each

SED is modeled with two dust components dfetient temperatures (physical parameters
for each model are in Table 3.5); drawn lines are the total demsity of the two dust
components, and dashed lines are the contributions of astltdmponent.
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The SEDs of MSFRs can be modeled as several dust componehffestnt tem-
peratures (e.g. Faundez et al. 2004; Morales et al. 2008¢ause of the shape of the
six SEDs, we model them as two dust components fé¢réint temperatures, cold and
warm components, including the absorption of the radiatiprassuming that the warm
component is embedded in the cold one. The total flux derS8i§, at frequency is
approximated by

Sf/otal - SSOId + S}/}varm,

where
S(;Old — Qcold BV(T((:i:SIsctj)(l _ exp(—r‘jo'd))

and
SyF™ = Q"MB,(Tym™)(1 - expEry™™) exp(-7"/2).

The parameter§®!d, Qed, Tl and 24 gre the flux density, the solid angle, the dust
temperature, and the optical depth of the cold componespeively, ands)™™, QY™
Ty, and7)®™M are the flux density, the solid angle, the dust temperatacttze optical
depth of the warm component, respectively. In additBg(T2) and B,(T}=™) are the
Planck function at dust temperaturﬁﬁgtj andTy %™, respectively. For both components,
Q can be expressed as

Q=7r(0/2)72,

whered is the angular diameter. The optical depths are given by fzgns 1999)

cold _ pjycold warm __ pqwarm
7,00 =Ngg ko and 7 = Niig K

4 4

where NS and Ny ™ are the dust column densities in gcirfor the cold and warm
components, ankl, is the dust opacity. We use dust opacities estimated by Rspe&
Henning (1994) for protostellar cores. They computed dpscconsidering the Mathis-
Rumpl-Nordsieck (MRN) distribution for the filuse interstellar medium (Draine & Lee
1984) as the initial size distribution for dust, without andh ice (thin and thick), and
without and with coagulation (after 1@ears for densities between®t00° cm3). In the
case of regions with ice depletion produced by the heatingeafral sources, they rec-
ommended opacities for the model with thin ice mantles aradjatation for a density of
10° cm3. These dust opacities are shown in Fig. 3.12, for frequerméveen-2.3x 10

and 16%Hz.
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Figure 3.12: Dust opacity spectrum utilized in the SED medé#lwas estimated by Os-
senkopf & Henning (1994) assuming a Mathis-Rumpl-Nordsieck initial size disttibn
with thin ice mantles and £@r of coagulation at a gas density ofldn3,

& httpy//vizier.u-strasbg.frviz-bin/VizieR, JA+A/291/943tablel

Thus, in our SED model, each dust component has three valuisaf Ty, 6,
andNg.s. However, the dust column density of the warm componbifffy™, is difficult
to estimate, because it is more sensitive to the emissidmeifRayleigh-Jeans part of the
spectrum liv<<k Tyarm), Where the emission is dominated by the cold component. To
overcome this problem, we assume that the two componengsdtpial densities, thus

war m

Nwarm - dust cold

dust HCOId dust
dust

Given the simplicity of the SED model and the poor sensitiat the data toNy=", a
more realistic density distribution is unnecessary.

To enable a more reliable comparison, angular diametersaameerted into spatial
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diameters, and dust column densities to gas column densltieis
cold __ cold
Ddust - dedust’
hot __ war m
Ddust - dedust ’

and

cold
Noold — dust Tod

gas — My
wheredd anddie™ are in radians. In this way, our model has five variables: tmsper-

atures and sizes for the two components, and gas columrntylé@rsine cold component.

Table 3.5 and Fig. 3.11 display the results of the fits. Themaest temperatures of
each component are 28K (cold) and 20@10 K (warm). The sizes and column densities
of the cold component agree with those estimated by 1.2 mrincarm: sizes vary by a
factor of 0.7-1.5 and column densities vary by a factor of®.Estimates of luminosities,
from the integration of SED models, asd 0°L,. Given the sizes and column densities,
the total mass is dominated by the cold componef8f of the total mass), and is similar
to that estimated from the 1.2 mm continuum emission, varipya factor of 0.8-1.6.

Dust characteristics of clumps associated with MSFRs es#ichin this paper are
consistent with previous works (e.g. Faundez et al. 200dljridri et al. 2000; Molinari
et al. 2008), where the cold dust temperature in regions ssimastar formation is30 K.

The SED models have a discrepancy with data-i”2um bands (see Fig. 3.11),
which can be produced by not considering the PAH emissiomeénSED models (e.g.
van Dishoeck 2004), or by an excess in the dust opacitiegedilat these wavelengths,
affecting the modeled radiation from the hot component thats®ebed by the cold one.

The dependence of SED models on variations in the fitted peteasis shown in
Fig. 3.13, which displays the SED for clump 1, or IRAS 165&53, with the best-

fit model and models with variations in the fitted parameffy, D4, Tyam puarm,

and N%9, For each dust component, variations in its temperatffiextaboth its peak

gas

emission frequency and its luminosity, both values indrepas the temperature increases.

Variations in eitheD$$ or N33 affect the luminosities of the two components; wifiS
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or Ngg'sd increases, the luminosity of the cold dust component irrggavhereas radiation
absorption of the warm component also increases, redutsrigminosity. WherD'{&™

dust
increases, the luminosity also increases.
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Table 3.5: SED models for MSFRs associated with IRAS poinircges and massive
clumps detected in 1.2 mm continuum emission. Each modaisisof two dust compo-
nents with equal densities affidirent temperatures (cold and warm components). Column
1 shows names of IRAS point sources; Column 2, names of clumg3olumns 3 to 8,

we show the fitted physical parameters: dust temperatuaeeater, and column density,
respectively, for the cold (Cols. 3-5) and warm (Cols. 6@nponents; Column 9, masses
of the cold component; and Column 10, total luminosities.

IRAS Clumps Cold Warm Cold mass Luminosity
Tdust Ddust Ngas Tdust Ddust Ngas
K pc 13cm? K pc 10?cm? 106M, 10 L,
16562-3959 1 32 0.67 1.6 194 0.03 0.69 1.0 5.3
17009-4042 2 29 0.86 1.6 202 0.03 0.51 1.7 4.7
16533-4009 3,7,10 25 0.79 3.2 205 0.07 2.7 2.8 9.4
17008-4040 4 28 0.68 1.5 205 0.03 0.57 1.0 2.9
16571-4029 5,9 34 0.58 1.3 209 0.03 0.65 0.64 5.3
16596-4012 12 22 034 2.2 203 0.008 0.49 0.36 0.22
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Chapter 4

G345.45+1.50: An expanding ring-like
structure with massive star formation

4.1 13CO(3-2) line emission

Figure 4.1 shows the average spectrum of-#1©(3-2) line toward the ring. The emission
is concentrated between -30 and -2 krh svith two gas components; the strongest one
peaks at-12.4 km s and the weakest one peaks-@&5 km s*. The velocity range of the
13CO(3-2) line emission is in agreement with the ring being pathe GMC G345.51.0,
which is defined between33 and-2kms™t. The two velocity components observed in
the 13CO(3-2) line where previously identified #8CO(1-0) line (Bronfman et al. 1989),
and the strongest one in the CS(2-1) line (Bronfman et al61.99

The spatial distribution of the velocity integraté®CO(3-2) line is shown in Fig.
4.2 through of the two components, integrating between r26-24 km s?, and between
-22 and -2km3s'. The spatial structure of the strongest component, whictadas the
majority of the emission, is composed by several condemsatihat form the ring-like
shape. The weakest component corresponds to a condensation
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Figure 4.1: Average spectrum of thdCO(3-2) line toward the ring-like structure
G345.45-1.50. Arrows indicate the two peaks in the emission.
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Contours show the emission integrated between -30 and -2%with levels of 9, 18, 36,
72 and 144Kkmw'. 54



It is possible to distinguish fferent stages in the process to form stars along the
ring comparing thé>CO(3-2) line with 1.2 mm continuum emission, SPITZER, MSXlan
Molonglo Galactic Plane Survey (MGPS; Murphy et al. 2007aations. Thé&3CO(3-

2) line emission delineates the cold dust structure traceldd mm continuum emission
(Fig. 4.3), following the same ring-like structure. Thesddcgas and dust components
wrap the emission generated by hot dust heated by embedatedwhich is observed in
the MSX and SPITZER bands (see Fig. 4.4). Cold condensatiegi®ns with'3CO(3-2)
line emission or 1.2 mm continuum emission without an irddacounterpart, mainly in
21.34um MSX band. These are regions where stars could be eventfaaihned.

Figure 4.4 shows an image in 35.6 cm continuum emission frd&P®, displaying
the HIl regions. These HII regions have a counterpart aaieft wavelengths. How-
ever, J165920-400424, a 35.5cm source from MGPS located afl®59:20.73 Dee-
40:04:24.7(J2000), does not have a clear infrared coumtierpeing possibly an pulsar
produced by a supernova explosion (see Sect. 4.8.1). Otssiljplities are an extra-
galactic source, radio star or planetary nebulae (e.g. &vak et al. 1992). To reveal the
nature of this source, we looked for objects at its positiadED (http7/ned.ipac.caltech.egdu
and Vizier (http//vizier.u-strasbg.fwiz-bin/VizieR) databases. No object is found within
2arcmin in NED, and only stellar objects are found in Vizidgthin 25 arcsec, approx-
imately half of the beam-size of the MGPS observations. aoifgl the nature of this
source, we will propose ATCA observations toward J165920424 in cm wavelengths.

Features at 7.7 and 8un attributed to vibrational emission of polycyclic arontati
hydrocarbons (PAHs) excited by UV radiation (e.g. van Detk02004) are observed
in the 8.0um SPITZER band, while 4,am SPITZER band contains no PAH features
and thereby monitors the continuum emission (Benjamin.e2@03). However, features
shown in 8.0 and 4.Am bands toward the ring are roughly similar, where/8r0Oband
delineates better some elongated structures. 3.6 andrbSPITZER bands also show
structures roughly similar to those displayed by 4.5 angi®.6ands.
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Figure 4.3: 1.2 mm continuum emission of the ring G345560, with contours of the
13CO(3-2) line emission integrated between -30 and -2Knflsvels: 9, 18, 36, 72 and
144 K km sb).
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Figure 4.4: Radio and infrared observations in continuumssion toward the ring
G345.50-1.50 with contours of thé>CO(3-2) line emission integrated between -30 and
-2kms? (levels: 9, 18, 36, 72 and 144 K km'3. Top-left, at 35.6 cm from MGPS (Mur-
phy et al. 2007). The arrow indicates the position of the 3265400424 source, and
the white circle indicates the area where we looked for dbjecNED database to know
about the nature of this source; this circle is centeredegptisition of the J165920-400424
source, and has a radius of 2arcmin. Top-right, at 2dm34rom MSX. Bottom-left, at
8.0um from SPITZER. Bottom-right, at 4/6m from SPITZER.
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4.2 Gas temperature

Observations in th&CO(3-2) line allow us to estimate the kinematic gas tempegan

the region. Assuming LTE, that théCO(3-2) line is optically thick, and approximat-
ing the kinematic gas temperatui&, to the excitation gas temperature, the peak of the
brightness temperature of th&€O(3-2) line,Tg, is given by

1
 kexpt) -1

wherev is the frequency transitio) is the Planck constant, and k is the Boltzmann
constant. Assuming that the main beam is filled,

feeamTe ~ Tme ~ Ta/Nmes

where fgeam is the beam filling factor~1, Tyg is the peak of the main beam brightness
temperature[, is the peak of the antenna temperature aggd is the main beamfg-
ciency,~0.7. T, varies between 7.2 and 34 K, implyifig between 17 and 57 K, with
an average value 6f30K (see Table 4.1). This average value is consistent waldtist
temperature 0£30 K for MSFRs (Faundez et al. 2004).

58



Table 4.1: List of observations in tHéCO(3-2) line in the position switching observing
mode toward peaks of thECO(3-2) line emission. Columns 1 and 2 show equatorial
coordinates, column 3, peaks of antenna temperaturespdundic 4, estimated kinematic

temperatures.

Equatorial Coordinate (J2000)'T; Tk

RA Dec K K
16:59:08 -40:13:57 34 57
16:59:41 -40:03:37 32 53
16:59:44 -40:10:17 23 40
16:59:46 -40:11:37 25 43
16:59:20 -40:11:17 20 36
16:59:13 -40:11:17 23 41
16:59:08 -40:05:37 19 35
16:59:32 -40:10:17 15 29
16:59:35 -40:07:37 26 45
16:59:04 -40:11:17 20 36
16:59:23 -40:13:17 16 30
16:59:35 -40:12:57 21 38
16:59:53 -40:08:37 9.7 21
16:59:20 -40:09:37 14 28
16:59:11 -40:02:37 14 27
16:59:28 -39:57:57 13 25
16:59:23 -39:58:37 14 27
16:59:51 -40:00:37 18 34
16:59:44 -39:59:17 12 25
16:59:32 -39:58:17 13 26
16:59:16 -40:00:57 15 29
16:59:18 -39:58:57 13 26
16:59:30 -39:56:37 9.6 21
16:59:06 -39:55:57 11 23
16:58:50 -40:08:16 13 26
16:59:56 -39:58:37 11 23
16:59:49 -39:56:17 7.2 17
16:58:52 -40:09:16 15 29
16:59:58 -40:05:57 7.7 18

! The error forT andT values is~0.2K.



4.3 Column density and mass of the ring

Column density of the ring is determined by th¥¢0O(3-2) line emission. Assuming
that**CO(3-2) line emission is optically thin and in local thernegluilibrium (LTE), the
column density can be expressed as (see Appendix ):

N13CO 3 H2 2a
0~ 83x10 [1300] -
exp(159K/Tk) dv

1-exp(159K/Ty) J “kms?’ 4D
whereTy is the kinetic temperature of gas30 K (see Sect. 4.2)H,/*3CQ] is the abun-
dance ratio of Hto 13CO molecules;7x10° (Frerking et al. 1982), is the mean mas per
particle,~2.29 for an H cloud with a 25% of Helium (Evans 1999), ands the H mass
correction to include Helium mass1.3. The brightness temperatuilg, is estimated by
feeamTo ~ TA/nmp, WhereT is the antenna temperaturgy, is the main beamficiency,
~0.73, andfgeaym is the beam filling factor;-1 assuming main beam filled. Summarizing,
the 13CO(3-2) line emission, integrated betweeB0 and-2 km s? above 3o level, the
column density varies betweex 20?! and &10°?cm2.

We compareéNisco with the column density estimated from 1.2 mm continuum emis
sion, Ny omm. This emission is assumed to be optically thin and produgedlist, thus the
column density is given by (Hildebrand 1983)

|1.2mm Mgas (4 2)

Ni2mm = ’
MMy k1,2 mm B1.2 mm(Tug) Maus

wherel,mm IS the intensitymy is the hydrogen atom mads,,mm is the dust absorption
codficient,~1 cné/g for proto-stellar cores (Ossenkopf & Henning 198, mm(Taust) iS
the Planck function at dust temperattigg, ~30 K for regions of massive star formation
(Fatndez et al. 2004), aiMy,s/ My is the ratio of gas to dust masse4,00 (Hildebrand
1983).

Figure 4.5 shows the ratio &, t0 Nisco With contours of the*CO(3-2) line
integrated between -30 ard km s 2. Nimm/Nisgo varies from~0.1 to 10 with an av-
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erage value of1.0. Ny, is higher thanNisco toward sites with high density, while
Nisco is higher tharN; >y, toward sites with low density. It is possible that 1.2 mm con-
tinuum emission is more optically thin than th€0(3-2) line toward dense regions, and
the 3CO(3-2) line more sensitive than 1.2 mm continuum emissiovatd regions with
low density. The assumed values of the physical parames@rsntroduce variations in
the estimatedN; » ,m/Nisco ratios. For example, Faindez et al. (2004) found massare st
forming regions with dust temperatures between 18 and 46Hciwproduce variations
in the ratio by a factor 2. Hildebrand (1983) estimated eorafigas to dust masses of
100 with errors within a factor 2-8. Frerking et al. (1982)msted a [H/*3CO] of 7x10°
with possible variations of a factor 2-10. Ossenkopf & Hewgn1994) computed a dust
opacity of~1 cn?/g at 1.2 mm, with deviations no more than a factor 2. Beamidiit
other source of error; if there is beam dilution, the rdli® ./Nisco has to be corrected
by a factorQ2,; ccor/Q25 ppex~ (247)%/(187)°~1.8, whereQyp_sest is the main beam
solid angle for SEST an@Qyg_apex for APEX.

Integrating Equations 4.1 and 4.2 over area, it is possibiietermine the total mass
of the ring from the'3CO(3-2) line and 1.2 mm continuum emission:

13CO]
159K

exp@X dv  dQ

M H,
”’CO f n 1 Nusco dA ~ 3.1 1orll[
D 2
kpc “1- exp(%) ®kmsTarcsec?’

(4.3)

and )
S1.2 mm D Mgas

k1.2 mm Bl.2 mm(Tdust) M dust ’

M1.2mm:me,UN1.2mmdA~

wheredA is the ditferential of areadA = D?dQ), D is the distance to the ring,1.8 kpc,

Q is the solid angle, an®; ;. is the flux density. The total integrated emission in the
13CO(3-2) line is~1.8x10 K km st arcseé, thus the ring has a total mass of 819° M,,.

In 1.2 mm continuum emission, the total flux density~i&20 Jy, thus the total mass of
ring is ~4.0x10°M,. Considering the errors of the assumed physical parametess
estimations of masses are in agreement.
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Figure 4.5: Ratio ofNysmm t0 Nisgo, considering emission in thECO(3-2) line and
1.2 mm larger than three times rms. Contours repre$@@(3-2) line emission integrated
between -30 and -2 kmik(levels: 9, 18, 36, 72 and 144 K km'3.
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4.4 13CO(3-2) clumps

As itis shownin Fig. 4.2, th€CO(3-2) line emission is fragmented. Using CLUMPFIND
(Williams et al. 1994; httg/www.ifa.hawaii.edyusergpw/clumpfind.shtml), we identi-
fied 57 clumps, which contains 78% of the total integratedssion,~1.4x10’ Kkm s
arcseé. CLUMPFIND creates contours over data, searches for pdaksigsion to locate
clumps, and follows them down to the lower intensity contdiur find these clumps, we
integrated the data cube every 20 channesZ2 km s?), to prevent the algorithm from
defining clumps at peaks formed by absorptions in*i@0(3-2) line. We applied the
algorithm with a lower intensity contour of three rms andhaatcontouring interval equal
to twice the rms. Once the algorithm define spatial and spleateas of clumps, we asso-
ciate emission of the initial data cube with clumps, recmgethe observational spectral
resolution £0.111 kms?). We filter out fictitious clumps by two conditions: emission
areasz40x40 arcsetand emission peakss rms,~5 K.

Utilizing Eq. 4.3, the clumps have masses between 7.4 andl&®/,, with an
average value of 93 M

Clump diameterd)., are estimated from the deconvolved FWHM size of their emis-
sions. They are calculated by

Dc=d v O wim — gtz)eam’

wherebfyen 1S the beam-sizegeywhm IS the observed FWHM and is the distance to the
GMC.

Given masses and diameters, the mean column dengjtsin the mean density,,n
are calculated by

N. — Mc 1
° m(De/2)? My
and
Mc 1
nC = 4 3 s
37(De/2)3 My

where M. is the mass. Clumps have column densities betweer®®3 and 6<10°2cm2
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Figure 4.6: Mass versus diameter for the clump detectedar*®O(3-2) line. Filled
circles represent clumps that have an infrared counteffzart MSX and SPITZER ob-
servations. Open circles symbolize clumps that are notasdsa with an infrared source.
The triangle indicates the clump associated with the MSFRIR 6562-3959. The ar-
rows mark the minimal detectable diameter and ma8<? pc and~1.3 M,, respectively.
Dotted lines indicate mean densities at,110* and 16 cm3.

with an average value oB2.0?2cm 2, and densities betweerx20® and 5<10* cm™2 with
an average value of $@m3. Figure 4.6 shows a plot of mass versus diameter for the

detected clumps, with lines to displayffdirent mean densities. Clumps are concentrated
in 10° cm3.

Figure 4.7 shows line width velocity (FWHMAV,, versus diamete)., of the
clumps. Line widths vary between 1.6 and 5.1 kihwith an average value of 3.2 km's
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Figure 4.7: Line width velocity versus diameter for the chswletected in th€CO(3-2)

line. Arrows mark observational detection limits for thediwidths and for the diameters,
~0.111 km st and~0.2 pc, respectively. The line shows the AitY=4 km s (D pc1)°°,

There is a relationship between the line width and the dianggven by

AVC ~ 4?

km D 0.5
pc/ ’

although the dispersion is highl kms?.
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Table 4.2: Summary of the physical properties of the idexttiilumps.

Parameter Range Average value
Diameter 0.3-1.0pc 0.6 pc
Mass 7.4-8.610° M, 93 M,
2Density %10%-5x10¢cm3 10°cm3
2Column density 8107%-6x10%%2cm2  2x10?2cm™2
Line width velocity 1.6-5.1km% 3.2kmst?

! The total mass of the clumps is %B80° M.

2 Densities and column densities are estimated assuming mmaacular weight of
u=2.29.

Table 4.2 shows a summary of the physical properties of tn@gs$, and Table 4.3,
the estimations for each clump.

Physical properties of identified clumps are in accord witbeyvations toward GMCs.
For example, clumps within the GMC associated with RCW 10éated in the*CO(1-
0) line, 8CO(1-0) line and 1.2 mm continuum emission have diameters .3 to 4 pc,
masses from 10 tox210* M, densities from 210° to 6x10* cm3, and line-width veloc-
ities from 0.4 to 3 kms! (Mookerjea et al. 2004; Bains et al. 2006; Wong et al. 2008).
Observations in 1.2 mm continuum emission toward three GK6Gad that the clump
mass distribution has a spectral mass index between 1.3.Qr{fibokerjea et al. 2004,
Mufioz et al. 2007).
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Table 4.3: Physical properties 61CO clumps. Column 1 gives names; columns 2 and
3, equatorial coordinates (J2000); column 4, diametetanmo 5, masses; column 6, line
widths; column 7, densities; column 8, column densities; @lumn 9, if clumps have an
infrared counterpart from MSX and SPITZER observations.

Name Equatorial Coordinate Diameter  Mass Line width Dgnsi€Column density  Infrared
(J2000) pc M kmst cm3 cm? counterpart
RA Dec
1 16:59:07 -40:13:57 0.6 30 3.2 3.%10 5.1x10%2 Y
2 16:59:41  -40:3:37 1 86107 5.1 2.810° 5.8x10%? Y
3 16:59:20 -40:11:17 0.7 24 4.2 2.%10 3.8x10% Y
4 16:59:44 -40:10:37 0.5 4.0 4.1 3.%10 4.2x1072 Y
5 16:59:48 -40:11:17 0.5 a0 3.6 5.x104 5.3x10%? Y
6 16:59:07 -40:5:37 0.7 240 2.5 1.%«10 2.7x10%? Y
7 16:59:13 -40:11:17 0.6 DA 4.5 2.%10° 2.6x1072 Y
8 16:59:32 -40:10:17 0.7 240 3.3 2.x%10 3.3x10%? Y
9 16:59:43 -40:11:17 0.4 50 4.1 2.410° 2.0x10%? Y
10 16:59:48 -40:9:37 0.5 407 4.0 4.4¢10 4.4x10%? N
11 16:59:04 -40:11:16 0.6 60t 3.7 1.0<10 1.3x10%2 N

Continued on next page



Table4.3 — continued from previous page
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Name Equatorial Coordinate Diameter Mass Line width DgnsiColumn density  Infrared
(J2000) pc M kms? cm3 cm? counterpart
RA Dec
12 16:59:35 -40:12:57 0.4 5«0 3.8 2.5¢10* 2.2x10% Y
13 16:59:37 -40:7:37 0.9 A0? 4.9 8.x1C° 1.5x10%? N
14  16:59:53 -40:8:57 0.9 24 3.7 1.x10t 2.1x10%? N
15 16:59:23 -40:13:17 0.6 8Aa0 4.9 1.3«10 1.6x10%? N
16  16:59:53 -40:10:17 0.7 18 0 4.2 1.%«10 2.5x10%? N
17  16:59:09 -40:2:57 0.5 a0 2.5 1.410° 1.4x10%? N
18 16:59:20 -40:9:37 0.8 407 3.1 8.6<10° 1.5x10?2 N
19 16:59:43 -40:8:17 0.9 AP 3.9 8.%10° 1.6x10?2 N
20 16:59:32 -40:7:17 0.7 A0° 3.5 9.0<1C° 1.4x10%? N
21 16:59:14 -40:14:17 0.5 530" 3.0 1.6<10% 1.6x10%? N
22 16:59:23 -39:58:17 0.6 6A0t 2.6 1.410% 1.6x10?2 N
23 16:59:44 -39:59:17 0.5 a0t 3.0 2.x10 2.1x10%? N
24  16:59:41 -40:1:37 0.7 DA 4.4 1.0<10% 1.5x10% N
25 16:59:49 -40:12:57 0.6 »a0t 4.2 1.3«10 1.6x10%? Y
26 16:59:14 -40:13:17 0.5 6A0t 5.1 1.%«10 1.9x10%? Y
27 16:59:42 -39:58:37 0.7 9ot 2.4 1.0<10% 1.4x10%? N

Continued on next page
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Table4.3 — continued from previous page

Name Equatorial Coordinate Diameter Mass Line width DgnsiColumn density  Infrared
(J2000) pc M kms? cm3 cm? counterpart
RA Dec
28 16:58:54 -40:5:16 0.6 30t 2.1 4.810° 5.9x107! N
29 16:59:18 -39:58:57 0.5 210 2.1 7.8&10° 7.3x10% N
30 16:59:14 -40:0:57 0.4 a0 2.4 1.410° 1.0x10%? N
31 16:59:51 -40:0:37 0.8 DA 2.8 7.5¢10° 1.3x10?2 Y
32 16:59:44 -40:0:17 0.5 40 2.5 1.410° 1.4x10%? Y
33 16:59:07 -40:10:17 0.7 A0 4.4 8.6<1C° 1.2x10%? Y
34 16:59:30 -39:56:37 0.7 5Q0* 2.8 6.0<10° 8.5x10% N
35 16:59:06 -39:56:16 0.6 5«0 3.5 8.6<1C° 1.1x10%? N
36 16:59:32 -39:58:17 0.5 340 2.2 8.5¢1C° 9.0x10* N
37 16:59:30 -39:57:37 0.5 3ot 1.8 1.xx10t 1.0x10?2 N
38 16:59:01 -40:4:37 0.5 240 2.5 6.5<10° 7.1x10% N
39 16:59:56 -39:58:37 0.7 6a0t 2.4 6.5¢1C° 9.3x10* N
40 16:59:13 -40:1:57 0.4 a0t 1.9 9.5¢1C° 7.9x10% N
41  16:59:32 -40:5:17 0.8 A0 2.8 2.3%10° 3.8x10% N
42  16:58:50 -40:8:16 0.4 &0 2.0 7.810° 6.5x107! N
43 16:58:47 -40:7:56 0.4 oad® 1.9 6.%1C° 5.1x10% N

Continued on next page



0L

Table4.3 — continued from previous page

Name Equatorial Coordinate Diameter Mass Line width DgnsiColumn density  Infrared
(J2000) pc M kms? cm3 cm? counterpart
RA Dec
44  16:59:49 -39:56:17 0.9 8act 2.7 3.510° 6.7x10% N
45 16:59:44 -40:13:17 0.4 130t 2.1 5.%1C° 4.7x10%* Y
46 17:0:00 -40:5:16 0.9 240 4.4 1.6¢1C° 2.8x10% N
47  16:59:13 -39:57:37 0.3 aad 1.9 1.0<10% 6.6x10%! N
48 16:58:55 -40:10:16 0.4 a0t 1.7 1.x10% 8.0x10* N
49 16:59:56 -40:6:57 0.9 640t 5.0 3.1x10° 5.7x10% N
50 17:0:.03 -39:57:36 0.6 240t 3.5 4. %10 5.7x10% N
51 17:0:00 -39:55:37 0.6 340 3.4 6.410° 7.4x107 N
52  16:59:25 -40:14:17 0.3 a0t 1.8 1.x10 7.9x10% N
53 16:59:58 -40:5:57 0.5 A0 2.8 3.x1C° 3.2x10% N
54 16:59:34 -40:14:17 0.3 AP 24 8.410° 5.3x10% N
55  16:58:50 -40:9:36 0.4 a0 1.6 7.410° 5.7x10% N
56  16:59:30 -40:13:57 0.5 x40 4.4 4.0<10° 4.0x10% N
57 16:58:55 -40:8:56 0.6 40 3.6 2.5¢10° 2.9x10% N




4.5 Gravitational stability

To investigate whether clumps are gravitationally bounel gwamine their physical prop-
erties using two methods. First assuming virial equilibri(e.g. Bertoldi and McKee
1992), and second, Bonnor-Ebert spheres (Bonnor 1956).

4.5.1 Virial equilibrium

For the gravitational potential, the virial condition is V=0, whereT is the kinetic
energy andV is the potential energy. For a clump with homogeneous dedsstribution,
this condition implies

|\/Ivir =

whereM,;; is the virial massi; is the radius and, is the velocity dispersiom;AV,/ vV81n(2).
M,ir allows us to define the parametgyia as

oot = Mir

virial Mc s

where M, is the mass of the clumpsayirig iS utilized as an indicator of gravitational
stability, since is a measurement of the ratio of the kinetiergy to the gravitational
energy (e.g. Wong et al. 2008). Feyia>>1, clumps must be confined by an external
pressure to be in hydrostatic equilibrium and prevent esjga) for a~1, clumps are in
equilibrium; and fore<<1, clumps are unable to support themselves against gravity.

Figure 4.8 showa,;iy versus mass for the identified clumjs;iy tends to decrease

with mass, however, all clumps hawg,4>1, thus they must be confined by an external
pressure to be in hydrostatic equilibrium.
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Figure 4.8:a.iria Versus mass for the identified clumps. Arrow indicates titecat values
of ayirial, 1.
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4.5.2 Bonnor-Ebert sphere

The equation of hydrostatic equilibrium for a gas sphere is

dp 4nGp [ _
_E: r2 jo\pﬁdr,

wherep is the pressure, is the distance to the center ands the density. Considering
the equation of statp = kp Tk /(u my), and making the following substitutiops= p.e™¥
andr = ¢ Cs/ V4r G, the equation of hydrostatic equilibrium becomes

1d zdd/) »
—— <) =€, 4.4
e (‘f ¢ @9
wheref is a dimensionless variablg,is a dimensionless functiop, is the central density
(at r=0), Cs is the isothermal sound speed, i©2,= k Ty/(u my) with T as the kinematic
temperature.

Imposing the boundary conditions aiQ: p(r) = p. anddp(r)/dr = 0, i.e.,y(¢£) = 0
anddy(£)/d¢ at£=0, Eq. 4.4 is integrable numerically. If the gas sphere idined by
an external pressue,,; at the boundary defined by the Bonnor-Ebert radius £R the
solution of Eq. 4.4 can be characterized by the dimensienBdiusé o = £(r = Re_g),
SORg_g can be expressed as

R = &max Cs/ V47TGPC,

the external pressure as
2 _
PeXt = CS pce lﬁ|fmax ’

and the clump mass as

The stability of such pressure truncated gas spheres wastigated by Bonnor
(1956), who showed that whef.x> 6.5 the spheres are in a state of unstable equilib-
rium, susceptible to gravitational collapse. Studies efdlnsity profile toward isolated
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molecular clouds (Bok globules) in starless stages shotghais concentrated near the
critical value €.x= 6.5), suggesting that this gaseous configuration represeatnitial
condition for star formation in dense cores (Lada et al. 2007

Theoretically, the supporting mechanism in a Bonnor-E&einere is purely the ther-
mal pressure, but clumps also have non-thermal supportt(elgilence). We assume that
the non-thermal support can be included in the model by capdan Eq. 4.4 the isother-
mal sound spee@s by an dfective spee.;¢, where

Ci = C+CRr,
with Cyr as the non-thermal speed (e.g. Kandori et al. 2005).

Figure 4.9 displays dimensionless radé4g versus mass, and Fig. 4.10, external
pressurdPe: Versus mass, where we approximate tiieative speed as

AV,
Cett ~ ——,
V8In(2)
and the Bonnor-Ebert radius as b
Rg g ~ —.
B-E 2

To be in hydrostatic equilibrium, clumps require externadgsures betweenx@0® and
3x10’ K cm~3 with an average value of.0° K cm3. This is consistent withviy being
greater than 1 for all clumps, estimated in Sect. 4.5.1.
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Figure 4.9: Dimensionless radiéis., versus mass for the clumps detected in*f@O(3-
2) line. The arrow marks the critical state for the Bonnoeglspheresf.x=6.5).

& varies between 0.5 and 4.8, and seems to have no correlatiothe mass, but the
external pressure needed to keep the clumps in hydrostatildeium seems to increases
with the mass, being larger than the internal pressure dGBME, Pgyc. This pressure is
estimated by the pressure required to hold the GMC from gsiltey under its own weight
in virial equilibrium (e.g. Bertoldi & McKee 1992),

Weme 1 GM&yc

Pomc ~ — == ~3x10° Kem3,
eme 3Veme  5VemcRemce

whereVeme, Momc and Rouc are the volume~4/37RS,,.), mass £6.5x10° M) and
radius ¢34 pc) of the GMC, respectively. This estimation Ry is similar to the typical
internal pressures of GMCs10° K cm~3 (e.g. Blitz 1993).
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Figure 4.10: External pressuRe, versus mass for the clumps identified in fR€0(3-
2) line. The arrow indicates the internal pressure of the GB845.5-1.5, Pguc,
~3x10°Kem™,
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4.6 Association oft3CO(3-2) clumps with 1.2 mm contin-
uum emission

Using their emission areas, we associate the clumps idshiifil.2 mm (1.2 mm clumps)
with those detected in tH8CO(3-2) line £3CO clumps). 323CO clumps are associated
with 54 1.2 mm clumps, where ¥?CO clumps contains more than one 1.2 mm clump.

Figure 4.11 shows the ratio of mass estimated from 1.2 mmséonigo that esti-
mated from!3CO(3-2) line, versus mass estimated from 1.2 mm for the 3@cistsons.
The ratio of massesVl; »,mm/M13co, have a range between 0.13 and 1.9 with an average
value of~0.7. Considering the error of the physical parameters asdumasses estimated
from 1.2 mm continuum emission afCO(3-2) line are in agreement.
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Figure 4.11: Ratio of mass estimated from 1.2 mm continuunsson to that estimated
from the*CO(3-2) line, versus mass estimated from 1.2 mm for the 3@cémsons be-
tween the clumps detected in the 1.2 mm emission and the sldetgected in th&CO(3-

2) line.
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4.7 Association with infrared emission (IRAS - MSX -
SPITZER)

We associaté’CO clumps with infrared emission using IRAS, MSX and SPITZ&Rer-
vations. 28% of the clumps have an infrared counterpard iMaX (8, 12, 14 and 2im)
and SPITZER IRAC bands (3.6, 4.5, 5.8 and ). The rest of clumps;72%, are not
detected in all MSX and SPITZER bands, mainly at 12.13, 14t 21.34:m. Since
8.0um MSX band and SPITZER IRAC bands are sensitive to the policcgiomatic hy-
drocarbon (PAH) emission and to the photospheric emissam &tars (e.g. Chavarria et
al. 2008), clump not detected in all MSX and SPITZER band<arsidered to have no
counterpart at infrared wavelengths. As MSX and SPITZERnladions have sensitivity
limits, the percentage of detection is a lower limit of themher of clumps that are form-
ing stars, and the percentage of no detection is an uppédirtiie number of clumps that
are not forming stars.

Clumps with infrared emission do not have restriction irirtpaysical properties, as
is shown in Fig. 4.6, although they are more massive tharetteof clumps; clumps with
infrared counterpart have an average masshBx10* M., and the rest of the clumps
have an average mass ©61 M,. For example, the clump associated with the MSFR
IRAS 16562-3959 is the most massive and dense one, as isiadim Fig. 4.6.
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Figure 4.12:13CO(3-2) line emission integrated over declination (lefage) and over
right ascension (right image).
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Figure 4.13:13C0O(3-2) line emission integrated between -30 and -2 ¥mshowing the
expanding ring and the 5 molecular outflows identified.
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4.8 Kinematic structure

G345.45-1.50 has a complex kinematics, which is shown in Fig. 4.18gie'3CO(3-2)
line emission integrated over right ascension and ovelirtggdn. There, we identify an
expanding ring and 5 molecular outflows, which are presentéey. 4.13.

4.8.1 Expanding ring

The expanding ring is shown in Fig. 4.15, using tA€0(3-2) line emission integrated
from -30 to -2 km st, and the position-velocity diagram, following an ellipsepe that
delineates the ring. By the form of the position-velocitggliam, we model the ring in
expansion as a function of the polar angle

X(6) Xo

yo) [= | Yo |+

(0) 2
cosB —-sinB 0 | cose O -sina [ Rcosd
sing cosB O 0O 1 0 Rsing |,
0 0 1)\ sine 0 cosx 0

where x) is the axis parallel to the right ascension, but with opigosense, ¥ is the
axis parallel to the declination with the same sense) i&(the depth =yxX), 6 is in
counter-clockwise from the x axis, varying between 0 angd(£,Yo,2) is the coordinate
of the spatial centery is the rotating angle between axis x angd4s the rotating angle
between axis x and y, arilis the radius.

Assuming thaR = V t, whereV is the expanding velocity and t is the time of ex-
pansion, we can derive respected time the equation abogedtha LSR velocity center
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Table 4.4: Characteristics of the expanding ring.

Parameter Value

Spatial center 16:59:28 -40:04:20 (J2000)

LSR velocity -12.1 kmst
Radius 3.5pc
Expanding velocity 1.4 knr$
Rotating angle8 13 deg
Rotating angler -52 deg

Mass 6.%10°M,,

Energy 1.410% erg
Expanding time 241 yr

(Vx0,Vy0,V0), to obtain the LSR velocity of the ring as

Vx(e) Vxo

w@ |= | wo |+

V,(6) Voo
cosB —-sinB 0 | cosa 0 —sina [ Vcoso
sing cosB O 0 1 0 Vsing
0 0 1)\ sina 0 cosx 0

To clarify, Fig. 4.14 shows a sketch of the expanding ring ebo@ur observations give
information of x(0), y(6) andv,(6), which allow us to determingy, Yo, Vx, @, 8, R and
V. The best fit is with center at 16:59:28 -40:04:20 (J2000R M8locity at -12.1 kms',

B ~13, a ~-52, radius~3.5pc, and expanding velocityl.4 kms?'. Considering a
total mass of 6.910° M, the total energy of the ring is1.4x10*" erg (EEM V?/2). The
expanding time scale is estimated tod24x10° yr (t=R/V). Table 4.4 shows estimated
parameters.

The 35.6 cm source J165920-400424 is near to the center oinilpe~90 arcsec,
without an infrared counterpart, thus it is possible to ekpthis expansion by a supernova
explosion. J165920-400424 can be a pulsar, resulting frengtavitational collapse of a
massive star.
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Figure 4.14: Sketch of the expanding ring model in 3D. The ehcdshown withe= —-50
deg ang3=50 deg.
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Figure 4.15: The expanding ring. Top-left, tREO(3-2) line emission integrated between
-16 and -9 kms!. The black ellipse shows the spatial distribution of thgriffop-right,
the position-velocity diagram of the averad€0(3-2) line emission following the spatial
distribution of the ring, which is displayed in the left imgghe magenta line shows the
position-velocity distribution of the ring model. Bottor86.5cm emission from MGPS
data. The arrow marks the position of MGPS source J1659P@224) the yellow ellipse
and the cross indicate, respectively, the spatial digiobhuand the spatial center of the
ring. Contours are th€CO(3-2) line integrated between -30 an?d kms* (5.4, 9.0, 18,
36, 72 and 144 Kkm's). 85
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4.8.2 Molecular outflows

Molecular outflows are identified by their elongated struestand by their velocity gradi-
ents along of their spatial distributions. They are showigs. 4.17 and 4.18. We model
their spatial distributions as a function of the parameter

Xr) | [ % N cosB -sing r

vin) ) | yo sing coss J 0 )
where x() is the axis parallel to right ascension, but with oppositese, yX) is the axis
parallel to declination with the same sensg,\p) is the initial spatial coordinate, the place
where is assumed that the molecular ejection staris the distance tox,yo), varying

between 0 an&,, S;, is the projected size, arglis the rotating angle between axes x and
y.

The projected velocity detected in z axis, perpendiculac-yoplane §xX), is mod-
eled as

wherevy is the initial LSR velocity and’V, is the projected velocity gradient. To clarify,
Fig. 4.16 shows a sketch of the outflow model.

The projected sizes of the outflows range from 0.7 to 3.7 ph aiit average value
of 2.0 pc. The projected speed gradients range between 0c28.Z2km s pc?, with an
average value of 1.7 kmspc?.

Masses of outflows are estimated by integrating their oleskemission and using
Eg. 4.3. Masses range between 18 anck1® M., with an average value of 01,.
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Figure 4.16: Sketch of the outflow model. The model is showth @i= 50 deg.
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To estimate energies, we integrate th@adential element of mass from Eq. 4.3 as
1 2
E,= 5 dM(Q, v)(V — Vy)“dvdQ,

whereE, is a “projected energy”, because it is estimated with theaigl projected in the
z axis. Projected energies vary between<d@* and 2.&10% erg with an average value
of 8x10*erg.

Considering that the projected flow velocity at the head efdhtflow (=S;) has
remained constant in time, we estimate expanding timesutilows,t, as

(= 1
IVV,l

Expanding times range between16° and 3.8&10° yr, with an average value o&a.0° yr.

Comparing with MSX and SPITZER data, we have identified imgftlesources good
candidates to drive tree of the observed molecular outfléwgures 4.17 and 4.18 show
SPITZER images for each outflow.

Mass outflow ratesyl, are estimated by

I\/Ioutflow
t

M =

9

whereMayfiow iS the outflow mass. We estimatébetween %1075 and 4«10 M, yr!
with an average value ob0* M, yr-X. Comparing\l estimated by Shepherd & Church-
well (1996), and assuming that detected molecular outfloe$camed in the star forma-
tion process, possible motor sources have luminositiesdset 10 and 10L,.

We will propose ALMA observations toward this outflows todyuheir morpholo-
gies and kinematics with a higher resolution.

Table 4.5 shows the characteristics estimated for eacloautfl
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Table 4.5: Characteristics of the 5 outflows found. Columhdwss outflow names; Columns 2 and 3, equatorial coordindtes o
the spatial centers; Column 4, initial LSR velocities ; Gotu5, projected spatial sizes; Column 6, projected velapigyglients;
Column 7, directions of ejections; Column 8, expansion sin@olumn 9, projected energies; Column 10, mass outflovg;rate
and Column 11, infrared sources that are good candidates/tote outflow.

Outflow Spatial center Vo  Sp Y B t Mass = M Possible
name (J2000) motor source
RA DEC kms! pc kmstpc! deg yr M, erg Moyr—t

1 16:58:56 -40:10:18 -11.6 1.6 -0.9 55 g 45 7.5¢<10% 4x10° G345.313301.4688
2 16:59:39 -40:08:29 -12.4 1.2 -3.7 58 2¥F 10 1.9x10* 4x10* G345.416601.4092

3 16:59:35 -40:06:59 -16.7 3.7 0.26 161 B18° 1.7x10° 3.2x10*® 4x10° G345.446001.4389
G345.4496:01.4457
4 16:59:18 -40:01:11 -13.3 0.7 15 173 B 18 4.6<10% 3x10° -
5 16:59:27 -39:58:52 -11.9 2.8 -2.2 31 ABPX 1.9x10* 2.8x10% 4x10* -
Average values 20 1.7 16 10° 8x10% 2x10*

1 Average gradient speed.
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Figure 4.17: Observations toward the three southern owtflabove, toward the out-
flow 1; middle, toward the outflow 2; bottom, toward the outflBwLeft images show the
13CO(3-2) line emission integrated between -14 at@ km s for the outflow 1, between
-20 and -10km for the outflow 2, and between -20 and -14 krh for the outflow 3.
Middle images show the position-velocity diagrams of therage>*CO(3-2) line emis-
sion following the fitted spatial distributions of the outfle displayed in the left images
(black lines). Magenta lines show the fitted position-vejodistributions of the outflows.
Right images show the8n emission from SPITZER data. Arrows mark the position
of MSX sources good candidates to drive the outflows. Lindicate the fitted spatial
distributions of the outflows. In the left and right imagesntours display thé3COggy

2) line emission integrated between -30 and -2 kinkevels: 5.4, 9.0, 18, 36, 72 and
144 K kms?1).
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Figure 4.18: Observations toward the two northern outflosasove, toward the outflow
4; bottom, toward the outflow 5. Left images show tB@0O(3-2) line emission integrated
between -14 and -11 kmfor the outflow 4, and between -20 and -10 krh for the
outflow 5. Middle images show the position-velocity diageaof the averagé*CO(3-2)
line emission following the fitted spatial distributionstbe outflows displayed in the left
images (black lines). Magenta lines show the fitted positielocity distributions of the
outflows. Right images show theuéh emission from SPITZER data. Lines indicate the
fitted spatial distributions of the outflows. In the left anght images, contours display

the¥CO(3-2) line emission integrated between -30 and -2 Knflsvels: 5.4, 9.0, 18, 36,
72 and 144Kkmtdh).
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Chapter 5

Summary

5.1 Massive star formation inthe GMC G345.5%1.0: Spa-
tial distribution of the dust emission

We have robustly detected the whole of the GMC G34%.8 in 1.2 mm continuum emis-
sion at a spatial resolution of 0.2 pc, and conclude that:

e The GMC s fragmented. We have identified 201 clumps, whicle leam-corrected
diameters between 0.2 and 0.6 pc, masses between 3.0 arid’INB,, and densi-
ties between 10° and 4<10° cm3.

e The total mass of the clumps isl.2x10* M, and after comparing with the total
mass of the GMC 0£6.5x10° M, we inferred that thefciency in forming these
clumps is~0.02.

e The clump mass distribution is well-fitted by a power law/dM«<M~*, where the
spectral mass indexis 1.70.1. The total mass is dominated by massive clumps,
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but the population is dominated by clumps with low masses.

e The spectral mass index of the clump mass distributionfier@int from that of the
stellar IMF. Thus our detected clumps are probably not thectiprogenitors of sin-
gle stars.

e Comparing with MSX and SPITZER (IRAC-bands) observati@@8p of the clumps
have an infrared counterpartin all MSX and SPITZER bands.rémaining clumps,
~80%, are considered to have no counterpart at infrared wagtis. The percent-
age of detection is a lower limit to the number of clumps fargstars, while the
percentage of no detections is an upper limit to the numbefuohps that are not
forming stars.

e Regions of massive-star formation within the cloud, asged with IRAS point
sources, have SEDs that can be modeled with two dust comfsoatwuiterent
mean temperatures of 28 and 20@10K.

5.2 G345.451.50: An expanding ring-like structure with
massive star formation

We observed the ring G345.4%.50 in the*CO(3-2) line, and conclude that:

e The ring contains a total mass of &B0°* M., in agreement with previous observa-
tions in 1.2 mm continuum emission.

e The ratio of the column density estimated from the 1.2 mmioonim emission to
that estimated from th€CO(3-2) line varies between 0.1 and 10, with an averaged
value of~1.0. The column density estimated from the 1.2 mm continuoms&on
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is higher than that estimated from thR€O(3-2) line toward sites with high density.
It is possible that the 1.2 mm continuum emission is morecaflyi thin than the
13CO(3-2) line toward dense regions.

The ring is expanding with a velocity of 1.4 km'sand has an expansion time scale
of 2.4x10P yr and a total energy of 1:410*’ erg. This expansion could be produced
by a supernova explosion. This hypothesis is supporteddogrisence of a 35.6 cm
source, J165920-400424, near to the center of the xif§,arcsec, without an in-
frared counterpart. This source can be a pulsar, resultmg the gravitational
collapse of a massive star.

From the*CO(3-2) line, we identify 57 clumps with diameters betweed &nd
1.0 pc, masses between 7.4 and@.& M, and densities betweer20® and 5¢<10* cm3.

Assuming that clumps can be modeled as Bonnor-Ebert sphibeedumps require
an averaged external pressures »1@® K cm= to be in hydrostatic equilibrium.

In the region, we identify 5 outflows with projected sizesvietn 0.3 and 1.4 pc,
the projected speed gradients between 0.26 and 3.7%ne s, and projected ener-
gies between 7>610* and 2.&10%erg. We have identified infrared sources good
candidates to drive three of the observed molecular outflows
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Appendix A

LTE column density estimated from the
13C0O(3-2) line

Considering the rotational transition of a linear moleduten the upper level “u” to the
lower level “I”, the column density of the lower level is (Wdn, Rohlfs & Huttemeister

2009):
, 0i(v/GH2)® 1

9u(Aur/s1) 1 - exp(hv/kTk)
whereTg, is the excitation temperature, which is approximated tokihematic temper-
atureTg, v is the frequency of transitiorr, is the optical depthA. is the Einstein A
codficient between the transition of the upper and lower leweis,de Doppler velocity,
o and g, are the statistical weights of the states. Assuminghihgt <<Tx, T<<1 and the
source observed fills the main beam, we approximate ~ Tyg ~ Ty, WhereTyg is the
main beam brightness temperature, agds the brightness temperature. Thus

N, = 935cm r(dv/kms™),

50 (V/GHZ)3 1 1
N, = 935cm™ —
! 9. (A, /s 1—exp(hv/kTy) Tk

f Tp(dv/kms™).

Assuming that all energy levels are populated under LTE itmmd, i.e, under an
equilibrium of the radiation with its surrounding, the ftian of the total population in a
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particular state, J, is given by:

N(J)/N(total) ~ (23 + 1) exp(_hBeJ(J + 1)) hB,

KTk kT’

for hBe<<k Ty, whereBg is the rotation constant. Thus, the total density is given by

N(total) = 935cm™

29 (v/GH2® k 1 (hBeJ(J+1))
0 (Au/sY) hBe2J +1 k Tk

1 -1
1 exphy /KT fTB(dv/kms ).
For the emission transition-1 to J,A, is given by:

J+1
2J+3

A, = A;=1165x 10 s7}(u/Debyes)*(v/GH2)®
g =2J+1andg, =2J+3. Thus

N(total) = 80.3x 10"cm™?

1 k1 ox hBeJ(J + 1)
(u/Debyes)?hBe J + 1 k Tk

Te(dv/kms™).

1
1-exphv/kTk) f

The3CO(3-2) line has a transition at 330.587960 GHz, vBth:5.5101x10* MHz
andu=0.11046 Debyes (httpwww.splatalogue.ngt Thus the total column density from
this transition is:

exp(159K/Tk)

N(total) = 8.30x 10" cm™2
(total) XM T expC159K Tr)

Te(dv/kms™).
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